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ABSTRACT

The theory of water vapor rotational spectral lines is reviewed
for the special conditions found in the atmosphere of the earth. Oper-
ational equations for the absorption coefficient of water vapor near the
two lowest frequency rotational lines (22,237 GHz and 183,310 GHz) are
given. The equations are used to compute spectra for several diverse
climatic regions which approximate observations of total zenith opacity,
zenith emission, and emission seen from space for an antenna pointing
at the nadir, A study of the origin, frequency characteristics, and
stability of water vapor weighting functions for the lower frequency
line is presented.

Thirty two days of zenith opacity observations at five frequen-
cies from 19 to 32 GHz are outlined and compared to spectra computed
from radiosonde data taken during or near the times of the observations.
It is shown that the correlation between the observed and computed
spectra is dependent upon prevailing weather conditions, The observa-
tions are investigated for evidence of an enhancement in the spectra
near resonance due to stratospheric water vapor. No such evidence is
found which is shown to be 2 reasonzble result on the basis of computed
spectra for fourteen possible stratospheric water vapor distributions.

A method for determining integrated water vapor using zenith
opacity observations is derived and evaluated. Errors of less than
+ 5 percent are shown to be reasonable for good spectral data. Examples
using simulated observations at two and three frequencies are given,
A methed of estimating the total oxygen opacity from measurements of
surface temperature and pressure is derived in order that the total
water vapor opacity may be extracted from observations of total opacity.

Finally, an optimum linear estimation scheme for the vertical
distribution of water vapor is derived and evaluated for opacity spectral
data., On the basis of limited statistics, it is shown to yield good



estimates even when noisy spectral data is inverted. 1Its estimate of
integrated water vapor for noiseless data is shown to be consistently
within a few percent of the true value. Inversions of real data
appear satisfactory but are difficult to evaluate.
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Title: Professor of Physics
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Chapter 1

INTRODUCTION

Important advances in numerical weather prediction have occurred
over the last one and a half decades. They have paralleled the intro-
duction and rapid improvement of electronic computing machines. Indeed,
the advancement of the former is inextricably related to the advancement

of the latter.

The pace of improvement for electronic compgters has not slack-
ened. It is reasonable to expect that microelectronics and other inno-
vations will increase the capacity, speed, and versatility of future

" machines. Numerical weather prediction, however, appears to be on a

. ——plateau-of achievement which will be substantially unaltered by the new
opportunities providgd by combuter technology. It has become apparent
that the limiting factor for predicting future weather events, somewhere
near two to three days in advance at the present time, is not the speed
or capacity for processing data, but the data itself. (See Lorenz1 for
a possible theoretical upper time limit to forecasting the state of the

atmosphere.)

Perhaps 500 upper air reporting stations are in somewhat regular
service today over the entire earth. The surface of the planet totals
about 500 million square kilometers. If the radiosonde network were
spread evenly over the globe, each station would represent approximately

1,000,000 square kilometers, or a square approximately 1000 kilometers
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on a side, The ideal is considered to be closer to perhaps 300-400
kilometer separation between stations. To achieve this, the network

would need to expand at least by a factor of from six to eight.

Further aggravating the situation beyond the simple argument
of numbers given above is that reporting upper air stations are inYar-
iably cqncentrated in well populated land regions; so much so that
perhaps only ten percent of the earth's atmosphere is under adequate
surveillance., Most oceanic regions fall within the ninety percent

which is poorly known.

Simple economic reasoning rules out further expansion of the
present radiosonde network to £fill the data gaps. Novel and unconven-
tional methods will be required, Toward this end, a number of proposals
and experiments have been initiated to test new approaches to the data
problem. Of great interest and promise is the program involving the
GHOST balloons (Global Horizontal Sounding Technique). Free floating,
constant density balloons will carry small frangible sensors and trans-
mitters to measure and report the ambient conditions of the atmosphere
in which they are embedded, Strategically located ground stations or
perhaps interrogating satellites will receive and relay the data to
wéather centers where numerical prediction schemes will utilize the data
immediately. Certain problems remain to be answered, however, before

GHOST becomes operational,

A more unconventional approach to the. data problem involves

remote sensing of the atmosphere's properties from artificial satellites
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of the earth, It has long been realized that satellites offer unique
opportunities for world wide surveillance of the atmosphere. The
simplicity of their orbits, their world-wide coverage, the number of
observations per day, all combine to provide an ideal observational

platform,

Already weather satellites using television and infrared sensors
have widened our knowledge of world wide cloud ﬁ?rmations, cloud top
heights, and through the use of infrared spectrometers have begun to
probe the vertical profiles of temperature and water vapor above the
clouds., The information so gathered, however, does not provide the
necessary data concerning the lswer troposphere which is necessary for

numerical weather prediction. The cloud top limit effectively shields

the majority of the lower atmosphere from infrared sensors.

In order to circumvent this limitation, attention has been drawn
to microwaves, that region extending arbitrarily from millimeter to meter
wavelengths, Several important advantages exist for passively probing
the atmosphere in this part of the electromagnetic spectrum rather than
in the infrared: (1) clouds are not opaque at these frequencies allowing
the cloud itself and the region below the cloud to be studied; and
(2) instrumentation exists whose bandwidth is much smaller than the widths
of spectral lines arising from several of the most important atmospheric
gases, This latter fact allows detailed analysis of line shape which in
turn facilitates the inference of the atmospheric conditions in which

the lines arise.
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From considerations and experiments already performed, it is
clear that remote passive microwave sensors can never hope to recover
the detailed structure of the atmosphere which is possible by probes
passing directly through the medium; nor can they hope to compete in
providing a three dimensional view of the wind patterns. However,
the fidelity for producing the gross features of the temperature and
water vapor profiles along with the total water vapor abundance and
some information about water content of clouds may prove to be suffi-
cient to add a great deal of useful information to the data now rou-
tinely input to the numerical weather forecasting schemes. The poten-
tial for passive microwave atmospheric measurements appeared great
enough, in fact, even several years ago, to have inspired the initiation

of the study presented hereafter,

The following investigation has as its purpose to present a the-
oretical, numerical, and where possible, observational investigation of
the potential meteorological uses of measurements made near the two

lowest frequency spectral lines of water vapor.

The observations which were taken were of total atmospheric
extinction of sunlight at various fredquencies near 22 GHz., Extinction
measurements were made because theirlinterpretation was the simplest
of the various measurements which can be made and which are correlated

to atmospheric water vapor.,

The observations were possible because a multichannel radio-

meter was already in existence at M,I.T., for the specific purpose
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of measuring the water vapor spectral line near 22 GHz., It had been
originally built by D.H. Staelin for planetary radio astronomical
studies, with the strong secondary intent of using it for terrestrial

water vapor investigations,

The actual measurements of atmospheric absorption were taken
during the summer of 1965 and the winter of 1966. In all, thirty-seven
days were monitored for water vapor absorption, of which thirty-two
were used in the study. Atmospheric condition on all thirty-two days
were also monitored by at least single radiosonde flights and on several
days by multiple flights. In most instances the launches occurred during

the period in which absorption measurements were being taken,

The organization of the thesis is logically based on the subject
matter, The theory of water vapor absorption in Chapter 2 is followed
in Chapter 3 by the theory peculiar to atmospheric radiation measurements.
The experimental procedures and results from the observations are outlined
in Chapter 4, Chapters 5, 6, and 7 comprise the part of the thesis con-~
cerned with the application of the experimental results to the deduction
of the abundasnce and distribution of water vapor in the troposphere and
stratosphere. And in Chapter 8, thoughts and ideas for future work are
outlined. An appendix closes the thesis which includes tables and data
of interest to the subject matter but is either too bulky or not directly

applicable to the particular detalls of any given chapter.
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Chapter 2

THE THEORETICAL ABSORPTION OF MICROWAVE RADIATION BY WATER VAPOR

The purpose of Chapter 2 is to: (1) provide sufficient back-
ground to understand the nature of atmospheric absorption arising from
pure rotational spectral lines of water vapor; and (2), to provide
expressions of sufficient detail to compute absorption due to the two
lowest frequency lines, one of which occurs at 22.2 GHz and the other

at 183.3 GHz,

2.1 Origin of Pure Rotational Spectral Lines of Water Vapor

2.1.1 The Rotational Energy Levels of the Water Vapor Molecule.

If one draws arbitrarily oriented axes through the center of mass
of a molecule and calculates the moment of inertia about each (where the
moment of inertia is defined ﬂy I=3mn* » ¥y being the per-
pendicular distance of m, from the axis), one finds that if the moments
are represented by vectors whose lengths are proportional to the magni-
tude of the moment and whose directions point along the axis of reference,
then an ellipsoid is formed, called the ellipsoid of inertia. (For a more
complete discussion of the present subject see 2 and 3). An ellipsoid
may always be described most simply through the use of what are called the
perpendicular principal axes., The moments along these axes are called
the principal moments of inertia, If an axis of symmetry exists for the
molecule, this is always a principal axis, The equation describing the

ellipsoid of inertia is
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x* y* B - i
+ =
I I, T

(2.1-1)

provided I , Iy’ and Iz are the moments of inertia along the three
x

principal axes.

For a diatomic molecule, the ellipsoid of inertia is a flat
disk whose plane is perpendicular to the internuclear axis. This is
clear when one considers that the moment of inertia about the line
connecting the nuclei (an axis of symmetry) must be very small compared

to the equal moments about the two perpendicular principal axes.

If two principal axes are of equal magnitude, then an ellipsoid
of revolution is formed. A mole;ule featuring such an ellipsoid is
called a symmetric rotor or symmetric top molecule. If the two equal
principal moments are of larger magnitude than the third, then the
molecule is called aﬁ oblate symmetric top; if the two equal moments

are of smaller magnitude than the third, then the molecule is known as

a prolate symmetric top.

The water vapor molecule consists of one oxygen atom and two
hyd?ogen atoms associated in‘the configuration shown in Figure 2-1.
It falls into neither of the two classes above; all three principal
moments of inertia are unequal, Such a molecule is called an asym~

metric rotor or asymmetric top molecule.

For any degree of symmetry, the energy associated with the rota-

tion of a molecule is given by



THE WATER VAPOR MOLECULE

= 1,87 x 10 €.5.U,

Rotational Constants

2

Moments of Inertia
2 A = 8.332 x 10" GHz

I = 1.01x 10"%% em
B = 4.347 x 10°
2

ib = 1.93 x 10740

I =2.81x 10740 , C = 2.985 x 10

—‘[z—

Figure 2-1. Geometrical configuration and physical constants of the water -

vapor molecule.
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W= Py + P
21y 21y 21g
= U Hpr  4TBpr o ATCR (2.1-2)

* I

in which the rotational constants A, B, and C in decreasing order of

size are related inversely to the moments of inertia about the principal

axes x, y and z, and P, P

y? and P, are the values of the angular momen-

tum along each axis.

The degree of asymmetry may be expressed in a number of ways but
one convenient index is Ray's parameter given in terms of the rotation

constants as
k = Z_B_‘E“?_;_E_ (2.1-3)

i
Q
e
e
I
|
o
o]
o
2}

For a prolate symmetric top molecule in which B

oblate symmetric top molecule in which A = B, k = +1.

2 - P’- Pv. P}_
The square of the total angular momentum ﬁuﬂL-— AT of
z

a rotating molecule is quantized with magnitude equal to J(J+}) % ,

where J is an integer., The component of the total angular momentum

projected on some axis fixed in space is also quantized with magnitude

A

o A b
A i

M where M is an integer restricted to values running from
-J to +J, taking on, therefore, 2J + 1 values for any given J. In sym-
metric tops, this axis can be the symmetry axis, a choice which leads
to a reasonably simple expression for the rotational energy of the

molecule in terms of the rotational constants, J, and K( = M), neglecting

second order effects., However, in an asymmetric top this axis does not
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coincide with any axis fixed in the molecule and therefore lacks any

easily expressible relationship with the energy of the molecule,

A convenient expression for the energy of an asymmetric top is

given by

1
.‘%\_ = - (A¥) T(F+1) + 3 (a-C) E, (2.1-4)
in which E, 1s a complicated function which depends upon the para-
meter T , an integer which describes the order of energy levels of
a molecule with given J. [ therefore runs from -J to J and is the
asymmetric equivalent to the physically interpretable quantum number K

IS

for symmetric tops.,

As a further and more explicit designation of the energy state
of an asymmetric top? the K vélues for the limiting prolate and oblate
symmetric tops may be used, i.e., the energy associated with T  for
an asymmetry gilven by k smoothly changes its magnitude with changing k

from a level designated by some J and K . associated with a prolate

1

symmetric top (kK = -1) to another value associated with an oblate sym-
metric top (k = +41) designated by the same J but by some value, in

this case, of the quantum number K+ If the limiting quantum numbers

10

K+1 and K;l are known, T may always be found from the relationship
T = W - K (2.1-5)
The value of Ep in {2.1-5) is only a function of the asymmeiry

parameter and has been computed and tabulated (see Townes and Schawlowz,
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Appendix IV). Figure 2-2 shows the relationship between energy levels
of prolate, oblate and the connecting asymmetric cases for several J

states,

2.1.2 Transitions Between Pure Rotational Energy Levels,

The discussion in 2.1.1 tacitly assumed that the molecular energy
was derived only from rotation and nat from vibration or excited elec-
tronic states. The levels so derived are called, consequently, pure
rotational energy states. Transitions occur between some of the rota-
tional energy states giving rise to absorption of electromagnetic energy
if the final state is a higher energy level than the initial state, and
to emission if the final state is a lower energy level, Two so-called
selection rules define allowed transitions between energy levels., They

are briefly outlined below for the case of water vapor:

(1.) The watéf molecule has a permanent dipole moment which is
arranged along the symmetry axis, which in turn is associated with the
intermediate principal moment of inertia (Ib). The first selection rule
applies generally to transitions involving dipoles. It is found from a
gquantun mechanical evaluation of the intensity of a transition between
two energy states of a rotating dipole. The transition intensity is

zero unless the change in the quantum number J obeys the rule

AT =0, £1 (2.1-6)

Spectral lines arising from transitions where AJ = -1 are classified

as belonging to the P branch of the spectra. AJ 0O and AJ = 41
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Figure 2-2, The energy levels of the asymmetric rotors
related to the two limiting cases, the prolate and

oblate symmetric tops. (After Townes and Schawlow.)
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transitions give rise to the Q and R branches of the spectra’respect-

ively.

(2.) The second selection rule is a result of symmetry consider-
ations of the molecule. Any 180o rotation of a molecule about a princi-
pal axis of inertia leaves the ellipsoid of inertia unchanged. The wave
function associated with the energy state, however, may or may not change
sign with respect to such a rotation (neglecting degenerate cases). If
it does not change sign, the particular state which it describes is
called a symmetric one; if it does change sign, it is known as an anti-

symmetric state with respect to the given rotation.

For the case of Symmetrié top molecules, both prolate and oblate,
it is found that the symmetry of a state with respect to the relevant
rotations depends solely on the quantum number K. If K;l (prolate) is
even, the state is symmetric with respect to rotations about the axis
of least moment of inertia (Ia)‘ If K, is odd, it is found that the
state is antisymmetric to such rotations., Similarly, for oblate sym-
metric rotors, it is found that with respect to rotations about the

axis of largest moment of inertia (Ic) the wave functions are symmetric

or antisymmetric as to whether K+1 (oblate case) is even or odd.

For the asymmetric molecule, the symmetry of the wave functions
with respect to rotations about a principal axis are unchanged from
the limiting prolate case and limiting oblate case; i.e., the symmetry
for an asymmetric wave function with respect to a rotation about the

axis of least moment of inertia is the same as the symmetry for the
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limiting prolate symmetric top; it depends upon the quantum number

K

_1° The same is true for rotations about the axis of maximum moment

of inertia and the limiting oblate symmetric top; symmetry depends
upon K+l"
For rotations about the intermediate principal axis, it is
necessary to nullify the effect of rotation about each of the other

two axes, i.e., if the molecule rotates 1800 about all three axes, it
returns to its original orientation and parity and therefore whatever
parity remains after a rotation about axes a and ¢ must be nullified
or left unchanged by a rotation about the b axis. If rotation about

a 1is antisymmetric and rotation about ¢ is symmetric, then rotation

about b is antisymmetric to restore the original parity.

The symmetry properties are applicable to the calculation of
the strength of a gi&en transition. The intensity of a transition is
proportional to the square of what is called the dipole matrix element.
This matrix element for the x component of the dipole moment of the

molecule is given by

Mug = .f ¥ s qt{)l dT (2.1-7)

in which ¥ is the wave function for the initial stationary energy
state defined by J, K_,, and K+l; M, 1is the component of the permanent
electric dipole moment of the molecule along the x axis; V?* is the
complex conjugate of the wave function associated with the final sta-

tionary energy state, defined by J', K'_;, and K'+l; and 7 in this
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case is the integration variable taken over all the possible spatial
configurations of the molecule, The total matrix element for a transi-

tion is related to its components as follows:

2 2 2
Mg = M+ My e (2.1-8)

If the electric dipole is aligned along the intermediate axis
of inertia (b axis) as it is in the water molecule, 180° rotations
about the axis of smallest moment of inertia (a axis), or about the
axis of largest moment of inertia (c axis) cause the dipole to reverse
its direction. /LU- however, cannot change sign for such a symmetrical
interchange, and therefore the product ¢25?*- must change sign when
the orientation of A/ reverses. Recalling the symmetry discussion
above, if rotation occurs about axis a, the wave function is symmetric

or antisymmetric when K_. is even or odd respectively. Therefore, to

1

retain the sign of /”ﬁ' in the case of such a rotation, either KLl 1

2
or K-l 3 must be even while the other is odd. This is condition one,

J
Further, if rotation occurs about axis c¢, then either K or K
. +1,1 +1,J

must be even while the other is odd for the same reasoning. This is
condition two. Both of these conditions are met by the transitions

which are specified for all the various initial conditions listed in
Table 2-I below., These restrictions constitute the second selection

rule.
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TABLE 2-1I, Allowed transitions for Asymmetric Tops with
Dipole Moment Parallel to Principal Axis of
Intermediate Moment of Inertia. e stands for
an even state (K even) and o for an odd state

(X odd).
Initial Conditions Acceptable Final Conditions
K—l K}l K;l K+1
e e —_— o o
o o —_ e e
e o _ o e
o e _— e o

The only spectral lines which exist then are those which arise

from transitions which simultaneously obey both the selection rules

and K_1 (Table 2-1). Their center

for J (Equation (2.1-6)) and K+1

frequency is given closely for low pressures by the Bohr relationship

wy — W

7/"1 = I..”_/T'\—— (2.1-9)

If one searches the possible transitions between rotational
energy levels sufficiently close to give zéy a value in the micro-
wave region, many possibilities arise. However, when the selection
rules are applied, most combinations are eliminated. Two, however,
which are not eliminated give rise to the lines of principal interest

in this study. They are the transitions below:
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Initial State Final State Branch Frequency
PR R PR

5 2 3 6 1 6 R 22,237 GHz
2 0 2 3 1 3 R 181.310 GHz

For convenience, the transitions are written as 5, ;—6; o and
J J
p

3 or' in the J, T notation 5_.— 6 _ and 2_

20,2 ™ 31,3 1 -5

2™ 3+2 '
(For a list of the rotational transitions of water vapor resulting in
the 53 lowest resonant frequencies, together with their strengths,

initial and final term values, line widths, and statistical weights,

see Appendix A-I).

2.2 The Microwave Absorption Coefficient for Water Vapor.

The general expression for the absorption coefficient due to
the transition of molecules between the energy states i and j is given

by (adapted from Equation 1 of van Vleck4)

2
Vij = 83%’”(”4#”{“% i [ % L s lz} @.2-1)

in which 315 is the absorption coefficient for the transition i — j;

is the frequency of the incident radiation; Ni and Nj are the
number densities of molecules in the lower and higher energy states res-
pectively; I}hﬂz is the square of the dipole matrix element asso-
ciated with the transition i — j; and P(u‘.h,;) is what may be
called the "structure" factor or "line shape"” factor for the transition.

c and h are the speed of light and Planck's constant, respectively.
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Equation (2.2-1) explicitly brings out that 3ij is the
result of the difference between the energy absorbed by all molecular
transitions from the state of lower energy to that of higher energy,
and the energy which returns to the radiation field from molecules
making the reverse transition. If the population of state i is greater
than the population of state j, Xﬁf' is positive and represents
absorption; if the opposite is true, tﬁen Yi§ is negative and repre-

sents amplification.

2.2.1 The Partition Function.
The number of molecules in a given state, say the i th, may be
found from Boltzmann theory for a gas in thermal equilibrium. For the

case of water vapor Ni may be written as

N;_ = NPL (2.2-2)

where N is the total number of absorbing particles per cc and Pi is a

number between O and 1 which gives the fraction of N in the state 1i.

For the case of water vapor Pi is given by (see Herzbergs, Chap-~

ter V).
R = %, B, (2.2-3)
in which Pv represents the fraction of all molecules which are in the
i
vibrational energy state of interest, and Pp the fraction in the rota-

i
tional energy state of interest. Equation (2.2-3) assumes that all
molecules remain in the electronic ground stéte. Pv may be expanded

i
as (Townes and Schawlowz, Chapter 4).
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- . d.
R, = exp (-Wi ART) T [1- exp (hewn/kT) (2.2-4)
n

where k is Boltzmann's constant, T the temperature of the gas, h is
Planck's constant, WQi is the energy of the stationary vibrational
energy state of interest, w the wave number equivalent to the normal

vibration frequencies of the molecule, and dn is the degeneracy of the

nth normal molecular vibration, For the water vapor spectral lines of

interest Wv = 0 so that P, depends upon the extended product of
i i

(2.2-4). The smallest normal vibrational wave number of water vapor is

associated with Wo and is approx%pately 1600 cm—l. For the maximum

atmospheric temperature expected the quantity exp(~hcm2/kT) is only

0.00083. The exponentials associated with w, and w, are even smaller;

3

pVi is, therefore, approximately 1 and P; is taken to be equal to PR .
- i

The fraction of molecules in a given rotational state may be
expressed as (see Townes and Schawlow2 Equation (4-25), and the discus-
sion of nuclear spin beginning on page 102, or the discussion of G
on page 427 in van Vlecks)

—£(3¢,T,) /AT

9 (2T +1) e (2.2-5)
¢ - —€EC,0 /% T )
. %% 9, (23+1) e /

In Equation (2.2-5), the numerator is the Boltzmann factor for the
stationary energy state i in the transition i — j of EQuation (2.2-1),

The rotational energy associated with the state is given in the j}if



~33-

notation. The statistical importance of each 3,T  energy state is
modified in two ways: (1) by the non-dependence of the energy on the
space orientation of J ( 2J + 1 degeneracy); and (2), Sy the ratio of
the number of possible symmetric to possible antisymmetric nuclear

spin states., The statistical weight due to nuclear spin, designated g,
is for the asymmetric rotor a funct%on of T only. For water vapor

K

its value is 1 when a transition occurs between levels where K;l’ 1

change from even-even to odd-odd, (or vice versa), i.e., when £ is
even, and 3 when a transition occurs between even-odd and odd-even

levels ( 7 odd).

The double sum in the denominator of (2.2-5).is called the rota-
tional partition function G and is only a function of temperature since
the rotational energy states are fixed. An approximation to the sum

with its temperature dependence is given in van Vleck5 as

G = 110 (%;3)3/2' (2.2-6)

A reevaluation of the constant using values for EET which included
al1 T values for J = 1 through 11 and several T values for J = 12,
13, and 148 shows a more precise estimate for the constant to be 172.4.
The difference is about one percent. A comparison of the true value of
G with the power law approximation of Equation (2.2-6) is presented in
Figure 2-3. A final form for PRi with the reevaluation of G considered

may be written as

P = : ' (2.2-7)
0.0344 T e
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The statistical weights due to nuclear spin and the space quanti-

zation factor (2J + 1) cause PR to deviate substantially from a
straight Boltzmann distribution for a system in thermal equilibrium.
Figure 2-4 presents the relative distribution of molecules as a function

of their energy together with a straight Boltzmann curve.

2.2,2 The Line Strength Parameter.

Explicitly, the value of /u;j used in Equation (2.2-1) is given
by the solution to Equations (2.1-6) and (2.1-7). They refer to a partic-
ular transition from quantum numbers J (total angular momentum), Z (order
of the energy level within a given J state), and M the space quantization
of J to another state J', T' , M'. 1In the absence of a magnetic field,
the energy is independent of M and ,Uij applies to the 2J + 1 degenerate

states of the lower energy state.
For the opposite transition J', 7’ , M' — J, T , M another matrix
element applies, namely, ;. related to Mij  as follows:

(2341 ) [y = (27% )| wjel? (2.2-8)

Associated with the matrix elements Miy  and  Mjc but more

general is the so-called "transition strength' defined as

L M (2349) }
% |y [ = L @.2-9)

where Al is the permanent dipole moment of the molecule, J is the rota-

. 2
tional quantum number of the initial energy state, and Zl @q[ is
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The relative distribution of water vapor molecules over the first 52

Figure 2-4,

K compared to a straight Maxwell-Boltzmann distribution,

(¢]

energy states at 293
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defined as the squares of the elements of the direction cosine matrices
summed over the Zeeman components and three directions of space for the
7 kN
transition i —J. King et al. have tabulated the 3| &yl for
the particular asymmetry of water vapor (k = ~0,436426) for most of the
- |2

important transitions through J = 6, General tables of E:'@;d have
been computed for various values of k for J as great as 35 in Wacker et

2 - AL
al. These latter tables can be used for roughly estimating 7]
for transitions involving J higher than 6, This was done for several of
the lines listed in Table A-1 in the Appendix. Those so interpolated

T

are indicated. The utility of tabulating the :2' éﬁﬁl rather than

l }4;5l1 is apparent when its invariance with the order of ij is

A

considered,

Incorporating Equations (2.2-7) and (2.2-9) in (2.2-1) the absorp-
tion coefficient of a microwave absorption line of water vapor may be

written as

3 2 ~Ec /T —Ej /et
Vii = g NoJJ  u® 9y 2' @ﬂl e _ e ! (2.2-10)
3 3he 0.0344 T2

where i1 and J are particular energy states designated by some J, T and
Jy, T .

Equation (2.2-10) brings out very clearly that the absorption
intensity depends upon the difference in the Boltzmann factors, Since
the difference between energy levels which produce microwave spectra

must be small, the term in brackets is the difference between terms



- 38~

which are almost equal. To remove this compensation, the following

approximation is commonly made when thermal equilibrium obtains:

CE/RT € /AT —E /BT —hvij /AT
e - e = e { L-¢
~r N L/‘hT "1 1)5.'1.
= e —ez = (2.2-11)

(It should be emphasized that the temperature T which occurs in Equa-
tion (2.2-11) is associated with the distribution of molecules over
the possible energy states, It is an excitation temperature and is
conceptually unrelated to the kinetic temperature of the gas. Only
when the kinetic and rotational energy states are in thermal equili-

brium do the two become identical numerically).

A Tonza

The approximation made in (2.2-11) is valid when 7ég' << ‘—:E”‘ .

The lowest expected atmospheric temperature is near 180° K leading to

R Twiw
T

a value for equal to approximately 3600 GHz., The line of
highest resonant frequency which we will consider in detail is centered
near 183 GHz, below ﬁi%%ﬂi by a factor of twenty, validating thé
approximation. Equation {(2,2-11) will be retained for lines whose
center frequencies are as great as 1500 GHz, primarily because only

their effect on freguencies below 200 GHz is desired and great

accuracy is not redquired,

Equation (2.2-10) may be rewritten incorporating (2.2-11) as
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2q.. 2 —Ec/RT
Yo = an’J N M 3»5 2[&)“1} Yo e / IP (—;/;3' 3 2J [ (2.2-12)
3 3ehT 0.034¢ T/ 71

where now i refers to the initial energy state and N to the total number

density of absorbing particles.

2.2.3 The Line Shape Factor

A number of mechanisms can cause absorption to occur at frequencies
removed from the theoretical resonance of a molecular energy transition.
Broadening mechanisms include the natural line width, Doppler effects,
collisions between molecules, saturation effects, and collisions with
the container of the gas 2. By far the most important mechanism over
most of the atmospheric range of temperatures and pressures is collisional
broadening, although ?n the region above 60-70 km Doppler broadening must
also be considered., The particular form of the shape factor, F(in,V)
in which we are interested is dominated by the effect of collisions,

Derivations of theoretical line shapes for collision broadened

24

lines have been done by Lorentz”®, van Vleck and Weisskopflo, Anderson15

Ben Reuvenle, Zhevakin and Naumov17, and Gordon13 among others, The

2

original work was done by Lorentz who was concerned mainly with spectral
lines in the visible region of the electromagnetic spectrum, The impor-
tant assumptions upon which it was founded were: (1) rotating molecules
could be treated as classical oscillators of natural fredquency o, driven

by the external field to oscillate at o ; and (2) collisions between
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rotating molecules leave the phases of the oscillators randomly dis-

tributed. The resulting line shape factor was then shown to be of

the form
\ N4 a4/
Jii = = |l (2.2-13)
F(‘ 1 7)) ™ (1/,;]' ~1/)1 + Qv (-/xj'+1/)7' + AV
For spectral work in the visible where both f%?- << 1 and
’7‘/‘:1' '7/] << i .
——;7—— the formula was shown experimentally to be quite
accurate,

A criticism of (2.2-13) was based on the fact that if 7
were taken to equal zero, it would be expected that the resulting shape
should reduce to the expression derived by Debye18 for non-resonant
absorption in a polar gas. It did not. Van Vleck and Weisskopf removed
this difficulty by chénging assumption (2) in the Lorentz derivation as
follows: Instead of random phases after collision for the interacting
molecules, they assumed that the phases would be constrained by the
external field to a Boltzmann distribution for thermal equilibxrium,
Application of the new assumption led to a modification of (2.2-13) as

follows

B ) A . Ad
f (z/q JV) Ty [(_,/*.1.__701 + 092 (ej + /) + 9

] 2.2-14)
2

which, when applied to absorption, reduces to the Debye expression for

polar gases in the limit ZLj —> 0 . The Boltzmann distribution
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after collision requires that the period of the oscillation of the
external field is long enough to present the colliding molecules with

essentially a static field over the time of collision.

For many microwave applications, Equation (2.2-14) has been
shown to qualitatively describe the shape of spectral lines. However,
from further experimental work, a number of shortcomings have come to

11,12,17,21,25

light. They include:

(1) If the shape is quantitatively accurate in the region of
resonance, often the wings of the spectral lines are not accurately
represented.

(2) As higher pressures are encountered the resonant frequency
shifts toward lower frequencies, a result not obtainable from Equation
(2.2-14).

(3) The line width per unit pressure is not constant over all
pressures so that the use of (2.2-14) is applicable only in the pressure
region in which binary collisions occur.

Andersonls, in his study of collisional broadening, provided for

a shift of the resonant frequency, and Ben—Reuven16 drawing from the
work of Baranger79, Kolb and Griemso, and Fan081, has, with consider-
able success reproduced the shift and shape of the ammonia inversion
spectra at high pressures and in the wiﬁgs at lower pressures., His
line shape factor may be written as

o z(a#-ﬂzﬂ~rZ(Aﬂ+ﬁ[beS+AJ€33 (2.2-15)
Yj { [/ (e 8) - 872432 ] +d Jraye

F(Jq)f> = %?
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in which 3 is essentially a parameter which describes the variation
of the line width with pressure, and ) is a parameter which allows
for the shift of the resonance peak toward zero frequency. The theory
is built upon the "impact' approximation introduced by Baranger in
which it is assumed that the average time interval between strong
collisions is long compared to the duration of such a collision. The
parameter arises from the consideration of inelastic collisions which
cause transitions responsible for a given spectral line, When it may
be considered negligible, (2.2-15) reduces to (2.2-14) with the reten-

tion of the possibility through § of a shift in the resonance frequency.

Gordon13 has generalized the approach which Baranger originated
to produce a line shape which has considerably improved the pressure
dependence of the absorption spectrum for oxygen. Two important aspects
of Gordon's approach have been: (1) to differentiate between strong
(Hund's case a) and weak (Hund's case b) coupling between the electronic
spin and the rotation of the molecule; and (2) to theoretically treat
the interference which occurs between overlapping resonance lines. It
is a result of the latter consideration that strongly overlapping lines

ere not g sum of individupl Lorentz terms,

Unfortunately, for the specific case of water vapor, the more
sophisticated line shapes have not been applied, although considerable
evidence has accumulated to the effect that the simple van Vleck-Weisskopf
line shape is inadequate in several ways. The evidence begins with the

measurements of water vapor absorption by Becker and Autler21 near 1 cm
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and the attempt to match them utilizing the van Vleck Weisskopf line
shape, Figure 2-5 is presented to show the comparison between the

data collected by Becker and Autler for conditions of 10 g/m3 of water
vapor mixed with air at one atmosphere pressure and a temperature of
318o K utilizing (2.2-12) and a direct application of Equation (2.2-14),
The theoretical curve to compare is labeled van Vleck-Weisskopf (un-
corrected), It is clear from Becker and Autler that the contribution
to the theoretical absorption from the resonance term at 1.35 cm would
not be far wrong if the contribution from the wings of all higher lines
were greater by a factor of 4 to 6. The curve labeled van Vleck-Weisskopf
(corrected) in Figure 2-5 results from the application of Equations
(2.2-12) and (2.2-14) again, but this time the contribution to the ab-
sorption by all resonances excepting only the 1.35 cm line have been
increased so that near resonance there is a subjective best fit between

the experimental and the theoretical values,

A new problem arises however, If we are to'accept the stated
accuracy of the experimental points (nowhere greater than 10 percent,
probably less than 5 percent near resonance) then even though the theo-
retical curve is adequate over most of the resonant peak, it now shows
values which are too great in the high frequency wing even for the
quoted errors. This would appear to be a problem of the line shape
also. However, before the latter discrepancy can be adequately
treated, it is imperative that a re-examination of the experimental

line shape in the vicinity of the 1.35 cm resonance be conducted.



Nt

BROOKL YN Y

STOCK NO 450

DGELV:E:T PR SS Mo

025+

1020+

0157

[db (g/m*)™ ]

1/

.0104

.005

-44-
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Figure 2-5. Three theoretical representations of the 22 GHz res-
onance of water vapor compared to experimental data: (1) van Vleck
with the non-resonant term multiplied by a factor of six; (2) van
Vleck with with no correction to the non-resonant term; and (3) the

Kinetic line shape with the van Vleck uncorrected non-resonant term.

40
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If one turns to the water vapor spectral line centered near
183.3 GHz, a similar situation to the 1.35 cm case is found. Frenkel
and Wbod525 have made measurements with a Fabray-Perot type resonant
transmission cavity to determine the line shape. Their conclusions
are that near resonance, a Lorentzian line shape also consistent with
the theory of van Vlieck and Weisskopf is justified, but that in the
wings the theoretical residual effects of other lines is too low by

at least a factor of 4 to 5.

An empirical relationship was derived to approximate the exper-
imental results which they obtained. In the region between 100 and
300 GHz, the absorption coefficient and line shape as they determined

it for a mixture of water vapor and nitrogen can be expressed as

o — Y S8V + ADN)
.4? C\ (17{;4) (7/_7/1'&#)2 ‘\‘(A/w:i-ﬂﬂ‘:

7/( 07/\:v + A 7/:)
+
T ) G s (o < oo

7/Z (A‘l)\::v + AJ/:I)
%

in which C, , C2 ) C3 are computed from the theoretical line strengths

1 '
given by Benedict and Kaplan 9, 74&4 and péqz are the resonant

+ C, (2.2-16)

frequencies for the 183 GHz and 324 GHz lines respectively, Vw is
taken as 183.3 GHz and 7/ is the frequency of the radiation
being absorbed. The first two terms are resonance terms, and the last

is an approximation to the contributions from the wings of all other



~46-

lines excepting only the two explicitly represented. The four para-
meters A AYS ’ A-V:v , and A7/NW are the contributions
to the line width from self-broadening and from nitrogen, respectively,
near resonance (designated by the superscript o), and in the wings of

the line (designated by the superscript w). Each of the contributions

can be written as

A" = JK:‘ P (2.2-17)

where m designates the part of the resonance line being representied
(center or wings), n stands for the gas involved which broadens the
water vapor line, “k:‘ refers to the line width per unit pressure
appropriate to the region m and broadener n , and Pn is the partial

pressure of the broadening gas designated by n.

Equations (2.2-16) and (2.2-17) imply: (1) that the line widths
are directly proportional to pressure, at least over the pressures of
interest; (2) that the contributions of the various gases to the total
line width combine linearly; (3), that the line width parameters for
the resonanée at 0.92 mm (324 GHz) which is repreéented by the second
term in (2.2-14) is approximately the same as that one found for the
1.64 mm (183.3 GHz) line represented by the first term; and (4), that
the two resonance lines combine linearly, i.e., no interference between

the lines occur,

There is ample justification for the first implication. The

23 26
work at low pressures (see Townes and Merritt and Rusk ) and at
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high pressures (see Becker and Autler21 and Frenkel and Woodszs) tend
to confirm that the line width of the two lowest fredquency water vapor
lines are linear in pressure over the pressure range of interest in the
atmosphere, i.e., from a few tenths of a mm of Hg to approximately one
atmosphere. (see also Hemmiz7 for further confirmation for the 183.3
GHz line). The second implication is probably not exactly true, but
for small ratios between the partial pressure of water vapor and the
partial pressure of the broadening gas it is not an important source

of error, From the work of Benedict and Kaplan19 the ratio of the
theoretical line widths between the 183.3 GHz line and the 325 GHz line
is 1.25 which means that some biqs away from the true value of ZXWQ
for the 183 GHz line should occur when computed from Equation (2.2-13).
And from the work of Gordonls, the fourth implication must be considered
of doubtful validity, although the error introduced by this implicit

assumption is unknown.

Nevertheless, for the ’k: which represents the region at
and near resonance, for nitrogen as the broadening gas, Frenkel and
Woods arrive at a value between 4.1 and 4.7 Mc/mm Hg compared to a
value of 3.76 Mc/mm Hg found by Rusk in an experiment done at low
pressure., For the half width contribution near resonance due to self
broadening, Frenkel and Woods measured a value for 'k:V between
22 and 24 Mc/mm Hg which compares to the value which Rusk found of

19.1 Mc/mm Hg.

In order to retain the Lorentzian resonance terms, in the wings
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of the line it was necessary to hypothesize an increase in the line
width as the frequency observed moved away from resonance. The effec-
tive line width contribution from self broadening resulted in a value
for ‘ﬁ:i of approximately 200 Mc/mm Hg, an increase above the reson-
ance term by a factor of nine to ten., The increase in line width from
near resonance to the wings for nitrogen was a factor of 4 to 5 with
the result that 41: was approximately equal to 19 Mc/mm Hg. The
effect of increasing the 41\ for the third term of Equation (2,2-16)
is qualitatively similar to increasing the whole non-resonant contri-
bution as was done for the corrected curve in Figure 2-4 for the 22.2
GHz line.

The 183.3 GHz line is shown in Figure 2-6 represented by the
Frenkel and Woods empirical equation (2.2-16), a single resonance van
Vleck-Weisskopf expression using theoretical line parameters (Equations
(2.2-12) and (202—14)) ,and a van Vleck-Weisskopf expression where

the next 53 lines are explicitly taken into account.

Further evidence of the inadequacy of the uncorrected van Vleck-
Weisskopf line shape is found in the experiments done by workers at the
University of Texas. It is difficult to evaluate much of the work pre-
sented in these reports because of the unknown conditions which the
atmosphere presents during many of the measurements. However, in a

27
series of papers and reports (see for example Hemmi , Straiton and

28 29 .

Tolbert” , Tolbert, Krause and Straiton™ , and Tolbert, Straiton and

Simonsso), the general conclusion has been that the theoretical
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FRENKEL & wOODS

N\

VV-W (INCLUDES 53 LOWEST FREQ. LINES)

TS__ VV-W (SINGLE RESONANCE)

170 175 180 IéS 190 195 200

FREQUENCY (GHz)

Figure 2-6. Comparison of absorption near the 183 GHz water vapor
rotational line as predicted by: van Vleck-Weisskopf single reso-
nance expression; van Vleck-Weisskopf expression considering the
first 53 water vapor rotational resonances; and the Frenkel and Woods
empirical formula. Conditions in the gas are: nitrogen, 1000 mb;

water vapor, 7.23 g/m3 (7.50 mm Hg), temperature; 300°K.
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absorption from the uncorrected application of the van Vleck-Weisskapf
equations is low for the wings of the water vapor lines in the milli-
meter region by a factor of approximately 4, and for the attenuation

in the wings of the oxygen lines by a factor of around 2,

In the last few years, workers in the USSR have derived a new
line shape, based on the solution of the kinetic equation. Zhevakin

and Naumov17 have arrived at a line shape factor given by

. - L ) 40/ (2.2-18)
p(lej37}) 1 1} ){ (7}4‘51_2/’.)_‘_4_‘)2([37/)2

in which parameters have similar meaning to those in Equation (2.2-14).
The application of (2.2-18) to the region near 1,35 cm is shown in
Figure 2~-4. The non-resonant part of the curve is taken to be the same
as for the uncorrected van Vlieck-WeissKopf curve, The resonant shape
is close enough to tﬁe van Vleck shape so as to make a decision impos-
sible as to the better fit of either to the Becker and Autler data.
Indeed, near resonance, most line shapes are indistinguishable. From
the discussion in Zhevékin and Naumov, it is apparent that the line
shape does provide for somewhat higher absorption between resonances

in the millimeter range, but still does not completely close the gap

between experiment and theory.

2.2.4 The Line Width Parameter.
Of all the quantities in Equations (2.2-12) and (2.2-14) which

depend upon molecular parameters and procesées, the line width
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has been the most difficult to theoretically compute. There are
several mechanisms which can broaden a microwave spectral line but
only two of consequence for conditions found in the lowest 100 km of
the earth's atmosphere. ' They are broadening due to the collisions
between molecules, and in the regions above 60 km, Doppler broadening

must be considered.

The latter effect is due to the translational motion of the

molecule parallel to the direction of propagation of the radiation,
v J
A frequency shift of *+ o/ ( v ) occurs, when is the fre-
[o]

dquency of the radiation, V the velocity component of the molecule
parallel to the direction of propagation and Vp is the phase velocity
of the radiation, nearly equal in most cases of interest to the velocity
of light., When translated to a change in intensity, it is found2 that

the half width of a Doppler broadened spectral line is given by

7 T Y -
0, = 3.581 4 0’ (—;\-) "y sec” (2.2-19)

where T is the gas temperature in OK, M the molecular weight, 2/ the
frequency in sec—1 and it is assumed the distribution of molecular
velocities is that resulting from thermal equilibrium of the gas.

The units of A?@ are the same as +/ .

Perhaps the most successful theory to date for collisional
broadening of spectral lines which is also based on the physical

processes which are thought to occur between colliding molecules

15
has been given by Anderson . The exact treatment of the problem
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’

requires detailed knowledge of the interacting forces and processes
which occur during collisions not all of which are well known or
understood. And even then, computations to take all of what is known
into account can become prohibitively complex. Nevertheless, the
estimations of line width from Anderson's theory when compared with
what accurate measﬁrements which do exist show reasonable agreement

(see Anderson),

Two important assumptions are made; (1) molecules are considered
to follow classical trajectories; and (2), collisions are adiabatic,

i.e., no energy is lost or gained by the molecule during the collision.

The width of an& spectral "line when binary collisions are the
dominant interaction are expected to be and actually shoﬁ a direct
dependence upon the number of ﬁarticles colliding. [&7/‘15 therefore
proportional to the pressure over a wide range of values; for water

vapor, from a few millimeters of mercury to more than one atmosphere.

The temperatﬁré dependence of A% is much more difficuit to
theoretically predict. {Nbrmally, for temperatures of meteorological
interest, it is assumed that " K+ follows a power law of T of the

~

form

Ay = T (2.2-20)

where n for atmospheric gases is in the range from -0.2 to +1.2.
However, actual theoretical prediction of line widths and their vari-

ation with temperature cast doubt upon the exactness of (2.2-20)
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(see below). Nevertheless, because (2.2-20) approximates the behavior
of A7/ with temperature and a more precise dependence is not available,

the power law temperature dependence is generally retained.,

The width of spec;ral lines at constant temperature and pressure
are found to depend upon the rotational states of the molecule before
and after transition, and upon thé perturbing potential of the transi-
tion causing molecule. For perturbing gases with large numbers of
possible states the evaluation of A1/ requires that each state be
considered. The computations can therefore be very lengthy for each

spectral line,

In the case of water vapbf, Benedict and Kaplan using Anderson's
theory have evaluated the theoretical line widths expected from colli-
sions between water vapor and nitrqéenlg, wa£e} vapor and oxygen20 and
water vapor and water‘vaporzo. Results from the nitrogen computations
at 300°K and one atmosphere total pressure show that widths vary between
a maximum of 0,12449 cm-'1 (3.735 GHZ)* to a minimuﬁ of 0.035;4 cm-'1
(1.075 GHz)f The former occu?s for the transition between the states
i, (Xa) and 1.4 ; the latter between the states l4;, and 13, .,
in general, line widths decrease for increasing J; for a given J are
a maximum for intermediate T ;3 and even T 1levels produce wider

lines than close by odd T 1levels., All of the results in Benedict

9
and Kaplan1 are based upon several poorly known parameters which were

*
corrected
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N\
adjusted so that they yilelded results which duplicated the measurements
by Becker and Autler of the line width of the 5, —5 ., tramnsition
of water vapor. However, it should be noted that the measurements in
Becker and Autler were done for broadening by air and not by nitrogen.
(The values for the line widths in 19 for pure nitrogen broadening
wvere later adjusted upwards by 12 percent (see 20 page 266) because
of a misinterpretation of the strength of the nitrogen quadrupole moment
used in the calculationg reported. The authors now suggest the values
in 19 ©be interpreted as representing line widths for broadening in
dry air since in 20 they show the effect of oxygen on water vapor

broadening is not as effective as nitrogen).

Also reported in Benedict and Kaplan20 are the results of self
broadening of water vapor. As might be expected, the theoretical effec-
tiveness of water vapor to perturb.itself is much greater than that of
a foreign molecule, being on the average 5.5 times ﬁore effecti;e than
nitrogen. It becomes therefore necessary to take into account the

abundance of water vapor on the line width at a given temperature and

pressure,

If we draw together all of the above information, the result is
Equation (2.2-21) below for the dependence of AY on the variables

of state and the abundance cof eﬁp .

Ay = § ml?ms ( -Broo )'h (14,“%) (2.2-21)
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In (2.2-21) S is the breadth of the line at one atmosphere pressure,
a temperature of SOOOK and an infinitesimal amount of water vapor;
n is the theoretically or experimentally determined exponent of Equa-
tion (2.2L20) different for each line; T is the atmospheric tempera-
ture; P is the total atmospheric pressure; e is the partial pressure
of water vapor; and o is a factor, again varying from line to line,
which is a measure of the increased effectiveness of H,0 to broaden
itself over the foreign gas broadeners determining 8. o will be

e e

discussed in more detail in Section 2.3. The term ﬁﬁ:égﬁds the

ratio of water molecules to dry air molecules.

Of the relationships exprgssed in Equation (2.2-21), the pres-
sure dependence is probably most accurate. S is reliable when measured
for definite transitions under definite conditions; computed values of
S afékthoughtﬂfd be accurate to within perhaps 10 percent., The temper-
ature dependence no doubt is the least accurate part of the expression
‘not only because there is strong indications that the power law is not
universally valid, but also because the choice of the best n becomes
very difficult in & mixture such as moist air. Exactly how good the
representation of AY by (2.2-18) for water vapor broadened by air

" over the entire range of meteorological temperatures is not known,

2.3 The Absorption Coefficient for the Water Vapor Rotational

Resonances Centered Near 22.2 GHz and 183.3 GHz.

In preceding sections, we have discussed the general properties

of rotational resonances of water vapor and the absorption they cause.
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This section is devoted to oﬁtaining operationally usable expressions

for the absorption coefficients of the two lowest frequency resonances.

2.3.1 The 22.2 GHz Spectral Line.

It has long been customary to think of the absorption coefficient
in terms of linear combinations of separate spectral lines. Contribu-
tions to the absorption near resonanée have conseq;ently been written

as

Y = XREs + YNON (2.3-1)

where XR“ and ¥, are separate and unrelated, and refer respect-

ively to the contribution of the line being studied and to the contri-

a

.

bution from all other lines,

In light of the work by Gordon13 thi; is not satisfactory for
strongly overlapping lines. ﬁowever the 22,2 GHz line is almost an
order of magnitude in frequency below the next water vapor line (183
GHz) and therefore even from Gordon's work, it appears that (2.3~1) is

valid,

We therefore write,

yljs -’=' (‘YRES)HS + (Yﬂc"')\‘zg (2.3-2)

Consider the resonant term first., From Equations (2.2-12) and

(2.2-14), (gkg>‘35 may be written in complete form as

X
3o =T 0.0344 T

,ﬂ.’b_‘)z ,u": 02 J* -Es’., /‘k‘T
(YRES)LK: B8 N ko 3 I @L%! e

(2.3-3)

AY s oY
(ys V) + D VP (as +7)* + OV*
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where BJAJ; is given by Equation (2.2-21) as
P T Wy ey e T
— - K10
Aj/"’”— - S‘-"S (01325 ( 300 (‘L*' oLias - P
(2.3-4)
(Xaujhss is given in nepers/cm when </ is in GHz, N is in

particles/cc, the speed of light ¢ is in cm/sec, Boltzmann's constant

16 ergs/oK, the kinetic temperature T is in

k is equal to 1,3804x10"
degrees Kelvin, total atmospheric pressure is given in millibars, water

vapor density is in g/m3, and the molecular parameters are used as they

appear in Table 2-II below.

TABLE 2-1I. The values and sources for the parameters
of Equations (2.3~3) and (2.3-4) for

Theoretical
Parameter Yalue or Source
N Measured
-18
Mo 1.87x10 e.s.u M 22
39 3 odd
T -

S| &, 0.0549 T 7
E_%.’;Q 446,39 cm M 8
E(G,-5) 447.17 cm t M 8

3

Viag 22,237.+ 5 Miz M 23
Sias 2.70 GHz/Atm. M 21
Nias 0.626 T 19

1

< < ._1 Fe) =
Kiag 1.46x10"%mb (g/m”) ~(7K) : M 21
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Only the last parameter needs further explanation. The value
of the line width in the Becker and Autler experiment when extrapolated
to a water vapor density (or partial pressure) of zero was found to be
0.087 cm !, while for  Sw,o = 50 g/m5, A3 was found to be 0.107
cm . Evidently, the effective collision cross-section for H,0 - Hy0
encounters is larger than for H20 - air encounters. The increase of
AY over the interval from 0 to 50 g/m3 of H20 shows in the experi-
ment as a linear increase with ?H“) . The water vapor increase
manifests itself on the molecular level as a substitution of water
vapor molecules for air molecules, each of which is more effective in
broadening the line than a dry air molecule. . Therefore, since SL35
refers to the effectiveness of air molecules to broaden the spectral
line, consideration of the number of molecules which are actually
water vapor must be taken into account, This may be done by giving
a weight of one to the fraction of dry air molecules and some other

weight to the fraction of water volecules., A correction factor to

the straight dry air broadened line would be of the form

[(.Pwrm. - e) + V\(\.-,; e]/?\-m- AL » Where ( P\'a-rm. -c )/?TQTRL

represents the dry air fraction of molecules (since number of mole-
cules is proportional to partial pressure, and equal partial pressures
of two gases at the same temperature have equal numbers of molecules),
and e would be the partial pressure of water vapor. nuzs in this
expression would be the factor of increased effectiveness of water

vapor-water vapor broadening over water vapor-dry air broadening.
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The correction factor may be rewritten as (i * ck13s é;— ) where
ToTRL
t . '
Ko will be related to Niag as Ky = Niss -1 .

For convenience the partial pressure of water vapor may be expressed

as
Suio RET

e - — e
MH-,,O

in which f;u, is the water vapor density, R* the universal gas
constant, T is the absolute temperature and Mu,o 1s the molecular

weight of water vapor. Then the correction factor must be written as

(1.+ K g 33513; ) the form used in Equation (2.3-4),., To find
?T o1
X g from the Becker and Autler experiment it is only necessary

to evaluate

CUADLTI . = L (2.3-5)
(871a6) ¢85 Ll ST 14 %5318
P 1oy

which leads to

A= 146 X 1670wl (a/wry " (o)

the value quoted in Table 2-II. Each water molecule which displaces
an equivalent air molecule is found to be approximately 4.2 times more

effective in broadening the water vapor line at 1.35 cm (ioe.,angéﬁkz)o

For convenience of usage, equations (2.3-3) and (2.3-4) are
reduced to their simplest forms in the following two equations with
more familiar inputs replacing less familiar ones and all constants

evaluated:
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-2 /T ’
AR 8 (2.3-6)
(X“E‘)ms = w1 Tsh (e ~w)T + BV

DY s ‘% db fim
(7/133: 'ﬂ)z + Aﬂt

1S lo\31s 300

A = 2.2 ( : ) (”‘L)_OMQ {1 + ©.015 LgT §6H1(2‘3"7)

3
-The primed frequencies are in GHz; ?Hzo remains in g/m , tempera-

ture T in OK, and total pressure P in millibars.

The detailed expression for the non-resonant part of Equation
(2.3-2) is much less satisfactory than (2.3-6) and even (2.3-7). Van

Vleéks offers the approximation to this contribution as

. Swl?jlf\l T 2 _E':/"/L,T 2&-1j
(X“”)t.zs T 3¢ ky Ao EJ cj'r.; 2{ i)‘j’ e 7T (2.3-8)
1

where the indices c'}j' range over all the spectral lines above the

22.2 GHz resonance, and each parameter is appropriately chosen for a

207
7/,/.']3'
should be valid when 1/;1. >>7/ and z/,;j- >> A7/ both of which are

given resonance £) j. . The approximation of C(%L 11) as

true for resonances other than the 22.2 GHz line. An approximation
g o
of the sum over rotational states was given by van Vlieck at 293 K

as

nvd/

_—

(Xnon\ = .0 em,o ¢ c”o/km (2.3-9)
/¢ A

which transposes into our notation as
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— -3 Sao Pia!
(XNON)LBS — 2.2% x10 T dk/{g_w\ (2.3-10)

The temperature dependence has been given in van Vlecks,

The expression (2,3-8) has alfeady been shown to be too small by
a factor of 4 to 6 (see Figure 2-5); therefore, for work done through-
out the remalnder of the paper Equation (2.3-10) will be increased by

a factor of 5. The final form of the non-resonant term for the 1.35 cm

line is
2 fus V7 av’
— X 2 My Y S db 2.3-
(XN°N>[.3§ = 1.1t 1o T}/L /km (2.3-11)

Equations (2.3-6), (2.3-7) and (2.3-11) are equivalent to those used
31

by Barrett and Chung .

2.3.2 The 183 GHz Spectral Line

The nearest line to the 1,35 cm line occurs at 1.64 mm (183 GHz)
removed by a factor of eight in frequency. Towards even higher fre-
quencies, one finds that in the interval between the 1,64 mm line and
eight times its resonant frequency 53 other water vapor resonances

occur,

Even though equation (2.3-1) may be approximately applied to
the 1.64 mm line, it will be impossible to treat (XQON)OJQV

as we did in (2.3-7). Lines nearby will have to be taken explicitly
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into account or some new approximation will be needed, especially
since nearby lines probably constructively interfere with the absorp-
tion of the 183 GHz line. However, before resolving this problem, it

is appropriate first to formulate o

There appears to be no reason why the line shape near resonance
will be better fitted by any other than the van Vleck-Weisskopf formu-
lation. Therefore, it will be retained. The equation for the resonance

at 183 GHz may be written, analogously to Equation (2.3-3), as

'“‘7'7)‘ N nl., S o.tb«.L ‘Ez"" /+LT
( xRES) O.luy = 83th- A 2 de [b l e X

("1’;./(.4 —)/)L + A7}1 (7/0.16-» +7/)1 + D"}z J '

where 207/  for this case is given by

-n,,
A.‘}o.n.q = So..;q (%ﬁ)( BTOO) “‘?l“'oﬁ,'w" E:%LE (203—1?)

(I1£f P, T, and ) Heo are in millibars, degrees Kelvin and grams per
cubic meter, respectively, and SOqu is in GHz/atm then lBJmmq

is given in GHz in Equation (2.3-13).

The choice of values for the molecular parameters in the case
of air broadening is more difficult for the 183 GHz resonance, however,

than for the 22 GHz line, Table 2-111 draws together all the informa-
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tion on the 183 GHz line for the various broadeners that make up air
and presents the dérived (and in one case measured) parameters for an
air-water vapor mixture. There are many conflicting measurements and
values in the table and the final choices must be based on judicious

but unavoidably subjective reasoning.

We start by choosing the theoretical line strengths as computed
by King, Hainer and Cross7. No substantial uncertainties have been
presented to throw doubt on these results. This choice, together with
the other well known molecular parameters of (2.3-12) (i.e.,/u;a, 9e,

EL;’ 41, ¢, Vo, 164 ) leaves the main uncertainties with
Skoq R No.rou , and. &, 0y all connected with the

line width parameter,

The most precise measurements for the line width appear to have
2
been done by Rusk 6, for nitrogen, oxygen, and self broadening. The

derived value of A9V for air from that work, equal to 3.52 Mc/mm Hg

is the choice we will make for S .
The most difficult parameter to choose a value for is Nouuy .
1
Benedict and Kaplan 9 computed the value for n,,. for nitrogen
ory
broadening as 0.649. Hemmi“ ' m asured a value of "Mout# in nitrogen

with about 1% water vapor present as 0.579 and computed the nitrogen
value alone from those measurements as 0.736. This latter value agrees
quite well with the Benedict and Kaplan estimate. Values of the temper-
ature exponent for oxygen, however, were not reported in Benedict and

Kaplanzo, and in Hemmi they showed no resemblance to a power law of T,
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MOLECULES TEMP. °K  |(3/e)res 2 () (atm)| Ax/P MHz/mm Hg Hy0 n SOURCE
o — e
Ho0 - No 300 K (3.81) K.H.C 3.76 0 (26)
300 (3.38) K.H.C. 4.24 0 0.649 (19) (20)
300 (3.21) 4.4 0] (25)
300 3.54 0 0.736 27)
301.5 3.00 27)
4=———_—_=—_—=§
H20 - 02 300 2,72 0 (26)
302.5 4.30 2.62 0 27)
——————————|
H20 - 320 300 19.06 100 1.2 (26)
300 19.0 100 (25)
300 (19.5) . 100 0.90 (20)
HZO - Air 300 (4.04) K.H.C (3.52) 0 27)
300 (3.76) K.H.C (3.79) 0 -0.649 (19) (20)
302 (3.28) (3.27) 0 27)
TABLE 2-I11. Various parameters associated with the 183 GHz water vapor rotational

line as reported from various sources.
No parentheses indicate a measured value.
line strength.

Cross

Parentheses indicated derived values,

K.H.C refers to King, Hainer,

-vg._
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Rusk, in the supplement to 26 , did measure a value for

for the case of water vapor self broadening as 1.2,

A highly convincing choice for WNo.od for air from all these
reports is not possible. However, since it appears that both oxygen
and water vapor have values of n greater than that for nitrogen alone,
it would appear that a value for h;ng near 0.70 would be a defen-
sible estimate. In any case, that will be the value we choose. For
a rough idea of the error involved in this exponent, it can be remembered
that if the value of A/ is measured with perfect accuracy at 300°k
and the power law is used to extrapolate to say 2500K, a discrepancy
of 3.5% occurs between values computed using Noiey = 0.6 and

“.o,wq = 0.8.

The value of o4 may be obtained using the following rea-
soning: the effective collision cross section for two gases may be

written as

0 = 0GR+ 05 (1-R) (2.3-14)

in which % is the effective cross section, 07 is the collision
cross section for gas one, R 1is its fraction of the total molecules,
and GL is the collision cross section for gas two, The cross section
for collisions is directly proportional to the line width for a given

gas. Therefore, we can write

) /g

Al ) D R -~15)
ave o-p \ ¥ TH) 2.2-15)
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From the data of Rusk,

2SN

Aﬂﬂ;o g It

WO 0

where Aiitoqhz is the line width with-negligible water vapor in the

mixture., For 50 g/m3 of water vapor in one atmosphere total pressure of

air, a temperature of 318°k, R, . = 0.0724. Therefore
((Am)?zga—‘— o BohiounoPuo t Dodooome (1-Ruy)  (2.3-16)
Ave)g-
C)? =0 A)}Hu}-ﬂr\ﬂ—

Substituting this into Equation (2,3-5) gives us a value for

2 1

- 3.-1 -
Koupq = 2.08x107° mb (g/m”) " (CK) .

Table 2-IV below collects-the values for the molecular parameters

of the 1,64 mm line which we will use in Equations (2.3-12) and (2.3-13).

TABLE 2-1IV, The values and Sources for molecular

parameters needed to compute

Parameter Value Theogitical Source
_ Measured
M o 1.87x10718 e.s.u M ') 22
e 1 T even

Sl éo,,bqfl 0.1015 T 7

E(Zh)/C 136.15 cm - M 8

E (%-z)/"- 142.30 cm - M 8
Vo1t 183,310.12 + 0.10 Mc/s M 26
Soucy 2,68 GHz/Atm, M 26
No.t 0.70 ' 19 26 27
o6y 2.03x1072 mb(g/m>) "t Cxy7t T 26
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It should be noted that by using 2.68 GHz/Atm. for the line
width per unit pressure and the King, Hainer and Cross line strength,
the value of Uﬂi}u,{ﬁw at 1 atmosphere pressure and SOOOK is 19% higher
than the same parameter estimated by Hemmi from his measurements on
nitrogen and oxygen. This is true despite the estimation in Hemmi
that A7 /P for air is 2.48 GHz/Atm, If Hemmi's measurements are

correct, it would mean that the true line strength is actually 25%

smaller than that computed by King, et al,

Only Frenkel and Woods25 have attacked the nonresonant absorp-
tion dilemma and achieved results which can be considered as reliable.
However, the measurements were done with nitrogen and water vapor only,
so that there is no direct analogy with air broadening. Nevertheless,
so sparse is quantitative data in the region around 183 GHz, we will

rely heavily on the results and procedures in Frenkel and Woods.

As was pointed out in Section (2.2-3), the nonresonant absorp-
tion in and around the 183 GHz line was handled by Frenkel and Woods

by using the resonant expression for the nearest higher line of con-

*
sequence (324 GHz) and an empirically determined function proportional

*There are actually two lines very near to 324 GHz._ One, however, has
a term value for the lower state equal to 1283 cm’l. The Boltzmann

population factor is consequently proportional to exp(:— 1283 c/kT] R
a value which, at 300°K, is more than 450 times smaller than the

Boltzmann factor for the 183 GHz line. This line ( 9., - 10, ) will
be disregarded in favor of the line arising from the 4, - 5-4 transi-
tion. 1Its lower term value is 326.5 cm which, at 300°K, causes the
population, when in thermal equilibrium, to be less than that of the
lower energy state for the 183 GHz line by a factor of 4 to 5. It
will be the line we refer to as the 324 GHz line or 0.093 cm resonance.
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to 7/1 for the contributions of all remaining lines. We will do
the same., However, to be consistent with (Xga)on4 , the 324
GHz line parameters will be those determined from theory and applied
to an equation of the form used for (Xuﬂs)hgg and (XR;JOJ‘d
[Fquations (2.3-3) and (2.3—125] . The equation for the contribution

of the remaining lines will be slightly modified from the Frenkel and

Woods expression, (?;NDOqu will therefore be given by
L -E T
X 8mt 7j1 N /UH: 35 Z, ibomll e 4°/+
( Nou)o.](,q T kT b0z T
B£Vo.oss + DYooy E
X T z .
(oory )"+ B2y Chad V)T + B3
1/L 3001\ % db
b0 = (A v (YT . (2.3-17)
7Ja./bq '
where
. GHe
e T\ Meoq3 ( PuroT
Dl = Sorvas (Tmirer) (350 ) u’gm-—,,—/) (2.3-18)
w T ~lowyy f 'Y“ -\ Ghx
Aﬂw“: = 1.04 ‘kwv ?Hzo (———300 (“]_‘lro(,‘oq;—/“:) (2.3-19)
! w hy o.L2 n _
A = 0wl Ry P (—5—‘003 GHz (2.3-20)

and the units of total atmospheric pressure P are millibars, the units
of T are degrees Kelvin, the units of €upo are grams per cubic

meter, ¢ and k are in cgs units and all molecular parameters are &s
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shown in Table 2-V. [LWQJ is corrected for oxygen by reducing the
effective line width by a factor 1/2.11 for the fraction of oxygen

molecules (see 20 , p. 466).

The temperature dependencies of Avu: and AV have
been established as follows: .A1&t is proportional to the partial
pressure of water vapor which, in turn, is proportional to Pria” T,
However, in 20 (see page 465), Benedict and Kaplan have established
that the line intensity weighted average for the temperature exponent
is -0.9, i.e., the temperature dependence of the rotational band is

0.9

y W
proportional to T ; therefore the T .1 dependence of Ay .

s w -
For the nitrogen derived line width, A% , the 1 0-62

temperature dependence is that derived for the line intensity weighted
average for all the nitrogen broadened water vapor line widths computed

in 19 (see page 395).

Table 2-V below presents the values for the molecular para-

meters of Equations (2.3-17) through (2.3-20) necessary to compute

( XNON) O.ley . )



Parameter
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E(4) /¢
E(5-4) /¢
Vooss
S 6,003
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=% 0,093
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compute

Yalue

1.87 10

0.0891

1

18 €,5.u

315.70 cm

-1
326.50 cm

323.758 GHz

2.79 GHz/Atm,

0.619
2.10x10

2.55

2

mb (9/m3) 1 (°K)

0.200 GHz/mm Hg

0.019 GHz/mm Hg

-

Theoretical

Measured

-1

Molecular parameters necessary to

.

or

M

T odd

Source

22

19
19
18
25
25

25

When the constants of Equation (2.3-12) and (2.3-17) are

evaluated and more familiar parameters are substituted, the final

operational equations for the 183 GHz line are (2.3-13), (2.3-18),

(2.3-19), (2.3-20) and Equation (2.3-21) below:
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Yo = 118
e R e T ST S < h

?mo 'l/'l -|97.3A— g A?/,,.,gq. “+ A‘L}aa/b‘é }

+ 849 %4 *

p Yt e4~;~//r % A o093 + Avooss
( o.,ofig —2/')1' + A'Vo,ata ('/ofo” + 7/’)7' + 0 2},,':9;

)2
+ QB;;;? (o0 v av2) (22)" db/dw  (@.3-2D)

The temperature dependence of the last terms of (2.3-21) is that
expected in the wings of water vapor spectral lines (see footnote on

p. 661 of van Vleck®).

Further simplification of (2.3-21) may be accomplished without
substantial loss of accuracy, if one confines his observations to a
frequency region near to the 183 GHz resonance. The major contribution
to (XNOA)OJLQ within 50 GHz of 183 GHz is overwhelmingly due to
the third term of Equation (2.3-11), the contributions of lines other
than the 324 GHz and 183 GHz line. The ratio of the two last terms
over this region is approximately 200 : 1. Only as one approaches 300
GHz does the second term begin to contribute a substantially greater
percentage to the absorption. Below 183 GHz, the only contribution at

all is the 22 GHz line, which does not make its contribution felt until

well below 100 GHz.
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The final operational equation for spectral work at and near

the 183 GHz resonance is Equation (2,3-22) below:

~ At v 7)‘7- =193 /7
Xo.lq,q- = q78 -:5;,_ Q / [ A"jo.uan( + Aﬂo.wa
(o -7Vt 8U0 (hat ) + 8T,

+ 255 z/llj,i——-@;}w“: + A;j:’>(:§$3)% db/’fam (2.3-22)

0164

The definitions for the parameters of Equation (2.3-21) apply equally

to (2.3-22).

Figure 2-7 illustrates water vapor broadened by air in the

frequency interval from 170 to 200 GHz using Equation (2.3-22).

Although water vapor absorption will dominate over oxygen in
the regions near 22 GHz and 183 GHz, nevertheless, it must be taken
into account for the measurements and numerical experiments near the
lower frequency line. (It is entirely negligible near 183 GHz).

The computational equations for oxygen absorption are therefore

presented in Appendix A-II,



(db/km)

ATTENUATION

-73-

50.0T7

40.07

30.07

20.0+

NT ABSORPTION

NON-RESONA

©
.4

1 [l 1 1 1 (|
* T T

170 175 180 185 190 195 200
FREQUENCY (GHz)

e
-+
L.

Figure 2-7. The 183 GHz rotational resonance of water vapor as repre-
sented by Equation (2.3-22). Conditions in the gas are: 1000 mb of
dry air; 7.23 g/mJ of water vapor (7.5 mm Hg); and temperature of 300 °k.
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Chapter 3

RADIATIVE TRANSFER IN THE EARTH'S ATMOSPHERE

In this chapter the equation of radiative transfer for the at-~
mosphere of the earth is reviewed for the special conditions of an
absorbing, non-scattering atmosphere in local thermodynamic equilibrium.
In addition, the question of existence of local thermodynamic equilib-
rium in the earth's atmosphere is discussed; weighting functions for
radiation attenuated or emitted by water vapor in the atmosphere around
the two resonant freguencies of interest are derived for several geo-
metries and illustrated by numerical examples; and finally, the quasi-
stationary character of the weighting functions over various climato-

logical conditions is investigated,

3.1 Fundamental Definitions and the Equation of Radiative Transfer

The strength of a flow of radiation may be defined by reference
to Figure 3-1., The distance R must be large with respect to the differ-
entials of area dg and AG' so that no matter where the points P and P!
are placed on their respective surfaces, the solid angles dw and dw'
subtended by the opposite incremental areas remain substantially un-

changed. The solid angles are defined as

7 ’
duw' = deicoso S (3.1-1)
and )
dw — dg- cos © (3.1-2)

R
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Figure 3-1., The geometry used to define the intensity of a flow of

electromagnetic energy.

P \\'\\ () duﬂ V//
~

4o =+

dl

S,

do = do

Figure 3-2. The geometry used to formulate the equation of radiative

transfer in an absorbing medium,
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in which 8 and 6' are the angles between the normals n and n' to the
differential surfaces at P and P' respectively and the lines PO' and

P'0 respectively.

In a small interval of frequency between 7/ and 1/+ d an
amount of energy ClE,?dvf will flow through do and on through
dg' in a given time dt. From any point on do its direction will be
confined to a core of solid angle dwu' . The amount of energy passing
through do toward d ¢g*' in time dt will therefore depend upon dg

do' , dy/ , and @ ., The dependency can be written as

diy dy = Iydo cose dw’ dt
= 1,d¢ cose-——d"',—cﬁ%———" e dt (3.1-3)

where the constant of proportionality I, is called the specific

intensity and is a meésure of the average strength of the radiation
flow over the frequency band d+/ and time dt . The energy passing
through d¢' which has already passed through do in the fregquency
interval #/ to y/+d7/ , call it dEy dy , will depend upon the

solid angle dw, the area d¢', the angle 8' , such that

dE), v = T, do cos o' dw dt

= 1, de¢' cos o’ de- cos © 4t (3.1-4)
Rl

If no emission or absorption occurs between do and dg' , then

de, dv =  de, dv (3.1-5)



-

and therefore

1,=1, (3.1-6)

(More subtle considerations concerning the definition and application

of the intensity are found in Planck38.)

If in the intervening distance between dg and dg' absorption or
emission does occur, in gencral Edquation (3.1-6) does not hold, ¥For
an atmosphere whose index of refractionAdeviates negligibly from unity,
the effects of the absorption or emission can best be assessed from a
geometrically simplified version of Figure 3~1. In Figure 3-2 a right
circular cylinder is shown., Energy passes through do toward do°
in the solid angle dp' (again dl must be considerably larger than the
linear dimensions of dog' to insure that dw' does not vary substantially

as P moves over dg ). The quantity of energy in time dt is given by

4E, d, = T, dy de dw' dt (3.1-7)

where it is understood that dEl and 11 are specific energy and
specific intensity respectively and that the two surfaces are perpen-

dicular to the axis of the elemental cylinder. The amount of energy

absorbed is given by

de, dv = Y, de, dv dl (3.1-8)

in which Yy is the absorption coefficient and is generally a func-
tion of frequency along with dE2 and dE1 . The amount of energy emitted

in the cylinder is given by
dg,dv = Ny dVdw dt dy (3.1-9)
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which defines the volume emissivity Ny as the energy which is
emitted into the solid angle dw' in time dt per unit frequency interval
from the elemental volume AV = 41 do- . Finally, we can write
from the principle of energy conservation that the energy dE4 which
passes through dg' in solid angle dw' , frequency interval 3/ to

Y + 47/ , and time dt, is the energy which originally passed through

do , minus the energy absorbed, plus the energy emitted
de, dy = dE,dv - dE, dv + dE, dvy (3.1-10)

Using (3.1-7), (3.1-8) and (3.1-9) and the spectral intensity notation

for dE, , one obtains

4 .
T4 dv dwde'dt = T, d4/ a0 dw'dt

~¥,dl L, dy dedw dt + Ny df do' dw'dtdy (3.1-11)

or Ta-Ty = -¥,d4L T +nydd ' (3.1~12)

Equation (3.1-12) may be put in differential form since the decrease

of intensity is over a vanishingly small distance.

4aly -

a1 —¥) Iy t Yy (3.1-13)

in which I, with no numerical subscript represents the specific in-
tensity at the point of interest in the medium. Equation (3.1-13) is
the fundamental equation of radiative transfer for an atmosphere whose
index of refraction is unity. For a more complete derivation without
the assumption of the unchanging index of refraction see Woolley and

Stibbs42.
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Equation (3.1-13) is usually written in a form utilizing the
concept of optical depth, sometimes called optical thickness, or

opacity and is defined by

Z,l ¥ 0
'[_'y —.:./dflj =/”X,;d.€ =+/Xyd»g (3.1-14)
o 0 2

where dl is positive in the direction of energy flow (dg to dg' ) and
dT, is positive in the opposite direction (do' to do ). Equation

(3.1-13) transforms to

dilv_ 1, = - (3.1-15)
d Ly y))
which readily integrates to
z Lmay
1,e7) Y -ty
ve ) = - e dfy (3.1-16)
- oy
in which
Din

ZW\M = *3’,/ d’a
[

To apply (3.1-16) to the atmosphere of the earth, consider the
geometry of the horizontally stratified, plane parallel atmosphere
depicted in Figure 3-3. An antenna on the ground with main beam half
power points ﬁm degrecs apart views an extraterrestrial source through
the atmosphere at an angle away from the zenith of @ degrees. The
extraterrestrial source fills the main beam, Because of horizontal

stratification and the planar geometry, it is most convenient to
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Figure 3-3. The geometry for microwave observations in a planar,

horizontally stratified atmosphere.
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redefine 2;, in terms of z and 6 as

1 &
7, (z,9) =ﬂ/3/;/dl = /X,/,a_u ode (3.1-17)

A=A,

may

More simply, for zenith angles other than zero, the opacity from z = 0
to z = z is given by I, (¢ 0) 2@ . Equation (3.1-16) may now be
rewritten for the geometry of Figure 3-3 and the definition from Equa-

tion (3.1-17) as

) .
~Lmay AL O ny ",Ey (310)/\)1"0
T,0) = I,(%)e + | 5, e V) secode (3:1718)
where now
Hi
tm«x = a/l/ dz (3.1-19)

°©

The intensity reaching the antenna at z = 0 is L, (o) . It
is composed of two components, the first of which is the intensity at
z = H, a level above ali significant attenuating gases, diminished by
its passage through the atmosphere (Q-Z}“xsa:é;) . The second compo-
nent originates in the atmosphere and is represented by the integral
on the r.h.s. of (3.1-18). The atmospheric contribution to I, (0)
represents the radiation from thin slabs of atmosphere of effective
thickness dz sec 6 . The strength of the radiation received at the
antenna from any slab is edqual to the volume emissivity of that slab

times the effective volume of & unit cylinder along the propagation
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path diminished by the absorption of all the intervening layers. The

o K4

Ty (%,0) sec® -~
absorption factor is represented by € (J ¢ where Ly (@o)== X#dzq
[+]

H
Rather than simply cancelling the Xy s which appear in the
integral of (3.1-18) and deal with the volume emissivity it is more

convenient to define a new quantity

v (3.1-20)

called the source function and investigate its properties,

We have, from the beginning, stated that the condition for which
we would derive the equation of radiative transfer would be for local
thermodynamic equilibrium, That fs, the conditions which would prevail
within an enclosure of constant temperature. Far enough from the walls
of the enclosure the energy emitted in any direction, at any frequency,
for any polarization by a bit of matter must be just balanced by the
energy flowing in the opposite direction for the same frequency and
polarization; otherwise the piece of material would gain or lose energy
and change its temperature, contrary to our original hypothesis, When
these conditions prevail, the emitted and absorbed energy for the infi-
nitesimal cylinder of Figure 3-2 must be equal. Therefore, from Equa-

tions (3.1-7), (3.1-8) and (3.1-9)

¥y I 4 do dw dt dd = ny do- dl duw' dt d? (3.1-21)
or I, = _q_.,i ) (3.1-22)
Yy

This relationship is known as Kirchhoff's Law and was first enunciated
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in 1882, It follows, therefore, from Equations (3.1-20) and (3.1-22)

for thermodynamic equilibrium within the atmosphere that

J, = Ly (3.1-23)

and Equation (3.1-18) may be rewritten as

H
~Tmay s O -Ty seco
Ty) = I, (we "7 +‘/sz¥vev secodz (3.1-24)
(4]

This is the fundamental equation of transfer for radiation in a planar,

horizontally stratified atmosphere in thermodynamic equilibrium,

For microwave radiation it is possible to rewrite Equation
(3.1-24) in somewhat simpler terms, The intensity as used is defined
by Planck's radiation law for an enclosed body in thermodynamic equi-

librium as

2.3 1

I, = —@& T ] (3.1-25)

wherein h is Planck's constant, 7/ is the frequency, c the speed of
light, k is Boltzmann's constant, and T is the temperature. When
qu << 2T as is the case for microwave radiation the Rayleigh-

Jeans approximation can be made with negligible error, i.e.,

N EARS
Iy T (3.1-26)
From (3.1-26), the term brightness temperature may be defined

as

Iy 3.1-27)
TB = z-kT ( °
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It corresponds to the temperature which a thermally enclosed body at
constant temperature throughout would have which radiated energy of
intensity —Iy in the frequency region 72/ to J+dv . It should
be clear that TB is a general term and will be a function of the fre-

quency except when the gas is in thermodynamic equilibrium.

The equation of transfer applicable to a non-scattering atmo-

sphere in thermodynamic equilibrium can be written in final form as

H ”~
-Ly s€c ©

'tma\t sec ©
Ty (o) = Ty (k) e C "/ T by e sece dr (3.1-28)
0

3.2 Thermodynamic Equilibrium in the Atmosphere

In the light of Equation (3.1-24) it is necessary to evaluate
the assumption that the atmosphere is in thermodynamic equilibrium, and
for that matter what thermodynamic equilibrium means in terms of rota-

tional spectra.

Thermodynamic equilibrium, in general, refers to a state for an
assemblage of particles in which the total energy of the assemblage is
distributed over the particles in the most probable statistical manner,
i,e., a state which is identified by the maximum value of the entropy
possible for the conditions of the gas (see Planck38). When thermodynamic
equilibrium exists the distribution of energy is given by Boltzmann's
equation

“E; /AT
N _ Y. e

= = (3.2-1)
N z 3': e L/‘kT
L
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in which Ni is the number of particles of energy Ei , N is the total

number of particles, g5 is the statistical weight of the energy level

Ej > k is Boltzmann's constant, and T is a temperature. For discrete
energy levels which exist for rotation, vibration and electronic excita-
tion, the summation is appropriate in the denominator. In the limit of
a continuous energy distribution as for energy of translation, the sum-
mation should be replaced by an integral. The denominator of the r.h.s.
is called the partition function for the energy mode it describes. A
similar expression was evaluated in Chapter 2 for the distribution of

energy over rotational states in an assemblage of water molecules,

a

For molecules, several semi-independent domains of energy exist:
kinetic energy of translation, rotational energy, vibrational energy,
and electronic excitation energy. The last three energy modes are
duantized and can intefact with the radiation field. Energy can be
redistributed between the modes when collisions occur. It is possible
for the various energy modes to separately approach thermodynamic equi-
libriunm. Goody39 has analyzed the conditions in the atmosphere which
allow the translational, vibrational, and rotational energy distributions
to maintain thermodynamic equilibrium against naturally occurring per-

turbations.

The distribution of energy over the translational motions of the
molecule is most easily maintained in a state of thermodynamic equilib-
rium., Every collision acts to readjust the velocity distribution towards

one which can be described by a single temperature, the kinetic temperature
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of the gas, defined by the Boltzmann equation (3.1-23). Therefore a
kinetic temperature is meaningful up to that height in the atmosphere
where collisions are no longer likely. That is up to the region where
molecules can escape to space without much probability of colliding
with another molecule, This level is at the upper levels of the iono-
sphere hundreds of kilometers above the region where water vapor can

exist.

The vibrational energy is maintained in thermodynamic equilib-
rium by collisions. Spontaneous emission is the mechanism by which the
excited vibrational levels return to the ground state and disrupt the
collisionally imposed equilibrium,” The natural lifetime of the second
vibrational mode of water vapor (the vibrational mode of lowest energy)
is reported by Goody to be roughly 0.12 seconds., The relaxation time
needed to distribute energy between vibrational modes to establish
thermodynamic equilibrium is inversely proportional to the rate of
collisions, a quantity directly proportional to the total pressure.
Therefore the collisional relaxation time goes as 1/P where P is the
total atmospheric pressure., Goody estimates that the natural lifetime
and collisional relaxation time for the vibrational energy of water
vapor are roughly edqual near pressures of 0,034 mb, a height in the

Standard Atmosphere of sbout 74 kilometers,

The most important energy domain to investigate for thermo-
dynamic equilibrium for this paper is of course tihe rotational energy

domain. Upon it depends the validity of the equation for absorption
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which we have developed in Chapter 2. Natural lifetimes for rotational
energy levels of water vapor are of the order of 0.1 to perhaps 10 se-
conds, values which may be computed from the dipole matrix elements,

The relaxation time for collisional redistribution of energy is again
proportional to 1/P and at standard temperature and pressure has a value
approximately equal to 10"10 seconds. This estimate is based upon
Anderson's theory15 in which the relaxation time is shown to be related
to the line width. From these estimates Goody concludes that rotational
energy levels should be distributed according to Boltzmann's law at
least down to pressures of 1076 mb, a height in the Standard Atmosphere
of approximately 150 km., From other considerations, notably the fact
that photodissociation of water vapor molecules probably becomes impor-
tant at less than one half this altitude, it is reasonable to expect
that wherever water vapor occurs it will be in rotational thermodynamic

equilibrium,

The rotational temperature and kinetic temperature defined by
separate statements of Equation (3.1-23) will, under all natural condi-
tions, be the same since the energy of the system will be equally
available to translational as well as rotational degrees of freedom at
the pressures and temperatures found in the atmospheric regions where

water vapor absorption will be important.

Finally, a remark should be made about electronic transitions
for water vapor. At the ground, the ratio of the lifetime for colli-

sion induced transitions to the lifetime of spontaneous transitions is
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very large; thermodynamic equilibrium cannot exist. However, the energy
required to cause electrons to transition to excited states is so great
that this is a rare and unimportant process in any equation of transfer

for the atmosphere at any frequency below the visible.

3.3 Microwave Measurements and Atmospheric Water Vapor Weighting

Functions near the 22,2 GHz Resonance

A number of measurements at microwave frequencies can be made
which contain information about the water vapor in the beam of the
receiving antenna., In effect, the various measurements are made to
simplify Equation (3.1-28) or to {ﬁke advantage of some special geometry,
such as that afforded by a satellite., Each of the measurements have
peculiarities which enhance or make more difficult their interpretation
in terms of the atmospheric conditions which produce the radiation being

measurcd, It is the goal of this section to point out the advantages

and difficulties,

3.3.1 Total Zenith Opacity near 22.2 GHz

One of the microwave properties of the atmosphere is its total
(zenith) opacity ?hax . A practical technique which can be used
to obtain T;m, is given in detail in Chapter 4. For the moment,
allow that it can be done, It is defined as
(3.3-1)

~ ~ A H
s = T 08) = [yie
o .

where Y} is the total absorption from all constituents of the gas
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at the frequency 7/ . In the atmosphere of the earth, on clear days,
only oxygen and water vapor contribute non-negligible absorption to Zkax
over the microwave range. Therefore, since X; = XHlO +.ng

then tm&¢ can be written as

4

H H
’Z:MC«/; = (TMM}\‘\;O + (tmo«»ol = Q/(;g“‘o Cjz-'f* Xo d% (3.2—2)
~ ° T

4

If the two contributions to ?;ax can be separated, then the zenith
opacity of atmospheric water vapor may be studied as a function of fre-
quency. &ho and X; are those absorption coefficients derived
in Chapter 2 and presented in Appendix A-1I. XAO for the 1.35 cm
line, as will be recalled, is composed of - (XRB>LBS and (X%0N>.a5

and can be written as

?7}: L4/
b = 0o + (), = 107 { E2E00

N n’
(R) w0Vt () e MY

+ L. ox Je 5 §A 4V BAWE db
/e

=% q(+71,0) ©.3-9)

<

where the dependence of g on ? is quite small., It is clear that

the same water vapor density will show different values for absorption
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at different levels in the atmosphere. If we know the structure of the

atmosphere, then we can compute a weighting function for water vapor

contributions to (Tkﬁx)ﬂzo . By definition, therefore
7
“4 (WC@ j&hﬁ_i__jg (3.3-4)
f (2
so that
i
[Tw <7’)] ijg (v,2) £(2) dz (3.3-5)
H.0 o

The dependence of the weighting function W%'(% ?) on P, T, and ¢ 1is

shown implicitly through z. A

The formulation of a weighting function is important because it
shows at what height in a particular atmosphere the attenuation for a
given amount of water vapor is greatest, i.e., where it is most "sensi~-

tive" to water vapor., This sensitivity is a function of frequency.

For the 22.2 GHz water vapor line, Figure 3-4 presents three
weighting functions as computed from Equation (3.3-4) and normalized to
unity in each case. They represent typical shapes for weighting func-
tions which one can expect for spectral measurements around this partic~-
ular resonance., The wings of the line (represented by the 19,00 GHz
curve) show an expcnential like decrease with altitude., At resonance
(22,237 GHz), the weighting function increases roughly exponentially
with height. For frequencies near resonance, there is a maximum sensi-

tivity at some intermediate altitude.
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Figure 3-4, Normalized zenith opacity weighting functions for

atmospheric water vapor,
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The height of the maximum decreases for frequencies further from
resonance, The frequency dependence of this maximum height is shown in
Figure 3-5. No maxima appear for frequencies below about 19.75 GHz nor
above 24,70 GHz. The rate of change of the height at which the maximum
sensitivity occurs, with respect to frequency, approaches infinity at
resonance, Therefore, to accurately know where maxima occur at high
levels in the atmosphere one must have a precise knowledge of the fre-
quency. The width at half strength of those weighting functions with

maxima at intermediate levels is approximately 18 km,

The characteristic shapes of the three representative weighting
functions arise from the effect of decreasing pressure in the line
width parameter and the effective role of this parameter near and far
from resonance., If one examines the line shape factor of Equation
(2.3-6) one finds that at resonance the (WLIQ)L term in one of the
denominators is zero and the whole factor is closely proportional to
1/A7  and thus 1/P, Far away from resonance, the 67414)1 term
dominates over the A7* term in the denominator and the line shape
factor is more nearly proportional to AV and therefore P . In be-
tween, the situation is best illustrated by Figure 3-6. 1In the figure,
at three frequencies, sequences of numbers are provided to direct the
readers attention to the effects of decreasing pressure, and thus de-
creasing line width and increasing altitude in the atmosphere. (1) is
associated with the highest pressure and widest line width. (2) is an

intermediate pressure level and (3) is the lowest pressure and narrowest
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Figure 3-5., The frequency dependence of the height of the

zenith opacity weighting function maxima,
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Figure 3-6, The origin of atmospheric water vapor weighting functions.
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line width, At resonance ( 74/74 = 1,0) and far enough into the wings
( w//WQ = 1.14), the attenuation acts monotonically as previously dis-
cussed. For intermediate frequencies (represented on Figure 3-6 by
2//54 = 0,90) the attenuation at first increases, then falls monoton-
ically as the line progressively narrows. This causes a maximum atten-

uation to occur at some pressure, and therefore some height.

Besides the utility of illustrating the sensitivity of a particular
atmosphere to water vapor, it would be of considerably greater importance
for the interpretation of microwave measurements if weighting functions
were constant for various atmospheric conditions. To investigate this
point for zenith opacity weighting functions, Figure 3-7 was prepared.
Weighting functions at 19.00 GHz were computed for four diverse clima-
tological regions: the tropics (15°N); midlatitudes (40°N); subarctic
summer (60°N); and the arctic (750N)° The atmospheres used for the com-
parisons were the Standard Atmosphere 1962, and the Supplemental Atmo-
spheres thereto, all taken from Va11ey41. (See Chapter 5 for details

of these atmospheres).

The largest differences in the weighting functions occur at the
surface between those atmospheres south of the arctic and the Arctic
atmosphere. The extreme cold of the latter atmosphere plays a dominant
role in elevating the surface attenuation. In other than arctic regions,
differences of perhaps five percent occur, Within any climatological
region, even smaller differences can be expected., At frequencies near

to resonance, the differences between the arctic and other atmospheres
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at the surface mostly disappear as may be seen in Figure 3-8; farther
from resonance, the differences at the surface increase. The midlati-
tude curve in Figure 3-8 has not been plotted because at all altitudes

it falls within the other curves. For the summertime at least, and

from the surface to perhaps 10 km, the zenith opacity weighting functions

vary very little over perhaps 80% of the earth's surface,

As a final investigation of the gross features which one might
expect for microwave measurements of total zenith opacity, Figure 3-9
is presented., The tropical, midlatitude, and arctic opacities as a
function of frequency are plotted. These curves represent water vapor
only; oxygen attenuation is not included. This gives some feeling for
the range of amplitude which world-wide water vapor opacity measurements
might show., The variation of the line amplitude shown in Figure 3-9 can
also be obtained on a seasonal basis in midlatitude continental regions

as will be seen in Chapter 4,

3.3.2 Surface bbservations of Atmospheric Brightness

Temperature near 22 GHz

Another microwave spectral observation of the atmosphere which
one might wish to make is the emission as a function of frequency.
Since the emission from space is small and approximately steady, unless
one's antenna is viewing the sun or moon, or some strong radio source
with a very narrow beam, the first term on the r.h.s. of Equation (3.1-285

can be neglected, One has left
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H
_ Ty (%0) sece _
Tﬁ ('I/) = / Yas YV e v sec® dz (3.3-6)
o

The water vapor weighting functions which would be appropriate

for such a measurement can be defined as

-T, (30) At ®

W. 1 = Tor () Xﬂ-o (B e sec@ ~
[ Tdup ? o) (3.3-7)
so that
H H
_ ~Ty(o) seco
Ty (#) ==V/ [Wi.p € ) de +/r,,wxol-e secd d
° [

Equation (3.3-7) is a considerably more complicated function than the

weighting function for Etwmxluo alone. Atmospheric pressure appears
’ %

in the expression for Y;(: i ;10L) and cumulatively in Z;/(%,O) .

Atmospheric temperature appears in both of these terms in addition to

its explicit appearance, In addition, both KV and <y (?;Q) are

dependent upon the water vapor distribution. However, despite the com-

plexity and nonlinearity of (3.3-7) it remains a useful concept as may

be judged from Figure 3-10.

Weighting functions for the same three frequencies which were
analyzed for the zenith opacity weighting functions are presented in
Figure 3-10. Their shapes are very similar to the opacity shapes.

It is apparent that the attenuation factor still dominates the functions;
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the percentage temperature changes are so small and the exponential
factor is so unimportant that between them they only introduce the
changes in shape seen between Figure 3-4 and Figure 3-10. The reason
the amplitude of the function between the surface value and the maxi-
mum is less than for the opacity is a result of the temperature

decrease between these two levels.

The height at which a maximum occurs for a given frequency is
plotted in Figure 3-11. The curves are considerably narrower than
the opacity maxima curves, again an alteration due to changes intro-

duced mostly by the temperature profile.

The variation of the weighting functions over world-wide climates
may be seen in Figures 3-12 and 3-13. The midlatitude curve is not
plotted in Figure 3-12 because it fell very close to the tropical and
subarctic plots everywhere., The stability of the function at 19.0 GHz,
at least away from the arctic, is greater than the analogous opacity

weighting function.

The variation with climate of the 21.9 GHz upward looking bright~
ness temperature weighting function is considerably greater everywhere
than its opacity counterpart. The climatic temperature variations show
up strongly near the surface. Especially noticeable is the decrease of
the tropical weighting function near the surface due to the prevailing
temperature and moisture inversion. But the great divergence of tropo-
pause heights and temperatures causes the largest discrepancies between

the weighting functions to appear in the vicinity of the sensitivity
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maximum, The extreme cold of the tropical tropopause which occurs at
roughly 16 km even causes a minor minimum to appear in that climatic

regions weighting function,

As a last set of characteristic curves for the brightness tem-
perature spectrum one might measure from the ground, Figure 3-14 is
presented., It conveys the amplitude variation one might expect over
the world's climates. These curves are means and therefore at each

latitude a great deal of variation from the mean curves can be expected.

3.3.3 Observations of the Atmosphere from Space near 22 GHz

If the natural advantages of a satell;te borne radiometer are
to be exploited, observations from above the atmosphere must be proven
to be feasible, For observations from space, one finds that the full
equation of radiative transfer must be used. Equation (3,1-28) must

be modified to read

H H
. _ “Tmox S€CO -f ¥, seco dz! 3.3-8
I (H)—Tb(fﬂe +anr¥,,e : seco dz @38
[e]

in which the attenuation factor for the atmospheric contribution must
be computed from the source level upward to the satellite height H
rather than downward as in Equation (3.1-28); and rather than an extra-
terrestrial source of radiation attenuated by the full atmosphere, an
effective brightness temperature for the earth's surface must be
supplied. T; (OX is not easy to evaluate., It may be expanded,

however, as follows:
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H -J;zX,; seco de’

Ty (o) = (1-®) Ty + R -/OT“‘ ¥, e ceco dz (3.3-9)
where the first term on the r.h.s. of (3.3-9) represents the temperature
of the earth Tg diminished by its emissivity equal to (1-R) where R '
is the power reflcction coefficient at the frequency of interest. The
second term is the radiation from the atmosphere reflected by the earth's

surface,

A weighting function may be derived for satellite observations,

Rewrite Fquation (3.3-8) using (8.3~9).

H ‘jyv sec© dz
'\_; (“\)': ‘/OTRT (xﬂz°+yol) e sece dz

H *jif seco dz’
+ %R jo Ten (XmoJ“x"t) e ™7 sec o de

~~
~Clpox $€CO
e

+ (-R) chg

(3.3-10)

Recalling that Xd = Xqu-fxgt separate the oxygen and water vapor

terms,
T ! )T Lo 200 (3.3-11)
T (M) = Ty + T, +@-R) Ty e
where #
p H ~'/l: Y,; Sec © de’
Tk,,o = ‘/o Tar ka e sec © dz

(3.3-12)

H ~ f”y Cl ]
) Ty <2 luay SCCO TV _/sace 2
, AT ko € seco dz
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and H
TI ? -'j?: X;; $€c o Cl%
0, = OTm Yoz e sec o de
N ~ H
+ R JTa Yo @ i LYy secodat
T
o t seco de (3.3-13)
Regrouping (3.3-12) and (3.3-13) leads to
I ]
’ -Jde ¥
— seco dz
Tho = anr L [e Ly
0 +
RY ’
-2_2'““ seco + f 4 $€co dz
R e & sec © d=z
(3.3-14)

H "y ! )1
o - ,)secéciz - (Cpmaysec o - Xseced}
1= [ [0, g sl

The last term from Equation (303-10), representing emission from the

earth, can be expanded if Comax Sec @ is small as

Tway seco

(l “R) T‘j S = (1."1) T(} g 1. = TM fece + ‘..% (3.3-16)

For total attenuation of 1.5 db, the error introduced into  the bracketed
term of (3.3-14) by neglecting the terms higher than first order amount

to about 9.4%, i.e., the value of the bracketed term would be low by 9.4%,
For total attenuation of 1 db, the error drops to about 3.5%, and for

0.5 db the error is 0.8%. The effect on TB(HL if one uses the approx-
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imation’ is to flatten the peak of the brightness temperature curve.
’L\ma,,; in (3.3-16) may be separated into the water vapor and oxygen

components
T"‘W = ('CM“’%)&;U + (tmcuy.)ol (303“17)

and the new terms resulting may be redistributed with the water vapor
and oxygen components of (3.3-11), The oxygen component can be written

in final form as
H
TS T -0 Ty | Y, seco de

©2

4 H ~ H
- T ‘L Jy seco dz - (2T,.,, seco *J%YV secodz)
RT § & + Re

a

— (t-%) T?Z Yo, seco dz (3.3-18

The water vapor component in final form is

H
THzO = TH:_O —-(1‘2)-\—3 J: ym_o sec o Cl‘i—

H H H
- J T, {ej‘f& Yy sece d= 2 -( 2Tuon seco *J; Xv Seced%)
0 + e

(3.3-19)
The brightness temperature at the satellite is

- o~ «3-20

T, (W) = T, tTo, ¢ (1-0) T, + ¢ (‘*“«5 (3.3-20)

where € (’CMM) is a correction for the approximation made in Equation
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(3.3-16). It should be pointed out that TQ&) and T are

1

not independent of YO; and BQLO s respectively, since both contain
YL = Z}1O +X%L in exponentials,

A weighting function for atmospheric water vapor may now be

easily extracted from Equation (3,.3~17), It is

H H
-f J secods Ty S € - Y, secodz)

«(1-!?_) thg 2f‘u‘o sec (3.3-21)
§

evaluated at some height z in the atmosphere. The derivation of the
> 40
weighting function above is due to Staelin , Equation (3.3-20) can

be written using (3.3-21) as

H
T, (w) = \/D[WT]WN $ () d= +TOL +(G-») Tyt € (Tman) (3.3-22)

More must be said about the quantity R, the power reflection coeffi-
cient of the earth. In general, this is a very complicated function,
For a surface which is smooth within approximately one eighth of a wave-
length, and which is electrically homogeneous, it can be computed from
Fresnel's equations. The results depend upon the complex dielectric
constant for the material, the angle from which the surface is viewed,
and the polarization of the antenna. However, buried in the complex
dielectric constant are more dependencies: frequency, temperature,
for sea water its salinity, and for solid materials the nature of the

surface, i.e., how compacted is the material, what sizes are the grains
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making up the surface, etc,

Finally, the real surface of the earth presents no smooth surfaces
or large areas composed of electrically homogeneous materials. The
closest approximation to the latter is sea water which does change its
salinity from one region to another but only slightly. And, even though
the sea surface is seldom if ever smooth, the emissivity of sea water
offers the most hope at the moment of yielding to an analytical analysis,

For more on the microwave properties of sea water, see Appendix A-III,

For want of better information, we have assumed a reflectivity
value and computed weighting functions according to Equation (3.3-21).
The same four diverse atmospheres ;sed to examine the other weighting
functions have been used in Figure 3~15, The value of R for all weight~
ing functions has been taken as 0,6, a reasonable value for sea water
near 1 cm, The ground.(or water) temperature Tg has been taken in each
case as the ground level atmospheric temperature, It must be borne in
mind that these weighting functions are quite dependent upon R, Tg 5
and € near resonance, and therefore those functions depicted in

Figure 3-15 should be construed as only illustrative of the most general

properties of the downward brightness temperature weighting functions.

The shapes of the weighting functions for the water vapor part
only of the emission received at a satellite conform closely to the
upward looking weighting functions, as might be expected. The differ-
ences, in fact, between the upward and downward brightness temperature

weighting functions are not so much as those caused by climatic variations
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within either group. The stability of the 19.0 GHz weighting function
shown in Figure 3-~16 is somewhat greater than its upward looking coun-
terpart., The 21.0 GHz functions plotted for various climates in Figure
3-17 are quite divergent above about 8 km but they have the redeeming
feature that below 8 km the midlatitude, subarctic, and arctic curves
are closely similar., Only the tropical curve deviates substantially
from the others. However, most of the discrepancy is caused by ignoring
€ since the attenuation for this atmosphere is about 1.1 db at 21.9
GHz,

The height at which the maximum sensitivity occurs at a given
frequency is plotted in Figure 3»18. The separation of the curves is
slightly greater than the upward looking curves but slightly less than

the similar opacity curves,

The amplitude of Tlho for the Tropical, Midlatitude, and
Arctic atmospheres is shown in Figure 3-19, The amplitudes are similar

to those computed for ground emission measurements,

Finally, the total brightness temperature which might be seen by
a satellite in midlatitudes is depicted in Figure 3-20. The bulk of
the radiation originates from the ground emission term of Equation
(3.3-20), a small contribution increasing with frequency comes from the
oxygen term, and the remaining from the water vapor term. The effect
of clouds would tilt the high frequency side of the curve upward an
amount depending mostly upon the liquid water content of the clouds in

the beam. The curves in Figure 3-19 and Figure 3-20 have been calculated
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using Equation (3.3-8) and therefore have no approximations in them.

3.4 The 183.3 GHz Resonance Observed from Ground Level from

Balloon and from Space

The water vapor spectral line at 22,2 GHz is a relatively weak
line, seldom if ever reaching a total atmespheric attenuation of 1.5 db
at resonance. In contrast, the 183.3 Glz resonance is a very strong
spectral line. How strong may be deduced from Figure 3-21. In the
moist tropical regions, the peak one-way attenuation through the atmo-
sphere reaches over 200 db. In dry arctic regions the peak attenuation
falls below 20 db, still, however, optically thick. In midlatitudes,
at frequencies as low as 150 GHz, the zenith attenuation falls to about
2 db a value which remains greater than the attenuation expected any-

where over the earth for the 22.2 @z line,

For surface measurements, such a strong line effectively screens
off all radiation originating very far from the receiving antenna. The
attenuation factor in the integral on the r.h.s. of Equation (3.1-28)
is only small enough to allow radiation to reach the antenna from dis-
tances very close to the receiver. The first term of the same equation,
of course, is totally lost. For surface measurements, one would expect
a uniform temperature over a wide band of frequencies centered on reso-

nance., This is exactly what occurs.

The cumulative percentage of the radiation which makes up the

signal measured by a ground based radiometer is plotted in Figure 3-22
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against height for a midlatitude Standard Atmosphere. Three frequen-
cies are depicted: resonance, (183.310 GHz), a frequency where the
attenuation is reduced approximately two-thirds (180 GHZ), and another
frequency far below resonance (150 GHz). The height below which 90%
of the radiation originates for each of the frequencies is 480 m,

875 m and 3500 m respectively.

In Figure 3-23, the variation of this cumulative percentage
versus height for several climates is depicted for one frequency, in
this case resonance, The 90% heights vary from 125 m in the Tropical

atmosphere to 3250 m in the Arctic atmosphere.

a

The curves for satellite observations using the 183 GHz line
show that the meteorological information to be gained is confined to
the stratosphere. Because Chapter 5 is devoted to the stratosphere,

we will defer discussions of relevant curves for 183 GHz observations

from space to that chapter.
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Chapter 4

OBSERVED AND COMPUTED ATMOSPHERIC ATTENUATION OF SOLAR RADIATION

During the summer of 1965 and the winter of 1966, an extended
program was conducted to obtain high quality atmospheric opacity
measurements near the 22 GHz rotational resonance of water vapor.

The measurements were taken at the Lincoln Laboratory of the Massachu-
setts Institute of Technology. Radiosondes were launched nearby to

monitor atmospheric conditions during the periods of radiometer obser-
vations. The data which they returned were used as a basis to compute
the expected absorption for that day. These computed absorption spec-

tra were finally compared to the actual observations.

The purpose of Chapter 4 is to systematically review the obser-
vations and computations in the following format: (1) to outline the
experimental procedure and data reduction process which were used to
obtain the atmospheric opacities; (2) to compare the results with the
absorption computed from radiosonde data; and (3), to discuss the prob-
lems inherent in using radiosondes as a standard of comparison for
radiometer measurements, relying on the previously obtained data for

examples.

4.1 Measurement of Atmospheric Attenuation of Solar Radiation

near 1 cm

A microwave radiometer measures energy over a given bandwidth
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centered at some frequency in the microwave range of frequencies. The
antenna temperature is the quantity actually recorded and is related
to the brightness temperature distribution surrounding the antenna as
follows:

l

T (9,0) = 55 [ ate 0a) T (00) a0 @
4 .

Here, Tk ©', ¢") is the temperature which a black body would have
which would produce the same average intensity over the spectral inter-
val being monitored, G (8-6', g-g') is the power gain function of

the antenna whose axis is pointed at an elevation angle of @' and
an azimuth angle of &' measured with respect to an arbitrarily
chosen reference system, and Tj (8, ¢g) 1is the brightness temperature
distribution which the antenna is monitoring. The integral is taken
over all solid angles. TA may be more clearly related to TB in the

following manner: using the power gain function as a weighting factor

an average brightness temperature may be computed as

I qur G(G-el, d-¢) T, (6,d)d2

X (4.1-2)
ﬂjjﬂ G(e-o,¢-¢) d2

However,
{

ar ), C(e0 g dn =, 4.1-9

where nk. is the radiation efficiency of the antenna at the wave-
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length and for the conditions of the measurements. It therefore follows
that
T, =M T, (4.1-4)
For antennas of highly precise surface contours and large aperture,
the power gain function is distributed such that the brightness tempera-

ture in a region only a small angular distance around the antenna axis

contributes significantly (typically 60%) to Tg .

The equation governing the brightness temperature at a surface
based antenna pointing up into a planar, horizontally stratified atmo-

sphere was shown in Chapter 3 to be

H H
_j Y (¥, %) secodr ‘J‘}Y
o s YO )seco dz (4.1-5)
TB (")) = TE e +\[X( f)Tm(%)e ’ sece dz
o

in which TE is the brightness temperature of any source outside the

atmosphere, but filling the antenna beam.

The second term of Equation (4.1-5) was effectively eliminated by

a carefully chosen observational procedure:

1. Observations of the sun were made. TE therefore is Ts the bright-

ness temperature of the sun at the frequency of observation.

2, An antenna was used whose main beam was considerably smaller than

the angular size of the sun's disk for all observed frequencies.

3. Drift scans were taken of the solar disk by placing the antenna

axis ahead of the apparent path of the sun across the sky and
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recording the brightness temperature of the sun plus atmosphere,

then after the sun had moved through the beam recording the atmo-

spheric contribution alone,

4, Finally, the atmospheric contribution was subtracted from the com-

bined total of sun plus atmosphere.

This procedure leaves one with

L)
—f Y()2) sece dz ~
TB (7}) = Ts e ° = Ts Q-Lm Tecs (4.1-6)

The contribution of the atmosphere in Equation (4.1-6) is now confined
to the integral exponent of e , However, the direct use of Equation

(4,1-6) is associated with many practical difficulties.

Even though TS may be constant in time, the exact value may be
imperfectly known., Further, the absolute measurement of TB introduces
additional difficulties to the experiment: the absolute gain of the
antenna must be known and careful calibrations must be performed,
Since the absolute value of neither Ts nor TB contains information
about the atmosphere, the necessity to measure them absolutely is
eliminated by manipulating Equation (4,1-6). First restate (4,1-6) as

—) "T se(_e
- T
¢, T (v) = Gy e (4.1-7)
where the real brightness temperature being measured is T; <

and the actual solar brightness temperature is Tj = . T ;3 €y and
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C2 are constants, If (4.1-7) is rearranged and the natural logarithm

of both sides is taken, one has

T,/ c
/QV\ % -—_T*?'—B = /2/,\ ’E}‘ ~ tmax[‘/) sec @ (4°1-8)
3 I

Finally, by making several drift scans at different values of sec O ,

one may compute ilhax from the following finite difference equa—
tion:
Tg ()
B
Tonas (¥) = NS sk (4.1-9)
o AN (Sec e) °

It is clear from Equation (4.1-9) tha§ in order to measure
2}“““ (-y) it is only necessary to measure quantities which are
proportional to TB and Ts or to their ratio as a function of zenith
angle. This simplifies the experimental procedure and divorces the
results from any absolutely calibrated measurements. The method was

first used by Dicke, Beringer, Kyhl and Vane32 in 1946,

4.1,1 The Experimental Equipment

The actual equipment which was used to measure the TB' of
Equation (4.1-11) consisted of a five channel radiometer whose block
diagram is shown in Figure 4-1803 The signal from the antenna was fed
into a five section filter where the frequencies of interest were
tapped off and sent to five identical Dicke microwave radiometersaz.

Provisions were made at the front end of the filters for a source of

noise which could be used for tuning the radiometers. Each filter led
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to a ferrite switch.driven by a 134 cycle square wave gengrator, The
output part from the switch alternately observed a matched load at
ambient temperature and the signal from the filter section., From the
ferrite switch, the alternating signal was fed into a balanced crystal
mixer into which a reflex klystron signal was also introduced. The
output from the ferrite switch was next amplified by an intermediate
frequency amplifier whose 8 MHz passband was centered at 30 MHz.
Because of the mixing, the output from the IF amplifier consister of
two 8 MHz bands originally centered 30 MHz above and below the iocal

oscillator frequency.

From the IF amplifier, the Eignal was introduced to the synchro-
nous detector driven in phase with the ferrite switch. The synchronous
detector measured, in effect, the difference between the signal from
the filter section and the matched load of the ferrite switch. This
synchronous detection feature is the heart of the Dicke radiometer and
allows slow gain fluctuations in the amplifiers preceding the synchro-

nous detector to be greatly reduced in importance to the measurements,

From the synchronous detector, the information was encoded digit-

2lly and punched on paper tape for later analysis,

The antenna used for the solar observations was a 28 foot spun
cast model designed for radiometer and radar measurements at millimeter
wavelengths., It was mounted atop the Lincoln Laboratory in Lexington,
Massachusetts. Remote controlled servos controlled the antenna point-

ing at accuracies far above the needs of the solar extinction observa-
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tions, A picture of the antenna and mount is presented in Figure 4-2.

4,1.2 The Experimental Procedure.
The daily routine for taking observations was the following:

1. Several hours before measurements were to be taken the radio-
meters and all supporting equipment were turned on and allowed to warm
up.

2, Perhaps an hour before observations were to begin the radio-
meter was configured to look at the front end noise source instead of
the antenna and each radiometer was tuned to give the best possible
noise figures. (Noice figures ranged from a low of 8,0 to a high of
15,0 with the mean for the summer observations near 12.0 and for the

winter observations near 10.0).

3. The radiometer front end was reconnected to the antenna and
while the sun was tracked, the gain of the final amplifiers for each
radiometer was adjusted for optimum signal strength with respect to the
digital analyser, The radiometer was then considered ready for observa-
tions,

4, Observations consisted of repeated 10 minute cycles. The
antenna was pointed at a position in the sky where the sun would be at
some convenient time., Two and one half minutes before the center of
the sun reached the aimed for position, the radiometer was set to re-
cording. Approximately every 2 seconds the dutput from the synchronous

detector connected to each radiometer was sampled and together with a
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Figure 4-2. The 28-foot spun cast antenna mounted on top of the
Lincoln Laboratory in Bedford, Mass.
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code number indicating the source of the radiation was punched as out-
put on paper tape, For five total minutes the sun was allowed to drift
across the antenna position., By the end of five minutes, the sun was

far enough from the main beam of the antenna that a baseline measurement
of atmospheric radiation could be taken. This was done for one minute,

A final one minute of data was punched with the calibration noise tube
on, This introduced an unvarying amount of energy into the radiometers
and was used to measure the relative gain in each channel., The 3 minutes
remaining in the observation cycle were taken up by repositioning the

antenna for a new scan which began exactly 10 minutes after the first.

In short, the cycle was:

sunscan - 5 minutes
baseline
(atmosphere) - 1 minute
calibration - 1 minute
reposition - 3 minutes
repeat,

5., Antenna elevation and azimuth angles for each scan along
with all pertinent information concerning the operation of the radio-

meter were recorded.

6. While the sunscans were being taken, observations were made
visually on the general weather conditions, and the conditions which
the antenna saw (via a bore sighted TV camera). Both were entered in

the data log book. Further, the hourly weather observations taken at
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Hanscom Field, a U,S. Air Force base approximately one and one half

miles away, were also recorded.

A typical summer day's date consisted of about 20 scans. The
maximum number of scans for any day was 36. In winter, the average

number was closer to 10 scans per experiment,

4.1.3 The Reduction of the Data

Considerable attention was given to the reduction of the data in
order to extract from it the most accurate values of atmospheric attenua-
tion that one could obtain by the equipment and the technique described

above,

Because the system which was used for the solar observations was
also being used and had been used for extensive radio astronomical obser-
vations, a great deal of data reduction experience had already been
gained. The punched paper tape format had been devised so that it would
be accepted without alteration by a small MIT computer (PDP-1). Programs
(primarily a special assembler named FAITH from which data handling pro-
grams could be easily written) existed at the end of the summer of 1965

which would do the following:

1. Read into the machine one complete 10 minute sunscan cycle.

2. Display each 2 second average data point as a point on a CRT
scope so that one could examine the amplitude of the antenna temperature
from one channel as a smooth function of time for a complete sunscan.

3. Allow doubtful data to be removed by erasing points on the
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CRT display with a light pen connected to the computer,

4, Process the cleaned up data automatically for means of the
amplitudes from (a.) the center of the sun; (b.) the baseline; and
(c.) the calibration signal, The program also computed the variances

of the three means,

For the Winter 1966 data, the data processing programs were
improved and made considerably more efficient by the following innova-
tions:

1. A preprocessor to FAITH called STARGAZER was written which
read all of one days data into drum storage of the PDP-1, The data
could then be stepped by the anai&st at the CRT scope and completely

cleaned up in one operation.,

2. All of the cleaned up data could then be sequentially and
automatically processed for the means and variances. This contrasted

with the one-scan-at-a-time method of the original reduction program,

Average processing time, when all computer components and programs
were finally working as desired, was cut from about 45 to 50 minutes per
average day's experiment for the summer data to roughly 15 minutes for
the winter data. In all, to process the data this far, well over 100

hours of PDP-1 computer time were used,

The results of the processing up to this point gave us the abil-
ity to compute the argument of the logarithm term of Equation (4.1-9).,
The PDP-1 could have been used for this processing but it was desired

to do other more sophisticated filtering and for that it was decided
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to use the M.I.T. Computation Center IBM 7094,

In order to input the radiometer data to the bigger machine, the
PDP-1 tape output was converted to cards, Unfortunately, the coding of
the PDP-1 tapes was not the same as standard coding used by IBM. How-
ever, the IBM 047 tape to card converter was able to be programmed in

a manner which made the proper conversion,

Further information on the quality of each sunscan was encoded
with the amplitudes and variances on the data cards, This information
was derived from the experiment log book and from some subjective
appraisal of the quality of scans, This way data biased by faulty
radiometers or other unusual occurrences were.easily identified and

downgraded in importance or eliminated.

The data was next processed in the 7094 for the slope and inter-
cept of the straight lines formed by plotting the numerator of the
right hand side of Equation (4.1-9) against its denominator, The weight
each data point carried depended partially on the inverse of its vari-
ances as determined from the PDP-1 reduction. All data judged to be

below a subjectively determined level of quality was eliminated.

A further condition on the use of data was derived from the
breakdown of Equation (4.1-9) because of the sphericity of the earth,
A numerical investigation was conducted to see at what elevation angles
the planar approximation of the atmosphere was no longer valid. It was

determined that if sunscans whose values of secant © were no more than 9,
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errors of less than 2% would be introduced by the sphericity of the
earth, Therefore data was used whose zenith angles were less than
82°%49°" (elevation angles greater than 7011‘)° At these angles, refrac-

tion was negligible,

(For a complete mathematical resume of the analysis of error
introduced by the radiometer noise, see Appendix A-IV. For a method
of estimating and if necessary correcting for atmospheric curvature

and atmospheric refraction, see Appendix A-V),

4,2 Computed Atmospheric Absorption Derived from Radiosondes

Thirty two days of radiosonde information were gathered along
with solar extinction data, The original plan intended for these
radiosonde runs to monitor conditions which the antenna beam was
viewing and use the computed spectra therefrom as a standard of
comparison, This, of course, assumed that the distance separating
the sondes and antenna beams and the time differences between sonde
launches and radiometer experiments would introduce errors which would
not invalidate the correlations expected. From the comparison of
computed to observed spectra these assumptions were proven to be poor
in many cases. The conditions during which they bregk down have been

analyzed in a number of cases and they will be documented further on.

Putting aside the dquestion of the accuracy or the relevancy of
the radiosonde data to the radiometer data collected, the method of

converting the raw radiosonde data to attenuation spectra roughly
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followed the following steps:

1, Radiosonde data were received in both raw flight tape form
and finished adiabatic chart form. The former data were taken at the
Magssachusetts Institute of Technology (MIT) some 19 km from the radio-
meter site, the latter from the Air Force Cambridge Research Laboratories
(A¥CRL) lsunch site perhaps 300 meters from the radiometer site., Raw
data were reduced to tables of temperature, pressure, and relative
humidity values at meteorologically significant points in the atmosphere.

Finished data were already in this form.

2. Computer programs took the tables of atmospheric variables
and computed the heights of the points, the partial pressures of the
points, the mixing ratio of the points, their absolute water vapor
\densities, and the refractivities of the points. Further, the program
computed averages for each layer bounded by two points and in some

cases information for interpolated datum points were computed.

3. The average values of each layer were used as input to a
computer program which used the absorption coefficients of Chapter 2
to compute attenuation versus frequency. Resonant and non-resonant
water vapor absorption, oxygen absorption, and total absorption were
computed and printed out at.each freduency. In addition numerous

atmospheric quantities of special interest were computed and printed

by the computer,

The exact equations used for computing and averaging are given

in Appendix A-VI.
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When computations are made of quantities at exact frequencies,
like the computation of absorption which was done from radiosonde data,
and it is to be compared with measurements by instruments with finite
bandwidths and double sidebands, the question naturally arises as to
the effect of the bandwidth and sidebands. In regions of the absorption
curve which has a linear slope, the bandwidth-sideband averaged quantities
will undoubtedly show little difference from the central value which is
being computed. However, when the second derivative of the curve is not

zero, how much of an effect can be expected?

To investigate this question a number of calculations were per-
formed to simulate the bandwidth ;nd sidebands for the equipment used
in the experiments. The bandwidths of the radiometers were 8 MHz centered
+ 30 MHz from the local oscillator frequency. Table 4-1 below presents
results which compare several quantities computed for a day which showed
above average attenuation and therefore above average first and second
derivatives to the absorption curves. The quantities are from left to
right: frequency; the average resonant absorption for the low frequency
sideband; the average resonant absorption for the high frequency side-
band; the average resonant absorption for the two sidebands; and the
resonant absorption computed for the local oséillator frequency. The

frequencies are in GHz, the absorption values in db.
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'  TABLE 4-I. The effects of sidebands on absorption computations

Av. Absorpt. Av. Absorpt. Av, Absorpt. Absorpt. Compt.
Frequency Lower S.B.(db) Upper S.B,(db) Both S$.B.(db) at L.O. Freq, (db)

19.000 0.19827 0.20435 0.20131 0,20096
21,000 0.56009 0.57666 0.56837 0.56742
21,900 0.80366/ 0.81595 0.80980 0.80863
22,237 0.85598 0.86061 0.85830 0.85710
23.500 0.70963 ~0.69656 0.70310 0,70196
25,500 0.36084 0.35398 0.35741 0.35681
29,450 0.13821 0.13675 0.13748 0,13725
32.400 0.08994 0.08931 0.08963 0.08948

It is evident that the largest deviation between sideband averages
and local oscillator frequency computations is 0.,0012 db, a difference
which is negligible when other errors are considered. Of the sideband
averages, only one of the values differed as much as one unit in the
fifth decimal place from the absorption calculated at the center of the

band,

4.3 Comparison between Measured Attenuation and Computed Absorption

The radiometer attenuation as computed from Equation (4.1-9) at
five frequencies and the absorption as computed from the radiosonde
. data for each experiment day is plotted in Figures 4-3 to 4-34. The dis-

cussion of these figures is separated into tﬁree parts: (1) an explana-
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tion of the information format; (2) a discussion of the similarities
of the observed and computed spectra with reference to the prevailing
weather conditions; and (3) a section on the causes of the poor corre-

lation between some radiosonde spectra and observed spectra.

4.3.1 Presentation of the Comparable Spectra

To facilitate discussion of the comparisons, the experiments are
not grouped chronologically but by similar prevailing weather conditions,
That is, spectra taken on clear days are together, spectra taken during

highly unstable conditions are together, etc,

The data on each figure consists of the. following: (1) the data
of the experiment followed by the time over which radiometer data were
taken; (2) the observed weather conditions recorded under the data and
time; (3) the radiometer results recorded as single dots in the middle
of probable error bars (the errors represent one standard deviation as
computed from Equation (A-II-12); (4) a solid spectral curve that has
been computed from the data returned by the radiosonde flown on the day
of the experiment; and (5) a dashed spectral curve which may be called
a matched spectra. This latter spectral curve is derived by taking one
of the observed spectral data points (21.9 GHz in the summer data, and
22,235 GHz in the winter data) and multiplying the radiosonde moisture
profile by a factor which causes the computed absorption to match the
observed attenuation (difference £ 0,001 db) at this one frequency.

Its uses will be apparent as we proceed.
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The five general categories which make up the varibus groupings
are the following: (1) stable, mostly clear days; (2) days on which
moisture laden air approached the antenna site; (3) days on which dry
air was approaching the antenna site; (4) highly unstable conditions
manifested by considerable cumulus, towering cumulus and/or thunder-
storms; and (5) unknown conditions or conditions in which it was not
possible to evaluate in terms of time changes of the local moisture

field.

4.3.2 Similarities Between Spectra Pairs within Weather Groups,

The 32 figures labeled 4-3 to 4-34 are broken down into the

groupings defined before as follows:

\

4-3 —» 4-8 summer: stable, clear or mostly clear weather
l -
4-9 — 4-11 winter: stable, clear or mostly clear weather
4-12 — 4-14 summer; approaching moist air mass
2
4~-15 —» 4~16 winter: approaching moist air mass

3 { 4-17 —y 4-22 summer: approaching dry air mass

4 { 4-23 — 4-28 summer: unstable, very moist conditions
4-29 summer; indeterminate moisture changes during
5 experiment
\ 4-30 — 4-34 winter: unanalyzed conditions due to unavail-

ability of surface weather charts.
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The first grouping of spectra (figures 4-3 to 4-11) represents
probably the closest correspondence one can expect from radiometer and
radiosonde data. They will represent, too, the best data available in
this experiment to compare theoretical with true line shape. In this
regard the most that can be said is that the theoretical line shape used
1s certainly adequate within the experimental error. Seven of the nine
spectra show observed attenuation to be greater than the computed absorp-
tion. This might mean the theoretical line intensities used in the cal-
culations are low, or it might simply mean that radiosondes simply do
not detect all the moisture in the atmosphere. We know radiosondes are
limited in height and dynamic range so that the latter hypothesis is
at least partially true for every radiosonde run. Certainly nothing

definite can be said on this point with such a miniscule data sample,

Similarly, the match in the high frequency wing shows about equal
numbers of data points above and below the matching spectra. Again, no

conclusions can be drawn about the inadequacy of the line shape.

The second grouping of spectra (Figures 4-12 to 4-16) represent
conditions where the radiometer is viewing air streaming toward the
antenna which contains -increasing amounts of moisture., All summer
radiosonde data for this series have been taken early in the afternoon
and see a drier atmosphere than that measured by the radiometer later
in the day. In most instances, the more moist air mass accompanies
warm frontal activity. Invariably, the radiosonde is swept in a

direction in which the dry air is being taken which heightens the
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moisture contrast between the radiosonde and radiometer beam.

Figures 4~17 through 4-22 are days on which dry air masses are
replacing more moist ones, In Figure 4-17 the radiosonde was launched
after the radiometer observations were completed and therefore sees a
considerably drier atmosphere., The remaining days in this series all
have radiosonde launches which were earlier than the radiometer obser-
vations and therefore show more moisture than do the radiometer atten-

uation measurements.

The final grouping with analyzed weather conditions is based on
days which showed very unstable atmospheric conditions. They are re-
presented by Figures 4-23 through 4-28, Cumulus development in each
case was marked, and on some days thunderstorm activity was observed.
Gross differences in the observed and computed spectra are apparent,
and except for 3 August 1965, radiometer measurements show large prob-
able errors. There are observed spectra whose amplitude is both
greater and less than the computed absorption., More will be said

about this in Section 4.3.3.

Figures 4-29 through 4-34 are spectra pairs for which the time
change of the moisture field could not be ascertained from weather
charts or the charts were simply unavailable, Figure 4-29 represents

the former case., Figures 4-30 through 4-34 represent the latter,

4,3,3 A Discussion of the Apparent Reasons for Discrepancies

Between Radiosonde and Radiometer Spectra,
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To better portray the mechanisms which have caused the rather
large discrepancies which appear between some spectra pairs, several
of the more thouroughly documented days are reviewed below. One day

from each of the four weather groups is analyzed.

For the days of stable weather conditions it is as well to use
the spectra taken on the 15th of June 1965, shown in Figure 4-3. The
weather prevailing for that day was the result of being near the center
of a large high pressure system. Winds were light, only a very lew
puffs of clouds existed at low levels and conditions were very steady
over the day. The atmosphere was probably the closest to being ideally
horizontally stratified on this day as on any day of the experiments.
Yet differences between the observed and computed spectra exist. Where

do these differences arise? Three possibilities are most likely:

1. Systematic or random errors in the radiosonde and/or the radio-

meter measurements,

2, Spatial differences in the moisture field between the parts

of the atmosphere being measured,.
3. Time changes in the atmosphere during the experiment.

Possibilities 2. and 3. are not able to be analyzed under the
conditions of the experiment. And, of course, there is no way to
measure systematic errors in the radiometer observations. Under the
atmospheric conditions which prevailed, systematic errors in the radio-

meter data should be small; it is thought smaller than the observed
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computed spectra difference. This leaves errors in the radiosonde data
as a possible source of the discrepancy. This possibility may be fruit-

fully analyzed.

Marchgraber44 has analyzed the carbon type humidity element which
was used on all radiosondes flown for the experiments. His conclusions,
after exhaustive experimental studies, were that the accuracy of an
element to record the relative humidity, if it had not been subjected
to extreme conditions during storage and if it had been properly cali-
brated before launch, was 5% over the range from 25% to 85% relative
humidity and between -35°C and +35°C ambient temperature, Further,
outside the permissible relative'humidity and temperature ranges, trend
information only, not quantitative information, could be expected.

The dynamic response of the element, studied by Grote and Marchgraber45,
appears to be a non—iimiting factor for measurements of the type of

stable atmosphere whose spectra is given in Figure 4-3.

The humidity range limits of the carbon element immediately
produce a bias towards low total atmospheric water vapor for dry cold
atmospheres. Relative humidity values below 25% and atmospheric tem-
peratures below -35°C are quite common, In the atmosphere which
produced the curves of Figure 4-3, the relative humidity dropped to
levels below the threshold of the sensor at a fairly low altitude and
thus for much of the run no moisture was recorded. No bias like this
exists for the radiometer and therefore one would expect, for a per-

fectly stratified atmosphere, a lower absorption curve than attenuation



-180-

curve. This 1s what is seen not only in Figure 4~3 but in eight out

of nine days of the set of stable weather spectra.

To portray the second category of spectra, the data collected
on the 14th of July 1965 has been chosen. Its spectra is shown in
Figure 4-13., Observations started with clear conditions at 1652 EST.
As the experiment progressed cirrus from an advancing warm front moved
into the beam of the antenna, haze became apparent at the surface, and
the dewpoint steadily increased even though the temperature decreased
through the afternoon. By the end of the experiment, the dewpoint had
risen to GSOF (n1291°K) up from 610F two hours earlier. This indicated
that the water vapor density in the atmosphere around the antenna had
increased from 18 to 24 g/m3 or by one third. By 1900 EST the cirrus
had become overcast and altostratus was visible in the west. Heavy

haze partially obscured horizontal ground visibility.

The radiosonde for the 14th of July was launched at 1458 EST in
clear conditions, two hours before the start of the radiometer exper-
iment. The level of moisture detected was substantially below that
seen by the radiometer in agreement with the westher trend. There
seems no reason to doubt that the discrepancy between the observed
and computed spectra are mostly real differences originating in tem-

poral changes in the moisture field,

During the morning of the 15th of July, the day after the
observation reviewed above was made, a warm front and subsequently

a cold front passed the Boston area. During the observations from



-181-

that day, shown in Figure 4-20, a northwesterly wind blew bringing in
very dry air. The dew point at the beginning of observations (1442 EST)
was recorded as 56OF (~16 g/m3 water vapor density) at Hanscom Field,
perhaps a mile distant from the antenna site. Three hoursg later the
dewpoint was recorded as 470F (~11 g/m3), a drop in the moisture content
at the surface of 32%, However, even this decrease does not explain

the difference between the spectra computed from the first radiosonde

of the day launched at MIT at 1525 EST and the radiometer spectrumn.

The difference is closer to 50% in total water vapor content. It is
conceivable that upper layers of the atmosphere were drying out faster
than the frictionally slowed surface layers. ABut this is not borne out
from the second radiosonde launched from AFCRL at 1857 EST quite near
the end of the radiometer observations. The moisture reported by this
flight is about 38% above that observed by the radiometer. The only
other possibility seems to be that the difference stems from the radio-
sondes being carried with the moist air while the antenna was viewing
the source direction of the dry air. Though true, this last possib-

ility is not very quantitatively convincing. We must conclude there-

difference in spectra amplitudes but there remains an unanwered question
as to why such large discrepancies exist between the radiosonde and

radiometer spectra.

As a last example of particular causes of the differences

between the radiosonde and radiometer spectra, the experiment on the
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10th of August 1965 (Figures 4-26, 4-27, and 4-28) has been analyzed.
Three radiosondes were launched that day, two from MIT (1305 EST and
1704 EST) and one from AFCRL (1943 EST). The experiment covered the
period 1242 to 1842 EST. The day was very humid. The atmosphere was
unstable; many towering cumulus and thunderstorms could be seen or were
reported. Broken (> 50% coverage of the sky) stratocumulus, altocumulus
and cirrus covered the sky. The activity accompanied the passage of

a cold front through the area during the experiment,

The first radiosonde (Figure 4-26) was launched as the observa-
tions began and showed perhaps 10-15% more moisture than the radiometer
results, The second radiosonde kFigure 4--27) was launched about in
the middle of the observational period and reported sbout 8-10% more
moisture than observed., And the third radiosonde was launched approx-
imately one hour after the end of the experiment and reported about

13-15% less moisture than observed,

At least two logical explanations for these differences exist.
One would have the radiosonde on the first two flights penetrate
clouds on ascent and record moisture over a substantial portion of
the flight at levels greater than the average for those levels, since
the clouds covered less than 100% of the sky. Then the third radio-
sonde, during its ascent, passed entirely between clouds recording
less than the aversage amount of moisture for these levels with clouds.
The antenna beam, on the other hand, always saw some average moisture

level, including cloudy and clear regions, and therefore recorded an
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intermediate level of moisture between cloudy and clear radiosonde

runs.

The second possible explanation is based on the frontal passage.
The first two radiosondes were launched and were carried along with
the moist air ahead of and near the front. The third was launched in
drier air behind the front. The antenna beam was looking on the average
into drier air than the first two radiosondes but considerably more

moist alr than the third.

It is likely that the last explanation is the more correct of
the two, but it is not clear exactly how clouds did affect the results,
Therefore, again, we can say that a logical explanation for the differ-

ences exist, but without a quantitative foundation.
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Chapter 5

DETECTION OF STRATOSPHERIC WATER VAPOR BY MEANS OF

MICROWAVE MEASUREMENTS

On the basis of high altitude balloon measurements of uncondensed

66
64, 65, , Barrett and Chung31 in 1962 predicted that an anom-

water vapor
alous emission ''spike' should be apparent in ground based microwave
observations of the atmosphere at frequencies very near the 22,237 GHz
water vapor rotational resonance. The spike would be superimposed on

the normal broadened emission line arising from tropospheric water vapor.
It would be the result of excess water vapor iﬁ the stratosphere; excess
being determined to be an increase in the water vapor mixing ratio with
height somewhere in the region above about 30 km, Because the line narrows
in direct proportion to the total pressure, any anomalous vapor above 30 km
can only affect a frequency region very near to the line center. And even
though very little total water vapor can exist at high altitude, its con-
tribution is so concentrated (intensity at line center is approximately
proportional to i//P , Where Y is the water vapor density and P the
total pressure) that the amplitude of the spike above the gross line

profile was predicted to be a substantial fraction of the total emission

at resonance.

Since Barrett and Chung's paper, at least one attempt has been
67
made to detect the spike besides the effort reported here. That effort

showed negative results.
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In order to further extend our understanding of the spike, and
therefore our knowledge of the distribution of water vapor in the
stratosphere, this chapter reexamines the problem on the basis of the
latest high altitude balloon measurements of water vapor and upon the

microwave measurements reported in Chapter 4,

5.1 Stratospheric Water Vapor and its Relationship to Microwave

Measurements.

oy

The earliest authoritative measurements of water vapor in the

lower stratosphere were done soon after World Warr II in Britain.

(For a review of the measurements of stratospheric water vapor before
1961 see Gutnickss). These measurements from aircraft showed a sharp
decrease in moisture as one penetrated the tropopause., Later airplane
measurements, also déne in Britain, tended to confirm this dryness in
the lower stratosphere. On the basis of these measurments, a strato-
spheric water vapor model was predicated which showed the entire stra-

tosphere to be quite dry,

Other investigations of stratospheric water vapor were conducted
using balloons and humidity sensors. The results from many of these
flights contradicted the British model by showing that, even though a
dry region existed just above the tropopause, the absolute density of
water vapor at altitudes above approximately 20 km many times did not
decline, and on some occasions even increased with height, The reso-
nant spike predicted by Barrett and Chung was based on such measure-

ments.
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Because of the large discrepancy between the measurements
mentioned above, several attempts have been made in the last several
years to measure stratospheric water vapor with a fidelity which would

answer the question of whether the stratosphere was 'Wet" or "dry".

One of the major problems which had to be overcome for balloon
measurements was outgassing of water vapor from the measuring apparatus.
As equipment ascends into the stratosphere, water vapor normally ad-
sorbed onto the exposed surfaces begins to evaporate. 1In the tropo-
sphere, this outgassing constitutes a negligible percentage of the
total water vapor being measured. In the stratosphere, however, where
extremely dry conditions can occur, outgassiﬂg water vapor apparently
can become the major contributor to the water vapor being measured.

Such conditions, of course, invalidate the results from any measure-
ments made. (For a discussion of the contamination problem see

69
Mastenbrook ).

As apparatus and techniques have become more sophisticated,
especially with respect to the contamination problem, the very wet
stratospheres measured in the nineteen-fifties and early nineteen-
sixties have not been repeated. Measurements below 30 kilometers
at low, middle and high latitudes in 1964 and 1965 by Mastenbrook70
and at midlatitudes by Sissenwine, et al?l tend to confirm a generally
dry stratosphere. Some of the runs do, however, show trends near
their peak galtitudes which have interesting implications for the region

above 30 kilometers.
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5.5.1 Model Atmospheres for the Simulation of Stratospheric

Microwave Absorption and Emission,

In order to better understand the origin and nature of the stra-
tospheric water vapor spike, a number of model atmospheres have been
constructed and will be investigated. They are presented in Figures
5-1, 5-2, and 5-3. Thelr temperature profiles are the Standard Atmo-
sphere, 1962, (midlatitude), and the Tropical and Subarctic (summer)
supplements thereto, as presented in the Handbook of Geophysics and
Space Environments4l. (An Arctic supplemental atmosphere appears with
the subarctic atmosphere, but extends only to 30 km. The distribution
of temperature above this level‘was not available. The profile is
included because it has been used for analyses appearing in Chapter 3).
The moisture curves for the atmospheres (represented as dew point-frost
point curves) up to the 10 km level are means for the latitudes repre-

sented. They are also reported in the Handbook of Geophysics and Space

Environments,

Above 10 kilometers, distributions of moisture have been extended
to 28 kilometers based on the profiles reported in either Mastenbrook or
Sissenwine, et al. Five hypothetical distributions of water vapor above
the 28 kilometer level have been suggested for the Tropical and Midlat-

itude atmospheres and four for the Subarctic.

The moisture distribution in each case is smoothly extended to
90 kilometers. This neglects the possibility that photochemical reac-

tions above the 70 kilometer level may deplete the available water wvapor
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supply, as suggested by Hunt72. However, the effects of excess water

vapor above the 70 km level will show up in our calculations as a very
narrow extension of the spike we are investigating. Its presence will
alter the results we are most interested in very little, i.e., those in
which the finite bandwidth of the radiometer is taken into considergtion.
And they leave open the question of whether saturation does occur in

the region of 80 km where noctilucent clouds have been observed. The
particles making up the clouds may be meteoric dust with coatings of
ice73. The Subarctic Supplemental Atmosphere, which has the lowest
temperature at the mesopause of all the model atmospheres and is repre-

sentative of the latitudes and season for noctilucent clouds, has one

hypothetical moisture distribution which is saturated at the 80 km level,

All of the moisture profiles below 30 km for the atmospheres pre-
sented do not exceed in absolute water vapor density the wettest atmo-
spheres reported in Mastenbrook., The water vapor profiles above 30 km
attemp to follow some of the trends which were evident in the observed
data near the top of their ascents. The exact profiles are necessarily

subjectively determined.

In the Tropical and Midlatitude Atmospheres the profiles are
constructed with the approximate gcheme of having constant mixing ratios
of 2x10_6 grams of water vapor per gram of dry air for profile (1),
2:‘.110—5 g/g for profile (2), 2x10"4 g/g for profile (3), and two profiles,
(4) and (5), which have constant water vapor densities above a certain

level, The constant mixing ratio profiles, when these ratios are greater
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than the mixing ratios in the lower stratosphere, have been achieved

by increasing the water vapor just above the 30 km level.

The Subarctic atmosphere is similar except that there is only
one constant vapor density case. This case, however, provides for
saturation at the mesopause. Whether or not saturation occurs at the
mesopause during the existence of noctilucent clouds is not known. If
the only source of moisture is from diffusion from the troposphere
through the extreme cold of the tropopause, it appears that a constant
mixing ratio of water vapor to air would be expected throughout the
stratosphere. However, several mechanisms which might upset this are:
(1) strong localized intrusions of moisture into the stratosphere from
the troposphere and circulation patterns which eventually carry the
moisture upward (for an account of large thunderstorms which penetrate
the tropopause see Long72); and (2), a secondary source of water vapor

at high altitudes73.

For each of the model atmospheres the integrated water vapor

above 30 km is listed in Table 5-I1I below, ML stands for midlatitude,

TS for Tropical Supplement, and SS for Subarctic Supplement.

TABLE 5-I. Integrated water vapor above 30 kilometers in
microns of precipitable water for the various
models discussed in the text.

Model ML TS S8
1 0.26 0.26 0.31
2 2.6 2.6 3.0
3 18, 19, 11.
4 0.79 0.81 0.66
5 1,97 1,96 -
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The values compare with 17 and 44 M of precipitable water vapor above

30 km for the atmospheric models used by Barrett and Chung.

5.1.2 The Line Widths for the Model Atmospheres.

The existence of the stratospheric spike is based upon the extreme
narrowing of the spectral line at low pressures., How this line width
varies with height is shown for all the atmospheres in Figure 5-4. The
slight upturn at 75 to 80 km is due to the relatively increasing impor-
tance of Doppler broadening at these levels., It depends only upon the
square root of the temperature and therefore fluctuates over the entire
lower 100 km of the atmosphere less than one order of magnitude. It
should be noted that at about 72 km, the line half-width has narrowed

to 100 KHz, and by 90 km is roughly 25 KHz,

5.1.3 The Stratospheric Water Vapor Spike Produced by

Model Atmospheres,

If we compute the absorption which the midlatitude Standard Atmo-
sphere of Figure 5-1 would produce, we would obtain the spectrum which
is plotted in Figure 5-5. This is the spectrum which a radiometer of
infinitely small bandwidth would see. The normal line shape due to
pressure broadening of tropospheric water vapor is pierced by an extremely
thin spike due to the vapor above approximately the 28 to 30 km level.
The designations ML1l, ML2, etc. are indicators of the height of the

spike for each of the stratospheric vapor variations numbered in Figure
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5-1. The constant mixing ratio case for the driest atmosphere

(w = 2x10_6 g/g) shows no spike at all. The most pronounced spike is
produced by the atmosphere which shows a constant frost point (and
therefore a constant water vapor density) above 30 km, This is quite
expected after considering that this model places the greatest amount
of water vapor at the highest levels, It will be seen that the mag-
nitudes of the spike shown in Figure 5-1 will be altered significantly

when we consider finite bandwidth radiometers.

In Figure 5-6, the narrowness of the spikes are brought out more
clearly by the expanded frequency ordinate. For even greater detail,
a one MHz plot of the region about resonance is shown in Figure 5-7.
It is much more clear in this figure how very narrow the spikes produced
by the model atmospheres really are. The width of the ML4 and MLS
spikes are less than 100 KHz., The larger width of the ML3 spike results

from the large amount of water vapor immediately above 30 km,

5,1.4 The Effects of a Finite Bandwidth on the Amplitudes
of the Stratospheric Spikes Computed for the Model

Atmospheres,

It is clear from Figure 5-5 that even with a radiometer with
infinite bandwidth resolution, we could not detect the presence of
water vapor in the stratosphere if it were distributed as it is in
MLl i.e., an overall small amount of water vapor decreasing with height

so as to maintain a uniform mixing ratio from tropopause to mesopause.
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The amplitudes for the other spikes would most likely be detectable
with an infinite resolution radiometer, but, since such an instrument
cannot exist, the effect of bandwidth must be considered.

The newest equipment being built at the Massachusetts Institute
of Technology to study the resoﬁance region of water vapor uses filters
to achieve a one MHz bandwidth, For such resolution, the spikes of
Figure 5-6 would be reduced to those seen in Figure 5-8, For amplitude
comparisons on and off the center of the line, the atmospheres repre-
sented by ML3, ML4, and ML5 have a reasonable chance of detection.

With ideal atmospheric conditions, and a well tuned radiometer, the
smallest amplitude variation detectable is in the vicinity of 0.01 db.
The resonant enhancement in the ML2 atmosphere is only 0.02 db and it
is very broad; it must be considered, therefore, to be a very marginal
stratospheric distribution to detect by opacity measurements.

For the observations reported in Chapter 4, the nominal band-
width of each radiometer was 8 MHz in each sideband. The sidebands
were separated by 60 MHz. The spike produce by the midlatitude model
atmosphere would appear as in Figure 5-9 for an 8 MHz bandwidth for
a single sideband radiometer., The vertical scale has been increased
by a factor of four in Figure 5-9 over that used in Figure 5—8. The
spikes are greatly smeared by the large bandwidth-to-spike-half-width
ratio, and their detectability has been further reduced from the one
MHz resolution case.

For a synopsis of the effect of the bandwidths discussed,
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Figure 5-10 compares the amplitudes of the spikes for infinite, 1 MHz,
and 8 MHz resolutions, The spikes which at first looked so promising
to detect with infinite resolution, have,in the 8 MHz resolution case,
been reduced to one easily detectable case, three marginal cases, and

one for which there is no chance of detecting.

And finally, for a double sideband radiometer as used to obtain
the data reported in Chapter 4, all of the amplitudes must be reduced
by one half. Therefore, under the most ideal atmospheric conditions
and with the most finely tuned radiometer, ML1l, ML2, and ML4 disappear
into the noise;.the spike from ML5 is of marginal detectability; and
only the water vapor of the atmosphere depicted by the ML3 curve of
Figure 5-1 is apparently safely detectable, Its amplitude would be

approximately 0.06 db above the absorption measured at nearby frequencies.

5.1.5 The Results of Opacity Measurements at 22,237 Giz.

One of the purposes of the summer observations reported in
Chapter 4 was to search for the stratospheric water vapor spike,
Accordingly, one of the five radiometers was tuned so that one of its
two sidebands covered the frequency region at and near 22.237 GHz.
From the discussion in 5.1.4 about double sideband, 8 MHz resolution
radiometers, it must not be unexpected that results were negative.
The one fact that was estabiished was that on only one day (14 July
1965) did the absorption at 22,237 exceed the value which might have
been expected from water vapor in the troposphere alone. The matched

spectra always equalled or exceeded the absorption observed at 22.237 GHz
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when at 21.9 GHz the observed attenuation and computed absorption were

numerically equal,

Besides those shortcomings of the experiment design which were
brought out in section 5.1.4, other experimental problems reduced the
chances of detecting a spike, if it existed: (1) the local oscillator
for the resonant frequency radiometer drifted in frequency, how much
during any one experiment is uncertain; and (2) atmospheric inhomoge-
neities and variability increased the noise levels on many days well

above 0,01 db.

Indeed, from the results of the observations reported in Chapter
4, and the opacities computed from more realiétic distributions of water
vapor in the stratosphere given in this chapter, it appears that a con-
siderably more sophisticated approach to measurements near resonance

must be used if a spike will ever be detected.

5.2 The Stratospheric Water Vapor Spike Expected for Climatic

Regions other than Midlatitude and Measurements other than

Ground Based Opacity.

So far we have analyzed only midlatitude model atmospheres and
ground based opacity measurements for evidence of the stratospheric
water vapor spike. This was done quite obviously to say something
about the negative results which were recorded from the radiometer
observations of Chapter 4. For measurements which might be done in

other climates and by other methods, it is of interest to determine
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what variations in the amplitude one can expect in the spike for the
same bandwidths analyzed in section 5,1.4, That will be done in the

remainder of this section of Chapter 5.

5.2.,1 Ground Based Opacity Measurements near Resonance
in Tropical and Subarctic Climates,
Figures 5-11 and 5-12 depict, respectively, the spikes which
one would measure for the five Tropical atmospheres of Figure 5-2,
and for the Subarctic atmospheresof Figure 5-3. 1In each diagram the

effect of 1 MHz and 8 MHz bandwidths is assessed,

Even though the base absorption is quite different for the
spikes of the three climatic zones, closer examination reveals that
the amplitudes of analogous stratospheric cases are quite similar,

In fact, the small differences can almost all be accounted for by
the small differences in integrated moisture brought out in Table 5-1I.
The changes in stratospheric temperatures between different climatic

zones have little effect on the production of a spike,

5.2.2 Ground Based Brightness Temperature Measurements
near 22.237 GHz.
Figure 5~13 shows the spikes one would measure if he were moni-
toring atmospheric emission in the model midlatitude atmospheres,
The relative amplitudes of the spikes are not changed substantially
from the opacity cases. Line widths of the various spikes remain

similar to those in the opacity computations, and, therefore, the
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effects that a finite bandwidth radiometer produces is similar to those
documented in Figures 5-8 and 5-9 for opacity measurements, Likewise,
the opacity variations evident between Figures 5-10, 5-11, and 5-12 due
to climatic differences are repeated for brightness temperature and

therefore they have not been plotted,

5.2.3 Opacity and Brightness Temperature Measurements

from a Balloon.

Calculations were carried out on the various stratospheric
water vapor distributions to simulate the measurements which a balloon
borne radiometer at 28 km would collect, Théy can be very easily
visualized for the opacity measurements by simply removing the broad
tropospheric absorption base upon which all spikes analyzed so far
have been perched. The only perceivable change occurs to the amplitudes
of the brightness temperature spikes. They have been raised by a factor
of approximately 15 percent because of the decreased attenuation between
the region in which the spike emission originates and the level of the

antenna.

5.2.,4 Brightness Temperature Measurements from Space
near 22,237 GHz.
When a radiometer looks down at the earth, it sees the back-
ground emission attenuated by the atmosphere plus the reflected and
direct atmospheric contributions. When the atmosphere is more opadque,

the atmospheric contributions increase, but the background radiation
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is diminished; this compensation reduces the amplitude at resonance
from that seen for measurements from the ground at the same frequen-
cies,

Such compensation significantly reduces the spike amplitude as
seen from space over a background whose temperature is 288°K and which
has a power reflection coefficient of 0.6, This is illustrated in
Figure 5-14. The comparable upward looking amplitude was plotted in

Figure 5-13.

The amount of compensation and therefore the amplitude of the
spike will vary greatly as the background temperature and emissivity
change., For lower reflection coefficients (higher emissivities), the
background compensation is greater and the amplitude of the spike is
reduced further. Qualitatively similar results were reported by May

and Kahle73 and by Croom74.

5.3 Measurements of Stratospheric Attenuation and Emission

near the 183.310 GHz Water Vapor Rotational Resonance.

The 22.237 GHz water vapor resonance is nearly two hundred
times weaker for similar conditions than the next lowest frequency
rotational resonance at 183.310 GHz. As a result, the sensitivity
for monitoring very small amounts of water vapor, such as are found
in the stratosphere, would be greatly increased for measurements near

the higher frequency line.

In this section, we will investigate what results might be
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expected from atmospheric measurements near 183.310 GHz.

5.3.1 Stratospheric Absorption and Emission Near 183,310 GHz

as Measured from a Balloon at an Altitude of 28 kilo-
meters,

The 183 GHz line is so intense that measurements from low levels
in the troposphere produce brightness temperatures equal to the kinetic
temperature of the nearby atmosphere. However, at 28 kilometers, a
convenient level for a balloon borne radiometer to attain, well over
99% of the total water vapor in an atmospheric column is below the balloon.
The 22.2 GHz resonance is not capable of measuring emission from the
small water vapor above 28 km except in those stratospheres postulated
to be very moist. On the other hand, the 183.3 GHz is sensitive to the
watér vapor in even the driest of the proposed model atratospheres.

In Figure 5-15, the zenith absorption near resonance is plotted
for the five midlatitude atmospheric models (Figure 5-1) which a radio-
meter would measure from a height of 28 kilometers. For the stratos-
phere which contained the maximum integrated water vapor of the five
models (ML3), and for the atmosphere with considerable moisture near
the mesopause (ML5),the absorption on resonance attains values near 70 db!
Even the driest stratosphere proposed (ML1l) has a peak absorption of
0.79 db, This is often more than the tctal zenith abscrption measured
at the ground at 22,237 GHz.

If emission measurements were made in the same atmospheres, the
spectra plotted in Figure 5-16 would be obtained. The sharp peaks of

the absorption spectra are now blunted because the coldest temperatures
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of significance are near the radiometcr; higher opacity brings the
effective origin of the radiation being measured closer to the radio-
meter and therefore into colder source temperatures., The result is
to effectively broaden the lines.

A suitable bandwidth for the detection of the 183.3 GHz spike
from a balloon would be considerably greater (by approximately 8 to
10) than the bandwidth necessary at 22.2 GHz. This is offset, of
course, by the difficulties in building narrow band radiometers at
such frequencies,

5.3.2 Spectra near 183,3 GHz Obtained from Simulated Measure~

ments Made from Space.

Looking down at the Tropicgl and Midlatitude atmospheres near
183 GHz, one would see spectra for the direct stratospheric cases as
plotted in Figure 5-17. The level of the effective origin of the
radiation rises as one nears resonance. For atmosphere ML1l, on
resonance, 90% of the radiation arises between the levels of 4000 and
11,000 meters; off resonant frequencies see further into the atmos-
phere and therefore warmer effective temperatures. The Tropical atmos-
phere contains more moisture than the midlatitude mecdel and therefore
the effective origin of radiation is at higher and colder levels near
resonance explaining the deeper minimum.

The level of the effective origin of radiation at resonance
continues to rise as the moistiure concentration in the stratosphere
increases. Eventually, for enough water vapor, the effective origin
of radiation measured at a satellite moves above the tropopause and

the atmospheric temperature, and therefore the brightness temperature
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measured at the satellite, begins to increase. Superimposed on the
minima of Figure 5-17, near resonance, would be a secondary maxima.

And if even more moisture is added to the stratosphere, the level of
the effective origin of radiation being measured can move above the
stratopause and into declining temperatures again in the mesosphere.
Superimposed on the secondary maximum would now appear a spike pointing
towards lower temperatures. Such a situation is depicted in the final
Figure 5-18. The secondary maxima a few MHz off resonance are almost
equal to the temperatures at the stratopause, The resonant minima

have begun to plunge toward the very low mesopause temperatures.

The obvious conclusion toAbe drawn from the previous discussion
and figures is that measurements near the 183 GHz line offer a poten-—
tially powerful tool to explore the amount and distribution of stratos-
pheric water vapor given an approximate knowledge of the temperature
distribution as a function of height. When radiometers are built with
suitable bandwidths and noise factors, and whose physical dimensions
and weight are adequate for satellites, they undoubtedly can be coupled
with radiometers which monitor the spectrum in and near the complex of
oxygen lines near 5 mm, and from which one can determine the temperature
distribution in the stratosphere., Such a combination will be a very
effective means of mapping, on a synoptic basis, the amount and dis-

tribution of stratospheric water vapor.
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Chapter 6

INTEGRATED ATMOSPHERIC WATER VAPOR

As shown in Chapter 4, solar attenuation measurements reveal
significant day to day variations in the shape and intensity of the
1.35 cm water vapor spectral line. Further, these variations have
been shown to arise from changes in the total amount and the vertical
distribution of water vapor. A duestion which naturally arises is:
given the spectral data, what meteorological information important to
every day forecasting may be extracted from it? In this chapter, the
possibility that spectral measurements can give accurate information
about the vertically integrated atmospheric water vapor content will

be investigated,

The problem may be approached from any of the sets of spectral
measurements which were presented in Chapter 3., However, because
there are data which exists for total zenith opacity, the problem will

be analyzed from the standpoint of such measurements.

6.1 Statement of the Probhlem

For any given set of atmospheric conditions, the total zenith

opacity has been defined in Equation (3. 1-19) as

H
Tonay (V) = Yo (7 2) de (6.1-1)

In Equation (6.1—1), Zzuay(y) is the attenuation which would be
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measured at the zenith, BZ (ng) represents all the mechanisms of
attenuation and will depend upon the frequency and where the observer
is located in the atmosphere. H is, as before, a height above the

levels of significant attenuation,

If we restrict ourselves to a frequency region sufficiently
close to the 1.35 cm rotational resonance of water vapor, the Xr may
be conveniently broken down into several parts, each of which repre-
sents separate physical mechanisms of attenuation, This separation
can be symbolically written as

XT = {Res + XNON + on + XR (6.1-2)

-

where V&gs represents the attenuation due to the 1.35 cm resonance
alone, XNON represents the attenuation from the wings of all higher
frequency water vapor lines, YOL is the attenuation coefficient

for oxygen CAppendix'A—II), and X& represents the attenuation from
all sources not specified above. For the analysis which follows, it
will be assumed that XR is negligible., On clear days, this is a
safe assumption; on days with heavy clouds, however, Xg can contrib-

ute significantly to XT o

Similar to the breakdown of YT , Tmax may be thought of
as consisting of separate contributions from each part of XT SO

that we may write
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~
where Lres 1is the zenith opacity arising from the 1.35 cm resonance

alone, For the moment, it will be assumed that ZTg.; can be determined
from measurements of tma« 3 our problem then becomes one of understand-

ing how fﬁg is related to the integrated atmospheric water vapor.

The full equation of YRK. is represented by Equation ( 2.3-6),

It may be conveniently expressed as

Yae (V, 0,7, 8) = €02 £, (7) S (6.1-4)

where C is an appropriate constant, € is the absolute density of water

vapor, 7/ is the frequency of observation, fl(T) is given by

o) = expi-é’%@—}/ﬁ'ﬁ (6.1-5)

and S is a derivative from the line shape factor. S is not perfectly
known, but can be adequately approximated for our purposes from the
van Vleck-Weisskopf expression of Equation (2.2-14). Fully written out

S is given by

1 L
= AvY 6.1-6
. [(7/-7/.)‘+ TE N (YA LS D'ﬂ‘} ¢ ‘

in which w@ is the resonant frequency for the transition (22,237 GHz)
and A+ is the half width at half maximum for the spectral line.

For pressures between about one atmosphere (~ 1000 mb) and per-

3

haps 1.5x10° mb, A+ has been shown to be quite accurately approximated

for the 1.35 cm line by
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AY/ = B *T';‘T{g (i- ¥ Xiag ig*) (6.1-7)

wheré B is an appropriate constant, P represents total atmospheric
pressure in mb, T the kinetic temperature in degrees Kelvin, and
the water vapor density in g/m3. Neglecting the small contribution of
¢ tonv , it is apparent from the above equations and the discus-
sion accompanying Figure 3-6 that for homogeneous conditions, the line
becomes narrower and more intense as the pressure is reduced. In the
atmosphere, the pressure diminishes logarithmically with height and
therefore the spectrum of Zﬂo 1s composed of a complex combination

of many different line shapes.

To overcome the problem of changing line shapes, it is desirable
to formulate a solution which either does not depend upon A2/ at all
or, at the very least, restricts its importance. At least two methods
are available which will accomplish the above mentioned goal. One is
to utilize a modification of the so-called integrated line intensity;
the other is to take advantage of the properties of the zenith opacity
weighting functions. The discussion will begin with the integrated

line intensity approach,

6.2 The Modified Integrated Line Intensity as a Mecasurement of

Total Atmospheric Water Vapor

The unmodified or normal integrated line intensity I is defined

as follows:
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OO»-
T = f——%;—la dv (6.2-1)

It is clear that, if Zﬁes can be measured as a function of fre-
quency, then I may be evaluated from these measurements.

Using Equations (6.1-3) and (6.1-4), the integrated line

intensity may be related to the water vapor distribution as

T — ¢ J;H\’F. () {job:dvz d= (6.2-2)

N

The modified line shape factor, S, is a normalized function which
when integrated from zero to infinity equals ™ . Therefore (6.2-2)

can be restated as

o
I = Cﬂ”ff’r—‘(T) dz (6.2-3)

The line width is eliminated, and the expression for the integrated

line intensity is greatly simplified.

1f, further, we choose a mean temperature T such that

B IAOET
‘/;H Cdz

,H
I = C"T FI (T) Jo ?dz (6.2—5)

(602—'4)

F(T)

then we can write
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an expression equivalent to Equation (13) in Barrettss. Rearranging
terms leads to

* Y (6.2-6)
V = Z ed’?: = CW?.(T‘) '

The problem of finding the integrated water vapor is reduced to the
determination of a suitable water vapor averaged temperature T and the

evaluation of the ares under the curve of Zmzs/é/L versus frequency.

6.2.1 The Problem of Restricted Measurements.

Since it would be impossible to measure Zres over the entire
frequency spectrum, a more realistic problem would restrict our know-
ledge of Tres to a region near resonance., This means that the limits
for # in Equations (6.2-1) and (6.2-2) must be modified. As it happens,
no set of limits are possible which cause the integration to be inde-~
pendent of the half width. Therefore, since some knowledge of the

effective half width is necessary, it is easiest to take the limits

for / as 74 t+ a9/ . Then the integration of S proceeds as
v, +84/
Sd'7/ = ﬁ/Z + Sw (6.2-7}
Y- 8%

where va is dependent upon AY but is = 0.7% of T /2 for any

reasonable choice of the half width.

Equation (6.2-6) can be modified, as a consequence of Equation

(6.2-7) to read
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vy = 21 (6.2-8)
C| ﬂ\ &\ (?)

where now I' is understood to be the value of the integral in Equation
(6.2-1) with limits modified from O and @ to - Y and V, + A:7
where A7/ 1is some water vapor weighted line width average over height.
S has been neglected because the error introduced by disregarding
it is in no way limiting. The determination of 437 and subsequently

I' will certainly be less accurate than the errors associated with gvv .

6,2.2 The Evaluation of fl(T)

The temperature factor fléf) = exp i-—644/ir /55/23 may now
be profitably analyzed. Equation (6.1-5) shows it to be the water vapor
weighted average of fl(T) in the vertical. Figure 6-1 is a plot of
fl(T) as a function of temperature. A maximum occurs in the vicinity
of 2600K which fortuitously causes the value of fl(T) to vary only
slowly over temperatures in the atmosphere where atmospheric water vapor

then an

predominates, In particular, if one chooses fl(f) = 7.67x10-8,

error equal to or less than 0.5% will occur if the actual weighted aver-

(o]

age tcmperaturc in the atmospherc is betwecen 235K and 282 K. An error
. . - -3
equal to or less than 1.0% will be caused if we choosc fl(T) = 7.63x10
. . o o
and the actual weighted average temperature is between 228 K and 293 K.

These errors are less than those to be expected from the evaluation of

AV end I'



72-

— e = e A (— — e ——— — 92 % of MaX

e o — — 98 % -
!
N
N
&
i

} t } t t } t } ; t t } 1 {
200 220 240 260 280 300 320
TEMPERATURE (°K)
Figure 6-1., The functicn fl (T) versus temperature,



-227~

6.2.3 Evaluation of I' .

The modified line intensity I' is computed from the area with
diagonal hashing in Figure 6-2, To evaluate it, one needs to know the
line shape, the effective half width, and the contributions of oxygen
and the non-resonant part of XHIO . The oxygen contribution, as
will be seen in section 6.4, can be estimated with fair accuracy. The

non-resonant contribution is not so easily deduced.

To give some perspective to what accuracies can be expected if
we knew all of the line parameters well, I' was evaluated for the
spectrum in Figure 6-2., The area was determined in each 1 GHz column
and divided by the square of the mid-frequency for that block. The
effective half width of the line was taken as the water vapor weighted

average half width for the atmosphere on that day, i.e.,

M
- ‘/‘: Pavde
AY — (6.2-9)

j;u Pde )

By using I' as determined above in Equation (6.2-8), along with

_ -8
a value of fl(T) equal to 7.67x10 , the integrated water vapor was
2 2
computed to be 1,76 g/cm versus a value of 1.73 g/cm computed directly
from the radiosonde data. Better accuracy is no doubt attainable by

a more careful computation of 1'.

The dilemma posed by the contribution to Twmax of the non-
resonant part of XWO may be approached from at least two differ-

ent directions. The first would be to attempt to determine Thon and
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subtract it from Q;ho . However, there are many approximations
necessary when this approach is used. It appears, in fact, that besides
the approximations, an iterative procedure is also needed to accurately
determine Twon

A second method of approach is to combine Tyow with Tees and

derive a new I'. If Il' is the integrated intensity using Tres and 12’

is the equivalent using Tron , then

7’4*&-7) %‘fATJ

¢ ' ‘ Tac Thow

1, = L+l = f *5‘2“‘“’ t T3 dd (6.2-10)
%-8Y V-5

S

The non-resonant absorption may be expanded as (see Equation 2.3-11)

H H
T = [t de = k7 [ 227 4, (6.2-11)

e T

where Kl is a constant and the remaining variables retain their normal
meaning. Substituting Equations (6.2~11) and the restricted interval

modification of (6.2-5) into (6.2-10) gives

fAJ "
e Sof® [ e [d [P
1}-A7} \/o \ z (6.2"12)

H

B 2 592
= £d frf—‘ (F) +vo =3 (6.2-13)
0
The integrated water vapor is therefore given by

Vo= /" - (6.2-14)
o e o bR+ ke ?TL\/VZ .
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Instead of the necessity of only estimating a function which
varies slowly with T as in Equation (6.2-8), i.e., fl(T), Equation
(6.2-14) requires a precise estimate of T because the right hand term
in the denominator is inversely proportional to T (e . Further, the

T2
same term is directly proportional to &Y ; the importance of cor-

rectly estimating AY is therefore also increased,

No doubt statistical techniques or a technique using correlations
with easily measured surface variables could be used to estimate values
for T and X for any given day's observations, However, the accuracy
of the integrated water vapor estimate V derived from Equation (6.2-14)
would probably not be greater thaﬁ that value derived from the technique
to be presented in the next section; and that technique is a great deal
more straightforward to implement. We will therefore leave this analysis
of the integrated line intensity approach for estimating integrated
water vapor and proceed to outline the composite weighting function

method,

6.3 Total Integrated Atmospheric Watexr Vapor by the Method of

Composite Weighting Functions

The &iscussion in Chapter 3 of water vapor weighting functions
for various microwave measurements pointed out and illustrated the
property of "sensitivity'. That is, at a given frequency there exists
a height at which a unit density of water vapor contributes most effect-

ively toward increasing the value of the parameter being measured.

+
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From Figure 3-4 the maximum sensitivity for 19.0 GHz occurred at the
ground, for 21.9 GHz the maximum was near 16 km, and for 22.237 GHz

the sensitivity was greatest at the top of the atmosphere.

For the purpose of measuring the total integrated water vapor,
the ideal weighting function would be a constant with height. For such
a weighting function, a given amount of water vapor at any altitude
would produce an exactly similar effect on measuring apparatus at the
ground; the parameter being measured would be directly proportional to

the integrated water vapor,

An approximation to such an ideal weighting function may be

constructed from a combination of real weighting functions by consider-

ing the following analysis:

Using the weighting function notation, the total zenith opacity

for a given set of atmospheric conditions is

H
Tho (¥) = / £ (2w, (+,2) de (6.3-1)
4}

t”xo

We define a ncw function L which is given by

&0

j o (v) Wy (4 2) dy (6.3-2)

C4

L (2)

it

- Further, we choose the a(+/) such that

L (%) = constant. 7 (6.3-3)
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Equation (6.3-1) can be rewritten, as a consequence, as

)

H o0
/a(ﬂ)T(V) dv = / f(e)la(zf) we (4 2) do/de

H
= L[ fG)de (6.3-4)

The integrated water vapor V can be separated out and written as

]

Joamtugy

AR " (6.3-5)

It is clear from Equations (6.2-1), (6.2-4) and (6.2-6) that

a{7/ ) and L exist and have the following proportionalities:

a (/) ~ —3,; (6.3-6)
L~ F.(T) (6.3-7)

The restatement of the solution for V using (6.3-5), however,

has introduced an entirely new possibility for approximating the answer
without becoming involved with the complexities which were evident from

the directly integrated line intensity approach.

This may be seen more clearly by restating the problem in terms

of a set of discrete measurements of total zenith water vapor opacity.

Let L(z) be written now as
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h(2) = 20« () Wlak e 5y (6.3-8)

3
where the glﬂ' are small frequency intervals in which the average

value of the weighting function is Wy . Choose the a, such that

JH{L(Z> _E}’“ d (6.3-9)

is a minimum, where

H
/c L(¥) d= (6.3-10)
R

|

Then the best approximation possible for the integrated water vapor

using only the set of i1 opacity measurements is given by

V__ - 2 Q (Vt')LL ("/z‘) 57/6 (6.3"11)

The value of using Equation (6.3-11) is that since the Wi are
nearly constant over widely occurring atmospheric conditions, then

the a, and L will also be nearly constant. And also, a very important

i
improvement over the integrated line intensity approach is that the

weighting functions include XNON , i.e., the only separation which
must be made after measuring Zkax is that between the oxygen and

water vapor contributions. The only task remaining is to find fre-

quencies which best satisfy Equation (6.3-9).
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Several composite weighting functions L(z) are presented in
Figure 6-3. They are constructed from combinations of weighting func-
tions whose frequencies were those monitored for the observations
reported in Chapter 4. Two of the curves in the figure (labeled 21.9
and 29,45) are for combinations of 21.9 GHz and 29.45 GHz weighting
functions. The third curve (labeled 22.237, 23.5, and 29.45) was
derived from the weighting functions at 22.237 GHz, 23.5 GHz, and
29.45 GHz. The first two composite weighting functions show consider-
sble deviations from L in the critical first two kilometers of the at-
mosphere. Undoubtedly these can be improved by optimizing the two

frequencies used in the synthesis.

The two-frequency curve which shows a deviation from L of about
5% in the first 4 to 5 kilometers was arrived at by using an exponential
weighting function to'emphasize the region of the atmosphere near the
surface of the earth where water vapor predominates. Expression (6.3-9)

was modified in that case so that

: -y -/ 6.3-12)
jo L@ -1y e ™ de ®.

was minimized, where Hs is some adjustable scale height which can be
used to determine the emphasis placed on the layers near the surface.
In the examples of Figure 6-3, HS was 5 kilometers., When Expression
(6.3-12) is used, then (6.3-~10) must also be modified to read

J:" LD e M de

T R e (6.3-13)
[ e g

L
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Summer
DATE OF INT. H20 INT. H,0

EXPERIMENT RADIOS. (g/cmz) 2 FREQ. (g/cmz) % DISC.

15 June 1965 1.564 1.563 -0.0

16 " " 1.565 1.559 -0,0

21 " " 2,771 2.688 -3.0

22 " " 1,227 1,187 ~3.2

1 July 1965 1,950 1,918 -1.6

8 " " 2.881 2.799 ~2.8

13 " " 2.067 2,011 -2.7

14 " " 3.016 2.892 -4,1

oIT) 15 " " 2.775 2,706 -2.5
. (AFCRL)15 " " 2.158 2.106 -2.4
19 " " 1.644 1.607 -2.2

21 " " 2.004 1.976 ~1.4

22 " " 2.107 2.071 -1.7

a7 " " 1.525 1,495 -2,0

28 " " 2.344 2.291 -2.3

29 " " 1.869 1.832 ~-2.0

3 Aug. 1965 2.758 2.701 -2.0

5 " " 1.886 1.834 -2.8

(1405) 10 " " 4,241 . 4,118 ~2.9
(1804) 10 " " 3.908 3.804 -2.7
(2043) 10 " " 3.280 3.200 -2.4
1 " " 3.299 3.216 -2.5

12 " " 2.405 2.333 -3.0
Average: -2.3

Winter

10 Feb, 1966 1,752 1.743 4+0.5

14 " " 1.102 1.117 +1.3

17 " " 0.318 0.321 40.9

18 " " 0.815 0.838 +2.8

23 " " 0.631 0.652 +3.3

29 " " 1.159 1.186 +2.3

3 Mar. 1966 0.691 0.694 +0.4

4 " " 3.540 3.539 -0.0

7 " " 1.134 1.110 -2.1

io " " 0.845 0.816 -3.4

14 " " 0.643 0.626 -2.6

Average: +0.3

Table 6-I. A comparison between the integrated water vapor
as determined by using computed absorption and
Equation (6.3-14), and the integrated water vapor
actually observed by radiosondes.
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Summer
INT. H20 INST. H,O
RADIOS. (g/omz) 3 FREQ. (g/cm
1.564 1.617
1.565 1.625
2.771 2.794
1.227 1.223
1.950 1.984
2.881 2.908
2.067 2.078
3.016 3.013
2.775 2.798
2.158 2.181
1,644 1.666
2.004 2.045
2.107 2,135
1.525 1.547
2.344 2,378
1.869 1.904
2,758 2.804
1.886 . 1.909
4,241 4,271
3.908 3.941
3.280 3.306
3.299 3.330
2.405 2.415
Winter
1.752 1.813
1.102 1.160
0.318 0.340
0.815 0.864
0.631 0.671
1.153 1.218
0.691 0.714
3.540 3.660
1.134 1.193
0.845 0.882
0.643 0.673

% DISC.

+3.4

Average: +1.

+3.5
+5.3
+6.9
+6.0
+6.3

P R
TV .

+3.3
+3.4
+5.2
+4.4
+4,Z~

Average: +4.9

A comparison between the integrated water vapor
as determined by using computed sbsorption and
Equation (6.3-15), and the integrated water vapor

actually observed by radiosondes.
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The three-frequency curve in Figure 6~3 deviates from L no more
than 2% at any level. It represents a remarkably constant L(z). It
was also derived by emphasizing the lower regions of the atmosphere,

but it is apparent that this was probably unnecessary.

The a (WQ) from the weighted two-frequency curve in Figure 6-3
and the a.(%ﬂ from the three-frequency curve were used on radiosonde
absorption computations to determine how accurately integrated water
vapor could be estimated if the spectral data were perfect. The results

are listed in Tables 6-I and 6-I1I.

The first table shows the results from using two frequencies
only. The «a (w%) for these two frequencies were found empirically

and have the values

Il

a(21.9) 1.672 g/cm2 ap~ !

i

a(29.45) 6.015

The equation giving the integrated water vapor is therefore

2

VvV = 1.672 L (21.9) + 6.015-C (29.45) g/cm (6.3-14)

where the T5 are in db and the a's have been adjusted such that
T=128/.

It will be noticed that all the errors for the estimated summer
integrated water vapor are low by an average of -2.3%, which of course
is to be expected since L(z) for this case is less than i in the lowest

5 kilometers. However, L(z) is low by approximately 5% in this region
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where most of the water vapor is and one must therefore draw the con-
clusion that the weighting functions which were used to construct
L(z) were probably a few percent lower than the average weighting
functions of the summer atmospheres examined in Table 6-1 to explain
some of the difference between -5% and -2.3%. This will be shown to
be more likely when we investigate the three-frequency case. If all
the estimated integrated water vapor values are increased by 2.3 per-
cent, then only three days would show errors greater than 1.0 percent.
The same cannot be said of the winter two-frequency estimations. The
error spread is from -3.4 percent to plus 3.3 percent reflecting the

effect of colder temperatures on the weighting functions.

From the results above, it is reasonable to expect that for
only two ;requencies and no adjustments of the a(v@) for temperature,
accuracies within *5 percent of the true value are obtainable year
round in a climate such as exhibited by Massachusetts. Using a ()
adjusted for temperature, the accuracy can probably be increased to

+ 2 percent, with the average error approaching zero in each season.

The results for the three-frequency estimation are listed in

Table 6-II. The & (%) for this composite weighting function are

2 -1
0.385 g/cm db

a(22.237) =
a(23.5) = 2,161
a(29.45) = 4,322

As in the case of the a's for the two-frequency L(z), the constants

above are adjusted such that L=1 &9 and therefore
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V' = 0.385:0(22.235) + 2.161:C(23.5) + 4.3227(29.45) (6.3-15)

Surprisingly enough, despite the considerable improvement in

the constancy of L(z) for the three-frequency case, the summer estimates
are not substantially better than the two-frequency estimates, If the
+1.3 percent bias is removed, there are actually more days where the
error is greater than 1.0 percent than in the two-frequency summer
results, However, the spread of the winter data is considerably smaller
than in the two-frequency winter results, even though a much stronger
bias is evident; Without seasonal or temperature adjustments of the

a (V) , there is no reason to expect better results over several
seasons than with two frequencies. With seasonal adjustments only,
some slight advantage probably lies with the three-frequency method.
More statistics are necessary to properly decide whether two- or three~

frequency observations are better and by how much,

The above results were quoted for perfect data and errors reflect
deviations of L(z) from L and fluctuations in the weighting functions
with varying atmosphere conditions. More error must be expected from
imperfect spectral data.

Some general remarks are in order about the errors introduced
by observational data. If obtaining optimum integrated water vapor
estimates is the only criterion upon which frequencies for observation
are chosen, then they should be chosen to be as low in frequency as

possible for two reasons: (1) the effects of clouds are diminished;
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and (2), equipment is more reliable. For instance, the 19.0 GHz wecight-
ing function is very similar to the 29.45 GHz weighting function used
in our experiments and would be a much wiser choice. This is especially
true when one realizes that the same agbsolute errors are multiplied by

a factor of four more at the off resonance frequency, i.e.,

Three frequencies do help to alleviate the problem of having noisy data
at one frequency. This redundancy will probably be the most important

reason to have three rather than two frequencies for observations.

No attempt has been made to evaluate the integrated water vapor
from the observations of Chapter 4 mainly because no standard of com-
parison exists for the results. However, an error analysis of a sort
can be done by using the quoted errors on observations to estimate the
uncertainty of the integrated water vapor estimates. The error which
one would expect in V when errors exist in C can be approximately

written as ) .

dv = g; (a leyyh (6.3-15)

For a day of good observing |ch| can be expected to be near 0.01 db

on all channels, Therefore, for the two-fregquency case

AV

kS

]

[ S

'L
§f1.672 ©.01)]" + [e.015 (0.01)]"1/

2
0.062 g/cn

]
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This must be considered a lower limit to the error expected due to
observational errors. For a typical day, one might expect 2 g/cmz
of integrated water vapor so that this would represent about a 3 per-
cent error, somewhat greater than that expected from variations of
L(z). It would appear that the limiting factor for most observations

will certainly be the accuracy of the spectral data.

6.4 The Oxygen Contribution to 2:%ax

Even with the substantial simplifications which Equation (6.3-11)
incorporates over Equation (6.2-8) there still remains the separation

S

of 23&0 from Cpuay -

If Equation (6.1-2) is recalled, the attenuation of radiation
from an extraterrestrial source may be attributed to several consti-
tuents in the atmosphére, We are interested in only one of these
constituents, Tyo . Following the example of Equation (6.1-2),
for any given set of atmospheric conditions, Zkax may be broken
up as follows:

Loy = Tﬂ,o 4—’00L + T, . (6.4-1)

As before 2} will be considered to be negligible. The contribution

from Z%‘ is small but never negligible, and in some cases of extremely
dry conditions (the Arctic for instance) will exceed z}Lo . Similar
to Equation (6,1-3), Té_ may be expressed as

H
Ty, = / ¥, de (6.4-2)
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X%_ may be conveniently expressed (see Appendix A-II for the full

equation) as

A

2

GPTIP T, o /AT (6.4-3)
"

where ¥,  is in db/m if P is the total pressure in mb, T is the
kinetic temperature in degrees Kelvin, 2/ is the frequency of the

penetrating radiation in GHz and C, is a constant equal to 2.015x10~3.

1
En is the energy in the same units as kT of the lower rotational state
of a given transition, each of which is designated by n, and k is
Boltzmann's constant. The summation is carried out over all transi-

tions which link signficantly populated energy states at atmospheric

temperatures.

The meaning of the Sn is given in Appendix A-II. However, a
common factor to all the terms of the Sn is the half width (assumed

to be the same for all transitions) A;DGL . Therefore, we can write

-E. . “En/RT
; Sw e A A, 7 S e (6.4-4)

where

¥ o, PT % (6.4-5)
-2

AV, ~is given in GHz when C, is 7.75x10 GHz/mb and P and T are in

millibars and degrees Kelvin respectively.

By removing the common factor of A,wéz , the 8] in the region

of 22 GHz are now almost independent of A w@t . This follows from
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Equation (A-II-4 ) and the inequalities 7/,\ = 2/ and 2/ = 7A7/0;_
where the 74‘ are the rcsonant frequencies of the oxygen transitions.
The summation remaining is a function of temperature through the
Boltzmann term. Figure 6-4 is presented to illustrate how the value

of the summation from the r.h.s. of Equation (6.4-4) bchaves as a
function of temperature. It is very closely approximated by a linear
function of T . Therefore, from Equation (6.4-5) and the discussion

above, Equation (6.4-3) may be rewritten as

XDL, (V= cowsmm) = (P T8, 0Ty (6.4-6)

wvhere, for xi in db/m, C ig given by

3

¢, = C (7= 55X T A (6.4-7)

and 2/ is in GHz. At 19 GHz

C 0.012

4

c 1.725x10°° .

5

"

Up to Equation (6.4-6), the approximations may have been quite
accurate, introducing very little error. Figure 6-5 compares the com-
putations of total zenith opacity due to oxygen by the full equation
(6.4-3) to that from (6.4-6) for a number of radiosonde runs. The
small systematic error of 0.0008 db results from ignoring the pressure

dependence of @ from Equation (A-II-8 ).

Despite the simplifications of Eguati we arce in no

better position to simply estimate the oxygen zenith opacity of the
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atmosphere, Certainly if measurements of the vertical profile of
temperature and pressure can be made in order to use (6.4-6), the

water vapor can be measured also. The only convenient parameters which
will be measurable at a radiometer site wiil be surface pressure and
temperature. Therefore it will be necessary to use these as inputs to

any scheme which estimates the contribution of Zb‘ to  laayx .

e

In order to produce such a scheme, several assumptions are neces-
sary. First, we assume that all of the attenuation due to oxygen near
22.2 GHz occurs in the lowest 12 km of the atmosphere. This is reason-
able for two reasons: (1) at the height of 12 kilometers in the Standard
Atmosphere, 1962, the pressure is about 20 percent of the sea level value,
This introduces a factor of 1:5 for attenuation in regions above and
below this level. (2) the effective pressures in the two regions are
approximately in the ratio of 1:4 introducing another factor of 1:20 in
the strength of %L above and below 12 km because of its dependence
on pressure squared., The two factors taken together represent roughly
an effective attenuation in the two regions of about 1:100 disregarding

temperature effects.

Second, we assume that pressure decreases exponentially with

altitude with a scale height of 8 km, i.e.,

-z (6.4-8)
P (?.) = ?x e /“P

where H = 8 km, and Ps is the surface pressure. The average pressure

~

over this region is approximately given by
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"y,
$ _ 0/0 P$ e C\% _ HP ?8 ")?./HP>

2 —_ 12
J/ de
o

=~ v/2

P,

(6.4-9)

The validity of the assumption of an exponential decrease in pressure
is investigated in Figure 6-6. The two radiosonde curves mark the
extreme summer and winter profiles of pressure versus height. For the
first four to six kilometers the approximation appears to be a good
average of the extremes. At higher levels the scale height changes
because of decreasing temperature and the fit is not as good. Never-

theless, we will retain the approximation at all levels.

The third approximgtion will be that the temperature decreases
linearly with height at a rate near 6.50K per kilometer up to the 12 km
limit. This is approximately true for mean atmospheric conditions.

To establish an average temperature which is meaningful for Equation
(6.4-6), we must take into consideration that its ?mportance 1s asso-

ciated with the pressure squared,

If

T =T +1z (6.4-10)

in which TS is the surface temperature, ¥ 1is the vertical gradient
of the temperature equal approximately to -6.50K/km, and T(z) is the
temperature at the height z, then a pressure squared weighted temper-

ature is given by
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1 _1%@P
/opf e (Ts +nz)dz
a[)fz?‘_‘ e-z?./HP dz

= T -b

~l

(6.4-11)

o
where b = 22 K for an atmosphere whose vertical temperature gradient

is-6,55K/km.

I1f we substitute these average quantities for P and T into
Equation (6.4-6) and the result into (6.4-2) with the full realization
that the averages ignore such possibilities as systematic correlations
between themselves, deviations from the model, and are, therefore, only
rough approximations to the real“averages, we have a tentative approx-
imation for the oxygen attenuation. It requires only that we know the
pressure and temperature at the observation site. The general expres-

sion is

Z’Ol (7/: C,onﬂ”) = %Xol (5,?)1 -'t/\ (6,4—'12)

12 - 3
——-{Qa - (Te-b) [Cq +Cs(Ts-b)]§ X dhs 13y

- "2
Ly, at 19 GHz is in db when C, = 5.60x10 © and C, and C/ are the
same ag before., The constants a, b, and f are, from our previous

o
analysis, approximately equal numerically to 2, 22 K and 3.85 respect~

ively.
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Empirical values of a, b, and f were found which produced the

best overall correlation between the approximate 2} calculated

T

from Equation (6.4-13) above and the full equation from Appendix II
for the 34 radiosonde runs reported in Chapter 4., The results showed
that it was necessary to change the temperature exponent from 3.85 to

a lower value, This changed the value of C, considerably, The final

3

approximate equation, valid only at a given frequency v/ , can be

written as

2 -f
Z'OL (?/T—‘ COWST) = C(o?s (Ts-k) [t4+c5(T"b>} (6 4-14)

In the equation, C6 incorporates the constants C

gration height of 12x103 meters from Equation (6.4-13). For /= 19 GHz,

3 and a, and the inte-

and Z@ in db, then pressure is in millibars, temperature is in

degrees Kelvin, and the various constants have thc following values:

C = 0.012

4

-3
05 = 1,725 x 10
- G

c. = 6.7x 102 19 GHe

6

p = 21%

f = 2.40 “)

A comparison between Zq_ as calculated from Equation (6.4-14)

and the full equations in Appendix II is shown in Figure 6-7. The max-
imum deviation between the approximated and non—approximated values is

2.4 x 10_3 db for all of the summer and winter radiosondes reported in
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Chapter . The root-mean-sqguare error is approximately lxlo~3 db.
The mean vaiue of 72&, is about SOxlO"3 db so that a mean error of
about 2% can be expected from using Equation (6.4-14) around the
Boston area. For other regions, 06 , b, and f will no doubt need to

be optimized again.

The decrease in the temperature exponent f from 3.85 in Equa-
tion (6.4~6) to 2.40 in (6.4-14) can be attributed to systematic cor-
relations betwecen surface temperature and: (1) the pressure scale
height; (2) the vertical lapse rate of temperature; and (3) the opti-

mum surface temperature.

&

The most obvious correlation is between surface temperature
and the vertical scale height of pressure Hp . When the surface tem-
perature is cool the entire atmosphere tends also to be cool., And
since the separation of constant pressure surfaces is directly pro-
portional to the mean temperature in the layer, the pressure drops
more rapidly in height for cooler atmospheres, i.e., the scale height
diminishes. This may be seen in Figure 6-~8. The pressure is lower

at 10 kilometers for lower surface temperatures.

The effect produced by such a correlation can be seen from
Figure 6.6. Everywhere the approximate exponential value of P(z) is
greater than the P(z) measured for the cold winter atmosphere. The
average pressure is therefore lower for the cool atmosphere than in
the exponential approximation and TQL estimated from Equation

s~

(6.4-14) is too high. Therefore, for low surface temperatures Lo,
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estimated from (6.4-14) is too high; and conversely, high surfaces
temperatures result in an estimation of Z}L from (6.4-14) which

is too low. To correct this the exponent of (1/T) must be reduced.

The second correlation exists between the temperature lapse
rate and the surface temperature and is plotted in Figure 6-9. The
tropopause temperature variations are less than the surface tempera-
ture variations. Therefore the average temperature lapse rate must
be higher for higher surface temperatures. That is what appears in
Figure 6-9. The average temperature which Equation (6.4-14) assumes
is always given by (TS - b) where b is a constant. Quite obviously,
b should be greater for larger lﬁpse rates and less for smaller lapse
rates. The effect of leaving b constant is to provide average temper-
ature estimates to Equation (6.4-14) which are too high for high sur-
face temperatures and too low for low surface temperatures. The

effect on Lo estimated from (6.4-14) is the same as for the

2
pressure-surface temperature correlation. The remedy is also the

same; decrease the temperature exponent f.

Finally, even if all lapse rates were constant, the use of the
surface temperature TS as measured at the observation site will not
be an optimum value for the lower boundary of a constant lapse rate
approximation, Shallow inversions in winter, for instance, will
produce a value of TS which is much too low to be representative of
the entire atmosphere. Also, in summer, many times there are shallow

layers which have a lapse rate considerably greater than the average
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for the remainder of the atmosphere, again causing the surface temper-
ature to be unrepresentative of the mean temperature. This misrepre-
sentation is correlated with surface temperature as shown in Figure
6-10. An optimum surface temperature was determined by extrapolating
to the surface the best straight line fit through a day's temperature
profile. Systematically, the surface temperature tended to be lower
than this optimum in cold surface temperature days and above the opti-

mum on warm surface temperature days. The effect on T, estimated

2
by Equation (6.4~14) is again to reduce fol below its true value

on warm days and to increase it above its true value on cold days.

The remedy is once more to reduce the exponent f.

The result of all three correlations has led to the adoption

of the exponent of (1/T) as 2.40,

Equation (6.4-14), with the values of the constants quoted, is
valid at 19 GHz only. To extend it to values through 32 GHz, the

following empiricel formula is accurate to within 0,001 db:

Ty, (v) = To, (- "?GH%)gz.zzq-zms(l,é) (6.4-15)

+ rdge (X g

!
where the frequency 7 is in GHz,
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Chapter 7

THE ABUNDANCE AND VERTICAL DISTRIBUTION OF WATER VAPOR FROM

TOTAL ZENITH OPACITY SPECTRAL MEASUREMENTS NEAR 22.2 GHz

Before the full potentialities of satellites are achieved for
meteorological surveillance, satisfactory schemes must be perfected
which relate the radiation data which a satellite might measure to

the parameters of interest to the meteorologist.

A great deal of work on inversion schemes has already been

done. Geophysical quantities which appear to be recoverable from radia-

5 50,51,52,5
tion data are: atmospheric temperature3 »49,50,51,52, 4; the amount

55
and vertical distribution of ozone ; the amount and vertical distri-

31,56,57,60

bution of water vapor ; the spatial extent and liquid water

62

nD8
"“%; the

56,61 57
content of clouds® ’ ~; surface temperature ’ ~; sea 'state

51
thickness of constant pressure difference layers ; and the existence

b4

6
of trace gases 3.

The work so far accomplished to recover information about atmo-
spheric water vapor from satellites has been done mostly in the infrared,
primarily because instrumentation has been available for a long time
and because the instrumentation is simple and compact lending itself
to satellite packaging. Méller60 for instance, has shown how to relate
the radiation received at a satellite in the 5.8 to 6.8 micron band to

the mean relative humidity of the troposphere if the temperature profile
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ig known. Modifications of thig method have been used by Rashkes7 to
evaluate radiation data from Tiros IV in order to provide global mean

relative humidity maps of the upper troposphere (above 500 mb).

The infrared spectral region, however, suffers from a serious
limitation when it is used to study atmospheric water vapor. The
limitation is imposed by clouds. Even thin clouds are opaque to
infrared radiation and therefore limit the region of the troposphere
able to be explored by infrared sensors. When hemispheric pictures
of the earth taken from space are analyzed for percent cloud cover,

it is quickly evident how much of a handicap this is.

The microwave region of the spectrum, on the other hand, has
the advantage of spanning a zone of frequencies within which clouds
at the lower frequencies are essentially transparent and at the higher
frequencies are opaque. Below about 30 GHz (1 cm) clouds rapidly lose
their ability to absorb and scatter radiation; at higher frequencies
they rapidly become opaque. Quite fortuitously, the lowest frequency
water vapor resonance is centered near 1.35 cm and is therefore little

affected by ordinary cloud cover.

This has naturally led to the suggestion that microwave radio-
metry eventually should be the most useful tool for determining infor-
mation about atmospheric water vapor from satellites. This is probably
true, but first, a satisfactory inversion scheme must be perfected
to relate the measurements to the water vapor distribution. This is

not an easy problem. Besides the inherent problems of stability from
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which many inversion schemes suffer, there are the added problems of
the background radiation and clouds, both of which must be properly
handled if accurate water vapor information is to be extracted from

the data.

The former problem has been touched upon in Chapter 3 and
Appendix A-III. The problem of clouds has been studied by StaelinSG.
He has shown that the weighting functions for certain frequencies
above and below the 22.2 GHz resonance are almost identical in the
absence of clouds., However, the spectral effect of clouds is propor-
tional to 1/ . Therefore, measurements which would otherwise be
similar at the two frequencies are modified in the presence of clouds.
The modifications contain information about the clouds which may be

used to correct the spectral data.

0f the types of microwave measurements presented in Chapter 3,
the satellite measurements for the reasons given above will be the most
difficult to invert for information about atmospheric water vapor.

The surface based measurements of the brightness temperature spectrum
will be the next most difficult to invert. They do not have the com-
plex question of a variable background to contend with, but they are
inherently non-linear because of the role of temperature in the absorp-
tion coefficient and in the source function. The brightness tempera-
ture can never exceed the temperature of the atmosphere; therefore,

as the water vapor abundance increases, the brightness temperature near

the center of the line will at first increase approximately linearly,
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then asymptotically approach the kinetic temperature of the atmospheric
water vapor, However, the brightness temperature observed at frequen-
cies in the wings of the line will seldom, if ever, depart from a linear

relationship with water vapor. The result is a nonlinear spectrum,

The simplest of the measurements discussed in Chapter 3 to invert
must be the zenith opacity measurements; they are very nearly linear
in water vapor density for the concentrations found in the atmosphere.
Despite their relative simplicity, they retain many of the difficulties
and problems which must be overcome if any set of spectral measurements
are to be inverted for the vertical distribution of water vapor. There-
fore, the problem of the inversion of opacity'measurements has been

chosen as the subject of investigation for this chapter.

7. 1 The Optimum Linear Estimator

The scheme outlined below was suggested by Rodgers43 for the
problem of inverting infrared spectral data to yield a profile of the
atmospheric temperature. The form which will be presented for water

vapor was suggested by Staelin84.

Recall the shape of the zenith opacity weighting functions.
Certain frequencies are more sensitive to water vapor at a given
height than other frequencies. That is, if the water vapor is in-
creased at say 16 km, the opacity measured on the ground at 21.9 GHz
will be relatively strongly affected whereas the opacity measurement

at 19.0 GHz will be relatively weakly affected. If, on the basis of
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measurements at these two frequencies alone, we were forced to choose
a water vapor distribution, the choice at 16 km would naturally rely
more heavily on the 21.9 GHz measurement. At levels near the surface,
we would most likely rely just as heavily on both frequencies. Using
the same reasoning and utilizing the quasi-~linear nature of X“to
with respect to water vapor density, we can write for any given level
zi in the atmosphere a best estimate of the water vapor at that level
based upon measurements of zenith opacity at j frequencies at the

ground, i.e.,

*
9‘; = z D;j d‘j (7.1-1)
§ .

where 6? is the estimated mean density in the i th layer in the

atmosphere, the d, are the opacity measurements and, Dij is some linear

J
operator which transforms the spectral data to an estimate of water
vapor. The Dij change with height not only because § diminishes with

height but also because the sensitivity of the various frequencies

change with height.

Equation (7.1~1) as it stands does not provide a unique solution
for the QL* because for every set of dj opacity measurements there
can be an infinite manifold of water vapor distributions which would
produce those measurements. What is needed is a condition on the Dij
which defines the optimum estimate of the water vapor distribution

given a set of spectral measurements dj . A logical condition which

suggests itself is to choose the Dij such that the most probable water
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vapor distribution which will produce a given set of dj's is estimated.

This condition can be written symbolically as the minimization of the

expression

E[(i*-i)t (?**?)1 = E[Q] (7.1-2)

where the once underlined quantities are column vectors, the symbol E
represents the expected value or statistical average of the square
bracketed quantity, the superscript t stands for a matrix transpose,
and e: and Q; are the estimated and real water vapor densities
in the i th layer in the atmosphére. Simply stated, Equation (7.1-2)
requires that the mean squared error between the estimated water vapor

and actual water vapor density be a minimum in the statistical sense,

In order to utilize the condition established in expression
(7.1—2), rewrite E* in terms of the matrix D (double underline

identifies a matrix) and the data vector g :

Q =[ 4°0°Dd - §°Dd ~d*D S +_€_*_¢] (7.1-3)
o v
The condition for mipimization becomes
—‘?—E[—@] = 0 (7.1-4)

3 bcj

The result for any given ij is

0O = E[di Eé + Cj_tgt clj - §’j d; ~de ?5] (7.1-5)
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which can be restored to full matrix notation as

p =E[Dad" -€a°] . (7.1-6)

For the equality to be satisfied Equation (7.1-6) requires that

}:E[édﬂ - E[827] | (7.1-7)

D is not a random variable and therefore has been removed to the
outside of the statistical average brackets. If we define & data

correlation matrix €, such that

=d
7 (7.1-8
Ca= E[C}_C_\tl )
then a formal solution to the operator D may be written as
. y .
D = i E[24] (7.1-9)

A straightforward method of evaluating the r.h.s. of Equation
(7.1-9) would be to simply simultaneously monitor the spectral features
of the atmosphere and its water vapor distribution in some suitable
manner to establish the statistical aversges of the required correla-
tions. This would not require any knowledge of the atmosphere-spectral

data relationship but would be a costly and time consuming endeavor.
P y

Another method which would eliminate the necessity of the
simultaneous radiometer measurements would rely on the known relation-

ship between atmospheric conditions and the spectral data to establisgh
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the needed correlations in (7.1~-9). 01d radiosonde data would be as

- usable as new date to establish approximations to the statistical
averages. Further simplification ensues i1f the quasi-stationary nature
of the weighting functions are utilized. TFor that case a noiseless

data vector can be written as

do = WE : (7.1-10)

\

where W is composed of elements “ij which are average values of the
weighting function at a given fredquency 7? , over a vertical interval
in which the average water vapor density is Q. , multiplied by that

vertical interval AZ; .

The total noisy data vector can be written as

d = _g\_p + n (7.1-11)

" where the nj are the expected noise levels in each radiometer channel,

The data correlation matrix becomes

(7.1-12)

If there is no correlation between the noise and data, then Eguation

(7.1-12) reduces to

g_,_d = E [dod:]'\' E r\\nt]:g:o + Q_h (7.1-13) A

in which C and C are the noiseless data correlation matrix and the
=0 =N

noise correlation matrix, respectively. If the noise is uncorrelated
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" from channel to channel then

g:“ = [ Ny N Sv;] (7.1-14)
where Sr; is the Kronecker delta,
Using Equation (7.1-10) go may be written as
£° = & [é_a__c_Lf} = £ [\éf.if_t,}_é_é’]
(7.1-15)
= WeE[Ew = Wiy

where a water vapor correlation matrix C¢ has been implicitly defined.

a

-Finally, the statistical average of the water vapor data corre-

lation required in Equation (7.1-9) may be found from radiosonde data

alone by making the substitution

(7.1-16)
The last expression results if there is no correlation between the
water vapor distribution and the noise in the measurements.

If we draw everything together, the solution of 2 may be re-
written as

(7.1-17)

where C

are defined in Equations (7.1-14), (7.1-15),
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(7.1-10), and (7.1-15) respectively.

Equation (7.1-1) together with the definition of D given in

(7.1-17) will be known as the Optimum Linear Estimator (OLE).

7.2 The Implementation of and the Results from the

Optimum Linear Estimator.

Several of the important features of the OLE include: (1) data
need not be only radiometer data; it can be anything which is corre-
lated in some manner with the distribution of water vapor; and (2),
no relationship between the number of data points and the number of

estimation levels is implied.

The first feature has been utilized for the results presented
further on by using the measured surface water vapor density as a data
point, This would normally be easily measured and is certainly an
important piece of information in the estimation of the water vapor

profile,

The second feature is helpful in easily establishing the opti-

mum number of data channels to use,

The proper evaluation of the expected values of the various
correlations which are part of the solution to 2 require an infinite
number of atmospheric soundings. Unfortunately, for the analysis
which ensues, there were available only 34 atmospheric soundings,

a rather small statistical sample to say the least. Nevertheless,
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it is possible to portray the characteristics of the OLE in broad

terms even with such a small sample,.

Most of the atmospheric water vapor is in the lowest two or
three kilometers of the troposphere, and therefore we have extended
our predicted values of £ to only 10 kilometers. The water vapor
estimates are the average values over one kilometer slabs plus some-
times the surface value. Therefore the index i runs normally from 1

to 10, or 1 to 11,

The number of data channels ig varied from two to five. For
illustration, if five channels are used and eleven layers, then the

size of the various matrices would be the following:

d: 5x1
€ : 11 x1
D: 11 x5
g : 11 x 11
go’ go : >x5

LU 5 x 11

The weighting functions used throughout the analysis are aver-
ages of the weighting functions for all of the days with radiosonde
dats in a given season. In Figure 7-1, these average values are
plotted. For the summer data, mostly information from channels at
frequencies of 21.9 GHz, 23.5 GHz and 29.45 GHz were used. They

appear as solid curves in the figure. For the winter data, mostly
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information from channels at frequencies of 19.0 GHz, 22.235 GHz and
23.5 GHz were used. They appear as dashed lines in Figure 7-1. The
summer to winter variation in the 23.5 GHz weighting function may be
noted; also to be noted is the closc similarity between the 19.0 and

29.45 GHz weighting functions.

There are several parameters which can be varied in the OLE
scheme; the amount of expected noise; the number of data channels;
and the atmospheric statistics. We will investigate,in a series of
subsections, the effects of varying each of these parameters. And
finally, several days of real data from the observations reported

in Chapter 4 will be inverted and analyzed.

7.2.1 The Effects of Expected Noise on the Results of

the Optimum Linear Estimator.

The data which is recovered from atmospheric spectral observa-
tions is never perfect. Even if the atmosphere were perfectly strat-
ified and unchanging in time, random noise would still be introduced
by the radiometer. Therefore, of utmost importance is to know how
any inversion scheme reacts to the errors which are inevitably intro-
duced.

The QOLE considers noise as a quasi-weighting function for the
data received. If the scheme éxpects no noise, then the inversion
will use the data to produce the most detailed estimate of the water

vapor distribution of which it is capable. If noise is expected in
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the data, the OLE treats the data more skeptically, relying more on

the mean statistics of the atmosphere which are contained in c .

To illustrate the effect of expected noise on the 2 operator,
consider Figures 7-2 and 7-3. Figure 7-2 plots the 2 matrix when no
noise is expected. At any level, it is evident that the difference
between values which contain large numerical factors will determine
the estimated value of the water vapor. Small errors in any one

channel will cause large variations in these estimates.

In Figure 7-3, the D matrix has been calculated under the

assumption that the statistical average of the random noise in each
channel is 0.005 db., Notice the drastic reduction in the abscissa
scale, The expectation of a little noise has stabilized the solution

substantially. Small errors in any one channel are much less impor-

tant if the noise stabilized D operator were to be used.

To illustrate the effect which noise has on the water vapor
estimate itself, Figure 7-4 has been prepared. The solid curve is
the radiosonde profile; the dotted curve is a result of using the D
operator which expects no noise; and the dashed curve portrays the
expected water vapor profile when noise is expected in the data., The
data input was that calculated from the radiosonde information; it

was therefore essentially noiseless data.

The noiseless inversion is particularly good. It picks up the
inversion near the surface and faithfully fdllows the abrupt change

in the vertical gradient between three and four kilometers in height,
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It even follows the trend of the data in the highest four kilometers.
The noisy inversion is good but many details are lost: the inversion

is gone, and the profile is considerably smoothed.

A general feature is evident in the smooth profile: for small
values of noise the noisy inversion always tends to the shape of the
mean profile of water vapor contained in the diagonal terms of g e .
This can be understood by realizing that the noise correlation matrix

Cn contains only diagonal terms, and when added to 90 tends, for small

values of noise, to enhance the diagonal terms of go' These contain
information about the mean profile. Infinite noise would drive the
solution to zero everywhere. This last feature is undesirable and
can be remedied by predicting only deviations from the mean profile
instead of the complete water vapor curve. Then a 2 operator which
assumes infinite noise merely returns the mean profile, as it should

when no new information is available.

The integrated water vapor may be easily computed from the
estimation of the water vapor profile and compared to the radiosonde
results. In Figure 7-4, it can be noted that the radiosonde reported
3.28 g/cm2 of integrated water vapor, the noiseless estimation pre-
dicted 3.26 g/cmz, and the noisy inversion showed 3.24 g/cm2 of inte~-
grated water vapor. The reduced estimation by the noisy inversion is
a result of forcing the solution toward zero. A scheme predicting
deviations from the mean profile would always force the integrated

water vapor toward the mean value,
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Figure 7-5 compiles the statistics of the effect of noise on
integrated water vapor. As noise increases from zero in the radio-
meter data and 0.3 g/m3 for the surface value, to 0.05 db in each
radiometer channel, the scatter between estimated values and radio-

sonde values becomes greater, but not drastically.

The effect of noise on the accuracy of the vertical distribu~
tion of water vapor may be assessed in Figure 7-6. The average inte-
grated water vapor in a one kilometer slab determined from the radio-
sonde information was compared to the predicted values of average
water vapor density in each slab. The average absolute percent dis-
crepancy is plotted for each one kilometer slab. The changes due to
increased noise show mostly as a change in the maximum error from the

top of the profile to a level nearer five or six kilometers.

A winter profile of moisture with two matching inversions is
shown in Figure 7-7. Again, noise tends to cause & loss in the ability
of the inversion to follow the original profile and drives the inte-

grated estimate towards zero.

7.2.2 The Effects of the Number of Data Channels

on the Results from the Optimum Linear Estimator.

The information which one obtains sbout the atmosphere from one
channel is, of course, a statistically independent parameter. However,
the information from two or more channels is obviously correlated and

therefore there is redundancy. The degree to which channels are inde-
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pendent of each other may be qualitatively assessed from the weighting
functions of Figure 7-1. The channels near resonance (21.9 and 22,235
GHz) emphasize the upper parts of the troposphere whereas the channels
in the wings (29.45, 19.0 GHz) emphasize surface layers. Any combina-
tion of channels which are in the wings and near resonance should show
a maximum of statistical independence and therefore provide the most
information possible with just two channels. The weighting function
at 23.5 GHz is quite obviously not a linear combination of the extreme
weighting functions, but the broadness of its maximum precludes it
from adding a great deal of new information to the other channels.

If the surface pseudo-weighting function were. to be plotted, it would
appear in Figure 7-1 at the surface as a one meter thick slab., It
therefore carries little redundant information and is a valuable data

input.

The effect of having the surface data point is illustrated in
Figure 7-8. A strong inversion of moisture occurred on this day.
Without the surface data point the inversion would have been undetected
and a large error would have occurred in the estimation of the surface
water vapor concentration., It should be noticed, however, that the
integrated water vapor estimate is slightly better for the scheme which

does not use the surface data point, a fact which is generally true.

Figure 7-9 compiles the effect of reducing the number of data
channels from four including the surface, to three and then to two,

the last two without the surface data point. An interesting effect
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occurs when the surface data point is dropped. The absolute average
percentage error at the surface is almost twice as large as -in the two
onc-kilometer layers just above the surface., This is due, of course,
to the effect which the solid earth has upon the water vapor in the
boundary layer. Little differences of significance occur above the
surface indicating the small effect which both the surface data point
and 23.5 GHz data pcint have in this region. The maximum error remains

near six or seven kilometers for all three cases.

The variation of the number of input channels for the noiseless
case has little effect on the estimation of integrated water vapor.
In Figure 7-10, the inversion usfng three frequencies (21.9, 23.5,
29.45 GHz) and the surface water vapor density shows a slightly larger
spread of errors than the three frequency case without the surface.

Also, little deterioration occurs when the 23.5 GHz channel is dropped.

7.2.3 The Effect of Imperfect Atmospheric Statistics on

the Results from the Optimum Linear Estimator

To investigate the role which the atmospheric statistics play
in the inversion scheme, a winter set of radiosonde absorption data
was inverted using statistics which were heavily weighted towards a
summer situation. In Figure 7-11, data from a day in the winter which
had a very small amount of water vapor was inverted using weighting
functions, mean profiles, and statistics which were derived from

mostly summer radiosondes. The results show some degradation in the
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estimates of the vertical distribution and total amount of water vapor,
but surprisingly little. An inversion using winter statistics and

weighting functions is also plotted for comparison,

7.2.4 Inversion of Real Radiometer Data

If one were to simply inve?t the spectral data collected and
reported in Chapter 4, it would be difficult to evaluate the results
since, as has been shown in Chapter 4, the radiosonde data is not a
good standard of comparison. Therefore two days of spectral data
which have reasonably closely matched radiosonde absorption spectra,
have been chosen to illustrate the inversion of real data. One day

is in the summer, the other is a winter day.

Figure 7-12 shows the inversion of real radiometer data for
the summer day. The inversion profile is derived from a D matrix
which expected 0.05 db of noise per chamnel and an error in the ground
measurement of water vapor density of 0.3 g/ms. Because of the high
level of noise expected, the inversion shape approximates the mean
profilé and therefore misses most of the secondary variations in the
curve of the real profile., The integrated water vapor estimate is
hiéh by 4.7%. However, the radiosonde absorption was about 3.3% below

the observed attenuation. This could mean that the integrated water

vapor estimation error might have been less than 4.7%.

The winter inversion is shown in Figure 7-13. Two large inver-

sions of water vapor are not detected. Again the shape of the inversion
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curve is constrained by the expected noise to a profile similar to
the mean. The integrated water vapor is low by 16.5%. However, the
mismatch between observed attenuation and radiosonde absorption
amounted to approximately 18.4% so that it is difficult to assess the

true significance of this poor estimation,.

It is clear that the fine structure in the atmospheric water
vapor profiles will not be recoverable from the radiometer data. And,
it is clear that with noisy data, most of the major variations from
the mean profile will also be difficult to detect. However, the inte-
grated water vapor and general profile, even with noisy data, should

IN

be generally accurate and for most meteorological purposes quite useful.
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Chapter 8

SUGGESTIONS FOR FUTURE RESEARCH

A great deal of work remains before the full potential of micro-
wave measurements applied to meteorological problems is achieved.

However, the outline of where we should go from here seems rather clear.

A number of major problems, both theoretical and experimental,
need to be investigated. Among the theoretical problems, perhaps the
most basic one is: what is the true expression for the line shape?

We have built up semi-empirical expressions in order to approximate and
interpret the measurements we can“and do make. The application of any
theory to the atmosphere eventually rests on the assumption that the
line shapes we use are adequate when we know, in certain cases at least,
that they are not. It seems that the fine experimental work of Becker

and Autler on the line shape, done now over twenty years ago, should be

repeated, refined and extended.

A second major problem is associated with our inadequate know-
ledge of the true statistics of atmospheric water vapor. What are the
mean spatial and temporal fluctuations of the moisture field during
given weather and climatic regimes? Information of these quantities
could give some idea of the optimum performance which we can expect
from any radiometer measurements and hence a realistic goal to work
toward in radiometer design. The answers are of equal importance to

radio astronomers who intend to build and operate large spatial arrays
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of antennas and who further want to correlate the signals from these
arrays. Random fluctuations in the moisture field over scale sizes
small with respect to the array size means random fluctuations in the
relative phases of the received signals, There may be some atmospheric

regimes which are highly unfavorable to such measurements.

There are several ways of getting an idea of the statistics
which we need. There exist data which consists of many closely spaced
(~10 minutes apart) radiosonde runs. The correlation of data from
flight to flight can give us some idea of the spatial fluctuations of
the moisture field for the scale size represented by the wind speed
times the delay between flights,~and of the temporal fluctuations on
time scales greater than the delay time. More satisfactory for accuracy
and resolution would be measurements taken by any one of the several

refractometer equipped aircraft over the U.S. Flight patterns could be

tailored to provide the best possible coverage for a given situation.

The use of radiometers mounted on satellites to monitor water
vapor over the oceans introduces several unsolved theoretical problems.
One concerns an adequate method of tresting the background radiation
from the sea. We are not entirely clear on the microwave properties
of the sea under ideal observational conditions, especially the depen-
dence of emissivity on temperature. And for rough, frothy, seas, we
are as yet unable to satisfactorily predict what a radiometer would
see, or conversely, what a given observed spectra should be interpreted

as in terms of the state of the sea surface. Measurements of actual
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ocean water under carefully controlled laboratory conditions seems
necessary to answer the emissivity problem. Correlation between obser-
vations and sea conditions might throw some light on the sea state-

expected spectra relationship.

Further, when the background radiation problem has been solved,
there remains the task of integrating it into an adequate inversion
scheme for space based observations. The Optimum Linear Estimator out-
lined in the previous chapter is an important step forward in the
direction of eventual solution to this problem. Even though its linear
nature is a great simplification in any inversion procedure, some of
its basic features no doubt will be important features in the inversion
of the brightness temperature spectra measured from the ground and from
space. In particular, the feature which uses atmospheric statistics and
expected noise to stabilize the solution is no doubt applicable to the
more general nonlinear inversion scheme, the feature is a most satis-
factory means of incorporating the enormous amount of information about
the atmosphere which we have so assiduously collected over the last one

hundred years or so.

Improvement of the OLE is also a distinct possibility. As men-
tioned in Chapter 7, the solution as outlined drives the estimated
water vapor profile toward zero instead of the mean for increased noise,
This is undesirable. The solution can be and was reformulated in one
of the several ways in which the estimation approaches the mean atmo-

spheric profile for large expected noise levels in the radiometer data.
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The estimations resulting from the scheme were very much inferior to
the scheme outlined in Chapter 7. The reasons for this are not clear.
More should be done to bring the solution to the form which returns the

mean profile for infinite noise.

Another area for future theoretical, numerical, and experimental
work is with the interpretation of spectral observations taken in the
presence of clouds. In this thesis clouds were treated rather cava-
lierly; almost as if they did not exist. They do exist; they existed
on many days of the observation taken in Chapter 4; and they will
always be part of the spectral data which will be taken from satellites.
No doubt considerable information of the role of clouds in spectral
observations near 1 cm is still contained in the data collected and
reported in Chapter 4. A good starting place might be to reevaluate
that data for information about how cloudy situations should be inter-
preted. And certainly, numerical experiments using theoretical cloud
models can be devised to explore further the role which clouds will
play in a satisfactory spectral data inversion scheme for opacity or
brightness temperature. The most logical place to start is with OLE

and the data of Chapter 4.
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Appendix A-I

Water Vapor Rotational Spectral Line Parameters

On the following pages, all the needed constants appear which
are necessary to compute the absorption for the 54 lowest frequency
rotational spectral lines of water vapor. An asterisk means the fre-
quencies have been experimentally determined. Otherwise they are
taken from Ghosh and Edwards77. Term values are taken from Dennisons.
Line strengths are those computed by King, et al? Line widths for air
are those which Benedict and Kaplan19 computed for nitrogen without
correction. The temperature exponents are also from Benedict and
Kaplanlg. The line widths in water vaﬁor are from the later work of
Benedict and Kaplanzo on oxygen and water vapor. Values in parentheses
in the Line Strength column are estimates from graphs drawn on the
basis of the tables of line strengths for various asymmetry parameters
computed by Wacker and Prattog. The numbers in parentheses in the last
three columns are estimates for the lines involved based on averages

over similarly arising lines.



TABLE OF WATER VAPOR ROTATIONAL SPECTRAL LINE PARAMETERS

LOWER TERM UPPER TERM LINE WIDTH LINE WIDTH LINE WIDTH
FREQUENCY (MHz) TRANSITION  PARITY 4 _, LINE STRENGTH (AIR) (AIR) (WATER VAPOR)

VALUE (cm) VALUE (cm) em™ ! atm™t TEMP., EXP, em™t atm™t
22,235.22: 5,0 —> 61 €0 -+ oe 446,39 447 .17 0.0549 .09019 . 626 0.4777
183,310.12 2.0 3, ee = 00 136.15 142,30 0.1015 . 09600 . 649 0.4937
323,158.5 S 10,4 oe —+ eo 1283.02 1293.80 (0.087) .07652 .42 0.4012
323)758,1 4,q 5.9 ee - 00 315.70 326.50 0.08921 .09292 .619 0.5071
377,418.0 3 4 eo - oe 212,12 224.71 0.1224 .09480 .63 0.5280
389,708.8 11, 10, ee = 0o 1525, 31 1538,31 (0.068) 0702 .33 0.3807
435,874.3 ST Tgq ee - 0O 1045,14 1059.68 (0,082) .0500 .29 0.2648
437,673.0 556 64 oe -~ eo 742.18 756.78 0.0987 (.059) (.36) (0,348)
441,570.0 6ot Tsq eo — oe 1045.14 1059.87 (0.082) .05023 .332 0.2709
445,766.9 33 4,4 oe —+ €eo 285.46 300,33 0.1316 . 08247 .510 0.4748
465,851,9 55y 64, 0O — €€ 742.18 757,72 0.0990 .0629 .38 0,3521
470,948.1 440 San ee = 00 488,19 503.90 0.1165 . 0690 .38 00,3987
487,136.0 T 6.4 o0 —r ee 586.46 602.71 (0.033) .0861 .51 0.4926
498,527.5 Tao 8¢ oe - eo 1394,.96 1411.59 . (0.077) . 0424 .32 00,2051 §
498,527.5 Ty Sz 00 = ee 1394.96 1411.59 (0.072) .0424 .34 0.205 1
557,583.4 1., 1o eo - oe 23,76 42,36 1.5000 .11115 . 645 0.4889
617,838.3 4, 532 eo - Oe 488,19 508.80 0.1193 .07506 .60 0.4262
641,520.6 8 80 9 ee = 00 1789.36 1810,.76 (0.066) .0380 .40 0.172
641,520.6 - 9z eo - oe 1789.36 1810.76 (0.066) .0380 .40 0.1715
752,737.5 2¢, 2, €€ = 00 70.08 95,19 2.0739 .10440 .69 0.4648
833,077.5 835 92a oo — ee 1052.72 1080.51 (0.157) .0798 .01 0.4297
857,958.9 1l 1035, eo -» Oe 1690,74 1719.36 (0.067) (.055) (.20) (0.309)
859,158.0 94qs 10 s oe —» eo 2225,87 2254.,53 (0.059) .0357 .48 (0.1535)
859.158.0 Oaq 10 g, 00 - ee 2225,87 2254.53 (0,059) .0357 .48 0.1535
912,518.1 34 4,9 00 -» €€ 285,26 315.70 0.1613 .08638 .676 0.4689
961,381.6 4,, 54 00 —» €€ 383.93 416,00 0.2622 .08262 .56 0.4722

987,462.1 1, 24 00 —ee 37.14 70.08 0.7557 .10316 . 660 0.5069



LOWER TERM UPPER TERM LINE STRENGTH LII‘(YiIW§DTH LINE WIDTH LINE WIDTH
REQUENCY (MHz TRANS ITION PARITY -1 -1 R AIR

FREQ ¢ ) VALUE (cm) VALUE (cm) em™ 1 atm” TEDEIP. %XP (EX%%ER&XQE ?R)
1,077,394.9 12,, 11,4 €0 ~» o€ 1774.85 1810.79 (0.042) .061 .25 0.3476
1,098,379.3 3oz 3y €0 — oe 136.74 173.38 2.1809 .09944 .701 0.5590
1,107,672.3 1024 955 e€e — 00 1438.19 1475.14 (0.050) (.061) (.25) (0.631)
1,113,368.1 Ooe 1, ee — 00 0.00 37.14 1.0000 .10034 .689 0.5026
1,142,746.1 10w, 1llgqs ee - 00 2702.61 2740.73 (0.054) (.03434) (.503) (0.1297)
1,142,746.1 10y, 1lla eo -+ 0O€ 2702.61 2740,73 (0.054) .03434 .503 0.1297
1,145,743.9 8.s 7.5 ©Oe —- eo 744,20 . 782.42 (0.025) .08008 0.498 0.4563
1,154,137.6 2 33y €0 — oe 134.88 173.38 0.3003 .09515 0.61 0.5485
1,159,833.3 5 634 €0 =+ O€ 610,34 649.03 0.2784 .07131 . 399 0.4229
1,161,332.2 32 3., oe -+ €0 173.38 212,12 2.5434 . 09487 .682 0.5060
1,163,430.7 un 854 eo — o€ 1216.38 1255.19 (0.223) .0516 .29 0.2908
1,169,726.0 65t Tyq 0O — €€ 888.74 927.76 (0.252) .0648 .36 0.374) 8
1,187,113.0 Toz 859 ee — 0O 1216.38 1255.98 (0.223) .0542 .30 0.3061 v
1,208,996.6 8m 9,4 OO0 — €e 1591.11 1631.44 (0.199) . 0445 .32 0.2381
1,213,193.5 842 9,3 o0e — €0 1591.11 1631.58 (0.199) . 0447 .34 0.2411
1,213,193.5 4, 4,, o0O —* ee 272,23 315.70 3.6547 .09507 .72 0.5091
1,227,882.5 2 2,64 OO = e€ 95.19 136.15 1.2594 .09792 .67 0.4658
1,227,945.1 651 T43 O€ —»e€o 888.70 931.33 (0.253) .0688 .45 0,26382
1,294,432.8 7 8,y oe — €0 842,51 885.69 (0.184) .0819 .55 0.4577
1,309,721.3 99 845 o0e — eo 1079.20 1122.89 (0.047) (.060) (.25) (0.348)
1,323,211.3 53, 6,¢. 0€ —= €0 508.80 552.94 0.3117 .08313 .571 0.4939
1,329,806.3 9 10,4 eo - O€ 2010.19 2054.55 (0.173) .0390 .39 0.2077
1,329,806.3 94, 10,, ee — 00 2010.19 2054.55 (0.173) .0390 .39 0.2077
1,342,696.7 Sy Tyqy 00 —» €€ 882.97 927.76 (0.036) (.066) (.30) (0.375)
1,407,448.3 Sy 5,3 oe -»eo 399.44 446,39 4.2239 . 09470 722 0.5123
1,423,336.4 10,4 9% ©0O0 -+ g€ 1293.22 1340.70 (0.059) (.055) (.24) (0.322)
1,435,927.0 645 7.. 0O - ee 661.54 709.44 (0.258) .0830 .59 0.4642
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Appendix A-II

The Absorption Coefficient for Oxygen

The regions of the electromagnetic spectrum in which we are
chiefly concerned do not include resonances of any other important
atmospheric constituent. However, the wings of the 5 mm complex of
magnetic dipole resonances of oxygen are strong enough that their
effect must be taken into account in the region near the lowest water
vapor resonance at 1,35 cm. Near 1,64 mm the only absorption of
potential consequence besides that of the water vapor resonance at
183 GHz is contributed by the high frequency wing of the single oxygen
resonance near 2.5 mm. The strength of the ;xygen absorption is so
slight, however, when compared to the water vapor absorption that it

may be safely neglected for all normal computations.

Since oxygen absorption cannot be totally neglected, it will be
necessary to provide a working expression to compute its value under
atmospheric conditions. The equations which are given below are taken

. 35 4
from Meeks and Lilley and this reference along with van Vleck should

be consulted for a detailed account of how the equations were derived.

The oxygen molecule has two electrons with unpaired spin. They
contribute to a magnetic dipole moment of total strength two Bohr
magnetons and spin angular momentum quantum number of S = 1. The
dumbbell shaped oxygen molecule rotates end over end with angular
momentum described by odd values of the quantum number N, even values

not being permitted by the Pauli Exclusion Principle. The total
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angular momentum is the vectorial sum between N and S. Therefore,

for a given rotational quantum number N, a total rotational quantum
number J may have the values N-1, N, or N+l depending upon the orien-
tation of S with respect to N. Each of the states of total angular
momentum has slightly different energies., Selection rules allow tran-
sitions between (J = N) -5 (J = N+1) and (J = N) - (J = N-1), the reso-
nant frequencies of which all cluster about the region of 5 mm except-

ing only one transition whose resonant frequency occurs near 2.5 mm,

The expression for the absorption by these fine structure tran-

sitions is given by the following equation

goz ('1), PT)=C, PT_él)a Z': S, exp (-EN/):( T)  (@-11-1)

where %:)1 is the absorption coefficient for oxygen at a given fre-
quency 'V , atmospheric pressure P, and atmospheric temperature T .
The summation is taken over all N states of non-negligible population,
usually up to N = 45, The definition of the other terms in (A-II-1)

are as follows:

X
Su = Fuu P v Fyl M5 v Foi (A-11-2)

©

in which N+ and N- refer to the transitions N —>N+1 and N -2 N-1

respectively and the F's and M 's have the meanings

Ay avy

st A-II-3)
FNt (.‘)Nt_v)l + A‘l)l + (v»t_‘__\)))‘ '\'A_))l (A-11-3
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aY
o T yz2 4+ YR (A-11-4)

2 N(LN+3)

Mye = NFA (A-1I-5)
2 (N+1) (2N t1)
My = N | (A-11-6)

2 (N*+N+1) (2N +1)

and /u"‘c = N (N+1) {A-11-7)
The argument of the exponential function may be written as
E, /kT = 2.06b844 N(Nn+1)/T (A-11-8)

For go_& to be given in decibels per kilometer C1 takes on the value

C. = 2.0058
1

when the pressure is in millibars, the temperature is in degrees Kelvin

and the frequency is in gigacycles.

The line width A VY is, like the case for water vapor, propor-
tional to the pressure, but has peculiar properties due to the very
strong overlap of the various individual lines at pressures found in
the atmosphere below about 30 kilometers. The expression for the

line width may be written as

(A-T1-8)

0.8§
AV (P, 1) = 4 Plo.ar+ 0.7 B] [3:-0]
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with the empirically derived values for & and (5 as follows:

X = 1.44 MHz/mb
@ = o0.25 for =z <Y, (P>356 mb)
@ = 0.25 +0.50 (h=H,) /(H,-H,)

B = 0.75 for 2> H, (P<25.3 mb)

where = refers to height above grouand, P the total pressure in milli-~

bars and T the temperature in degrees Kelvin,
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Appendix A-I1II

The Emissivity of an Aqueous Solution of NaCl Simulating Sea Water.

The reflection coefficient for an electromagnetic field at the
boundary between two lossy dielectrics may be found from Fresnel's

: 46
equation applied to the conditions depicted in Figure A-III-a below:

PLANE OF INCIDENCE

¢ KNOWN

@ AquEbUsS
SALT SOLVTION

Figure A-III-a

The reflection coefficient for the component of the electric

field normal to the plane of incidence is given by:

Ecn 2, c_os¢-—21<os‘)’

- - _ 1
nT B 2z, cos B+z, cos ¥ (A-I1I-1)

in which Zl and Z2 are the characteristic impedances of medium 1 and 2
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respectively defined as

’ *
z = %% (A-1I11-2)

* *
where /l is the complex permeability and € is the complex permit-

tivity, The angles @ and Y are related by Snell's Law:

r S

Sm¢ = 3 SIN ‘{' (A-I1I-3)
1

in which the Y‘s are the complex propagation factors for each medium

defined by
. » ,
£ =quw (e*nm *)/" (A-111-4)

where j = J-1 and @ is 2 ™ times the frequency.
”

In general S\v q’ is a complex number and therefore so is co$ Y’

in Equation A-III-1, It may written as

cos ¥ = e 1€ (A-11I-5)
where oA and E are given by
o= { [1- (@ b*) s 31 Ya2b? sin” g3 (A-11I-6)
and
[' - 2ab sinv? (A-11I-7)
TA~-2§=L 1- a’-—‘o"‘)sm‘ayf]
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X %
If medium 1 is air, we can approximate A, and €, as
PRy (A-111-8)
1 4]
* —
€, = €, (A-I11-9)

the permeability and permittivity of vacuum. Further, we can approx-

imate the permeability of sea water as

x A-III-10
Mo = Mo ¢ )

Under these conditions, the variable a and b in (A-II1I-6) and (A-III-7)

N

can be written as

K,:L Kua '/k{
X LY
- ,1 77 12 /" 2
=] (K KR H (R R T] c0s © 0 (er1r-11)
! o
b = [ 14 v 2 Siv O (A-I1I-12)
K™t Ky J
4
and TAN 26 = - (A-III-13)
K3
where
»
2 _ ! . n
e - Ky -4k, (A-111-14)

o
Returning to Fresnel's Equation A-III-1, it may rewritten as
i6n

t. = [rale (A-1II-15)
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vhere
!rnl = Jer+fR (A-11I-16)
™o 8, = £ /e (A-111-17)
2 2 2 2
|2 " cos™ g — |24~ » (A-111-18)
€= Izl["" cosq¢ +|21]Q¢x’ + le“za(ak cos @ cosfi |
_ Na }
. D .
£ - ~2 |z ||z x cos g siv Ly (A-11I-19)
-t D
' A-1II-20)
- R (
351 - rZIJ ¢
i (A-TII-21)
2-1:: lziJ e'j:;l
and a.=3,-3,+¢ (A-I1I-22)
n
The normal emissivity can be written as
en= 1-R, = 1- lv‘,\lz = 1- (e*+f7) (A-III-23)

in which Rn is the power reflection coefficient for electric fields

polarized normal to the plane of incidence.

For the reflection coefficient of the electric field parallel

to the plane of incidence Fresnel's equation is
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Egq e z, COS y - Z, cos ¢
Y'P = E = Z,cos V¥t z, cos ¢ (A-111-24)

= g+ 4h

where
2 | 2~ |2 ? cos* & (A-111-25)
9= N AP H|Z|% cos B +|2 |2 X cos@g 2 cosNp)
= NP
DP
h 2 |2yf|zy] % cos g simw Lp (A-11I-26)

and the remaining symbols have already been defined,

Rewriting Equation (A~I1II-24) in complex notation gives

&

rep = lfpl e 7P (A-11I-27)

where erl = l?)l + h? (A-III-28)

and TAN ‘SF = h/q (A-111-29)

The parallel emissivity can be expressed from the above as

ep=1-Re = 1-lrgl?= 1-(hY) a-111-20)
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where Rp is the power reflection coefficient for electric fields

polarized parallel to the plane of incidence.

The question which now presents itself is how do we characterize
* * s .
éz or kﬁ the complex permittivity or dielectric constant for sea
47
water. Hasted, et al. have made an experimental study of the electrical
properties of aqueous NaCl solutions of molality close to that of sea
water (0.66 moles per liter concentration) at various frequencies and

temperatures. Their results provides us with the information we need.

The complex dielectric constant of the solution can be written
as

. 7” .
Kk, = Kz/ -7 K, (A-111-31)

74
where k}’ is the real part and A} is the imaginary part arising

from electrical losses in the medium. AE” may be further broken down
into a part which is due to dielectric losses alone, i.e., analogous to
frictional losses as the atomic and molecular dipoles continually attempt
to align themselves with the external oscillating electric field, and
conduction losses, due to the collisions of migrating ions. Symbolic-

ally this may be represented as

/7 7 V7
= (A-II1I-32)
KZ ‘deﬁ * k;£a
where /(;Le/ results from the so-called Debye losses of the di-
electric and /2;; results from the ohmic losses of the solution. The

10
conduction losses are assumed to be unchanging over at least 10 cycles
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per second so that these losses can be estimated from the d.c. con-
ductivity of the solution. This assumption is apparently borne out from
some of the measurements done by Hasted, et al. However, it turns out
to be a very important matter to the behavior of the emissivity of the

solution and certainly needs more definite proof.

Hasted, et al. showed that the real part of the dielectric con-
stant and that portion of the imaginary part which explained dielectric
losses could be expressed as simple functions of the frequency governed
by one relaxation time 7T° under any given set of physical conditions
for the fluid., The functions were first derived by Debye18 to explain
the behavior of a signal passing through an assemblage of polar mole-
cules., As discussed in Chapter 2, the expression for the dielectric losses
is exactly that which van Vleck and Weisskopf's important modification
to the Lorentz line shape produced in the limit of zero resonant fre-

quency. The two expressions are

K, = Ks — Ko + K, (A-11I-33)

1+ (NN

and

K (kS'“Ko)(,\‘/r\]

= (A-11I-34)

diel. 1 + (Ay)\)z

where A% is the dielectric constant for a static (non-oscillating)

field, k} is the dielectric constant at frequencies where the polar
molecules can no longer follow the field oscillations and atomic polari-

zation is therefore the only important dielectric mechanism, and %$
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may be written as

A¢ = 2mcT (A-I11-35)

where T is the natural relaxation time for the polar molecules.
C is a function of the physical parameters of the molecules and

their fluid environment.

That portion of the imaginary part of the dielectric constant

due to conduction losses may be written as

A{” _ 2 04

dc. £ (A-II1I-36)

5

where O~ is the d.c. conductivity in e.s.u (rationalized MKS units

9
x 9x10 ) and f is the frequency in cycles/sec.

Hasted, et al, measured the values of Xs and ks for various
temperatures., A condensed version of those results appears in Table 1

below,

TABLE 1

Values for XS and Kg for 0,66 Molal NaCl  Solution

Temperature ( °c) —'Xs(cm) Ks(dimensionless)
0 2,96 79,1
10 2,17 75.5
20 1.70 72,0
30 1.356 ‘ 66.6

40 1.10 63.0
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Values for Od c are also needed if it is desired to compute

K*

o For these, data was extracted from the American Institute of

Physics Handbook48. For sea water of salinity equal to 35 (parts per
thousan@, a representative value for many oceanic regions., The values
of the conductivity so obtained as a function of temperature in ration-
alized MKS units (mhos/meter) together with the same data which Hasted,
et al. measured for the 0.66 molal solution of NaCl is presented in

Table 2 below.

TABLE 2

Conductivities of Sea Water and an Adueous NaCl Solution

o Conduct. from Conduct. from
Temperature ( C) Hasted, et al. Am Ins, of Phy. H.
(mhos /m) (mhos/m)
0o° 3.31 2.85
10° 4,18 3.81
o
20 5.37 4,78
30° 6.52 5.76
40° 7.73 6.75

The last value of column three for sea water (6.75) is an extrapolated
value. It can be seen that the sea water values are consistently below
the 0,66 NaCl solution values, but the trend is very similar and unmis-
takable: higher conductivities occur for higher temperatures. This
latter fact will be of great importance to the temperature dependence

of the emissivity.
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Using the formulas and data collected above, it is possible to
show several important features of the emissivity of sea water-like
solutions. Figure A-III-b shows the real part of the dielectric constant
as computed from Equation (A-III-33) for several temperatures. Notice

the peculiar reversal of temperature dependence near 3 cm.

Figure A-III-c illustrates the frequency and temperature depend-
ence of the dielectric portion of the imaginary part of the dielectric
constant. Again a temperature dependence reversal occurs, but in the

vicinity of 1 cm.

Figure A-III-d plots the wavelength dependence and temperature
dependence of the conduction loss part of the imaginary part of the
dielectric constant (Equation (A-IXI-36)). A linear dependence on

wavelength shows as expected with the slope increasing with temperature.

The total imaginary part of the dielectric constant for simulated

sea water and for several temperature is shown in Figure A-III-e.

The dependence of the emissivity at 1 cm on the angle of incidence
and temperature for both polarizations is shown in Figure A-III-f.

Notice the large temperature dependence.

Finally, the brightness temperature is plotted as a function of
solution temperature for several wavelengths in Figure A-III-g, Of
importance to note is that at short wavelengths the brightness temper-
ature goes through a minimum; at intermediate wavelength it incresses

monotonically with temperature; and at long wavelengths it decreases
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monotonically with temperature. The change in temperature dependence
as a function of wavelength is a result of the changing dominance

between K'" and K" 4 .. With wavelength.

diel
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Appendix A-1IV

Details of Data Reduction

A typical 10 minute sunscan, baseline, calibration sequence

looks much like Figure A-III-a below.

................ <
Te T
k———5 MmivTes ——— e 1 Min e 1T MiNS]

Figure A-IV-a. A typical sequence of data as seen on a

strip recorder chart during solar extinc-
tion measurements.

- - = 2 2
From processing on the PDP-1, one obtains S, B, C, and OTS.‘ s O%"

and OE . S, B, and C are the means of the individual samples,

and
the O‘z are their variances.
The quotient (S - E)/(E - ﬁ) = g = A is formed.
The variances of N and D are given by
2 2 2 2 2 2
O‘J—o;:a«o% 5 U;—OE'*OE’ (A-IV-1)
2
0; is formed from
o-2‘ — (éﬁ)z 0"2' +, _a...é. 20\—2' (A—IV—Z)
A ON N oD D
2, 2
= 1 5 L N 2 (A-1V-3)

D% N D+ D
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Weighting factors for the various sunscans were taken to be
= L
\"/A,; We, + 3 Z Wa, (A-1IV-4)
1

where

Wa O5 = W, G = .. = 0° (A-1V-5)

i A

The second term was added to the right hand side of Equation (A-II-4)
to diminish the effect of the variances in the weighting functions.
The variances are indicators of the internal consistency of the data
and are random variables. They do not measure systematic errors,
hence, they were not relied upon as the sole indicators of goodness

for the data.

Figure A-IV-b presents the parameters which are input to the least
squares determination of the slope and intercept of a typical day's
data used to determine the opacity.

Q .

n (R)

Figure A-IV-b. The details of a hypothetical

plot to determine Z,., .
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A point A, will lie a distance h; away from some "best" line
passing through the data, Its weight will be determined by (A-1V-4).
If the slope is b and the intercept is a, then we want to find a and

b such that

2 W, h is a minimum. (A-1V-6)
[A v

The solutions for a and b are the following43:

"= (‘Z:\f/,“, secza‘-)(z Wa, In A.-) - (Z W, sec 9() (ZM\.SCC 6; ’nA:)
(Z qu)(z VA: sec16;)~ (Z Wh; sec 91)2

A-1IV-T7)

b = (‘}:\t\"/ﬂ:)(zw"i sec 6; {”Ai)— (ZWA‘.SEC ai)(zwm In Ao) (A-1V-8)
(Z WA‘)(Z W, sec®®, ) — (Z Wy, sec 9;)2

The "best' straight line is then given by
In(A) = a + b sec @ (A-1V-9)

The variances of a and b may be estimated from the following

formulas: if 3;: h‘Ai , then

2 Z:[y,- - (a-t—bsece;)]z
ov" =

Y N-2

and

(A-1IV-11)

N ' <
o = 6 —— (A-1V-12)
I F
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where

Fe (5 W) (Z Moy secto,)— (Z W, sec6.)” (A-1V-13)

Equation (A-1V-10) gives the variance of the data points about
the "best" straight line through them. All equations assume negligible

error in sec O .
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~ Appendix A-V

Estimation of and Correction for Atmospheric Curvature and Atmospheric

Refraction.

In a horizontally stratified atmosphere, the following method

may be used to determine the zenith opacity Y :
Given that:
A = amplitude of the solar signal

C = constant of proportionality

Ts = solar brightness temperature at the observing
frequency
€, = elevation angle of antemna = /2 — 6,

9° = zenith angle of antenna

then

o Comax 5€C Go

A= CT, (A-V-1)

where the exponential term represents atmospheric attenuation. Taking

logarithms of both sides gives

IhA=InhCT, - 7T

max SEC G (A-V-2)

T may be determined from (A-V-2) by using the expression
ax

max — T A (sec 69) (A-V-3)

since, for the conditions given and perfect data, the right hand side

is a straight line.
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Unfortunately, the real atmosphere is spherical and Equation
(A-V-3) is not applicable at low elevation angles., It may be modified,
however, to take into account both the sphericity of the atmosphere and

o
the refraction which occurs at elevation angles less than 5 .

A-V-1. Reformulation of the Solution for ?;,x in a Refracting

Curved Atmosphere.

Atmospheric opacity at a fixed frequency is defined as
Ty = f Y(# ) seco d= (A-V-4)
(]

where the absorption coefficient is integrated over height, and the
secant of the local zenith angle provides the proper increased path
length for a non-vertical propagation path. In a planar, non refracting
atmosphere, ©=0, everywhere where 6, is the zenith angle of the

antenna. 2; can therefore be expressed as
0

il

a sec B.IY(z/, z)dz (A-V-5)

= 1T,. sec 6,

max

The use of Equation (A-V-3) is then warranted.

For the more general case ‘?; may be expressed as
o
s
= A-V-6
T, = T,.. W, s ( )

where W: is the factor which when multiplied by Zme gives the
o
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true opacity of an antenna whose elevation angle is ﬂ;‘z-— 6, . ké;
(-]

is evidently

y fY(i/.Z)secea’z
We, = — e (A-V-7)

max

Because of the usefulness of Equation (A-V-3) it is convenient

to define a new correction factor k@a such that

/
We, = \A/ga sec 6, (A-V-8)

and therefore

To = Lpax 5€C 6, WG, ' (A-V-9)

o

Equation (A-V-3) may be reformulated using Equat ion (A-V-9) as

A
- Algr) av-10)
e A (sec 8, W)

retaining the linearity of the plot with all of the concomitant advan-

tages for graphical or numerical evaluation.

A-V-2. The Correction Factor hA% for a Curved Refracting

Atmosphere.

The local zenith angle of source ray detected at a surface
based antenna will change along its atmospheric path length. Its
exact dependence upon its environment may be easily shown as follows34

if reference is made to Figure A-V-a.
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&

Figure A-V-a. The geometry of a spherical, refracting
atmosphere.

By crossing the boundary between the layers having differing
indices of refraction n, a ray propagating other than vertically will
be refracted, altering its absolute direction. Also, because of the
sphericity of the atmosphere, the angle which a ray makes with respect
to a local radius will change as it progresses even if no refraction

takes place.

At the boundary between two layers of differing indices of
refraction, say layers O and 1, a ray will change direction with
respect to the radius passing through the point of penetration so

that Snell's Law will be satisfied, i.e.

n, sin ¢, = h, sin g, - (A-V-11)
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6, 1is related to ¢& by the Law of Sines,
sin g, _ sin(mr-6,) (A-V-12)
N L

allowing (A-V-11) to be rewritten as

n, sin 8, = M sin % (A-V-13)

i

Invoking Snell's Law again, (A-V-13) can be expressed as

nr,sing, = n,r, sinB, (A-V-14)

a result which does not depend upon which two atmospheric layers were
chosen nor upon their thickness or refractive dqualities. Any two con-
secutive layers would be equal, leading to the conclusion that each

side must equal a constant, i.e.

nr sin® = 5 = n,r, sin 6, (A-V-15)

The correction factor W, may now be specified in more detail.
The integrand of Equation (A-V-7) requires knowledge of sec 6 as

a function of z(r). Equation (A-V-15) gives it to us as

sec 6 = 1 (A-V-16)
V1= (%4)?
and, therefore, hé% may be expressed as

(¥
W, = V1= (s/ar)> 9% (A-V-17)
6

’ 7

max S€EC 6,
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In (A-V-17), R is some convenient height outside the atmosphere,

2;“x is the zenith opacity, 6Lis the zenith angle of the antenna,
r=r, + where W, is the radius of the earth, s is given by
Equation (A-V-15) and n is the index of refraction at the height =z

The next section will discuss n in more detail.

The quantities of Equation (A-V-18) can be divided into those
which are known or easily measured: s , 6, , r ; and those which
depend upon a knowledge of the vertical structure of the atmosphere:

)7342) , n(z) , and T, . Radiosonde measurements of

the atmosphere's vertical structure give a reasonably good idea of

n(z) ; Tmax can be adequately inferred from the radiometer measure-
ments above antenna elevation angles where ké% becomes significant.
However, XYZfZ) has been shown to be on the average poorly repre-
sented by radiosonde measurements for a number of reasons. The repre-
sentation of )QGV,Z) no doubt can be improved by using ?ﬁnax
measured from the secant E% plots as a guide to increasing the water

r

vapor density at all levels by some factor to bring l:)?%é;)dz into

approximate agreement with tmax , and using the new water vapor pro-

file to calculate )Q%ﬁa) and n(z) .

A-V~3. The Index of Refraction n in the Radio Range of Frequencies.

In the atmosphere, two effects work to change n independently:
(1) changes in density of the air; and (2), changes in moisture con-

tent. Their effects are almost independent of frequency over the
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radio range of frequencies. In terms of temperature T in degrees
Kelvin, pressure P in millibars, and the partial pressure of water
vapor e in millibars, the expression for the index of refraction in

terms of N the refractivity is given by the following equation33:

N= (h-—l) x (0% = 77’—,?—' + _3_._%{0_5-6 (A-V-18)
The overall shape of N(z) is dominated by the first term of Equation
(A~V-18), the total atmospheric pressure term. It causes N, in the
mean, to decrease with height exponentially. In the lowest two kilo-
meters, however, water vapor variations will normally play the most
important role in controlling the shape of thé N(z) curve. And since
it is in the lowest two kilometers that the bulk of atmospheric absorp-
tion occurs, the knowledge of the water vapor distribution becomes

quite important.

The entire discussion above points out the pitfalls and the
tasks necessary to produce even approximate correction terms W@a .
They require, for a precise evaluation, a great deal of information
and even results from the radiometer experiment itself. And, although

hé% was computed in a number of cases, it was determined that

unless the departure of the data points from a straight line were
being used to study the distribution of water vapor in height (as it
can be), it would be more efficient for the purposes of this thesis
to ignore points where significant corrections were needed. This was

finally done,
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Appendix A-VI

Equations Used in Atmospheric Computations

Radiosondes report temperature, pressure and relative humidity
at distinct levels in the atmosphere. To convert this data to other
parameters of interest, the following equations were used:

1. The lapse rate between two temperature reports was assumed

to be linear. Therefore the mean temperature in the layer is

T = (T2 + Tl)/2. (A-VI-1)

2. The rate of change of water vapor density between two
levels was assumed to be constant. Therefore the mean water vapor

density is

? = (?\ + ?z)/z . (A-VI-2)

This approximation is not good when layers are separated by large
distances. A more useful average in this case was determined to be

the average of an exponential decrease, so that

— { /
¢ -y, (£5)

where H 1is the scale height given by

.
Ho=— (2,-2))/ in (”e—‘) (A-VI-4)

3. The virtual temperature was approximated by

T = T(1 + 0.608 W) (A-VI-5)
. O o
where T is in C or K and W is the mixing ratio in grams of water

vapor per gram of dry air.

4. The mixing ratio W can be computed from
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W = € (A-VI-6)

where €= 0,622,

5. The height of a constant pressure surface P2 above another,

P ,which is at level zl is given by

1
= V-
7, = 2, — (Rawe T%728) I (%) (A-VI-7)
where T* is the mean virtual temperature in OK, RAIR is the gas

constant for dry air equal numerically to approximately 287 for z1

and z2 in meters.

6. When the partial pressure of water vapor is known in milli-

3
bars, the density of water vapor in g/m is given by

£ = S = 5«;1% (A-VI-8)

Ruv T

where va is the gas constant for water vapor and T is in oK.

7. The mean pressure in a layer of an exponential atmosphere
is given by

_ Ho
P = —(—;—:?5 (Pz - P|) (A-VI-9)

where
Pa
HP = (ZZ_Z'>/ }/"" <_§,—> (A—VI—].O)

8. If the thickness of a layer is known, i.e., z, and 2% then

the pressure of the upper surface is

‘(‘ZZ.“Z'I)/HP
K =7 € (A-VI-11)

where Hp ig defined in (A-IV-10).
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9. If the dew point or frost point temperature is known,

then the logarithm of the partial pressure of water vapor given

in millibars is

log . €u = - 7.90298 (31316 /T -1) +5.02808 14)9“)(373‘”,/7)

- nadd (£ T/373.00)
~ 381, x 167 (1o 1)

- -3.49) de/T -1
+ R.1328 ¥ 1072 (‘Oa 4q 149 (313.16/7 )_1 +pOj,°Q°'3'7-5)
(A-VI-12)
iorjm e = —9.09718 (173.1(, /T -:L) -3.5605Y ,Loj‘0 (znm/r)

+0.87¢793 (1 - T /213.16) + /&leo 6. 107/

where ew is the saturation vapor pressure over water and ey is the

saturation vapor pressure over ice. Equation (A-VI-12) is the Goff-

78
Gratch formula for saturation vapor pressure at the temperature T.
10. 1If the temperature and relative humidity q are known,

then the partial pressure of water vapor is given by

e. = q € (A-VI-13)

where € is computed from Equation (A-VI-12) using the temperature.
Miscellaneous data:

1 atmosphere = 1013.25 millibars = 760 mm of Hg

1 millibar = 1000 dynes/cmz
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