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ABSTRACT

" The work presented is a preliminary feasibility study of strato-
spheric and mesospheric water vapor measurements using the micro-
wave lines at 22 GHz (22,235 GHz) and 183 Gi=z (183.3]1 GHaz).

The resonant cross sections for both the 22 GHz and the 183 GHz
lines are presented and used to model the optical depth of atmospheric
water vapor. The range of optical depths seen by a microwave radio-
meter through the earth's limb is determined from radiative transfer
theory. Radiometer sensitivity, derived from signal theory, is
compared with calculated optical depths to determine the maximum
height to which water vapor can be measured using the following methods:
passive emission; passive absorption; and active absorption.

The report concludes that measurements using the 22 GHz line
are limited to about 50 km whereas the 183 GHz line will enable
measurements up to and above 100 km for water vapor mixing ratios

as low as 0.1 ppm under optimum conditions.

xi



CHAPTER I
INTRODUCTION

The question of how much water vapor exists in the stratosphere
and above is one that has received attention for a considerable number
of years but which has not yet bee~ fully answered. The study of water
vapor concentrations is important since water vapor and its dissociated
produr.ts are active in the photochemistry of the stratosphere and meso-
sphere and thus effects ozone and contributes to the escape of hydrogen,
for example, In addition it is thought to be responsible for hydrated
ions, OH airglow emissions, and may control ionization loss processes
as high as 80 km, Thus the amount of water vapor in the upper atmo-
sphere is an important problem since it plays an importa-nt'part in the
chemistry and heat budget of the atmosphere.

On. the basis of the above, it would appear that the measurement
of water vapor concentrations in the upper atmosphere is of considerable
importance to the scientific community. The best measurements of
water vapor below 30 km were made with frost point hygrometers; how-
ever, these do not appear to be sensitive enough to the small concentra-
tions of water vapor above about 30 km. They also su’fer from the
problem of local water vapor coantamination.

The possibility of using radiometric methods for the detection
and measurement of water vapor in the stratosphere and mesosphere
was considered in a recent report (Longbothum, 1974). That report
discusses the probable concentralions of water vapdr énd' What is
known about the microwave, millimeter wave, and infrai‘e_gl re_g'i_ons pf
the water vapor spectrum. The report concludeé with a discussion of

various methods of radiometric detection. The next logical step in

ettty s




evaluation of a radiometric detection system is to examine the minimum
seansitivity of the various systems. This is the purpose of the present

report,



CHAPTER II
ABSORPTION CROSS SECTIONS

The microwave and millimeter wave regions will be exarined
in this report (Moody, (1971) reported that these were the only bands
suitable for making measurements of water vapor concentration above
30 km)., There are only two resonant water vapor lines in_the micro-
wave and millimeter wave regions: one at 22.235 GHz (1.35 cm); and
the other located at 183.31 GHz (1.64 mm). The resbnant cross
sections are computed from relations A.1, A.2, A,3, A,4, and A.6

in appendix A using the relation

Ka (h)
N (k) (1)

o (h} =
Table 1 iz obtained for the centers of the resonant lines at 22,235 GHz
amd 183.31 GHz. The above cross sections are plotted in Figure 1,

The plot shows that the cross sections can be described (for the altitude

range 30-80 km) by the function

¢ (z) = o‘oezlc (2)

where

C = Bz = 7.4 kn

- Aflno (=)
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CHAPTER III
OPTICAL DEPTH OF WATER VAPOR ABOVE 30 KM

The transmission of a plane atmosphere is described by the

optical depth T (v, h, @) defined as

m » -
T(v,h,d) = z S' ol (z,v)n" (z) sec ¢ dz (3)
{ h

where
i

i i
T (2, V)= O iabian (B V) F O

E'LbSOI"‘pinn (z,v)

the total extinction crbss gection, in cn'iz', for the ith

I

- constituent
nl(z) = the number density of the ith constituent in molscules  cm~
¢ = the zenith angle in degrees

Spherical atmospheres can be treated with this expression for
zenith angles less than about 80°, However, for zenith angles greater
than 800, the Chapman Function must be used in place of sec¢
(Rishbeth, et al., 1969). ¥or the sake of simplicity, the plane atmo-
sphere solution will be used for this report.

For the molecules, atoms, and particles above 30 km,
non-resonant scattering can be neglected in general, Thus only the
resonant absorption cross section will be retained in the expression
for optical depth, Also in the frequency spectrum near the two water
vapor lines, only four other molecules have resonant absorption
{emission) lines (Lor;gbothum, 1974), They are 03, SOZ’ NOZ' and

NZOn The concentrations of SOZ’ NO., and N,O are thought to be

2 2

very small. The concentration of O, above 30 km, follows quite }
‘)1 GHz

3

closely that of H,O and must be considered in the case of the 183,

2

water vapor line. This possible complication will be dealt with in a



future study. For the present only water vapor will be considered,

It was suggested in the recent report (Longbothum, 1974) that
the most probable water vapor concentrations lie between 0.1 ppm and
10,0 ppm. Thus a value of N oin corresponding to 0.1 ppm and a value

i il
of Bonax corresponding to 10 ppm will be used to calculate Trmin and

(=0

T nax respectively,

The product o (z) n{z), the differential optical depth, is plotted
in Figure 2. This shows that for the height range up to about 80 km,
the product o (z) n (z) is relatively constant and approximately equal to
L Above 80 km, the product is height dependent and can be
described by the function

o{z)n(z) = o _n_ exp [= (% - 80 kmm)/ H'] (4)

- Az
Aln |n(z)-o (z)

for the 22.235 GHgz line

6 km

where H

and
H' = 5 km for the 183,31 GHz line.
The vertical optical depth (¢ = 0) can be integrated for the two

ranges of z to yield

n o [ (80 km - h) + H'] h < 80 km (5)

n o H' exp [-(h - 80 km)/31'] h > 80 km

The average value of n,o . is 3.4 x 10"10<:n:1"1 for the 22.235 GHz
8

line and 8.0 % 10" Scm™ ' for the 183.31 GHz line. These values are
based on Figure 2. Table 2, also obtained using these values, shows
that attentuation will be slight at 22. 235 GHz and quite significant at

183,31 GHz,
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Table 2: Atmospheric Zenith Optical Depths Due to Water Vapor

22,235 GHz

Tmin Tmax
(0,1 ppm) {10 ppm)
1.87 x 1075 1.87 x 107>
1.54 % 107° 1.54 x 107>
1,20 %1072 1.20 x 1072
8.70 % 1070 8,70 = 10°%
5,35 x,10"° 5.35 x 107%
2.01 % 1070 2.01 x 10”4
3,79 x 107 3.79 x 107>
7.16 x:lO"S 7.16 % 107°
1.35 x;“iO-.S 1.35 % 1070
2.56x1077  2.56x 107"

1.34 x 10”7

183,31 GHz

Tmin Tmax

(0.1 ppm) (10 .ppm)
4,38 x 107> 4,38 % 1071
3,59 x 1072 5.59 % 107
2.79% 1073 2,79 x 1071
1.99 x 107> 1,99 x 1070
1.20 % 1073 1,20 x 10"
3,98 x 1074 3,98 x 10”2
5,39 x 10”° 5,39 x 107>
7.30 = 10~° 7.30 x 107%
9,88 x 1077 9.88 x 10”5
1.34 %1077 5




CHAPTER IV
RADIATIVE TRANSFER

To measure water vapor concentrations using a radiometer, one
must establish tﬂe relationship between various sources of radiation,
the atmospheric optical depth 7, and the radiation that the receiving
antenna intercepts. This relation is given by the theory of radiative
transfer.

Consider an antenna connected {o a receiver. The antenna is
viewing a source (temperature T A) at a great distance through the
relatively cold atmosphere (temperature TB) that lies between the two,
This atmosphere has an optical depth 'r(vo). If one includes the atmo-
sphere which lies pveyond the source also, then the total optical depth
is 7' ( vo). The temperature that the antenna will see then is given by
the solution of the equation of radiative transfer (Barrett, 1964),

-'r(:vo)

T(v) =T p o1y [TV (6)

A
where
T (v o) is the received antenna temperature for frequency v o
T A is the unattenuated -termmperature for any source, finite or
extended in the antenna beam.
TB is the excitation temperature of the gas (background temperature).
T (vo) is the optical depth of the gas between the ol.server and the
source
and
T! (vo) is the optical depth of the total gas including any beyond the
source. .

When the radiometer is tuned to » (not a resonant frequency of

the. atmospheric gés), the optical depths change to new values 7(v) and




11

7t (v) and the change in antenna temperature between T (vo) and T (v)

is

AT = T(v) - T = T, [e" (%) o TV

1y [T ML T ) (7)

AT represents the difference signal measured by a receiver as it is
tuned through the resonant line at Ve However, AT will include both
absorption and emission effects of the gas. In order to make a more
accurate measurement, there must be scme method of separating the
two responses, If the antenna is directed away from the source or

{in case of an active experiment) the transmitter is turned off, then A T

is the signal from the emissions of the gas.

AT = AT g, v = Ty [T P e T )

emission

z T T (vo) for 1:>>T'(v0)>>'r'(v)

B (8)

This approximation is generally valid since the values 7' (v) and 7(v)
are due to all the nonresonant extinction processes such as wings of
higher order lines and scattering, Thus they are much smaller than
the resonant optical depths 7' (vo) and 'r(vo).

i AT! is subtracted from A T, the contribution due to absorption

only is obtained,

AT = ATV (v,v) = T [ 7Y - &7

absorptibn A

= . > > > 5
=z -T 'r(vo) for 1> > ‘T(VO) r{v)

A (9)




12

The measurement only involves the magnitude of the signal thus the

relations between the receiver input and the atmosphere are

[ AT (vo) [ = T! (vo) (10)

Iy
for an emission experiment and
it ~
laT w) |z T, 7)) (11)

for an absorption experiment,

For most conceivable experiments
- ~ H
Tv) = TV
so that a common expression can be written for both measurements
AT )z Ty T (v,) (12)
where Tqg is the source temperature and is given by

{ Th ior absorption

TB for emission

This is the equation that couples the atrnosphere to the radiometer,
However, in order to detect a water vapor conceatration, one must
have

| AT (vo) [> ATmin‘ » » (13)

or equivalently

T {v) > AP

lap (Vd) | = 1:)S o/ S S min



i3

where AT _. is the minimum detectable temperature the radiometer
can sense and is limited by the noise in both source and receiver;
APmin is the minimum decrcctable change in signai power that can be

sensed by the radiometer and Pg is the radiated power of the source.



CHAPTER V
RADIOMETER SENSITIVITY
The expression for ATmin (see appendixes B and C) is

. 2T SN o
min —_——e

NBt (B. 24)

AT

for a voltage signal to noise ratio o and where

+ TL for a2 thermal source and

!
H

+ T

Tony = Ty s

TSN = 'I'R + 'I‘L for a nonthermal source,

i

the noise temperature of the receiver

1l

'I‘L the noise from antenna losses, sidelobe noise, etc.

B

it

the receiver bandwidth in I—IZ
and t is the post detection integration time in seconds of the receiver.
Notice that if Tq 2> ‘I‘R + TL then there is nothing to be gained by
building a better receiver since the noise fluctuations will be due to the
source, Thus the limiting factor on absorption measurements will be
the source noise in the case of a thermal source.

A minimum measurement can be made only if the equality holds

in equation (13). This measurement can be enhanced by slant path

viewing, thus the relationship becomes

T M) ~ T . _ AT,
o = min = min =
sec ¢ sec Tssectgb

(14)

VBt~ secd
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It would appear that one could reduce 7 by increasing B or t in
the above equation, However, t is limited by the amount of available
observing time and desired spatial resoiui:iom This is determined by a
change in source position as a function of time, by a time dependent
change in the power received by the antenna, or by the time of flight of
the vehicle. Also, t can not be increased beyond the point where it
begins to distort the true source profile (Kraus, 1966). For rockets, the

0 1

time of flight wouald 1imit the integration time to 10~ - 10~ seconds, For

a satellite, the time range would be about 10:l - IO2 seconds, For a
balloon, the time range would be about 101 - 103 seconds,

The bandwidth B can not be made too wide or there will be a loss
of spectral information and interference from radio signals of terres-
trial origin (Kraus, 1966). Also B will be limited by the bandwidth of
the signal, the current state of equipment development, and many other

factors. B has a rmaximuvpm value of about 1010

Hz, but is only about .
200 MHz for low neise receivers (Staelin, 1969).

System noise temperatures of radiometers have for years been
the limiting factor in sensitivity, Values of system temperature ha.ve‘
been about 3000°K for 22,235 GHz radiometers to about 70, 000°K for
183,31 GHz radiometers., (See Figure 3). This figure shows the state
of the art system noise temperatures that existed 5 to 10 years ago.
However, there has been a major breakthrough in mixer development in
the last few yeai‘s. Current values for system noise temperatﬁres
range from about 600°K for 1.3 cm radiometers to about 4000°K for
2 mm radiometers (Buhl et al.;, 1971). Staelin (1973) also repofté that

system noise temperatures less than 300°K at frequencies up to 200 GHz

may be possible with cooled Schottky barrier diodes. Waters (1974)
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gives a state of the art system temperature of 1200°K at 183 GHz, Thus

for this report the value of T, + Ty, will be taken as 600°K for the

R
22.235 GHz line and 1200°K for the 183,31 GHz line.

The apparent source temperature,’ Tq, must be specified for
each possible experiment. For atmospheric emission 'I’S is assumed
to bé 300°K. For an absorption experiment using the solar disc as an
external source, 'I‘S = 10, OOOOK for the 22,235 GHz region and
Tg = 6, 000°K for the i83.31 GHz region of the solar spectrum
(Linsky, 1973). An active experiment using a 10 milliwatt broadband
source (for a receiving antenna effective area Ae = 10 Mzs. 2 trans-

mitter antenna gain of 100, and a distance of 3 x 106 meters between

the receiver and transmitter) has a value of Pg

. B

45 Rz

GA 4
e

8.84 x 10" % Watts (15)

Xt b o




CHAPTER VI

COMPARISONS OF EXPERIMENTAL CONFIGURATIONS

There are three basic experiments that can be performed now,
An emission experiment, a passive absorption experiment, and an
active absorption experiment, These can be performed at 22.235 GHz
or at 183.31 GHz. The experiment at 22.235 GHz suffers from weak
line strength, but has the advantage of greater receiver sensitivity
and less interference from other lines, The experiment at 183,31 GHz
has a resonant cross section on the order of 200 times greater, but
suffers from less sensitive detectors, and more interference from
higher order lines so that equipment having very good resolution will
be required., Both lines will be considered below, six figures are
presented corresponding to the six possibilities to follow, B will be
taken to be Av of the line and sec ¢will be taken equal to 10. This

will correspond to an occultation experiment (Longbothum, 1974),

6.1 Passive Resonant Emission

This experiment has the advantage that it does not require a
source and can be performed at any time, The method is, however,
an order of magnitude less sensitive to water vapor concentrations
(Longbothum, 1974]),

The minimum optical depth that can be detected is given by

AT _ .
m

. _ in  _ 2a 1 . 60
min 'I‘Ssec¢) NEE 10 TS

(16)

for the 22.235 GHz line, and
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AT

Tin = min = 2a 1 + 120
TS 5ec ¢ '\]-E_A—V— 10 TS

(17)

for the 183,31 GHz line.

The values of T, in these expressions is taken as the average of the

S
temperatures at height h and at 5 km above h. The values of 'I‘s
obtained are (U.S. Standard Atmosphere, 1962).

h Ts h _E‘L_
30 km 237°K 80 km 181°K
40 km 257°K 90 km 188°K
50 km 269°K 100 km 224°K
60 km 248°K 110 km 286°K
70 km 210°K 120 km 411°K

The maximum signal to noise ratio a is taken as 10 and the minimum
is taken as 1. The maximum time t is taken as 100 sec and the
minimum tirse is taken as 1 sec. Thus the ratio o.'/&]t— will range from
10 to 0. 1,

Table 3 of minimum detectable optical depths is obtained from
equations 16 and 17. These values reflect the increased ratiometer
sensitivity at lower frequencies (see figure 3).

Based on the limiting value of atmospleric optical depth
presented in Table 2 and the minimum detectable optical depths
presented in Table 3, Figures 4 and 5 are obtained. These figures
show that at 22.235 GHz, water vapor can be measured to about 70 km
under optimum conditions. However, the more realistic limit would

be about 50 km. When the experiment is performed at 183,31 GHz,



Table 3: Minimum Detectable Optical Depths for Passive Emission (ATxﬁin/TS' sec @

22.235 GHz 183,31 GHz
. Nl;_:o.,l «!’Ei =10 ﬁf’_ =0.1 «]‘E’CL:IO
30 km 1.1x107° 1.1x 1073 1.9x 107 1.9x 1073
40 km 2.1x 10> 2.1x 107> 3.6x% 1077 3.6 x 107>
.50 km 3.9x 107> 3.9x 1073 6.7 x 107> 6.7 x107°
60 km 8.4% 107> 8.4x 10 1.4x 1074 1.4 % 1072
70 km 1.6x 1074 1.6 x 1072 2.3x107% 2.3 x 1072
80 km 3.9x 1072 3.9x 1072 3.3x 1074 3.3 x 1072
90 ko 5.2 x 1072 5.2 x 1072 3.2x107% 3.2 x 1072
100 km 4.4x107% 4.4 %1072 2.7x107% 2.7 x 1072
110 km 3,6x107% 3.6x 1072 2.1x107% 2.1x 1072
120 km 2.6x 1072 2.6 x 1072 1.5x 10'4 1.5x 1072

¢ e s e e
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the situation is improved, For optimnum conditions, measurements
can be made up to 100 km with a more realistic limit being 80 km. 1t
is clear from the graphs that an observation time of at least 10

seconds should be used.

6.2 Passive Resonant Absorption

This method is guite sensitivé but requires a natural source.
The strongest natural source is the solar disc, However, this method
will be limited by the position of the sun in relation to a moving vehicle,
This will impose short observational times on the measurement. The
method dves have the advantage that only one vehicle is required.

The minimum detectable optical depth is

co. 2T _2e (1, 60
min TS sec Q AT 10 TS

for the 22,235 GHz line, and

o LTmin 2@ 1, 120
min TS sec ¢ AV 10 TS

(19)'
ior the 183.31 GHz line,

Table 4 of minimum detectable optical depths is obtained from
equations 18 and 19, The same limiting values of a’\ff as before’
are used.

Figures 6 and 7 are plotted with the limiting atmospheric
optical depth values from Table 2 and the minimum detectable optical
depths presented in Table 4. The figures show that a radiometer tuned
to the 22,235 GHz liné can measure water vapor up to 35 km under

optimum conditions with 70 km being a more realistic limit., If,



Table 4: Minimum Detectable Optical Depths for Passive Resonant Absorption (ATmin/TS sec ¢)

30 km
40 km
50 km
60 km
70 km
80 km
90 km
100 km
110 km

120 km

22.235 GHz 183,31 GHz
= = 0,1 =— = 10 Z— =0.1 = — =10
3.4x10"° 3.4 x 1072 3.8 %1070 3.8 x107%
6.8 1070 6.8 x 107% 7.7 = 1070 7.7 % 107%
1.3x 107 1.3x 1073 1.5x 107> 1.5x 1073
2.6 % 107> 2.6 %1073 2.8 %10 2.8 % 107>
4.4x107° 4.4 x 1073 4.2 %1077 s.2x 1073
9.5x 107" 9.5x 107> 5.2% 1070 5.2x 107>
1.3x107% 1.3 x 1072 5.3 x 10> 5.3x 1073
1.3x 1074 1.3 x 1072 5.1x 107> 5.1x 1072
1.2z 1074 1.2 %1072 4.8 1070 4.8x 1073
1.1x107% l.1x 1072 4.5 %1070 4.5% 1073

¥e



ALTITUDE IN KM

80

70

40

30

1072

- i
]

/TN {C.lppm) T ‘max { IO ppm)

| ATMIN ::'lo
/ Ts SEC 6| gecdmet /
S /
,
i /
/ /
/
/
/ /
/ /

- /, ,
—arern .\ /) /

VALLES ”‘%‘% Faton o
[ ~~-DETECTABLE Sec=

-~ OBTICAL /
DEPTH /
/
- /
/
/
/
;.

O N / - : * - ] Ll

10-8 108 1074 103

OPTICAL DEPTH

Figure 6 22,235 GHz Passive Absorption Experiment



100

ALTITUDE IN KM

90} |
TmiN (Ol ppm)
|
J
80} ,’
|
|
| !
70 /
A ,
/ ATwmin | 92! / _ATwIN :='°
60k / Tssec ¢| sEcg=10 /Tssec'ﬁ s?c'q‘a-lo
/
/
/ /
sop  / — EXPECTED /
/ ATMOSPHERIC /
/ VALUES /
4oL  ———DETECTABLE /
OPTICAL /
DEPTH /
/
30 . / . _
10-6 1074 10-3 10-2 10

OPTICAL DEPTH

Figure 7 183.31 GHz Passive Absorption Experiment

92



27

however, the experiment is performed at 183,31 GHz, the measure-
ment can be made all the way up to 100 km for the optimurm: conditions.
However, this type of experiment should have an observation time of
10 seconds or shorter due to the relative movement of the source.

Thus the upper limits of measurement would be less.

6.2 Active Resonankt Absorption

This is the most versatile method, Global coverage is possible
although an additional vehicle is required. The source can be a fixed
frequency broad band source or a narrow band tuneable source. This
method has the slight disadvantage that permission to operate the
source must be obtained. However, the ability to control the source
characteristics and the fact that this is 2 non-thermal source and thus
will have less noise inherent in its output, make this experiment
extremely attractive.

The minimum detectable optical depths for this case are

T .= APmin = ak NA Y 120
min P_.seco NT P
S t S (20)
for the 22,235 GHz line and
T . = Apmm = ak NA v 240
min P_sec @ N B
8 t 5 (21)

for the 183.31 GHz line.
In the above expressions PS is given by equation 15 and has a
value of 8.84 x 10-14 Watts, From equations 20 and 21, the following

table of minimum optical depths is obtained for both lines.



30 km
, 40 km
50 km
60 km
70 km
80 km
90 km
100 km
110 km

120 km

22,235 GHz
% =0.1 2 __ =10

NE NE
1.2 % 107> 1.2x 1073
5.8 x 10"6 5.8 % 10"4
3.1x 1070 3.1x 1074
1.5x 10-0 1.5% 1074
9.0x% 10”7 9.0% 107>
4.2z 1077 4.2 %1070
3.0x 10_? 3.0 x 10-5
3.1x 10" 3.1x 1072
3,2x 107" 3,2% 107>
2.5 x 1077 3.5 % 107°

Table 5: Minimum Detectable Optical Depths for Active Absorption ( APm.m/PS sec ¢)

183.31 GHz
- =0.1 2 =10.

NE_ NT '
2.4x107° 2.4x 1072
1.2 x 10”2 1.2x 1073
6.2 % 1070 6.2 x107%
3.2x 1070 3.2x107%
2 2x107° 2.2x107%
1.7 x 1070 1.7 x 1074
1.7 x 1070 1.7x107%
1.8 x10°° 1.8x107%
1.9 x 1070 1.9x 107%
2.0 % 10°° 2.0x 1074

ge
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From tables 2 and 5, figures 8 and 9 are plotted. Figure 8
shows that if a 22,235 GHz radiometer is used having a signal to noise
ratio of 10 and an absorption time of 1 second, then water vapor can
be measured up to 90 km if the true mixing ratio is 10 ppm. However,
if the observation time is 100 seconds and the signal to noise ratio of
1 is sufficient, then wa'ter vapor can be measured above 100 km if the
mixing ratio is 10 ppm and up to 90 -km if the mixing ratio is 0,1 ppm.
Figure 9 on the other hand shows that a great improvement results if
the 183,31 GHz line is used. For a radiometer having a signal ‘o noise
ratio of 10 and an observation time of only 1 second, water vapor can
be measured up to 85 km if the mixing ratio is .1 ppm and above 100 km
if the mixing ratio is 10 ppm. A measurement made with a radiometer
having a signal ‘o noise ratio of 1 and an observation time = 100 seconds,
can detect and measure water vapor above 100 km even if the mixing ratio
is only .1 pprm. Thus this measurement seems to be very feasible,

An experiment having only 1 second for observing time should give
quite accurate results. The sensitivity of the active experiment can be
increased by increasing the power of the transmitter, This will then
move the APmin/PS curves to the leit, However, there is a major
problem to be considered in this technique,

At high power levels transitions among the molecular states are
induced at a rate that is not negligible compared with the tollision rate,
thus invalidating the assumption of thermal equilibrium for the specific
rotational stite (Karplus et al., 1948). The absorption line is then
broadened as the power level is increased with a corresponding decrease
in the peak resonant cross section. The energy absorbed per unit

volume will then reach a saturation level and thus perturb the
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measurement, This means that the level of power used to excite the
medium may be extremely critical and thus this possibility should be
exémine@ more closely. This situation is looked at in Appendix D and
il appears that saturation effects will npot be important for stratospheric

measurements unless the power density exceeds 19 millwatts/mz.



CHAPTER VII
CONCLUSIONS

The distribution of water vapor in the upper atmosphere must
be known if one is to obtain a better understanding of upper atmospheric
physical processes. This will be necessary to assess the impact of
artificially introduced products on the photochemical and radiational
balances of the upper atmmosphere. Water vap‘or may also be respon-
sible for hydrated ions and noctilucent clouds., Thus a measurement
of stratospheric and mesospheric water vapor is of considerable
importance to the scientific community.

Past measurements of water vapor have heen limited to about
30 km due to the lack of sufficiently sensitive instruments. However,
due to state of the art advances in low noise receiver development
(the Schottky barrier diode), weak signals {-om stratospheric water
vapor can now be measured.

The results of this study show that using an occultation
experiment, water vapor concentrations as low as 0.1 ppm can be
detected above 30 km and with sufficient instrument resolution, up to'
and above 100 kim. The 22,235 GHz line of water vapor can only be
used for an active absorption experiment, if meafurements to 90 km
are desired (see Table 6)., However, the water vapor line at 183.31 GHz
will enable measurements to be made up to 80 km using the least
sensitive mode of opefation (passive emission)., This mode also has the
advantage that a radiation source is not required and therefore the
experiment will be greatly simplified and more nearly continuous
measurements can be made. The active absorption experiment might

offer the advantage of probing the water vapor line s.ha.pe more
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Table 6: Upper Altitude Lirnits of Water Vapor Measurement

Radiometer Radiometer
Parameters Parameters
o= 10, £t = 1 sec a =1, t = 100 sec
Min, Water [Max, Watex] Min. WatexMax. Watey
Vapor Vapor Vapor Vapor
Mixing Mixing Mixing Mixing
Ratio Ratio Ratio Ratlo
0.1 ppm 10 ppm 0.1 ppm 10 ppm
\Mu]._. b Below
8 0
® S o
g % S 30 km 35 km 35 km 75 km
7 & |80 g
e 5 N
- [1}] F
gf ©
Q O
=R En Above
Z % fd, =
=]
e & |38z 4 40 km 80 km 80 km 100 km
o 0 g0
o .m. - —
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o}
m m N o
2 RN 30 km 50 km 50 km 85 km
P ——— D [
4 o M
S 2 By
g2
2]
SN o 5 . Above
2 8 a )
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& oy 9
. f
Fes
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o mn
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accurately, but the emission experiment performed at 183,31 GHz
appears to be the simplest, least expensive, and most desirable
experiment.

The experiment should now be examined using a cornpulter
simulation. The radiative transfer problem will be examined in much
more detail especially the effects of combined pressure and Doppler
broadening on the (signal) line shape. Various atmospheric water
vapor models will be simulated to determine the 1'eiative effect 6;1 the
signal. The orbital and spatial motions of a vehicle ﬁrill be studied as
to the restrictions they place on a measurement, The amount of "Water
vapor in the viewing path will be varied in qrder to dél;;'i-r;line' the
degree of sensitivity of the signal to various regions along the vieﬁving
path. The measurement should also be modeled to see how far off the
line center a measurement can still be made., Comparisons between
several vehicles and various types of ﬁeasurements will then be
drawn. This study will provide the theoretical background on which

to base future experiments,



APPENDIX A
WATER VAPOR ABSORPTION COEFFICIENTS

The absorption coefficient for the pressure broadened 22,235

GHz line is given by (Croom, 1965)

2

K_(v, Av, T, N) = 1.05 x 10728 % exp (-644/T).
T-J
Ay Av
2 2 ¥ 2

(A.1)

where
N  is the number density of water vapor molecules in cm™?
v is the frequency in Hz
and
T is the kinetic temperature in °K
The absorption coefficient for the pressure broadened 183,31
GHz line is given as {Croom, 1965)

2

K (v, Av, T, N} = 6.46x 10727 MY __ o (-200/T).
a T5/2
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+ 1.8x 10 cm

.52 NvZ Ay -1
w3/2 (A.2)

In previous atmospheric work (Croom, 1965) absorption
calculations have been simplified by assuming a pressure broadened
line shape for all altitudes. This has the effect of assuming the same
line shape for Doppler broadening as for pressure broadening. Above
70 km where Doppler broadening becomes dominant, this is in error
since Doppler broadening has a different line shape (Longbothum, 1974).
The error, however, appears to be slight according to Croom (1965)
and thus the only account of Doppler broadening in the calculations is
through the line width constant Av, When both the effects of Doppler
broadening and pressure broadening are appreciable (above 70 km),

the value of Av is given approximately by (Croom, 1965).

~ 2 2, 1/2
AV=(AvP + AvyS) (A. 3)

The pressure broadening is given by (Croom, 1965)

P
Av_ = 2.62x 10° (10‘13"’. zs‘) (1 + 0.0046 p) Hz
P { T )o. 625
318 (A.4)
where
P is the total atmospheric pressure in mb
p is the density of the water vapor in gm m™3
T is the kinetic temperature in °K
The Doppler broadening is given by (Croom, 1965).
_ =Nk
Avg = 3.58 x 10 — v, Hz (A.5)
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where M is the molecular weight of the gas.
For water vapor (M = 18) the expression for Doppler
broadening is

Ay, = 8.,45:7;:10"8 VT v Hz (A.6)

d



\ APPENDIX B

DERIVATION OF THE EQUATION OF SENSITIVITY FOR A
MICROWAVE RADIOMETER VIEWING A THERMAL SOURCE
Consider the total power superheterodyne receiver (see figure 10)
monitoring a thermal noise source such as the solar disc. For this
case A T, the input signal will be broadband random noige. The two

sided power spectral density of Vin will be (Tiuri, 1964)

: i L
eo(je) = 2k (T, + Tp + AT) = 3k (Tgy + AT)
(B. 1)
. The noise input then will be band limited by the bandwidth of

the tuned RF and IF amplifiers. The bandwidth of the I amplifier is

generally smaller and thus has the dominant effect. The bandwidth is

given by (Burdic, 1968)

e

HF - =
a0
g |a (o |*as
A (B.2)
where w = 2w f

After the RF and IF amplifiers, the spectral density (power)

is obtained from equation (1) by multiplying it with the power amplifi-

) cation ratio | A(j w)l 2

Thus




T+AT(T +S{1)
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Figure 10 Total Power Superheterodyne Receiver
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. : - 2
(o) = #x (Tgy + AT) |[AGw
Ty SN | (5.3
If we assume that the input 8ignal is’ gaussian white noise with zero

mean and autocorrelation function

Los]

i jetg
RIF(T) = ‘[me @IF (jo) df (B. 4)

Then the output from the square law detector will be given by (Thomas,

1969)

Rpoi™ = R%F (o) + zRIi_‘ (7)

{B.5)

From this

) o8] x
L -jeT
Fhie Sm e RDet(T) dr

-

@Def:(j w)

o]
- zms@RE () ¢ A | B (w9 (e - juwa

{B. 6)

The first term is the D.  C. ... ~pounent resulting from the
rectified signal and system noise. The second term is the convolution

of the input spectrum.

The D. C. térm constitutes the signal power that is measured.
This is
D. C ® :
@D'.et. (jo) = 2w 6{w) [S:m (I’LF (j ) df]

(B. 7
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The average D. C. power delivered to a one ohm resistor in the

low pass filter is given by

(=2

= _ z D.C.,.

Po.c. = Vpet © S:m Tpet (Jed df
(B.8)

Thus
= ® ® 2
Vhet = S S:m 2T §(w) S‘.m@IF (jw) df:} de
- o 2 _ 2
= .S:m B (Joo) df:l = VDet]

(B.9)

_ oQ

or VDet = E[VDet] = S:m @IF {w) df
@
1 . 2
= S' 2k (T +AT) | Ajw) |7 df
-

(B. 10)

At the first stage of the low pass filter, a voltage

® 2
1 .

vV, = -3k Ty jim |AG w)|“af

(B.17)

is injetted to cancel the D. C. component due to system noise. The

difference is a measure of the signal noise temperature.
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au]
"xfe = B [ve} = 3kAT S‘ | A o) | 2 ag
- (B.12)
This represents the signal going into the integrator. The low pass
filter will remove most of the random fluctuations. The variance

(mean squared normalized power) of the noise fluctuations is given by

.2 2 - 2
Tout = T [Voutl - E [vout]
0 Lue]
. 2 2 . 2
= S‘ d | H(jw) | * k% (Tey + AT\ (a0 2
- CO SN - OO
- 2
|A{jo - w|“du
co 0
. 2 2 .
= g |HGe) |72 k% (Tgy + AT)zdff | A (juy |
sl - O
. : 2 du
Ao - jwl® 5=
(B.13)
The post detection bandwidth is given by (Carlson, 1968)
[o4] . 2
B - H{ ’1“"’) df
LF 5 H{o)
(B.14)

Since this bandwidth is much smaller than B___., « may be sei equal

HF

to zero in equation (13). The average D. C. Vou is given by

£

E{V

out ] = E[V_]|H(@©)]

(B. 15)
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If equation (13) is divided by this relatica (equation 15), then the

relative deviation is obtained.

- o
e _ out
out
E[ Vout]

1/2
@ L2 o
U | B0 | 5 (Tgy * AT)zdfg lA(jw)[‘Ldf]

[as)
] |5 (o) | g = AT |AGw)|Pat
.j -0
1/2
r 2
. s , | Tsn 4 AT 5l
= LF AT HF
(B. 16)
or
JF - Zow o Tew * AT [2Brp
out =v_J AT B r
(B. 17)

For any physical system, there exists an uncertainty principle

between bandwidth and risetime given by {Carlson, 1968)

1
Bip 1 2 2
(B. 18)
Thus for a perfect integrator with integration time T
1
Bip = R
{B. 19)

and
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Ton * 2 Thin 1

out AT B T

#*

(B. 20)

The sensitivity of the radiometer is defined as the signal which
will give a D. C. output voltage equal to or greater than the effective
va lue of the output fluctuations due to the system noise (Tiuri, 1964).
Thus if we consider an output signal to noise voltage ratic «, then the

equation for sensitivity is

AT |
min = @ 1
T + AT B T

SN min HEF I (B.21)

This can be solved for A TMIN
a T

AT, .. = SN

Min B T - o

HF 1 (B.22)

There is one problem with the total power receiver. The
receiver can not distinguish between the change in signal power and
the change in receiver gain, Thus it is very important to stabilize
the gain of the receiver. The best receiver for this purpose has been
that of Dicke (1946) in which he introduced a modulation of signal
input in order to eliminate the fluctuations induced by receiver
instabilities. The input of the receiver is switched between the

antenna anhd a reference noise power. The rate of switching is at
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such a frequency that the amplitude of gain fluctuations is negligible.
The amplitude of the signal then may be determined by means of 2
coherent detector which is driven at the same switching frequency.
However since the signal is connected to the receiver only half of the
time, the sensitivity of the Dicke receiver is only one half as high as

the total power receiver thus

2T
AT - SN

Min

o

B T - o
HF 1 (B.23)

For practical bandwidths BHF’ this will reduce to

(B.24)



APPENDIX C

DERIVATION OF THE EQUATION OF SENSITIVITY FOR A
MICROWAVE RADIOMETER VIEWING A NON-THERMAL SOURCE
Consider the total power superheterodyne receiver (see figure
10) monitoring a continuous wave signal from an oscillator, For this

case the signal input to the receiver will be

x(t) = s (t) + n(t) (C. 1)

where s(t) = A cos (wot + @) and n(t) represents the random back-
ground and receiver noise, A is a constant and ©is a random
variable uniformly distributed over the interval O£ 6 € 2 w. For
wide sense stationary noise and signal, the autocorrelation functions

are (Thomas, 1969)

2

R (7) = —‘é— cos o, T

s (C.2)

and
R (T) = 5 kTgy & (7)
(C.3)

From these the power spectral density can be ohtained

noise 1
& (jo) = 5 kT

signal .. AZ L
@In (_Jw) = =5 [ 6(ew - w.0}+5(w+mo)]

{C.5)
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After the RF and IF amplifiers, the spectral densities are
obtained from equations (4) and (5) by multiplying them with the power

amplification ratio |A(j )| Z.

noise

S (Jw) = 5 K Tey [Aw)] (C. 6)
and
. -
@E‘gnal (Gw) = Az'ﬂ'._ [5(,,, - mo) + 60{w + wo)} !A(jm)lz

(C.7)

Then the autocorrelation functions at the input of the square law detector

are
. kT 0 .
L) z
REOHS (r) = — BN _lage)® &7 aw
) (C.8)
and
. 2 0 ,
signal , ., _ A" _ .
REER (7)) = & ‘g:m [B(m - w) o+ Blw + wo)}
. 2 e G .2 e
[A(w)]%e dw = = |A(j mo)l e’ o
2‘ “jw_T Az 2
+ |A(-jmo)| Rt Lo = 5 lA(jmo)l COB T
(C.9)

If we assume that the input noise is gaussian with zero mean and auto-

correlation function as given above, then the output from the square
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law detector will be
s +n _ nxn Sxh sxs
. Rpet () = Rpgy (7) + Rpgpw (1) + Rp, (7))
(C. 1)

where the interaction of the noise with itself is (Thomas, 1969)

2 : .
nxn . oh _ Jnoise 2 noise 2
RDet (r) = RDei: (t) = (RIF (o)) + 2 RIF ('r))
kT < . 2
= o4 +2 4SN‘Y 1AGw)] % ed®T du
w -® (C.11)
where
kT ™
2
o = R0 = — {7 jagaPa
- (C.12)
The interaction of the noise with the signal is given by (Thomas,
1969)

sxn _ s n ] n
RDet (M = 4RIF {7) RIF {(T) + ZB.IF (o) RIF (o)

-—

[en]
40‘2 cos w T [kTSN g
5 [s] —

i
™
qu
BqN
-

4 -

‘|AUmHzeijdw
. (C.13)
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where
> s A% 1atey)|?
v~ = Ri. (o) = -
s ir 2
{C. 14)
The interaction of the signal with itself is given by
sxs 52 2 2
R (r) = R (v) = E {s () s (t+ T)}
Det Det (C. 15)

The signal at the input of the detector has been modified by its passage
through the RF and IF amplifiers., Thus the signal at the input of the

square law detector is given by

s(t) = A|A(jw)| cos [mot + 6 + ¢(m)]

(C.16)

where yis still uniformly distributed over the interval o< v €2w.

Then the autocorrelation function of the detector output is

U.*ﬁ
@ ™
oT
)
o
—
(_H
[¢]
Q
4]
38
£
o]
o
4
=
2]
0
2]
gre—y
£
Q
-
+
2
+
-
[I |
k‘"?'—,

(C.17)
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Thus the square law detector output autocorrelation function is

2 t:r4
s +n _ 2 2 s
RDet (1) = o + o + 5~ cos Zwo'r
kT 0 2
4 n .
SN . 2 juT
+ 2 g ‘)—m | A (ju)|© e dw

idyy @ .
SN ‘S‘ IA(jm)|zeJdem
W ~m®

+ 40'2 cosw T
s o 4

(C.18)

The spectral density at the output of the square law detector

will be
n+s . _ S x5 . S Xn o, nxn o,
@Det (Jo) = §Det Go) + rI)DEI: (Ju) + (I)Det )
(C.19)
where
nxn @ j 2
X . _ nAxn ~jwT _ n
@De_t (w) = S‘_w RDet () e dT = 27 0(w) RIF(O))
1 ® n n 4
— o) i C I -
+ - S’_m . (ju) @IF (jw ju) du 2w c §(w)

2

w kT

1 SN . 2 . . 2

+ TS‘ ( 7 ) lAGw)]® [AGw ~ ju)|” du
-0

{C.20)
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Then
sxn O 5 Xn juT
) _ -jw
(bDet G} = j_w RDet () e dv
s 2 @
n
= 4:11' 6(03) RIF (0) RIF {0) + TT— S.co “1F (_]11) q)
(jo - ju)du = 4w Uf o*:' 5(w)
k 2
A SN A o
+—1'T— jm 2 IA(Jw"Ju\I 217
lAGWIZ [ 6 (w- o) + 8 (u+w)ldu
==41rcr§26(w)+ﬂ' (T )'
. . 2 . . 2
[1a (Jm-_]mo)l + |A(w +ch)| ]
(C.21)
and

g ¥ 8 - -jwT
Del: (jw) S‘ RDet (7Y e dr

= 2% El': 0 {w) +--121:- 0': [ﬁ(w- Zwo) +5(r.o+2mo)]
{C.22)
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Thus the square law detector output spectral density becomes

S+n gy _ 2, 22, @ 4.

@Det (jw) = 2w 6 (w) [Us +.°-n] R
Sy kT ... 2
1 0 SN
[6 (w - Zwo) + 8w +2wo)] + g ')“m 7
kT
. 2 . . 2 2 SN .
[AGw|° A (o - ju)|” du + 20 5

[IA(jw-jwo)Iz + IA(jw+J'wD)|2]
{C.23)

The first term in equation (23) is the D. C. component resulting
from the rectified signal and system noise. The average value of thiy

term is

}=0‘2+0'2

v = E{YDel: s n

Det (C. 24)

If a voltage VO is injected into the first stage of the low pass filter

where

(C. 25)
then the D, C. voltage due io noise temperature wiil be canceled and

the diiference Ve is a measure of the signal temperature where

Vv =e{vi}i=o¢a
& (C.26)
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The receiver output spectral density is given by

@s-{-n

SER Gw) = @l (o) |HGw |

Det (C.27)

However, the low pass filter will pass only those frequency components

in the vicinity of zero, Thus the output spectral density is

Fdisy kT 2

@:u:-'n (jw) = [217 G': 6 (w) +.2.5 ———— |A(jw)|4df

+2 ol lA(jwo)lz(kTSN)] ()]

(C.28)
or using
o 2
[E |A(jw)|2df]
B = ke
HE - )
S\ | AGiw) | af
-® (C.29)
cne can write
Zcr4
: ) 2 4
ifiuin (jw) = |H (jw) | {Zw o, 8(w) + Bn + zﬂ-sz.
HF
|A G ) 1% (kT )}
° 5N (C.30)

Another definition of noise bandwidth is (Thomas, 1969)

_ j
Prr gm Alug) | (C.31)
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This can be used to write

o2 1 (" 12
| 4 Gug) g § 1age” a

(C.32)
and thus equation (30) can be written as
4 2 2
20 4o @
&1 o) = | 5 (o) |2 {zﬂja(w) $ g }
HF HFE
(C.33)
The output autocorrelation function is then
s +n 1 0 s +n jwT
= : w —
Rout (r) = 2w ,)_m Cout (jw) e do =
4
o) 20T .
4 2 . 2
%s IH(O)I + 2111' .) B = IH(J’-'-‘H ¢ dw
@ HF
1 ® 2 2 |HGo)®
W . s n BHF
(C.34)
The average or D, C. value of the output is
= = 2
Vout = E_{Vout} = Ve [He) | = s | H{o) | (C. 35)

The mean square value of the output is

A 2 _ s +n
Vouf: = B {Voul:} - Rout (o)
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4
4 2 £ A% L2
= o |H()|" + J, B |H(jo) |~ af
o 40‘2 cr: 2
+ § B | H(jw) |~ af
- HE (C.36)
The output variance is
4
20
2 _ 2 2 _ “ n . 2
o= BV }- B {v_ .}-= S:m - | H(Gw) | af

2
o A4g crS 2
+ SI e IH(jm)l df

@ HF

wfeE ™

(C.37)

The relative deviation of the output is given by (Tiuri, 1964)

i3
# out _
[0 = =
out E{vV
‘ out”.
o 2ot L o 4oke? , 1M
- j 5 IH(jw)' 'd:E-I‘Sk —B IH(jw)l ar
-~ HF - HF
2
o |H(o)l
) .
2 2 ' i/2
~ % | Bir % | Bur
= A 5 B + 4 — | B
o, HF o HE

(C.38)
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where

- (7| Hiw
Brr © S‘m H (o) df

(C.39)

The sensitivity of a radiometer is defined as the input signal
which will give a D. C. output voltage equal to or greater than the
effective value of the output fluctuations due to system noise (Tiuri,
1964). Thus if we consider aa output signal to noise voltage ratio @«
(a Hgure of merit for the receiver), the equation governing the

gensitivity of a receiver is

1 a Tout
o - E Vout}
(C. 40)
or from eguation (38)
2,2 2
%\ Bip % Biyr 1
22 B S il A
v HF o’ HE ¥
S (C.41)

For a perfect integrator (see Appendix B), the low frequency

bandwidth can be written

B _ 1__.
LF 2 T'I (C.42)

Using this relation, equation (41) can be written as

2,2 .2
n 1 P 1 . L~ 9
crsz Bur 1 o-sz Bar ™1 o

{C.43)-

g o psr oy g e e g W
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This equation has the solution

2
%y _ \/BHF T, .
T2 - 2 -
a o
S
o7
2
o
2 n
o = =
8 B T
\/ HE L .1 -
o
where
2 . 2
2 A [A(Jf-ﬂo)l
o =
] 2

and using equation (32)

0
g y 1A (jo) |2 af =

Thus the sensitivity equation becomes

, = “Tsn Pur

A .
B. T
'\/——-Hg L+ 1 - 1
o

(C.44)

(C.45)

(C.47)

where .Az now represents the smallest power that can be detected for a

given output signal to noise ratio.
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Then since

(C.48)

is the smallest power that can be detected at the receiver input, the

equation of sensitivity for the active source is

Ton ¥ By

API‘nin - B T
HE I
———'—2--""-— + 1 - 1
&

For a Dicke receiver, the sensitivity will be decreased by a

(C.49)

factor of 1/2 (see Appendix B), thus

kB

2Ton *Bup

AP . =
min BHF Ty
1 - 1
A o
i (C.50)
In general this will reduce to

ZTSN ak BHF

APmin - B T -

HF I




APPENDIX D
POWER SATURATION OF MOLECULAR STATES

The expression for an absorption coefficient which is broadened
by saturation is (Carter and Smijth, 1948)

Ka (vo)

Ka(v) = vy 2
+ 1 +

AP
2
(av,)

Av
°e (D.1)

The expression for saturated line half width (at half intensity) is

(Carter and Smith, 1948)

1/2
av o= Ay 1oy AR
(Av)
o (D.2)
where
8w v n
- e} 2 -1
K0 = mEwr T Av_ g cm
Avo = the unsaturated half line width
ergs
P = the power density in cm? sec
2 .
8w l IJ‘j_'I
A = _— the Einstein coefficient for induced

2 L
3ch emission.
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The expression for the dipole moment of the 22,235 GHz

water vapor transition is (King et al., 1947)

where

thus

42 2
ey 12 = 0165 [y |
(D.3)
l“ol - 1.85x107'% e s.u.
Ip’ijlz = 5.65x 1037 (e.s.u.)z
The Einstein coefficient for induced emission then becomes
6 <:n'12
A = 3,59=x10

erg - sec

From equation (D.2) saturation effects will be negligible when

AP << (av)®

Thus the arbitrary criterion will be

AP < (Avo)z x 1073

From the information in Table 1 the following table of

maximum power densities is obtained
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h (Avo)z Pmax
30 km 16,0 x 10°% Hz? 4.5 x 10? “W‘j:“:zE
50 km 7.3 % 1012 w2 2.0x 10° W;tzts
70 km 5.3 x 1010 52 1.5 % 10‘2%
90 km 6.8 x 10° mz? 1.9“0_4&;:_%

The cross sectional area illuminated by an antenna of area
10 m2 at a distance of 1000 km (the minimum distance between
source and receiver in an occultation experiment) is 1.9 x 107 mz.
Thus the power of the source can be on the order of 3 Kw before

saturation must be considered at 90 kim. At lower altitudes the

source power can be much greater.
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