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ABSTRACT

The chemistry of stratospheric ozone is discussed and
particular consideration is given to the role of chiorine
compounds and to the impact of human activity on the ozone
layer. An account is given of the methods used by other
researchers to measure hydrogen chloride (IICl) in the
stratosphere and their results are summarized.

The pressure modulator radiometer (PMR) is an
instrument which can be used to make remote measurcments
of atmospheric temperature and composition by sensing the
radiation transmitted by or emitted from an atmospheric
path containing gases with absorption bands in the
infra-red. A balloon-borne FMR has been used to detect the
absbrption of solar radiation by the fundamental
vibration-rotation band of HCl at 3.5 micrometres. Using
a limb scanning technique, the mixing ratio profile of
HCl has been measured over the height range, 16 to 39 kme.

It is shown that the amount of HCl in an atmospheric
Path can be related to the PHMR signals using a line-by=-line
method. The theory is developed in sufficiently general
terms for it to be applicable to line-by-line calculations
for many other gases with absorption bands in the
infra-red. Consideration is given to the modelling of
PIR measurements of transmission and emission both in the
atmosphere and in the laboratory.

The instrument used to measure HCl is described in
detail. The probléms associated with the interpretation of

the signals are discussed and an account of the



instrument's laboratory testing is given. Ync reduction
of the balloon flight data is described and tihe method
used to retrieve the mixing ratio prodlile from the i

signals is presented.,
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CHAPTER 1. INTRODUCTIOIN.

This thesis contains an account of research
undertaken into some aspects of minor constituent
measurements in the stratosphere. The structure of
the thesis, however, does not reflect closely the
order in which the work was done, and it is hoped
that some explanation at this stage of the nature
of the particular research projects involved may

prove enlightening.

The first project undertaken was an attempt
to make measurements from a balloon-borne platform
of one particular stratospheric minor constituent -
gaseous hydrogen chloride - using a pressure modulator
radiometer (PMR). The primary objective of this
experiment was to determine the total amount and
distribution with height of stratospheric hydrogen
chloride aﬁd thus help to improve our understanding
of the role of chlorine compounds in stratospheric
chemistry. A full account of this work comprises
a major part of the thesis, descriptions of the
instrument, its testing and the experimental results
being presented in chapters 5, 6 and 7.

The retrieval of results from the dats
obtained by this instrument required theoretical
calculations specific to the infra-red absorption
of hydrogen chloride and its detection using a PMR.

When this work was concluded, the theoretical studies



were extended to include sspects of the measurement

by PMR of several other minor constituents . in the upper
atmosphere. These were mainly prompted by the
Stratospheric and Mesospheric Sounder Wxperiment (SAMS),
which is to form part of the Nimbus G satellite and

is designed to make remote measurements of a number

of gaseous compounds with absorption bands in the
infra-red. Consequéntly, the theory developed in

chapter 4 is sufficiently general for it to be applicable
to the measurement of many gases, although the particular
case of hydrogen chloride is disﬁussed specifically.

Chapter 2 contains a summary of the chemistry

of stratospheric ozone followed by a more detailed
discussion of those species and reactions relevant

to the measurement of hydrogen chloride. Similarly,
chanter 3 summarizes the meaSﬁrements of chlorine
compounds in the stratosphere with particular emphasis

on hydrogen chloride. Research into stratospheric
chlorine chemistry and the measurement of minor
constituents have recently been progressing very

quickly, and it is therefore probable that the conclusions
of any summary will rapidly be superseded in the light

of new results. Consequently it should be noted that
“these two chapters represent an attempt to summarize
developments in these fields reported in the literature
up to the end of 1977,

The m.k.s. system of units has been used

throughout except in those cases where other units

are in such common use that adherence to m.k.s. would



have proved unhelpful. Notable exceptions are
the atmosphere as a unit of pressure and atm.cm as
a unit of absorber amount. Infra-red frequencies

are expressed in wavenumbers (cm™1).



CHAPTER_ 2. STRATOSPHERIC CHENISTRY,

2.1. Atmospheric Ozone.

The last few years have seen a considerable
growth in the study of the minor constituents of the
atmosphere., Efforts have been made to measure their total
amounts, their variations with altitude and latitude, and
their seasonal and diurnal fluctuations. Also the
atmospheric chemistry of these species has been studied in
detail in order to explain the complex equilibrium which
exists between them and to predict changes in the equilibium
induced by human activity. In particular, interest hsas
centred on the chemistry of ozone. The major chemical
reactions involvéd in the creation and destruction of ozone
are now fairly well understood, and computer models of the
atmosphere have been developed to study ozone distribution
and total amount.

Ozone is a minor constituent comprising less than
10-% of the atmospheéric mass. It is found almost entirely
in the stratosphere - in the layer 18 to 50 km at lower
latitudes and 10 to 50 km near the poles - where it absorbs
ultra-violet radiation in the spectral region 240 to 300 nm.
The absorption of this radiation is the dominant energy
source in the stratosphere and is responsible for the
temperaturé of the stratopause (~260K), which is high compared
to that which would prevail in the absence of ozone (see
figure 2.1). It is the only atmospheric species which absorbs
significantly in this wavelength region, and it shields the

earth's surface from all but a small fraction of this radiastion.



in km

Height

80
70 - -~ -
mesosphere
60 b — -
S0 — —  stratopause — — N -
L0 = - -
stratosphere
30 - - ~
20 - 1
— — tropopause @— — —
10 troposphere - ~
0 1 1 1 1 1 | 1
200 220 240 260 280 0 2 A 6 8 10
Temperature in K Volume mixing ratio
of ozone x 105
From U.S. Standard Atmosphere, Mid-latitude ozone
1976. | model. Krueger and
Minzner (1973).
Figure 2.1 Atmospheric temperature and

ozone concentration.




Any reduction in the amount of ozone would permit increased
penetration in the biologically important region between

290 and 300 nm. The consequences of such a reduction would
include an increase in the incidence of skin cancer and
various other changes which cannot at present be calculated
or dismissed as negligible, such as the effects on plants,
insects, plankton, and important organic molecules including
proteins and DNA. Other results of a substantial decrease

in ozone (or even a change in its distribution with height)
could include changes in stratospheric heating rates, wind
system and even temperatures at ground level. It is therefore
evident that any human activity which substantially reduces
the total amount of atmospheric ozone could seriously affect
the circulation and energy flows of the atmosphere, human

health and ecological balances in general.

- 2,2 Modelling atmospheric chemistry.

The equilibrium amount of ozone is determined by
the numerous and camplex reactions involved in its
creation and destruction - their rgtes of reaction and
the sbundancies of the species which participate in them.
A rigorous treatment of stratospheric chemistry requires
that all significant chemical reactions are considered,
and that the atmospheric motion is represented by a
three-dimensional model., In practice numerical models
are unable to include all these aspects due to
limitations of computer size and speed. Most models used

at present to study stratospheric chemistry are



one-dimensional; variables are averaged over latitude
and longitude, and vertical mixing is expressed in terms
of eddy diffusioﬁ coefficients usually celculated to

give agreement with measurement for the vertical profile
of a constituent with a lifetime which is long compared
to the typical time scales for vertical mixing. However,
progress is now being made with multi-dimensional models

- in which the effects of real atmospheric dynamics on minor
constituent distributions can be included and from which
latitudinal variations can be predicted. The reliability
of all models suffers from our lack of knowledge of many
of the important reaction rates and of the abundances

and distributions of the species involved, though
modellers often find justification for omitting some
known species, as their atmospheric lifetimes are
calculated to be very short and hence their effects on
other reactions are negligible., Also, as the amount of
atmospheric data increases, so does the degree to whibh
we can believe the results of models and their ability

to predict the effects of man's activities on future
atmospheric composition. Indeed, we may have to rely

on the results of models when taking action againét human
activities which threaten the ozone layer, since the large
spatial and seasonal fluctuations of‘ozone amount preclude
the measurement with any certainty of small changes in
total ozone which represent long term trends. It may
prove- necessary to take action long before large changes

occur for reasons explained in section 2.6.



2.3 The Ozone Cycle.

Stratospheric ozone is produced mainly by the

photodissociation of oxygen as follows:

02 + hy — O + O ()< 240 nm)

and then 02 + O + M — 03 + M.
It is destroyed by the reverse reaction:
03 + hy —> 0 + 02 () < 114 mﬂ),

but the rate of this reaction is too slow to account
for the low ozone abundance found. The reactions

responsible for most ozone destruction are of the form,

X + 03 — XO + Og

followed
by X0 + O — X + 0, .

These have'a net effect of
0 + Oz — 202 .

It is a cyclic process and will continue until X or XO

is removed from the cycle by some other.reaction.
Various naturally occurring species can be

represented by X, the most important in the lower

stratosphere being NO by the reaction cycle,



NO + 03 —— NOz + 09
and NOo, + O —> NO + O

)

NOx is removed from the cycle mainly by the reaction,
NO2 + CH —_— HONOo

Most of the nitric acid so created eventually undergoes
bhotolysis or reacts with some other species restoring
the NO,. NO is produced in the stratosphere mainly by
the oxidation of NyO (Crutzen, Ambio, 1974):

NoO + 0('D) —> 2NO .

Another source of NO is the action of galactic cosmic rays
in the stratosphere., This source is probably minor under
present conditions but in the event (albeit infrequent) of
a supernova within about 50 light years of the earth it is
estimated that atmospheric ozone would be drastically
reduced in this way.

Other species which influence the ozone cycle

strongly above 40 km are H, OH and HOg by the reactions,
H + 03 —> OH + Og ,

OH + Oz —> HO, + Og
and HOp + O — OH + 20g .

2.4 Stratospheric chlorine,.

Another species which may be represented by

X in the equations of section 2.3 is free radical chlorine, Cl.
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Some of the chlorine present in the stratosphere is
naturally occurring. However, probeably more important,

is chlorine liberated from man-made compounds.

The impact on the ozone cycle of naturally

occurring chlorine species is thought to be small but

is not known accurately for the following reasons.

Firstly, the input to the stratosphere of natural chlorine
ié thought to be very low. It is probable that the

major source is volcanic injection, but the importance

to the ozone'cycle of this source depends on the rate of

injection into the stratosphere - a value over which there
is still much dispute, However, using measured values of
HC1 in the lower stratosphere, it has been calculated

(Crutzen and Isaksen, 1976) that the effects are unimportént.
Also there is no evidence for a reduction in ozone
following the volcanic eruption of‘Mt. Agung on Bali

in 1963 (Crutzen, Ambio, 1974). |

In the troposphere sea-water is a source of HC1l
but it is so soluble that it is "washed out" in rain-water
and is not able to diffuse into the stratosphere in
significant amounts. It has been predicted
(Stedman et al., 1975) that tropospheric HC1l exhibits a
steep negative gradient with altitude roughly proportional
to the gradient of water vapour, Xor the same reason we
cannot expect any soluble chlorine species, natural or
man-made, with a source at ground level to contribute
significantly to stratospheric chlorine levels,
Since man-made chlorine compounds may already

dominate the chlorine content of the stratosphere, the

natural equilibrium of chlorine is probably obscured.



[

Indeed, because the effects of man-made chlorine species on
the ozone layer are predicted to be significant and because
such substances influence the amounts of other chlorine
species including HCl (see section 2.5), the chemistry of
stratospheric chlorine will now be considered in detail.

Free radical chlorine destroys ozone in the

following cycle:

€l + 05 — CLO + Og,
and then C1l0 + o) — Cl + O9
or © Cl0 + NO — ClL + NOo.

The first of these reactions is so rapid that the expected
ratio of C1l0 : Cl_is of the order of 10 : 1 (Molina and Rowland,
Nature, 1974), It should also be noted that the chlorine and
NOx cycles are interconnected through the third reaction. The
above cycle is more efficient in ozone destruction than the
equivalent NO, cycle (Crutzen, Geophys. Res. Lett., 1974), and
it continues to destroy ozone until the chlorine is removed

from the cycle by one of a number of reactions to give HCl:

cL + H —> HC1 + H

and Cl + HO2 —>  HC1 + Og

The reaction,

Cl + H202 —— HCI + H Oz' 9

is usually omitted from models due to its low rate constant

“(Ackerman et al,,_1977).
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In contrast to the troposphere where it is quickly
removed in rain water, HCl is comparatively stable in the
stratosphere., Consequently most models predict that
stratospheric chlorine will be mainly in the form of HC1l.
‘However, it is eventually destroyed liberating Cl back

into the ozone destruction cycle by the reactions,

HC1 + OH — H20 + Ccli,
HC1 + hy — H + Ol (X < 240 nm)

and HC1 + O —> QOH + Cl.

- The main reactions involved in ozone destruction by chlorine
compounds are illustrated in figure 2.2 .

Chlorine‘species do take part in other reactions

in the stratosphere, such as
Cl + NO —— NOC1l,

but most compounds so formed are quickly photodissociated
by the intense solar fluxes at short wavelengths present in
the stratdsphere (Molina and Rowland, Nature, 1974).
However, recent work in stratospheric chemistry has suggested
several other reactions of possible importance, and some of
these are discussed in section 2.7 . The only way in which
chlorine compounds can be removed from the stratosphere
is by the slow process pf downward diffusion to the troposphere
where they are "washed out'".

Other halogens are present in the stratosphere
but are thought to be less important. Fluorine is present

in amounts slightly lower than those of chlorine, but the

catalytic efficiency of its equivalent ozone destruction cycle
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is a factor of about 10% 1ess than that of chlorine
(Stolarski and Rundel, 1975). On the other hand bromine
has a higher catalytic efficiency but will probably not
be present in the stratosphere in significant amounts
unless there is a vast increase in the input at ground

level of man-made CHzBr (Wofsy et al., Geophys. Res. Lett.,

1975).

2.5 Man's impact on the ozone layer.

Recent concern over the ozone layer has been
caused by the realization that certain human activities
cause sn increase in ozone-destroying species in the
stratosphere, Consequently reaearch has been undertaken
to estimate the effects of present and projected levels

of these activities on the ozone layer.

Several human activities threaten ozone by
increasing levels of stratospheric NO. One of these is
the growth of supersonic transport. The localized high
temperatures created by such aircraft lead to injection
of NO directly into the lower stratosphere. Similarly,
the use and testing of nuclear weapons causes localised
NO production accampanied by strong vertical mixing, and
thus the NO concentrations in the stratosphere are
affected. The major source of natural stratospheric
NO is thought to be NgO , which is formed by the
decomposition of nitrates and organic matter in the soil.
It has beqn suggested that the recent vast increase in
the use of artificial nitrate fertilizers will greatly

increase the amount-of N 20 liberated and so be a source
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of species which will change ozone concentrations.
The impact of these particular activities has been
discussed in detail by many authors (for example,
see Crutzen, Ambio, 1974).

Another activity which has caused concern is
the rapid growth of the Freons industry, and because it
is relevant to measurement of stratospheric HCl it will
now be discussed in more detail. Freons are trade-names
.for certain fluorochlorocarbons, the most important being
Freon - 11 (CFClz) and Freon - 12 (CFgClg) - substances
which do not occur naturally. Both of these are now
widely used as propellants in aerosol cans and Freon - 12
is also used as a refrigerant,

These compounds are particularly stable in the
troposphere. They are almost insoluble in water and so,
unlike HC1 uﬁ.most other chlorine compounds produced by
industry, they are sufficiently long-lived in the troposphere
to diffuse in considereble amounts into the stratosphere,

Fven other chlorocarbons tend to have much shorter tropospheric
lifetimes than do Freons, which diffuse throughout the
troposphere and so have a flux into the stratosphere
proportional to their tropospheric mixing ratio. C¥Clgz

was first measured near the ground in 1971 (Lovelock, 1971)
and was soon shown to be present at all latitudes (Lovelock
et al., 1973) even though its liberation is confined almost
entirely to mid-latitudes in the northernhemisphere, In
1974 its tropospheric mixing ratio was of the order of
10-10 (Crutzen, Ambio, 1974). This is in good agreement
with what would be expected from the production up to

that time and is further evidence for the fact that Freons

are particularly long-lived in the troposphere,
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CFClz and Crgulg are broken down by

ultra-violet radiation in the wavelength region

190 to 230 nm with the release of free radical chlorine :

CFCl; + hv —_— CFCl, + Cl (X< 230 nm)

and CFgCly + h» — CFgCl + C1 (X< 230 nm)

These reactions are not significant in the troposphere
as solar radiation in this region is absorbed by the ozone

above. However, there is a partial stratospheric "window"
allowing the 190 to 2560 nm region to penetrate to the

middle of the stratosphere, When the Freons have diffused

to sufficiently high altitudes, the rate of photodissociation
becomes significant liberating chlorine atoms in a region

of the atmosphere where they can effect 6zone destruction.
The fates of the products of these reactions, CFClg and
CFoCl, have not‘been studied in detail, but it is thought

that they undergo further reactions, probably mainly with

Og, to give more Cl or Cl0. Most photodissociation of
Freons occurs in the region between 20 and 30 km and recent
stratospheric measurements show a decrease in Freon

.concentrations above about 20 km (see chapter 3),

Other destruction mechanisms are thought to be relatively

unimportant (Rowland and Molina, 1975). A possible sink

is capture of electrons formed in the high atmosphere,

for example

e + GCFCl; —> O©l1° 4+ CFClg ,

though more experimental data are needed on this type of
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reaction, The reaction of CFClz with O('D) is very

slow and that with OH is endothermic. Indeed, a recent
report (NASA Assessment Report, 1977) concludes that no
other sinks for Freon - 11 and Freon - 12 have yet been
found to alter radically the initial predictions about
their role in ozone destruction.

Most other chlorocarbons are probably less
important than Freons because they have much shorter
tropospheric lifetimes. CCl4 has a sufficiently long
lifetime to reach the stratosphere in significant
quantities. It affects ozone via reactions similar to
those of Freons and so should be taken into account in
models, However there is not yet sufficient evidence
| to indicate whether tropospheric CCly is mainly natural
or man-made (Molina and Rowland, Geophys. Res. Lett.,, 1974).
- Crutzen and Isaksen (1976) have studied the possible roles
of other chlorocarbons and have concluded that, compared

to CF ,Clg , CFCly and CCl, , all others are relatively

unimportant, except perhaps CH30013 .

2.6 The effects of Freons.

The effect of Freons on total ozone amount is
'as yet uncertain, Computer models have been developed to
“study the effedts of various projected levels of Freons
production over the next century, but because of a lack
of data on diffusion rates, reaction rates and basic
stfatospheric chemistry, the estimates of the absolute
level of ozone depletion must be treated with caution.

Also, most models are only one-dimensional which limits

their ability to simulate reality. However the models
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do indicate some basic features of the problem, Figure 2.3
shows the history of Freons production from 1950 to 1973.

If the trend shown were to continue over the next few years

- 10
the tropospheric mixing ratio (of the order of 10

. in 1974) would be expected to increase by about 10 '°
every three years, with an attendant increase in diffusion
to the stratosphere . Thus, although the present reduction
of ozone due to Freons may be negligible, the situation
could become appreciably worse within a decade. Measurable
effects are to be expected when the ozone destruction due
to‘free chlorine frdm Freons becomes comparable with natural
ozone destruction. Indeed, assumiﬁg that atmospheric Freons
do cause ne? ozone depletion and that production continues
to increase, it is inevitable'that sooner or later the
ozone cycle will be dominated by Cl from Freons,

Another feature of the problem is the long time
scale., Upward diffusion of Freons is slow and there may
be a~time constant of 40 to 150 years for Freon photolysis
(Rowland, 1974). It is therefore evident that there will
be a delay, probably of decades, before tha full effects
of any release to the atmosphere are shown, and that any
changeé in ozone émount so produced will be observable
Por gbout a century. According to Cicerone et al. (1974),
if Freons production stops in the 1970s, ozone depletion
will not maximize until about 1990. These features seem
to be common to all models and suggest that if action to
1imit Freons production is required it must occur many
years before the effects become fully evident.

The computed magnitude of the effect of Freons

on ozone varies from model to model and has changed as the

models have become more complex. In 1974, there existed
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four models which included Freons. Their predictions
for ozone depletion at equilibrium, if Freon production
were to continue at 1972 rates, ranged from 7 to 18%.
They agreed that after the cessation of production
stratospheric chlorine would increase for 10 years

and then decrease with a half-life of 70 to 100 years.
Typical of these models is Wofsy's at Harvard (see
Wofsy et al., Science, 1975), the results of which are
given in figure 2.4 for various scenarios of Freons
production.

It must be stressed that the trends shown can
be expected to be more reliable than the absolute values
for depletion, although as our knowledge of the relevant
data improves we may expect these predictions to become
more accurate, Also, agreement between models does not
indicate a conclusive result since for some important
chemical reactions all modellers use the same reaction
rates, An illustration of this problem is given in the
pecent NASA Assessment Report (1977). Before January 1977
the consensus of 9 groups of one-dimensional modellers was
that, for steady state conditions with Freons production
at its 1975 level, total ozone depletion would be 5 to 9%.

It was then suggested that the reaction,
NO + HO2 — NO, + OH,

occurs 60 times faster at stratospheric temperatures than

previously thought. The new reaction rate gives ozone
depletion for the same conditions of 11 to 16%. The report

gives this as the present best estimate for ozone depletion

(and from it calculates a corresponding increase in skin



depletion
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A Production of Freons held constant at 1972 levels.
Arrow indicates long-term steady-state conditions.

B Growth rate of 10% per year (7 year doubling ).
C As B, with production ceasing in 1978.
D As B, with. production ceasing "in 1995,
E Growth rate of 22% per- year (35 year doubling).
F As E, with production ceasing in 1987.
Figure 2.4 Scenarios for ozone depletion

calculated by Wofsy et al. (Science, 1975)
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cancer of 40 to 100%).

Interesting results have recently been obtained
from a two-dimensional model at Oxford (J.A. Pyle,
private communication). Although the globally averaged
value for ozone depletion due to Freons is calculated to
be of the same order as that obtained by one-dimensional
models, considerable latitudinal variation is predicted.
The model indicates that the expected depletion at high
latitudes (where ozone concentrations are highest) is
~ & times greater than at the equator. Thus the increase
in penetration of ultra-violet will be greatest in those

latitudes where the initial penetration is lowest,

2.7 Recent developments.

Since our knowledge of atmospheric chemistry
is still limited, the results of models are continually
open to review., The validity of any model depends on the
inclusion of all the major chemiéal reactions and the use
of fairly accurate reaction rates., Recently it has become
apparent that the chlorine-ozone cycle is far more complicated
than previously thought, and research into the details of
stratospheric chlorine chemistry has increased. A summary
of some recent work is given below.

The existence has been predicted (Rowland et al.,
1976a) of a species not yet detected in the stratosphere -

chlorine nitrate, ClONOgy. It is formed by the reaction,

cic + NOog + M —> ClONOg + M,

and thus may act as a temporary sink for free chlorine,
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It does not react rapidly with most stable stratospheric
species but is decomposed giving ClO by photodissociation
and by reactions with O, NO and perhaps other radicals.
Initial calculations (such as those of Eggleton et al.,
1976) using estimated reaction rates suggested that the
formation of ClONOg might effectively lower ozone
depletion by Freons very considerably. Reaction rates
have since been measured and at present its importance
is not thought to be so great, but the chemistry of this
species is far fram fully understood.

Another possible temporary'sihk for chlorine

is via the postulated reactions,

1 + 03 + O —> Cl03 + Oy
and Cl0g + OH —> HC1O4 ’

(Simonaitis end Heicklen, 1975; Prasad, 1976). However

this is still speculative since the reaction rates are
unknown and the species undetected in the atmosphere,

Rundel and_Stolarski (1976) suggest that other reactions

may affect the chlorine-ozone cycle even thdugh their

rates are slow, since the lifetime éssociated wyth diffusion

to the troposphere of HCl is of the order of 8 years.

As an example they give

cl0 + 0z —» ClO0 + O0g
and €100 + N — Cl + 09 + M.

The significance of these reactions is that they allow



the ozone destruction cycle to continue in the absence
of atomic oxygen, leading to incfeased ozone depletion
at lower altitudes.

Yet another species of possible importance,
HOC1, has been suggested by Sze (1977). This may also
act as a temvorary sink for reactive species by means of

a number of postulated reactiéns:

Cl10 + Hg0p —» HOC1 + HOy ,
c10 + HO, —s HOCl +  Og ,
OH + C1lONOg — HOC1l + NO3z

or  Hy0 + ClONOg — HOC1 + HNO3 ,
and then HOC1 + h» —_— OH - + c1,
HOCl + OH —> H,0 +  Clo,
HOCL + O —  cl0 +  OH
or HOC1 + O e Cl + HOy

Sze's calculations show that HOCl may be a very important
stratospheric sink, but they suffer frbm a lack of
fundamental data not only for the above réactions but
for the chemistry of oxides of hydrogen in general.

It must be stressed that, although all the
above reactions almost certainly occur, their rates
" and hence their importance a&estill'in doubt, and more
work into the theory of the chemistry involved and

measurements of the relevant species are required,

24
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CHAPTER 3. MEASUREMENTS OF CHLORINE COiPOUNDS
IN THE STRATOSPHERE,

.1 Methods of measuring stratospheric HC1

Since the first measurements in late 1974,
-five research groups have reported profiles of
stratospheric HCl. Most of these (including our own,
which will be described in detail in later chapters)
have been obtained through measurements from balloon
platforms of the infra-red absorption by the fundamental
vibration-rotation band of HCl at 3.5 micrometres,
with the sun as a source. Using this method, vertical
profiles can be obtained by tracking the setting sun at
zenith angles greater than 900. The advantages of this
geometry are discussed in chapter 4,

Farmer's group at Jet Propulsion Laboratory,
California, have used a solar tracking system and a high
speed, stepped, Michelson interferometer with a spectral
resolution of 0.13 cm"l and an ability to measure in the
spectral range 1750 to 3050 em™t (Farmer et al., 1976).
They have made measurements from high altitude aircraft and
balloon platforms, and they have studied the spectra
obtained to identify the features correspondihg to HC1
absorption lines. Compared to other species with
sbsorption lines in the same spectral region (e.g. methane),
HC1l is present in the stratosphere in very small amounts.
For this reason many HCl lines are found to be overlapped
and difficuit to identify - a problem common to all

infra-red methods and accentuated far conventional
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spectroscopic technigues by limited instrumental
resolution. In fact, Farmer suggests a reanalysis

of the 3 to 4 micrometre spectra of atmospheric gases

to render such features unambiguous. However, they have
found the lines Ri{, PS5 and P6 of the fundamental
vibration-rotation band of H3501 to be the most distinect
and they have also used the R2 and R3 lines of H3501

and the R1, R2 and R3 lines of H°'Cl. Their retrievals
have been made by comparing the measured spectra with
synthetié spectra calculated for simulated atmospheric
paths containing different amounts of HCl. Correct
jdentification of HCl features is supported by the fact
that the relative strengths of the absorptions due to
different lines for the same observation are in agreement
with theory.

Ackerman's group at Institut d'Aéronomie Spaciale
de Belgique in Brussels use another infra-red technique;
they have flown a grille spectrometer on board a balloon
gondola equipped with a sun-tracking system (Ackerman et al.,
1976). The instrumeﬂt has a resolution of 0.22 cm' and a
scanning time of 6.5 minutes across the spectral region

2916 to 2970 cm'l. Six pairs of HCl 1lines occur in this

interval and they use the lines Rl and R2 of both HO°C1
and H57bl. From their data, they make plots of integrated
“gbsorptions for the HCl lines against the tangent heights
of the solar rays, and from these they retrieve a vertical
profile for HCI.

Murcray's group at Denver University use a
similar instrument - an infra-red grating spectrometer
and sun-seeker (Williams et-al., 1976 b). To measure

HC1 they adapted their spectrometer to scan in the region
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containing the R1 line of H°Cl at 2925.9 cm™, and

they have derived their orofile from the measured

absorption of this line only. Their scan time of 110

seconds allows a number of spectra to be obtained

during the period of about 30 minutes for which the sun is

visible above the horizon at zenith angles greater than 90°,
The only other reported measurements of

stratospheric HC1 have been made by Lazrus' group at

NCAR, Boulder, Colorado (Lazrus et al., 1976; Lazrus

et al., 1977). These measurements differ fundamentally

from all the others in that they use in situ chemical

techniques rather than remote infra-red spectroscopic

methods. The instrument, mounted on an aircraft, has

been used to teke samples in thé'lower stratosphere,

while measurements above 20 km héve been made from a

‘balloon platform. Hydrogen halides are captured by

drawing air through base-impregnated filters., Other

areas of filter are masked during sampling to give a

contamination control. After the flight, the chlorine

is extracted from the filters and analysed chemically.,

Comparison is made between the impregnated filters

(measured to be almost 100% efficient in trapping HC1)

and other unimpregnated fiitérs. Since gaseous HCl is only

trapped by the base-impregnated filters, this method

gives discrimination between gaseous and particulate

chlorine species., However, some other gaseous chlorides

are also trapped by the base, and laboratory measurements

.are performed to find the trapping efficiency for each

species. It has been found that the base is quite efficient

in trapping acidic gases such as chlorine nitrate

(~ 80% efficiency). Therefore this method will tend to
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give a result related to the total amount of gaseous

acidic chlorine species rather than HC1l alone.

36 2 Resultse.

The first positive identification of HC1
in the stratosphere was made by Lazrus' group using the
data from aircraft and balloon flights made in autumn
1974 (Lazrus et al., 1975; Lazrus et al., 1976). The
balloon flight'was made from Holloman USAF base, New Mexico
(33°N) and the aircraft flights at various latitudes in
the northern hemisphere, measurements generally being made
in the early morning. From the data of these flights they
were able to deduce that the mixing ratio of HCl decreased
sharply below 21 km - a profile consistent with a>high
altitude source of HCl. Another interesting result of
these measurements was that the ratio of particulate to
gaseous chlorine was found to be very small. This
suggests that stratospheric aerosols do not provide a
significant sink for chlorine species. Further
measurements were made throughout 1975 ranging in
altitude from 12 to 33 km (see Volz et al., 1977).
Another series of balloon flights from Holloman was
undertaken in 1976 (Lazrus et al., 1977). They were
made between 6 a.m. and 10 a.m. local time at different
seasons of the year. Together with lower altitude
measurements made from airéraft, they yielded results
over the altitude range 12 to 36 km and gave evidence of

very little seasonal variation. The mean profile derived
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from the 1976 measurements is given in figure 3.1
and is very similar to that obtained from the 1975 results.
Farmer's group have reported two sets of
measurements of HC1l in the stratosphere., The first was made
in the winter of 1974-5 from an aircraft flight at 21 km
over continentel U.S.A. (Farmer et al., 1976). From the
data a profile was obtained for the lower stratosphere up
to the platform height, and the peak of the HCl mixing
ratio was shown to be above 21 km. The second reported
profile (Raper et al., 1977) was the result of two balloon-
based measurements made from Palestine, Texas (32°N) on
26th September, 1975, and 18th May, 1976, from altitudes
of 40 km and 37 km respectively. The results from the two
flights were very similar and gave no evidence of seasonal
variability. They yielded a profile over the range
21 to 37 km to an accuracy of the order of 30%.
The results of Ackerman's group weré obtained
from a balloon flight on the 2nd October, 1975, from
Aire sur 1'Adour in France (44ON). Measurements were made
at sunset from a float altitude of 35 km and a profile
retrieved for the range 18 to 33 km (Ackerman et al., 1976).
Murcray's group flew their balloon-borne instrument
to an altitude of 30 km from Holloman on 16th December, 1975,
end deduced a profile up to the balloon height from the
data taken at sunset (Williems et al., 1976 b). However
because of a low signal-to-noise ratio, the profile above
26 km is reported to be uncertain.
The results of the infra-red measurements,
includiﬁg our own, are also shown in figure 3.l1l. It can be

seen that they are all similar in amount, but no firm

conclusion can be drawn from them concerning the shape of
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the profile above about 25 km. They are slso similar

to the results of the direct sampling measurements in the
lower stratosphere, but Lazrus' results tend to fall below
those obtained by infra-red methods at higher altitudes.
On average there is a fairly good agreement between HC1
measurements, particularly by infra-red techniques, and
the results of models (see, for example, Volz et al., 1977,
and Sze, 1977). However, model results have not been
included in figure 3.1 since the profile shapes which

they prédict vary noticeably from each other and are
dependent on details of chlorine chemistry, such as those
outlined in chapter 2.7, which are not well understood.
Present models do not show a fall in the mixing ratio
profile above 30 km as suggested by some measurements,

. but this is not surprising since at these altitudes the
‘sensitivity of the infra-red techniques is at its lowest

and large uncertainties are to be expected.

3.3 Variations in stratospheric HC1l

When compafing the results of different
researchers, agreement need not necessarily be expected
since the measurements are made in various places at
different times of day and year. However, for the HC1
measurements reported above, it seems reasonable to
expect similar resulis for the reasons now outlined.

Compared to other chlorine compounds in the
stratosphere, HCl has a long lifetime amd is a major

sink for the more reactive species., Therefore, although

there will obviously be large diurnal variations in the
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rates of creation and destruction of HCl, the total amount
of this species is expected to show little diurnal variation.
This has been confirmed by the results of two one-dimensional
models which include the effects on chemistry of the
day-night cycle (Kurgeja, 1977; Rowland et al., 1976 b).
Both show a negligible diurnal change in HC1l amount at all
stratospheric altitudes. 1In contrast, Kurzeja shows that,

as expected from simple arguments, the amount of Cl varies
diurnally by several orders of magnitude, and that C1l0
varies by a factor ~3 at 40 km and by more at lower
altitudes. Kurzeja also suggests that, since temporary

sinks such as ClONOy, exhibit a considerable diurnal
variation, one-dimensional models which neglect night-time
chemistry cannot be expected to calculate accurately ozone
depletion due to chlorine species.

To study seasonal and létitudinal variations a
two-dimensional model is required. Preliminary results
from the.Oxford model show that for mid-latitudes very
little seasonal variation in HC1l is expected (J.A. Pyle,
private communication). The expected latitudinal variation
varies with altitude; at 40 km the model shows very little
variation with latitude, but at 25 km the HCl amount is
calculated to vary by a factor ~4 between equator and
Since all the measurements listed in section 3.2

pole.
were made in mid-latitudes, little variation is to be

expected between them.

On top of the spatial and short term variations,
however, a long term increase in total stratospheric
HC1 is expected ss the total chlorine amount is increased
by input from the troposphere. At present, reported

results only cover the period 1974 to 1976 - too short
a time for long term effects to be noticeable - but if
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man-made chlorine compounds are the dominant source of
stratospheric chlorine then we may expect future

measurements of HCl to show an upward trend.

3.4 Messurements of other halogen compounds

Since the prediction of the interaction
between ozone and Freons was firét made in 1974,
many measurements have been reported of CFClz and
CF,Clg in both the troposphere and stratosphere. These
are compared in figures 3.2 and 3.3. Despite a substantial
scatter in the measurements, it can be seen that their
average value is in fairly goéd agreement with the
theoretical prediction of Crutzen and Isaksen (1976).
Two other species which may play a significant role in
stratospheric chemistry, CHC13 and CClyg , are shown in
figure 3.4. At present they have only been measured in
the lower stratosphere,

The important short-lived species , Cl and C10,
have only been measured by one group (Andersbn et al., 1977).
 The results are shown in figure 3.5 along with the
theoretical calculations of Chang (see Volz et al.,11977).
Agreemént between measurement and calculation is only good
for the winter measurements, but for reactive species such
as these greater spatial and temporal variations are to be
expected. Also it has recently been suggested (Ackerman
et al., 1977) that models have tended to under-estimate
the amount of Cl0 above 25 km because of an over-estimate

of the methane amount., Ackerman's group show, using their

remeasured methane profile and a simple calculation,
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Key to figures 3.2 and 3.3
Measurements of CF2C12 and CFCl3
Year of
Researchers Reference
measurenent
a Schmel tekopf et al.| 1975 Schmeltekopf et al. (1975)
o Heidt et al. 1973, 1974,
1975 Heidt et al. (1975)
4+ | Lovelock et al. 1971 Lovelock et al. (1973)
1973,1974 Lovelock (1974)

—— | Rasmussen 11975 See Volz et al. (1977)
v Hester et al. 1974 See Heidt et al. (1975)
A | Volz et al. 1976 Volz et al. (1977)

X | Goldan et al. 1975 See Sundararaman (1976)
® |Williams et al. 1968, 1975 |Williams et al. (1976 a)
o Zafonte et al. 1073 See Sundararaman (19706)
® | Krey et al. 1975 Krey et al. (1977)
1974 See Sundararaman (1976)

A | Ehhalt et al. 1976 See Volz et al. (1977)

Tyson et al. 1976 See Sundararaman (1976)

.,

\~~\ Theoretical predictions for late 1975:

Crutzen and Isaksen (1976)




35

—C——2C

IO 4D OTiI2ydSowl®e JO SjusuaInsean © g*c 2anbrtyg

€12247 40 013Dy Buixiw awn)op
OTQ— (-0l N_.loﬁ
I T \—...a. nﬂf»um T 7T T ¥ -7 T I L a—| T T T
|
|
I ® .
S |
NS
A
nw&d q ]
a "o qu o
o OB g
/14 v 0 a i
o % ~o o'y va
~ o Vv g
o LN ° )
=~ v
~ Y
l —
—~
—-—
~ - -
| 2 N | n 1 L 1 1 — — ]

0Z

0t

07

0S

}ybiay

wy Ul



36

“t1500 ottoudsouse JO SjusuaInseal

€12949 j0 o1}ps Buixiw swn|oA

€°¢c 2xnb1y

o0 1-0t a0t g0t 91-0t
o OA« ++ oYX ¥ Trv T TTT Y T LIS S Y T SR I e s - - 0
&, 8
N
O.a> 600
x Blnjpo* Jou
m rm%v .
A\ o
Q
aywo/op
(2] ﬂJ X
//IW%u o} -4 0¢
8] Q/QD x o
~ X o]
a o
>~ 0€E
S—— -
00 -~ -
-~ — v
o~
v 40y
. Do 2 s o 31 " | EY UOE N T T | 2 1 193 1 3 3+ 1 1 113 31 1 1 'S ' 0S

yybiay

wy ul



37

50: 1] l‘iﬂlslil L ¥ lIVﬁTF ¥
LO- =
e 30 ~
X
£
CCly
£ 20 ° © CHCI -
5 o :
w
: 4
)
0F .
®
A A A llJllL_%:é: A 1 A AJA;AI A
107" 10710 1079
Volume mixing ratio
Researchers Year of Reference
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+ Lovelock 1974 Lovelock (1974)
o Krey et al. 1975 Krey et al. (1975)
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Figure 3.4 Measurements of atmospheric CCl, and CHC1l
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that the expected ratio of HCl : ClC above 30 km
decreases from about 4 (the value found by modellers
with the old methane profile) to a value close to the
measured ratio of ~ 0.8.

Species of other halogens have not been
studied as intensively as chlorides, but recent}y three
measurements of HF in»the stratosphere have been reported
(see figure 3.6). Zander et al.(1977) have measured
an avefage volume mixing ratio of 3.6 x 10-1° above
27.9 km obtaining their results from spectroscopic data.
The result of Iazrus' group given here is an average
profile for total fluoride obtained from the data of
4 balloon flights in 1976 (Mroz et al., 1977). This group
has also measured stratospheric bromides (Lazrus et al.,
1976). In the lower stratosphere they report HBr to be
present in mass mixing ratios between 10 1% and 10~11,
Another interesting measurement of stratospheric halogens
has been reported by Farmer and Raper (1977). Using
their high resolution Michelson interferometer on a
halloon flight from Broken Hill, Australia, (50.508)
they have made a simultaneous observation of the
absorption due to spectral lines of HC1l and HF.
Without retrieving profiles for each species individually,
they have been able to estimate the ratio of HF : HCl
between 14 and 38 km to be constant at about 0.1 to

within their estimated errors ( £ 50%). This is not in

agreement with the higher ratios presently predicted

by models (see Sze, 1977).
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40



41

CHAPTER 4. RENVOTE SQOIJNDING OF TEE ATNMOSPHERE
WITH A PRESSURE MODULATOk RADIOMETER.

This chapter contains the theory required in order
to develop a computer model to calculate the signals
expected from a pressure modulator radiometer (PMR),
particularly when measuring the transmission of solar
radiation by an atmospheric limb path or the emission
of thermal radiation from such a path. The theory is
discussed in sufficiently general terms for it to apply
to measurements of many atmospheric gases with absorption
bands in the infra-red region. The particular case 6f a
PMR designed to measure stratospheric HCl is considered

in more detail.

4,1 Transmission of radiation by an absorbing gas.

Consider a flux of radiation, Iy, at
wavenumber, v, incident on an element of absorbing gas
of length, dx , density,‘ﬂ(x), and absorption coefficient,
k)>(x). The change in the flux due to absorption by the
path is given by

dI = - -I» \«»(x)/o(x) dx . (&.1)

b))

‘If radiation is transmitted along a path from x = x; to

x Xo » integration of equation 4.1 gives

I, ) = L) ep{-[. l@pdx} . (2)
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Therefore the transmission, 7, , of this path at

wavenumber, » , is given by
I (352) Jx"
Ty = —2—= = expi-| k.(x)olx)dx!. (4.3
I»("‘) P X, »( )/o<) * )

For a homogeneous path, equation 4.3 simplifies to

’TD = eXP{" kn/ox} = e)(P {"L(DU} ’ (‘f"'l’)
where . X = Xg - X3 = the path length,
and u = px = the absorber amount in the path.

For a structured path, such as an atmospheric
path along which pressure, temperature and composition
are variables, fhe integral in equation 4.3 cannot in
general be evaluated exactly and must be approximated

numerically. This problem is discussed further in

section 4.4.

4.2 The shape and strength of spectral lines.

The absorption coefficient, k, , in the region of
a spectral line is a function of th¢ line strength and
the line shape. The line shape depends on the physical
nature of the mechanisms causing the line to be broadened,
and in the infra-red two such mechanisms dominate the

broadening under most atmospheric or laboratory conditions:

i) Doppler brosdening

This is caused by the fact that the absorbing



molecules have a range of velocities relative to the
observer. The components of the velocities along any
direction have a Maxwell distribution, and hence the
variation of the absorption coefficient with wavenumber

has a corresponding shape:

ky o exp {- (v')’;)z} . (&.5)

~p

where D, is the wavenumber of the line centre,

and o = f‘(z,&T )'/i , (% 6)

in which T is the témperature, M is the molecular

weight, ¢ is the speed of light and R is the gas constant,
&, , which will be referred to as the "Doppler

half-width", is the half-width at the point where

k, = ky /e. Bquation 4.5 is normalized using the

definition of line strength,

S = [ kyd» (107)

o

Using equations 4.5 and 4.7, we obtain

ky = —— exPi__(L-D-_)z} . (4.8)

o {7 o<t

i1) Lorentz or pressure broadening

This effect is caused by the perturbation of
molecular energy states during collisions with other
molecules. It has been discussed in detail by many

guthors including Goody (1964), who derives an approximate

relation,

43



L4

X (‘f. q)

k” o< 1. 2
(v -2) + X

where o, is called the Lorentz half-width and is
the half-width at the point where ky = % ky,
oL, can be shown, using simple kinetic theory,

to be proportional to pressure - a relation verified by
experiment over the range of pressures found in the
atmosphere. Although equation 4.9 is a simplified
formula, it is sufficiently'accurate.for the purposes of
most calculations of atmospheric radiation in the infra-red.
More general formulae are discussed by Goody but will not
be considered here.

Combining equations 4.7 and 4.9, we obtain the

normalized absorption coefficient for a Lorentz profile,

ky = =2 e (. 10)

T (w-we)+ &}

For many atmospheric and laboratory situations
of interest, the Doppler and Lorentz half-widths are of
comparable magnitude. In such cases a convolution of the

two shapes must be considered - this is the Voigt profile:

o - Sy [mlria

Y1 2 2
where y=& /& and x=(v-2,) /Xp
The above integral does not have an anaglytic

solution and must be evaluated by numerical approximation.

Since the Voigt function appears in so many calculations
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of transmission, it is important to be sble to calculate
it sufficiently quickly to allow the computer programs
involved to run in an acceptably short period of time.
The efficient evaluation of the Voigt integral using

computers is considered in detail in appendix A.

4.3 Temperature variations of line width and line strength.

It can be seen from equation 4.11 that Ky
is a function of (v - %), o, o4 and S. oy has a
simple temperature dependence given by equation 4.6. & ,
besides being proportional to pressure, is also a function
of temperature. Simple kinetic theory arguments based
on the frequency of molecular collisions which lead to
the correct dependence on pressure can also be used to
derive a temperature dependence in which o, is
proportional to % . However, to understand the process

of pressure broadening fully, more complex theory must

be employed which yields a dependence on pressure and

temperature given by

4
« (p,T) = “L(Pu'ﬂ)—%(-__—rr’—) , (4 12)

where ¥~% but varies from line to line and from

gas to gas. Also, since the origin of pressure
broadening lies in the interaction between the electric
dipole or guadrupole of one molecule and those of its
neighbours, the magnitude of the half-width depends on

the gas causing the broadening. For atmospheric
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calculations the dominant broadening gas is nitrogen,
and so it is neceséary to know the nitrogen-broadened
half-width of the absorber, («.)y . For gas mixtures
in which the mixing ratio of the absorber is not « 1,
the self-broadened half-width, («.)s must also be
kxnown. The resulting half-width for a mixture of

absorber and nitrogen is given by

O(‘-(P’T) = (°“~)~ (PMT) + (dL)s(PsvT) ) (4.13)

where Dy and pS are the partial pressures of nitrogen
and absorbing gas respectively, and p is the total

pressure,

- Line strength is also a function of temperature,

its dependence being given by the general equation,

- Q (’U exp (-EL/kT) {I - exp (-hcv/kT)}
S(T) = S(1) Q) o CEAD) [ -oplhoril)] (e 14)

where Q(T) is the total partition function of the
molecular energy states,
EL is the energy of the lower level in the
trénsition,
» 1is the wavenumber of the transition,

and h, ¢ and k are fundamental constants
symbolized in the standard way.,

The derivation of this equation is discussed in

appendix B»along with appfoximate forms which may be

used in certain cases.
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4,4 Theory of 1limb scanning,

This term is used to describe situations
in which an instrument views the atmosphere along a
path which passes below the instrument to a point at
which the path is tangential to the curvature of the
atmosphere and extends out to space on the other side.
It is illustrated in figure 4.1. With instruments
mounted on satellites or balloon platforms, this techniqué
can be used to measure the emission of radiation by the
atmospheric limb. It can also be employed to measure
the radiation from an external source (usually the sun)
tfansmitted by the limb, Both emission and transmission
experiments have been performed to measure various
atmospheric constituents.

For a balloon instrument at a typical float
altitude of 35 km, the measurement is performed from
within the atmosphere and limb paths can be observed
for a range of zenith angles from 900 to ~ 96O ’
at which angle the péth intersects the earth's Surface.
For a satellite instrument at a typical orbital height
of 1000 km (outside the atmosphere), limb paths with
tangent heights between O and 100 km are observed over

only a small rangeof view angles - a range -~ 1.8 degrees

at zenith angles around'lzoo .

This geometry has the following advantages:

1) The amount of sbsorber in the path is very large

compared to that in a vertical path. For a constant

volume mixing ratio, € , the amount of absorbing gas,

u, in a complete limb path is approximately given by
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u o EFT /ZﬂHRo , (L4.15)

where pp is the pressure at the tangent height,
H is the atmospheric scale height ,
Rp is the radius of the earth,
and ‘u is defined here in units of pressure x length
(and not density x length as in section 4.1).
The above formula is derived in appendix C along with
several other useful approximations for limb paths.

At typical stratospheric temperatures equation 4,15

gives

u = 70 e pr H (.16)

which should be compared to the expression for the

absorber amount ineyvertical path above the pressure

level, pp , for the same atmosphere:

u = € Pr H (th7)

iji) This geometry alsc tends to give good height
resolution in retrieved mixing ratio or temperature
profiles, since, for a constant mixing ratio or one
which varies slowly with.height, the majority of the
sbsorber lies in the section of path just above the
tangent height. 1In fact, for a limb path about 42%
of the mass of the path lies in the 1 km thick layer

just above the tangent height, and about 80% in the



lowest 5 km.

iii) Another feature, which may be advantageous,
is the fact that the long atmospheric path lengths
involved lead to retrieved values which are averages
over a horizontal range ~ 400 km, thus smoothing

out short spatial variations in the atmospheric state.

Equation 4.15 is only an approximation and
cannot be used for accurate calculations of absorber
amount; nor can it be used when the mixing ratio varies
with height. In general absorber amount must be
calculated using a ray tracing technique., This involves
splitting each limb path into many parts such that the

vertical range of each part is small. If the ith part

of the path has length, x4 , the absorber amount in it

is given by

w, = € pi i (4.18)

where the path is divided such that ¢ and p; can be
treated as constant over the length,xy . A vertical
interval of O.1 km has been found empirically to give
negligible error for typical atmospheric profiles.

The total absorber amount in the path is

then given by

U= ) U (4. 19)

where the summation is over all the parts of the path

S0
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from the balloon or satellite through the atmospheric

1imb to space.

To find the transmission of the path we must
also calculate a pressure and temperature which are
characteristic of the path so that we may then treat

it as homogeneous. It seems reasonable to use absorber

amount weighted mean values:

o= -J—Puiu— (%.20)
and T = JTdu (4.21)

These values will not yield exactly the
correct result for the transmission of the path at any
wavelength, since the absorption coefficient is a
complicated function of pressure and temperature,

The accuracy of this approximation varies with the
shape of the mixing rgtio profile, the wavelength of
operation of the instrument, the spectral data involved
and other variables. However, it can be improved by
treating each path as comprising several sections of
path; u, p and T are calculated for each section, and
the whole path is simulated by several homogeneous

sections in series.

The justification for the representation of
a structured path by one or more homogeneous paths
characterized by their own 5 md T is purely empirical -
the approximation has been found to be satisfactory

for all the atmospheric calculations for which it has
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been tested. However, since the computer time needed
for such calculations increases with the number of
subdivisions of the path, it is desirable to use the

lowest number of subdivisions to give the required

accuracye.

4,5 Limb scanning in transmission and emission.

i) Transmission

An instrument on a bsglloon piatform or
satellite'can be used to measure the radiation coming
from a bright source and passing through the atmospheric
limb., The usual source is the sun glthough the moon and
stars may also be used. This technique is also known
as occultation. Since the limb absorbs radiation, the
drop in radiation reaching the instrument gives a measure
of the transmission of the atmospheric path.

If the limb path is represented by a series
of n homogeneous paths as described in section 4.4 ,

the combined monochromatic transmission of the path, T.,

is given by

Y = Tl T, (& 22)

138

where {; is the transmission of the ith section of the
path. The flux of incident solar energy at most infra-red
wavelengths is sufficiently high for the emission from

the path to be negligible in comparison.

Since the theory given above refers to general

calculations of transmission, it is also applicable to
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laboratory transmission measurements in which the

ijnstrument views a source through an absorbing path.
Tn the laboratory case, the path is homogeneous and
difficulties caused by the temperature and pressure

structure of the path do not arise.

ii) Emission

Alternatively, an instrument may be used
to measure the radiation emitted by the limb itself.
Tt can be shown (see, for example, Houghton, 1977)
that the monochromatic radiation emitted in the
x direction by a path of gas between th¢ points x4

and Xo is given by

j‘;(x. %) B, (x) AT;} (xv 12) ’ (Lf 23)

Ly

where T,(x,xg) is the transmission of the path

between x and X3 , and By (x) is the black body function
of the gas at wavenumber , b . For a homogeneous path
of temperature, T, and transmission, 'TD y this simplifies

to

I, = B,(M[T, (x,xz)];» = B, (M{1-7}. (424

If a limb path is represented by a single
homogeneous path as described in section 4.4, then the
energy incident at the instrument in the elemental

spectral interval, » to » + §» , is given by
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Eys = B(», D - BT, 5,4,  (%29)

where T, p and u are as defined in section 4.4,
If the path is represented by n paths in

series, the equivalent equation is

£ = {0 B(-WTL+B (-1 ... ]
+ Bn(.-m} S» |, (.26)

where the paths are numbered 1 to n, the nth
being nearest the instrument,
and By , {; stand far B(», Ti), 'T,(fi, Pys ug)

respectively.

4,6 The pressure modulator radiometer (PMR).

The theory derived in section 4.5 has
considered only monochromatic energies and transmissions.
In géneral, the radiation incident on an instrument
detector is a complicated function of wavenumber with
structure in the spectral regions of absorption bands.

A pressure modulator radiometer (PMR) is a
type of gas correlation spectrometer which "looks"
selectively ét radiation in the speétral regions near the
dbsorption line centres of a specific gas. In this way
it can be used to measure the emission or absorption
due to a particular atmospheric gas, and hence the

atmospheric mixing ratio of the gas may be deduced.
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Alternatively, if the mixing ratio is kxnown as in the

case of carbon dioxide, a PMR can De used to deduce the
temperature structure of the atmosphere. Such an instrument
has been used on the Nimbus 6 satellite to measure
temperatures in the stratosphere and mesosphere (see

Curtis et al., 1974).

The structure of a PMR is shown schematically in
figure 4.2. The pressure of the gas in the pressure
modulator cell (PMC) is cycled at constant frequency by
the piston. This causes a modulation of the transmission
of the gas in the cell énd hence leads to a modulation of the
energy reaching the detector, but only in those spectral
regions where the gas in the cell has absorption lines,

The operation of a PMR can be understood by
considering ihe transmission of the PMC with the piston
in its extreme positions - a high pressure (high absorption)
state and a low pressure (low absorption) state. The
component of energy reaching the detector at'the frequency
of the pressure modulation is related to the difference in
transmissions between the high and low pressure states. This
is illustrated for the case of a single absorption line in
figure 4.3, which shows how a PMR may be used to measure the
emission of radiation from a single atmospheric species or
the sbsorption of radiation from an external source by that
species.

The shape of the PMC transmission function is
obviously dependent on the line shape and strength
and on the absorber amount in the PMC, but it will
always lead to modulation only in the regions of spectral

lines. When sounding fa minor constituents
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Figure 4.2 Schematic representation of a PMR.
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with very low atmospheric mixing ratios, it is often
advisable to éelect the pressure in the'PMC such that
there is a large transmission modulation at line centres,
thus making the instrument sensitive to small amounts
of absorbervin the atmospheric path. It can be seen
that this gives the instrument an effective spectral
resolution of the order of the line width of the
gas (~ 1072 em™t or less for typical PMC pressures).
This resolution is 1 to 2 orders of magnitude better
than most conventional spectrometers,

The component of energy incident on the
detector at the frequency of the PMC modulation, EpjR,
is calculated using the equation,

od

Eog o XO (Ed), {(T‘)»" (Tl)v} (’f.,),, dv + A, (4.27)

where (Ea)v is the energy per unit wavenumber incident
on the ihstrument along its direction of view =
from the atmosphere, calibration black body,
laboratory path, etc.,
(1), and (’Tz)» are the transmissions of
the low pressure and high pressure PMC states
respectively,
(T.)y is the combined transmission of the
PMR optics,

and A, is a term to account for the component of
energy at PMC frequency due to the changing
emission of the gas in the PMC.

As long as the PMC is stable in temperature, pressure

and amplitude of modulation, Aj 18 a constant which
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‘can be calibrated out and so can be ignored when
modelling PMR signals.

Equation 4.27 is only exact when the
transmission modulation of the incident energy by the
PMC is sinusoidal. 1In practice this is never the case,
since the pressure modulation is not exactly sinusoidsal
and the relationship between PMC transmission and pressure
is not, in general, linear. 1In theory this problem can
be partly solved by using in the calculation pressures
which represent the fundamental component of the energy
modulation rather than the physical pressure extremes
themselves., The way in which the pressures used in a
two-pressure model are calculated varies from one PMR
to another, as does the accuracy of the approximation
involved in a two-pressure representation. This problem
has been discussed by other authors (see Drummond, 1977;
Delderfield, 1977) and is considered further in Chapter 6
in terms of the retrieval of results from the signalé
for a particular PMR.

If a rotating chopper is also included in the
optical system, a component of energy is incident on the
detector at the frequency of chopping. This component
is called the wideband energy and is given by an equation
which includes the mean transmission of the PMC:

od

Evg < j, (Ed, l/z {(T')»*(Tz)»} (Thdv + B, (429

where By is a term to account for the fact that the chopper

modulates the incident energy between (Ea)y and the
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emission of the chopper. For a stable instrument Bj
will be constant and so may also be calibrated out and

ignored when modelling signals.

Using equations 4.27 and 4.28, it is possible
to make calculations of the signals, SpyR and Syp ,

expected from a PMR:

(Ealy {(Tl)» - (Tz)v} (’Q» Yy dv (4.29)

Sm\ =  Corm

g o—%

Ed (1T, + (T W w dv (430

Ond SWB = CVB

o—=

where CPMR and cyg are factors introduced by the
| gains of the electronics and the shapes of the
modulating waveforms, |
¥, is the responsivity of the detector,
and other symbols are as defined above.
Since terms involving Al and B3 appear only as offsets
on the signals, they have been omitted. (7;)»' and
Ty are usually slowly varying functions of » and far
the sake of calculations may be combined into one variable.
A concept which is found to be useful when
using PMRs for either laboratory or atmospheric
transmission measurements is that of "PMR transmission'.
It is defined for a path containing absorber as follows:
PMR transmission of path =

Signal viewingvsourcé through absorbing path (4.31)

Signal viewing same source through no path
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The term "PMR transmission" is used in this work
to mean that derived from PMR signals (those caused
by the PMC modulation); - the equivalent term for

wideband signals is called "wideband transmission".

4,7 A general line-by-line model.

Using the equations derived in this
chapter it is possible to make calculations to predict
the signals expected fran the channels of a PlMR when
used in a given atmospheric or laboratory situation.
The signal is calculated by performing a numerical
integration over the speciral region for which the
instrument's optics have a sufficiently high
transmission to give an appreciable contribution to
the signal. All the spectral lines in the region are

considered.,

The information required for such calculations

is given below:

i) The spectfal data for each line:

a) the line position,

b) the line strength at a given temperature,
the ground state energy and other parameters
required for the evaluation of the change of
line strength with temperature,

¢) the Lorentz half-widths for nitrogen broadening
and self-broadening, along with coefficients
for the evaluation of the changes of half-width
with temperature.

ii) The optics transmission profile (weighted by
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detector responsivity).

iii) For a laboratory path, the length, temperature,
pressure and mixing ratio of the absorber in the
path between the source and the instrument.

iv) For an atmospheric path:

a) the temperature and pressure profile against
height,

b) the mixing ratio profile against height,

¢c) -parameters defining the geometry of the path,

v) PMC parameters:

‘'a) the length,

b) the pressures and temperatures defining its
"high and low pressure states (or a mean
pressure and éompression ratio from which
they can be calculated).

vi) The black body temperature of any radiation

source or internal black body used.

The advent of fast computers has made poésible
this type of numerical integration, even for snectral
bands containing thousands of lines. A program called
GENLIN has been developed on the PDP 11/70 computer at
Oxford which perfofms calculations of expected PMR signals
using a line-by-line numerical integration routine
for any absorbing gas for which sufficient spectral line
data is available. The program computes PMR signals
or wideband signals (or signals from a radiometer which
does not include a PMC) and can be used to simulate

‘atmospheric or laboratory conditions.
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The numerical integration is performed
by a routine called SIMRULE which approximately
evaluates an integral to a specifiable accuracy using
Simpson's rule. Care is taken in dividing up the
spectral region into convenient intervals so that the
integration is fast while maintaining its accuracy.

Each monochromatic energy is calculated by
considering the laboratory or atmospheric path and
the PMC as a series of homogeneous paths. The
contribution due to all the spectral lines is calculated
for each path. 1In practice only those lines with line
centres within ~ 1 em™ > of the monochromatic energy
being considered need be included individuslly - the
contributions from the far wings of all other lines

can adequately be expressed in terms of precomputed

coefficients.

4,8 A line-by-line model for an HCl PMR.

A balloon-borne PMR has been used in the
solar occultation mode to measure HC1l in the stratosphere,
The instrument, its.testing and the retrieval of results
from the data are discussed in later chapters.

HC1l is a simple diatomic molecule with a
fundamental vibration-rotation band in the infra-red region
centred around 3.5 micrometres (2880 em~1). TIts
spectrum is shown in figure 4.4 along with the combined

optics profile of the instrument used., The doublet
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structure is caused by the fact that chlorine occurs
predominantly in two isotopic forms, the nstural ratio
between them being °°C1 : 2/Cl =~ 3 : 1 (hence

the ratio of the line strengths). Each doublet has
a separation == 2 cm'l . This is very much greater
than the half-widths typical of‘either PMC or
stratospheric pressures, which are less than .‘LO"2 cm-.l
For a gas with few, widely spaced lines, such as HC1,
gas correlation spectroscopy in general and PMRs in
particular have advantages over instruments which use
wideband techniques, since they are able to measure

a large change in the transmission in the regions of
spectral lines rather than a very small change in the
mean transmission of the whole spectral interval.

The fact that HC1l has only a few, widely
spaced, non-overlapping lines also simplifies the
calculation technique described in section 4.7.

Since the wings of a line contribute no appreciable
sbsorption near the line centre of any other line (for
the absorber amounts typical of either the atmosphere
or the PMC), the numerical integration can be performed

for each line in isolation. Thus, for this instrument,

an appropriate expression equivalent to equation 4.29

is
Vo + AV
See = o 2| BT (T {(Th, - (0] (T)ary dv
2, - &V
where Ta,7,, T, are the transmissions (for one spectral

65

(4.32)

1ine centred at Y,) of the atmosphere and the cell in

ijts low and high pressure states respectively,

the summation is over all the lineés in the band,
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T. is the effective black body temperature

S
of the sun,

A» 1is an interval chosen such that the

signal due to the modulation of the line

wings is calculated sufficiently accurately

(A = 1 cm~t has been found to be

satisfactory),.
and d 1 other variables are as defined in

section 4.6.

The small number of HC1l lines in the band - only

32 occur in the region of significant optics transmission -
enables the computer calculations to be performed very
quickly compared to those for gases such as COg or HgO
in which thousands of lines must be considered. Also
calculations are simplified by the fact that the HC1
_band occurs in a "window" region of the spectrum,

where absorption due to other_atmospheric constituents
has only a minor effect on the signals. However, even
in this region the effects of other stratospheric
constituents including CHy , Oz , NgO and HR0 are
measurable when limb scgnning at tangent heights in

the lower stratosphere, and these effects are considered
in detail in chapter 7.

The wideband signal, SWB , can be calculated
using an expression similar to equation 4.52. However,
since the equivalent width of HCl in a stratospheric
1imb path is always less than.o.z em™t and the optics
1

pass band is ~ 250 cm ~ wide, the change in wideband

gsignal due to HC1 absorption is negligible. The wideband
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signal does change due to absorption by other
atmospheric constituents and a variation in the
reflectivity of the optical components with changing
solar zenith angle. Since these two effects also
cause changes in the PMR signals, the wideband signal
mist be used as a calibration. This is discussed in

detail in chapter 7.

4,9 The spectroscopy of'HCl.

Since HCl is a simple molecule, it was chosen
for many of the experiments which were performed in
order to study the basic physics of molecular energy
states. 'Consequently its spectral line data are
comparatively well known and agreement between
measurement and theory is good. The data for the
fundamental vibration-rotation band of HCl used in the
caleulations of transmission are given in table 4.1.

The whole band is not tabulated; only those lines which
lie in the spectral region where the optics has a
significant transmission are required, and so part of
the R-branch which contributes about 10% of the total
band strength at 300K has been omitted.

Although measurements of the variation of
Lorentz half-width with temperature have been made for
this band (see, for example, Houdeau et al., 1977;
Goldring et al., 1962; Petrov et al., 1975; Petrov, 1975),

no conclusive agreement between experiment and theory
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Key to table 4.1

HC1

spectral line data.

lst column

M.W.

— line identification: branch label followed by

rotational quantum number of lower encrgy level.
. . -1 .
— line centre in cm , Plyler and Tidwell (1960).

— line strength in cm-l(atm.cm)"1 at 300 K,

~— lowexr energy level for the transition in cm ,
calculated from the pure rotation spectrum

wavenumbers given by Plyler and Tidwell (1960).

— nitrogen-broadened Lorentz half-width' in

cmmla.‘cm-1 at 296 K, Toth and Darnton (1974).

— self-broadened Lorentz half-width in em™tatm™t

at 300 K, Benedict et al. (1956). Values given
for lines of the same m have been averaged.
[If J is the rotational quantum number of the
lower energy level, m = J for the P:branch and

m=J + 1 for the R-branchJ

— molecular weight of the isotopic species:

36 for H°°Cl and 38 for H° 'Cl.



Table 4.1 HC1

spectiral line data.

Vo S EL («L)N (xL)SIﬂgL
P10 | 2650.233 0.1 | 1140.35 | 0.021 | 0.00 | 38
P10 | 2651.980 0.3 | 1142.05 | 0.021 | 0.09 | 30
P9 2675.960 0.2 933.95 | 0.025 | 0.10 | 38
P9 2677.741 0.6 935.35 | 0.025 | 0.10 | 36
P8 2701.198 0.4 747.34 | 0.033 | 0.13 | 38
P8 2703.019 1.3 748.96 | 0.033 | 0.13 | 30
P7 2725.930 0.8 582.12 | 0.042 | 0.15 | 38
P7 2727 .790 Z .4 533.00 | 0.042 | 0.15 | 36
P6 2750.142 1.3 436.90 | 0.056 | 0.19 | 38
P6 2752.047 4.2 437.56 | 0.056 | 0.19 | 36
P5 2773.833 2.0 312.26 | 0.065 | 0.23 | 38
P5 2775.768 6.2 312.73 | 0.065 | 0.23 | 36
P4 2796.976 2.7 208.28 | 0.081 | 0.25 | 38
P4 2798.952 8.0 208.59 | 0.081 | 0.25 | 36
P3 2819.566 2.8 125.02 0.091 | 0.25 38
P3 2821.575 8.8 125.20 | 0.091 | 0.25 | 36
P2 2841.587 2.5 62.53 | 0.096 | 0.22 | 38
P2 2843.628 7.8 62.62 | 0.096 | 0.22 | 36
Pl 2863.024 1.6 20.85 | 0.098 | 0.22 | 38
P1 2865.101 4.8 20.88 | 0.098 | 0.22 | 36
RO 2004.118 1.6 0.00 | 0.098 | 0.22 | 38
RO 2906.252 4.9 0.00 | 0.098 | 0.22 | 36
R1 2023.743 3.0 20.85 | 0.096 | 0.22 | 38
R1 | 2925.910 | 8.8 20.88 | 0.096 | 0.22 | 36
R2 | 2942.739 | 3.4 62.53 | 0.091 | 0.25 | 38
R2 2944,924 | 10.6 62.62 | 0.091 | 0.25 | 36
R3 2961.081 3.3 125.02 | 0.081 | 0.25 | 38
R3 2963.300 | 10.3 125.20 | 0.081 | 0.25 | 36
R4 2978.774 2.7 208.28 | 0.065 | 0.23 | 38
R4 2961.021 845 208.59 | 0.065 | 0.23 | 36
R5 2995.790 2.0 312.26 | 0.056 | 0.19 | 38
R5 2998.070 6.1 312.73 | 0.056 | 0.19 | 36
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has been found. Houdeau et al. have reported
measurements at 298K and 163K of several lines and
have shown the temperature dependence of Lorentz
half-width to vary from line to line. Using their
measurements, it ié estimated that the T'% relation
derived from kinétic theory using simple arguments
leads to errors in half-width at stratospheric
temperatures only ~ 10% for a ﬁorst case. Since for
the PMC conditions and most atmospheric cases consjidered
in this work Doppler broadening is the gominant effect,
it has been considered adequate to represent the

temperature and pressure dependence of Lorentz half-width

for all lines by the approximate expression,

7]
% (p, T) = o (pe, T.) (%)(—}) (4.33)

The line strength variatioh with temperature
for this band is discussed in appendix B. Briefly, the
stimulated emission factor and the vibrational partition
function vary insignificantly for all temperatures of

interest, and so equation 4,14 simplifies to

S(T) = S(T) - wpl- &L 7‘.)} . (34

4.10 Pressure shifting.

A phenomenon which could affect the

interpretation of PMR signals is pressure shifting,
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When the energy states of an absorbing molecule

are perturbed by collisions with other molecules,
not only does this cause the'Spectral lines to bve
broadened, but it also shifts the line centre in
wavenumber by an amount proportional to the pressure
of the broadening gas (see Kimel et al., 1959).

" Since the pressure of the gas in the PMC and the
atmosphere are different, pressure shifting causes
the line centres of the atmospheric gas to be
displaced relative to those of the PMC gas and adds
a complication to calculations of expected signals.
‘However, it has been shown that for all cases of
interest pressure éhifting has a negligible effect for
an HC1l PMR.

The HC1l line-by-line model was adapted to
allow for a shift of the spectral lines of the
atmospheric gas relative to those in the PMC (which
are shifted relatively little, since the PMC pressure
used is typically only ~2 mb). Research into the
pressure shifts of HC1l broadened by nitrogen has been
very limited; most experiments have used noble gases
as broadening agents. Also the pressufe shifting is
of a different magnitude for eaéh line in the band.
However, for the 2-0 band of HCl the shifts caused
by nitrogen are similar‘to those due to argon (Rank
et al., 1960), and for the 1-0 (fundamental) band
of HC1l shifts caused by argon are of the order of
0.01 cm-1 atm™ = (Ben-Reuven et al., 1961). Using

this value for all lines and a constant atmospheric
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volume mixing ratio for HC1l of 5 X 1010 , comparison
has been made between the calculated PMR transmissions
with and without pressure shifting. To study the
effect of pressure shifting on the retrieved value of
HC1 concentration, a useful quantity to calculate is
the change due to shifts in the PMR transmission
(as defined in section 4.6) compared to the difference

between the PMR transmissions with and without HC1l

in the path, i.e.
AT
I - T
As expected the worst case was found for the lowest

sy Where T is thé PMR transmission.

tangent'height pressures - at a tangent height of

15 km the above quantity is only 0{24%. Doubling the
pressure shifting to 0.02 cm™ 1 atm * changes this
value to 0.9%;' Also, for a realistic HCl stratospheric

mixing ratio profile (with concentrations less than
=10 |

be even less.

5 X 107 in the lower stratosphere), the effect will

It is therefore concluded that the effects
of pressure shifting are negligible for this PMR, and
a qualitative exblanation.of this fact is illustrated
~in figure 4.505. When the pressure shift of a line in
the atmosphere has become'comparable to the half-width
of the line in the PMC, the atmospheric line is so
broad that its transmission near line centre only
changes slowly with wavenumber. Thus the product of
the atmospheric transmission and the PMC transmission
function is changed very little by the shifting. For
these reasons we may expect pressure shifting to have

little effect for most PMRs, so long as the shifts of



typical atmospheric transmission
of an HCl line for a tangent height
at the 100 mb level

transmission

Av ~ 4x10-3cm.'

pressure
shifting:
& ~ 10%cm™

—_ —_—
1

Figure 4.5

Illustrating

PMC transmission
function

the effect of pressure shifting

on PMR transmission measurements.
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the l1ines are much less than the Lorentz half-widths.

4,11 Atmospheric refraction.

The theory of limb scanning given in
section 4.4 assumes that the paths followed by
atmospheric radiation are straight. In genersal,
however, whenever there exists a density gradient
perpendicular to the direction of the radiation flux,
the rays will be refracted. Thus for a vertical path
there will be no refraction.(assuming atmospheric
parameters to vary only with height), but for a limb
path refraétion does occur and its magnitude increases
with density (i.e. with decreasing tangent height).
This effect has been studied in detail and is discussed
in appendix D, which includes a description of the way
in which refraction is represented in a limb path ray
tracing routine and calculations of the effects on
calculated tangent heights and absorber amounts
caused by neglecting refraction. The conclusions

reached from these calculations can be summarized as

follows:

i) For experiments involving limb sounding of
stratospheric emission from either balloon platforms
or satellites, refractive effects are small., For a
given angle of view the change in tangent height

due to refraction is only ~ =0.25 km for a tangent
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height pressﬁre of 110 mb (which represents the
worst stratospheric case). The consequent change
in the mass of the path is ~ 5%,

ii) For solar occultation exveriments the known
angle is the solar zenith angle and not the view
angle of the instrument., Consequently, when viewing
from a balloon platform at a typical altitude of
35 km, neglecting refraction causes the tangent
height to be calculated ~ 1.2 km too low for a
tangent height pressure of 110 mb and a given solar
zenith angle. It also causes the mass in the path
to be overestimated by ~ 20%. When viewing from
a satellite at 1000 km, this effect is even more
pronounced - refraction cén cause miscalculations

of tangent height ~ 10 km.

These calculations have been performed using
a constant refractive index typical of infra-red
wavelengths. A rigorous calculation should include the
effects of'the change of refractive index across a
spectral line. However, Chaloner (1976) has shown that
this effect can be neglected, as it is lower than the

effects due to bulk refraction by several orders of

magnitude.



76

CHAPTER_ 5. THE BALLOON-BORNE HC1l PiR.

The HC1l PMR was a late addition to an
already existing instrument. In a joint project
between Oxford University, the Meteorological Office,
NOAA (Washington D.C.) and Denver University, an
instrument had been developed as part of the test
programme for the ITOS operational satellite. It
consisted of a carbon dioxide PMR measuring in the
15 micrometre region and.a 12 micrometre window
channel. The front optics was a sun-tracking system,
the beam from which was shared between this instrument
and a scanning infra-red spectrometer built by
Denver University. The package was flown mounted on
a balloon gondola on 2nd December, 1974 and was later
modified to include the HCl Piii for a second flight
in 1976. Consequently most of the development work
for the instrument as a whole preceded the design of the
HCl PMR, The modifications required and the HC1l PMR
itself are disbussed_here in detail. Other aspects
are deécribed briéfly and reference should be made

to Delderfield (1977) for further details.

5.1 The sun-seeker

The front optics of the radiometer is s

servocontrolled sun-tracking system built by Denver



Un iversity (see Murcray et al., 1967, and
Delderfield, 1977). It is housed in a tower above
the rest of the instruments and has an unobstructed
view for all zenith angles between 16° and 100°,

Tt is illustrated in figure 5.1. The scatter plate,
which accepts the solar radiation, is an aluminized,
ground glass plate. The roughness of its surface

is determined by the size of the particles used in
its grinding, and its effect is to remove unwanted .
short-wave radiation. It achieves this by reflecting
coherently radiation of Wavelength much greater than
the r.m.s. roughness of its surface, while shorter
wavelengths are reflected incoherently and thus
scattered (see Bennett, 1963). The plate used for the
first flight had a low specular reflectivity at

3.5 micrometres and so was exchanged for a smoother
plate with a reflectivity ~ 50% in this wavelength
region. The effect on the signals of the variation
of reflectivity with wavelength and angle of incidence
is discussed in chapter 7.

The scatter plate reflects radiation on to
the concave mirror at the top of the tower and from
there into the instruments. As the position of the
sun relative to the gondola changes, the scatter plate

is able to maintain an image of the sun at the same

point inside the instrument by means of a photosénsitive

"eye" which tracks the sun, and a mechanical system
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which allows rotation of the whole tower about a vertical

axis and movement of the plate about its own horizontal

axis. The plate can also be made to "look" away from the
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Figure 5.1 The sun-seceker system.
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sun to space by inseriing a refractive wedge in front
of the tracking sensor to shift the apparent position
of the sun. This mode is used in flight to give a
space view calibration.

The "flip mirror" shown in the diagram is
the mechanism which enables the beam to be shared
between the Denver spectrometer and the PMRs. The
mirror has two positions and is driven from one to the
other every two minutes. In the first position it
reflects the beam into the PMR box while the spectrometer
views a black body oﬁ the back of the mirror as shown
in figure 5.1. In the second positibn it allows the

beam directly into the spectrometer while the PMRs view

a black body, the temperature of which is monitored.

5.2 PMR housing and optical system

The PMRs snd their optical system are housed

in a partitioned dural box, measuring approximately
100 ecm x 60 cm x 20 cm. The optical system was designed
by J. Delderfield and built by the Satellite Experiment
Laboratory (SEL) at NOAA. It is shown schematically
in figure 5.2.

| The long light pipe serves to scramble the
sun's image so that the PMRs' field of view is more
uniformly illuminated. 1In this way the problems caused
by the sun's disc moving around within the instrument's

field of view are minimized. The optical beam is shared
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between the COo PMR on one path and the window

channel and HC1l PMR on the other by means of a
rotating reflective chopper. Thus the CO, PMR "sees"
the image of the end of the light pipe directly and

the black body in reflection; the other channels "see"
the image of thé light pipe in reflection and the
black body directly. DBesides allowing the optical beam
to be utilized in this way, the chopper creates a
wideband signal at 400 Hz , since it modulates the
incident beam, the. sun and the internal black body being
viewed alternately as the chopper rotates. |

The PMR electronics are also housed in the
PMR box, as is a Rosemont pressure gauge to sense the
atmospheric pressure at the instrument height,

The optical system was modified to allow for
the inclusion of the HCl PMR by means of a beamsplitter
in the optical path of the window channel., The
beamsplitter trahsmits around 12 micrometres, but it
reflects radiation in the 3.5 micrometre region through
about 60 degrees as shown., It has a reflectivity
measured to be greater than 97% for all wavelengths
in the pass band of the HCl1l PMR filters, The only effect
of the modifications on other channels, apart from a
small decrease in the energy reaching the window channel
in the 12 micrometre region, was the displacement of the
window channel's optical beam due to refraction at the

beamsplitter faces. A repositioning of the window

channel involving a movement ~ 2 mm was required.
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5.3 HC1l PMR : Optical system.

Figure 5.3 illustrates the structural
design and the optical system of the HC1l PMR. An
image of the end of thevlight pipe lies in a pléne
between the beamsplitter and the chopper. This is
focused on the detector by.meané of two plano-convex
lenses and g meniscus lens, all of which are
anti-reflection coated at 3.5 micrometres. The
first lens produces a slightly convergent beam which
passes through the filter combination and the
PMC head before being focused on the detector by
the back optics. The first lens and the beamsplitter
are held in the same mounting assembly along with a
window channel lens., Neither this lens nor the
beamsplitter is shown in figure 5.3 as their optiecal
axes are not aligned with those of the other components
(see figure 5.2). The dural mount is painted black
to reduce stray radiation. The back optics is held
in the detector mounting block as shown. Both of

‘these mountings and the brass tube holding the pressure
modulator are bolted to a dural plate supporting the
HC1 PMR components only. This enables them to be
assembled and aligned independently from the rest of
the optics. The HCl PMR base-plate is then aligned

on appropriate markings on the base-plate of the main

instrument housing.
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5.4 The filters‘

The filter combination, which defines the
spectral pass band of the instrument, is held in a
dural mounting bolted on to the front of the PMC head.
Each filter consists of a substrate on which multiple
coatings of suitable material have been deposited to
calculated thicknesses. A high-pass filter with a
transmission rising from less than 5% at 2600 cm
to sbout 85% sbove 2800 cm™t was obtained from
Rofin Ltd. The two other filters were coated by the
Filter and Coatings Group at Reading University, who
were also responsible for the beamsplitter coatings
and the anti-reflection coatings of the lenses.
One filter was designed to be a low-pass filter with
a sharp cut off around 2930 em™1, | This feature was
included to avoid unwanted effects from the Q-branch
of atmospheric methane around 3010 cm™t while
maintaining a high optics transmission over as great
a part of the HC1l baﬁd as possible. The transmission

of this filter falls to less than 1% at 3000 cm *

but increases again above 3500 em™L | It was therefore
necessary to include a shorti-wave blocking filter as

well. The combined transmission of the filter assembly,

calculated from the manufacturers' spectra for the
individual components, is shown in figure 4.4.

The shape of the profile was checked for the assembled
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combination using a spectrometer (albeit one of low
resolution). Since the retrieval of results requires
no calculations involving absolute energies, only the
relative filter profile is shown, but the maximum

transmission of the combination is about 50%.

5.5 The pressure modulator cell (PNC)

The structure of the pressure modulator
is shown in figure 5.4. The particular modulator
used had previously been employed filled with NO to
make a measurement of this species in the stratosphere
(Jarnot, 1976). For a detailed description of its
design and testing see Drummond (1977).

The gas - HCl, for this instrument - is

contained in a titanium cylinder., The gas pressure
in the PMC head is modulated at constant amplitude
by means of piston with only a small clearance between
the piston and the cylinder wall. 1In this way a physical

compression ratio ~ 3 is possible for the gas in the

PMC head. The optical windows are made of Irtran 1

and have an almost constant transmission over the pass
band of the filters. The materials exposed to the gas
inside the PMC are chosen to minimize chemical reactions
and the resulting contamination of the gas. However,
HC1 is a particularly reactive species and was found

slowly to attack some'part of the structure - possibly

the glue holding the windows. This problem is discussed
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further in chapnter 6.

The piston is driven by the effect of the
alternating magnetic field produced by the drive coils
on the permanent magnet attached to the drive shaft.
The amplitude and frequency of the modulation are
held constant by means of an amplitude sensor at the
tail of the PMC. A signal derived from the sensor is
introduced gs feedback into the drive circuit which
provides the current to the magnets, The drive circuit
was designed and built by J. Delderfield.

A feature of the PMC behaviour is the
variation of the frequency of modulation with the mean
pressure in the cylinder. Thus, if the frequency is
monitored, the mean pressure can be deduced from a
calibration curve of pressure against frequency. At a
typical PMC pressure of 2.5 mb, the frequency'of
modulation is about 19 Hz. The temperature of the gas
in the PMC is also monitored by means of a thermistor

in good thermal contact with the PMC head.
The PMC was designed with the axis of the

cylinder vertical. However, when modifying the already
~existing instrument to include the HC1l PMR, limitations
of available space necessitated the PMC being mounted
with its axis horizontal. This introduces a small shift
in the equilibrium position of the piston, but it still
runs with satisfactory stability.

The PMC is supported in position with its head
in the optical beam by a cylindrical brass tube inside

which it is slotted. It is secured on a flange at the
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end of the tube. The brass tube has appropriate

holes in it to allow through the optical beam and

necessary electronics leads.

5.6 The detector and preamplifier

The detector is made of lead selenide
mountéd on a substrate, and its active area has dimensions
of 2mm x 2 mm. It is photoconductive and at room
temperature the HCl band lies close in wavelength to
the maximum résponsivity point ( ~ 2700 ecm~!). The
responsivity does vary slightly across the filter pass
band and this is taken into account in calculations in

the form of a weighting to the optics profile.

The detector is mounted on a dural block
which locates precisely inside the soft-iron detector
mounting block as shown in figure 5.3, The insulated
detector leads pass along grooves in the dural block
into the preamplifier chamber., In this way the detector
leads are kept as short as possible, and the detector and
preamplifier are almost completely surrounded by the

. soft-iron box, which reduces magnetic interference,

The detector block temperature is thermostatically
controlled by means of a series of heaters and a thermistor
glued into slots in the front of the block. The thermistor
fesistance is sensed b& an external thermostat circuit
which controls the current to the heaters such that the
whole detector asscmbly is maintained at about 38°C during
flight. This is ~ 2 degrees highef than the temperature

at which the PMR housing is maintained. The temperature
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differential between the detector ovlock and the
rest of the instrument is maintained by an insulating
sheet of Tufnol as shown in figure 5,3, The block is
fastened to the base-plate through the Tufnol by three
stainless steel (low conductivity) bolts. The thermal
isolation so provided ensures that the detector
temperature fluctuates as 1it£1e as possinle and does
not tend to follow variations in PMR box temperature.
The detector temperature is monitored by a thermistor
just behind the detector in ihe dural block. The
degradation of the responsivity caused by the high
operating temperature is unimportant for this instrument
as the energy incident from the sun is so large.

The preamplifier circuit was designed and
built by R.F. Jarnot, and it is shown in figare 5.5.
It wés constructed on a board which fits inside the
chamber at the back of the detector block. Its primary’
function is not to amplify voltage, as the high level
of solar radistion incident on the detector leads to
suitably large signals, but to prqvide a constant bias.
voltage across the detector so that the change in
detector current and preamplifier output voltage are
proportional to the change in detector conductivity
and therefore proportional to the power of the incident
radiation. The preamplifier also serves to lower the

effective output impedance of the detector.
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5.7 Electronics

The basic units in the PMR electronics

are shown in figure 5.6. The signal from the
preamplifier is fed to the signal channel, which
was built by J. Delderfield.. It is held on a
printed circuit board, screened by surrounding
aluminium covers and fastened to the side of the
brass tube holding the PMC. The development of a
signal channel for a minor constituent PMR is discussed
in detail by Jarnot (1976), on whose design this one is
based. The major feature of the signal channel is its
use of sideband signals rather than the signal at
PMC frequency. The sideband frequencies are those at
(wideband =z PMC) frequency - in this case,
400 * ~ 19 Hz, Certain aspects of sideband signals
are discussed in chapter 6, but the subject is treated
more fully by Jarnot. Briefly, the sideband signals
contain the same information as the direct PMR signal,
but, by raising the frequency used from ~ 20 Hz to

~ 400 Hz, 1/f noise is reduced. Also the sideband
signals contaih no contribution from emission from
optics on the detector side of the chopper, though
this feature is unimportant for this particular PMR
éince optics emission is negligible compared to incoming
solar radiation (seé chapter 6). The function of the
signal channel is to isolate the signals at wideband
and sideband frequencies and to output voltage ramps

proportional to their amplitudes. The functional blocks
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in the signal channel are illustrated in figure 5.7;
details of the circuit are given by Delderfield (1977).
The chopper and PMC drive circuits maintain
the constant frequencies of their respective components
and also provide reference waveforms for the
phase-sensitive detectors and the synchronous filter
in the signal channel, to which they are fed via phase
shifter circuits which ensure correct phasing of the
references with respect to the signals. Also, every 1 s,
the signal channel is sent aﬁ integrator reset pulse
derived from the fundamental clock of the data system.
The wideband and sideband output ramps, the
equivalent signals for the CO2 PMR and the window channel,
and the housekeeping data are sampled by a multiplexer,
converted into a digital stream and recorded on magnetic
tape. The multiplexer was built by SEL and is housed in
a compértment of the PMR bOX. The data recording system
was built by Denver University and records the data from

all the instruments on the gondola.

S3
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CHAPTER 6. INSTRUMENT TESTING AND
LABORATORY MEASUREMENTS.

In order to interpret the signals output
by the PMR, it is necessary to understand what
information is contained in them, This involves an
analysis of the information'in the energy received at
the detector and the way in which it is processed
by the electronics. The snalysis is also aided
by an understanding of the approximations which may
be made when describing the response of the instrument.
These aspects are now discussed in detail and an

account of the instrument's laboratory testing is

given.

6.l Emission

The radiometer is.designed to measure
incident solar radiation and to detect the amount of
that radiation which is absorbed in the atmosphere,
particularly by HCl. However, the detector also
receives thermal radiation from the instrument and
the atmosphere, and the relative maghitudes of these
components will affect the interpretation of signals,

The power incident on the detector at
wavelengths in the filter pass band with the sun in
the field of view was calculated., This entailed

estimations of the solid angle subtended by the sun

S5



at the instrument, the area of the input optics

and the transmission of the whole optical system.

It was shown that the solar power incident on the
detector is ~ 8 mW, This is very much greater
than the total energy incident on the detector

over the spectral region of appreciable detector
responsivity when surrounded by a black body at
instrument temperature (310 K), which is estimated
to be ~ 8 mW., This figure represents the constant
component of thermal radiation incident on the
detector. Howe?er, the electronics detects only
chopped signals. For the wideband channel the
incident energy waveform represents chopping between
solar radiation and energy from the internal black
body. The latter will be less than the constant
component by a factor ~ 10, due to optics absorption
and the limited acceptance angle of the optics.
Therefore the chopper modulates energy between a
high level and one lower by a factor ~ 10% ’
.which approximates very well to chopping between
solar radiastion and zero. A similar calculation
shows that atmospheric emission contributes énergy
vless than solar radiation by a factor ~ 107 .

It follows, therefore, that all radiation
other than that from the sun may be neglected in
calculations. This is confirmed by the fact that
the diffefence between signals from the internal black

body and space views recorded during flight was less

than the resolution of the instrument {see chapter 7).
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Also the difference between the signals and the
integrator offset voltage could not be resolved.
Emission from other sources can also be neglected
when viewing a bright laboratory source which gives
output voltages comparable in magnitude with those

produced by the sun,

6.2 Information in the signals.

The energy incident from the sun is first
modulated by the chopper at 400 Hz with an approximately
square waveform, It is further modulated at low
frequency ( ~ 19 Hz) by the PMC. However, this
chopping is very shallow since only energy in the region
of HC1l spectral lines is modulated, and so it imposes
a shallow; low frequency envelope on the chopper-
modulated waveform, as shown in figure 6.1l. The signal
channel isolates the signals at wideband and sideband
frequencies and outputs voltage ramps proportional to
their amplitudes. The details of signal processing
are discussed in appendix E. Equations are derived
which relate the levels of the output voltages to
the amplitudes of the wideband and PMR waveforms,

Xy and Xg respectively, as defined by figure 6.1.

Consider the PMR viewing a source through
a path cohtaining a fixed amount of HCl. If the power
| of the source is increased (while maintaining the

relative distribution of power with wavenumber),
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Figure 6.1 Illustrating the variation with time of

the ehergy incident on the detector.
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then the wideband signal will rise and the sideband
signal will increase proportionally. Therefore, for
a variable'power source, the amount of HC1l in the
path is relate. . ratio of the sideband and
wideband signals but not to either in isolation.

In flight the wideband signal changes due to the
variation of scatter plate reflectivity with zenith
angle and due to absorption by other atmospheric
constituents. These effects are discussed in detail
in chapter 7, but they have the same effect as a
varying power source. Therefore it is necessary to
calibrate out the variation of wideband energy by

using the ratio of signals from the two channels

when analysing the data,

6,3 An electronics fault

The signal channel of the PMR contained a
fault which affected the data obtained on the balloon
flight. This is discussed in detail in appendix F,

It is shown that, although the fault causes both the
wideband a1 d sideband channels to be non-linear, the
ratio between the two is expected to be unaffected.
For reasons explained above, only the ratio of signals
is used in the retrieval and so the fault does not

affect the results.

Experimental confirmation of this can be

obtained from the data reééived before sunset,
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In this period the instrument views the sun through

a comparatively thin layer of atmosphere, and
calculations show that the corresponding atmospheric
absorption has a negligible effect on the signals.
Therefore the ratio of sideband to wideband signals

is expected to be constant. Also the changing scatter
plate angle leads to a wideband signal which varies
with time and thus provides data from which any

effect of non-linearity on the ratio of signals

should be detectable. However, the ratio of signals

for the pre-sunset data was seen to be constant to

within the level of the noise (see chapter 7).

6.4 Laboratory measurements

In order to test the performance of the
instrument and to mske transmission measurements, the
PMC and detector block were mounted on a rigid plate
in the same relative positions as used in the flight
instrument. The mounting system was designed such
that the PMC axis was horizontal, as in flight, and the
optical axis was aligned with a sourée, a chopper and
a 10 cm cell as shown in figure 6;2. All the components
were bolted to a large, rigid base-plate., To achieve
the signal levels required a 500 W "Photoflood"
1light bulb was used. DBoth the 10 cm cell and the PMC
were. attached to a filling system and vacuum pump.

The system allowed the cell and the PNMC to be filled

independently and included a digital manometer to monitor
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the pressure in the apparatus. The filling system is
described in more detail by Drummond (1977). As in
flight, the detector block was thermostatically
maintained at constant temperature.

A different signal channel was used for these
measurements, but its design was almost identical to
that of the flight signal chanﬁel. The output signals
were fed to a sample and hold circuit and displayed on
a chart recorder,

Since the pressure of gas in the modulator
during flight was monitored indirectly through measurement
of the PMC frequency, a laboratory calibration of
frequency against pressure was performed using the
digital manometer to measure pressure. The resulting
calibration curve is shown in figure 6.3. The frequency
to voltage convertor used during flight to monitor the
PMC frequency was also calibrated. The two curves
were used in conjunction to infer the PMC pressure in
flight from the output level of the frequency to
voltage convertor. For laboratory measurements the

PMC frequency was obtained directly using a frequency

meter,

6e 5 Transmission measurements

Using the system described above, a series
of measurements was made of sideband and wideband
signais with different amounts of HC1l in the 10 cm

cell. Measurements were also made of the full scale
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signals, by flushing the 10 cm cell with dry nitrogen
and then evacuating it, and of the zero signals, by
blocking the optical beam. For a constant source
no detectable change is expected in the wideband signal
for small amounts of HCl in the path (see chapter 4.8)
and so this signal can be used to check the constancy
of the source. From the measurements of signal,
PMR transmissions as defined by equation 4.31 can be
calculated; These are plotted in figure 6.4 against
the measured pressure of pure HCl in the 10 cm cell.
Also plotted in figure 6.4 is a curve of
PMR transmission calculated theoretically from the
spectral line data using a line-by-line model as
described in chapter 4. The instrumental parameters
used in the calculation are given in the diagram.
The mean pressure in the PMC was obtained from a
measurement of PMC frequency and the PMC and cell
temperatures from the measured resistances of thermistors
in good thermal contact with the bodies of the appropriate
components. The determination of PMC compression ratio
and the way in which it is combined with the PMC mean
pressure to give the high and low pressures used in
the line-by-line model are discussed in section 6.6.
The source temperature used is an estimate
of the effective black body temperature of the light
bulb. It is probable that the glass of the envelope -
tpansmits an appreciasble fraction of the radiation
from the filament at wavelengths around 3.5 micrometres,

and so the energy emitted by the bulb will be
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characteristic of a combination of source functions
corresponding to the temperatures and emissivities

of the filament and the envelope. Since the variation
of source function with wavenumber might affect the
calculation of PMR transmissions, a series of
calculations was performed for a range of black body
functions between 400 K and 2500 X. The calculated
values of transmissions varied by less than 0. 5%

over the range of source temperatures and HCl absorber
amounts used; Therefore, although the effective source
temperature is not known, PMR transmissions are
insensitive to its value.

For these calculations the combined optics
trahsmission profile shown in figure 4.4 was weighted
by a function to account for the variation of detector
responsivity with wavenumber. Since the manufacturer's
specifications for the detector show that the responsivity
changes only by ~ 6% over the pass band of the optical
filter, this variation is small compared to that of the
filter itself. It was therefore considered adequate

to represent the relative responsivity at wavenumber, » ,

using the formula,

¥ (») v(2830) {1 + 0-00017 (2880 -»)}, (6.1)
The coefficient was estimated from the manufacturer's
responsivity curve for the appropriate temperature,
Calculations which neglect ¥ (») give an almost
negligible change in PMR transmission and so a more exact

knowledge of T(») 1is not required.
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Figure 6.4 shows. that the measured PMR
transmissions are compatible with theoretical
calculations. However, deductions from these
measurements are limited by the large error bars on
the measured PMR transmissions caused by the low
signal~-to-noise ratio achieved by the transmission
measurements. The HCl PMR is particularly prone to
this problem since the amplitude of the energy modulation
at PMC frequency is so low - only ~ 0,015% of the
wideband energy. In principle}it is possible to
overcome this problem by integrating the signals for a
long time, 1In practice under laboratory conditions the
instrument was not sufficiently stable for this to be
practicable. It is probable that the laboratory sysiem
could be improved, but not to the point at which it
could be used to test precisely the spectral line data
and instrumental parameters used. Also, since HC1l is
a simple molecule which has been widely studied, we
‘may have greater confidence in the line data than those
of most other molecules. The discrepancies between the
measured and thebretical line strengths are generally
only ~ 2% (Toth et al., 1970), and, 4l though the
Lorentz half-widths are known less accurately ( ~ 10%),
for most PMC and laboratory paths of interest the
dominant broadening mechanism is Doppler, for which the
appropriate half-widths and their temperature dependence
can be accurately computéd. Consequently further
transmission measurements have not been attempted.

In flight the problems outlined sbove are

present, but they are much reduced for a number of



reasons. Firstly the sun provides higher energy

levels at the required wavelengths than are conveniently
achieved with this laboratory system. Also, the
balloonAborne-instrument is very stable in temperature,
particularly at float altitude, and the stability of

the electronics is found to be considerably better

than in the laboratory.

6,6 Behaviour of the PMC

The PMR model described in chapter 4
assumes that the PMC behaviour can be adequately
represented by considering two pressures corresponding
to high and low pressure PMC states. This is
equivalent to assuming the PMC pressure modulation
to be square wave, whereas the volume modulation is
approximately sinusoidal about a mean volume and

the pressure modulation is more complicated.

Consequently, a rigorous treatment involves consideration

of more than two pressures., Other researchers have
shown, by considering the Fourier components of the
pressure modulation and those of the modulation of
energy at the detector so produced, that a two pressure
model introduces a negligible error for two particular
PMRs -~ one containing NOg (Drummond, 1977) and another
containing COy (Delderfield, 1977). It will therefore
be aséumed here that a two pressure model is adequate

for the HC1l PMR.

108



Since the PMC modulation is approximately

sinusoidal in volume about a state at mean pressure, pp ,

the high and low pressures, p; and pg , can easily be

shovn to be given by

108

P‘ o= P""‘ -.‘:..;_L- and loz = Pm_%i;l_. ) (62)

where r = compression ratio = py/pg . The pressures
used by the line-by-line model were calculated in this
way both in the comparison with laboratory measurements
and in the retrieval of the atmospheric HCl1l profile.
An investigation of the effect on calculated

PMR transmissions of a variable compression ratio is
shbwn in figure 6.5.A Although the magnitude of the
signal is roughly proportional to compression ratio,

it can be seen that PMR transmission, as defined'by
equation 4,31, is affected only slightly by a variation
of compression ratio over a‘large range (1.5 to 3.0).
The effect of changing a parameter, such as compression
ratio, on the sensitivity of the PMR to uCl in the

atmosphere is best quantified by calculating the change

in PMR transmission as a fraction of the "PMR absorption":

AT ’ (6.3)

()
I
I

where U is the PMR transmission. For a 100% change
in compression ratio, it can be seen from figure 6.5

that, for small amounts of HCl in the path,D is ~ 13%
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Therefore errors in the assumed value of compression
ratio only give rise to small errors in measured HC1l
amount.

In spite of the argument presented above,
an attempt was made to calculate an appropriate
compression ratio as accurately as possible. Since
the PMR model effectively represents square wave
modulation, it is not obvious what compression
ratio should be used. The physicel peak-to-pecak
compression is inappropriate since the physical

- pressure waveform is not square, the relationship
between the modulation of pressure and that of the
energy at the detector is not linear, and the signal
channel isolates only the fundamental component of the
modulated waveform. It was therefore decided to use
a compression ratio which gave agreement between the
megsured and theoretical ratios ‘of the magnitudes of
sideband and wideband signals, taking into account
the gains of the relevant signal channel stages. The
theoretical ratio of the sideband and wideband signals,
Ssp/Swg » in terms of the amplitudes of the energy

modulations, xg and Xy , is derived in appendix E:

G’ Xsa s | (64)

N

wh

where G is the gain of the electronics between the
wideband PSD output and the low fregquency PSD input.
An analysis of the gains of the stages involved yielded

a value, G = 6850, which was confirmed by measuring
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the gain of these stages for a signal st PNC frequency
fed directly to the sideband input. The value of
Sgp/Swp can be obtained most accurately from the
pre-sunset data taken during flight (see chapter 7).
Using the line-by-line model with the mean PMC pressure
during flight and different values of compression
ratio, a series of theoretical values for xg/xy was
calculated. Infterpolating between these values it
was fouhd that a compression ratio of 1.96 gave the
best it to equation 6.4; Since the physical peak-to-peak
compression ratio is ~ 3 for the particular PMC used,
a value of 1,96 for the compression ratio of the
equivalent square wave modulation is reasonable. This
value was used in the retrieval and in calculations
for comparison with 1aboratory measurements. It should
be noted that this approach also takes effective
account of any phasing error between the sideband
signal and its PSD references.

Equation 6.2 usesa mean PMC pressure to
calculate the pressures to be applied in the model.
It has been assumed that the appropriate mean pressure
is that derived from the PMC frequency measurement.
This will not be exactly true since the signal channel
isolates the fundamental component of the modulation
of energy at the detector - modulation about a mean
level which does not necessarily correspond to the
physical mean pressure level. Figure 6.6 gives the
variation of PMR transmission with PMC mean pressure,
It shows that for small amounts of absorber in the

path a 10% change in mean pressure causes a change
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~ 7% for the quantity, D, indicating a much larger
sensitivity of D to mean pressure than to compression

rastio. For this reason the mean pressure must-:be

known accurately. The physical mean pressure is
deduced precisely from the PMC frequency measurement,
but since this does not necessarily represent
asccurately the effective mean pressure "seen by the
electronics" an uncertainty is introduced which
contributes to the absolute error in the retrieved
mixing ratio profile.

A further complication to calculations is
temperature variation in the PMC caused by the pressure
eycling. This problem is considered in detail
elsewhere (see Schofield J.T.). It can be shown that
the temperature cycling will be considerably less than
that produced by an adiabatic compression if the time
constant of thermal relaxation between the gas and
the PMC is much less than the period of oscillation.
For the HC1 PMR, order of magnitude calculations
give a thermal relaxation time constant ~ 0.2 ms
compared to an oscillation period ~ 50 ms. Using
these values and a compression ratio of 1.96, it
can be shown that the expected temperature cycling
ijs less than 3 deg. K in amplitude, The line-by-line
model was used to calculat¢ the effect on the PMR
transmission of this size of temperature variation
(in phase with the pressure cycling), and a value of
D ~ 1% was found. The effect will in practice be

lower than this sinée the temperature variation is
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almost 90° out of phase with the pressure variation
As the effect is small and difficult to calculate

precisely, it has been omitted from the retrieval

calculations.

6.7 Motional chopping

Any mechanical vibration of an optical component at
PMC frequency which leads to a modulation of energy
at the detector will produce a sideband signal. It
will be spurious in the sense that it is not related
to absorption in the PMC and will not be decreased
'by an atmospheric path which absorbs strongly in the
regions of spectral lines. Also, since the energy
modulation at PMC frequency for an HCl-  PMR is such a
small fraction of the total wideband energy, a spurious
signal of magnitude comparable with the real sideband
signal can originate from motional chopping of very
low amplitude. It is therefore necessary to perform
tests on the PMR to check for motional chopping.
If it is present, efforts must be made to minimize it,
since it affects the interpretation'of signals.
During the transmission measurements the
level of motional chopping was checked by filling
the 10 cm ceil with pure HCl to pressures ~ (00 mb,
This absorbs almost all radiation in the regions of
HC1 spectral lines and in the absence of motional
chopping will cut the sideband signal to the level

obtained with no incident energy. This procedure



confirmed that the level of motional chopping
during the transmission measurements was less than
the noise level. A similar technique was used to
test the flight instrument; it is discussed further

in section 6.9,

6.8 PMC contamination

HCl is a reactive species and tends to
attack its container, thus decreasing the amount
of HC1l present and producing other gaseous species.
Although the materials in the PMC are chosen to
minimize these effects, a slow change in the
composition of the PMC contents does take place,
An analysis of the gasés present in the PMC 6 months
after flight was performed at the Rutherford Laboratory.
Iﬁ showed the contents to be approximately 44.5%
acetone or similar molecules, 3.6% COg, 2.5% Og ,
19. 5% Ng and CO, 0.4% Ar and 29.4% Hy . No'012,
HC1 or gaseous chlorides were found. This indicates
that during the long‘period in question the HC1
attacked some part of the structure, probably
organic compounds in the glue holding the PMC
windows, and also that the PMC leaked slightly.

In general such contamination causes a
decrease ih signél from HCl pressure modulation and

a possible increase in spurious signal due to other

116
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molecules with absorption bands in the same
spectral region, Like signal due to motional
chopping, spurious signal caused by contamination
is not removed by inserting a strongly absorbing
path of nCl in the optical beam. The problem

was minimized by evacuating the PMC and refilling
it with pure HCl several times in the weeks
preceding the flight and for the last time within
48 hours of flight. The tests performed before
and after flight, which are described below, also
provide evidence that the destruction of HC1l in
the PMC is sufficiently slow for it not to affect

significantly the instrument's performance during

6.9 Pre- and post-flight testing

In February, 1976, the HC1 PMR was
transported‘to NOAA} Washington D.C., where it
was assembled and aligned inside the PMR hoﬁsing.
Several performance checks were made using a ‘
quérté-iodine lamp as an energy source and NOAA's
bench testing system to record the data.

In order to measure spurious signal,
a cell 3 cm long cbntaining ~ 400 mb of pure
HC1 was inserted in the optical beam. The measured

ratio of sideband to wideband signal expressed as a

fraction of the ratio with no absorbing cell present
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gives a measure of the spurious signal. 1n the
pre-flight test this was found to be 5 = 3%

of the full signal, and it is concluded that

this is the level of the spurious signal from

both motional chopping and contamination soon after
refilling the modulator. Spurious signal acts as
an offset on the zero level of the real signal.
However, since the amount of HCl in the atmospheric
path is related to absorption - the difference:
between the signal and its full scale value -
this level of spurious signal causes only a small
error in the absolute value of the retrieved nCl
amount.

8 days after flight further tests were
performed without refilling the PMC. It was found
that the ratio of the sideband to wideband signal
had not measurably decreased. This confirms that
the rate of destruction in the PNC is sufficiently
slow for the effect of this process on the flight
data to bé neglected. Also the level of spurious
signal was found to be 9 #= 3%. If the increase in
spurious signal is real and ié due to absorption by
another constituent, then the rate of production of
that species is sufficiently slow for its effect on
the flight data to be neglected., Alternatively
the difference between the pre- arad post-flight tests
may simply be due to the large errors in the
measurements caused by the low signal-to-noise

ratio obtainable in the sideband channel.
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These tests show that spurious signals,
whatever their sources, are sufficiently small
for them to be neglected in the retripval. Their
presence will lead to a small error in the absolute
value of the retrieved HCl mixing ratio but will
not affect the shape of the profile.

A peculiarity in the PMC behaviour was
noted when the temperature of the instrument was
varied during testing. An increase in temperabure
caused a rise in pressure much greater than the
.change calculated from the gas laws., This indicates
that HC1l is adsorbed on to a material inside the
PMC and that a temperature increase causes
out-gassing.

The PMRs, spectrometer and sun-seeker
tower were assembled and aligned at Denver University.
The whole assembly was then tested viewing the sun at
noon. Making corrections for the change of scatter
plate reflectivity with angle and the estimated
attenuation of radiation due to the atmosphere
between ground level and the sun, the expected levels
of signals during flight were calculated. The gain
resistors in the signal channel were then selected
accordingly so that the output voltage ramps

obtained during flight utilized the dynamic range

of the data system,
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CHAPTER 7, RESULTS.

7.1 The flight

The instruments were assembled on the gondola
at Denver University and transported to the launch site =
Holloman USAF base, New Mexico (32°52'N, 106°07'w).

The final checks on the instruments and the data
system were then performed. The scientific pay-load

consisted of the following instiruments:

i) the HCl PMR,
ii) a 15 micrometre COg PMR and a 12 micrometre

window channel measuring atmospheric absorption of

solar radiation (see chapter 5),
1ii) a scanning infra-red spectrometer, built by Denver

University, also measuring atmospheric absorption of

solar radiation,

iv) A downward scanning polarimeter with visible and
infra-red channels, built by NOAA,

v) an ozone-sonde.

The package was launched bn 17th March, 1976,
at 1030 local time (Mountain Standard Time) and was
raised over‘a period of about 3 hours to a float altitude
of around 36 km by a helium-filled balloon of volume
11.6 million cubic feet. The ascent was timed to span
local noon so as to achieve optimum results for the
COo PMR, Having reached its float altitude, the balloon

maintained its height until after sunset in order to
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obtain useful data for the HC1l PuR. The payload

was then detached fron thae bélloon. It returned

to the ground by parachute and was recovered undar.aged
about 200 km from the launch site. The bslloon was
tracked by radar from the lsunch site and a map of

the flight path produced. This is shown on figure 7.1.

7.2 The raw data

The data system contained 8 channels of which
3 were used to record PMR data. Each channel produced
a data frame containing 50 slots repeated every 2 seconds.
Most of the PMR housekeeping data, including temperature
information, instrument status and clock data, were
recorded in channel 4. The HCl PMR sideband ramp was sampled
6 times during each 1 second integration period at intervals
bf 160 ms along the ramp. This information was stored
in channel 6. The wideband ramp was sampled in a similar
way but only 4 times per ramp, and its value stored in
channel 8.

The incoming solar radiation was shared
vetween the PMRs and the spectrometer by means of the
"flip mirror" which switched the beam from one instrument
to the other approximately every two minutes. Each two
minute sequence, referred to as a '"scan", was divided
into 4 blocks, the beginning of each coinciding with the
switching in or out of the wedge which caused the

instrument to "look" away from the sun. Thus the viewing

sequence for the PMRs was as follows:
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Block View Length(s) | No. of complete data frames
1 Sun 32 16
2 Away from sun 32 16
3. Sun 392 16
4 Away from sun ~ 24 ~ 19
5 32 16
6 Instrument 32 16
black body
/4 32 16
8 ~ 24 ~12

It was intended that this sequence should be

repeated continuously throughout flight. On analysing

the dats, however, it was found that the "flip mirror"

had often failed to move at the end of a scan, and this

had led to an irregulsr sharing of the sun views between the

Oxford and Denver instruments. Instead of alternate

scans of sun view and instrument black body view,

seduences of up to & successive views.in one state were

found. The cause of the fault was not isolated, but it

proved unimportant since the sun view blocks were easily

recognizable and overall they were shared equally

between Oxford and Denver.,

Initially the analysis was hampered by the

state of the data tape. A tape deck fault had caused

false characters to be written to the tape, and these

had to be recognized and removed before the analysis

could proceed.

This task was performed by Dr. B. Barwell

at the Meteorological Office. He included in the routine
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to '"clean up" the data some initial quality checks

and also calculated the block mean values of those
housekeeping data slots for which slow variations with
time were expected. Thus the raw data was not only cleaned
but compressed into 400 word blocks, each of which
corresponded to a block of the original data. Tt was
recorded on a magnetic tape suitable for readihg on the
1906A computer at Oxford. The tape contains the data
for about the last 6 hours of the flight - 1330 to 1930
local time - and the format of each block is given in
table 7.1. The analyses of the signals and certain
elements of the housekeeping data are discussed in other

sections of this chapter.

7.3 Housekeeping data

The temperatures of many components in the
instrument were monitored, as were the frequencies and
amplitudes of the PMC piston oscillations and certain
reference voltages. They were stored in words 194-359
and 376-391 of the formatted data block. It is shown
in chapter 6.1 that thermal emission from the optics
can be ignored when interpreting the signals, and so
a detailed analysis of thé variation of instrument
temperatures was not required.

The block averages of those elements of the
housekeeping data for which analysis was needed were
plbtted against time for the last six hours of the flight.
The constancy of the gain of the data system was investigated
by studying the difference between the Denver 5V reference

slot and the ground slots. It was found to be constant
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Format of coupressed data tape

word number

o uu A W NV K O

7
8-21
22-49
50-77
78-105
106-133
134-161
162-189
190

191

192

193
194-263

204-279
280-311
312=-343
344-359
360-375
376-391
392=-399

Length of block = 400

Scan number

Running block count

Block number in scan (0, 1, 2 or 3)

Error flags

Number of 6-bit bytes in original scan
Number of 6-bit bytes in cleaned scan
Number of complete 2 second frames in scan
Counter increments foxr ramps |

h 4

CO2 direct PIR signal

CO2 wideband

PMR signal ) CO2 sideband
L ;
output ramps | HCl1 wideband

HC1l sideband

J LWindow channel
Counter increments from last frame in previous
scan to first frame in this scan
Counter increments since clock reset
Mean of channel 4, slot 1
Time flag monitor
Housekeeping data: means x 16 and
variances x 256
AFCRL pressure, channel 4
AFCRL pressure, channel 6
AFRCL pressure, channel 3
NOAA pressure '

‘Ozone~sonde reading

Instrument black body temperature

Status word analysis




over this period to ~ 2 counts in 4000.

The PMC drive circuit design is such that thne
amplitude of the piston oscillation should be constant.
The amplitude wgs monitored and its constancy confirmed
to within 10 counts in 3000 over the 6 hour period.

The PMC head temperature increased from 34.6°C to
36,9°C over this period. However, since the useful
HCl data was confined to sunset, only the period from
1800 to 1900 need be considered when deriving the

pafameters to be used in the retrieval. Over this
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period the PMC temperature varied by only about 0.4 degrees,

and a mean value of 36.7°C was used for the retrieval.
The PMC pressure was deduced from the outvut of the
frequency to voltage éonvertor. Over the sunset period
the mean value was 2.42 V, and the calibration curves
for the PMC showed that this represented a pressure of
2,01 torr (0.00264 atmospheres).

" Several slots in channel 4 were affected by a
fault in the NOAA multiplexer which caused them to float
‘with respect to the data system ground level for a large
part of the flight. ©Since this affected the ground slot
in channel 4, which floated down outside the range of
the data system, these slots could not be interpreted
with certainty. .The'affected slots included the HC1l PMR

detector temperature, the thermistor reference voltage,

the AFCRL pressure gauge in channel 4 and the NOAA pressure

gauge. However, there were some short periods of the

flight during which these slots were correctly grounded

with respect to the rest of the data system, and two such

intervals occurred during the sunset period. Using this
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data the detector temperature was deduced to have
been constant at 38.2°C to within O.lOC, thus
confirming that the detector responsivity was
constant throughout flight. Also the thermistor
reference voltage was shown to have been constant at
the expected value, which enabled the voltage to
temperature conversion for the thermistor circuit
oufputs tb be performed with certainty. The way in
which the pressure gauge output voltages were analysed
to find the instrument altitude is discussed in

section 7.6.

7.4 " Variation of solar zenith angle with time

In order to determine the angle of view
corresponding to each PMR signal, the relationship
between the solar zenith angle at the instrument and
the time measured by the data system clock must be
known. Figure 7.2 shows how the solar zenith angle
is calculated. Using this geometry it can easily be

shown that the solar zenith angle, 9;, is given by

cos ©; = sinb sinfg + cos® cos D5 cos (D",ds) ’ (7. l)

where the symbols used are as defined in the diagram,
The latitude and longitude of the instrument,

® and ¢ respectively, were obtained as a function

of time from the flight path data. Linear interpolation

was used between the points for which the time was recorded.
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intersects earth’s
surface beneath

instrument

centre
of earth

intersects earth's
surface at
sub-solar point

es"ﬁs are latitude and longitude of sub-solar point.
o, ﬂ are latitude and longitude of instrument.

f

2 is the solar zenith angle at the instrument.

Figure 7.2 Illustrating the calculation of

solar zenith angle.
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The latitude of the sub-solar noint is called ihe

solar declination, and it is obtained by linear
interpolation between the solar declinations for the
days in question which are tabulated in the
.Astronpmical Ephemeris. The longitude of the sub-solar

point is obtained by interpolation from the equation,

g = o lt-t) ~ (7.2)
(1"" + tz"t\
where t1 and t2 are the ephemeris tfansits in

hours (Ephemeris Time) preceding and following
the observation,
t is the time of the observation in hours
(Ephemeris Time),

and #s is in degrees west of the Greenwich
meridian.

The ephemeris transits are also tabulated in the

Astronomical Ephemeris. The flight took place on

March 17th, 1976, and sO the data used from the

Astonomical Ephemeris (1976) was as follows:

Date Declination in degreés Ephemeris transit
(1976) | (at time 0000 ET) (in hours ET)
March 17th -1.38061 12.13880
March 18th -0, 98542 12,13393

"The difference of 7 hours between Universal Time and

Mountain Standard Time (MST) was taken into account,

as was the small difference of -0.01304 hours between

Universal Time and Ephemeris Time,
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The equations and corrections given above
were incorvorated in a computer program which calculated
the solar zenith angle at the instrument from the
flight data of time against latitude snd longitude.

The results are given in table 7.2. It can be seen

that the HC1l PMR signals of most interest, for which

the sun was visible at zenith angle greater than 90°,
were récorded between 1815 and 1900 MST. The program

was also used to calculate the solar zenith angle at
intervals of 0.0lihours around sunset, the results of
which are shown in figure 7.3. Interpclation between
points éalculated at these intervals gives a satisfactory
accuracy. In fact for a given time the major contribution
to the error in the zenith angle is the accuracy to
which the longitude is known ( ~ % .0,01 degrees).

The calculation described above neglects the
correction to the zenith angle to account for the small
angle subtended by the earth's radius at the sun.

However this introdﬁces an error of iess than 0.003 degrees
in the calculated zenith angle.

From the data available the solar zenith
angle can be calculated to an accuracy of sbout |
* 0.0l degrees for a given time. This represents
an error of up to 0.1 km in stratospheric tangent height
and is equi?alent to a miscalculation of the time of
the corresponding observation of about 30 seconds.
Consequently an effort was made to find the time of each
observation to a comparable or higher accuracy. Each

9 gecond frame of data contained the number of counter



Table 7.2 Variation of solar zenitli angle Juring Iflight
Time Latitude | Longitude | Solar zenith angle
in MST | in °N in in dJdegrees
1027 32.862 106.12 42,127
1110 32.795 105.66 36.796
1123 32,755 105.49 35.622
. 1140 32.730 105.43 34.535
1150 | 32.742 105.51 34.151
1206 32.725 105.55 33.807
1222 32.730 105.64 33.895
1231 32.733 105.70 34.120
1240 32.728 105.76 34.459
1252 32,710 105.84 35,086
1314 .32.660 106.01 36.721
1336 32.610 106.20 38.938
1346 32.585 106431 40.100
1400 32.570 106.43 41.905
1406 32.536 106.49 42,704
1415 32.517 106.58 43,977
1425 32.490 106.69 45.449
1435 32.455 106.76 46.994
1445 32.425 106.82 48.617
1500 32.375 106.90 51.147
1515 32,340 106.96 53.802
1530 32.332 107.01 ' 56.561
1540 32.340 107.07 58.430
1600 32.305 107.22 62.192
1615 32.275 107 .35 65.062
1700 32.180 107 .53 74,075
1715 32.140 107 .67 77.070
1730 32.090 107 .80 80.094
1745 32,050 107.91 83.152
1800 32.010 108.01 86.232
1815 31.990 108.11 89.322
1830 31.974 108.24 92,391
1845 31.965 108.33 95.493
1900 31.927 108.44 98.577
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increments since the clock was reset. The numbers of
counts between successive frames srd successive blocks
were checked and found to be consistent with the
expected behaviour of the timing systems. The instrument
clock was reset at precisely 0930 MST and a time flag
command sent at 1830 MST. The accuracy of the clock
was checked by comparing the time between these events
with the number of counts on the clock corresponding
to this interval. The two periods were in agreement
to better than one second. This indicates that the
retrieved value of time for each observation is
sufficiently accurate for it to contribute a negligible
error to the retrieval of mixing ratio. Indeed, the
accuracy is such that it would have been adequate even
if the signal-to-noise ratio of the PMR signals had
been much higher.

It should be noted that the apparent solar
zenith angle at the_instrument differs from the true
zenith angle due to atmospheric refraction. This is
accounted for directly in the retrieval by the program
which calculates the absorber amount in é path of given
tangent height. The program includes the effects of
refraction and also evaluates the true solar zenith.

angle for that tangent height. It is outlined in

appendix D.

7.5  Atmospheric temperature profile.

In order to calculate the baslloon altitude from

the atmospheric pressure measured at the instrument and



to evaluate accurately atmospheric transmissions, it
is necessary to know the variation of atmosvheric
temperature with height in the troposphere and the
stratosphere, The information reguired was obtained
from the 1300 MST Holloman radio-sonde which reached
an altitude of about 35 km. The profile obtained was
compared with those retrieved from the 0700 MST
aﬁd 1030 MST radio-sondes, which did not reach such
high altitudes and were further from the sunset data
in time. The differences in temperature measured by the
three radio-sondes were negligible, which indicates that
the atmospheric state above New Mexico on that day was
changing very slowly and hence suggests that the
1300 MST radio-sonde data will reflect closely the
temperatufe profile appropriate for the retrieval of
balloon altitude and the calculation of atmospheric
transmissions.

The temperature and pressure variations with

height were calculated as follows:

i) Above the 100 mb level, the measured radio-sonde
temperatures were corrected for radiation effects
at both visible and infra-red wavelengths using
the manufacturer's suggested correction formulae.

ii) The measured relative humidities were used to
calculate the virtual temperature, T* ’ from the

real temperature, T, at each pressure level:

134

TS = T (1 -me) (7.3)
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iv)
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molecular weight of water vapour

where m
molecular weight of dry air

and € = volume mixing ratio of water wvapour.
Assuming the atmosphere to be in hydrostatic
equilibrium, the height difference between adjacent
pressure levels was calculated using the hydrostatic
equation and allowing for the variation of

gravitational acceleration with height:

| — \2
Az = ln(?) Ili? «iil_) , (7.4)
2 My Yo

where p; and Dy are the measured pressures,

:FE is the mean virtuél temperature of the
interval,
mg is the molecular weight of dry air,
g, is the gravitational acceleration at sea
level for 32°N -(taken as 9.8011 ms™2),
r is the mean radius of the earth
(taken as 6370 km),

and Z is the mean altitude of the inter#al.

Thus the height of each pressure level above

Holloman (altitude 1.258 km) was calculated.

. Above the range of the radio-sonde, the temperature

profile was taken to be that measured by the

1700 MST White Sands rocket-sonde.

These data were smoothed to give a temperature
profile of reasonable shape and the corresponding

pressures calculated using the hydrostatic equation
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and the highest pressure of the radio-sonde data.
Between 25 and 35 km the radio- and rocket-sonde
data overlapped and agreement between the two

was good (within 2 degrees X).

The reéulting variations of pressure and
temperature with height are given in table 7.5, and the
temperature profile is plotted in figure 7.4. This
profile was used in the calculation of balloon altitude
and atmospheric path parameters with appropriate
interpolation between the given data points - linear

for temperature and exponential for pressure.

7.6 Altitude

The atmospheric pressure at the instrument
was measured by four gauges - a 0-2 p.s.i. Rosemont
gaugé owned and calibrated by NOAA and three Computer
Instruments Corporation potentiometer-type sensors
(0-0.3 p.S.i., 0-2 p.s.i. and 0-15 p.s.i.) owned and
calibrated by the USAF Geophysics Laboratory (AFCRL).
The AFCRL gauges were switched during ascent so that
the appfopriate gauge reading was recorded in
channels 4, 6 and 8. An intercomparison of the gauges'
outputs was performed at NOAA. It was concluded that
the most accurate gauge for the float altitude was
the AFCRL 0-0.3 p.s.i. gauge. The relevant slot in

channel 4 was affected by the multiplexer fault, and



Table 7.3 Temperature-nressure profile
Altitude Tenperature Pressure
in km in K in atmos.

1.258 204.,7 0.8657
2.281 282.9 0.7671
7.466 250.4 0.3948
10.736 222.7 0.2469
12.157 210.2 0.1975
13.089 202.6 0.1694
13.892 203.4 0.1484
14.250 203.6 0.1395
14.885 210.0 0.1256
15.235 211.0 0.1187
16,237 205.2 0.0987
18.540 208.7 0.0691
20.632 213.5 0.0494
23,871 216.7 0.0296
26.486 220.5 0.0197
. 31.091 227.0 0.0099
33.516 232.8 0.0069
35.590 238.6 0.0051
36,0 239.0 0.00481
37.0 241.0 10.00418
38.0 243.0 0.00364
39.0 246.0 0.00317
40.0 - 248.0 0.00276
45.0 260.0 0.00142
50.0 264.0 0.00075
55.0 257.0 0.00039
60.0 246.0 0.00020
65.0 235.0 0.00010

137
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Figure 7.4 Atmospheric temperature profile.
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so the values recorded in channels 6 and 8 vere used
for the altitude calculation.

The output voltage of the gauge during the
sunset period (1818 to 1845 MST) was 1.25‘V. Using
the calibration data for this gauge provided by NOAA,
an atmospheric pressure at the instrument of 5.21 mb
was calculated. The pressure versus height profile
given in table 7.3 Wss used to derive the corresponding
balloon height of 35.54 km. The total error in this
value was calculated to be £ 0,45 km. It includes
contributions from the variation of pressure gauge
output over the sunset period, the calibration

accuracy of the gauge and the limited resolution of

the recorded radio-sonde pressures at high altitude.

7.7 PMR sighals

The sideband and wideband signals were first
investigated by plotting out their values against time
for the period 1700 to 1900 MST. This included the
sunset period - those times during which the sun was
visible at the instrument at zenith angles greater than
90° - which lasted from 1818 until about 1845. The
signals obtained during this period are plotted in figure
7.5, which clearly shows the signals decreasing as the
mass of all the absorbing gases in the path increases
with time. It can dl so be seen that the signal zero

levels are constant and that views away from the sun
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cannot be distinguished from internal black body
views, thus confirming that signals from radiation
sources other than the sun can be ignored. The sun
view signals occur in groups, each of which represents
a 32 sblock of data. The irregular block pattern
was caused by the fault in the "flip mirror"
discussed in section 7.2. The signals plotted in
figure 7.5 are expressed iﬁ terms of counts per
160 ms ramp interval x 16; +this is the form in which
they were written to the formatted tape. The sun view
signals for the pre-sunset period (1700 to 1818 MST)
showed, as expected, a slow increase with time
corresponding to an increase in scatter plate
reflectivity with changing sblar zenith angle,

The signals for the first 4 seconds of
each block were discounted as they suffered from
transient effects associated with the change in field
of view. They were not included on the formatted tape
and so have been omitted from figure 7.5, Howevér,
an inspection of the wideband signalé showed other
periods of rapidly changing signal, probably
corresponding to occasions on which the sun-seeker
was not tracking the sun correctly. This output also
contains the effects of transient signals and is
unreliable. Therefore the relevant periods of data
were identified and the wideband and sideband signals
discounted during each period of rapidly changing
wideband signal ahd for 4 seconds following it.

Using the remaining data the mean values of wideband
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amlsideband signals for each block were calculated.
These are plotted against the mean time for the
block in figure 7.6. The mean values for the zero
signals were found to be constant over the whole
period to within % 20 counts. Their levels are

shown in the diagram.

7.8 Calibration of signals

Since the wideband signal is not a constant,
the sideband signal cannot be used directly in the
retrieval of HCl amounts, but the ratio of sideband
to wideband must be used (see chapter 6.2). The
required quantity was calculated from the block mean
values of the signals less the corresponding zero

signals, which represent the integrator offsets:

Sideband signal SB Sideband counts - 2150 ( )
= = . 7.5
Wideband signal WB Wideband counts - 582

The block mean values of (SB/WB) x 25000 thus

calculated are shown in figure 7.7.

In order to express these signals as PMR
transmissions (as defined by equation 4.31), it is
necessary to know the full scale signal level -
that value of (SB/WB) which corresponds to no HC1l
in the path between the instrument and the sun. This

level was calculated using the data from 17.0 to 18.1
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hours MST, corresponding to zenith angles between
74,1 and 87.5 degrees, At these angles the absorber
amount in the path is sufficiently low for the signal
to be very close to full scale. The mean value of
the sun view signals for this period was 10452 counts
with a standard error of 64 counts.

To allow for the small amount of HCl in
the path for these sun views, a correction was made
to the value given above. Using the line-by-line model
and an estimated HC1l volume'mixing»ratio above the
balloon of 1.5 x'10‘9, calculations were made of the
corresponding PMR transmissions for the period 17.0
to 18.1 hours, and from the results a correction of
139 counts was deduced. If the retrieved mixing ratio
had shown that the value used here was inappropriate,
an iterative retrieval procedure would have been applied,
using:a more accurate value for the correction in each
successive retrieval, However, since the correction
was small and the retrieval showed that the absorber
amount used to calculate the correction was approximately
equal to that retrieved, no further correction was
necessary. Applying the computed correction, therefore,
gave a full scale signal of 10590 #* 70 counts, and
this level is also shown in figure 7.7. PMR transmissions
were now calculated by expressing the (SB/WB) signals
as fractions of the full scale value.

Another product of this analysis was the
effective PMC compression ratio, calculated by the

method outlined in chapter 6.6. Using the full scale
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value of (SB/WB) and the gains of the aporopriate

stages of the electronics, the ratio of the amplitudes

of the sideband and wideband signals at the detector

was calculated to be 1.97 x 10~%.  The line-by-line model
was used to show that the PMC compression ratio
corresponding to this signal ratio was 1.96, and this

value was used in the retrieval.

7.9 Effects of other atmospheric constituents

The retrieval method discussed so far has
not considered the effects of other atmospheric
constituents. It might be expected that to a first
approximation the absorption lines of other species
would be distributed randomly among the HCl lines, and
so the wideband.and sideband signals would be attenuated
proportionatély. Since only the ratio of sideband to
wideband is used in the retrieval, it is therefore
possible that the effects of other constituents may

cancel out. This argument is expected to hold best when
the absorption lines of one gas are truly randomly
distributed amongst those of another‘and both absorption
bands contain enough lines for statistics to be used

with confidence. However, for the HC1l band, only 32

1ines lie in the region of significant optics transmission
and of these the strongest 10 contribute more than half

the band strength at PMC temperatures. It is therefore

evident that statistical methods may be inappropriate



when applied to such a small number of lines.

In order to investigate this problem, two
computer programs were written to calculate the effects
on the wideband and sideband signals of an atmosphere
containing other constituents but not HCl. It is
shown in appendix G that the measured PMR transmission
can be corrected approximately for the effects of

other constituents using the equation,

T, T,

where 7T, is the measured PMR transmission,
Ywe and T are respectively the estimated
wideband and PMR transmissions due to other
constituents,
and T, 1is the corrected PMR transmission, which
Wiil be comparable with values calculated by
a line-by-line model which considers HCl as
the only absorber.
The two programs calculate the values of {4 and LUsg
corresponding to different atmospheric paths. They
use the spectral line data tabulated by McClatchey et al.
(1973) for those gases which have absorption lines in
the region of the HC1l band. These gases are water
vapour, carbon dioxide, ozone, dinitrogen oxide and
méthane, and of these methane is expected to have the
greatest effect since some of the HCl lines lie in the
.wings of strongly absorbing methane lines,

The assumed mixing ratio profiles of the other

147



constituents»are given in figure 7.8. Each
atmospheric path considered is treated as a single
homogeneous path defined by an sbsorber amount

and an absorber-weighted mean pressure and
temperature, using the approximate expressions for.
limb paths derived in appendix C.

The wideband model calculates the eguivalent
width of each line under the filter profile using the
approximate formula for the equivalent width of a
Voigt line given by Rodgers and Williams (1974).

The equivalent width of all the lines in each 10 em~+
interval is calculated and weighted by the optics
profile and the black body function of the source.
Thus the total wideband absorption due to other

constituents is estimated and the value of Tws

obtained.

The sideband model considers all the lines
of other species within 10 cm™} of each HC1 line
centre, v, . It calculates the absorption of solar
radiation at », due to these lines. Since almost
all the sideband energy modulation occurs very close
to HCl line centres, the mean transmission of other
absorbers across each HCl line can be estimated
using these monochromatic values. The mean sideband
transmission due to other absorbers, :fn.’ is then
calculated by weighting the traﬁsmission at each line
with the contribution to the signal by that line with
no absorber in the path using the PMC parameters

appropriate to flight conditions. Each line's

148
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Key to figure 7.8

The volume mixing ratio profiles were taken from the

following sources:

O3 : Krueger and Minzner (1973).
U.S. standard atmosphere ozone model for
mid-latitudes.

CH, : Bhhalt et al. (1974).

N20 : Harries et al. (1974); Harries (1975); Ehhalt et al.

(1974).

An average value is plotted.

H,O : Harries (1976).

4

For CO, a constant volume mixing ratio of 3.3 x 10~

was used.
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contribution is also weighted ~ith the optics
transmission and source black body function.

These calculations were performed for a range
of tangent heights from 15 km torthe balloon altitude,
The parameters used for these paths and the resulting
values of Ts3 and T,g are given in table 7.4,

Eqﬁation 7.6 shows that the correction factor to be
applied to the measured PMR transmissions is the ratio,

( Twa/ Tsg). This is plotted against time in

figure 7.9. The time appropriate to each tangent

height was calculateéd using the limb path model
described in appendix D.  This calculates at each
tangent height the solar zenith angle, which can then

be related to time using the method given in section 7.4.

The correction curve of ( Twe/ TLsg ) was
used to adjust the measured data for the effects of
all the other constituents. It can be seen from table
7.4 that the correction only has a significant effect
for paths with tangent heights below about 26 km. The
accuracy of this correction was investigated in several
ways. Firstly, the contribution to the correction from
each gas was calculated. It was found that CHg not |
only had the greatest effect on (s and e but
also was mainly responsible for their ratip deviatins
from unity. By comparison, HgO.and COg were found to
have a negligible effect on both sideband and wideband,
"and they could well have been omitted from the calculations.

The major source of error in this method of

correction is probably that in ﬁZe caused by errors
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in the wsvenumbers of the tabulated line data
relative to those of the HCl lines. The magnitude

of this error was tested by shifting all the HC1l

lines relative to the other lines by wvalues beiween
-0.02 em~1 and + 0.02 em™! - shifts considered to

be comparable to the accuracy of the tabulated line
positions. Thus the change in the signal from each
HC1 iine due to an error in its relative position

was calculated and the errors for all the lines
combined statistically to find the standard error in
the quantity, Ftsa . This calculation was performed
for a worst case - a tangent height of i? km for which
the absorber amounts are large. The result of this
analysis was that the error in ( Tws / Tss )  was
estimated to be * 0,051 for a tangent height of 17 km.
The size of this error, however, is expected to fall

with increasing tangent height as the absorber amount

decreases.

Other possible sources of error lie in the
assumed mixing ratio profiles, and so calcﬁlations were
performed, again for 17 km tangent height, for estimated
extremes of mixing ratios. PFirstly, since the
calculations are affected most by CHyg , the mixing
ratio of the species was doubled. Also, calculations
were performed using estimated maximum and minimum
values for all constituents'applying the foilowing

changes to the profiles shown in figure 7.8 :
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Ngo CH4

o
O
(G

Hy0 - CO

Maximum | + 50% | + 2% | + 20% | + 50% | + 100%
Minimum | - 50% | - 2% | - 20% | - 50% | - 5055

The results of these calculations showed that the
errors produced by uncertainties in the mixing ratio
profiles were small compared to those caused by

inaccuracies in the relative line positions.

7.10 Reflectivity of the scatter plate

It has already been shown that the PMR
siénals vary due to the changing reflectivity of the
scatter plate. The specular reflectance of the
aluminized, ground glass surface is a function of
wavenumber and angle of incidence, and so the optics
profile given in figure 4.4 for the combination of all
other optical components must be weighted by the
variation with wavenumber of the scatter plate
reflectivity at the appropriate angle of incidence.

The theory of specular reflection by
aluminized, ground glass surfaces has been considered
in detail by Bennett (1963), who reports that to a

first approximation the relative specular reflectance

at wavenumber, Y, and angle of incidence, Yy , is

given by

R= Ry oep (- Avtesy) (1.7
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where A is a constant for a plate of given roughness.

From this relation we obtain

In R

- A QP co_sz'q/ + In Ry . (7.8)

A sample of the scatter plate material was tested

at NOAA using the flight detector assembly to
measure relative reflectivity as a function of angle
of incidence. I¥rom the gradient of a graph of

ln R v. cosg'w and equation 7.8, thé value of

A»* was found to be 1.14. Differentiating equation

7.7, we obtain

-~ 2 A cos* Y vy

é&l
R .
= - 1 Ay ey -2‘-;-’- (7.9)
Assuming the variation of reflectivity across the pass

band of the optics to be small, equation 7.9 can be

applied to give

K ()3-, ‘\{/) = l + oR
R (2880, V) R (2880,Y)
~ | - 2% cosw(” 2’82505’0) . (100)

The optics profile shown in figure 4.4 may therefore
be weighted by this function to obtain the combined

transmission of the system.

Equation 7.10 describes only the change in reflectivity
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relative to the value st 2830 em™ * for a constant

angle of incidence. However, since taking the ratio

of sideband to wideband signals effectively accounts

for the variation of the absolute value of reflectivity,
only the relative response is required. Calculations
using equation 7.10 and the line-by-line model showed
that the small variation of angle of incidence over the
range of the useful flight data caused a negligible change
in the full scale value of the sideband to wideband ratio.
It was therefore considered adequate to use the value,

YV o= 450, corresponding to a solar zenith angle of
90°,.in the retrieval, and hence to use equation 7.10

to represent the variation of scatter plate reflectivity
with wavenumber. This is only an approximate forin, but

it is not required more accurgtely for the same reasons
as appiy to the parameterization of the variation of

detector responsivity with wavenumber (see chapter 6.5).

7,11 Retrieval of the mixing rstio profile

Using the values presented in figure 7.7 .
a curve was drawn manually through the data points.
It was divided by the full scale signal to obtain a plot
of PMR transmission and corrected for the effects of
other ﬁinor constituents using'the correction curve
given in figure 7.9. The resulﬁing corrected PMR
transmissions, which can be compared with the results

of the HC1l PMR transmission model, are shown in figure 7,10.
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The retrieval was performed using the HC1l PiR
line-by~-line model described in chapter 4.8 and the
parameters already discussed, which are summarized
in table 7.5. The appropriate effective solar Dblack
body function was calculated from the data given by
Thekaekara (1573). A retrieval method was used which
involved postulating a mixing ratio profile and
calculating the PMR trgnsmissions corresponding to
this profile for a range of tangent heights. The
resulting PMR transmission curve was then compared
with the measured curve (figure 7.10) and thus a better
mixing ratio profile was estimated. The procedure was
repeated until the postulated profile gave good agreement
between measured and calculated PMR transmissions. For
these calculations the atmospheric path was represented
'.by a series of homogenéous paths, each 3 km or less in
vertical extent (for those sections below the balloon)
and each éharacterized by an absorber amount and
absorber-weighted pressure andhtemperature using the ray
tracinglroutine described in appendix D. In this way the
effects of refraction were included directly.

The tolerances on the shape of the mixing ratio
profile were estimated by varying that gshape which fitted
the data best and investigating by how much it could be
changed before the calculated transmission curve no longer
lay within the error bars on the measured profile. The
fihal retrieved profile and the tolerances on its shape
are shown in figure 7.,11. Also shown, for comparison,

is the profile retrieved from the measured PMR transmissions



Table 7.5

Summary of parameters used 1n the

PMC length
PMC mean pressure
PMC effective'compression ratio

PMC temperature :
Spectral line data :

Effective solar black boady

temperature

Combined optics transmission

profile :

Instrument altitude :

Atmospheric temperature-pressure

profile

OoSl Cril

0.002604 atine.

309.8 K

see table 4.1

5800 K

Profile in figure 4.4
weighted by scatter plate
reflectivity and relative

detector responsivity

35.54 kn

see table 7.3
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ancorrected for the effects of other atmospheric
constituents .

Figure 7.11 shows that a mixing rstio
profile can be retrieved for strétOSpheric heights
below the instrument with reasonsble accuracy.
However, above the balloon there are large uncertainties
caused by the greatly decreased optical path length
and the lack of height resolution inherent in the

viewing geometry at zenith angles less than 909.

7.12 Field of view

It has been assumed throughout that the sun
can be considered as a point energy source with a position
defined by the zenith angle of the centre of the sun's
disc. In fact the diameter of the sun subtends an
angle of about 0.27 degrees at the earth, and this
corresponds to a range of tangent heights of about 2 km

when limb scanning to tangent points in the lower

stratosphere.

The error caused by considering the solar
energy to be emanating from the centre of its disc
rather than distributed over it was calcdlated for a
worst case - a tangent height 20 km below the instrument
height. It was found that the point source approximation
caused the mean atmospheric mass between the sun and
the instrument to be under-cstimated by only soout l.4%.

At greater tengent heights the error is lower since the
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range of tangent heights subtended Tty the sun's disc
is decreased 2t smaller zenith angles. In practice
the important variable is not the rniass of the
atmospheric path but the absorber -ount in it. For
a mixing ratio profile such as that found, which
increases with height, the error in the mean absorber
amount caused by the point source approximation will
be muech less than l.4%. Consequently errors caused
by the effects of the.real field of view have been

considered negligible.

7.13 Error analysis

The sources of error in the retrieved mixing
ratios may’be divided i1nto two categories - those
which affect the shape of the profile and those which
change the absolute values of the mixing ratios while
maintaining the same profile shape. The former are
shown in figure 7.1ll. They are caused mainly by the
limited signal-to-noise ratio of the measured PMR
Siénals which leads to uncertainties in the measured
PMR transmissions. The mixing ratio inaccuracies so
produced are largest above the balloon since the PMR
transmission for zenith angles less than 900 is close
to unity. The uncertainties in the correction curve
for the effects of other constituents also contribute

to the error on the profile shape but only at the

lower altitudes.



Sources of significant error in the absolu‘e
value of the mixing ratio are several, Firstly, any
miscalculation of the balloon altitude leads to the
profile being shifted up or down in height and to an
error in the retrieved mixing rétio. The uncertainty
in the balloon altitude pressure is estimated to be
& 6% Therefore an inaccuracy of this amount is
present ih the mixing ratio, and the position of the
profile in height is uncertain to ~ 0.5 km.

The other major source of absolute error
is the éccuracy of the appropriate PMC mean pressure.
Although the phyéical mean pressure of the gas in
the PMC is known to better than 1%, this is not
necessarily the appropriate pressure to use in the
retrieval calculations for reésons given in
'chépter 6.6. Also, any contamination of the PMC
will cause the amount of HC1l present to be less than
that derived from the PMC frequéncy measurement, The
result of these effects is to introduce an uncertainty

~ 10% into the retrieved mixing ratio.

The field of view approximetions discussed
in section 7.12 also introduce an uncertainty, though

less than 1% in the lower stratosphere and even less
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at higher altitudes., Some error will also be introduced

by the small uncertainties in the atmospheric temperature

profile (which‘affect calculations of transmission) and

in the spectroscopic data. Similarly uncertainty in the

effective compression ratio of the PMC and omission of

the effects of its gas temperature cycling each lead to

errors ~ 1%,
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It is therefore concluded that the total
error in the absolute magnitude of the mixing ratio
is ~ 20%. This is not included in the error bars
shown in figure 7.1l but acts as a displacement on the
orofile given without affecting the shape. It should
be taken into account when making comparison with

other measurements,
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CHAPTER 8. CONCLUSIONS AND SUGGESTIONS FOR FURTEER VORK.

8.1 Measurement of stratospheric HC1

A PMR detecting absorption of radiation
by stratospheric HC1l has been used to measure the
mixing ratio of this species over the altitude range
16 td 39 km, and the results illustrate the feasibility
of using this technique to obtain accurate measurements
of stratospheric HCl. The accuracy obtained from the
PMR data reported in this work is equal or superior
to that claimed for any currently reported measurement
and, with minor alterations to the instrument, could
probably be improved considerably. Also,'the altitude
range of the PMR measurement is larger than that
achieved by any other remote sounding technique and
is comparsable With that of the in situ measurements
made by Lazrus' grouﬁ (Lazrus et al., 1977).

The techniques used by other groups and
the results Which ﬁhey havé reported are given in
chapter 3. The mixing ratio profiles obtained are
compared in figure 3.1 and indicate that, while there
is considerable éimilarity between the results,
there aré also some areas of disagreement. The
arguments presented in chapter 3.3 suggest that there
is little diurnal or seasonal variation in stratospheric
HC1, and so we should expect all the reported

measurements (which have been made at about the same



167

latitude) to be similar. 1In the lower stratosphere,
"below 25 km, this is the case; most of the revorted
profiles are similar in both absolute amount and shape.
However, between 25 and 35 km the profiles are markedly
different, 1t can be seen from figure 3.1 that our
results are most similar to @hose of Ackerman et al.
(1976). Williams et al. (1976 b) also show a similar
profile but their signal-to-noise ratio limits their
accuracy at higher altitudes and their retrieval
technique is less sophisticated than our ovn or those

of Ackerman's group and Farmer's group. Of the 4 remote
sounding groups, all but our own produce absorption
-spectra and so direct comparison between their results
and retrieval techniques should be relatively easy.

Of the 3 groups, Farmer and his group (see Raper et al.,
1977) claim that their latest measurements yield the
best quality spectra, but their profile shape is at
greatest variance with those of other remote measurements,
showing an inflection in the profile around 30 km.

The results of Lazrus' group using in situ techniques
(Lazrus et al., 1977) show an altogether different
profile above 25 km with a minimum mixing ratio around
32 km, |

It has been shown in chapter 2 that the

chemistry of stratospheric chlorine and its interaction
with the ozone cycle are very complicated. Also the
shape of the HCl mixing ratio profile is sensitive to
the details of the chemical reactions involved in this

complex system. Therefore the measurement of HCl provides



useful data with which the results of chemical
models may be compared., Revorted measurements
have so far produced results which can be used

to test the validity of ﬁodels up to about 35 km,
although more advantage would have been obtained
had the reported profiles been in better agreement
with each other. A better understanding of
stratospheric chemistry would also be expected if
accurate measurements of the HCl profile could be

extended to above 40 km.

8.2 Purther measurements

Having demonstrated the suitability of
the PMR for measuring HCl, it is apvarent for several
reasons that further flights using the same instrument
could yield uséful data. Firstly, there are a number
of minor improvemehts which could be made to the
instrument in order to obtain better results. These
ape discussed later in this chapter. Also, it is
possible for balloon-borne assemblies, such as that
used, to reach float altitudes of 45 km, Since the
1imb scanning technigue used is unable to provide
- good height resolution in the retrieved profile above
the balloon height, it is only by ascending to greater
altitudes that the range of the measurement can be
extended. By reaching higher float altitudes, accurate

results could be achieved for the range 35 to 45 km
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over which they have yet to be made,

It has been shown in chapter 4 that the
PMR has a much better effective spectral resolution
than do conventional spectrometers, and so it should
be capable of more precise measurements of HC1 than
can be obtained by other remote sounding techniques.
This‘advantage is not clearly illustrated by the PMR
measurements reported here, but it is probable that
their quality could be improved considerably.
Implementation of the minor improvements detailed
below would enhance the data, and even better quality
would be expected if greater constancy in the incoming
radiation could be achieved through a more stable
solar tracking system. In these ways it is estimated
that the accuracy of the HC1l measurement might be
improved by an order of magnitude, producing an instrument
considerably superior to the conventional spectrometers
currently in use.

More generally, the number of HCl measurement s
is still sufficiently low for any other observation,
whatever the technique, to be a useful addition to the
availeble data, as there are marked differences between
the shapes of the profiles reported so far. Further
measurements around 30°N would be useful as they would
be most directly comparable with currently reported
observations. Although Lazrus' group have made a series
of measurements over 2 years ailowing seasonal
varisbility to be investigated, it would be useful if

such a programme could be undertaken using a remote
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sensing technique, in view of the present disnarity
between the results of remote and in situ techniques.
Interesting results would glso be obtained if two or
more instruments using different technicues could be
flown together on the same gondola to obtain a more
direct comparison of the results of different methods.
The latitudinal variations in HC1l amount
predicted by models have yet to be confirmed by
experiment, and so a series of measurerents over a
range of latitudes could usefully be undertsken.
Since the main objective of HC1l measurement is the
achievement of a better appreciation of the interaction
between chlorine species and ozone to improve our
ability té predict ozone depletion caused by chlorine
compounds, it is just as important that efforts be
made to monitor other chlorine species and to determine
their diurnal, latitudinal and seasonal varisastions.
Particularly important are the reactive species,
Cl and C10, for which measurements are at present
very limited and agreement between measurement and
model prediction is poor., It would also be useful
to detect and measure those species, such as ClONOg,
which may act as temporary sinks for free chlorine,
in order to understand their importance in the chlorine-
ozone cycle.
Besides undertaking measurement programmes
in the near future, it seems reasonable that plans

should be made for continued monitoring of stratospheric

chlorine species on g long term basis. Only by making



measurements at intervals of 5 years or longer can we
hope to identify long term trends and thus predict
the likely consequences of increasing chlorine levels,
In conjunction with such measurements it will also be
useful to study average ozone amounts in an effort to
observe any signs of a long term depletion of ozone
underlying the large, short term variations which are

present in the natural equilibrium.

8.3 Instrumental improvements

The electronics fault which caused a
non-linearity in the signal channel has been discussed
in chapter 6.3. No problems of signal interpretation
were created by the fault, but the signal-to-noise
ratio of the output signal vwas reduced by a factor =~ 2.
Rectification of this oroblem would therefore lead
directly to improved data. On analysing the flight
data, several minor faults were also found to have been
present in the data system. None of these seriously
affected the data analysis but their elimination would
lead to a more reliable instrument.

A further improvement could be achieved
by altering the system of ground commands to the

instrument to allow the sun view sequences to be changed
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during flight so that the nCl pik could receive a greatly

increased proportion of the sun view around sunset,
Also, as far as HCl measurements are concerned, views

away from the sun are of very little value and could be



reduced in number, since they give a zero signal

which need only be recorded occasionally. With these

two changeé the time allotted to PMR sun views could
be raised from 25% of the total to 75% or more,

thus increasing cénsiderably the amouﬁt of useful
data around the sunset period.

By choosing more carefully the substances

exposed to HC1l inside the PMC, the instrument could be

used for very much longer periods without refilling

and, more importantly, the decrease in contamination

would reduce a source of inaccuracy in the retrieval.
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However, this might involve a major alterastion requiring

a re-designed PMC.

8.4 Theoretical work

Several sources of error in the retrieved
mixing ratio profile are caused by lack of knowledge
of the precise behaviour of the PMC. More work is
required in order to quantify a number of variables.
Firstly, a model of the PMC pressure cycling is
needed in order to discover the waveform of the
pressure modulation‘for a PMC of given dimensions,
Such a model could algo be used to investigate the
nature of the associated temperature cycling of the
gas in the PMC head. Secondly, from the pressure

modulation the form of the modulation of energy

transmitted through the PNMC head could be investigatéd.
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¥rom such a study it would become apparent whether
a two pressure model of a PNMC (as used in the HCL
retrieval) is always sufficiently accurate, and if
so which two pressures should be used for a given
PMC.

The theoretical investigstion of the
effects of other minor constituents on HC1l PMR signals
could profitably be extended. lore conclusive results
would be expected from & rigorous line-by-line model
of the type described in chanter 4 which included the
effects of overlapping between spectral lines of
different species. In the case of the n5Cl PMR such
calculations would be aided by the results of a recent
analysis of the spectrum of methane around 2900 cm~1
(Toth et al., 1977). 1In general, all PMRs measuring
radiation emitted from or transmitted by the atmosphere
are affected to a gfeater or lesser degree by the
problems of overlapping between lines of different
species. It would therefore be useful if the general
line-by-line model could be sxtended to compute
transmissions through paths of gases containing more
than one absorber or the signals produced by a PMR

filled with one gas when viewing along a path

containing another.

The development of a fast computer routine
to evaluate the Voigt integral has been discussed in
appendix A. There is still scope for improving this
routine by replacing some of it with parts of the

routine due to Drayson (1976) in those regions where



174

the latter is more efficient. Also a faster but less
accurate routine reported by rierluissi et al. (1977)
could usefully be investigated, -

The technigue used for retrieving the
nCl mixing ratio v»rcfile from the PMR signals is
described in chapter 7.11. It is an iterative method
involving successive manual correction to the
postulated profile until it gives agreement with the
measured signals. It would be interesting to develop
a computer routine to automate the process completely
and to perform a statistical evaluation of the’errors
on the retrieved profile. ‘he smali amount of data
used in the HCl retrieval did not necessitate such a
routine, but for instruments from which the output of
data was much higher, processes involving manual

correction would not be practicable.

8.5 Laboratory measurements

in chapter 6.5 it is concluded that, although
the' laboratory transmission messurements performed with
the HC1 PMR were compatible with theoretical calculation,
the quality of the measurements would have to be
increased considerably before such parameters as the
spectral line déta could be tested accurately. This
would require a re-designed experimental system
including a brighter source or a properly focused

optical system. Also the stability of the system would
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need to be increased in several ways: an improved
structural design would be required to minimize all
sources of vibration, and thermal stability and
electrical shielding comparable with flight conditions
would also be needed., With such a system transmission
measurements could be performed to verify the varameters
used in the retrieval. Also, the problem of overlapping
lines of other constituents could be investigated by
viewing a source with an HC1l PMR_through a path

containing methane,

8.6 The Stratospheric and Mesospheric Sounder (SAMS)

This experiment is to be launched in 1978
on board the Nimbus G satellite. It will include
éeveral channels in which PMRs are used to monitor
a number of minor constituents in the stratosphere
and mesosphere. SAMS has many similarities to the
instrument used to measure HCl, but it also contains
some fundamental differences. It employs a limb
scanning technique from its satellite platform in
orbit about 1000 km above the earth's surface.
However, the instrument does not measure solar energy
transmitted through the atmosphere but senses the
thermal radiation emitted from the limb path. The
satellite is to follow a sun-synchronous orbit and
in this way will achieve global coverage. The

objectives, design, development and testing of SALS

are described in detail elsewhere (see, for example,
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Houghton et al., 1976; Pronosal for the Nimbus G
satellite, 1973; Ballard J.; Wale M.J.). The
Tfollowing discussion is confined solely to a brief
description of the various channels and an explanation
of the relevance of aspects of this thesis to some of
the scientific problems associated with SANMS,

A primary objective of SAMS is the measurement
of 5 minor constituents of the upper atmosphere -

Ho0, NO, NoO, CH4 and CO., The instrument employs 7
pressure modulators, one for each of the gases listed
above and the other two containing COo, The latter
~are used to provide the attitude and atmospheric
temperature information vital to the retrieval of the
minor constituent mixing ratio profiles. The incoming
radiation can pass along a number of optical paths
illustrated schematically in figure 8.1, and the signal
from each of the six detectors is processed to provide
a wideband and PMR output signal.

Since a PMC containing a specific gas causes
modulation of the incoming radiation which originates
mainly from that gas in the atmosphere, the PMR signal
associated with each detector is related principally
to the gas in the PMC which is operating in the
corresponding branch of the instrument., In ordeg to
retrieve mixing ratios from the PMR signals it is
necesSary to model the response of each channel. Although
thé spectral bands utilized by SAMS PMRs cover a wide

range of wavelengths and differ markedly in band strength,
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line width, line separation, etc., the PliRs' resvoonses
can all be simulated by computing monochromatic
transmissions and integrating over the wavelength
region of .the appropriate optical filter. It is
primarily for this reason that the general line-by-line
program described in chapter 4 has been developed. It
enables the transmission of radiation from an
atmospheric limb path by a SAMS PMC containing any of
the gases to be modelled. Calculations can aléo be
performed for comparison with laboratory transmission
measurements. It will not be possible to use a
line~by-line method as part of the routine retrieval
program; fast empirical models must be developed in
order to perform the retrieval from each radiance or

. set of radiances in the short time available.

However, the line~by-line model provides a method of
perforﬁing accurate spectral calculations and so can
be used to check the validity of the empirical models

or as a tdol in their development,

8.7 Other applications of a line-by-line model

The program, GENLIN, described in chapter 4
has already been used in a re-analysis of the data
obtained by a balloon=borne PMR measuring thermal
emission by stratospheric water vapour., The flight
took place in July 1974, and the instrument is described

in detail by Chaloner (1976). ‘The initial retrieval
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was made using a strong pressure-proadened line
approximation for both the PuMC and the atmosphere
and a single homogeneous path model to represent
each atmospheric limb view. The line-by-line
approach enables more accurate spectral calculstions
to be performed and also allows the atmosohcric path
to be represented by more than one homogeneous
section to obtain a closer approximation to the true
radiative transfer along a structured path. The
results of the reappraisal ere given in appendix H,
but for all details of the instrument and the initial
retrieval réference should be made to Chaloner (1976).
GENLIN is sufficiently general for it to be
applied to many different types of radiation
calculations., It can be used to model PMRs measuring
either emission or transmission of radiation by
structured atmospheric paths or homogéneous paths in
the laboratory. It also performs calculations for
simple filter radiometers with no PMC and in all cases
allows for the éffects of overlapping spectiral lines.
The program might usefully be extended in future to
perform accurate calculations of transmission for

overlapping bands of different gases and thus attain

a more general applicability.
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Appendix A. Evaluation of the Voigt integral.

It is shown in chapter 4 that an important expression
in the calculation of absorption coefficients is the Voigt

function,

s
\/(xw j) -§~ € dt (Ahl)

T‘3/z x-t)l + 32

o

The integral does not have an analytic form and must be
approximated by some other expression which is amenable to
numerical ;valuation.

A study of the calculations in which the Voigt function
is required has shown that it is necessary to develop a
computer routine to evaluate the Voigt function for all
values of x and all positive values of y. It should be
accurate to about 1 part in lO4 or better and must xun as
quickly as possible, since many thousand such evaluations
are needed in one calculation.

A routine called VOIGIF has been developed which meets
the accuracy criterion and, on average, runs as fast or
faster than the other available routines which have been
examined. The routine divides the positive quadrant of the
xy plane into three regions and employs a different
approximation in each. The regions used are shown in

figure A.l. Since the Voigt function is even in x, only

positive values of x need be considerxed.
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Regions used by VOIGTI in evaluation of

Voigt integral.
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A.l Region 1. Modified Lorentz approximation.

Barnett has derived an expansion of the Voigt integral
which converges to a good approximation using only the first
few terms of the expansion in the regions x » 1 or y > 1.

In the routine VOIGTF, the first three terms are used:

2x* 4 39X < Y
\/(x, 3) -2 ._.__.3_.__.. | + X+y* 2 b 2 xi4y T2 ( 1‘*3') . (AZ)
T (x+4) Xyt (x*+ ¢ )

Barnett's own routine uses only the first two terms, but it
has been found empirically that inclusion of the third term
enables an approximation differing from the Voigt integral

by less than 1 part in 104 for a considerably increased
region. Boundaries which meet this accuracy criterion were
found empirically to be x > 7.2 or (y + 0.3x) > 5.4. The area
of this region could be increased, but this would invqlve a
more lengthy calculation for the boundary conditions and soO

would not improve the speed of the routine.

A.2 Region 2. Modified Doppler approximation.

By examining the percentage difference between the pure

e ) and the Voigt

1
-
2

Doppler expression (i.e. V(x,y)= T
function over the xy plane, an empirical expression was found

which meets the accuracy criterion for the region x < 2.1,

y £ 10-2:

§
V(x.y) = T;fex’r(-x‘)j!-(:s"’luz)i An . (A3)

i
8
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The values of the coefficients, An, were calculated by
fitting a polynomial in %% to the difference between the
pure Doppler expression and the Voigt function calculated
accurate;y using Rybicki's routine (see section A.3).

A least squares fit was used to the values at the points,
x =0, 0.1, 0.2,¢e00., 2.0, 2.1 and y = 4.8823 x 1072,

The coefficients thus calculated are as follows:

n A

o +1.1289

1 -1.1623

2 -0.080812
3 -0.13854

4 . +0.033665

5 -0.0073972

A.3 Region 3. Re-arranged Rybicki routine.

Rybicki has shown (see Armstrong and Nicholls, 1973)
that an approximation to the Voigt integral which may be
used over the whole of the positive quadrant of the xy plane

is the summation,

- o8

Vixy) = : Zexp(m’k‘) (""'W"YJM(%)*&{"(")“R‘(“rll-, (A.4)

—T/i (x'”"\)z + 31

7"
N = $ob

where q = exp(inz/h),

z = x + iy,
and Re(q) and Im(q) are the real and imaginary parts

of q, respectively.
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h is an arbitrary constant which has the following effect.
The smaller the value of h, the more accurate is the
approximafion, but the greater is the number of terms 1in
the summation which is nceded to ensure that the summation
converges t0 the required accuracy. Consequently a
compromise value of h must be used in order to obtain the
accuracy required with the smallest number of terms.
Rybicki's own routine uses h = § and a summation from

n = flS ton = 15, and he claims an accuracy of 1 part

in 108 for any point in the positive quadrant. For the

region, y < 0.1, Rybicki's routine uses a re-arrangement

of equation A.4,

V(x,g) & J!—? exP(S‘-'x‘) cos(2x5)

* ZexP (- nth?) (o) Im(q) + y{i-C"Re@)) (A )

T (x-hky + 31

>

where ¢' = cos(nz/h).
It has been found that the computation time of this
routine can be cut by folding over the summation in

equations A.4 and A.5 to give fewer terxms:

Vixy) = A + - { Ha Smig) + Hy{! - Re ()}

7‘_3/1 Hlxl + HZ 32

N .
) oxpl-£) £ oIl Pom) 23 & H{1= (4 Re(g) (Wi« b + )]
PURT T 0 {(a-m (R am)}s ¢ HE? (W1 4 0 )

(A.6)

where H = 1/h,

A = 0 and g = exp(inzH) for y 3} 0.1,
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1
-z

and A= exp(y2 - x2) cos(2xy) and q = cos(rzi)

for y < 0.1.
The routine was found empirically to give an accuracy of
better than 1 part in lO4 (and usually better than 1 part
in 105) using the values H = 2.5 and N = 10. The Rybicki
routine re-arranged by this method runs ~ 2.5 times faster
than Rybicki's original routine. However, it is still
considerably slower than the modified Lorentz and modified
Dopplexr routines given in sections A.l1 and A.2, and so the
re-arranged Rybicki routine is only used in the region
shown, where the other approximations do not give the

required accuracy.

A.4 Other Voigt routines.

Much research has been done on approximations to the
Voigt function, and recently it has been directed towards
fast computation of the Voigt integr&l using computers.

Some of this work is discussed by Armstrong and Nicholls
(1973).

A recent routine due to Drayson (1976) has been studied
in terms of its speed relative to VOIGTIF. Drayson's routine
splits the positive quadrant of the xy plane into 4 regions.
A stﬁdy of the comparative run times on the PDP 11/70
computer at Oxford shows that in some regions Drayson's
routine is faster thanAthe equivalent section in VOIGTF
while in other regions it is slower. The relative efficiency
of the two routines will therefore depend on the paxticﬁlar

calculation involved and the frequency with which it uses
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the Voigt profile in different regions of the xy plane.
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Appendix B. Variation of line strength with temperature.

B.1l Derivation

Penner (1959) derives from first principles an equation
for the line strength of a transition between the

vibration-rotation states L and U:

wn
rc" .
|

8wy, P N |- b
— lRLul a‘exp —Er—k l-exp(———h:_r‘“) » (B)

where VLU is the wavenumber of the transition,
N is the number -of molecules per unit volume at
pressure, p, and temperature, T,
Q is the total partition function,
EL is the energy of the lower state relative to the
ground sfate,
RLU is the matrix element of the electric dipole
moment for the t;ansition,
and h, ¢ and k are fundamental constants symbolized
conventionally.
Allowing for differences in units, this equation agrees
with équivalent expressions derived by other authors (sce
Houghton.and Smith, 1966, and-Goody,.1964). The factor,
{l - exp(-hchU/kT)} arises because of stimulated emission
transitions from the upper to the lower state which have

the same effect as would a negative absorption.

From equation B.1l it follows that
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——

SM | Q1) ewlE/T) {1~ eplha/kT)] (8.2)
S(To\ Q(T) cxp('EL/kT.) {l - ex;a(*hcv/k‘m}

where Vv has replaced v__.. This general form can usually be

LU
approximated by an equation which assumes the vibrational

and rotational parts of the partition function, QV(T) and

Qr(T) respectively, to be independent:

i(l) - Qv('lZ\va exP('EL/ KT) {l- exp (—-hw/ kT)} . (3_3)
ST QUNQT) expl-EL/KL) {1 - exp (~hew /KT

The rotational partition function can easily be shown
to vary as (T/TO) for diatomic and linear molecules Zsee
Houghton and Smith, 1966); it varies as (T/TO)m for
non~-linear molecules. The vibrational partition function

is calculated from the expression,

QV(T) - > exp ("En/kT) ) (B.4)

where En is the energy above the ground state of'the nth
vibrational 1level, and the summation is performed over all
.vibrational levels. A further approximation — the assumption
‘that the vibration is like'fhat of a simple harmonic
éscillator — leads to vibrational levels equally spaced in

enexgy. This gives

Q (T = {l - exp(-Eo/kﬂ}d, (B.5)

where EO is the spacing between the levels.

From these expressions for the vibrational and
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rotational parts of the partition function we obtain the

approximation,

S(T o (vTo)m {l'eXP(-L‘CUo/kT)} o (-E, /i) ﬁ-egp(—kcv/kﬂ}

S (1;) T {l - éxp (’L‘Cl’-/k—m} eX]D(’EL/kTo) {I - exp (—hcu/k’ﬂ,}}
(B.6)
where EO-= hcvo.
B.2 Further approximations

For many absorption bands in the infra-red region, the
equations given above may be approximated further. The
possiblé simplifications may be illustrated by consideration

of two particular infra-red bands:

i) The fundamental vibration-rotation band of HCl at

3.5 micrometres

For this band, v ~ 2880 cm_l, and so at 300 K,
exp(-hcv/KkT) ~ 10-6. Therefore, at all temperatures of
interest, the stimulated emission factor varies

-insignificantly from 1 and can be omitted. Also, because
this band represents the lowest energy vibrational

transition, VvV = V It can now be seen from equation B.0

0°
that in this case the stimulated emission factor is of the
same form as the vibrational partition function, and so the
latter also shows negligible temperature dependence.
Equation B.6 therefore simplifies to

& T el sl .



190

In general, the stimulated cuission factor can bLe
omitted at wavclengths sufiiciently shoxrt for
{l - exp(~hcv/kTy} to change negligibly for all laboratory
and atnospheric temperatures of interest. The vibrational
partition function can be neglected when it varies
insignificantly with temperature — for those nolecules in
which the first vibrational level is of sufficiently high

energy.

ii) The bands of C02 around 15 micrometres

For these bands, V ~ v, & 670 cm™ %, and so at 300 X

the quantity, exp(-hcvo/kT), ~ 0.04. Therefore the variation

with temperature of the stimulated emission and vibrational
partition function factors cannot be neglected. Also,
considerable Work‘has been done on the energy levels of CO2
(see Gray and Selvidge, 1965). This work shows that errors
are introduced into the calculations of partition functions
if the molecule is treated as a rigid-rotator, harmonic
oscillator, oxr if vibration and rotation are assumed to be

12 16

independent. For the isotope, c 0 Gray and Selvidge

22
tabulate the total partition function against temperature
allowing for the interaction between vibration and rotation.
Using their tabulation a quadratic function was fitted to
the values of the function, Q(T)/T, for the temperature

range, 170 to 330 K. The following function was found to be

a very good fit to the data:

Q!_Fﬁ . 0.944(T - 0.73873x10° T + 0.24T7x 10" T*,  (8.3)

o . -5
QM) = 0T T - 073873107 TP+ 02WTIxICT T . (89)
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Consequently, a suitably accurate expression for the variation
of line strength with temperature for these bands is

equation B.2, where Q(T) is given by equation B.9.

’ B.3 Units

The equations derived in this appendix are appropriate
‘for calculations involving line strengths expressed in
cm-l(mol.cm-z)-l or cmml(g.cm"g)-1 — two forms in which
infra~red line strengths are often tabulated. However, for
the fornm, cm_l(atm.cm)~l, another factor of (TO/T) must be
included in the equations given above to allow for the fact

that, for a path at a given pressure, the number of molecules

per cm2 (ox g.cm-z) falls as the temperature rises.
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Appendix C. Useful formulae for limb path calculations.

C.l Constant mixing ratio

An element of absorbing atmospheric path of length, dx,
at pressure, p, with an absorber volume mixing ratio, écﬂ

contains an absorber amount given by

du

€ pdx . (c.1)

Consider a spherically symmetric atmosphere with a constant
mixing ratio of absorber. A limb path through such an
atmosphere is illustrated in figure C.l. It can be seen that

the total absorber amount in the path may be calculated by

integrating along it from x = =06 to x = +oé:
«od . o

U = Jdu = J . p)dx = 2e.[ p() dx . (c.2)
-0 0

Now, p(z) = pp exp{-(z-z;)/H},
where pT is the pressure at the tangent height,-zT,

and H is the scale height of the atmosphere.

2
Also, x” = (z - 2.)(2Ry + 2z + zp)s

using the intersecting chords theorem.

‘Since z and ZT'«‘RO’

X d,[ZROJ'z - 24

and x dx « RO dz.

Substituting these expressions into equation C.2, we obtain

od
@« 2 e, J r ©X { -(2'27)} m—o dz '
- R LA I B ==l (c3)

2+
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Figure C.1
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Calculation of absorber amount

in a limb path.
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U &« € Ppry2n KR, : (c. %)

It has been assumed that H is independent of height. Since H
is a function of temperature, this will not be true, but as
the vast majority of the absorber lies within a few
kilometres of the tangent height, the error introduced by

this approximation is small.

C.2 . Variable mixing ratio

Equation C.4 is a good approximation for mixing ratio
profiles which'are constant or slowly varying with height.
When considerable mixing ratio gradiénts are present, a
betterx apprdximation can be obtained by fitting a polynomial
to the mixing ratio profilé above the tangent height. If it

can be expressed in the form,

N

€ =.Z en (2-124)" (C.5)

Nn=xo

then the expression equivalent to equation C.3 is

od

B J7 "J 2-24)" wo 12(2-2 | 4y . C.b)
u = —Ji_:o& Z‘;o €n 7.2, eP{ H Z (

On integration, this expression gives

<
R

| lN
" (2n)!
Pr J2nHR, Z e"n}? 2(;2") . (C. 7)
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For example, if we approximate the profile by

€E = eo + él(z - ZT)’

where el is the gradient at the tangent height, t:.en

w = pr/ZwHR, (& * 4He) .

C.3 Other parameters for a limb path

In a similar way, approximate expressions can be derived

for two other useful quantities — the mass-weighted pressure

and temperature of a limb path.

Jpdn  Jpdx (c.q)

) dm f pa

Using equation C.3,

i) s
H ) JZ—ZT (C“O)

-l
R
(3

J PT exp{ H J’ jl"l‘r

which simplifies to

- ~ PT‘/ JZ (C.H)

1f the temperature profile above the tangent height is

approximated by

— N n
T = D o0 Tylz - z.)" )

then by analogy with the derivation 'in section C.2,
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. | T do pr [TnWR, 2 H'T, (2n)l/nt 2

Sdm pr V21 HR,

R

_-l: o Z (ln)! T H ] (C-IZ)

V\! 21-'\

n:o

If the original value of H was calculated using T = TO’
then a value of H more characteristic of the whole path can
now be calculated from T. Using the new value of I, u can be
recalculated. This iterative method can therefore be used to

find better approximations to all the limb path parameters.

C.4 Equivalent expressions for a vertical path

Similar calculations can be performed to find the
equivalent parameters for a vertical path above the height,
ZT’ at which the pressure is pT. The results only are

given below.

Limb path Vertical path
u, for constant mixin '
: N Y TTT c.pr H

ratio, éo

N

N
N h "
) . nzo

D (mass-weighted) PT//[T L& pr

P ighteq) " T (20 *

T (mass-weighte . n)! : Lot

for T = ZN T n nl 2* Z w! H T.\
n=0 n(z-z,r) neo neo
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Appendix D, Refraction of radiation by an atmosbheric
limb path.
D.1 Refraction in a ray tracing routine

In chapter 4.4 a method of'calculating the absorber
amounts in a limb path is discussed. A ray tracing technique
is used whereby a ray is followed through the atmosphere in
small steps and the absorber aﬁount in each step calculated.
The routines used to find absorber amount have been
developed with refraction as an intrinsic part; starting at
the tangent point, the ray is féllowed in such a way that
the refracted angle and the absorber amount are calculated
gt each step. The method is illustrated in figure D.l. The
atmosphere is treated as a series of thin, spherically
symmetric, homogeneous shells of thickness, Az, and state
characterized by the pressure, temperature and mixing ratio
at a point midway through the shell. Assuming that the

angle, ©., of the ray incident on the lower boundary of the

l’

shell is known, the angle, o can be calculated from the

X
refractive indices (found using the variables of state) of
this shell and the adjacent lower shell. The angle, 93, at
the upper boundary can then be calculated geometrically
using the radii of the shell boundaries as shown in the
diagram. The length of thevpath inside the shell, x, is
calculated similarly, and hence the absorber amount can be
found. The process is theg repeated for the shell above.

The effect of the homogeneous shells approximation.has been

tested by changing the thickness, &z. It has been found that
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the error in the refracted angle introduced through usiug
shells of 0.1 km thickness is negligible compared to other
errors, such as that caused by small uncertainties in the
temperature profile. O.1 km thick shells have therefore been

used in the ray tracing routines developed.

D.2 The refractive index of air

Snider (1975) gives an expression for the refractive

index of dry air at 1013.25 mb and 288.16 K:

I
+

M ¥ x 10 ’ (D")

- -1
where ¥ = bk.238 + zawm&me--ﬁ;)' + 155.4(1”-%) , (7-2)
\ being in micrometres. At stratospheric humidities, the
correction to this formula caused by water vapour is
negligible.
The calculations reported in section D.3 have been nade
for AN = 3.5 micrometres Ahd assuming that the atmosphere

behaves as an ideal gas. Using equations D.1 and D.2, this

- gives
: A
| P T
where T. = 273 K and p = 1 atmosphere = 1013.246 mb. The

0

results will be applicable to most infra-red wavelengths
since the value of ¥ in equation D.2 varies by less than

0.2% for all wavelengths greater than 2 micrometres.



D.3 The effects of refraction

Since the model described in section D.1l includes
refraction directly, no correcfion need be made to the
absorber amounts calculated. However, it is interesting to
look at the magnitudes of the errors produced when
refraction is neglected.

In ordexr to study the effects of'refraction on limb
scanning experiments, a series of calculations of absorxrbper
amount has been performed using a constant mixing ratio of
absorber and a pressure-temperature profile given Dby
McClatchey et al. (1970) for a mid-latitude summer.
Calculations have been made for a range of tangent heights
in the lower stratosphere to simulate limb paths viewed
from a satellite at a height of 1000 km and a balloon at
35 km. From calculations including refraction (with a
refractive index given by equation D.3) and excluding
refraction (i.e. m = 1), the changes in angles and absorber
amounts caused by neglecting refraction are obtained. These
are shown in figures D.2 and D.3. It can be seen that the
effects of refraction decrease roughly exponentionally with
tangent height and are approximately proportional to
tangent height pressure.

The changes shown in these figures are calculated for
constant tangent heighfs. However, for 1limb scahning
experiments the usual known variable associated.with each
‘measurement is not tangent height but angle. The following
relations can be used to transform changes at constant
tangent height into changes at conséant angle, so long as

the changes axe small:
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(p.5)

where =z tangent height,

S/

angle,

M= refractive index,

u absorber amount,

H

scale height.

The following results have been obtained for a typical
stratospheric worst case — a limb path tangential at the
tropopause (16 km and 110 mb) and a scale height of 6.4 kn.

Let us first consider emission experiments for which
the usual known angle, O, is the zenith angle of the rays
incident at the instrument (the angle of view). This angle
has been calculated directly. For 'solar occultation
experiments, however, the known angle, O, is the solar
zenith angle (obtained from the latitude and lgngitude of
the instrument and the time of day). The change in this
angle is the change in the sum of the angle of view and the
total refracted angle of the ray — considerably larger than
the angular change for the emission case.

The quantities obtained from the calculations
illustrated in figures D.2 and D.3 are (bQ/BH)Z, (59/32)“
and (l/u)()u/5u)z, where Ol has been used to refer to the
difference in refractive index prodﬁced by including
refractiog. Using these calculated values and equations D.4

and D.5, we obtain the changes in the required quantities
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at constant angle causcd by the inclusion of refraction

as shown below:

|
08 )
(*—) W\deﬂrees Gﬁq n (EE) | Bu
. l bu u é/‘* 8
for el deg k| K| Ghoe
or relevanl angle, from /A From ecbuotion P.5
equk
balloon |-0.0273|~0.12 {-0.25 [0-014 | 0011 + ‘-’6—% 0.050
emission
satellite ~0.0034|-0.015 | ~0-26|0-01S {0-0I15 + Qﬁ 0.055
balloon | =0-0279 +0.1702|+0.1423 |-0-12 |+ -2 |0-014 |O-Ol} - 7N
sohr 6%
occultation |
satellite |-0.0039+40.1716|10-167T}~0.015 | +1I.2 |0-015 |0-0I5- ié'_z_ ~ T4

The values given for a satellite instrument in solar
occultation are not strictly valid since they do not
represent small changes, but they serve to show the
doninating effect of refraction(on both the tangeﬁt neignt
and absorber amount for this case. In general, the above
table shows that the effects of refraction are more
important in solar occultation than'in emission. Also,
since the example given represents the worst stratospheric
case, the errxor in absorber amount caused by omitting
refraction is never greater than ~ 5% for emission and may

often be neglected.
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Appendix E. Synchronous denodulation of signals.

The waveform Qf the energy received by the detector
is shown in figure 6.1 and is produced by the following
processes. The waveform created by fast chopping of the
incident solar radiation is approximately square wave and

can be expressed as a Fourier series:

o
E, = hay, ¢ hxy 2 ansnweyt (E-1
h=i o

where the coefficients, a_ s depend on the exact shape of
the waveform., This energy is modulated at PMC frequency by
absorption of the gas in the cell to give the energy

incident on the detector:

ob
od
/ _ Xc . X .
El = ('{z x,, + {sz Z On Sin nw})(l *':/z ;:IS"‘“st M }':" b, 5‘""“"St) .

| (&.2)

msd

Only the fundamental component bf the slow chopping is
shown in figure 6.1, but harmonics are included here, as
they are present although with smaller amplitudes than the
fundamental component. Like a s the coefficients, bm’
depend on the exact shape of the waveform. The terms
Produced by emission from the optics and the PMC gas have
been omitted from equations E.l1 and E.Z2. This is shown to
be a valid approximation for the HCl PMR in chapter 6.1.
fhe preamplifier and the first stage of the signal
channel (a high-pass filter) produce a voltage at the input

»

to the high frequency phase-sensitive detector (PSD) which
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is proportional to the cnergy incident on the detector with

the constant and low frequency terms filterecd out:

ob
o |
. X . x ,
V3 = Xy 20.\ sinno ][ | +7 =2 sinagt + 2 ) b,sin moost).
n=i 1 x Tw
= m=2

(£-3)

The filters also apply some h.f. rejection, which serves
to alter the relative values of the coefficients, a - Here,
as in the remainder of this discussion, the gains of the
various stages of the electronics have been omitted, since
we are primarily interested in the nature of the wavefo?ms
transmitted by the electronics.

- The effect of the high frequency PSD is to multiply

the input voltage, V by a transfer function. Since the

3,
PSD switches from one state to another at the reference
frequency (in this case the wideband frequency), the

transfer function can be expressed as

04
T = < + Z cy Sin nat . (E.&)

nW=i

For a perfect PSD, the input is multiplied by +1 and -1
alternately, and so the transfer function is a square wave
of unit'amplitude. In this case,

for even n, ¢ = 0,

and for odd n, c, = 4/n'n.
HoWever, to maintain generality and to include the
possibility of an imperfect PSD, equation E.4 will be used

in its general form,

The output of the PSD is therefore given by
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<
¥
Il

V; T,

ob ob
) ] IS . IS . t
% xwz 7 Cnlp (t Y45 sinagt + = me §in Mo )

n=i . mel

+ (a.c. terms inw, and its harmonics). (2.5)
v

]

The wideband output voltage ramp (less integrator ofisct)

is proportional to the d.c. component of V as the

4’

integrator effectively filters out a.c. components:

od
Ve = I/‘fxwz CnOp . (E.6)

hel

V4 is also the input to the sideband stage (see
figure 5.7). The band-pass filter only transmits

frequencies ~w and so the input voltage to the low

S’
frequency PSD has the form,

ob
V, = % x5 (%4 snat) 3 cua, (£-7)

n=l

This PSD has a transfer function similar in form to that
of the high frequency PSD, though in general the exact

coefficients will vary:

: ob
. E.3
T; = do + 2: dmu Snlnﬂagt ( )
mx
The output of this PSD is therefore given by
V, = V. T,
. od
= '/8 g d’ Z CuQ, + G tgrms . (E.QX

nszi

The sideband output voltage rampP {(less integrator offset)
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1s then Proportional to the d.c. componcnt of V. :
- 7

of
\/8 = ,{6 x¢ d, }: Cn Oy, \ (E.lo)
h=zi

From equations £.6 and E.10, the ratio of the sideband

to wideband output voltage is obtained:

Vs g (£.11)
Vg b Xy

|

S
SNB

Thus the ratio of the output voltages is proportional to
the ratio of the amplitudes of the energy modulations due
to chopping by the PMC and the rotating chopper. For a

perfect sideband PSD with references correctly phased with

respect to the signal, dl'= 4/7 .
I &
on . L% (E.12)
Sug o Zw

This derivation has omitted the gains of the various
stages. If there is a gain, G, in the stages between the
sideband input (fast PSD output) and the low fredquency

PSD input, equation E.1l2 becomes

S . Lg X | (£-13)
Sws T Fw

The discussion has also assumed that there are no

cosine terms in 'I‘l and Tz. These arise if the references

are incorrectly phased with respect to the signal or if
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they are of imperfect shape. It can be shown, however, that

these lead only to a.c.terms which are effectively filtered

out by the integrators.
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Appendix F. A fault in the signal chan:-el.

F.l The nature of the fault

The signal channel of the HCl PMR contained a fault
which affected the data obtained by the instrument during
the balloon flight. The fault was in the high frequency
phase-sénsitive detector (P3D). The circuit diagram of this
PSD as designed is shown in figure F.l and its position in
the signal channel in figure 5.7.

When operating correctly, the wideband references
provide curreht alternately to switch on the left-hand and
then the right-hand transistor and thus cause the FETs to
be switched on in turn. Equivalent circuits representing
the two states of the PSD are shown in figures F.2 (a) and
(b). States (a) and (b) have gains of +1 and -1
respectively, and in this way every other half-cycle of the
input waveform is inverted. This has the same effect as
multiplying the input waveform by a unit square wave at
wideband frequency.

Two errors were made in the construction of the
.circuit. Firstly, resistor Rl waé;ZK and not 1OK as
designed. Consequently the asssciated transistor was never
switched on and so point C was never pulled negative to
turn off the FET. Also, bad soldering caused a short
between points C and D; The equivalent circuit for'the
‘non-inverting half-cycle is shown in figure F.2 (c).
Analysis of this circuit Shoﬁs that the gain is till +i
to a very good approximation, and»so the non-inverting

half-cycle is unaffected. However, the equivalent circuit



21

|]suuDy?
pubgapis 0}

Jojoibajul
pubgapim 0}

yndjno.

asd

L.

L]

)

*I010032p dAT3TISuULS-oseyd puUCqapIM T~
AEL-~
J Z8l 09 f%v_op
xow \Mu x 7z (D
L/ VAR |
M0l w.vm Mz 2 MOl
= E
39U813: ) 32U313}34
puDQapif puDgspim
AG
V792 49
4dee
I
! , Indu
3 AL e
HZTL / VR\Q asd
W1
awwn—  d
A9

AEL+s ™~

»J

-4

21nb Ty



212

16K

(a) v
16K
Vin ™1\
4 VOUt Gain = +1

(b) hY
16K
Vln g VWW - V .
.J__.;. out Gain = -1
16K
(c) ;
16K :
Vln g 4 ' vWT - V .
L7Kj ! ' + Qut Galn = ¢+
16K
() 16K
Vin = M v .
L7K ¢ + out Gain = f(Vm)
L7K
(e) +1
€ Transfer function
0 of faulty PSD
)c .L\/o V o
- L L H 4 HISL

Figure F.Z2 Illustrating faulty PSD.
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for the inverting half-cycle (figure F.2 (<) ) aas a
variable gain which is a function of thc effeciive
drain-source resistances of the FETs, which in turn azre
functions of the input voltiage. The transfer function of
the PSD is therefore typically of the shape given in
figure F.2 (e), although the exact shape varies with the
input signal waveform and amplitude. Exanination of tic
PSD input and output waveforms on an oscilloscope

confirmed this.

F.2 Effects of the fault

The linearity of the wideband PSD containing the fault
was measured in the laboratory. The amplitude of the PSD
input voltage. was varied by feeding the signal channel with
a constant signal and varying the gain resistor preceding
the PSD. A plot of wideband integrator output (less offset)
against amplifier gain resistor (which is proportional to
PSD input) is shown iﬁ figure F.3. This verifies that the
fault introduces a non-linearity in the relationship
between wideband energy and wideband output voltage. The
equivalent test was not performed for the sideband output
voltage, since problems of signal-to-noise ratio and
stability under laboratory conditions precluded adequately
accurate results.

The non-linearity of at least one channel appears at
first to threaten reliable interpretation of the data.
However, it is shown in chapters 6 ahd 7 that for this
instrument <tlie signals from the seperate channels are never

used independently — only the ratio of sideband to wideband
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i's used. Now, in appendix E a genceral expression is cerived
for the ratio of the output voltages oi- thie two ciaanncls
(equation E.11). This derivation assumcs nothing about the
transfer function of the wideband PSD except that it is a

Fourler series of the wideband frequency, @ _,. The transier

|3

function shown in figure F.2 (e) for the faulty PSD meets
this criterion and so the linearity of the ratio of signals
will.hold for this circuit.

The effect of the variable transfer function is on the
coefficients, C > in equation E.4. These will be variables
dependent‘on the input voltage, and so the absolute levels
of the wideband and sideband outputs given by equations E.6
and E.10 will not be proportional to their respective
g° However , since the

variable, c, » appears in the same form in both expressiodns,

incident energy amplitudes, X and x

the ratio between the signals is independent of c and
therefore linear.

These arguments will hold so long as the amplitude of
modulation at PMC frequency, xS,vis very much less than that

at chopper frequency, x .,. Under these conditions the

W

amplitude of the input waveform, which affects the gain of

the wideband PSD, is changed insignificantly when ks varies

for a constant value of xw.
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Appendix G, Correctina the neasurcd .2 sicn~ls for tio

effects of other atrospheric corctituonts.

The PMR signals measured by viewing the sun through
the atmosphere are attenuated nox only by [ICl but also by
Other atmospheric constituents. It is shown here that to a
first approximation the two effects can be considered
_ separately. The effects of other constituents can then be
applied as a correction to the measured data to give valucs
which can be compared with the results of a model which

assumes that other absorbers are absent from the atmosphere.

A line-by-line PMR program which assumes
non~-overlapping lines and neglects other constituents

performs the followihg calculation:
SBC = Zi S; fi ’ (G")

where Si is the sideband signal with no atmospheric
absorber, produced at the detectoxr by the PMC for the
ith line and weighted by optics transmission, solar
black body function, detector résponsivity, etc.,
fi is a transmission function which varies with the
absorber amount of HCl in the atmospheric path,

and the summation is performed over all the HCl lines in

the band.

Obviously, with no atmospheric HCI1, fi 1, and so

SBC' = (SBc)o = Zi S - (G"Z)
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The principal quantity calculated by the program is tie

PMR transmission:

S8 2 S (G 3)
(SBc\o Zi Si

:{l
]

The real sideband signal, however, corresponds to the

following quantity:

SB..

DI TE TR AT WA (G.%)

where TS and 1; represent the transmission of the
atmosphere caused by processes other than HCl absorption.
TS accounts for the processes which are independent of or
slowly varying with wavenumber and Ta for those which vary
rapidly with wavenumber, namely molecular absorption by

species othexr than HCl. With no atmosphexric attenuation,

SB .. (SB.,\)O = 2.5 . (G.5)

Consider now the measured wideband signal. It

corresponds to the quantity,

me Z... ;Bn (Ts)n (T“)n S)’v\ ’ (G"'é)

where pn is the total energy received from the sun over
the interval, Svh’ weighted by optics transmission,
detector responsivity, etc.,

(Ts)n and‘(Tg)n are the mean values over the
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interval, SVn, of the transmissions caused by tue
processes discussed above,

and the summation is performed for all the intervals,

v

ne over the whole transmitting range of the wideband

filter.

Wideband absorption due to HCl is neglible in comparison and

so has been omitted. With no atmospheric attenuation,

W8, W8 = . BaSue (&7)

From the data measured at sunset the quantity, (SB/WB),
is calculated and is expressed as a fraction of its full

scale value to give a measured PR transmission:

SBp /WBm  _ SBu/(SBa) (6.8)
(S8, /WB.,  WBa/(WB.

m

Substifuting into equation G.8 from equations G.4, G.5, G.6

and G.7, we obtain

S Sifi () (T . > . Badvn
> S > B (Tha (T o0

Al
3

(Gea)

Since Ts varies slowly with anenumber and the HC1l band is
roughly symmetrical, we may assume that it will affect

sideband and wideband proportionally. Thexefore,

R

%M Zi. S{ S’; (Ta)i o z“ /Bn 81’“

(6. 10)
Zi Si L. Ba (W) b2,
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D Sub (W y Zi Si (T
T > S () Zi S5¢
DI N (AN
Z“ Ba S

R

(G. 1)

Assuming that the values of (Ta)i are sufficiently randonly

distributed in magnitude amongst the values of S; for then

not to affect significantly the PMR transmissions caused by

atmospheric HCl, then

E:; Si&i(TQi Ezi 5i§i
> Su (T L Si

R

(G.12)

and so from equations G.1ll and G.1l2,

‘Tw\ ~ Z{Sij’i X -Tsa , (G.l?:)

Zi S :c—wa

where T;B = EiiszCnh and T;B - ziifigngr&%
v i w P OVn

and they represent the mean transmissions of the sideband

and wideband signals respectively caused by other

atmospheric constituents.

From G.3 and G.13,

i; ~ 71\ X ?ys (GJHJ
| Tsa

—

Thus the measured PMR transmnission, Tr, can be correctoad
D!

for the estimated effects of the other constituents through

he calculated quantiti ¥ . = /hich
the qu 1 195,_738 and TWB’ to give Tc’ whic
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represents tihe FMR transnission which would e founc i1n vac

absence of other absorbers. Th

4
I

is value can tihen De corparcce

with those calculated by the HCl PR line-by-line Drograiie.

Several approximations are contained in the argunents
presented above. However, if the correction to the neasurcd

data is small, then the error in the correction is only a
second order effect. Moreover, despite the approximations,

the corrected value will be an improvement on that

uncorrected for other constituents.
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Avopendix H A reanalysis of some 2PNR measurements

of stratosnheric water vaovour

H.1 Introduction

A balloon-borne PMR has been used to
investigate the mixing ratio profile of stratosvheric
water vapour through measurement of the thermal
emission from an atmospheric limb path. The instrument
detected radiation from the pure rotation band of
water vapour ( ~ 100 to 400 ecm~1).  The
measurements discussed here were obtained on a flight
from Gap in the French Alps (24° 35'n, 6° 5'E) on
9th July, 1974. The instrument was raised by a
hydrogen-filled balloon to a height of about 38 km
and remained at its float altitude for about 5 hours.

A complete account of the experiment is given by
Chaloner (1976). He describes in detail the instrument,
its laboratory testing and the procedures used to
retrieve the mixing ratio profile of stratospheric
water vapour from the data. This appendix is intended
only as a reappraisal of the retrieval and reference
should be made to Chaloner for all experimental details,
much of the relevant data and a full accbunt of the
original retrieval technique.

" The development of a general line-by-line
computer model to perform theoretical calculations of

the signals expected from a PMR is discussed in chapter 4.



At the expense of many hours of computer tine,

it has been possible using such a model to make
calculations of expected HZO PMR signals more accurately
than the model used by Chaloner allows. He performed

the initial retrieval using a strong pressure-broadened
line model to represent the speétral characteristics

of the atmospheric emission and its modulation by the

PMR, Although such a model is a good approximation

under the prevailing PMC and atmospheric conditions,

a line-by-line apprqach enables the calculations to

be performed more rigorously. In particular, wheresas

the original retrieval used a single homogeneous path
approximation in representing each atmospheric limb

path, a line-by-line model, by virtue of the fact

that it essentially performs a series of monochromatic
transmission calculations, allows the structured
atmospheric path to bé represented by several

homogeneous sections in sefies and thus is able to

compute more accurately the radiation emitted from

the path. Calculations based on a single path approximation,
in which the path is characterized by one mass-weighted
temperature, tend to lead to errors, since the
mass-weighted temperature is not necessarily representative
of the temperature at the part of the path from which

most of the emission incident dn the instrument originates,
particularly when the emissivity of the path is high,

Also the temperature dependences of line strength and

half-width can be treated more directly using a line-by=line

approach.
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H, 2 The data

The operational seguence of the instrument
was a scan taking about 5% minutes and involving:

a) 24 s of "space" view (with a direction of view
30° above the horizontal),

b) 16 s of internal black body view,

c) 32 steps of atmospheric views, 0.308° apart in
elevation and each 8 s long, covering the whole
range of possible 1limb paths'and some views at
angles Jjust above the horizontal.

Chaloner chose to analyse the period from scan 50

to scan 65 when the gains and offsets were relatively

stable., For this period he fitted smoothed curves to

the "space'" view signals and the internal black body
view signals for both the wideband and PHR channels.

The radiation from the black body reaching the

detector is proportional to the difference between

the "black body" and "space" signals. Therefore,
using the measured temperature of the black body and
the appropriate band model for each channel (see

Chaloner 1976, chapter 4) he was able to calculate

the gain of the instrument for each scan in

Wm_zsr-l (cm‘l)"1 per count. Thus each atmospheric

view signal was expressed as a radiance, and the mean

radiance measured in each mirror position for the period,

scan 50 to scan 65, was calculated (see Chaloner,

table 10.1).



Since the line-by-line approach uses za
different spectral model, Chaloner's conversion from
counts to radiance was inappropriate for the re-analysis
calculations. The signals were converted to be
independent of his spectral model by expressing
the radiance as a fraction of those from a black body
at 300 K (using the expressions which he derives in
chapter 4). In this way the data used in the reanalysis
represented more closely what was actually measured -
an atmospheric signal as a fraction of an internal
black body signal. The fractional signals so calculated
are plotted for the PMR and wideband channels in
figures H.l»and He2 respectively. They have been
plotted against the zenith angle of the viewing direction
‘using Chaloner's estimate of attitude - that mirror
position 15 corresponded to 14.7 steps (each of 0.308°)
below the horizontal. This represents only an initial
estimate of attitude; it is recalculated below.

The tangent heights given in the diagrams have been
calculated on the assumptions that Chaloner's estimate
of attitude was correct and that the balloon float
altitude was 38.4 km,

Figures H.1l and H.2 provide the basic data
for the reanalysis; they represent the measured signals
with which theoretical calculations for postulated
HoO mixing ratio profiles may be compared. The other

data used in the retrieval are summarized in table H.1l.
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Table H.1 Data used in the retrieval of the water vapour

mixing ratio profile.

PHC parameters : 1length = 6 cnm

0.01897 atm.

mean pressure = 14,42 torr
temperature = 305 K

compression ratio = 1.1

Spectral data : wavenumbers, strengths, nitrogen-broadened
Lorentz half-widths and lower state energies from the
tabulation of McClatchey et al. (1973)

self-broadening coefficient, B = 7.2
[definition : (aL)SELF = (1 + B) (ocL)N2 ]
temperature dependence of Lorentz

1
half-widths assumed to be o T 2

Atmospheric temperature-pressure profile : see Chaloner

(1976), fig. 10.9

Optics transmission profile : see Chaloner (1976),

figure 5.7
Instrument altitude : 38.4 km

Except where stated, the required information has been
obtained from C.P. Chaloner via his D. Phil. thesis (1976)

or through private communication.
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H,3 The retrieval

Uéing the data given in table H.l! and the
general line-by-line program, GENLIN, a series of
calculations of expected PMR and wideband signals
was made for a range of postulated HoO mixing ratio
profiles., All signals were computed as fractions of
the signal frpm a black body at 300 K. GENLIN allows
the limb path viewed from a balloon to be represented
by up to 7 homogeneous sections in series. The absorber
amount and absorber-weighted pressure and temperature
for each section are calculated using a ray tracing
routine and thus a better approximation to the emission
from the path is achieved than with a single homogeneous
path representation. The vertical extents of the sections
of the path were carefully chosen in order to minimize
the variation of atmospheric temperature and pressure
over the sections, particularly for those containing
most,of the absorber amount in the path,

Assuming Chaloner's estimate of attitude to
be correct, a stratospheric mixing ratio. profile was
postulated and the expected PMR signals calculated
as a function of view angle. By making comparison
between the calculated and measured signals, an improved
profile was estimated, and this iterative procedure
was followed until good agreement was obtained between
measurement and calculation. The resulting mixing ratio
4profile is shown in figure H.3 along with that obtained

by Chaloner using his less sophisticated retrieval
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Figure H.3 Retrieved HZO mixing ratio profiles.
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technique. No attempt was made to retrieve mixing
ratios below 20 km for two reasons. Firstly, large
uncertainties in the retrieved value become inevitable
as the emissivity of the path approaches unity.
Secondly, there is an anomaly in the measured PuR
signals - ‘a pronounced dip centred at 94.8° - which
cannot be interpreted in terms of any reasonable mixing
ratio profile. This feature has not been fully
investigated but may have been caused by transient
signals in the PMR channel associated with the large
change in widebaﬁd energy as the instrument's direction
of view stepped through the tropopause. This region
of PMR channel data was therefore regarded as unreliable,
and only those PMR signals for zenith angles less than
940 (using the original estimate of attitude) were used
in the retrieval. |

Since Chaloner's estimate of attitude wss
based on the analysis of wideband signals, it was
necessary to check it using GENLIN calculations of
expected wideband signal. This was done by assuming
a constant volume mixing ratio in the lower stratosphere
consistent with the profile retrieved from the PMR
channel (i.e. 2 x 10”6), a tropospheric mixing ratio
equivalent to a relative humidity of 70% and a
humidity tropopause coincident with the.temperature
tropopause at 14 km. The assumed profile is shown in
figure H.3. The widebénd signals expected from this‘
profile were calculated and smoothed to allow for the

effects of the real field of view using the method
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suggested by Chaloner (chapter 10.12). The smoothed
values give a curve which is plotted in figure H.Z2
and from which it is concluded that the original
estimate of attitude is in error. A calculation of
the mean displacement of the calculated curve from
the measured data gave an error in the original attitude
estimate of 0.225 degrees. However, several factors
lead to a large uncertainty in this value: the
stratospheric mixing ratio below 20 km and the height
of the humidity tropopause are not known precisely,
and the smoothing technique used is not exactly
appropriate for the real field of view. Consequently,
the total uncertainty in attitude is estimated to be
~ 0,1 degrees,

Using the new estimate of attitude, the
PMR channel calculations were repeated to find a
mixing ratio profile which gave calculated signals
consistent with the measured signals (those shown
in figure H.l shifted by 0.225 degrees). The
resulting mixing ratio profile is shown in figure H.3
and represents the best estimate of mixing ratio
above 20 km. The change in the lower stratospheric
mixing ratio produced by the attitude correction is
sufficiently small for it to have a negligihle

effect on the calculation of the attitude correction

itself.

H.4 Errors

The errors from all sources were analysed
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in a.manner similar to that used by Chaloner, and
they are summarized in table H.2. Many of them are
essentially the same as those computed by Chaloner
and comment is only made here on those sources of
error over which we disagree by a large amount.

The line-by-line model enabled the computations

of error to be made by changing the mixing ratios

by 20% and using the changes in the expected signals
so produced to calculate the mixing ratio uncertainties
from the following sources: errors in gain, radiative
zero, attitude, self-broadening coefficient,
atmospheric temperature and digitizer resolution and
non-linearity. The use of this method accounts for
the small discrepancies between these calculations

and those of Chaloner, who used more approximate
methods of error estimation.

The spectroscopic errors have been

re;estimated at ~ £ 15%. This is mainly due to

the uncertainty in the self-broadening coefficient,

B. Chaloner calculated an appropriate B for

the PMR channel to be 7.2 from laboratory transmission
measurements., Line-by-line calculations have been
pérformed to model the transmission measurements and
it is concluded that 7.2 is an appropriate value,
although there is an uncertainty of %1 caused by

the scatter on the measured iransmissions (see
Chaloner, figure 8.9). This uncertainty alone leads
to an error of 13% in mixing ratio, and so 15% from

all spectroscopic sources is considered reasonable.
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The total error in radiance caused by digitizer
resolution and digitizer non-linearity is
estimated to be ~ x= 1.,5% of the radiance from
a black body at 300 K, and mixing ratio errors
from this source have been calculated accordingly.
The combined error from all sources has
been calculated by taking the root of the sums of
the squares of the individual errors. The final

retrieved profile with its total errors is shown

in figure H.4.

H.5 Conclusions

Despite the disagreement-bver attitude
and the differences in retrieval technique, the
profile prqduced by this reassessment is very similar
to that obtained by Chaloner in the original retrieval.
However, in addition to the mixing ratios obtained
from the PMR channel data, Chaloner attempted to
retrieve mixing ratios in the lower stratosphere
from the wideband channel and thus reported two profiles
which were not consistent with one another,
This reanalysis has used a different approach, It
has demanded consistency between the two channels,
used the wideband data and a best estimate of the mixing
ratio around the tropopause to retrieve attitude and

t+hen derived the mixing ratio profile from the PMR

channel data only.
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