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7.7 Introduction

The minor constituents of the atmesphere such as water vapor, CO, and
Ozone play an important role in the dynamical processes in the atmosphere
and chemistry of the surface of earth. The Ozone in the atmosphere at levels
above 20 km acts as a filter that absorbs the lethal part of ultraviolet {uv}
radiation from the sun and makes life, as we know it, possible on the
surface of the earth. In the stratosphere czone is formed when the solar
ultravioletradiations are absorbed by molecular oxygen, breaking the molecular
bond and yielding two free oxygen atoms. A free oxygen atom then combines
with the oxygen molecute to form ozone molecule (Q,). Ozone itself undergoes
photodissociation and other loss processes yielding a net balance between it's
formation and destruction. This balance leads to a quasi steady state
concentration of atmospheric ozone which is greatest in the lower
stratosphere in 20-30 km height range. The absorption of solar radiation in
both the production and destruction of ozone heats up the atmosphere so that
it has a positive temperature gradient in the stratosphere. The atmospheric
ozone layer is quite sparse and has a maximum fractional concentration of
~10 parts per million by volume {ppmv) in stratosphere. The total column
content of ozone if compressed at STP gives a layer of about 3 millimeters in
thickness {300 Dobson units). However, disproportionate to it’s abundance,
this trace atmospheric constituent plays a key role in various chemical and
dynamical processes in the atmosphere. Because of its particular absorption
characteristics in the uitraviolet and the infrared region, Ozone is a dominant
factor in establishing the balance between the radiation reaching to earth’s

surface from the outside and the radiation from the earth associated with its



surface temperature. It is for these and many other reasons that azone has
been and continues to be a subject of study in atmospheric physics. The
research in this field gained additional impetus when it was realized in early
seventies that continued uncontrolled release of chlorofluorocarbons (CFCs)
in atmosphere could possibly modify the stratospheric ozone layer. The CFCs
are stable gases in troposphere but photodissociate in stratosphere to give
free chlorine (Cl) which in turn catalyses a chemical ozone destruction ¢ycle.
Through the seventies and eighties the estimates of total ozone column
density varied greatly with the growing understanding of stratospheric
chemistry and with the revision of rate constants of different reactions
involving ozone (Allen et. al. 1984 & 1981). The phenomenon of stratospheric
ozone depletion took a dangerous shape when there was an almost complete
Ozone wipe out in the lower stratosphere observed at some places over
Antarctica {(Farman et. al. 1985). This phenomenon is widely known as the
Antarctic Ozone Hole {Levi 1988). Considerable amount of ozone data has
been collected since then by a number of ground based and satellite
observations. However, the exact mechanism for ozone depletion is still not
fully understood.

Ozone has been regularly monitored for the past several decades by a
global network of Dobson-Spectrophotometers which measure total ozone
content of the atmosphere by monitoring the absorption of solar ultraviolet
radiations at selected wavelengths in the 280-320 nm band. In-situ
measurements of ozone have also been carried out by ozone-sondes placed on
rockets and balloons. More recently, ozone has been monitored on a global
basis by means of total ozone mapping spectrometers {TOMS) as well as solar

back-scatter ultra-violet spectrometers {(SBUV) carried on satellites. Most of



these methods, however, require sun as the background source of radiation
and consequently are limited to only day time observations in good weather
conditions. It is in this context that the millimeter-wave technique of ozone
measurement offers several unique advantages.

The technique of o0zone measurement by millimeter-wave
radiospectrometers is comparatively a recent one and makes use of isolated
rotational transitions of ozone in the millimeter-wave region. This requires
observation of strong mm-wave lines of atmospheric ozone and inversion of
the observedline spectrum to obtain ozone height distribution. Millimeter wave
lines are predominantly pressure broadened in the middle atmosphere upto an
altitude which is dependent on frequency of observation and is approximately
equal to 80 km for lines near 30 GHz (A = 10 mm} down to about 55 km for
lines at 300 GHz (A = 1 mm). Hence the measured line shape can be
deconvolved to provide information concerning constituent abundance as
a8 function of pressure or height. The calibration standards used in this
technique are black body sources at known temperatures which can be made
as highly reproducible because the temperature is an easily maintained physical
parameter. For this purpose the two commonly used temperature sources are
room temperature load (300 K} and liquid nitrogen load (77 K). Since this
experiment is based on emission measurements, and does not require a
background source, ozone can be observed during both day and night times.
This can, for example, facilitate intercomparison of the data with the data
from a satellite passing over the observing site. Another unique advantage of
mm wave technique is that the observations are least affected by smoke, dust
and aerosols in the atmosphere which can make the results of scattered

ultraviolet measurement techniques such as Dobson/UMKEHR uncertain.



Hence the mm-wave technique can be used on a round the clock basis and
observations need only be curtailed under thick cloud cover conditions and
during active rain episodes. The ozone altitude distribution is obtained from the
spectral line profile by an inversion procedure that makes use of pressure
broadened nature of the spectral line. The pressure broadening coefficient has
been well measured in the laboratory (Connor 1885). The altitude coverage of
this technique is approximately 15 to 60 km. In this region, pressure
broadening is dominant over all other broadening mechanisms and hence this
property is exploited to obtain ozone concentration as a function of height.
This altitude coverage, however, depends on the total frequency bandwidth
and the frequency resolution of the system back-end. A typical 500 MHz
receiver system having 1 MHz frequency resolution will cover 15-55 Km
heightrange. The altitudes near 40 km where o0zone depletion is first expected
to manifest itself, are those at which this technique works best (Brillet 1989).
Also these observations can be carried out at a variety of sites and full latitude
coverage can be obtained. Species observed in this way to date include O,
{Caton et. al. 1968, Shimabukuro et. al., 1973 & 1975, Wilson & Schwartz
1981, Lobsiger 1984, Connor et. al. 1987, Zommerfelds et. al. 1989, Parrish
et. al. 1992), H,0 (Radford et. al.,1977; Bevilacqua et. al.,1983; Bevilacqua
et. al. 1985), CO (Kunzi & Carison, 1982; Bevilacqua et. al., 1985}, CIO
(Parrish et. al. 1981; Solomon et. al., {1983), CIO (Parrish et. al.,1881;
Solomon et. al., 1984) and HO, (DeZafra et. al., 1984).

1.2 Previous Studies

The first experimental detection of atmospheric ozone in absorption
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spectrum of the Sun at 36.025 GHz was obtained by Mouw and Silver
(1960}. In 1966, Caton, Welch and Silver detected 37.836 GHz transition in
absorption and 30.056 GHz {transition in emission. The line intensities
associated with each of these observations were so weak in comparison to
receiver sensitivity that it was necessary to integrate several hours, and in one
case, days of data in order to confirm detection. At higher frequencies, in the
window region between the two strong oxygen absorptionlines at 60 GHz and
118 GHz, ozone was detected by Caton et. al. in 1968 both in emission and
absorption modes. This line at 101.737 GHz is relatively stronger {Gora 1959}
than all the previously detected lines between 30 to 40 GHz and hence a
shorter integration time was needed. The receiver used here was a double
conversion superheterodyne front end and five 10 MHz wide filter banks at the
back end giving a total receiver bandwidth of 50 MHz. The measured
sensitivity of this instrument was 2.7 K {(rms) in 20 seconds. In 1973,
Shimabukuro and Wilson detected the 110.836 GHz transition of ozone from
the National Radio Astronomy Observatory’s 36 feet radio telescope located
at Kitt Peak, Arizona. This system had a single side band noise temperature
of 3600 K and unlike Caton (1968} a frequency switched mode was used. The
same transition at 110.836 GHz was observed by Penfield et. al. {13786} in
emission mode to estimate day to night variation of the mesospheric ozone.
The radiometer used was a radio telescope located at the McDonald Millimeter-
Wave Observatory, Texas. In 1979, Wilson and Schwartz used Aerospace
Corporation’s Millimeter Wave Spectral Line Receiver System located in
California to observe 101.737 GHz line of ozone. Similarly, Vivekanand and
Arora {1988) used a mm-wave superheterodyne receiver built for radio

astronomy to obtain spectral line observations of atmospheric ozone at



110.836 GHz. At still higher frequencies, beyond the 118 GHz strong oxygen
absorption line, Lobsiger {1984} operated a dedicated millimeterwave ozone
radiometer for one year at Bern {switzerland) to measure the rotational
transition of ozone at 142.2 GHz. The scheme of observation was essentially
the same as that of Caton (1968) but this instrument had a much better
sensitivity and frequency resolution. The single side band noise temperature
of this instrument was about 1800 K. The instrument used 31 filter channels
with bandwidths ranging from 0.2 MHz near line peak to 30 MHz in the far
wings covering a total frequency span of 170 MHz. This radiometer measured
ozone density in the stratosphere and mesosphere from 25 to 75 km. Connor
et. al. {1985) made ozone observations in the stratosphere using a
superheterodyne receiver at 101.737 GHz with single side band noise
temperature of 1000 K. Another instrument, developed by De |la Noe et. al.
(1987) has obtained measurements of the ozone distribution with reported
random errors of 1-5% at 40 km. A much more sensitive measuring
instrument to observe several atmospheric trace constituents was developed
by Parrish et. al. {1988). The front end of this instrument has a cooled (20K)
heterodyne mixer and |F amplifier using a closed cycie helium refrigerator. The
single side band equivalent noise temperature of this instrument was
determined to be 600 K. The operational frequency range is 260-280 GHz
with 1 MHz frequency resolution. This instrument can measure stratospheric
constituents having peak mixing ratio < 10°, which is more than three orders
of magnitude less than typical ozone mixing ratios in the stratosphere. Ozone
was observed by Connor et. al. {1987) at McMurdo Station, Antarctica in
spring 1986 using this instrument. An error analysis carried out on Antarctic

data showed measurement accuracies of 15-19% (depending on altitude). This



was supported by intercomparisons with other observations. A detailed
theoretical study performed by Bevilacgua and Olivero {1888} showed
that the best vertical resolution attainable with ground based millimeter wave
measurements is 8-10 km whereas the height discrimination ability of this

technique is limited to 5-7 km.

7.3 Present Work

The work presented in this thesis describes the ground-based millimeter
wave measurements of stratospheric ozone using a 101.7 GHz
radiospectrometer. The millimeter-wave ozone instrument was designed and
developed indigenously at the National Physical Laboratory, New Delhi. To the
author’s knowledge, this is the first dedicated instrument of it's kind to be
developed in the country. Using this instrument, stratospheric ozone has been
studied over Delhi {28°N} as well as over Maitri Station {70°S) in Antarctica.
Though there have been a number of ozone studies at low and mid latitudes,
the Antarctic ozone observations, using mm-wave technique, have been
carried out only once before {Connor et. al. 1987).

Besides the instrument development, comparison of Delhi and
Antarctic ozone distributions and the Antarctic ozone variations during our

observational period constitute the major outcome of this work.

1.4 Organization of the Thesis

The work presented in this thesis is divided into following seven

chapters.



In chapter 2 the theoretical background for atmaspheric ozone
observation using mm-waves is presented. It describes fundamentals of the
origin of radiative transfer equation (RTE) in the atmosphere and it's Rayleigh-
Jean approximation for micro-wave and millimeter-wave frequencies.
Expressions for resonant and non resonant absorption by different atmospheric
gases are developed. Two different line broadening mechanisms viz., Pressure
and Doppler broadenings, which are dominant in the atmosphere upto 90 km
are discussed and the corresponding line width parameters are calculated. A
detailed description of ozone molecule is presented together with the
calculation of ozone absorption coefficient. This chapter also describes
methods of retrieving ozone height profile from millimeter-wave spectral line
data. The two methods described here are:

(i) iterative inversion method and

(i) Spectral comparison method.

Both these methods are later applied for data analysis work depending on
quality of the signal observed.

Design and development of a state-of-the-art millimeter-wave ozone
radiospectrometer is described in Chapter 3. It first discusses some basic
radiometric principles and then describes design of the 101.7 GHz
radiospectrometer in some detail. The characteristics and functioning of the
individual components such as, the antenna, the front-end radiometer and the
back-end spectrometer is given. The data acquisition and controls systems
developed for the purpose of automated stand-alone acquisition are also
described. Various system tests carried out to find the actual performance of

the system are also presented.

Chapter 4 describes ozone observations carried out with the present



radiometer at National Physical Laboratory, New Delhi. It also describes initial
setting up and calibration of the instrument in the lab. The calibration
standards used are the liquid nitrcgen and room temperature reference loads.
The method of extracting ozone signal from the observed noisy data is
described, which includes data integration, smoothing and baseline removal
processes. The observed ozone spectra and the corresponding retrieved ozone
profiles are presented graphically in this chapter.

Chapter 5 describes working of the system at the Indian Station Maitri
(70 South iatitude) in Antarctica. The ozone spectra obtained during the period
January-February 1994 and their corresponding retrieved ozone height profiles
are presented.

I(n chapter 6 main contributory outcomes of this study are summarized.
An overall analysis of the results obtained is carried out and the scientific
implications of these results, namely, the latitudinal variability of ozone as
found over two observing sites viz. Delhi(28°N) and Antarctica(70°S) and the
ozone trend over Antarctica {(70°S) during Jan.-Feb. ‘94 by the mm-wave
technique are discussed.

Some remarke on capabilities of ground-based millimeter-wave
technique to make continuous observation of atmospheric ozone and the

suggestions for further research are outlined in chapter 7.
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Chapter 2
Microwave Radiative Transfer of Ozone in the

Terrestrial Atmosphere
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2.7 Introduction

At millimeter waveleng:hs, zbsorption and emission by coasiituent
atmospheric gases arfect the electromagnetic radiation passing through it
[Yates 1970). In the freguency region 1 to 300 GHz which is considered irere,
absorption by atmaospheric gases i1s dominated by water vapor and oxygen
{Meeks 19786). These two moiecules have rotational transition lines at 22 and
183 GHz (H,0} and near 60 GHz and at " 18 GHz (Q,). Also there are relatively
weak and narrow ozone lines above 100 GHz (figure 2.1}. Other atmaspheric
molecules aiso have spectral lines in the millimeterwave region, but the
expected strength of these lines is tco smail to cause any significant
absorption. For detection of these trace atmospheric constituents present in
the stratosphere or beyond only those frequency bands are useful where the
tropospheric opacity is low. These low absorption regions are called
"atmospheric windows’ for observations. These ‘'windows’ in the miilimeter-
wave region are shown in table 2.1.

The atmospheric absorption and emission by all its constituents is
governed by the Radiative Transfer Equation (RTE) (Chandrasekhar 1960). in
the following sections we shall first formulate the radiative transfer
expressions appropriate for calculating absorption and emission by
atmospheric gases. Then the general expression for the spectral line
absorption coefficient will be given, followed by specific expressions for

calculating absorption by ozone.

12



H.O

P

10—
lecmz H,0 _

I
———

ZENITH CPACITY (4B
ZENITH OPACITY (Np)

No Hzo

! Ll il

.

= AN PR ] - < RN D} _ll_L'l'|lllllll

50 100 150 200 250 300
FREQUENCY (GH1)

Fig. 2.1 Atmospheric zenith opacity in 0-300 GHz frequency range. The
hatched part shows the window region between strong oxygen transitions at
60 and 118 GHz. The curve for 2gm/cm? water vapor assumes a water vapor

density of 10 gm/m?® at the surface.
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Tatle 2.7 . Main atmospheric absorption features due to oxygen and water

vapor in the troposphere and the "'window regions’ in frequency.

Absorption Feature

Frequency Window

22 GHz H,0 line

60 GHz O, line cluster
118 GHz O, line

183 GHz H,0 line

24 to 48 GHz
70 to 115 GHz
125 to 165 GHz
200 to 310 GHz
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2.2 Radiative Transfer

When a monochromatic radiation of wave lengith A and intensity |,
passes through a thin layer ‘ds’ of a ges, a small increment dl, of it s
absorbed (figure 2.2). By the definition of the fractional abscrption (Gordy

(1955

dl, = -ad, {(2.1)

First we will consider that the gas is cool and it’s emission at the given
wavelength is negligible, later we shall take this emission into consideration.
The measurement of radiation entering and leaving such a layer pertains only
tc the absorption (a,) which is proportional to the density of the gas and the

thickness 'ds” of the volume

a, = k,.p.ds (2.2)

K, is constant of proportionality and is called absorption coefficient of
the gas. This k, may also vary with pressure and temperature of the gas
despite varying with waveliength of the propagating radiation. So we take the
density term inside 'k’ and define it as the absorption coefficient of a gas at

a given temperature and density (k, = k,.0) From equation (2.1)

dL{I, = -k,.ds (2.3)

This is fractional decrease in intensity of the incident radiation on passing
through a small thickness ‘ds’ of the gas of absorption coefficient 'k’. When

we integrate equation (2.2) over a finite length 's’ we have

15



Az

Fig. 2.2 Geometry for the Radiative Transfer Equation

16



IJ‘ |
fanin, = - [k, .ds (2,4)

Lo 0

Qar
<

";_' o "')o'e\"'p( "‘kl-'—',—\' ) (2.5}

where

.. = incident intensity (at wavelength A )

AC

l,, = intensity after penetration to distances ’s’

The integrand on the right hand side in equation. (2.5) is written as
ks = dv, (2.6)

where r = optical depth or opacity of the medium. Thus equation (2.3)
becomes

L, = Loe ™ (2.7)

When 7 = 1, the intensity of radiation reduces to 1/e of its original incident
value on passing through the medium. When the radiometer is looking at an
angle @ from the zenith (elevation angle = (90-8), {see figure 2.2} then the

above equation {2.5) becomes

I, = I..oexp[-fk;secﬁdz] (2.8)
0

In the above development we have assumed that the re-emission from
the atmosphere is zero/negligibie compared to the incident radiation. This

assumption is valid only for high frequency radiations viz. visible light passing
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through the atmosphere. However, in case of millimeter waves, re-emission
iI5 no longer negligible. Air does emit significently in the millimeter wave
region. The amount of this re-emission could be found out by using the
Kirchoff’s law for the black body radiation emission. The intensity of this
radiation is give by

I, = a,.BA,T) (2.9)

Where B{a,T)is Planck’'s black body emission rate. Thus when a
monochromatic radiation enters a layer of gas there is a loss of intensity by
gaseous absorption and a gain in intensity by the re-emission from the gas at
that wavelength. The amount of this re-emitted radiation depends on the
temperature of the gas and could be calculated as follows. If the radiation
emerging out only due to re-emission at level s’ in figure 2.2 be di,, then the

radiation reaching at point ‘s’ due to the layer ‘ds’ is

dl,, = [B(\,D).K, ds).e "¢ (2.10)

If we consider the horizontally stratified atmosphere with layers of thickness

‘ds’ then the total re-emission radiation is the integral of equation {2.10} over

thickness O to s

L, = [BOLD)Jy(s).0xp(-1(s",5).ds’ (2.11)

and the complete equation including both the absorption and re-emission terms

becomes
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I, = I g-@Xpl-,(0,8)]+ [ BAT(s")) K, (s").0xp[ - {s",5)].ds’
0

{2.12)
This is the Radiative Transfer Equation in it's simplest form. For the frequency
region considered here and for the real atmospheric temperatures, the intensity
of radiation is proportional to the brightness temperature {(Tg}. This brightness
temperature is the temperature of a blackbody radiator having the equivalent
intensity of radiation as expressed by equation {2.12) above and is defined
by

c~4() (2.13)

T(s’) = -

_'v

Equation (2.12) is then re-written in terms of brightness temperature as

!

Ty(s) = T5(0).0xp[-7,(0,5)] + f T(s).k, (s").Xp[-1,(5",s)].ds’
0

{2.14)
If the temperature of the whole absorbing medium is constant then the above

equation {2.14) becomes
Tg(s) = T5(0).exp[-7,(0,s5)] + T(1-exp[-T,(0,s)])

(2.15)
from this equation we can see that for totally opaque atmospheric conditions
(= o) the first term on R.H.S. becomes zero and Tg(s) = T {temperature of

the medium). Similarly for completely transparent atmosphere (r =0) and Tg(s)
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= Tg{O} which is the background temperature. Also if the medium temperature
is equal to the background temperature {T = T4(C)} the received temperature

wilt be equal to the background temperature or Tgls) = Tg(0) = T.

2.3 Absorption by Gases

There are two types of absorption characteristics shown by the

atmospheric gases. These are resonant and non resonant absorptions as

described below

2.3.7 Resonant Absorption

Resonant absorption is exhibited by gaseous molecules having electric
or magnetic dipole moments whicih can couple to the electromagnetic fields
passing through the medium. The frequencies at which the electromagnetic
field couples to the molecules is determined by the differences between the
energy levels {mostly rotational energy levels in case of millimeter-wave
transitions) of the molecule. In absence of any line broadening mechanism
transitions can occur only at frequencies {v) given by v = (E, - E,}/h where
symbols have their usual meanings. These energy levels are not sharp but
have width determined largely by electric or magnetic field which originate
externally or due to the intermolecular interactions.

The general quantum mechanical expression for the absorption

coefficient for a single microwave transition was given by Van Vieck (1947).

This is
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k. —
- 3he@Q
where:
¢ = velocity of light
k = Boltzmenn constant

T = excitation temperature describing energy level population (it is assumed
here that excitation temperature is the atmospheric kinetic temperaturg,

i.e. the levels are populiated by collision.)

N, = number of molecules {of species 'i'} per unit volume

g, = staristical weight of lower state of transition

aE,, = expl(-£/k7) - exp(-E,/kT}, | & m represent two different levels
P, = transition matrix element

¥ = frequency of measurement

Vge= transition frequency of the molecule

Q = partition function

= square of interaction energy matrix between the states <> and <m>
of transition. For the temperature encountered in the atmosphere the

partition function is given by following expressions

fa) for linear molecules

klg
. (2.17}
Q ohB

(b) for non linear molecules

A, B and C are the rotational constant of the molecule and ¢ is the
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G L(E)S]H? (2.18)

1 G ABC K

molecular symmetry numbes.

flw, ¥, A} = line shape function, where AV is a line width parameter, this

shape function is normalized such that

[Av,vav = 1 (2.19)

For pressure broadened lines this shape function is described by the following

formula and is called Van Vleck Weisskoff shape

\ ' Av Av
Av ) A= : )
: TV (v-v, )2+ AV (vev, )2+Av2

(2.20}
Where
Vs, = actual transition frequency between levels <I> and <m>

¥ = frequency of observation

a¥ = pressure broadening
2.3.2 Non Resonant Absorption

The atmospheric absorption away from the resonant absorption lines is
caused by the far wing effect of the lines which extends in the window
regions of atmosphere. This absorption s mainly caused by the presence of
oxygen and water vapor in the troposphere. The contribution due to oxygen
remains essentially constant but absorption due to water vapor changes with

the change in it’s density in the troposphere. We consider the following two

22



cases;
faj  When ¥ < <l or when the observational frequency is on the left wing

of the line

vAv

vy )= 2.21)

b} When B> > ¥, or when the abservational frequency is on the right wing

of the line

fvw,) = — (2.22)

val.n

These line shapes are then multiplied by an appropriate quantity as given in
equation 2.16 to give the additive terms of non resonant absorptions to the

resonant absorption. The total absorption coefficient then becomes

ko=k vk 2.23)

tora resonant nonresonant

These non resonant absorptions cause base line effects in the observed

spectrum. The totali absorption coefficient k, at frequency ¥ can also be

written as the summation of the absorption coefficients for the individual
transitions at that frequency

kv g zaﬂ transitions kV;.... (224)
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2.4 Line Broadenings

In the earth’s atmosphere there are mainly two types of dominant
broadening mechanisms responsible for spectral line broadening. These are
celfisional or pressure broadening and thermal or Doppler broadening. These

two are described in some detail in the foliowing section

2.4.1 Pressure Broadening

This broadening arises due to collision excitation of the molecules. In a
gas the molecules undergo collisions with the surrounding molecules of the
volume. After every collision the energy and the momentum of the colliding
pair are redistributed leaving a net effect on the frequency of emitted radiation.
This pressure broadening is described in terms of parameters y and x defined

such that the half width at half maximum of the Lorentzian line shape for a

given pressure 'p’ and temperature ‘T’ is

Av = yo.p.(a—?? * (2.25)

A parameter y defined as y = a¥/p is used for convenience reducing the

equation 2.25 to the following form

v = 70(3_;’0):: (2.26)

¥o has units of MHz/millibar. The value of y, was

calculated theoretically (Tejwani et. al. 1975, Gamache and Devies, 1985} and

obtained experimentally {Connor 1985) for a wide range of transitions and
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over a sufficiently large temperature range. These values were obtained for
pure O,-N, and 0,-0, broadenings. Tre air broadened line widths were then

calculated by using the following formula

v = 0.7"51')!03_,,{.2 + G.21 T 04-0, (2.27)

The value of x is crucial here and depends upon the type of interaction present
between the moiecuies. If molecules are considered as hard spheres and the
cellision cross section is independent of molecular velocities then according to
kinetic theory x = 0.5. But this is not found to be true for millimeter wave
lines where the collision cross seciions are several times larger then the hard
cross sections of molecules calculated by kinetic theory. This is a reasonable
assumption as energy involved in millimeter wave transitions are much smalier
than kT (h® < <kT) and therefore molecules have much larger effective cross
sections. The coliision cross section is dependent on molecular velocities also.
A slow molecule spends more time near the radiating molecule and causes
more disturbance compared with the one which passes quickly. Hence the
collision line broadening is dependent on temperature of the gas as well as on

the intermolecular forces. For the force which varies with separationr as r”,

the value of ‘x’ is given by

. (1) (2.28)
2(n-1)

X

6 which gives av,

il

Typical intermolecular forces have n = 3 to n

proportional to T7'° to T°’. This is in agreement with the results obtained
experimentally (Connor 1985). The collision linewidth is proportional to

pressure so long as the collisions involving more than two molecules are
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negligible which holds true in case of stratospheric ozone {Tejwani & Yeung
1975, Gamache & Davies 1955}}). The coilision line shape function is

described by Lorentzian function given below {Townes and Schawiow 1955)

Av,

. 1 L3
Ay, bv g = —f — 2] (2.2}
ToAvS+{v-v,)

This equation is derived from equation 2.20 by putting the second term inside
the bracket equal to zero as (¥ +¥,)7 > > avtand equating Y with W, outside

bracket as V=V,
2.4.2 Doppler Broaderiing

This broadening is a conscquence of the motion of radiating molecules
relative to the detector. If the velocity of a radiating molecule in the direction

of observation be V then the actual frequency of radiation ¥, appears to the

observer (detector) as

v = vo(1+) {2.30)
c

where ¢ is the velocity of light. Considering a Maxwellian distribution of

velocities of gas molecules we get an expression for Doppier broadening as

Vo in2 172
= 2 (2kg. 52 (2.31 A)
Yo =7 ( M)

or
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N
R
X
L=

Av = 3.85%10°7 vo(-;l’-)‘-f? i (2.

where

VY, = resonance (transition} frequency
T = Temperature

M = Molecular wt. of the gas

Doppier line shape function is given by (Townes and Schawlow 1955}

12

=)

£olv2¥ v ) = (P2Y R el -2

(2.32)

Natural tine broadening resulting from the finite lifetime of molecular
states because of spontaneous transition is of the order of 10 to 10 Hz for
millimeter-wave electric dipole transitions and is completely negligible in
comparison to the above two broadenings.

These two line broadenings (Pressure & Doppler) are calculated upto
height Z = 90 km and are shown in figure 2.3. it is clear from these curves
that in the region of troposphere and stratosphere pressure broadening is
much larger than the Doppler broadening (calculated for ¥, = 100 GHz) and
hence the latter can be safely ignored upto 60 km altitude for all practical
purposes. Doppler broadening becomes important only at altitudes above 60
km where the molecular collision frequency is comparable to or smaller than
the doppler line width.

When both Doppler and pressure broadenings are important the resulting

line shape (f. ) is given by the convolution of the individual line shapes

(2.34)
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Fop(VsV BV AV p) = fcjr(v.Q.A\- (R, . AV )d0

(2.34)

where * represents convolution. This line shape is called the Voigt shape. The
above convolution function is rather complicated and hence the empirical fits

to the Voigt line widths (Olivero and Longbethum, 1977) can be used for the

economy in computation time. Here the function used for calculating the

Voigt line shape is

Av, = =(Cyv p+/(Covpraegv ) (2.34)

1
VT2

Where C,, C, and C, are the constants and are given the following values

C, = 1.0692
C, = 0.86639 and
C3 = 1.00

This Voigt shape is plotted in figure 2.4 in the height range 60-890 km.

2.5 The Ozone Molecule

The microwave spectrum investigations {Hughes 1953, Trambarulo

1953) have determined ozone to be a slightly asymmetric molecule. It's three

principal moments of inertia are all different. In spectroscopy molecules are

categorized as
(i) symmetric rotors {symmetric top) having at least two out of three principal

moments of inertia equal and
(i) asymmetric rotors having all the three principalmoments of inertia unequal.
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Ozone is a slightly asymmetiic rotor. A measure of maolecular

asyimmetry (k) is given by the following formula

NDR_4d-
e RS (2.35)
A-C

k

Where A, B and C are the rotational constanis of the moiecule about three
independent axes. If B=C the molecule has prolate symmetry and if B=A it
is has oblate symmetry. These prolate and oblate shapes are the shape of the
molecular moment of inertia surface around it’s center of mass. For prolate
symmetry rotor k = -1 and for oblate symmetry rotor k = +1. In case of
ozone {°G,) k = -0.97 being a nearly prolate symmetric rotor. These k's are
the values of quantum number (k) describing the projection of angular
momentum (J) on an axis fixed in space {(molecular symmetry axis). These J
and k are the good quantum numbers to specify the state of the rotor.
However, in the rotating asymmetric molecule the component of J along any
fixed axis is not constant and hence k is not a good enough quantum number
to specify the molecular rotational state. In fact there is no one set of good
gquantum numbers and hence for asymmetric top molecules the energy levels
are specified by giving the value of J, and the value of K, for the limiting
prolate and K, for the limiting oblate symmetry top. The value of the molecular
rotational constants for ozone are

A = 106530.0 + 1.1 MHz

B = 13349.0 + 0.06 MHz

C = 11834.0 + 1.1 MHz

The O-O bond length is 1.278 x 10® c¢cm and an angle of 116°49’

between the central and the outer atoms figure 2.5. The value of the electric

dipole moment {u} is
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p=0.53x10 " csu om

Ozone has zero nuclear spin so the partition function expression (2.18)

becomes

ZIAF (—) ] (2.36)

The calculation of absorption coefficient equation (2.16) requires the value of
energy levels between which the transition is taking place. The energy of level

‘1" for a slightly asymmetric prolate rotor {(ozone) is given by

E=E,, =’1l—€;—cJ(J-'1) =4 B 2ABCh (2.37)

Where J is the total angular momentum gquantum number and K, is the

quantum number denoting the projection of angular momentum along the

symmetry axis of corresponding prolate symmetry rotor.
2.6 Absorption by Ozone Molecule at 101.7 GHz

The key quantity in the calculation of transmission coefficient of the
atmosphere and the emission or the effective brightness temperature of the
atmosphere due to ozone is the absorption coefficient as a function of
frequency and altitude. The absorption coefficient of O, at a given frequency
is in principle the sum of the contributions from all the spectral lines. If,

however, the lines are very narrow such that the wings of the other lines do

not expand appreciably into the region under consideration then the

contribution due to these lines can be neglected. In the region of atmosphere
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where the Qzone is present the pressure is quite low and although theie is
pressure broadening it is not of such an extent as to put appreciable intensity

into the overlapping wings. In order to calculate the absorpticn coefficient of

2
Ozone we used the following formula {(Gora 153‘5’39)

k?(v,z) - 8n2Np viXY Av " Av
BETCQv  (v-vo)2+(av)?  (vev)2+(Av)?
(2.38)
Where
N = No of ozone molecules per cubic cm
4 = Dipole moment of Ozone molecule
X = kT/hu( 1-e™*T ) = 1 (for our case because hv < <kT)
Y = / ¢ /?e® s the matrix element of transition giving rise to the line

and Ei is the energy value of the lower of two states (This Y is aiso
called the line intensity factor. For 101.737 GHz line Y = 4.11
aY = line frequency broadening due to pressure and Doppler broadening
mechanism. The value of av has been calculated using formulae
described in section 2.4. The following value of y when multiplied by
the atmospheric pressure (in millibars) will give pressure broadening as
a function of altitude (z) y = 3.20(T/300)" "™ x 10® Hz/mb. here a value

0.73 is taken for x (Connor 1985).

N r.N{atm.) , where r is the ozone mixing ratio and Neatm.)

is the number of molecule per unit volume in the atmosphere. This is

given by
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N(atm) =
1K)
(From US Standard atmosphere 1976)
Q = rotational partiticn function given by the following formula
1. K n
Q = [ ——*" (2.40)

2T "AAC

A,B,C are rotational constants of Ozone molecule around three independent

axes as described in section 2.5

Using these values we get

Q@ = 0657°%
# = Dipole moment of Ozone molecule
= 0.53 Debye

= 0.53 x 10" esucm

¥ = frequency of observation.

Putting above values in the expression for absorption coefficient we get

L 1.28v2 (Av)? ' (Av)?
1 125 (vov lor(Av)? (v+vo)2+(Av2)] (2.41)

here v appearing outside the bracket is in GHz and all the terms inside square

bracket are in same unit of frequency. The term outside the bracket is max.

absorption coefficient {(G..
a = {1.28 x 10° v¥)/T?® km"

max

= (1.28 x v3)/T?% cm! (2.42)

amax

Now for our case ¥? = (101.737)? (as we have already used 10'® factor) &
putting T = 220 K we get d,,, = 185 x 10° cm™ {185 Km ™). This a,,, can

directly be taken from Gora (1959). Annexure | gives the general micro-

35



wave/millimeterwave spectrum of ozone for all strong transitiong occurring in
this range 90-300 GHz} as calculated by (Gora 1359} and experimentally
determined by Lichtenstein & Gallagher {1971) and Connor (1585},

For the Ozone molecuie the atmospaeric condition considered here oniy
the ground eiectronic and vibrational states will be appreciably populated as
thermal enerqies are nict suificient to excite a significant number of molecules
into the higher states. for example, the fraction of molecules for the ground

vibrational state is given by {Townes & Schawlow 1955)
f = = eh&:!kT (243)

o

Where % is the molecular vibrationai constant. The lowest f, which we shall

encounter corresponds to lowest @ (@ = 2.1 x 10'¥/sec) and highest

= 0.965. It is clear from here that only the

temperature (T = 300 °K) is f,
distribution of the molecules among the various rotational ievels need to be

considered.

2.7 inversion Procedures for Retrieval of Ozone Height

Profile from Ground Based Spectral-Line Data

Numerous methods of interpreting radiometric measurements in terms

of meteorological parameters have been developed and presented in the

literature (Wark & Fleming 1966, Rodgers 1976, Twomey 1977 etc). They all

require the inverse solution of the radiative transfer equation (RTE). It is well

known that the inverse solution of radiative transfer equation is non unique;

that is, there are many temperatures and absorbing gas profiles which will

satisfy a set of observed radiances within practical experimental errors {smith

1970). Therefore the physical validity of the solution becomes inherently
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dependent on the particular algorithm used tc solve the radiative transfer
equation. The most successful interpreting algorithms generally fall in one of
the two different classes of solutions: {1} the stafistical matrix inversion class
and (2) the iterative inversion class. {Direct matrix inverse solutions which do
not use statistical functions or some other form of conditioning agent produce
highly unstable resuits in case of near singular matrices which is mostly the
case for any ground based limitec frequency band observation). Statisticai
solutions are advantageous for retrieving atmospheric characteristics in regions
where current or historical empirical observations are available for generating
representative statistical functions (Rodgers 1976). For remote regions
iterative methods which do not depend significantly on other empirical
cbservations are useful. In the foliowing sections two inversion techniques

which are used to retrieve the ozone profile in this study, are presented.

2.7.17 Iterative Method of Inversion

In this method the ozone Volume Mixing Ratio {(VMRY) is determined from
the observed line spectrum with an iterative inversion technique. We start
from an arbitrary initial guess of ozone profile of 1ppm VMR to calculate a
brightness temperature spectrum by integrating the radiative transfer equation.
The observed brightness temperature differences of the neighboring channels
are then compared with the equivalent brightness temperature differences
obtained from the calculated spectrum in order to correct the initial guess of
ozone profile. This process is repeated until the difference between the
calculated and observed data is smaller than the experimental error level. The

iterative algorithm then modifies the profile at the iteration points using the
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relaxation formuia derived by Chahine {1972) and imerpolates the profile

linearly for the integration of radiative transfer equation.

Here in the following sections the generic RTE is first simplified for the
mm-wave frequency region using Rayleigh-Jeans approximation te it. Only

after this the iterative inversion scheme is developed.

2.7.1.1 Solving RTE
In the millimeterwave reagion the radiative transfer equation can be

written as (Randegger 1980}

I(v) = I°(v)exp[-k(z,z,)]+ f B(vT(z))k(z,z Jexp|- } kz,4dz')dz

4t

(2.44)

where (2, =8 , Z2=0 k 2 =g in -ﬁia.z.?.)

it = packground radiance

exp{-K(z,,z,})] = The transmittance between z, and z,

= 24rh®’/c? [exp(h¥/kt}-1] - Planck’s Law and

K9, T(z),q,(2),0,(z) ...) is the length absorption coefficient,

B(v, T(z})

K(z,,z } =
where the g’s are the mixing ratios of the absorbing atmospheric

constituents, T{(z) is the temperature of the atmosphere and
other symbols have their usual meanings.
For well isolated lines we can assume that the absorption mechanism

of participating atmospheric constituents are independent of each other so we

write

k(v T(z).q; (2):ga(2)-) = 5‘: g k! (v. 1(2)) (2.45)

38



where K% (0, T(z)) is individual Ith component’s absorption coefficient per unit
mixing ratio and qg,{z) is mixing ratio of this constituent. Since in the miilimeter
wave region hd/kt < < 1, the Rayleigh-Jeans approximation for B(®.T(z}} is
valid. Hence substituting the ntensity (¥} by an equivalent blackbody

brightness temperature Tg{P) and negiecting the background term in equaticn

(2.44) we get
Ty(v) = [ k(v.ﬂ:).m(Z)qz(z)---)expl-:’k((v).Nz’).q,(z’)qz(z-‘)

}...)dz'}T(z)dz (2.46)

This is the integral equation we have to solve to get the mixing ratio

of Ith absorbing constituent (ozone in our case). In order to solve this eguation
for ozone mixing ratio q;{z) we would have to linearize it with respect to this

quantity. Regarding sum of absorptions the integrand part of (2.46) is

2z z
kyoxpl- [k v )]+ (g k- )oXPL- f (e )]
i. =
Where K, is the absorption coefficient of Ozone and K,, K, etc. are the

absorption coefficients for other gases. Also we have

k(v T(z)a2)) = (ki (v, () (2.47)

where K?°[v,T(z)] is the absorption coefficient per unit mixing ratio of the Ith

absorbing constituent. Now to linearize the integrand on the right hand side

of equation 2.46 we divide it into two limit zones

(1) in the stratosphere {altitude > x ~ 12 km)

K, >> (K, + K3 + ....)
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(2} In troposphere {altitude < X ~ 12 km )

K, << (K, + K3+ ..... )

Consequently expression of absorption coefficient reduces to
k,exp[—I(k,dz)]exp[—zf.(kz-rka...)dzg*-(hz+k3...)axp[—zl‘(k2+k3...) dz']

This is valid as the ozone line at 101.737 GHz is an isolated weak line

and is situated in a tropospheric transmission window. The exponential for

ozone absorption coefficient {(expl- { k,dz)) in second term is taken to be equal
to unity. In this expression the absorption {k} is the sum of two terms:

(i) Highly frequency dependent contribution due to the pressure

broadened ozone absorption. This term contains the ozone profile to be

retrieved.
(ii) Only slightly frequency dependent contribution due to tropospheric
gases mainly oxygen and water vapor’s far wing effect and the

dielectric iosses in cloud water droplets.

In the first term we assume the Ozone opacity k,dz’< <1 so the

transmittance becomes equal to 1 {exp(- { K,dz’] ~1). Therefore, we can

replace q,(z} in the opacity approximation by a standard ozone profile 'E;',(z).

The expression for absorption coefficient now becomes

7, @k T)expl- [G; (D (v, Tz )z Jexp[- ,f (kyoks.)d2 ] +
(kg YOXDL -k )

This function gives the desired linearization with respect to the ozone mixing

ratio profile {q,{z})
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T,0) = [, @k TRXPL- 1, Ok (v, T2 |D() Tz +A(v)

(2.48)
where
D(v) = exp[—ffk2+ks...)dz"] {2.49)
9. x
A(v) =J.(k,‘,+lu5...) oxp[- [ (kp+kyer.)d2 | T2}z (2.50)

and z, and z, are lower and upper limits of atmosphere between which the

integration of equation (2.48) is to be performed. This Equation (2.48) is a

linear integral equation which can be inverted for obtaining ozone mixing ratios

as a function of altitude q,(z). It’s weighting function is

Wiv.z) = Ko, T)expl- [, (v, TE)dz 1D() TR)

{2.51)

And using this the radiative transfer equation can be written in a linearized
form of g,(z} as

2
Ty(v) = [a,(@Wi(v.dz + AKY) {2.52)

4
have channels of discrete frequency values so the

In our case, we
integration in equation (2.52) could be replaced by a summation as follows
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Tp(v) = Z g W(v)az + A(v) (2.53)

2.7.1.2 Character of Weighting Functions

Inspection of the weighting function W {0,z) in the above equation
(251) shows that it is basically the product of temperature profile T(z} and
the Ozone length absorption coefficient K,(¥,T{z}}. Upto 60 km altitude,

pressure broadening prevails over all other line broadening effects. Hence

lower stratospheric layers, where the pressure is high, contribute most to the

wings of the broadened line. Mesospheric ozone, on the other hand,

contributes only to the brightness temperatures in the central channels around

the peak (figure 2.6). The upper limit Z, of integration should be such that the

atmosphere beyond it does not contribute significantly to Tg(¥). In case of

ozone it is approximately 90 km. The above equation (2.52} is then discretised

for 1 km atmospheric layer widths and the summation in the equation runs

from z = O km (ground) to z = 90 km.

The key quantity in the entire inversion scheme is the Weighting

Functions {WFs) which link the observed brightness temperature to the ozone

content at a certain height. These WFs do not have any sharp maxima in our

region of interest (stratosphere & lower mesosphere} hence we adopt the

suggestion of Waters {1 g74) for orthogonalization by subtracting neighboring

frequencies’ weighting functions & obtain difference Weighting Functions

(DWF) given by

AW(v,2) = W(v,2)-W(v'2) (2.54)

This orthogonalization can always be done for two frequencies ¥ and »’
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Fig 2.6 Synthetic spectra calculated for a mid lattitude ozone model upto Z =

assuming N(Q,) =0 for Z>2,.. Thevalues of Z,,, for different curves are

Zl'l"lax

(1) 2. = 30 km (2) Zy = 40 km (3) Zpax = 50 km
(4) 2. = 60 km (5) Zypa = 70 km (6] Zppp = 80 km
(7) Z,.. = 90 km

max
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because q in (2.52) is independent of frequency (V). The difference in

brightness temperatures is given by the following formula

%
ATv) = [6,@AW(v.2)dz + AAY)

4

(2.55)

These DWFs show peaks in our region of interest, however, their shape is not
narrow enough to establish one to one correspondence between the

frequencies and the altitude points. The ideal situation would have been if they
had shown delta function like behavior. In such a situation weighting function

matrix gets diagonalized itself. Then we could assign different frequencies to

the different heights in atmosphere. But this is not the case and the shape of

weighting functions are not in our hands in this inversion scheme. The height

resolution obtained by this method is about
972), which is essentially half power width of the difference

8-10 km (Smith 1970, Waters

1970, Conrath 1
weighting functions. However, if the true profile is assumed to be a single very
thin layer, the formal resolution is 6 km; that is, the minimum separation
between two thin layers which can be resolved in the retrieved profile is 5-7
km (Bevilacqua & Olivero). A few of these difference weighting functions
normalized to unity are plotted in figure 2.7. They show a typical half power
width of about 10 km. This half power width is a little less {about 8 km) in the
lower stratosphere compared to mesosphere. This is a consequence of the fact

decreases exponentialiy as on
e lower stratosphere there is relatively smaller height

e moves away from the surf
that pressure \4 surface of

the earth and hence in th
gis comparable to the v-u, giving a smaller

range where the line broadenin

ere DWF has significant amplitude. As we have already

height range wh
neglected presence of Ozone in troposphere, the shape of weighting function
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Fig. 2.7 Difference Weighting Functions (DWF) as defined by egn 2.54. Each
DWF has been normalised so that it's maximum value is 1. The frequency

pairs used are

(1) 101.733 & 101.734 GHz (2 101.729 & 101.730 GHz

(3) 101.719 & 101.722 GHz  (4) 101.701 & 101.707 GHz

(5) 101.636 & 101.676 GHz
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here has no real information. An important fact here is that the weighting
function matrix W, whose elements are W{¥;,z;) is a square matrix {i = j}. This
may seem surprising in view of the fact that the no. of pressure levels used
in the numerical integration are usuaily not equal to the sampling frequencies.
Nevertheless the squareness of W is an intrinsic feature of this method and
implies that g(z) is obtained at the altitude points determined by the number
of frequency channels in the receiver. Thus having selected the N frequencies
V,, ¥,....¥, optimally this method aims at computing the volume mixing ratios
at N heights points. At other intermediary levels the mixing ratios are obtained

by interpolation. One very legitimate question arises at this stage - why can’t

we evaluate q by finding the inverse of W matrix. The reason beeing that the

matrix W of interest is an il conditioned matrix. The computation of W' is

a very delicate operation and highly sensitive to measurement noises which

can give a totally wrong result. In iterative inversion scheme computation of

W' is avoided. The second advantage of this method is related to the

positivity of q.

If W. is a non negative matrix then
W, >0, i f = 12

and

T, =0, i =12
Then provided I° > 0 (first guess) the subsequent approximations

generated will always be positive.

2.7.1.3 The lteration Formula
The iteration formula used for running the iterative inversion scheme

for our purpose is the following (Chahine 1972)
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Ty(v (Z,))

n+l n
g1 (z) = 4y (Z,)m (2.56)
Where
g” (z) = nth approximation of the ozone mixing ratio value at height z,
v{z) = two frequencies¥, & ¥', for which the DWF has it’s maximum at
height z;.
Tel¥(z)) = Difference of two measured brightness temperatures at
frequencies ¥; and v/’
Te"[(z)] = nth approximation of the calculated difference of the two

brightness temperatures at frequencies according to equation (2.55)

including the new approximation for the ozone mixing ratio profile
q,"(2).

Here the term aA(w} has been eliminated using the fact that other

atmospheric effects such as haseline curvature etc. are already removed from

the data by using a proper switching technique.

2.7.2 Inversion Through Spectral Comparison (Model Fitting)

it is well known that inversion of even a high quality spectral line shape

generally does not yield an unambiguous choice for the shape of vertical

n 1975, Twomey 1977).
produce a specific spectral line shape. Hence 3

profile (Barcilo However, a given profile of such

nature does unambiguously
hapes and observed data can provide a

comparison between calculated line s
basis for judging the validity of the modei vertical profile. Any discrepancy
between the two, till it 1s moreé than the instrument noise level, is removed by
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modifying the input parameters of the assumed model. This method has two
considerable advantages. First, the direct problem of equation {2.48) has an
explicit and unambiguous solution and second, useful comparison may be
made with data having low signal to noise ratio (S/N). An outline of this
method is given here :

We assume that the ozone exist, from the surface of the earth upto a
maximum height of 90 km. A parametric model for ozone density distribution
in the atmosphere D(h) is assumed which is similar to the one proposed by
Green{1964) and used by Shimabukuro et. al. {1975). Green has shown that
this model fits in the measured ozone distribution above 7 km very well. The

mismatch below 7 km is not significant because the pressure broadening s so

large at the lower altitudes that good estimation of density could not be

obtained anyway. Mathematically, this model of ozone density distribution can

be described as

exp(r(h-Fme) 2.57)
% (1 +exXp(r{i-Fimg) :

D(h)=4D;,

where D, . is the peak ozone density in molecules per cubic centimeter, h,,
max

is the altitude of the peak density in kilometers and r is shape factor in units
of (kilometer)™.

With this models we calcuiate the ozone absorption coefficient k(v,2z)
using the following formula

1.7x1.0 24 (h)v3fv,2)exp]-25.3/T(H)] ., -+ (2.58)
T(h)>?

emperature profile and f{v,2) is the line shape function of

k(v,2)=

here T(s) is the t
g this absorption coefficient (k) of ozone the

ozone at various heights. Usin
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opacity (7} is calculated at all atmospheric height. Now to solve the equation
of radiative transfer we need the temperature and pressure of the atmosphere
as a function of height. For our calculations we used the values of Internation-
al atmosphere at our observational latitudes. These quantities are then fed to
the general radiative transfer equation to obtain the brightness temperatures
generated by our model ozone distribution. These brightness temperatures are
then compared with the observed values. A least square curve is fitted to the

observed data by selecting all the combinations of the input parameters in a

given range. For our observations the absorption coefficient is caiculated for

a set of frequencies at 1 MHz resolution. In this technigue, choice of a proper

model is very important and hence this inversion method could only be used

at those places where a good a priori information about ozone distribution

already exists.
In our work we have used an empirical approach to the interpretation

of data, using both spectral comparison and iterative inversion in a comple-

mentary way.

For the calculation of total ozone content {TOC) the above equation

(2.56) for D(h) was integrated from 0O to infinity (90 km)

T0C = [D(h)dh (2.59)
0
This solves out to be
5
T0C (4D a7} 10 (2.60)

" 1 vexp(-rfia)
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This is the total number of ozone molecules in a column having base of 1 cm?.
This when multiplied by 3.73 x 10?° {a factor obtained by dividing 1 gm ideal
gas volume at STP (22,414 c¢cm®) by Avogadro number (N, =6.02217 x 102

gives the total ozone content in atmosphere centimeters (1 milli-atmosphere

centimeter = Dobson Unit).

2.7.3 Inversion Algorithms

In order to implement these inversion schemes for our applications

computer programs were developed using the commercial software called

"Asyst". For implementing spectral comparison method , Asyst based

software programs were found to be very slow on our system computer (PC-

386) and hence a bigger computer UNIX 9000/735 was used for running the

program. These programs required the value of zenith opacity and the angle
of antenna elevation besides the observed brightness temperatures at a

defined set of frequencies. These computer programs are given in Annexure
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Chapter 3
Design and Development of 101.7 GHz

Radiospectrometer
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3.7 Introduction

In the millimeter wave region the power received from most of the
atmospheric and the extra terrestrial sources is quite low and hence a very
sensitive and stable receiver system is needed to observe these sources. For

spectral line observation from atmospheric trace gases like ozone the power

received from a given spectral feature might be of the order of 1020 watts

which, depending on the type of the receiver, is about 3 to 6 orders of

magnitude lower than the noise power generated in the receiver itself {Dicke

1946). Hence the main problem is that of designing a radiometer which can

extract a small useful signal from the ocean of undesired contribution of the

receiving system and the atmosphere.

3.2 Radiometer Design Considerations

Since the powers encountered at mm-wavelengths are very low hence
it is impossible to detect such a signal without targe amplification.
Conventional electronic devices which are used to amplify signals can not
operate in the millimeter wave region due to their high frequency limitations.
essary to bring down the signal to a convenien lower

Therefore it is nec
e appropriately processed {Penzias & Burrus

frequency range where it can b
thod of bringing down the spe
principle of heterodyning. In this type of receiver

1973). The me ctral information to lower
frequencies is based on the
he non linear mixer by combining the

the frequency conversion takes placeint
nna with a highly stable local oscillator signal. This

signals received at the anté
mediate frequency (IF). The relation of

mixing shifts the band down to an inter
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this IF to the signal and local oscillator frequencies is as follows

fiLO} + f{IF} = f(S} &

f(LO) - f{IF}) = f(I)
where S is signal and | is image. A system in which both these frequency

bands (S and I) are retained is called a double sideband system. In many cases

the image frequency is rejected by a filter resulting in single sideband

operation. Double side band systems are most commonly used for continuum

observations. Since the continuum signalis broad-bandin nature it is accepted
in both side bands essentially improving the effective noise temperature of the

system. On the other hand when one is interested in observing spectral

features where the image band contributes only noise and no signal, single

side band mode of operation is preferred.

After the mixer, a suitable band pass filter amplifier is used to pick up

the difference signal and to amplify it. The band-pass characteristic of this IF

amplifier usually determines the bandwidth of the receiver. Amplified IF signals
are then passed to a square law detector for continuum or to a back-end
eceivers. The total power gain of such type of

spectrometer for spectral-line
signal is still buried in the noise

receivers is usually from 80 to 120 dB. If the
ated for a suitable period of time {usually several

the detected output is integr

minutes). Since the random component of
a samples taken for integration, the output, after

the noise goes down as the square

root of the number of dat
signal component. The only requirement

Integration, shows up the non random

t the SOUrce should be stable over the entire period of

for this to happen is tha

integration.
tant over an observing cycle

Also, if the system gain itself is not cons
d at the input end of the receiver (Brillet

a switching mechanism 18 applie
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1989). The input is alternately switched ON and OFF at a sufficiently fast rate
so that gain of the receiver does not change during one observation cycle. The
ON and OFF data is then stored, integrated and processed separately. The
most commonly switched parameters are frequency and load. Beam switching

is also employed in astronomy for observing point sources, but this can not be

used for atmospheric work for obvious reasons.

3.3 Quality Factors of a Radiometer

in the absence of systematic effects the theoretical sensitivity of

a receiver system would be limited only by statistical fluctuations in the total

noise power input to the system. Since temperature has direct physical

significance we quantify this power as a temperature 'T,” (system
temperature) which is 3@ time averaged power spectral density of the form

{Staelin 1969}

7 =k (ap/aB) (3.1)

where (ap/aB} is noise power per unit bandwidth and k is Boltzmann constant.
sing the fact that at millimeter wavelengths the

(This relation is obtained u
e approximated to Rayleigh-Jeans’s

Planck’s law of thermal emission could b
peratures encountered in the atmosphere}. The

law for almost all the tem

on the antenna from any given direction can be described by

power incident
perature Tu(u,ﬂ,pl The antenna temperature is

an equivalent brightness tem
erature weighted over 417 steradian.

then an average of the brightness temp

RS ,0,p)d0 (3.2
T, - _‘mf;]TBG(V P )
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where

v frequency of observation

I

6 = zenith angle

p = azimuth angle and

G{v,6,p) = antenna gain function

When defined in this way, the antenna temperature {T,) has the same
value as the physical temperature 1o which an ideal resistor would have to be

heated to generate a power spectral density equal to the system noise power.
This antenna temperature is in turn related with the angular distribution of the

power incident upon antenna. Tg is actually used in the equation of radiative

transfer. |f the receiver noise power expressed in temperatures is added to the

antenna temperature it is equal to a quantity called system temperature (T, ).

(3.3)

where

TA = Tsou:ce+ Tbackground+ Ta tmosphere+ Tsidelobes (3.4)

The system temperature is a figure of merit for a radiometer and
represents the total output of the system as coming from a resistor at
aced across the input terminal of an ideal receiver. The

temperature T, P!
inuum component from the sky as well

system temperature includes the cont

as the noise generated within the receiver.

al from the sky that is couple
perature. This antenna temperature has twao

The sign d into the receiver via the antenna

gives rise to the antennd tem
of these is @ weak stratospheric spectral line component

components: The first

tion of frequency. The s
has a major component from the thermal

which is a func econd, continuum component, is quasi
independent of frequency and
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emission from the troposphere, with a small contribution from the cosmic

background.
The spectral lines of interest are typically very weak compared to

both the continuum and the receiver noise. The spectral line antenna

temperature can be compared with the statistical fluctuations in the system

noise to determine the integration time required to detect the line. The root

mean square of these fluctuations is given by

A’T' :__a_&._— (3 5)
“rms (BT)1/2 =

where B is the band width of each of the spectrometer’s filter, r is the

integration time, and is a constant that depends on system parameters. Here

it is assumed that the gain and the bandwidth of the system remain stable

during the entire period of observation. But if there is any instability in these,

it would further worsen the system sensitivity. The general formula for

sensitivity then becomes (Meeks 1977)

AT v = r AG?2 A82]1/2 {(3.6)

Although the above definition of minimum detectable signal is
theoretically correct yéet a signal strength of 3-b times of this level is

considered maore reliable.
of literature exist on design &

n 1977, Harsman & Poe 1981, Njoku 1980

Good amount development aspect of
radiometers. This includes Gloerse

74, Ulaby et. al. 1981 and Uppal et. al. 1990.

& 1982, Tomiyasu 19
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3.4 System Design for 101.7 GHz Radiometer

The instrument principally consists of a millimeter wave receiver {front
end) and a multi-channel back end spectrometer. The receiver converts the
millimeter wave signals received through the antenna to lower {intermediate)
frequencies by heterodyning them with a locally generated signal. The spectral
information at the receiver input is preserved in the process of frequency

conversion. The output at intermediate frequency is then conveniently

processed by the electronic assembly of the front end. After amplification in

the front end the output is fed to the multi-channel back end spectrometer

which produces a voltage at each frequency point which is very nearly

proportional to the input power. This output voltage is then digitized and fed

to the system computer which accumulates it over a defined time period. A
simplified block diagram of the radiospectrometer is shown in figure 3.1.

Various parts of the system are described below in some detail:

3.4.1 Antenna

The selection of correct millimeter-wave antenna for use in radiometer
is one of the most important choices in specifying a millimeter-wave system,

A properly selected and designed antenna pays dividends in improved all round
in our radiometer the an
e hornis 8" which gives about one degree beamwidth

performance. tenna is a lens corrected corrugated
horn. The diameter of th

at 101 GHz. This narrow beamwidth helps in reducing pick up of scattered

57



(dB)

1.
|
«nn Relative Power

. . : H Plane

|
o S 4 dE /XL = - !
l

s — — X I i Nl =
= e -y e 1y
e e i oW L X & B s s 22 ) e
e g s e I B Y | et i B
| - : o '”_’_ ] — =9 o} ! -fg '  — —
€ oo e e — sl ) o 1 e e
i =l o - it I Y s e, TN e e
o O g‘ T e —— | — 5 — =1 P B U
:_- 2 =y \' 1 ’_ —
Bt BV R T e T

i N - : i
— e ey S v R
—- m 2 — _—

i
1
1
i.

Fia. 3.2 E and H plane beam patterns of horn antenna
ig. 3.

58



ground radiation. Another advantage of using corrugated horn is its nearly
similar E & H plane radiation patterns. The side lobe pickup of the antenna is

also quite low, typically less than 0.25 %. The beam patterns of the antenna

are shown in figure 3.2.
3.4.2 MM-Wave Radiometer (Front-End)

A photograph of the front-end part of the system is shown in figure 3.3

along with the 6" lens corrected corrugated horn antenna. This s a

superheterodyne receiver system in which a GaAs Shottky-diode mixer is used

to convert the incoming mm-wave radiation to an intermediate frequency
range of 10-1000 MHz, A mm-wave phase-locked Gunn source at 101.0 GHz
is used to pump the mixer diode. The down converted intermediate signal is
amplified in a low noise GaAs FET amplifier before being sent to the back-end
processing. A separate unit called mm-wave isolator

spectrometer for further
al oscillator to avoid the energy being

s used between the mixer and the lo¢
oscillator. The DC power requirement of Gunn

reflected back into the local
e mixer and amplifier require 15 volts of

oscillator (PLO) is volts while th
te highly stabilized power Sup

de the front end box in order to avoid

supply. Two separa plies are used for the

purpose. These were kept ouftsi
of the critical front-end com
e input of the horn antenna was found to be 8 dB

) , onents. The noise figure of
excessive heating P 9 the

radiometer, measured at th
(Double Side Band) To make fthe system suitable for spectral line
ts were made for frequency switching. The local rf

observations, arrangemen
onnected to a highly stabilized signal

source {phase locked oscillator) 15 €

~s Enp“{.

frequency With the change in signal generator

generator at it’s referenceé
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Fig. 3.3 Internal view of the instrument Front-End,
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Fig. 3.4 The geometry of AQS optics
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aperture di '
e dimension of the Bragg cell. When this light is incident on the cell i
ell it

Is dif - .
fracted according to the grating principle. A convex lens is used
ed to
conv : .
erge the outgoing beam on a point on the screen. it's intensity i
; ity is

m '
easured by CCD pixel array on the screen and the position of this pixel teil
ells

about the frequency of RF signal. If ‘@ be the angle of diffraction and F th
e

focal length of the lens then the distance of individual {ith) pixel from the le
ns

axis is given by
The CCDs are sampled every few milliseconds and the resulting video signal

is digitized and stored. The theoretical frequenc
me of acoustic waves across the body of the Bragg

y resolution of the AOS is

reciprocal of the transit ti
cell. This transit time depends on the density and the elasticity of the cell
tter resolution the cell should have low density and

medium. Hence for a be
al resolution is seldom achieved due to

high elasticity. In practice the theoretic

aints like imperfect optics, non uniform illumination of

many practical constr
e acoustics and the cross talk in the

the Bragg cell, attenuation Of th

y. The AQS that we have used for our study has a

photodetector arra

frequency resolution of about 1 MHz.

t sub-system of the spe
t, automated observation, one needs to sample

An importan ctrometer is the on-line data
acquisition system. For efficien

els in a very short time.
generated py AOS at the beginning of every

all the 1024 chann in our system this time is 12.5
miltiseconds. A trigger pulse is
ock pulse at every ccC
n system (Keithley D

new cycle and a cl D readout. The CCD array is sampled
AS-50) card installed in the

Dy means of a data acquisitio

PC, as described in the next section.
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3.4.4 Data Acquisition and Control System (PC)

The computer is basically needed to acquire and store data as well as

to implement the inversion algorithm. For data acquisition purpose our

computer (PC/AT-386), is interfaced to the back end spectrometer{AQS)

through a data acquisition system{DAS-50). DAS-50 card, which has 1

megabyte on-board memory IS installed in a spare AT-slot of the computer

This is a 12 bit analog to digital (A/D) converter with 2.44 mV voltage
rom AQS are first converted to digital form through

resolution. The signals f

this A/D converter of DAS-50 and then stored in the computer. The data

tracking was done by the trigger and clock pulses of AOS received at the
DAS-50 card’s trigger and clock ports respectively. A program was written for

frequency switched mode of operatio
sition program can automatically ac

ntinuously by controlling the signal generator

n. In the frequency switching mode of

operation the acqui quire the ON-frequency

and QFF-frequency data €O
ated, smoothened and analyzed by a

frequency. Data thus acquired are integr

veloped for the inversion procedures described in chapter

separate algorithm de
ete system is shown in figure 3.5.

2. A photograph of the comp!

3.5 System Performance
ystem for atmospheric observation a number of

Before actually using the S
rformance. The front end was separately

e for checking it's pe
r wave black body 8
emperature). The noise
ntioned. The testing of back-end

tests were don
bsorber at two fixed temperatures

tested using a millimete
figure of front end was

(the liquid nitrogen & the roomt

found to be about 8 dB as already M€
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system setup at NPL, New Delhi

Fig. 3.5 Photograph of the complete




spectrometer was done by using a signal generator. This signal generator
delivered powers at various levels for all the spectrometer channels. The dark
current level of the AQS system was found to be about 20-25 mV. However,

its effect was removed by subtracting it from total observed output. The

system output remained reasonably stable for an ambient temperature range

of 24 + 3 degree celsius. Beyond this range the system showed instabilities in

the total power cutput. The total power detected at the front-end and the local

oscillator lock indication voltage were continuously monitored on two separate
hecking the health of the system. By using millimeter-wave

panel meters for C
liquid nitrogen temperatures the DSB

absorbers at room temperaturé and
e was found to be ~ 1350 K. With 1 MHz per filter

receiver noise temperatur
e needed to make the statisticai

frequency width about 47 minutes wer
{the maximum noise tolerance for the iterative

fluctuations equal to ~ 0.03 K
o work}. The total power g
are needed for the system to warm up and

inversion scheme t ain of the system is about 110

dB. Initially, some 1§-20 minutes
attain the stable operating mode. The complete system specifications are

summarized in table 3.1.
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Table 3.1 System specifications - 101.7 GHz Radiospectrometer

Antenna

Type of receiver
Operating Frequency
Total Bandwidth
Back-End Spectrometer
AQS freguency span
Frequency Resolution

Power Gain

DSB Receiver Noise Temperature

6" lens corrected corrugated horn
Double Side Band (DSB)

101.737 GHz

500 MHz

750-1250 MHz

1024 Channel AOS

1 MHz

110 dB

1350 K




Chapter 4
Observations of Ozone over Delhi (28N)
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4.1 Observational Setup at Delhi

The observations reported in this chapter were conducted at the

National Physical Laboratory, New Delhi (latitude ~28° North} in October-

November 1993. The radiometer System was instailed in the miillimeter-vwave

lab of the Radio Science Division of NPL on the 2nd floor {about 10 meters

height from the ground]). For the purpose of observation a window ot the room

was used. The slant path of antenna beam could reach to a maximum
elevation of 30 degrees without hitting the window frame. This observation
window was kept covered with 3 thin thermocol sheet having negligible
absorption at millimeter wave frequencies. Since the radiometer antenna is
fixed to the front end bOX the whole front end assembly was mounted on a
wooden structure to set the antenna at an appropriate elevation angle. A
photograph of the observational set up at Delhi is shown in figure 3.5. To

gnal strength we kept th
ation the total air mass encountered by the antenna

maximize the si e antenna elevation at about 19

degrees. At this low elev
e times the air mass of ze

perfectly well in supply voltage range 220-

beam is about thre nith observation. All the sub-

systems of the radiometer worked
instabilities when the voltage went down below

240 volts but tended to ShowW
of keeping the supply voltage constant a

210 Volts. Hence for the purpose
e stabilizer having an almost constant output of 230

ferroresonant type voltag
Volts was used. The main supply stabilizer was kept at about 5 feet away
ument hoxes 1o minimize the electromagnetic

from the rest of the instr
1y, The radiometer fro
performance in the temperature range 24 + 3

nt end was found to be temperature

{(EM

Interference

sensitive and used 0 show best
refore, @ room temperature was maintained in this
!

degree centigrades. The
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range thr .
g ough out the observational period. Although the system desi
provided f SEERbEE
or both the load and frequency switching mode of operati
how ] . erations,
ever, only frequency switching was used for the purpose of
;e of actual

observations IS m C h
. 1S ode of operation was fav
n Fh ored because of
- the feliowin
g

reasons:
(M T 2ncy switchi
) The frequency switching mode was found moare time efficient be
cause the

switchin ! i - L
g overtap time for this mode was significantly less than that of load
04

switching mode.

(2) With our observing window there was not enough margin to va h

ry the

antenna elevation angle and to make the sky temperature equal to the load
oa

peratures were found to be too high and the liquid

temperatures (the room tem
nitrogen temperature was 00 low compared to the sky temperatures in th
n the

given elevation range}.
switching method proved
ckground as well as the effect of radiometer gain

(3) Frequency to be simple and effective in

eliminating the continuum ba
instabilities.

The observations wereé carried out at two local oscillator frequencies :
ut band was centere
t 80 MHz away (OFF-frequency). The best

one when the outp d at the main ozone line (ON-

frequency) and the other abou

o empirically found ou
nd that about 100 scans from the AOS at ON

switching rate was als t by having different time periods
It was fou

ent 100 scans @
problem. These 100 scans meant only 1250

for data integration.
t OFF frequency could be integrated in

frequency and subsequ
a block without any gain variaton
onds) of daté. He
observation time an
he computer. Due to various time

milli seconds (1.25 s€C nce the frequency was switched at
d the ON and OFF data

every 1.25 seconds of the actual

were separately integrated and stored In 1
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overheads like acquisition speed limit of A/D card, extra time consumed in the

svstem control and the delay introduced for stabilization after switching

program execution time etc., this 1.25 seconds of integrated data was

actually acauired in about 9 seconds. Since one scarn of AGS took about 12.5

milliseconds and the frequency was switched every 100 scans, a biock of
700 x 100 scans took about 30 minutes. These 30 minutes blocks each

having 100 x 100 ON-frequency and 100 x 100 OFF-frequency data scans

were separately stored in the hard disk of the computer. On subtracting the

OFF-frequency data from ON-frequency data in alt these blocks a somewhat

garbled but definite appearance of the oz
eriod the total power output of the system was

one line signature could be viewed.

During every observation p

ately monitored on a panel meter and the data were rejected if the output

separ
ge was mainly caused by erratic receiver

changed abruptly. This chan

performance.
s measured using the so-called “chopper

The tr0pospheric opacity wa

(Penzias & BUrrus 1973).
utput of the radiometer is compared

wheel method” In this method of opacity

the total power sky O

measurement
perature microwave absorber. If there were no

against that from a room tem
ption the broad-ban
m temperatureé load should be equal to the room

. rightness temperatur
atmospheric absor d brig P e difference

between the sky and the roo
glecting the 2.7 K cosmic background radiation as it is

temperature).
m temperature by the difference

temperature itself (n€
Therefore, for any real sky

compared 10 room
ained by dividing reo
can be ysed to correct for atmospheric

too small
condition the factor obt
of the room and sky temperatures.

Opacity.
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4.2 Calibration

Calibration of the system was done by measuring the response of the

system to known thermal noise input signals. This process derives the system

noise temperature and also provides a relation between the power received at

the input and the corresponding output voltage produced by the system. For

~

the purpose of calibration &
illing the beam of the antenna at two known constant

miliimeter wave blackbody "Eccosorb" {carbon

loaded foam) was kept f
temperatures. These two reference temperatures were chosen to be the rocom

temperature and the liquid Nitrogen boiling point temperature (77 K}. The ioad

tably rough 1O avoid the d
d the load. The output power levels were

was made Sui evelopment of standing waves

between the instrument an
heir ratio was calculated. If this ratio be ‘R” then the system

determined and t
ted using the following formula

temperature can be calcula

T T
Toys = am;_laﬂd = fcoid (4.1)
where
T.., = ambient or room temperature
Teq = liquid nitrogen temperaturé

4.3 Data Smoothing and Baseline Removal

ON and OFF data was first corrected for the dark current

the AOS output
¢ signal. The average shape of the AGCS

The stored
was taken on the computer for

counts of the AOS. For this

@ number of times without any inpu
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function was determined from here which was then subtracted froimn ali the ON
and OFF data readings. These corrected ON and OFF data were then used to
form the quantity (ON-OFF}/OFF: which on multiplication with tiie system
temperature produced the actual signal. This could be understood as follows.
ved by the radiometer at ON-line frequency in term of

Let the power recei

equivalent temperature be Ton. Similarly let Ty be the power received by

radiometer at OFF-line frequency. These two can be written as following

(Bevilacqua et. al. 1983)

Ton = T17TorytIr (4.2)
Torr = TorytTw (4.3)

Where

T, = line temperature

T, = sky temperature excluding line temperature
T. = receiver noise temperature

The (ON-OFF)/OFF operation leads to the

™

TON‘TOFF = >3
et A Y (4.4)
OFF sky *R

antity is multiplied by (Toy T Te! the net output comes out to be

is derived from the calibration described in section

When this qu

T, Receiver temperature Ta
om temperature foad in from of antenna

4.2.T,, was calculated by placing ro
ower output correspo

then the ratio Po/Par when multiplied with

and taking down the total p nding to'ft. This we call Py .
ed at sky be Pay

+Ta) Although in €4
ater does, however, the error caused

If the power receiv
uation 4.4 T, in denominator

T, will correspond to (T
I
does not contain T, whereas Py USEd
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by this can be neglected as the actual line strength contribution is negligible

compared to T,,, taken over the entire band.

All these data sets were then integrated for one day’s obseivation. On

this type of data integration the signal quality was built up sufficiently good

where the spectral comparison inversion scheme could be implemented. The

long term integration was also done on the data for about 1 week to 10 days,
which produced a good signal to noise ratio. However, for the iterative
inversion scheme to work, @ Lorentzian function was fitted in the integrated
data in least square sense 1o avoid letting the statistical fluctuations make
solution unstable. The result of this analysis yielded the average vertical

distribution of the ozone during this period of observation.

The total useable band-width around the line center was about 60 MHz.
The baseline obtained after (ON-OFF)/OFF analysis was not linear and hence
was fitted to extract the real ozone signal (Bevilacqua et.

a second order curve
e baseline only those channels which

al. 1983). For the purposeé of fitting th
are more than 40 MHz away 0N both sides from the line center were used.

the actual line spread of 8
process. The reason for fitting the second order

The weight of 0 MHz around line peak was taken as
zero for the baseline fitting

ssed in some detail later
process the spectra were folded about their

baseline is discu in this section.

For the initial smoothing

odd baseline functions are removed through it. However,

center points. Any
there can be significant amplitude in the higher order even terms which might
e spectra and still may

these even power terms IS rather difficult and

affect the shape of th elude the removal In spectra
folding exercise. Removal of
e following method wa
oretical rationale of the method is

s applied to get nd of these

cumbersome exercise. Th

even power baseline structures. The
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discussed here.
The observed spectrum can be broken into two parts - the sighal and

the baseline functions

T(v) = B(v)+S(v) 4.5)

where
T(y) = Observed spectral data
Bly) = Baseline function and
S{w) = Signal

The baseline function can be represented by a power series in frequency

Bv) = S A" (4.6)
N=0

in folding the spectra all odd power terms are

where A, are constants.
even power terms are left in the data. Hence after folding

removed and only
the data around the center the above equation becomes

Bv) = Y Ayv™ 4.7)
N=0

The remaining odd power function should be equal to the difference function

generated during subtraction on folding the wings

Ligw)-T-v)1 = X Az V™ (4.8)
2 N=0

rmine the magnitude of the odd power coefficient the

In order to dete
. T(-w] was fitted with a power series. In nearly

difference function 1/2(T()
cubic and all higher order odd power

all cases this analysts revealed that the
plitude. Since there is no reason for energy in the

terms had insignificant am
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terms,
we assumed that the fourth and all higher order even terms can al
g n also be

sarely i i
y ignored. Hence, the problem is effectively reduced to estimati h
ng the

quadra ! Fe ine com
ratic baseline co ponents. A second order baseline was fitted in the d
€ data.

A total frequency span of 60 MHz was used. Since a frequency switch
witched

m ] i i
ode does not bring a very symimetric spectrum, the same operati
‘ | ion of
swiiching was done on joad keeping it in front of the antenna. Thi
- IS had

become necessary as the baseline shape left in the (ON-OFF)/OFF exercise h
se had

a baseline feature close to the line peak leaving a very small number of cl
clean

frequency channels on the line wing using which the actual inversion could b
u e

performed. These features are actually generated by the frequency depend
ent

characteristics of the receiver which shows up during frequency switchi
ching

process. The load data processed by the same operation when subtracted
e
from the sky data helped greatly in removing the baseline features. Out of 60

MHz used for model fitting only 20 MHz was used the right side of the peak
and the rest 40 MHz was tak
y one peak in subtracted sk
{ range of this 500 MHz device was from 750 MHz

en from the left wing of the line. This was

necessary as onl y data was covered in our back

end spectrometer. The tota

to 1250 MHz. On subtraction of dat
point. The other (negative) peak should accordingly

a only one {positive) peak appeared at

about 815 MHz frequency
35 MHz frequency P
alue falls outside our r
g full line amplitude it is necessary to put the

oint for a 80 MHz frequency switching

appear at 7
ange it is not visible in the data

operation. Since this Vv
Also, for the purpose of gettin

uencies as distant f
cked oscillator in shifting the frequencies was

rom each other as possible. The

two switching fred

maximum flexibility of phase lo

s empirically determined to be 80 MHz, maintaining the

utilized. This value wa
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stability of operation.

After baseline removal the spectra were Coirected fer tropospheric
Opacity which were measured using the "Chopper Wheel Method" &s
described earlier in this chapter. Finally, the spectra were scaled for zenith
observation using the zenith angie and the secant law of stratified atmosphere
{(Waters 19786).

Since a day’s observation integration did not produce adequate S/N,
only spectral comparison method of data analysis was used for analyzing daily
0zone spectra. The following three parameter model as described in chapter
(2) was used (Shimabukuro et. ai. 1975).

4D.'r-axeXD (I(h-hmax) )
[1+exp(r(h-h,))]% (4.9)

D(h) =

Various combinations of the three parameters viz. Dinaxs Poae & 1 were

taken in a given range and the ccrresponding theoretical ozone line shapes
were calculated. Table 4.1 gives the ranges and the increments used in the
programme for calculation of theoretical line shape. In principle, as the wings
of the ozone line extend to infinite distance on either sides of the line center,
our baseline fit procedure would introduce an extra curvature into the
observed ozone profile. To correct for this, the same analysis of baseline
removal was carried out on the theoretically computed ozone profiles. After
this the two profiles were compared in a least square sense for all the
combinations of input parameters. The values of D, h., & r were found out
corresponding to the best least square fit in the data. These values were then
used in equation (4.9) above to give the actual ozone number density
corresponding to O to 90 km altitudes. The spectral line of ozone obtained by

this process and their corresponding retrieved ozone profiles are shown in
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figures 4.1 to 4.6 for tiree days in November.
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Table 4.7 Ranges and increments of D, ,h, . &nd r used in spectral

comparison method

Paramater Range Increment
O\max 3.0t09.9x10" Jcc 0.1 x 10"
- 15.0 to 30 km 1.0

r 0.15 to 0.4 /km 0.01
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Fig. 4.1 QOzone spectrum obtained on 7/11/93 at Delhi. Each channel
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ut 0.5 MHz frequency span.
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Fig. 4.2 Retrieved ozone profile for 7/11/93.
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Chapter 5

Observations of Ozone over Antarctica (708S)
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5.7 instrumental Setup and Observations

Observati i i
vations reported in this chapter were carried out at M
o (551 < aitri {70
titude), the permanent Indian Station at Antarctica. Th
. e complete

0

Anta . . . . .
rctica in the 13th Indian Scientific Expedition during December 1
March 1994. Th e
1, e actuatl observations were made
there for about
a month

during January-February 1 g94. The atmospheric temperatures over Ant :
are quite low (most of the time below freezing point} and hence thea:’:tlca
vapor content in the troposphere is very small. This condition m:kter
Antarctica an excellent sité for observing stratosphere and other celest:
n of Antarctic ozone is important for it’s implications

sources. The observatio
Atkinson et. al. 1989). The dramatic decrease of

on global ozone content (
ing austral spring was reported first time by Farma
n

0zone gver antarctica dur
y known as the Antarctic ozone hole

et. al. in 1985. The phenomenon widel
continent wide and continues to occur every ye
ar

has been observed to be
92). It is therefore impor
n for Arctic (Levi 1992) and global stratospheric

(Lemonick 19 tant to know the implications of the

Antarctic ozone depletio

ather over Antarctic
a short span of clear days usually not more than 2

5 ,
zone. The we a is not always clear and the clouds do

cover the sky rapidly after
hese are not the stra
e tropospheric clouds ap
wave signals. However, some very low dark

or 3 in number (t tospheric clouds as discussed by Hamil
& Toon 1991). Most of th

t the millimeter
height from the ground

ut 50%.

pearing in the sky do not

significantly affec
) on 14th and 28th January

clouds (at about .5 to 1 kM
ne signal by abo

94 reduced the 0z0
talled in the scienc

The instrument was ins e hut {Nandadevi) at Maitri,
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One small 2 x2 feet size window of the hut was used for the purpose of
observation. The window was covered with a thin sheet of tefl;n materia!
which gave very little absorption at our frequencies. The ambient temperatulra‘
was maintained in the range 24 +3 degree celsius by two hot air blower:
A separate temperature monitor was available in the hut and

inside the hut.

t .
he blowers were manually switched on/off to keep the temperature in th
e in the

desired range. The whole instrument setup was on the ground fioor onl
only and

hence an elevation angle of > 25 degrees was found suitable f
or

observations. This was necessary for antenna beam to clear the surroundi

undaing
structures and also the polar ice sheet in
ot to be 29.5 degrees. Various beam elevation and

the direction of observation. The

angle of elevation was $
dipping exercises were done before setting the angle of observation. Th
. The

secant law was found to be applicable only in the elevation range 25 to 45

ow 25 degrees elevation the gro
- 45° the main beam of the antenna started

degree
grees. Bel und structures started

contributing and for angles
ow frame itself. Since it was not practical to take the

looking in the wind

instrument outside the hut due to fre
as 25 to 45 degrees. For the purpose of signal

ezing cold weather the only observational

elevation range left W
n we chose the elevation
ri is shown in figure 5.1.

y the nearby HF transmitters were

maximizatio angle at 29.5 degrees. A photograph of

instrumental setup at Mait

disturbances generated b

The EMI
g the front end box. Though this shielding

avoided by properly shieldmn
ative interferences,
ough our voltage stabilizer and disrupted the

the huge power line fluctuations

minimized the radi

sometimes managed to pass thr
ese fluctuations wer

phase. This problem was later alleviated

e mainly caused by the high power

acquisition process. TN

transmitters working on the same
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1 Photograph of the system setup al Maitri (Antarctca).

Lig. b




somewhat by shifting the instrument power supply to a different phase.

The tropospheric opacity was determined after every half an hour of

observation by the method described in chapter 4. The calibration procedures
adopted were also exactly the same as described in the previous chapter. The

system temperature measured after reassembling the radiometer at Maitri was

found to be 1650 K, the same as measured at Delhi earlier . This incluages the

300 K room temperature load. The receiver temperature was 1350 K. The

radiometer was operated throughoutin the frequency switched mode. The two
frequencies ON & OFF were about 8
and scaling processes have already been described in the

0 MHz away from each other. The data

storing, smoothing
previous chapter, however, only sky readings for frequency switching were
taken. This was done to Maximize the sky observation time. A second order
baseline was removed aiter performing (ON-OF}/OFF exercise on sky data.
thus obtained was not very symmetric it was not folded

Since the line shape
t wing of the spectrum was used for analysis

around the peak and only the righ

s the dates, total time of observation and the effective

work. Table 5.1 give
sented here were retrieved using the inversion

integration time. The profiles pre
d in chapter 2. Ozone spec
rofiles are shown in figures 5.2 to 5.20. Some

techniques describe tra observed at Antarctica along

with their retrieved height P

n the spectra over and above the system noise are due to

extra features seen i
interference (EMI) caused by the high power HF

the electromagnetic
efficients (R} calculated for goodness

i. The correlation €O

transmitters at Maitr
eoretical fits are show

able
of fit determination of the th n in table 5.2.
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Table § 1 Date, duration and effective

observations.

integration ume for Antarctic

—

i Daie ¢of Observaticn

Observation Period

Effective Integration [

Time (Minutes)

(GMT)
13/1/24 1220 to 0005 (n.dj 16.7
14/1/94 1445 to 0110 (n.d) 16.7
16/1/94 1300 to 2000 25.0
17/1/24 1215 to 2040 18.7
18/1/94 0950 to 1250 8.3
19/1/94 1030 to 2100 20.8
20/1/94 1300 to 2015 12.5
21/1/94 1045 to 0015 (n.d) 35.4
22/1/94 1325 to 1700 8.3
24/1/94 1655 to 1920 10.4
25/1/94 1450 to mid night 10.4
28/1/94 18156 to 2030 8.3
29/1/94 1705 to 1852 4.2
30/1/94 1125 to 2335 18.7
31/1/94 1135 to 2000 20.8
3/2/94 1545 to 1813 8.3
4/2/94 1235 to 1510 4.1
5/2/94 1465 to 1825 14.6
6/2/94 1236 to 1605 10.4

n.d = next day
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Table 5.2 Correlation coefficients (R} Calcuiated for fits in Antarctic data. R?

gives the goodness of fit.

Date R? Date R2

January: February:

13 0.9124 3 0.78399

14 0.8757 & 0.9054

16 0.8822 5 0.8146

17 0.7366 6 0.8178

18 0.9242

19 0.9084 January 13-20 0.9397

20 0.8798 January 21-29 0.9306

21 0.8997 Jan.30 - Feb.6 0.9454

22 0.8988

24 0.9164 January {Total) 0.9473

25 0.7966

28 0.8865

29 0.7870

30 0.9216

31 0.9401 . -
e
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Fig. 5.17 (a) Ozone s
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(b} Retrieved ozone profiie.
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Chapter 6

Results and Discussion
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6.7 Discussion of Results

The ozone observations taken over Delhi (28°38’ N) and over Maitri
(70°45’S}, Antarctica during the course of present study are presented in
chapters 4 and 5 together with the retrieved ozone height profiles. The
radiometer was operated for a few days in November 1993 in Delhi and from
13th January to 6th February 1994 at Maitri, Antarctica. The November data,
takan at Delhi just before dismantling the instrument for Antarctica trip,
provides a useful comparison for the high latitude Antarctica observations with
the tropical/mid-latitude observations. Another important result obtained in the

present work is the variation of ozone content over Antarctica during our

observational period (mid January to early February).
Due to the frequency switched mode of operation the observed line
center and hence could not be folded around

shape is asymmetric about the
the peak and only right wing of the line is used for the analysis of Antarctic

data. Also the S/N ratio obtained in the daily spectrum is not good enough to
apply the iterative inversion, and the data of a week’s observation is combined

ndom noise level. The brightness temperatures are

in order to reduce the ra
grated weekly spectrum

estimated by fitting Lorentzian functions in the inte
which are then used for the iterative inversion scheme. This provides

intercomparison of the results obtained by
ozone absorption coefficient calculations, US Standard

two different inversion techniques.

For the purpose of

Atmosphere 1966 is used. For Delhi
e taken at 30°N (winter) of this document. For Antarctic

observations the values of temperature

and pressure ar
erature and pressure data used are 60°N

observations the necessary temp

{[summer).
The average ozone over Delhi shOws @ peak vatue of 5.0x10' at a
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Fig. 6.1 Average November ozone profile over Delhi retrieved by spectral

comparison {continuous curve) and iterative inversion (diamonds} methods.
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and the iterative inversion methods. The soluti
t . | . utions of ite (
rative
me “Od dare aken in a 30 MHZ frequeucy range on the right win (8]
ng f the hin
e

center. The mixing ratios thus obtained are converted to the ozon :
and are shown as diamonds in this figure. The continuous curve ehdensmes
ozone density obtained by spectral comparison method. it is c:IearSf ows the
that the results obtained by the iterative method are in good agreemrorn here

ent wi
pectral comparison method. However, in t:eV\;l;h

the densities found by using $

gion they show some diverg

s described in chapter 5 were carried out
on

35 km alti
titude re ence.

The AntarctiC observation
in table 5.1. The data were grouped on day to day b
asis

the dates mentioned
he least square spectral comparison method

a o
nd the analysis was doneusing t
the ahserved spectr

e spectrum obtained in Antarctica and it
1it's

A a . 9
gain only the right wing of um was used for the rea

| sons
mentioned above. The 0z0N€ tin

ed height profiles aré sho
s shown a rising trend in it's peak densit
iy

wn in fig 5.2 to 5.20. From

corresponding retriev
ward the ozone ha

grated py putting it in
nuary 13-20, 21-29 and January 30 to

13th January on
to three groups each having

). Data is further int€
These ai€ Ja
y data is also inte
hese integrated spectra together with

(D,

max

about a week'’s data.
grated to get an average

February 6. The t0t8| Januar
m 13th onward. T
re shown in figure
erative inversion is also applied for

January profile fro
s 6.2 to 6.5. On the weekly

their retrieved height profiles @

d data, the it

and monthly integraté
done using the table given in

e conversion of ozoné units is

comparison. Th

Annexure Il
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The iterative inversion algorithm starts with an arbitrary initial guess of
Ozone profile of 1ppm volume mixing ratio to calculate g2 brightness
temperature spectrum. The resulting iterated profile is practically independent
of the initial guess. The brightness temperature is calculated by integrating the
radiative transfer in the atmospnere in 1.0 km layers from surface to 90 km.
The observed brightness temperature differences at selected neighboring
frequencies are then compared with the equivalent brightness temperature
differences obtained from the calculated spectrum in order to correct the initial
profile. The process is repeated until the difference between the calculated and
observed data is smaller than the data error. The iterative algorithm modifies
the profile at the iteration points using the relaxation formula derived by
Chahine {1972) and interpolates the profile linearly for the integration of
radiative transfer equation. In the algorithm given in annexure i1, this value of
Number of iterations is user interactive. It was found that the solutions usually
relaxed in three iterations. Our back-end spectrometer has uniformly
distributed resolution bandwidth of 1 MHz. This puts an upper limit to the
Maximum height of observation which is about 60 km, if the iterative inversion
IS used. Moreover, above this altitude the pressure broadening does not remain
the only dominant broadening mechanism and hence the resulits at heights >
80 km are not very reliable. The lower limit of retrieval is about 30 km owing
to the fact that only 50 MHz frequency span on one side of the line center is
used. Another important fact is the use of spectral comparison method as 3
complimentary scheme for calculation of baseline. This is important as in our
analysis we have removed a second order baseline from the observed
spectrum as described in chapter 4. This process actually removes the

i ual line bringin
instrumental baseline together with some amplitude of the act ging
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amplitude in the chan i i
nels immediately after 50 MH
z off center fre
quency span

is not zero yet the [
average amplitude calculated f
or all the channel
s used for

usin th h i h |
g g same C arnnels In the theoretical spectrum also which | h
IS then

subtra '
cted from the theoretical spectrum before comparing it with
. with the
obser i
ved spectrum. The base line corresponding to the best least sq f
uare fit is
actu ' |
ally used for adding 10 the observed spectrum before using it in it
iterative

inversion process. If the instrumental bas
this exercise is not needed as the iterative method
S

eline function is supposed to be the

first order in nature then

of brightness temperature differences only.

makes use

6.1.1 Comparison of Delhi and Antarctica Observations

The two sets of data aré presented in chapters 4 and 5 respectivel
Y.

ervations were carried ou
ntarctica trip. The purpose of these observation

| i ‘
n Delhi, the obs t in the month of November before

dismantling the setup for A

omparison of Antarcti
m here that the total ozone content over

¢ results with the equatorial/mid-

was to facilitate C

It is clear fro

latitude results.
The average Delhi ozone has a peak

pared to Deiiu.

Antarctica is more com
cules per cc in the month of November as

0'? mole
Another importan
of peak density obtained 1
for this could be assigned to the

density of about 5.0x1
t result obtained from these

found by our analysis.
s is that the height n Antarctica is
re 6.6). The reason
t in the polar continen

ctica) and of November {Delhi}

comparison

comparatively lower {figu
t. The comparison

peratures prevalen

low surface tem
s of January (ANt

based on the averageé result ar
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Fig. 6.6 Comparison of average ozone profiles obtained at Delhi{Nov. '93) and
Antarctica (Jan. ‘94 .
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suggest a higher concentration of ozone at lower altitudes in Antarctica. Th
. ) e
oin o
point of occurrence of the peak density is also found lower over Antarcti
ica.

The following conclusions can be drawn from this study :

{.} C 7 !i are
f) Ihe [Otal ozone CO||tenl (IOC) over AntalC[i d ( O 4 'S) iS m

!
COmpaled to De|h| (28 BJ’N)

(i} Ozone density i '
y is more in the lower hei
ghts (0-30 km ran
ge) over

A cti
ntarctica compared to the lower latitude results of Delhi

6. 1.2. Antarctica Ozone Trend During January-February ‘94
The ozone observations over Maitri (70 45°S5,11 45°E), Antarctica sh
! . ; ow
a definite trend in the ozone peak density and the total ozone cont
ent

observed there. The density peak i
y peak value started with 4.0 x 10'? per cc on 13th

and continued to rise toward the end of the month. On 29th January it sh
shot

up to as high as 7.8 x 10'%. in February it remained essentially constant around

this value and hence shows no significant change from the 23th Janu
ary

value. This factor of increase in the ozone peak density may not b
&

titatively reliable due 10 baseline removal limitations in our data. Howe
. ver,

quan
otal ozone variation over Maitri during our observation

the increasing trend of t

d can be believed. The height of the
ween 22 to 26 km. The value of this 'h,., " did not

perio ozone density peak as measured by
this experiment was bet

correlation with the increasing
arameter r {scale factor}, however, showed some

show any peak density with the passing days

in January. The third p
s value started with 0.2 in mid January

with the peak density. I’

correlation
rly February. The increase in 'r’ shows a constnction

and ended up at 0.3 1N &4
istribution in the atm
e increased peak densit

in the ozone d osphere. This high value of r, to some
y in keeping the total ozone

extent, compensates for th
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variation moderate.

The weekly averaging of data revealed that the major change in ozone
peak density has actually taken place diuring the first two weeks of
observations i.e. 13-20 Jan & 21-29 Jan (tigure 6.7}. The change betveen
Jan. 29 to Feb. 6 is not as much as found in the earlier two weeks. However,
the trend is still positive and the maximum ozone peak density over Maitri was
observed only during this week. Table 6.1 gives the D,,,..h,.....r and TOC vaiuves
for weekly and January (total) data. The average January value of TOC over

Maitri, Antarctica is 332 Dobson Units. The peak TOC is obtained in the last

week of January.
The results of Antarctic observations are compared with results of the

in-situ balloon ozona sondes carried out once every week over Antarctica
during our observational session. The balloon flights were limited to a
maximum altitude of only 30-35 km and hence comparison could be done only
in this range. The balloons were released on 11th, 21st and 27th January. Out

of these only 21st Jan. flight could be directly compared with our

observations. A comparison of our results with the balloon ozone observation

upto 35 km is shown in figure 6.8. There seems to be a good overall

agreement between the two. However, the peak density obtained from balloon
de is slightly lower than our profile. This could be an artefact of our

ozone son
s a mathematical model based on three

analysis procedure which use
model would always produce its characteristic smooth shape

parameters. This
changes in the actual ozone distribution. But

irrespective of the sudden shape
ancy we find that the three parameter model describes

for this small discrep |
of accuracy and can be fruitfully employed

Antarctic ozone with a good degree

for modelling of Antarctic OZOne:
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Table 6.7 D, .N.. [ and Total Ozone Content (TOC) values for averaged

monthly observations over Delhi (28N} and Antarctica (708S}.

Place & Obs, D.... 3 - r TOC
Period (per cc) (km) (km'') (Dobson
| Units}
ll Delhi:
0 oar.. . odn . J 2neant? 28 0.3 | 247 9
Wov. 63 Avg.) | 5.0°70 ¢ :
Antarctica: 25 _—
1012 23.0 0. :
Jan. '94 (Avg.) | 5.6°10
" 01‘ zao 031 378.9
Feh. '94 (Avg.) | 7.9%1 _ i
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Chapter 7

Concluding Remarks
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Conseque
juent on the
work presented in this thesis, it
, it can be safal
1y

concluded that the ground-based millimeter-wav :

employed for the height profili AT O G
observati ght profiling of the stratospheric o2

. jons for Delhi and Antarctica are presented in this th e Deene
cwn : . re esis. W a
. .that this technique works even in adverse weather cc)ndi\_e have
rctica. Also we used two different inversion techniques for tf | lo'?S in
f)f ozone height profiles from the observed spectral line data. The ft]e e
;wo separate anaiysis procedures yielded similar results at ieast ina: th:t the
m height range, enhanced confidence in the accuracy of retrieveedu:-eo
ata.

com i i
pared well with that obtained from a concurrent balloon o
flight. Howe e
: vever, a long term comparison of thi
is new technique with
other
{e.g. Umkehr) would be needed

established methods of ozone height profiling
derstanding of the accuracy of millimeter-wav
- e

before a quantitative un
d be obtained. Some suggestions for further research are give
n

technique coul

in the following paragraphs.
rable scope for improvement of sensitivity of the

There is conside

m and thereby improving 1
d by using improved millimeter-wave detectors

he accuracy of measurements. A

present syste

better sensitivity canbe obtaine
m noise temperature can he

y diodes. The systée
arder of magnitude by using these

n

using cooled Schottk

ght down by almost &
tivity equatton the syst
an importance which is square of

effectively brou
am temperature enters

In the sensi
and hence it assumes

ever, for cooiing the
sed cycie helium refrigerator

of sacrificing the

cooled receivers.
directly as first power

tegration time. How heterodyne detector
out 20-30 K, a clo
nly at the cost

the effective In

and IF amplifier down 10 ab

his can be done O

would be needed. T
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poriability of the instrument somewhat

the non-fi '
n-finearity of the system response for two different input po
Wers,

frequency switching range in the ba
tively responsible for comparatively

unavailabili
ablllt\’ of Iarge Ck—end SDGUII'OH']BT_PT
a acquisit:on. These are collec

and slow dat
ss acquisition time. The nonlinearity pro

biem could

poor data quality and exce
itional step in calibraticn. The system response for

be solved by having 2n add
ned by introducing & calibrated noise

ower levels can be obtai
e front-end. The respon

h can then be used for correction

different in
putp
sgs of the individual

power using a Noise tube in th

1 the compuler whic
mall frequency switchin
ing tunable Gunn devices.

channels can be stored if
a. The problem of s
glle local oscillator us
stabilization of local oscilla

g range can be

of observed dat

better frequency-a
tor after

solved by a
time overhead for

This will also reduce the

uence

each frequency change.
ur instrument is a conseq

oblem of slow da
iendly commer
yst, the actual
program using adv
more efficient data

ta acguisition ino
cial software "AS
acquisition turns out to be

The pr
yst™. Though 1t 1S

of the use of a userr
rogram with As
ct acquisition
e suggested for

relatively easy 0 P
suming- A dire anced software

like turbo C is therefof

quite time con

languages
ostly been analyzed by using the so-

uses @ mode

acquisition.
d data have m

his method

observe
| distribution of

tral comparison method- T
ree parameters. This fitting

tal ozone C

In this thesis.
e can be made more

procedur
so known 3
e site. This will

calied spec
priori from

ozone defined by th
ontent are al

accurate if the values of 10
i the sam
another instrument (e.Q. Dohson! operating 2! it
n to @ gmalier rang#e of variation for these

constrain the solutio



parameters. Also, the chances of getting totally unrealistic restlts due tc

various data extraction errors like improper baseline rermovai etc. would also

be minimized.

There is considerable scope for detailed theogretical siudy of the

j ' roblem for retrieval of ozone height distributior from observed
Inversion p -

millimeter-wave spectral line data.
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Annexure 1

Zenith
aTy (K}
of 0O,

Stron : .
T g-?fff?wave Lines of Ozone Below 300 GHz
;;eg;fncy Transition Intensity Maximum Z;E;;;-
- 4J,sK(J, K} factor absorption  Opaci

» AT pd01ty

pe coefficient 7 in Np
_________ o { Uy, T) T
G =b2t R,P(5,1) 2.51 A
?6.22834 Q,R (2,0} 2.44 0.00098 i'3
i01.72687 Q,R{4,0) 4.11 0.00185 '1_.5
103.87839 R,P(15,2) 1.13 0.00053 '2_'5
109.55933 R,P(19,3) 1.12 0.00058 '2:.2
110.83604 Q,R(6,0) 5 33 0 00248 '2_'5
}18,36434 R,R(0,0) 1.00 0.00061 ;10.
124 08746 ©O,R(8,0) 6:00 0.00402 5.1
125.38958 R,P(7.1) 3.46 0.00236 :;-1
125.41319 P,R(21,3) 0.80 0.00055 _é-l
128.31385 p,R(7,1) 0.78 0.00056 2-1
136.86024 P,R(20.3) 0.85 0.00069 1-1
142.17512 4@ R(10,0) 6.13 0.00537 1-1
144.91944 R p(13,2) 2:0° 0.00186 J1-1
148.74485 P r(13,2) 1-11 0.00106 1-1
154 .04643 R,P(l2.2) 1.11 0.00113 .1-1
164 95182 R,R(2/,0) 1.98 0.00232 1-1
165 .78445 o,R(12,0) 5.79 0.00686 1-1
167.57271 R,P(S,l) 0.51 0.00062 .1-1
175.18635 P R(26,4) 0.45 0.00059 .2-2
175.44565 P,R(19,3) 0.88 0.00117 .22
184.37871 r,P(9,1) 4.34 0.00636 >10
184 74884 R p(21,3) 1.04 0.00153 >10
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Frequency Transition
aJ,sK(J, K} factor

in GHz

le(18l3)
n,R(14,0)

AR -\
D REis1 =

* R,P(29,4)

p,R(25,4)
R,R(4,0)
p,R(10,2)
R,P(15,2)
p,R(17,3)

* p,R(24,4)

Q0,R(16,0)

* Q,RrR(16,1)
* Q,R(14.1)
* p,R(31,5)

Q,R(18,1)
o,R(12,1)
R,P(11,1)
P,R(9,2)

P,R(16,3)
Q,R(20,1)
R,R(6,0)

* Q'R(lo'l)

P’R(23l4)

+ Q,R(8,1)
. R,P(23'3)

. Q,R(22v1)

Tntensity Maximum

¢2e—l£.’kT

! ;o um
N

d O O O»
© .
=N

absorption
moefficient
aiv,,, T)cm'

0.00148
0.00866
G.00168
0.00061
0.00089
0.00545
.00180
00440
.00205
00120
.00990
01430
.01430
.00050
01370
01390
0.01290
0.00210
0.00250
0.01310
01010
01310
00160
.01150
00280
01240

O

© 0 0o 0 0O o0 o O O

O 0O 0O O O ©
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Zenith Zenith
Opacity aT, (K)
in Bp of G
5-5 5-6.4
SE 3.4-34
.5-5 g-7.7
.3-3 42.6
.2-2 9-3.9
2-2 5.7-23
2-.8 1.9-7.7
2-.7 10-15
2-.6 1.8-8.7
2-.6 1.1-5.2
2-.6 8.1-39
2-.6 9.8-53
.2-.6 9.3-53
.2-.6 4-2.2
2-.6 9.0-52
2-.6 9.3-53
2-.6 8.3-50
2-.6 1.5,9
2-.6 1.8-11
2-.6 8.3-50
5-.6 6.6-39
.2-.6 8 3-50
2-.6 9-6.9
2-.6 6.1-45
2-.6 1.6-12
2-.6 6.0-48
contd



absorption Opacity aT, (K}

in GHz aJ,aK(J,K) factor
o2etT  coefficient 7 in N
o a (v, T)cm' P
263.88606° P,R(3C,5) 0.22 9.00070 - -;:’;--_--- o
264.92605° P, R(8,2) 0.71 0.00210 '2_-5 .:_3
ff?.26654' Q,R(5,1) 3.05 0.00930 2-.6 j—j.o
273.05063° Q,R118,0) 3.5 0.01210 2-.6 : 8F38
274 .47842" Q,R(4,1) 2.00 0.00650 2-.6 ; e
276.92378 P,R(15,3) 0.93 0.00310 2—‘6 1.?_27
279.48590 Q,R(2,1) 0.82 0.00082 2e:6 1';:i3
279.89348 R,P(31,4) 0.28 0.00090 2-.6 ;-3 ;
282 83766 P,R(22,4) 0.61 0.00210 3-.7 '7_9 i
286.08720 R,P(17.2) 2,30 0.00800 3-.7 2 7-52
286.15650 Q,R(24,1) 3.31 0.01150 3-.7 3:7-54
286.29420 Q,R(3,1) 1.38 0.00520 3-.7 1.7-21
288 .95895 R,R(8,0) 4.55 0.01620 BER 4.5-60
290 97495° P,R(29,5) 0-2° 0.00099 3-.7  .3-3.9
293 .17125 0,R(5,1) 2.27 0.00830 3-.7 2.3-34
0.56 0.00210 3-.7 .6-9.0

._-------4-_-....______...__.

293.54842° p,R(7,2)

ulaced values {Gora 1959}

stein et.
were calculated by Gora

includes lines with

sents calc
e from Lichten al. 197i. The

(o)
table

(1) * repre
(2) Fregquencies ar

maximum absorption
for T=220 K,

coefficxent
1959, and this
@>0.00050 cm' .

(3) A change ©
J
for lower stateé energy

(4) In column ¢ the O0zONE
: to O gm/cmz e

-1,0,+1 is denoted by P,Q.R

£ aJ OF ak of
re quantum numbers

& K values in €
levels.

he bracket a

respectively,
remperatures are

brightness
ter vapor

tmospheric wa

calculated f

content.
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Annexure Il

Data Acquisition Progrem

\ SOFTWARE "ASYST"

\ THIS PROGRAM ACQUIRES 100%100 "ON" AND 100*100 'OFF’ SCANS
\ FROM A.0O.S. AND STORE THEM IN THE HARD DISK OF THE COMPUTER.
. THE FREQUENCIES SET FOR SIGNAL GENERATOR !N THE PROGRAM ARE
. 111.05 (ON) AND 171.13 (OFF) FREQUENCIES OF SIG.GEN
\ TIME DELAY AFTER EVERY FREQUENCY CHANGE IS 1000 MILLISECONDS.
\ AFTER LOADING THIS PROGRAM. WORD "DOTS" STARTS ACQUISITION

\ AND
\ WORD "SAVE" STORES THE ON AND OFF DATA SEPAR

ATELY ON HARD.

echo.off stack.clear
real scalar num

real scalar dum or 1=
integer diml[ 1050 ! array puffer.1 0 3~U1 e-_ :
real dim| 1050 ] array dit1 0.0 jt :

0.0 dit2 : =

real dim[ 1050 | array dit2

6.0000 gpib.device sig.gen

dasso cnNy
LOAD.QOVERLAY ACQUIS.OY
11 A/D.template c.template

1050 template.repeat
buffer.1 template.buffer

: fort
das50.dig.trig
das SO.positive.triQ

das50.edge.trid
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. court
C.template
EXT.TRIG
EXT.CLOCK
A/D.init
A/D.IN> ARRAY

: dot3
bus.init send.interface.clear ’
femote.enable.on me talker sig.gen listener

" fr111.13mz" talk

- dot1
101 1 do

0.0 buffer.1 : =

fort court

buffer.1 dit1 + dit1 : =
loop

Stack.clear

- dot4
bus.init send.interface.clear e
remote.enable.on me talker sig.g

" fr111.05mz" talk

tdot2

101 1 do

0.0 buffer.1 : =

fort court

buffer.1 dit2 + dit2 : =
loop srack.clear ;

10 string pep
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© save
load.overlay datafile.sov
iile.template

real dim{ 1050 ] subfile

end

"input
pep "=

on

defer>
file.create

dit2 10000.0 / dit2 :
on

defer>
file.open

dit2 array > file
file.close

off

defer>

file.create o
dit1 10000.0 / dit1 :

cr ." GIVE INPUT FILE NUMBER
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oft

defer >
file.open

dit1 array >file
file.close

: dotb

101 1 do

4613

1000 msec.delay
dot1

dot4

1000 msec.deiay
dot2

[

loop

bell

Jterative Inversion Prograim

ROFILE

\ SOFTWARE "ASYST
RIEVAL OF 0ZONE HEIGHT P

\ PROGRAM FOR RET
\ USING ITERATIVE INVERSION METHOD.
E PROCESSED SPECRAL DATA IS IN

\ THE PROGRAM ASSUMES THAT TH
+ 130TH CHANNEL.

\ 'DIT1’” ARRAY wiIT
\ ONLY RIGHT WING OF THE LINE | gD FOR ANALYSIS.
RATIO PROFILE GOES IN ‘MRP’ ARRAY

\ THE RESULTANT
\ AND IT'S CORRE
\ THIS PROGRAM R

\ ATMOSPHERIC TE

\ HEIGHT UPTO a0 KM.
\ A SET OF 20 FREOUENCIES TO B

\ FUNCTIONS.

VELOPING WEIGHTING

E USED FOR DE
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Stack.clear forget.all

real dim{ 1950 I array dit1
real dim{ 50 j array 1

reai dim{ 50 ) array 12
real dim{ 3e4 I array a1
real dim{ 91 j array c1
reai dimf 19 } array ht
real scaiar dum?1

real scalar dum?

reai scaiar dums3

real scalar dum4

reail scalar dums

real scalar dumé

real scalar dum?7

real scalar dums

‘eal dim[ 20, 91 ] array pbk
0.0001 pbk : =

real dim{ 91 ] array temp
real dim{ 91 ] array press

real dim{ 91 ] array pb 0.00 pb : =
real dim{ 19 |} array dbtm  1.00 dbtm : =
1.00 dbtc : =

real dim{ 19 ] array dbtc
real dim{ 19 ] array mrp
1.00 mrp : =

real dim{ 91 ] array pbi 0.00 pb.i 1=
real dim{ 91 ] array pbj 0.00 pbj : =
real dim{ 91, 2 ] array f1

\." Give file name d:|nrirj1.dat etc.

\ recalling

dit1 sub{ 2, 110, 4]

dit1 subf 4, 110,41 +
revli 1]

dit1 subf{ 130, 110, 1]:=

dit1 subf{ 130, 110, 11y
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dit1 sub[ 130, 50, 2 ] dit1 suol 131 ,50,21+ 2.0/1

. baseline
Ioad.overlay matfit.sov
without.weights
50 ramp 12 : =
12
{1
3.0 leastsq.poly.fit
ingd.overlay poly.30V
12 SWAP
polylx]
12 1=
1 v 12 yd
stack.clear pckey
nd
; \ haseline

?2drop drop

load.overlay matfit.soV

] /
dum3 - dup * dum2 ¢ 1 + dum1 swap

: abo

50 ramp 12 : =
5.0 dum1 :=
0.002 dum2 : =
1.0 dum3 : =

gauss—newton.fit

1 Ux) dum2 , dum3 )

1,
curve.fit[ 12 , | dum

12 : =

1 y 12 yd
stack.clear pckeY
nd ; abo

2drop drop

T rc
load.overla
file.open C:\asyst\

y datafile.sov
p.dat
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9 subfile

b1 file>array

T subfile

c1 file>array

file.close

file.open c:\asyst\rrd.dat
1 subfile

at file>array

file.close
al subi 3,971 ,4ltemp .=

al sub[4, 91, 4] press: =
1.00 f1 xsectl !, 21]:=

91 ramp f1 xsect[ !, 1 Ji=
temp 300.0/

0.73 neg

press *

2.37 *

pb : =
101.73683 358.00 *

temp 48.00 /
sqrt *db:=
; rC

: salt1
91 1 do
pb[1] 2.0 ** dum?2 : =

dum2 dum?t + dum3 :

dum2 dum3 / 232.00 * pbil 1l =

loop

91 1 do | N
1.0e-6 * pbj [ | | 1=

pbi [ 1] c1[11°"
stack.clear 100P .

: saltZ
load.overlay waveops-=rt
pbj integrate.datd pbj = i

ps.s0V
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: salt3

91 1 do

pbji!] neg exp dum3:=
dum3 pbi[1] * temp[!]* 1.0e-6 * pbj[l]:=
stack.clear loop ;

: salt4

20 1 do

101.73683 b1 (] - dumi :=
dum? 2.0 ** 1.0e+6 * duml =
saiti salt2 salt3

pbj

pbk xsect[l,!] :=
stack.clear loop ; salt4

» 83htb

19 1 do

'l + dumt ;=
pbk xsect{ dum1 ,!] pbi:=
pbk xsect[ !, !] pbj:=
pbi pbj - pbk xsect{ i, !]:

0.00 pbk xsect[I,81] =
pbk xsect[ |, ! ] [Imax dum2 : =
pbk xsect[ !, ! ] dum2/

pbk xsecti !, !]:=

stack.clear loop ;

: salté

19 1 do

1T + duml :=

pbk xsect[ dum1 ,!] pbi:=
pbk xsect{ |, '] pbj:=

pbi pbj - pbk xsectl |, 1]
0.00 pbk xsect[ 1,911
stack.clear loop pbk abs pbk

+= ; saltb

\bTrevi1]bl =
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csalt7

20 1 do

(1 + dumé : =

101.737 b1 {1j-1.0e3 * dum7 :=
101.737 b1 [ dum6 ] - 1.0e3 * dum8 .=
2 { dum7 ] 12 { dum8 ] -dbtm [ 1) :=
Stack.clear loop dbtm abs dbtm : = ; salt7

: 83it8

2C 1 do |
Dbk xsecti 1, )] f1 xsect{ !, 2] * pbi:=
pbi [lsum dbte [ 1] :=

dbtm [1} dbtc{}] /

mip{l]*

mmpfl]:=

Stack.clear

loop mrp abs mrp 1= ;

»salt11
load.overlay waveops.sov

1 set.#.optima

3 set.#.points

20 1 do | T
pbk xsect[ | , ! ] local.maxima drop h
Stack.clear

loop ht abs ht : =

» salt11

' salt9
19 1 do

1.01 + dum4 : =

ht {1} dum1 :=

ht { dum4 ] dum3 : =

mrp [1]f1 [duml,2]:7

dum3 dumi - 1.0 > if

then
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stack.clear
loop

»salttZ

ht[ 1] duml =
ht[ 18] gum3:=
dumi 1 do
ctipfrir,217]:
iCOop

91 dum3 do
cT{i)f1[t,2]:
stack.clear

loop

i

il

stack.clear

: salts12
ht[ 1] duml :=
ht{ 18 ] dum3 :=

O.1mrp [ 11 f1 subl 1 A
mrp{ 181 0.1 f1 sub[ dum3 .

,dumT ; 2 | (fil
- 2] [Ifit

stack.clear

! salts13

4 1 do

salt8

salt9

salts12
stack.clear ioop
salts13

mrp sub[ 1, 181 abs
ht sub[ 1, 18 1abs
Xy.auto.piot
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Spectral Comparision Program

\ SOFTWARE "ASYST"
\ PROGRAM FOR RETRIEVAL OF OZONE HEIGHT PROFILE

\ USING SPECTRAL COMPARISION METHOD.
\ THE PROGRAM ASSUMES THAT THE PROCESSED SPECRAL DATA IS IN

\ 'DIT1" ARRAY WITH iT’S PEAK FALLING AT 130TH CHANNEL.

\ ONLY RIGHT WING OF THE LINE IS USED FOR ANALYSIS.
\ THE RESULTANT OZONE DENSITIS ARE PUT IN PBI ARRAY.

forget.ali stack.clear
Real scalar dmax0 echo.on
Real scalar hmax0
Real scalar rO
Real scalar dmax1
Real scalar hmaxt
Real scalar r1

Real scatar dum1
Real scalar dum2
Real scalar dum3
Real scalar dumé4
Real scalar dumb
Real scalar dum®b
Real dim[ 91 ] array press
real dim[ 91 ] array temp
real dim{ 91 ] array pb
real dim[ 91 ] array db
real dim[ 90 | array pbi
real dim[ 90 ] array pbj
real dim[ 90 ] array pb! -
real dim[ 90 ] array pbm 1.0 PEM =7
real dim[ 170 ] array !
real dim[ 170 ] array 12
real dim[ 170 ] array I3 -
real dim[ 364 ] array @] 0.0 a¥ie:F
real dim{ 1050 ] array dit?

{

1.0 dum1

1.0 dumé : =

1.0 dumb =
1.0e12 dumb =
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1.7¢12 dmax0 : =

25.0 hmax0 : =

0.20r0 : =

e

ioad.cverlay datafile.sov
file.open cilasystirrd.dat
1 subfile

a2l file>array

file.close

dit? sub! 130, 170112 :=
at sub{ 3,51 ,4temp =
al sub{ 4, 91,4 1press .=

temp 300.0 /

0.73 neg

press ¥

2.37 *

pb .=

101.73683 358.00 ¥
temp 48.00 /

sgrt *

db : =

db 1.0e-6 * db :=

i IC

pb press : =

: salt0

92 55 do

1.0692pb [ 1] *
0.8664 pb[1]2.0 """
4.00db{1]20* "+
sqrt abs +

0.50 *

press {1 ]:=
Stack.clear

foop stack.clear ; salto
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: salt1

\ pb 1.0e6 * pb:=

91 1 do

pb [ 1] dum2 :=

dum2 2.0 ** dum2 : =
dum2 dum1 + dum3 :=
pb[1]dum3/pbjll]:=
stack.clear

loop

obi 1.0e-6 * pbj :=

: salt1.1

91 1 do

pbj{1]1.7 * 1.0e-6"
dumd4 2.0 ** *
temp{1] 2.5 ** /
25.3temp [ 1] /
abs

exp

/

pbj[I]:=
Stack.clear

loop ;

» salt1.2
91 1 do

pbj [ 1] pbi[ 1) * pblITT:=

stack.clear
loop ;

: salt2
v
load.overlay waveops:SO

pbl integrate.data

: salt3
91 1 do
pbm [ | ] neg

pbm ==
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exp
dumb ;=

dum5pbl[1] *temp{l]*
pbl[I]:=

stack.clear

leop ;

> ppp0
511 do
4.C dmaxU
! hmaxO - rO *
exp *

| hmaxQ - rQ *
exp

1.0 +

2.0

/

phi{l]:=
stack.clear
loop ;

*

. ppp1

91 1 do

4.0 dmax1 *

| hmaxt -r1 *
exp *

| hmax1 -r1 *
exp

1.0 +

2.0

% *

/

pbi[t]:=
stack.clear
loop ;
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: saitb
pppO

171 1 do

1 0.021.0 -1 + dumt :=

| dum1 : =

dumi 2.C / dum1 :=
101736.87 dum1 + dumé ;=
dum1 2.0 ** duml : =

dum4 1000.0 / dumd : =

sait?

salt1.1

salt1.2

salt2

salt3

salt2

pbm [0 JI1[1]:=
Sstack.clear

00

11 spub[ 111, 60 ] [Jsum 60.0 / abs dumS =

1T dum5 - 1T 1=

+ 4qqq

40 12 do

1?7 4.0/ dmax0 :=

dmax0 1.0e12 * dmax0 : =

35 15 do

| ? hmax0 : =

14 6 do

1240/10:=
salté
1112-13:=
I32.0 **13:=
I3 [lsum dumb =
dums dum6 < if
dmax0 dmax? =
hmax0 hmax1 :
orl .=

149



dgumb dumo =
then stack.clear
ioop
icop
loop

agq

: saltsl

ppp1

171 1 do

| dum1 @ =

dum1 2.0 / dumi : =
101736.87 dum1 + dumé :=
dum? 2.0 ** dum1 :=
dum4 1000.0 / dumé =
salt1

salt1.1

saltt.2

salt2

salt3

salt2

pbm [90 111 [1]:=
stack.clear

loop

sait61

150



Conve

Annexure I

rsion of Ozone units (From US Standard Atmosphere 1976)

Derived Quantity

Basic Quantity

Mass density p(03}

kg/m®

Column density €{0,)

atm-cm/km

Number Density

n{0,)

m.a

(N/M{03)).0(0s)
1.25467*10%.p(0;)

10°5.(NL/V,).€(0,)
2.68684*10%°.¢(0,)

Column Density
€(0,)

atm-cm/km

10°.V,.0{02}/M(O3)
4.66968%10%.0(03)

€(0,)

Mass Density
p(0O;)
kg/m?®

et~

Partial Pressure
p(0,)
N/m? or Pascal

mb
_ ==Zg

Mass mixing ratio
r(0,)

dimensionless

i
Volume mixing ratio

r'(0,)

dimensionless

P(Oa)

10°.M(0,).€(0,)
2.14148*10%.€(0,)

e

R.T.p(03)/M(O3)
1.73222%10%.7.p(04

1.73222.T.p(03)

10°.R.T.€{0%/V,
3.70951*10°.T.€{0,)
3.70951*10%.T.€(0,)

| e

p(og)/ﬁ's

10°.
M{O,).€{0,)/{Vq.0,.)
2.1414*107%.€(0,)/p,

i

PN

p(03).M/(ps.M(Og})
a 0344%10".p(03/Pe

105.M.€(0,H(V,.0,)
1.2922*10°%.€(0,)/ps
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Avogadro Number (N,) = 6.022163*10* molecules per kmol
Gas Constant (R} = 8.31432*10° J per mol

Volume of ideal gas at STP {V,} = 22.44128 m*/kmol
Molecular wt. of M{Q,} = 47.9982 kg/kmol

Mean Molecular wt. of Air = 28.9644 kg/kmol
Mean Molecular wt. ratio M(Q/M = 1.68714
Temperature of US Std. Atmospher at height z = T(K}
Density of US Sid. Atmosphers &t heicht = = p, lkg/m’}

1.0 Pascal = 1.0 N/m? = 0.01 mb
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