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Abstract

The feasibility of determining concentrations of pollutants and
minor constituents from satellite measurement of solar occultation absorption
in the infrared is examined. The molecules considered include water vapor,
N

0O,, OH, COz, CO, CH O, NO, NO,, N,O., HNO,, and also aerosols.

3 4 "2 2 275 3’
A survey of experimentally and theoretically determined concentrations and
of infrared spectral properties is made for each constituents. Atmospheric

applications and estimates of stratospheric absorption are included.
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Chapter 1. Introduction

The atmosphere of the earth is a complex medium in which many
physical and chemical processes are continually modifying its composition,
dynamics, temperature etc. Most of this occurs naturally in the atmosphere
but man's activities are also causing change both on a local and a global scale,
While there is still a tendency to study the different phenomena on an individual
basis, it is apparent that a true picture of the atmosphere can evolve only by
considering the interaction of all of the individual components.

The minor atmospheric constituents are of great importance.
For instance, ozone in the stratosphere prevents lethal solar radiation from
reaching the surface. Most of these minor constituents are involved in
chemical and photochemical reactions which ultimately effect the distribution
of all of them, but are also modified by atmospheric transport phenomena,
horizontal and vertical, large scale and eddies of all scales.

In the troposphere mixing is good and measurements are
comparitively easy to make. In the stratosphere the atmosphere is much more
stable so that eddy mixing processes are much less efficient. Much more
dissociating radiation can reach these levels so that the chemical processes
are different from those in the troposphere. Many of them are not completely
understood and measurements of their concentrations are poor or completely
missing.

Man is modifying his natural environment by polluting it with
gasses, dust and aerosols. Many do not reach stratospheric levels, but some
do diffuse upwards and others are deposited in the stratosphere by aireraft.
The fate of these pollutants is a matter of speculation and concern, particularly

as it may modify the climate of the earth.



Thus there is a need for the global measurements of the dis-
tribution of minor constituents in the stratosphere as an aid to understanding
the natural processes in the atmosphere, gauging the possible effect of pollutants
and the actual monitoring of pollutants. A satellite would provide an ideal
platform provided a suitable experiment could be devised. The purpose of
this study is to investigate the feasibility of one method, solar cccultation.

This report contains the results of the first six months of an
investigation into the feasibility of determining concentrations of minor con-
stituents in the stratosphere by satellite measurement of the attenuation of
solar radiation along a tangent path through the atmosphere. The aim of the
study is to answer such questions as:

What constituents may be measured by this technique ?

How accurately can the concentrations be measured?

What is the altitude range?

What vertical resolution can be attained?

How does the method compare with other techniques,

particularly satellite methods?

What inversion techniques can be employed?

Before these questions can be adequately answered we must
know what range of concentrations we can reasonably expect in the stratosphere.
A literature search of measurements and theoretical calculations of strato-
spheric distributions was made for many of the minor constituents. In addition,
for each of them a critical evaluation was made of our knowledge of the spectral
properties of each molecule. This study was confined to the infrared region
of the spectrum as oxygen and ozone may be expected to absorb most of the

radiation in the ultraviolet region. Finally, the findings on the distributions



and spectral properties have been combined to calculate the approximate
absorption at various tangent heights, using a procedure described in the
Appendix. Dust and aerosols are considered in a separate chapter.

It should be stressed that this document is not a final report on

a completed investigation. It represents an interim summary of progress.

It was prepared in the fall of 1972 so that any references that appeared or

became available to the authors later than September 1972 are not included.



Chapter 2. Molecules Containing Hydrogen and Oxygen (03, HZO’ OH)
2.1 Ozone
2.1.1 Distribution

Ozone, although a minor constituent, plays a significant role
in the meteorological processes of the earth's atmosphere as well as preventing
solar ultra violet radiation from reaching the earth's surface and terminating
biological processes. Were it not for the small amourit of ozone in the strato-
sphere, there would be no temperature inversion near 10 km elevation and
one can imagine that circulation systems, cloud coverage etc. would be much
different from what we find today. Thus it is important to monitor atmospheric
ozone in order to detect any changes - man induced or otherwise - in its
amount and distribution.

The primary reactions leading to the formation and destruction
of ozone in the stratosphere have been known for many years (see, e.g. Craig,
(1965)). Ozone is produced in a three body collision including atomic and
molecular oxygen, and is primarily destroyed by photo dissociation. These
processes produce a maximum ozone concentration at a height of about 25 km
(5 x 1012/cm3). At 50 km the concentration has decreased to approximately

5 x lOlo/cm3.

Recently, other constituents have been found to influence
atmospheric ozone, such as water vapor (Hunt, 1966) and nitrogen oxides
(Johnston, 1971) and wh—ile inclusion of these molecules may alter significantly
the total ozone amount, the general profile is essentially the same, i.e., a lower
stratospheric maximum, with much smaller amounts in both the troposphere

and mesosphere. In this section we briefly review the observations of atmo-

spheric ozone, with particular emphasis in the height range of approximately

10 to 50 km.



Total atmospheric ozone as a function of season is shown in
Fig.2. 1.1 and is taken from Dopplick (1970). This distribution was compiled
from monthly mean Umkehr measurements (Ozone Data for the World [Meteo-
rological Service of Canada 1960-1968 ] ) and represents 2-9 year averages
for longitudes of approximately 75W. Total ozone amount is a maximum at
high latitudes in late winter and early spring, reaching values of about 0. 45
and 0. 35 atm cm in the northern and southern hemispheres respectively. These
maxima are produced primarily by an increase in ozone in the low stratosphere
( Dutsch, 1970). The poleward ozone gradient is still present in the summer-
time, but not so much so as in the:winter. The lesser amounts in tropical
regions (0. 25-0. 28 atm cm) are due to the "thicker'' equatorial troposphere
and associated circulation system. Note that there is more ozone in the high
latitudes of the northern hemisphere than in the southern hemisphere. The
maximum is also reached somewhat later in the southern hemisphere with the
high values extending longer into summer (see e. g. Willett, 1968).

Significant longitudinal variations in total ozone have also been
detected from remote soundings of Nimbus 3 data (Prabhakara, Salmonson,
Conrath, Steranda, and Allison, 1971), During June and July of 1969, ozone
minima were detected over northeast India (0. 25 atm cm) and North Africa
(0. 27 atm cm) and are thought to be associated with upper air high pressure
systems causing a net divergence of ozone from the outward flow. Regions of
high ozone amount (~ 0.3 atm cm) are located over Southeast Asia and
Africa and are thought to be associated with the easterly jet stream.

In addition to the large seasonal variation in total ozone, harmonic
analysis of mean monthly ozone data (Shah, 1967) revealed a 26 month quasi-

biennial oscillation. This oscillation has been confirmed for both the Northern
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and Southern hemispheres, with Northern hemisphere data showing the oscilla-
tion extending from equatorial to polar latitudes. The oscillation follows a
meridional wave pattern with a maximum at the equator and a wavelength of
about 30 degrees latitude. There is no systematic progression in phase with
latitude, there being a simultaneous occurrence of wave crests at temperate
and polar latitudes. There have been observed no significant longitudinal
variations in amplitude, although there are differences in phase.

Typical vertical profiles of atmospheric ozone are shown in
Fig. 2.1.2 and are taken from the work of Mateer, Heath, and Krueger (1971).
These ozone profiles were developed from data from direct soundings at the
Canal Zone (Hering and Borden, 1965), Boulder, Colorado (Dutsch, .1966),
and Resolute, Canada (advance of publication). Large variations in ozone amount
are possible; at high latitudes values may reach 0. 650 atm cm while smaller
amounts are found in the lower latitudes with lowest values reaching 0. 180

atm cm. Note also that the peak in the distribution increases in elevation

with decreasing latitude. The double maximum in the mid latitude profile
with maximum ozone is probably due to an intrusion of ozone rich polar air
into the mid latitude troposphere (see following discussion).

A number of latitudinal vertical ozone distributions have been
constructed (Ramanathan and Kulkarni, 1960; Dopplick, 1970; Dutsch, 1970)
and Figs. 2.1.3 and 2. 1. 4 show the results of Dopplick and Dutsch respectively.
Note that their results (Fig. 2.1.3 a, c and 2.1. 4) are qualitatively quite similar.
Dopplick's globaLl seasonal northern hemisphere results were from data as
described earlier. Southern hemisphere profiles are reflected from corresponding
Northern hemisphere latitudes and adjusted to the correct Southern hemisphere
total ozone amounts. Dutsch implies his profiles are constructed from both
the Umkehr method and direct soundings, and are for the Northern hemisphere

only.
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In the very low stratosphere, (see Fig. 2.1.4a), concentrations

near the equator are less than near the poles, while in the mid stratosphere the

equatorial regions have the larger concentrations of ozone, (e. g., Randhawa,
1971 has found an order of magnitude more ozone in the upper stratosphere near
the equator than at the poles) with the maximum gradient occurring in the fall.
In mid latitudes, the most rapid increase in concentration occurs near the ozone
maximum, and is most prominent in February. The maximum increase in the
low stratosphere occurs 1 to 2 months later, while the tropospheric maximum
is not reached until summer (Dutsch, 1970).

The diurnal variation of ozone appears to be significant only in
the mid and upper mesosphere. Hilsenrath (1971) has measured ozone by a
chemiluminescent self pumping parachute sonde released from a rocket over
Wallops Island in March, and he finds above 60 km the predawn ozone concen-
tration is twice as large as is measured after sunrise. Similarly, Randhawa
(1971) employed a rocket-borne ozonesonde and found a diurnal variation at
50 km of nearly a factor of 3 at the Panama Canal Zone (9° 20'N) in November.

It is well known that at times the ozone profile is highly structured
(see, e.g., Breiland 1967; Danielson, 1968), and a well developed secondary
ozone maximum appears (see Fig. 2.1.5). This structure is thought to occur
when high latitude stratospheric air is transported southward and into the low
latitude troposphere. This ozone rich stratospheric air produces a lower
elevation secondary ozone maximum; one also finds as would be expected, a
secondary tropopause produced by the intrusion of the high latitude polar air.
The smaller scale structure can be explained in a similar manner. Indeed
Breiland has demonstrated that the gradient of ozone partial pressure is related
to the vertical gradient of potential temperature, i.e., an increase in thermal
stability leads to an increase in the vertical gradient of the partial pressure of

ozone.

11
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Strong seasonal transitions in wind and temperature in the upper
atmosphere do not seem to influence very much ozone concentration up to 50 km.
Hilsenrath (1971) measured ozone mixing ratios at Pt. Barrow, Alaska during
a winter to summer transition on January 30th and January 11th in 1969 for
which the temperature on the 30th at 60 km was 500K lower than on the 11th,
while the opposite was true at 40 km. The mixing ratios were essentially
the same on both days between 30 and 50 km. Above 50 km, the ozone concentre
tion increased by almost a factor of four.

The four representative ozone profiles to be used in this study
are shown in Fig. 2.1.6. ProfileI corresponds to a total ozone amount of
0.650 atm cm, and is representative of the maximum ozone amount one might
find ét high latitudes (from Mateer et.at., 1971). Profile II is from the same
authors, and represents a high latitude minimum (0. 170 atm cm), while
Profile III illustrates large ozone concentrations above the ozone maximum
(. 300 atm cm). Profile IV corresponds to a typical mid-latitude distribution.
Note that for any height, the extreme variations in the volumetric mixing ratios

are about an order of magnitude.

2.1.2 Spectral properties of the ozone molecule (ir region)
Ozone is a triatomic molecule belonging to the symmetry group

C The apex angle is 116°45', and the bond lengths are approximately 1. 26A
g g

2v’
in the ground state. The dipole moment has been determined from an analysis

of the microwave spectrum, and is 0. 150 debye. The fundamental vibrational

1

modes have been identified, and occur at 1103 cm (vl), 701 cm-1 (v and

2)’
1042 crn—l (v3) . Band strengths of the fundamentals as well as some of the
overtone and combination bands have been measured by McCaa and Shaw (1967),

and their results are reproduced in Table 2. 1.1

13



Band (cm—l) Strength (cm-2 atm-l)
1042(V3) 350.
1103(V1) 10. 4
2110 32.
701(v2) 18.
1728 1.35
1792 .54
2779 . 66
3042 3.0
3181 .33

Table 2.1.1: Band strengths for selected infrared bands of the
ozone molecule. From McCaa and Shaw (1967)

Note that the Vg band is at least an order of magnitude stronger than the other
bands which have been measured. The vy band strength as determined by
McCaa and Shaw is in reasonably good agreement with the earlier measurements
of Walshaw (1954, 1957) whose data, if extrapolated to zero mass path, yield

a value of 360 atm ' cm ™2, while his empirical formula gives 376 atm ™! cm™2
To the authors' knowledge, there are no other measurements for the weaker
bands which can be compared with those from McCaa and Shaw. Measurements
are made difficult because of the highly reactive nature of ozone, and because
large paths are required due to the small band strengths.

Theoretical studies of line strengths and positions of the infrared
bands of ozone have dealt almost solely with the 9 micron region, primarily
because of the importance of the va band to atmospheric radiation calculations.
Early theoretical studies included those of Kaplan, Migeotte, and Neven (1956),

who evaluated line strengths and positions for the spectral interval from 1052. 66

to 1057. 67 cm—l, and compared their results with high resolution measurements

14



of the solar spectrum; good agreement was found up to rotational level seven-
teen. The more recent evaluation of Clough and Kneizys (1965) extended over
the spectral region from 995 to 1070 cm_l, and included the Coriolis effect

as well as a second order distortion term. The¥ indicate that their theoretical
absorption contours are in satisfactory agreement with experimental absorption
spectra taken over the interval from 1000 to 1150 cm—l; the spectral resolution
was 0. 08 and 0. 06 cm_1 for the v, and v

3 1
studies may be all right for energy budget calculations, it is doubtful if they

bands respectively. While these

are adequate for such applications as remote sensing. Indeed, Drayson and
Young (1967) and Goldman et. al. (1970) have found large discrepancies between
absorption contours calculated from theoretical parameters and observational
results. Also, there has been little study of the half-width variation within
the band; estimates for the mean half-width have been made by Kaplan (1959)
and Walshaw (1955), who give values of 0. 089 and 0. 076 cm™ ! (STP)
respectively.

Recently, Aida (1971) presented a paper at the Symposium on
Radiation held in Sendai, Japan, in which he calculated band parameters for
the 9 micron region and found good agreement with experimental results. Much
of the improvement which he found was apparently due to his inclusion of some
of the weaker bands in this region. Any final conclusion concerning his results

should await publication.

2.1.3 Results
The tangent path ozone amounts (atm cm) for profiles I through
IV (see Fig. 2.1.6) are shown in Fig. 2.1.7. The method for computing these

‘profiles is given in Appendix A. Profile III representing the maximum ozone

15
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amounts found in the mid and upper stratosphere and profile II for the high
latitude minimum differ by approximately a factor of six for any given height;
these two profiles are used in the following discussion.

The absorption contours given by McCaa and Shaw (1967) for
the nine bands 701, 1042, 1103, 1728, 1792, 2110, 2779, 3042, and 3181 cm_l
have been used to estimate the absorption for profiles II and III in Fig. 2.1. 7 and
are summarized in Table 2.1.2. For each case, the maximum percent
absorption shown on the contour has been used. One should bear in mind
that these contours correspond to room temperature which differs significantly
from the tangent path temperature. This varies from about 220 K near the
tropopause to about 270 K at the stratopause. The temperature effect on the
absorption becomes quite significant especially for transitions which do not
involve the ground state. In addition, most of the stratospheric pressures
and mass paths do not correspond to pressures and mass paths used by McCaa
and Shaw; thus only a limited number of comparisons are possible. It is
hoped that in future work we shall be able to carry out line by line calculations
and produce high resolution absorption profiles which correspond to strato-
spheric pressures and mass paths as well as temperatures.

The vy and Vo bands show similar absorptions as one might
expect because of their similar strengths (see Table 2.1.1). At 16 km, e. g.,
both give a maximum absorption greater than 30-35% for Profile II. For
Profile III, the maximum absorption has not fallen to the above value until a
height of 24 km is reached. At this elevation, Profile II gives an absorption
of 15% for the vy band and somewhat larger for the Vo band.

Only for Profile III does one get significant absorption from the

1728 and 1792 cm~1 bands in the lower stratosphere. Profile II yields absorp-

17



tions of only 10 and 5% respectively for a height of 24 km. Also, even for the
largest tangent paths represented by Profile III, maximum absorption from the
2779 and 3181 cm"l bands is only 4 and 9% respectively at the 24 km height.
Maximum absorption for the 3042 cm_1 band is somewhat larger, being 18%

at 16 km and 10% at 24 km for Profile II; Profile III yields an absorption of
25% at 24 km.

18



Significant absorption is found for the 2110 cm_1 band well

above the 24 km height, where the maximum absorption is 40 and 75% for

Profiles II and III respectively; at 16 km, the absorption from II has increased

to about 70%.

As one would expect, the greatest absorption is from the strong

3

v, band. The band center is effectively saturated at heights of 24 and 16 km

for Proiiles III and II respectively. Thus this band would produce measurahle

absorption well into the mid-stratosphere.

is still 88% at the 24 km level.

Even for Profile II, the absorption

Band (cm ™) 1042(y) 1103GZ) 2110 7010/)1728 1792 2779 3042 3181
Height (km)

16 II 100 >30-35 70  >30-35 18

2411 88 15 40 >15 10 5 10

24111 100 30-35 75  30-35 4 25 9

Table 2.1.2: Maximum absorption (%) for Profiles
for selected ozone bands.

19
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2.2 Water Vapor
2.2.1 Distribution

The significance of atmospheric water vapor to biological and
atmospheric processes is well known. Water vapor is as important in sustaining
biological activity as is oxygen. In addition water vapor is the most signi-
ficant gas in maintaining the tropospheric temperature structure, not only
through its gaseous absorption and emission properties of planetary and solar
radiation but also in the liquid and solid state as clouds whereby much of the
planetary radiation is prevented from escaping the earth, and also in shielding
the earth from solar radiation. Water vapor is not as important in the strato-
sphere in maintaining the thermal structure although it has been determined
that reactions of water vapor with ozone reduce the ozone concentration which,
as indicated previously, shields the earth from harmful ultraviolet radiations.
In addition, high flying aircraft may induce cloud formation which could alter
the radiation balance of certain regions over the earth. Remote soundings
of stratospheric water vapor would provide the continuous coverage necessary
to monitor such possible effects.

Typically, water vapor concentrations are found to decrease
exponentially in the troposphere. The source of most of this vapor is the oceans.
The tropopause provides a barrier to vertical motions and most of the vapor is
"trapped' in the troposphere, with stratospheric concentrations thought to be
primarily controlled by the tropopause saturation vapor pressure. Total
atmospheric water vapor averages about 2 precipitable cm with maxima (4 cm)
and minima ({1 cm) over the equator and poles, respectively. Large longitu-
dinal variations are also evident (Fig. 2.2.1) e. g., the yearly average water

content over central South America is about three times larger than over

20



Fig. 2.2.1 Time average of the vertically integrated values of specific humidity
(precipitable water) in units of gm/cm?2 for yearly data. Isoline
spacing (full curves) 1 gm/cm 2, From Starr, Peixoto, and McKean,

(1969).
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Fig. 2.2.2 Comparisons of lower stratospheric profiles for atmospheric water
vapor.
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south central Africa. The vertical distribution of water vapor and its variation
with latitude, longitude, and season are now reasonably well known at least up
to the mid troposphere (see, e.g., Taljaard, Van Loon, Crutcher and Jenne,
1969; and Crutcher and Van Loon, 1970) and we shall here only discuss those

observations made in the stratosphere.

Early studies of stratospheric water vapor are somewhat suspect

because of the high degree of instrumental sophistication required to measure

such small amounts of water vapor. In addition, water vapor contamination

from the instrument itself is a source of some uncertainty. Studies prior to

1961 have been carefully reviewed by Gutnick (1962)who called attention to

""the widely divergent and apparently inexplicable stratospheric humidity data"

e. g., the results of Japanese investigators indicated a much higher concentration

(mixing ratio of 3 x 1074 gm/gm) than those of the British group (4 x 107° gm/gm).
Gutnick (1962) also gives a mean annual vertical profile to 31 km,

which as pointed out by Sissenwine, Grantham, and Salmala (1968) would give

noctilucent clouds over most of the earth and water vapor partial pressures

exceeding the total atmospheric pressure if his mean profile is extrapolated

upward. More recent observations indicate smaller stratospheric concentrations;

Houghton (1963) measured the absorption of solar radiation in the 6. 3um region

and found mixing ratios of 1. 5 x 1076 and 5 x 10'5 gm/gm in the low and mid
stratosphere respectively. Williamson and Houghton (1965) measured the down-
ward planetary radiation in the 6. 3um band, and found a similar value for the
lower stratosphere (3 x 1076 gm/gm).

Recently there have been a number of studies of stratospheric
water vapor over particular regions, the most extensive being that of Mastenbrook
(1968, 1971) over Washington, D. C. during the 6 year period from 1964-1969.

These measurements were made from descent balloon soundings with a frost

point hygrometer. The median of Mastenbrook's values is plotted in Fig. 2. 2. 2.
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The volumetric mixing ratio varies from 1 to 4 ppm between 40 and 80 mb,
with a mode of 2.5 ppm. At higher and lower elevations the mode is also
2. 5 but the distributions are skewed toward higher concentrations which is
thought due to water vapor contamination from the instrument at the higher
levels, and at lower levels the increase is probably due to the close proximity
to the tropopause.

Three soundings were also made at Thule, Greenland (MasteRrbrook,
1968) in July and August 1965 and stratospheric mixing ratios were not much
different from those found in lower latitudes, being about 1.5 to 3.5 x 10_6 gm/gm
(Fig. 2.2.2). Measurements at Trinidad during 1964-1965 also by Mastenbrook
(1968) gave the same results as for Washington, D. C. for the 50-60 mb range
but were larger at lower elevations than the Washington, D. C. results
(Fig. 2. 2. 2).

Also plotted in Fig. 2. 2. 2 is a mid latitude yearly average humidity
profile for Chico California (Sissenwine et. al. (1968)). This profile is the
result of seventeen observations made from a balloon carrying an alpha radiation
hygrometer. The dashed portion of the curve is the result of only one sounding.
As in the case of Mastenbrook's profiles, the humidity reaches a minimum near
the tropopause, but then shows a slight maximum near 25 mb with a gradual
decrease upward. Thus in the vicinity of 25 mb, Sissenwine et. al.'s profile
yields almost an order of magnitude more water vapor than does that of
Masterbrook. Sissenwine et. al. speculate that tropospheric water vapor may
pass into the stratosphere in mid latitudes when multiple tropopauses are
present, and also that ice crystals from convective clouds which penetrate

the stratosphere over continental mid latitude regions in summer could vaporize
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and produce a high water vapor content. It is however, interesting that

Mastenbrook does not find such large stratospheric values over any of the
three sites used for his measurements.

The only direct measurements of water vapor near the strato-
pause are those of Scholz, Ehhalt, Heidt, and Martell (1970) who used a
hydrogen cooled cryocondenser carried on a rocket. Measurements were made

at White Sands in September, 1968 in the height range of 44-62 km. The

volumetric mixing ratio was found to be within the range of 3 to 10 ppm.

An annual cycle in stratospheric water vapor has been detected
by Mastenbrook (1971)l as well as a linear increase over a 6 year period of
about 1 ppm. It can be seen from Fig. 2. 2.3. that the annual cycle is present
at least to 100 mb with the amplitude being greatest (50 ppm) at the 300 mb
level and decreasing with decreasing pressure. At the 100 mb level the ampli-
tude is only about 0.5 ppm and less than 0. 2 ppm above 80 mb. There is also
some indication of a phase shift; in the upper troposphere, the maximum water
vapor content occurs in summer, while at 80 mb the maximum is in winter.

The only latitudinal study of stratospheric water vapor is that
of McKinnon and Morewood (1970) who measured solar absorption in the vy
and v3 bands (2.59u). These spectra were obtained from jet aircraft from
April 1967 through: May 1968 over North and South America (70N to 40S) in
the height range of 10. 7 to 18. 3kim. At all latitudes, concentrations of water
vapor were found to reach a minimum about 2 km above the tropopause and

then remain nearly constant to 18.3 km. A large seasonal variation was

lSissenwine et. al. (1968) point out that their data appear to show an annual
cycle but harmonic analysis did not show these cycles to be statistically
significant.
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detected below the tropopause, the mixing ratios being four to eight times
larger in summer than in winter; stratospheric variations were only a few
percent. The latitudinal variation in mixing ratio above 17. 7 km obtained
during January-March is rather-small, representative values being

6 6

1.75 x 107° gm/gm at 65N, 1.45x 10 ° at 25N, 1.6x 10 ~ at 7N, and

1.25 x 1076

at 30S. It is interesting to note that the minimum concentration
does not occur over the equator, as one would expect if the equatorial tropo-
pause were the only controlling region for stratospheric water vapor.

Water vapor profiles which were chosen for the tangent path
calculations are shown in Fig. 2. 2. 4. The extreme distributions are represented

by Sissenwine et. al.'s (1968) results and those of Mastenbrook (1971). Note

that the variation is slightly less than an order of magnitude.

2.2.2 Infrared spectral properties

There have probably been more studies, both theoretical and
experimental, devoted to the spectral characteristics of water vapor than
any other nonlinear triatomic molecule. HZO belongs to the point group sz

and has three fundamental vibrational bands, v, and Vs, with band centers at

1

3657.05 and 3755. 92 cm_1 respectively, and the strong bending mode Vo

located at 1594. 78 cm_l. In addition, there is the strong pure rotational band

l). The most

centered about 125 crn—1 (band strength ~ 1440 cm_2 atm

abundant isotope (99. 73%) is H2016, which has a dipole moment of 1. 87 debye.
In addition to the fundamentals, there are important water vapor

bands throughout the visible and infrared spectrum, and because of the quite

different moments of inertia, the rotational structure of these bands is very

complex. The strengths of many of these bands are given in Table 2. 2. 1.
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Transition Band Center (cm™ 1) Strength (cm ™ 2atm™}

000—100(vl) 3757. 05 11.2
000—010(v2) 1594. 78 223.
000—001(v3) 3755. 92 167.
000-411 18394 . 0005
000-203 17495 . 003
000-401 16899 . 008
000-302 16898 . 0008
000-321 16822 . 005
000-113 15832 . 0005
000-311 15348 . 005
000-103 14319 .03
000-400 14221 . 003
000-301 13831 .08
000-202 13828 < .0005
000-221 13653 .2
000-013 12565 .003
000-112 12408 .2
000-211 12151 .002
000-210 12140 .003
000-131 11813 .05
000-003 11032 .05
000-102 10869 .01
000-201 10613 .3
000-300 10600 .02
000-121 10329 .05
000-220 10284 . 001
000-041 9834 .002
000-012 9000 . 008
000-121 8807 .21
000-210 8762 . 0003
000-130 8274 . 0002
000-031 8374 . 0008
000-002 7445 . 03
000-101 7250 40.0
000-200 7201 . 40
000-021 6871 .3
000-120 6775 . 005
000-011 5331 5.9
000-110 5235 .2
000-030 4667 . 008

Table 2. 2. 1: Band intensities for visible and infrared
water vapor bands (from Goody, 1964 ; inten-

sities given b¥7Goody are in cm)
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There is still much uncertainty regarding the strengths of many of these weaker
bands; indeed, even for the strong Vo band, Penner (1959) gives a value some
ten percent smaller than that reported by Goody. Note that the above listings
all involve transitions with the ground state and will thus not be strongly tem-
perature dependent. Upper state bands depend critically on temperature, and
are not included in the above listing.

There have been numerous low and medium resolution measure-
ments of water vapor, notable being those of Palmer (1960) for the rotational
band, and Burch, Gryvnak, Singleton, France and Williams (1962) for the
fundamentals as well as the 1 bands (000-011 and 000-110). Palmer examined
the spectral region from 200 to 500 cm_1 and expressed the transmission as
averages over 50 crn_1 intervals. Burch et. al. present graphs of total hand
absorptance vs. either mass path or pressure, as well as representative absorp-
tion curves. The more recent high resolution work includes that of Babrov
(1967) and Fridovich and Kinard (1972) (for earlier work, see Goody, 1964).
Babrov analyzed 12 lines in the vy and 30 lines in the Vg band by a curve of
growth method, while Fridovich and Kinard determined intensities of 7 lines
in the vy band, and compared their results with other investigators. They
found, for example, the line strength at 1429. 96 cm_1 to be 981 c¢m/gm, while
Prinz (1968) gives 725, and Krakow and Healy (1969) givelll6 cm/gm. These
results indicate that while HZO has been extensively investigated, there is
still need for improvement in the band parameters; Goldman and Kyle (1968)
reach the same conclusion from an investigation of the 2 7um band for averages

over intervals smaller than about 10 cmnl.

’

The most detailed compilation of band parameters (line positions,
strengths and half-widths) is that of Benedict (unpublished), Benedict and

Calfee (1967) and Gates, Calfee, Hansen, and Benedict (1964). Calculations
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for 6100 lines extend over the spectral range from 0. 74 to 4444 cm_l. The

bands included are the fundamentals, 2v 3v2 , VoV3, V{Vgy, aS well as the

9
hot bands 021-010, 100-010, 020-010, 001-010, 030-010, 011-010, and 110-010.
The isotopes H2017 and H2018 are included along with HDO. Results are ,
presented in a form such that strengths corresponding to different temperatures
can be computed. Half-widths are based on the earlier results of Benedict

and Kaplan (1964, 1959), who used Anderson's theory to calculate the widths

of many pure rotational transitions for both self broadened HZO’ and H,O

2
broadened by nitrogen and oxygen. They found large variations from line to
line in both absolute value as well as in the ratio of self to nitrogen broadening.
Also there is a good correlation between nitrogen and oxygen broadening. An
intensity weighted mean half width for oxygen broadening is 0. 04155 (STP) and

for nitrogen broadening 0. 08767 crn_l. To the author's knowiedge, there are

no comparable studies for the visible water vapor bands.

It should be obvious that we have not attempted to review all,
or even most of those papers which have made significant contributions to
the spectral properties of water vapor, but only those which relate directly

to the present work.

2.2.3 Preliminary results for the infrared water vapor bands

Tangent path water vapor amounts for the profiles of Fig. 2. 2. 4
are given in Fig. 2.2.5. The profile of Sissenwine et. al. (1968) gives the
largest tangent paths above the height of 20 km, being some 40 atm cm at 20 km
and decreasing to 0. 65 atm cm at the stratopause. The minimum distribution
shown is that of Mastenbrook (1970), and is about a factor of six less than that
of Sissenwine et. al. These two profiles, I and II, will be used in the following

analysis.
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An estimate of water vapor absorption at various heights for
Profiles I and II was made for the bands at 1595 (vz), 5332 (theﬂ bands),
and the vy band at 3755 cm_l. These bands were chosen since absorption
contours are readily available from Burch, Gryvnék, Singleton, France, and
Williams (1962). As was the case for the ozone profiles the maximum percent
absorption from each profile was used.  Unfortunately, their choice of pressurc
and mass path do not, in general, coincide with our tangent path pressures
and mass paths, so that only a very approximate maximum absorption esti-
mate is possible. As in the case of the ozone results, the water vapor con-
tours also apply to room temperature, while our tangent path stratospheric
temperatures are much lower.

For Profile I, corresponding to maximum water vapor, the 5332 cm
band gives appreciable absorption at least to 19 km, but certainly not to 38 km.
For example, at 19 km, the tangent path pressure is 36. 7 mb while the path is

41 atm cm. From Burch et. al 's absorption profile, for a pressure of 36 mb,

and a mass path of only 4. 12 atm cm, the maximum absorption is about 5%.

On the other hand, at 38 km, the tangent mass path is about 4 atm cm, but

the pressure is only 2. 7 mb, which would make the tangent path absorption

much less than 5% at this elevation. A comparison for the 14 km height (pressure
of 77 mb and mass path 56 atm-cm as opposed to Burch et al's contour for a
pressure and mass path of 66 mb and 58 atm-cm respectively) indicates that the
absorption is 27%, while at the tropopause, it is somewhat less than 55%. For

1 band will have a small absorption above about 20 km;

Profile1I, the 5332 cm"™
at this elevation the tangent pressure and mass path are about 36. 7 mb and 9.5
atm cm respectively, and as indicated above, for this same pressure but 4.12

atm cm, the maximum absorption is only 5%.
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The same reasoning can be applied to the 3700 cm_1 band as
was done above for the 5332 cm ™ band, except that the 3700 cm™! band is
stronger and will have appreciable absorption above 19 km, but certainly not
extending to 38 km. For Profile II, e. g., rather than an absorption of 5% for
a pressure of 36 mb and a mass path of 4. 12 atm cm, the maximum absorption
is 20%.

An analysis for the Vo band cannot be made above a height of
25 km, since here the tangent pressure is 18 mb, representing the smallest
pressures used by Burch et. al. along with a mass path of 2. 12 atm cm; these
parameters yield a maximum absorption of 12%; however the mass path |
associated with the 25 km level is about 33 atm cm for Profile I.and 4. 3 atm cm
for Profile II. Thus there will be significant absorption for both profiles at
least to 25 km. The absorption is certainly very small at the 42 km height,
since here the tangent path for Profile Iis 2.12 atm cm, the same as Burch
et. al., but the pressure is only 1. 6 mb; thus the maximum absorption would
be much less than 12%. At 17 km, for Profile I, the maximum absorption is
about 65% for a pressure of 50 mb and mass path of 45 atm cm (Burch et al's
contour is for a pressure and mass path of 50 mb and 44 atm cm respectively).
Profile II, at 19 km, yields an absorption of 35 % for a pressure of 45 mb
and 11 atm cm while Burch et al's contour has values of 45 mb and 10.1 atm

cm.
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2.3 Hydroxyl Radical
2.3.1 bistribution

The hydroxyl radical is significant in the stratosphere, primarily
because of its influence on concentrations of other minor constituents. Much
of the literature is concerned with carbon monoxide (primarily troposphere)
and ozone (stratosphere and mesosphere), for which the hydroxyl is an important
controlling mechanism, and relatively few papers are available which give
explicit estimates of hydroxyl concentrations. These are theoretical or model
studies; the authors are unaware of any observational results for the troposphere
and mid stratosphere.

Tropospheric models for which estimates of hydroxyl concen-
trations were calculated are those of Levy (1971); McConnell, McElroy and
Wofsy (1971) and Weinstock and Niki (1971). They find tropospheric concen-
trations of approximately 2 x 10 6/crn3 (see Fig. 2.3.1). Levy constructed
a steady state model for large radical and formaldehyde concentrations for
which the hydroxyl concentration can be estimated at 1. 2 x 106/cm3. Both
McConnell et. al., and Weinstock and Niki were primarily concerned with the
sources and removal mechanisms for carbon monoxide, the former showing
that an important source for carbon monoxide below 30 km is the reaction,

OH + CH4—)H20 + CH3 , while the latter demonstrated that the major removal
mechanism is CO + OH-—-’CO2 + H. Weinstock and Niki find that the average
concentration of hydroxyl in the troposphere required to maintain a carbon
monoxide balance is 2.3 x 106 molecules/cm3, with daylight values being
approximately twice as large. McConnell et. al. present a vertical profile,

with a hydroxyl concentration of 3 x 106/cm3 up to 5 km and then decreasing

to about about 9 x 105/cm3 at about 12 km. One should keep in mind that the
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hydroxyl concentration depends on the assumed ozone and water vapor con-
centrations. In constructing their height profile, McConnell et. al. used a

typical mid latitude ozone distribution, a stratospheric water vapor concentration
of 3 x 10_6 by volume, and tropospheric water vapor densities equal to half the
dew point values.

1

Numerous photochemical studies for an ''oxygen-hydrogen
atmosphere'' have been made (see, e.g., Hunt (1966)) and the significance of the
hydrogen-oxygen compounds in reducing the ozone amount to values smaller
than given by the pure oxygen atmosphere is well known. In such a study the
hydroxyl radical is an important constituent and its variation with height has
been estimated by Leovy (1969), who developed an analytic model for the
photochemistry to a height of 60 km (see Fig. 2.3.1). The earlier, more
detailed study of Hunt (1966) is also given. The shaded ragion refers to un-
certainty due to the different ways of treating the H202 reactions. The maximum
hydroxyl concentration occurs at a height of about 40 km with a value of
2-3 x 107/crn3. These results should only be viewed as very approximate since
it was pointed out (see discussion, Leovy, 1969) that the reaction,
CO + OH—-)CO2 + H, was not included in Leovy's treatment of the problem.
Results for hydroxyl for Hesstvedt's (1968) oxygen -hydrogen model are also
shown in Fig. 2.3.1. His results only extended to 45 km since he was primarily
concerned with the mesosphere and lower thermosphere. His concentration
is nearly two orders of magnitude larger during the daytime than at night. It
should also be indicated that the calculations presented in Fig. 2.3.1 do not
include vertical eddy transport, which is quite significant.

The theoretical studies shown in Fig. 2.3.1 are in reasonable

agreement near the stratopause with the experimental results of Anderson (1971)
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who made rocket-borne observations of an electronic transition in the hydroxyl
molecule, and computed number densities in the height range of 45 to 70 km.
The shaded area indicates the range of uncertainty. There appears to be no

other measurements for hydroxyl concentrations in the stratosphere.

2.3.2 Spectral Properties

The spectral properties of the hydroxyl radical have been
extensively studied primarily because of its importance to the airglow emission
especially in the spectral region of 6700 to 8900 A at heights near the mesopause
level (for a review, see Wallace, 1969 or Chamberlain 1961). The upper
vibrational levels are very important to studies of this emission, and consequently
much of the work has been devoted to the band constants of these excited vibra-
tional states. These states are probably not very significant to the present
study, since in the stratosphere the population densities of these levels should
be given by the Boltzmann distribution and the band intensities and therefore
the absorption should be small.

Band constants for the lower vibrational levels have been deter-
mined from laboratory measurements by Dieke and Crosswhite (1948) and
Herman and Hornbeck (1953). The former analyzed vibrational levels up to
v=4 from high resolution data for the Azz - Xz'n‘ bands, while the latter
studied the emission spectra from the 4-0, 5-1, and 6-2 bands, and give band
constants up to v=7. This work was further extended by Wallace (1960) who
obtained the parameters for vibrational levels 7, 8, and 9, and Bass and
Garvin (1962) for the levels 7 through 10; in this latter study, ground state
wavenumbers for rotational lines in 26 bands in the visible and near infrared

are given. Recemntly, Engleman (1972) has more accurately determined rotational
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wavenumbers of the A,ZE - in" (0-0) amd (1-0) bands. In the present study,
we shall use the compilation of rotational line positions and relative intensities
given by Chamberlain (1961). He includes the first 7 rotational levels for each
of the vibrational transitions through v=9. Relative intensities have been
calculated for a temperature of 225K.

Intensities of a few of the hydroxyl bands are given in Table 2. 3. 1.
The 0-1 vibrational transition is much larger than the overtones or upper level
transitions for a Boltzmann distribution of energy states. For comparison,

we have included the band strength of the electronic transition 2):, - 2“".

Transition (cm 1) Band strength (cm ™ %atm ™)
3568 (0-1) 100
6971 (0-2) 4
3400 (1-2) 3. x107°
2 2
32600°%L - “TT 29000.

Table 2. 3. 1:. Band strengths (cm” 2atm™1) for selected
transitions in the hydroxyl molecule.
From Penner (1959)

2.3.3 Preliminary results
Since the ground configuration of the hydroxyl radical gives a
2'"' state, the vibrational-rotational bands will have strong Q branches, and
for the 0-1 transition, Chamberlain (1961) estimates that 0. 268 of the total
band strength resides in this branch. If one assumes a band strength of
2

100 cm atm—l, and a spectral resolution § of 5 cm—l, then the absorption

for a mass path u can be estimated from the parameter Su/§ . From our
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approximate hydroxyl distribution (see Fig. 2.3.1) the tangent paths have

been calculated and are shown in Fig. 2.2.5. Note that because the volu-
metric mixing ratio of OH increases, there is not a large variation in the
stratospheric tangent path. If we assume a tangent path of 10_4 atm cm, then
the above parameter has a value of approximately 5 x 10_4. The fractional
absorption can then be estimated from the weak line approximation and is about
0.05%. In order to obtain an absorption of 10%, a resolution of 0. 03 cm-l
would be required. Thus it appears doubtful that one could measure hydroxyl
concentrations in the stratosphere utilizing the vibrational bands. Possibly

above the ozone layer the electronic bands could be used ; this will be investi-

gated in future studies.
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Chapter 3. Molecules Containing Carbon
3.1 Carbon Dioxide

Carbon dioxide is present in the earth's atmosphere in a
sufficiently large quantity and has many strong absorption bands in the infrared
and hence it is a very important contributor of atmospheric radiation. Since
1909 (Gold) when the importance of atmospheric CO2 radiation to the terres-
trial heat budget was noted, a vast amount of effort to understand this radiative
transfer process of CO2 (Drayson 1966, Plass, 1956) and to measure the CO2
content in the earth's atmosphere has been carried out by many researchers

(Gluckauf 1944, Callender 1958, Bolin and Bischof 1970, Bischof 1971).

3.1.1 Atmospheric Distribution

A systematic program to measure carbon dioxide concentrations
in the atmosphere was started during the International Geophysical Year (IGY)
1957-1958 and measurements were routinely made at many ground stations,
from aircraft and on ship cruises on the Pacific, Atlantic and Indian Oceans.
The United States program was mainly concentrated at Hawaii, Alaska and the
Antarctica. It has been noticed that the global atmospheric content of carbon
dioxide has been increasing since the dawn of the industrial revolution. The
reason for this increase being the consumption of fossil fuels by man. The
average atmospheric C02 concentration at present is considered to be about
320 ppm by volume (Table 3.1.1) and its estimated rate of increase is about
0. 7 ppm by volume é year (Robinson and Robbins, 1969). This is an overall
figure and the actual concentration of CO2 differs from place to place and time
to time. A seasonal variation of atmospheric C02 has been noticed (Pales and
Keeling 1965, Junge and Czeplak 1968). The amplitude of these seasonal

variations was found to decrease with altitude being approximately 6 ppm at
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about 2 km and decreasing to about 3 ppm at 10 km altitude. In the stratosphere
there is an abrupt change in that these variations are very small, about £ 1 ppm.
This is due to the considerably smaller vertical mixing in the stratosphere.
The maximum CO2 content in the northern hemisphere occurs in April-May
and the minimum during the months of September=-October. This is due to
the cycle of the growth of vegetation on the earth's surface. Close to the ground
a diurnal variation of CO5 with a maximum in the predawn hours can also be
noticed due to the diurnal variation of the respiration by plants.

In the stratosphere Bischof (1965, 1971) noticed that during
May, the time of tropospheric CO2 maximum the COZ content in the lower
stratosphere was 4 ppm lower than in the upper troposphere, while in October
the time of CO2 minimum in the troposphere, it was 3 ppm higher. The tropo-
pause thus acts as a damping layer for vertical exchange. Hays and Olivero
(1970) have considered the photochemical production and loss and diffusion of

CO, and calculated atmospheric CO2 profiles for model atmospheres. They

2
show that CO2 is well mixed throughout the lower stratosphere and troposphere,
while deviations from complete mixing are possible in the upper stratosphere
and mesosphere. Fig. 3.1.1 shows the average distribution of CO, in the
atmosphere.

Carbon dioxide is produced naturally by biological decay and in
respiration. Outgassing from volcanoes, and other geochemical emmisions
are other natural sources. Release of CO2 from the oceans also occurs. Man's
pollution by the combustion of fuels is another major source. Estimated
emission rates for natural and pollution sources is 1012 and 1. 4 x lOlOtons/year.
(Robinson and Robbins, 1970). C02 is removed from the atmosphere by absorp-

tion in biological processes and in photosynthesis and by absorption by the oceans.

There is a continuous exchange of CO2 between the oceans and the atmosphere
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on a global scale (ReVelle and Suess 1957, Takahasi T. 1961). Speculation
that pollution by man is possibly altering the delicate balance between atmo-
spheric CO2 and CO2 in the oceans has been carried out. Eriksson (1963)
discusses the effect of changes of surface temperature of the oceans on atmo-
spheric COz. Photodissociation of CO2 occurs in the thermosphere and meso-
sphere. The photochemistry of atmospheric CO2 has been treated by Bates

and Witherspoon (1952). CO2 is relatively inactive chemically and has a resi-
dence time of 2-4 years in the atmosphere. This conservative character makes

C02 suitable as a tracer for studying transport processes in the atmosphere.

3.1.2 Infrared Spectral Properties
Carbon dioxide has a complex infrared spectrum. The molecule

is triatomic and linear. There are various isotopic species in the atmosphere
16
9 -
form about 1.11% and 0. 41%

(Keeling 1960) but the main most abundant (approximately 98. 42%) is Cle

216 and C12016018,

respectively and the other isotopic species are present in much smaller

The isotopic species C13O

fractions of the total carbon dioxide.

The carbon dioxide infrared spectrum has been thoroughly
studied by many authors. The 0120216 and C130216 molecules are symmetric
(O-C-0) and the infrared spectrum consists of the v, (15um) and va (4. 3um)
fundamentals. The vy fundamental being a parallel band consists of only P

and R branch lines. In the 15um region, besides the v  fundamental, are many

2
overtone and combination bands, the total strength of all these together being
approximately one-eighth that of the Vo fundamental. In the 4. 3um region also

there are other overtone and combination bands besides the fundamental v3.

Besides these two regions 15um and 4. 3um where there are strong bands, there

are other regions of the spectrum where COg has other overtone and combination
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. 0001
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. 00029
. 00011
. 041
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. 0001
. 00161
.0132
. 00137
. 00145
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. 00002
. 00002
.14
.33
.33
.05

33
93
5
0

L7

5
7
154

. 0092
. 011

Reference

Burch et. al. 1965

Burch et. al. 1967

Burch et. al. June 1965

Schurin & Ellis 1968

Burch et. al. Aug. 1965

Burch et. al. 1964

Burch et. al. 1969

Schurin & Ellis 1970
McCubbin & Mooney
1968

Drayson 1972

Table 3. 1. 2: Band centers and intensities of COg (clzoéfi ) bands.
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bands. There are bands at 10um, 5um, 2 7um and also some weaker bands at
2um, 1.6um, 1.4um and 1. 2um regions of the eléctromagnetic spectrum.
Many authors have carried out theoretical calculations and experimental
measurements of the CO2 bands (Boese et.al. 1966; Burch et. al., 1962; 1970;
Calfee and Benedict, 1966; Drayson and Young, 1965, 1966, 1967; Drayson
et. al., 1968; France and Dickey, 1955; Gryvnak et. al., 1966; Oberly et.al., 1968;
Plyler et. al., 1962; Tubbs and Williams, 1972; Winters et. al., 1964; References
in Table 3. 1. 2).

Table 3.1. 2 gives a list of the important bands of carbon dioxide,
the band centers and intensities. The vibrational and rotational constants for

the CO, bands have been determined by many workers and are known fairly

2
accurately. Detailed calculations on the relative intensities of individual lines
for various bands of the CO, molecule .have been published by Gray (1967), Gray
and Young (1969), Young (1970) and Young et. al. (1970). The variation of line
half-width for important bands has been calculated by Yamamoto et. al. (1969),

using the Anderson theory.

3.1.3 Atmospheric Application

Transmittance calculations show that CO2 absorption can be
readily measured in all the strong band regions for all tangent heights in the
stratosphere and lower mesosphere. Calculations of CO2 absorptance at 655 cm—1

have been made for a model atmosphere, (Table 3. 1.3) assuming a concentration

distribution of CO2 of constant mixing ratio of 320 ppm by volume.
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Tangent
Height
(km)

5
10
15
20
25
30
35
40
45
50
55
60
65
70

75

Table 3.1.3: Average absorption at 655 cm~1 by atmospheric COq

Mixing
Ratio
(ppmv)

320
320
320
320
320
320
320
320
320
320
320
320
320
320

320

u
(atm cm)
11100.
5760.
2650.
1210.
553.

257.

121,

59.

30.

16.

8.

4,

2.

1.

0.

300K

5
)
3
1

46

p

(mb)

372.
183.
84.
38.

17.

. 56

3

. 16
. 08
. 04
.02

T

(°K)
239.
218.
217.
219,
225,
231.
242,
255.
264.
266.
258.
247,
231.
214.

198.

Average
Abs

. 84

. 05
. 03
.02

.01

The above calculations are approximate and calculate the average absorption

by C02 using the isolated line model. Only, Lorentz broadening of the spectral

line is incorporated. No variation of the strength or the half-width with tem-

perature has been included. For an accurate calculation of the atmospheric

transmittance, the variation of line strengths and line half-width with tem-

perature, and Doppler broadening of lines must be included.
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Measurement of CO2 absorption in the atmosphere is slightly
complicated by the fact that other constituents have absorption bands close to
those of COz. In the 15um region there is absorption by water vapor (especially
in the troposphere) and by ozone (especially in the stratosphere) and NzO
(17um), in the 4. 3um there is absorption by water vapor, NZO (4. 5um),

CO (4. 6um), and in the 2. 7um region there is absorption by water vapor and
methane. However using the ideal spectral channels for measurement, the
accurate determination of atmospheric CO2 absorption and thereby the COZ

distribution in the atmosphere appears feasible.

3.2 Carbon Monoxide
3.2.1 Atmospheric Distribution

Carbon monoxide is one of the minor constituents in the atmosphere.
Its atmospheric presence was first noticed spectroscopically by Migoette (1949)
and many subsequent measurements of its atmospheric content have been made
(Table 3. 2.1). Recent measurements by Seiler and Junge 1969, made on air-
plane flights show that CO is well mixed in the troposphere. The average
global concentration of CO in the atmosphere is roughly 0. 12 ppm and the
estimated total amount in the atmosphere is 7.4 x 104 gm. Considerable
variations of the atmospheric CO content from the average value of 0.12 ppm
have been noticed depending on the location of measurement. Measurements
in the atmosphere over oceans far from pollution sources showed CO concen-
trations as low as 0. 06 ppm while CO content in the atmosphere over highly
polluted areas was found to be as high as 0.3 ppm. Measurements in the
Southern hemisphere indicate lower concentrations of CO of 0. 06 ppm. In
the stratosphere Seiler and Warneck (1972) measure a rapid decrease in con-

centration.. They noticed sudden.changes .from tropospheric values of 0. 12 ppm
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to stratospheric values of 0. 03 ppm. There are not many measurements at
higher altitudes because of the difficulty in measurement. The molecular
weight of CO is nearly the same as N2 and this makes identification by mass
spectrometry extermely difficult.

The main sources of CO in the atmosphere are forest fires
(Robinson and Robbins, 1968), release by the oceans by the photochemical
oxidation of dissolved organic carbon (Wilson et.al. 1970), photochemical
reactions of terpenes and other organic matter, the oxidation of atmospheric
methane (Wofsy et.al., 1972), dissociation of atmospheric CO2 by lightning
(Swinnerton et. al., 1971) and of considerable importance man's contribution
by the combustion of fuels. This last source has been steadily increasing
since the industrial revolution, and the present estimated rate of pollution is
3.4x 10 gm. of CO a year. Jaffe (1968) and Grenda et. al, (1971) have given
a detailed listing of the various sources of atmospheric CO.

Recent measurements (Lamontagne et. al., 1971) of CO content
in surface waters of oceans show very high concentrations ( 15 to 75 times that
of the equilibrium value in the atmosphere) with a diurnal cycle showing a
maximum during daylight hours, This seems to indicate a very large produc-
tion of CO in the surface layers ofvthe oceans. Thus release of CO by the
oceans could be a very important source of atmospheric carbon monoxide.

The processes by which CO is being removed from the atmosphere
are still only slightly understood. It is accepted that there must be such
processes, since the atmospheric CO content has not increased considerably
in spite of the huge inputs of CO. Chemical reactions in the stratosphere
(Hesstvedt 1970, Pressman and Warneck 1970, Levy 1971) and at ground level

(Westberg 1971) and biological actions on the ground and in the sea are some
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of the sinks of atmospheric CO. Plant life absorbs CO from the atmosphere
and this is thought to be an important sink for CO (Douglas, 1967). A recent
review of the sources and sinks of atmospheric CO has been presented by
Bortner et.al. (1972).

Wofsy et. al. (1972) have calculated CO concentration profiles in
model atmospheres. In the stratosphere the dominant sink mechanism is the
reaction CO + OH—+CO, + H. Junge et.al. (1971) have calculated CO residence
times and vertical fluxes in the troposphere and at the tropopause. In the upper

stratosphere and the mesosphere the photodissociation of CO, is responsible

2
for the increase in mixing ratio of CO. Fig. 3. 1.1 shows the average distribu-
tion of atmospheric CO.

Carbon monoxide is toxic and at high concentrations is fatal to
human and animal life (Stern 1968). CO has been listed as a possible serious
health hazard by the National Air Pollution Control Administration and is one
of the gasses measured in the U. S. Public Health Service Continuous Air
Monitoring program as an air quality indicator in cities. CO has absorption
bands in the infrared region of the electromagnetic spectrum and hence it con-
tributes to a emall extent to the earth's long wave radiative transfer and heat
budget. Also the overall CO balance is interrelated to the 002 balance and the
photochemistry of the two are interdependent (Kummler et. al., 1969). Hence

a detailed knowledge of the radiative properties and the distribution in the atmo-

sphere of CO are important.

3.2.2 Infrared Spectral Properties
The infrared spectrum of CO has been extensively studied
bécause of its great simplicity. CO is a diatomic molecule and there are

many isotopic species in the atmosphere, but approximately 98. 7% of total

. 12 .16
COis C"7O"". The fundamental 0-1 band of CO is at 4. 6um and the first and
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second overtone bands 0-2 at 2. Tum and 0-3 at 1. 57um . Theoretical cal-

culations of line strengths and line half-widths have been carried out by

Kunde (1967). Experimental studies in the 0-1 bands (Benedict et. al. 1962)

0-2 bands (Kostkowski and Bass 1961, Korb et. al. 1968, Hunt et. al. 1968)

and 0-3 bands (Plyler and Thibault 1963, Burch and Gryvnak 1967, Bouanich

and Haeusler 1972) have been reported. For remote sensing applications

these CO bands have some disadvantage in that there is overlapping by absorption
O, O

lines of other constituents. There is overlapping by COZ' N 3 and HZO

2
absorption bands in the 4. 6um band of CO and the 2. 3um band is strongly over-
lapped by water vapor and methane absorption bands. Table 3. 2. 2 lists the

strengths of the important bands of CO. Fig.- 3. 2.1 gives the variation of half

width with rotational quantum number for CO bands.

Region Cente{' Transition Intensi‘iy at 300°K
um cm- in cm-1(atm cm)STP
1.57 6350. 5 3-0 0.0130
2.7 4260.0 2-0 2.06
4. 6 2143. 2 1-0 261.0

Table 3. 2. 2: Band centers and intensities of CO (C12016) bands
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3.2.3 Atmospheric Application
Calculations of average absorptance at 2173 cm_1 have been

made for a model atmosphere (Appendix) assuming a concentration distri-

~ bution for CO (Fig. 3.1.1). Mixing ratio 0.1 ppm from 0-12 km, 12-25 km

varying linearly, 25-40 km constant 0. 02 ppm, 40-79 km varying linearly
79 km 1 ppm. The calculations are similar to those described for COg in

section 3.1. 3.

Tangent Mixing - — - Average

Height Ratio u P T Abs

(km) (ppmv) (atm cm)300K (mb) (OK)
5 0.1 3.3 387 240 0.52

10 0.1 1.6 197 218 0. 26
15 0, 08 0. 54 92 218 0,1
20 0. 05 0.15 40 221 0. 036
25 0.02 0. 045 14 233 0.012
30 0.02 0. 028 5.2 243 0. 006
35 0. 02 0.021 2. 253 0. 003
40 0.02 0. 022 1.2 258
45 0.14 0. 023 0. 84 262
50 0.27 0. 018 0. 49 263

Table 3. 2. 2: Average absorption at 2173 cm™ ! by atmospheric CO

There is measurable absorption in the stratosphere, and by the suitable
choice of spectral channels the measurement of atmospheric CO from a

satellite appears feasible.
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3.3 . Methane
3.3.1 Atmospheric Distribution

Methane is present in the earth's atmosphere in a considerable
amount, being the eighth most abundant gas in the earth's atmosphere. The main

sources of atmospheric methane are the decomposition of organic matter

(Koyama 1963, Ehhalt 1967) and the emissions from coal and natural gas fields
and petroleum industries. No known sources of methane exist in the atmosphere.
The total estimated glaobal emission rate is approximately 8 x 1014 gm/year.

The major sink for atmospheric methane is thought to be the oxidation to H,O

and CO2 in the stratosphere. Migoette (1948) made the first measurements

of atmospheric CH4 content and later measurements followed (Table 3. 3. 1).

Most of the measurements have been the determination of total amount of

methane in the atmosphere or the determination of methane content of ground
level air. Measurements of methane content higher in the atmosphere are very
very few, and of doubtful accuracy. The measurements indicate that methane

is well mixed up to the tropopause with a mixing ratio varying from 0.6 to 1. 6 ppm
by volume and that the mixing ratio decreases above the tropopause to about 65%
of its tropospheric average value at 25 km and to 20% of its tropospheric average
value at the stratopause (Ehhalt et.al., 1972). Crutzen (1971) has calculated
theoretical distributions of atmospheric methane showing a rapid decrease of
methane above 25 km to nearly zero value at 50 km. The variation 0.6 to 1.6

ppm of the mixing ratio of methane could be latitude, seasonal or proximity to

a source or sink variation. ‘However the widely differing techniques, and the
inherent difficulty of measurements could be the reason for the uncertainty. Cal-
culations of methane content are also rough.because of the limited knowledge of the

sources and sinks of methane. More detailed measurements are required for the
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determination of atmospheric methane distribution. Fig. 3.1.1 shows the

approximate distribution of methane in the atmosphere.

3.3.2 Infrared Spectral Properties

Methane has a very complex infrared spectrum characteristic
of a tetrahedral molecule. Many theoretical and experimental studies have
appeared in the literature (Plyler et.al. 1960, Barnes et.al. 1972, Kyle 1968,
Margolis and Fox 1968, Hecht 1960, Henry et.al. 1970, Varanasi and Tejwani
1972, McMahon et.al. 1972). More laboratory measurements in the area of
determination of line strengths and half-widths of methane bands for atmo-
spheric application are useful. The Vg (3. 3pum) and V4 (7. Tum) fundamentals
are active in the infrared. Besides these two bands there are many overtone
and combination bands at 1. lum, 1. 7Tum, 2.3um, 3.3um, 3.6um, 3.9%um, 7. Tlum
and other regions of the spectrum. Table 3. 3. 2 gives a few important bands and

the band strengths.

Region Band Center Intensity at 300°K in cm™ " (atm cm )é}rp
um ‘cm

1.67 6005 1.6

3 31 3019 370. 0

3.85 2600 307.0

7 66 1306 204. 0

Table 3. 3. 2: Band centers and intensities of CH4 bands
Adapted from Goody (1964)
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3.3.3 Atmospheric Application

The absorbpion by atmospheric methane is estimated from
Burch et al (1962) and is shown in Table 3.3.3. Optical masses were cal-
culated by the method described in the appendix. The methane distribution
assumed (Fig. 3. 1. 1.) is mixing ratio 1. 2 ppm from 0-14 km varying

linearly to 0.8 ppm at 24 km and decreasing to 0. 25 ppm at 50 km.

Tangent Mixing 3 5 T ‘
Height Ratio o Absorption

(km) (ppmv) (atm cm)300K (mb) ( K)

5 1.2 40. 3 382 240 LT

10 1.2 20. 191 218 . 45

15 1. 04 7.8 87.6 217 .37

20 0. 88 3. 40 219 .30

25 0.74 1.2 18.5 224 .22

30 0.64 0. 46 8.8 230 .12

35 0. 54 0.18 4.3 241 .08

40 0. 45 0. 07 2.2 254 . 03

45 0.35 0. 025 1.2 266 .01

50 0. 25 0. 009 0. 65 270 .0

Table 3. 3.3: Average absorption at 3020 em™? by atmospheric CH,

The accurate measurement of absorption by atmospheric methane from a

satellite appears feasible.
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Chapter 4. Molecules Containing Nitrogen
4.1 Nitrous oxide (N20)
4.1.1 Atmospheric Distribution

‘The first positive identification of nitrous oxide in the atmosphere
was reported by Adel (1938) who recognized its absorption bands in the solar
spectrum near 7.8um. Since that time atmospheric absorption spectra of
N20 have been detected in other spectral regions and measurements of distri-
bution have.been made using spectral techniques and also a variety of other
methods. The measurements prior to 1966 have been summarized by Bates
and Hays (1967) and more recently a comprehensive discussion by Schiitz et. al.
(1970) has appeared.

As is the case with many minor constituents, few measurements
of concentration in the stratosphere have been made for NZO' These measure-
ments, inherently less reliable than those made near the surface, must be
supplemented by estimates based on theoretical consideration involving photo-
chemistry and transport phenonoma. Thus it is important to examine closely
the distribution in the troposphere since the stratospheric NZO is transported
from below.

Measured concentrations are in the range 0. 12 (Seely and
Houghton, 1961) to 1. 25 (Shaw et. al., 1948) parts per million by volume. This
order of magnitude variation appears not to be a real effect but is probably
due to errors and uncertainties in the measurement techniques. There are
variations both with time and geographical location but they appear to be much
smaller than the extreme figures would indicate. Fig. 4.1.1 (from Schiitz et. al.
1970) shows typical variations in the troposphere. These authors measurements

at Mainz show an increase for the time period from late 1966 to mid 1968
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which is also suggested by the data of Goody (1969) taken at Boston, Mass.

(Fig. 4.1.2). Goody's concentrations are consistently higher by at least

0. 05 ppmv (20%). It is not clear how much of this difference is in measurement
techniques which might lead to a systematic error.

The data also indicate that seasonal effects are not marked and
that industrial pollution does not contribute significantly to the NZO concentra-
tion. Measurements in the tropics show similar results to those made in
temperate zones (Lahue et. al., 1970).

The source of atmospheric N_O is nitrate reduction due to

2
bacterial activities and apparently is operative in the ocean as well as in soils
(Junge and Hahn, 1971). An atmospheric residence time of 10 years or less

is indicated. The majorknown atmospheric sink of NZO is by photodissociation
which gives a residence time of about 70 years. Clearly there must be some
additional mechanism to destroy NZO' Junge and Hahn suggest that arid regions,
e. g., the Sahara Desert region, may be sinks since air from these regions

has a lower NZO content. No mechanism to accomplish this reduction has yet
been advance‘d.

The sink of NZO in the stratosphere has been examined by

Bates and Hays (1967). The main mechanism is the photodissociation of N20.

N,O+hv —> N, +O \<33708
At shorter wavelengths the production of NO and N is also possible
N,O + hv —» NO + N x<25008

More recent data seems to exclude this as an important process.

In the troposphere the photodissociation is small and the atmospheric mixing
is good, so that the concentration stays relatively uniform. In the stratosphere
photodissociation becomes more important and at the same time the vertical

mixing becomes much less in this stable environment. Thus the vertical
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profile of NZO depends critically on the mixing in the lower stratosphere, a
quantity which is not accurately determined. Following the usual procedures
Bates and Hays characterize the vertical mixing by a vertical exchange

coefficient K, and calculate for a range of values (102 to 10° cm? sec_l).

% em?sec™! are shown in Fig. 4.1.1 as the dashed

The results for 103 and 10
lines. As can be seen the balloon soundings of Schutz et. al. fall between these
curves which correspond roughly to the best estimates of vertical eddy mixing.
The values are shown in Table 4. 1. la.
Information on stratospheric NZO has also been obtained by
Goldman et. al. (1970) from solar absorption measurements in the 4. 5um .
spectral region (Table 4. 1. 1b). The measurements within the troposphere
show much lower mixing ratios than reported by Schutz et. al. and by most
of the more recent measurements. There is an indication of a reduction in
the mixing ratio at the highest level but it may not be significant in view of the
errors in making the measurement and the interpretation of the spectra.
Stratospheric NzO concentrations have not yet been determined
with sufficient accuracy or frequency to give a comprehensive picture of its
stratospheric distribution. The scant measurements that do exist support
the general conclusions of the theoretical study by Bates and Hays. Their
calculations are of a simple nature involving photodissociation and vertical eddy
diffusion, but leave out other influential factors. In particular the role of
meridional and vertical transport is completely neglected. The importance
of the atmospheric circulation in determining the ozone concentration in the
stratosphere is well known, even if the details are as yet imperfectly under-

stood. We should,.for example, expect smaller concentrations of N,O at

2
high latitudes in the winter because of the subsidence of air depleted of N20

74



at higher levels. If the stratospheric distributions could be measured com-
prehensively, then NzO could be used as a tracer to determine atmospheric

transport. Global satellite measurements would be particularly suitable.

Date Altitude NZO Mixing Ratio
(km) ppm volume
June 1967 17.3 0. 229%*
July 1968 18.0 0. 204
October 1968 23.0 0.103

* possible contamination

Table 4. 4. la: Stratospheric mixing ratios (Schutz et. al. (1970)

Date Altitude N,O Mixing Ratio
(km) ppm volume
5.03 0.14
March 1968 8.08 0.17
9.84 0.15
10. 3 0.15
13.3 0.11

Table 4. 4. 1b: Stratospheric mixing ratios (Goldman et. al., 1970)

4.1.2 Infrared Spectral Properties

Nitrous oxide is alinear asymmetric molecule (N-N-O) whose
chemical properties make it almost inert and easy to handle in the laboratory.
These factors have contributed to its popularity with experimental and theore-
tical spectroscopists, so that many experimental and theoretical studies have

been made of its spectral properties. Next to carbon dioxide it is the most
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intensively studied linear triatomic molecule and resembles CO2 in many
ways, e. g., laser transitions in the same spectral regions between the same
energy levels. The analogy with C02 becomes almost complete for the less

abundant asymmetric isotopic molecules such as 12C160180.

Transition Band Center Band Intensity
(cm-1) cm~1l(atm cm )3—0101{

o1lo - 00% 588. 8 35

02°0 - 00°%0 1168. 1 10

10°0 - 00%0 1284. 9 230

11t0 - 00%0 1880. 3 0.37

00°1 - 00°0 2223. 8 1600

12°0 - 00°0 2462. 0 10

20°0 - 00°0 2563. 3 40

01l1 - 00% 2798. 3 2.2

02°1 - 00 3364. 0 1.7

11t1 - otlo 3473. 2 4.3

10°1 - 00°0 3480. 8 40

00°2 - 00° 4417, 4 1.6

Table 4. 1. 2: Infrared bands of N,O
(Adapted from Gray Young, 1972)

Table 4. 1. 2 shows the more important bands together with
estimates of their intensities. For the stronger bands, which are of most
interest for remote sensing applications, the intensities are probably known
with sufficient accuracy. Laboratory measurements could easily be made on

those for which this conclusion does not hold. The intensities in Table 4. 1. 2
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are the total intensities in the spectral regions indicated. The listed
transitions dominate the absorption spectrum but the hot bands frequently
contribute to about 10% of the intensity at room temperature. The exact
intensities of these weaker bands are not always well known and would thus
contribute to the difficulty in the interpretation of atmospheric spectra. In
addition to the hot bands, the isotopic molecules, e.g., 14N14N180, should
be considered in very accurate calculations of atmospheric absorption.

In order to compute the absorption of NzO under the varying
conditions of pressure, temperature etc. found in the atmosphere it is desi-
rable to have available a listing of line parameters, that is the wavenumber,
intensity and Lorentz half-width of each line. The parameters needed to cal-
culate the energy levels have been tabulated by Pliva (1968) and these have
been used by Gray Young (1971) to compute the partition function for 14N216

This may be used to calculate the relative intensities of various transitions

O.

(Gray Young, 1972) and the absolute intensities provided that the band
inteisities are known.

The Lorentz half-widths of N20 are not well known, either for
the self-broadened or air-broadened case. The large variation of estimates
based on measurements in the laboratory has been discussed by Tejwani and
Varanasi (1971). The values vary from 0.157 to 0. 05 cm—l at 1 atmosphere.
These authors have calculated the half-widths, including the variation with
rotational quantum number J, using the Anderson theory, giving a mean
value of 0. 06 crn_1 at 1 atmosphere pressure for air-broadened NZO' How-
ever experience with other molecules has shown that the Anderson theory
gives satisfactory results only when the parameters needed by the theory

(e. g., the quadrupole moments of the molecules involved) are adjusted to give
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agreement with the measured values of haif-width. This situation remains
unsatisfactory until such time as reliable and consistent measurements of
half-width are obtained.

Difficulties such as those discussed in the last paragraph make
the interpretation of atmospheric spectra hazardous. Part of the disagreement
between Goldman et. al., (1970), Goody (1969) and Schitz et. al. (1970) might
be explained in.terms of the infrared properties of NZO‘ The infrared tech-
nique is a promising one and should be capable of high reliability once the

minor difficulties have been resolved.

4.1.3 Atmospheric Application

A calculation has been made to determine the optical mass of

N_O for several tangent heights in the stratosphere using the technique described

2
in the appendix. The mixing ratio profile used in the computation is shown

in Table 4.1.3. It was obtained by upward extrapolation from Fig. 4.1.1
based on the values of mixing ratio calculated by Bates and Hays. It is also
close to the curve given by Crutzen (1971) for a vertical eddy diffusion co-
efficient of 103 cm sec-l.

Only a few laboratory measurements were available under the
conditions corresponding to these tangent paths, but at the 10 km lével almost |
complete absorption takes place in several spectral regions. It would therefore
appear to be feasible to make solar occutation measurements from a satellite
to determine N20 concentrations, Essentially the same procedure has already
been used from a balloon.

The choice of an optimum spectral region has not yet been

determined. The 17um band may have some advantage; although it is not the
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strongest of the bands it does have an intense Q-branch which gives considerable

absorption even under a resolution of a few wavenumbers so that a compari-

tively simple instrument could be employed.

Tangent
Altitude
(km)

40
35
30
25
20
15

10

Mixing Ratio
(ppmv)

0.

0

.01
.04
.10
.16
.22

.25

(atm cm)300K

0.0

. 002
. 020
. 118
. 466
. 150

4. 03

p
(mb)

10. 0
20. 7
43. 1
91.8

195

T
(OK)

237
2217
222
218
217

218

Table 4. 1. 3: Optical mass path parameters for N20 tangent paths.

4.2 Odd Nitrogen Oxides

4. 2.1 Atmospheric Distribution

This group of nitrogen compounds includes NO, NOZ’ NO3

and N,O All occur naturally in the stratosphere and have recently been

275

studied in detail as they are thought to play an important role in the ozone

photochemistry. Concern has been expressed that the SST would increase

concentration of odd nitrogen in the lower stratosphere, leading to a decrease

in the ozone concentration.
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A natural source of odd nitrogen in the stratosphere is the
downward flux of nitric oxide (NO) which is formed by a number of photochemical
reactions in the thermosphere (see, e. g., Strobel, 1971; Norton and Barth, 1970;
Nicolet, 1970). In the upper mesosphere nearly all the odd nitrogen is in the
form of nitric oxide but in the stratosphere substantial amounts are in the other

oxides NOZ’ NO, and N205 as well as nitrous acid HN02 and nitric acid HN03.

3
These components tend to dissociate during the day and also take part in reactions
with hydrogen and oxygen compounds (O, 03, OH, H202, etc.). Calculation

of the stratospheric photochemistry of these nitrogen compounds have been made
by Johnson (1971) and Crutzen (1971). Such calculations are complex and contain
many reactions whose rates are not accurately known. Unfortunately there are
few measurements of stratospﬁeric concentrations which can be used to verify

the calculated distributions. When Crutzen's values of the nitric acid con-
centrations are compared with the measurements of Murcray et.al. (1969) or
Lazrus et.al. (1972) it is found that the theoretical concentrations are at least

an order of magnitude too small (see Section 4. 3. 3 for details). It throws into
doubt the validity of the results for any odd nitrogen molecules, although it is

possible that the HNO, number densities are the only ones that are seriously in

3
error and the predicted distributions of the other molecules are substantially
correct. It would be extremely helpful to have more measurements, particularly

of NO and NO,, concentrations, in the lower stratosphere.

2
The agreement between the calculations of Johnston(1971) and
Crutzen (1971) is reasonable. Usually the number densities agree to within a

factor of two or three, which can be easily €xplained by the differences
between the models and by the reaction rates and other parameters included in

the calculations. The computations of Strobel (1971) extend down only to 30 km

but again are close in the region of overlap.
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Number density measurements of NO in the upper stratosphere
and lower mesosphere (40 to 60 km) have been reported by Pontano and Hale
(1970). Between 40 and 50 km the average value is close to 109 c:m~3 but
decreases almost an order of magnitude near 60 km. The measurements
were made about a half hour after sunset in September and December 1968 at
White Sands, N. M. At the upper level they are about an order of magnitude
less than the measurement of Pierce (1969) made at twilight. Those of Meira
(1971) extend only to 70 km but in this range are an order of magnitude less
than Pierce.

The concern over the artificial introduction of odd nitrogen into
the stratosphere by the SST is prompted by its ability to catalytically convert
odd oxygen into even oxygen, primarily by the following two reactions:

NO + O3 —-)NO2 + O2

NOz + O —>NO + 02
If sufficient quantities of odd nitrogen were introduced into the lower strato-
sphere it is conceivable that a marked reduction in the ozone concentration
could result in the region of intensive SST flights. This would allow more
ultraviolet radiation to reach the surface and possibly upset the energy balance
of the stratosphere. Some calculations td determine effect of pollution by the
SST have been made (for example, by Johnston, 1971) but they are inconclusive,
largely because many of the parameters, such as production rates for odd
nitrogen, reaction rates, horizontal and vertical diffusivity etc., are not
sufficiently well known. It seems likely that the SST will not influence the
ozone concentration greatly but this cannot yet be conclusively demonstrated.

From the foregoing discussions it is apparent that there is a

critical need for measurements of odd nitrogen concentrations throughout the
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stratosphere, but especially in the lower stratosphere. They are needed to

verify the theoretical models and to encourage the development of new models

with more adequate transport phenomena incorporated in them. Only then

can we be confident in the reliability of predictions about the polluted stratosphere.
Finally, concentrations of nitrogen oxides, ozone etc. would have to be monitored
on a continuing basis to verify the predictions and to assure inat there were

no major modification of the stratosphere.

4. 2. 2 Infrared Spectral Properties
Nitric oxide (NO), being a diatomic molecule, has a simple

infrared spectra. The fundamental (1-0) band is centered near 5. 3um (1875 em !

),
the (2-0) near 2. 6um and the (3-0) near 1. 8um. The band intensities, parti-
cularly that of the fundamental, have been measured by a number of workers
and are summarized by King and Crawford (1972) and by Michels (1971).
Michels describes a calculation of the intensities of the bands, which is in
good agreement with experimental values for the fundamental. The averages
of the measured intensities for the (1-0), (2-0) and (3-0) bands are 130, 2.5
and 0.1 cm ™! (atm cm-l) respectively.

The Lorentz half-width have been measured by Abels and Shaw
(1966) (mean value 0. 055 crn-1 at 1 atmosphere and 300K) and the positions
of the lines in the fundamental measured by James and Thilbault (1964). The
parameters required to make accurate atmospheric transmittance calculations
appear to be known.

The survey of the spectral properties of the remaining nitrogen

oxides has not yet been completed.
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4.3 Nitric Acid Vapor HNO3
4.3.1 Atmospheric Distribution

Nitric acid vapor was first detected as a stratospheric consti-
tuent by Murcray et. al. (1969) who recorded solar absorption spectra with a
balloon-borne infrared spectrometer. This constituent has not been observed
in the troposphere partly because of interference by other molecules ( e. g.,
water vapor) and partly due to the lower concentrations in the troposphere.
Even in the stratosphere the long paths associated with zenith angles slightiy
in excess of 90° were required, because of the low mixing ratio. The data of
Murcray et. al. was rendered somewhat difficult to interpret because of lack
of suitable laboratory spectral data, although this situation has now been largely
rectified.

The quantitative reduction of the balloon data by Rhine et. al.
(1969) showed amounts of nitric acid vapor varying between 2. 0 and 23 x 1073
atm cm, along a line of sight and corresponds to a mean value of 4. 41 (£ 0. 75)
X 10"3 (atm cm) per air mass, slightly lower than the value of Murcray et. al.
This can be converted to a volume mixing ratio of approximately 5 x 10_9
which applies to the 20-25 km region

A confirmation of the presence of nitric acid has been provided
by Lazrus et.al. (1972) who based their conclusion on the analyses of filter
samples obtained during stratospheric balloon flights (21 to 27 km) and air-
craft flights (17 to 19 km). The balloon data yield mixing ratios ranging from
1todb.5x 10-9 by volume i.e., comparable to those of Murcray et. al. at

about the same altitude. The lower altitude aircraft measurements gave lower

mixing ratios, ranging from zero to 0. 7 x 10—9 by volume
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These changes of concentration with altitude are in accordance
with the theory of the formation of HNO3 . It can be produced by the reactions
(see, for example, Johnson, 1971) .

N,O. + HZO —» 2HNO

275 3

and

NO2 +OH+ M — HNO3

According to Johnstonthe second is much more likely and the maximum

+ M

production occurs between 25 and 40 km. It can also undergo photodissociation

HNO, + hv —» NO, + OH A<30008
and there may be substantial diurnal variations, at least at some altitudes.

Of course, a comprehensive theory on the distribution of
HNO3 in the stratosphere should include transport by both eddy processes and
by the mean circulation. This has been pointed out by Lazrus et. al. who suggest
that the reason for the small concentration in the lower equitorial stratosphere
is due to the fact that this air is of recent tropospheric origin

It is difficult to extrapolate upwards to estimate the nitric acid
mixing ratio above the region where measurements exist. At sufficiently high
levels photodissociation will predominate and daytime concentrations will be
low. The calculations of Crutzen (1971) indicate the maximum mixing ratio
occurs near 25 km at night and a few km lower during the day. However his
calculated mixing ratios are lower than the measurements in the lower stratos-
phere by a factor of 5 to 10 at night and by a factor of 10 or more during the
day. Crutzen discusses possible reasons for this discrepancy but does not
reach any firm conclusions. There is a need for more measurements of

the distribution of this interesting stratospheric constituent.
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4.3.2 Spectral Properties of HNO3

HNO3 is a nearly planar molecule. Few studies of the quantative
absorption of this molecule have been made and these have been prompted by
the discovery of nitric acid in the s;cratosphere. The strongest bands are at
5. 9um, 7.5um, 11.3um and 22um (Goldman et. al., 1971). Those at 7. 5um
and 11. 3um have been investigated by Rhine et. al. and all except the 22um
band by Goldman et. al. Because of the small amounts of the absorber along
an atmospheric path it is difficult to make measurements for conditions similar
to those in the atmosphere.

The band intensities hé.ve been estimated by Goldman et. al.
(Table 4. 3. 1) and the same authors have derived band parameters for the
statistical band model from their data. No calculation of the wavenumbers
and intensities of the individual lines have been reported. High resolution
spectral studies would presumably be required to give the necessary input
parameters.

Potentially the most useful feature of the HNO3 bands is the
intense Q-branches which give considerable atmospheric absorption for even
a low resolution measurement. Band models are not usually very successful
in Q-branch regions so that further measurements and development of the theory
are required to extend our ability to predict atmospheric absorption at lower

pressure and smaller absorber amounts.

Band Intensity at 313K
(ecm-1/(atm cm)313K)
11, 3um 600
7. 5um 1150
5. 9um 1250

Table 4. 3. 1: Band intensities of HNO3
(adapted from Goldman'et. al. (1971)
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4.3.3 Atmospheric Application

Since nitric acid vapor has been detected from IR solar absorp-
tion by balloon-borne spectrometers, there is no reason why the same
measurement cannot be made form a satellite. The height to which such a
measurement can be extended is uncertain, reflecting our lack of knowledge
of its distribution above the level of the present measurements. Absorption
by a Q-branch would be the best choice in any spectral region. The result
of a calculation using the day and night number densities tabulated by Crutzen
(1971) are shown in Tables 4. 3. 2 (night) and 4. 3. 3 (day). These should be
lower limits for the optical masses of HNO3 along a tangent path and should
be increased by about an order of magnitude to agree with the measured
concentrations in the lower stratospheres. This is illustrated in Table 4. 3. 4,

which compares the optical mass of HNO,, calculated from Crutzen's day and

3
night profiles with the measured amounts (Rhine et. al. ) at the experimental

tangent heights.

86



Tangent Number Optical - =

300K

50 1.8 (3)

45 7.0 (5) 9.4 (-7) 1.3 269
40 5.0 (6) 7.6 (-8) 2.4 252
35 8.0 (6) 1.7 (-5) 4.3 241
30 9.5 (7) 1.4 (-4) 9.7 228
25 3.9 (8) 6.5 (-4) 20 223
20 1.7 (9) 2.8 (-3) 43 218
15 2.0 (9) 5.0 (-3) 83 217
10 0.0 3.9 (-3) 108 217

Table 4.3.2: Optical parameters calculated from Crutzen (1971).
Night profile of HNOq

Tangent Number Optical

Height Density Mass P T

(km) (cm ~3) (atm 'crn)300K (mb) (OK)
50 1.0 (1)
45 1.0 (2) 1.4 (-10) 1.3 265
40 2.1 (3) 2.9 (-9) 2.4 251
35 8.0 (4) 1.1 (-7) 4.9 237
30 5.0 (6) 6.8 (-6) 10 2217
25 4.0 (7) 6.0 (-5) 21 222
20 1.1(9) 1.5 (-3) 46 217
15 1.9 (9) 3.9 (-3) 89 217
10 0.0 3.1(-3) 120 217

Table 4.3.3: Optical parameters calculated from Crutzen (1971)
Day profile of HNOq
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Tangent Calculated Optical Mass (atm cm)3gok

Height day night measure
(km)

29.7 8.3 (-6) 1.6 (-4) 2.2(-3)
28.6 1.6 (-5) 2.4 (-4) 3.5 (=3)
24. 6 1.0 (-4) 7.4 (-4) 1.1(-2)
24. 6 1.0 (-4) 7.4 (-4) 1.0 (-2)
18.8 2.1 (-3) 3.5 (-3) 2.5 (-2)

Table 4. 3. 4: Comparison of optical masses of HNO
calculated from the profiles of Crutzen (1971)
with the experimental stratospheric values
(Rhine et. al., 1969)
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Chapter 5. Atm03pheri¢ Aerosols
5.1 Introduction

This initial study of the feasibility of determining the charac-
teristics of atmospheric aerosols by satellite remote sensing techniques suffers
from our lack of knowledge of the physical (including optical) characteristics
of aerosols, from some imperfections in theories of atmospheric radiation
processes and from a lack of precision in possible methods of inversion of
radiation measurements to aerosol parameters. Nevertheless, the existing
data and theories are reviewed in an attempt to indicate spectral regions and
techniques which may possibly be used to determine atmospheric aerosol
characteristics.

Our knowledge of physical and optical properties of aerosols
are reviewed in the next section, Some remote sensing techniques that have
already been used are then briefly described. Finally two techniques for the
remote sensing of stratospheric aerosols from satellites are considered and

their feasibility and practicability are discussed.

5.2 Survey of Experimental Data on Atmospheric Aerosols

The fundamental parameters needed for a study of remote
sensing of atmospheric aerosols are the physical characteristics of size
distribution, number density and index of refraction. This survey is an attempt
to provide a suitable but not exhaustive summary of information on these

parameters.
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5.2.1 Sources of Atmospheric Aerosols

Atmospheric aerosols are both man made and formed by
natural processes, i.e.:

a) Mechanical processes (including winds) disrupt and disperse
matter from the earth's surface.

b) Trace gases react chemically in the atmosphere producing
aerosol particles.

c) Smoke formed by industrial and agricultural combustion
conveys aerosols into the atmosphere.

d) Vapors produced by condensation and sublimation rise into
the atmosphere.

e) Extra terrestrial matter falls into the atmosphere.

Fig. 5.1 (Hidy and Brock, 1970) is an interesting summary
indicating the origin and nature of particles of various sizes. Fig. 5.2
(Junge, 1963) indicates nomenclature often used to describe atmospheric
aerosols. The smallest particles (Aitken particles), of size r < 0. lum,
are not very different from molecules in their optical properties. The "large
particles”, from 0. lum to lum in radius have optical properties which show
strong dependence on size and shape (Rozenberg, 1966). The giant particles,
with r > 1u, consists mainly of cloud and fog particles and mineral dust.

The form of the atmospheric aerosol is modified considerably
with the passage of time. Absorption of water vapour, coagulation, sedimen-
tation, rainout, washout, attachment and chemical reactions tend to reduce
the number of very small and very large particles. Distribution processes
(transport and diffusion) transfer particles from place to place until removal

from the atmosphere. Fig. 5.3 (Junge, 1963) shows theoretical changes in

size and volume distribution of continental aerosols due to coagulation.
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5.2.2 Number Densities

Surface number densities of aerosols are highly variable and
usually in the range of 100 to 500 particles per cm3. Concentrations as high
as 20, OOO/cm3 may be found in industrial areas. Concentrations are assumed
to diminish approximately exponentially with height for the first few kilometers.
At the tropopause (at mid latitudes) number densities of a few particles per
cm3 are generally found. In the lower stratosphere (at about 20 km) there is
a maximum in the aerosol particle distribution. Fig. 5. 4 (Chagnon and Junge,
1961) shows this increase for particles larger than about 0. lum radius. This
stratospheric aerosol layer has a latitude dependent number density as indi-

cated in Table 5.1 from Rosen (1968).

Number Density Location
25 cm > Panama
8 Minneapolis
2 Ft. Churchill

Table 5. 1: Latitude dependence of stratospheric number densities
(Rosen, 1968).

Since the altitude of the altitude of the tropopause decreases with latitude,
the altitude of the aerosol layers decreases accordingly as shown in Fig. 5.5
(Newell and Gray, 1972).

Additional well defined layers exist at the level of about 25 km
(nacreous clouds) and at the 80 km level (noctilucent clouds). Aerosol layers
have been observed near the 40-50 km level also. They often form within

temperature inversions.
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5.2.3 Composition of Stratospheric Aerosols

| The stratospheric aerosol layer contains a large portion of
sulfate particles. In addition, it contains nitric acid vapor, chlorine, bromine,
silicates and other substances.

It is believed that sulfate particles are formed within the
stratosphere itself by oxidation of the trace gaseous hydrogen sulfide (HZS)
and sulfur dioxide (SOz) that enter the atmosphere by vertical mixing.

During volcanic eruptions gaseous and solid material is thrown
up into the atmosphere, sometimes as high as the stratosphere. Some of this
material is sulfurous.

The following summary (Table 5. 2) of possible stratospheric

aerosol constituents is taken from Remsberg (1971).

(NH4)2SO4 A HZO(ice) B
H902 A Na2S04 B
HoSO4 A NaHSO4 B
HNO3 A NH4HSOy4 B
NOHSO4 A NH2SO3NH4 B
HNO3-HS04-H50 A NHoSOgH B
NaCl B SO2 B
NH4C1 B HgS B
H2COg3 B Clg B
H2S03 B NOC1 B
HC1 B (NH4)2S208 B
HNO2 B SiOg B
NH40H

A abundant or more probable constituents

B minor or unlikely constituents

Table 5. 2: Possible constituents of stratospheric aerosol
(Remsberg, 1971) ’
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5.2. 4 Size Distribution
A variety of aerosol size distribution forms have been used
in the literature. Among these are:

a) The power law distribution:

n(r) = ar_‘( (5-1)
b) The logarithmic Gaussian or log normal form:
2
dn(r) . Ny exp - Alog ( L
dr r (5-2)

(o]
c) Diermendjian's (1964) modified /7 distribution:

n(r) = ar‘(exp(—br‘r) (5-3)
where
r,ro = particle radius, cm
n(r), No = no/crn3
a, A, b, &, Y = constants

A convenient summary of experimental data on aerosol size
distributions is that of Newell and Gray (1972).

"Distribution types commonly found in the literature include
power law, bimodal, and Gaussian logarithmic forms. The power law size
distribution in the form mf(r) = cr-d, where r is particle radius, is ubiquitous.
Values of the exponent X range from 1.5 (Rosen, 1968) to 7 at 51 km altitude
(Elliot, 1970). More common values seen in theliterature are in the 3-to-4
range, as found, for example, by Newkirk (1964), Rosen (1968) (under certain
conditions), Mossop (1965), Carnuth (1970) and Pueshel (1967). It has been
suggested (Newkirk, 1964) that aerosol layers actually represent the addition
of large numbers of small particles to a normal background of larger particles.
If this is true, one would expect to see an increase in the effective & within

layers, and such an effect has been observed by Rowen (1968).
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Friend (1966) and Quenzel (1970) have proposed that the log-
normal distribution is more representative of true populations. Others, notably
Mossop (1965), Sherwood (1967) and Pilipowskyj (1968) have found that the
correct distribution form is bimodal, with one peak in the 0. 0lu region and the
second peak near 0. 2u. Storebo (1970) has derived such a distribution on a
theoretical basis. Mean particle radius estimates for stratospheric aerosols
have been made by Bigg (1970), who found ¥ = 0.1 to 0. 44, and Mossop (1965),
who found r = 0. 1u.

The diversity of these results indicates a need for extensive
further study of size distributions. Each of these measured distributions
may have been representative of the aerosol population at the particular time
and location of the measurement. "

Recent results are those of Blifford and Ringer (1969). A
total of 329 size distributions, obtained from measurements of atmospheric
aerosols collected at altitudes from the surface to 9 km were considered. The
authors speculate that the global aerosol may be described by three overlapping
log normal distributions which have means:

a) in the submicron or pollution aerosol range

b) in the Mie scattering range where atmospheric modification
processes are relatively inefficient

c) in the large particle (r>1. Oum) range which is dominated
principally by soil dust and biological particles and near the
ocean surface by sea salt.

In another paper De Luisi, et.al. (1972) fitted data to
Diermendjian's /” distribution function with &« =1. The initial data are given
in Fig. 5.6. Table 5.3 contains the derived constants and Fig. 5. 7 shows curves

of n(r) using the constants of Table 5.3
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Remsberg (1971) in his dissertation on the "Radiative Properties
of Several Probable Constituents of Atmospheric Aerosols'' used three models
of aerosol distributions for stratospheric particles:

a) The bimodal size distribution used by Pilipowsky, et.al. (1968)

to explain lidar and radiometersonde observations:

dNi (r) - 231w (—2 )"
d(log r) rimin 0.1<r=<10um (5-4)
where
v = 2.5
Ty min 0. lum
I\I-l = 5.2 particles/cm3
dnz(r) > 2.5- 108 0. 003<r=<0.0lum (5-5)
d (log r)

b) The bimodal distribution that deBary and Roessler (1970) used to
explain scattered radiation from a dust layer. The distribution

is defined by three functions:

_dN(r) _ . .-0.474 -3.82

—X =10 r

d (log r) 0.3<r=1um (5-6)
dN(r) _ 10+3. 719 1h+4. 193

d(log r) 0.1<r<0.3um (5-7)
dN(r) _ 1075

d (log r) 0.03=r<0.05um (5-8)

c) A modified Dermendjian ""haze M'' model:

‘ ' 0.55
dN(r) 5 63 . 108 p2e-22 01

d(log r) (5-9)

The three distributions are plotted in Fig. 5. 8.
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Fig. 5.8 Aerosol size distributions WP (Pilipowakyj, et. al.,1968),
DR (de Bary and Roosaler, 1970), R (modified Deirmendjian
haze '""M'" distribution ) (from Remsberg, 1971).
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. 2.5 Optical Characteristics of Aerosols
a) Index of Refraction of Aerosols

Knowledge of the complex index of refraction of aerosol particles
is necessary for investigating the visible and near infrared radiation
effects of aerosols. In the visible and near infrared investigators
have usually assumed that aerosols are non absorptive and have real
indices in the range of 1.33-1.5. The value of 1. 33 is associated
with water spheres, 1.42 is the real part of the index of refraction
of hygroscopic sulfate.

The complex part of the refractive index is very important for
the remote sensing of aerosols. Although, as noted above, it has
generally been assumed that the absorptive part of the index is zero
for aerosols in the visible and near infrared, recent measurements
indicate that this may not be true. Bullrich (1969) has found a wave-
length dependent absorptive index for hygroscopic sulfétes, varying
from 0. 033 at 4000& to 0. 055 at 9200X.

Data on the infrared refractive index of atmospheric aerosol
substances have recently been presented by Volz (1972). The real
part n and the imaginary (absorptive) index n' are given for dust,
aerosol water solubles, sea salt and water for the wavelength range
2.5 to 40um. The results are shown in Figs. 5.9, 5.10 and 5.11.

Remsberg (1971) has published absorption and refractive index
data for aqueous solutions of ammonium sulfate and nitric acid for the
spectral range of 7.5 to 14um, within an instrument resolution of
1-3 cm”!. The data are shown in Figs. 5.12, 5.13, 5.14 and 5. 15.
Data on crystalline ammonium sulfate are given in Figs. 5.16.

(Chermack, 1970).
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(from Volz, 1972)
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Fig. 5.10 Absorption index of water soluble aerosol substance, typical for
continental rain (sample M) and continental and arctic snow as
well as tropical rain (sample 270), and sea salt(from Volz, 1972)
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Fig. 5.15 Optical constants for 68% HNO3 (from Remsberg, 1971)
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Fig. 5.16 Optical constants for crystalline ammonium sulfate,
Chermack (1970).

112



b) Extinction Coefficients
The basic equation of radiative transfer which descrihes the

attenuation of a beam of radiation of intensity I)\ is:

de = -I.A ext()\)ds (5-10)
with rg
_ 2 A, dn(r)
'Bext, = 7 r Qext(r, X, n) —a;— dr (5_11)
r
1
Qext - Qsca + Qabs
where Qext’ Qsca’ Qabs are efficiency factors determined by Mie

scattering theory as a function of particle size r, wavelength \ and
complex index of refraction n. Techniques for calculating thesAe
factors are given in Deirmendjian (1961)

In the UV and visible , it is usually assumed that extinction by
aerosols is only due to scattering and that absorption is negligible.
However, as noted above Bullrich has found absorption effects for
hygroscopic sulfates. A typical curve of aerosol extinction at 55008
(Newell and Gray, 1972) is shown in Fig. 5. 17.

In the infrared Qscat is normally negligible compared to Qabs'
The equation for the attenuation of a beam of radiation could then be
written:

dI (\)ds (5-13)

= -1
A A abs

Emitted ratiation would be given by:

a1, = ﬁabs(” - B(T, \)ds (5-14)
where B(T, \) is the Planck function at temperature T. Curves of
fgextzﬂabs by Remsberg are shown in Figs. 5. 18, 5.19, 5.20 and
5.21. His calculated emitted intensities for a 1 km path are shown

in Figs. 5.22, 5.23, 5.24, 5.25 and 5. 26.
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5.3 Survey of Aerosol Remote Sensing Techniques

Some information about atmospheric acrosols has already been
obtained by remote sensing experiments. Generally speaking, these experi-
ments could not provide quantitative information about particle size distributions,
number density vs. altitude, or index of refraction. However qualitative

information has been obtained.

5.3.1 Sunphotometer

Monochromatic solar radiation measurements can be used to
determine the extinction coefficient of the vertical atmosphere due to aerosols
(the atmospheric turbidity). Many years of measurements have provided a
climatology of turbidity over the U. S. These data have been used to estimate

particle loading in the lower atmosphere (Flowers, McCormak and Kurfis, 1969).

5.3.2 Laser Radar
Laser radars have been used to observe aerosol layer altitudes

and relative scattering strength. With this technique, the intensity of the back-
scattered light from a laser beam is determined as a function of range. The
presence of particulate matter causes significantly different returns than a
dust free atmosphere does. Aerosol particles can therefore be detected. The
scattering properties of the atmosphere are determined as a function of range
(altitude) with a distance resolution as low as 100 meters. Results include:

a) The determination of the dependence of the stratospheric layer

on tropopause height.
b) The time variations in aerosol scattering following the Mt. Agung

eruption.

122



5.3.3 Twilight Scattering

Measurements of twilight sky radiation yield a qualitative picture
of the vertical distributions of aerosol particles (Volz, 1969, Shah, 1970).
Vertical dust profiles generally agree with results by more direct methods.
The effect of stratospheric dust from the Agung volcano was observed in
Germany 2 months later. Highest amounts were observed about 9 months

after the explosion, abnormally high amounts were observed even 5 years later.

5.3.4 Forward Scattered Sunlight

The measurement of sunlight in the sun's aureole as a function
of wavelength can yield information about the altitude and size distribution of
aerosols (Green, et.al., 1971). Theoretical calculations of forward scattered
sunlight are carried out assuming single scattering and analytical models of
the altitude-size distribution of aerosols. Optimum fits to experimental data
at several wavelengths are achieved by adjusting parameters of the aerosol

model.

5.4 The Remote Sensing of Aerosols from Satellites

Two experiments which have been suggested for the monitoring
of aerosol layers and the possible identification of aerosol constitutions are
described below. In the first (Gray, et.al., 1971), a method of determining
the height of aerosol layers from the inversion of horizon-intensity profiles
of the earth's sunlit horizon is described. In the second (Remsberg, 1971),
the pessibility of the identification of aerosol constituents from infrared

emission spectra is discussed.
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5.4.1 Aerosol Monitoring by Satellite Horizon Scanning

In the MIT experiment (Gray, et.al., 1971) the earth's horizon
is scanned by a satellite multispectral sensor. The sensor signals are com-
pared to a theoretically derived intensity profile based on a reference model
of aerosol extinction vs. altitude. The computer program corrects the reference
profile according to the difference between measurement and prediction con-
sidering uncertaiﬁties in the reference model and the measurements.

In the work carried out so far, simulated horizon profiles have
been inverted with results shown in Figs. 5. 27 and 5. 28. Also experimental
data obtained with a multispectral photometer on an x-15-1 aircraft were in-
verted to produce the aerosol attenuation curve shown in Fig. 5.29. It is
estimated that aerosol layers may be determined with an altitude accuracy

approaching 1 km.

5.4. 2 Identification of Aerosol Constituents Using Emitted Radiation from
the Earth's Atmosphere

Remsberg has compared his calculated emitted radiation curves
with data obtained by Murcray, et.al. (1969). He has computed the emitted
intensity that would be obtained from a 50 km horizontal path and compared
this data (Figs 5.30, 5.31) with Murcray's data measured at zenith angles
of 80 and 85° (Fig. 5.32). He concludes that the emission feature at 10. 8um
observed in Murcray's data can possibly be explained by the 11. Oum feature in
the H9SOy4 data in Figs. 5.30 and 5. 31 if a wavelength correction AX=0. 2um
is applied. The wavelength correction is necessary since the index of refraction
of HoSO4 was measured at room temperature, whereas the atmospheric aero-
sols are at -60 to -70°C. Such low temperatures could easily cause such a

wavelength shift in the absorption coefficient and emission spectra.
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5.4.3 Discussion of Satellite Measurements of Atmospheric Aerosols

The technique of horizon scanning in the visible with a multi-
spectral scanner to determine the altitude of aerosol layers appears to be a
feasible and practical experiment to carry out. The simulated horizon profile
data already include consideration of earth albedo, sun angle and a correction
factor for multiple scattering. The multiple scattering calcuiations will, no
doubt, be improved in the near future. The reference aerosol extinction model
will also be improved as our knowledge of atmospheric aerosols improves.
Thus the experiment is certain to be able to determine the height of aerosol
layers.

It is not certain that the visible horizon scanning data can be
used to determine the physical characteristics of aerosols, however, it is
possible that infrared horizon emission or absorption spectra might contain
identifiable spectral features as illustrated by the work of Remsberg. Improved
knowledge of the composition of aerosols and the accurate determination of
the optical characteristics of aerosols at low temperatures are a necessity
for the successful operation of this experiment.

Initial versions of both of these experiments can be flown on

high altitude balloons to provide initial tests of their feasibility.
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Chapter 6. Discussion and Future Program
6.1 Summary and Conclusions
The results documented in this report have been obtained during
the first six months of a study of the feasibility of determining stratospheric
distributions of minor constituents and pollutants from satellite measurements
of absorption during solar occultation. A major part of the effort has been
expended in searching the literature and consolidating the information on the
distributions and spectral properties of the molecules and aerosols. Only the
infrared spectral region has been considered because absorption due to molecular
oxygen and ozone in the ultraviolet is almost complete for stratospheric tangent
paths. Ozone (and possibly also some other constituents) can be measured in
the highest regions of the stratosphere and in the mesosphere. Such measure-
ments using stellar occultation have already been made (Hays, et.al., 1972).
The molecules considered and discussed in this report are
The dis-

@) N,O., HNO

3’ 2 2 2’ 275 3’ 4

tribution and optical properties of stratospheric aerosols are also discussed.

OH, H,O, N,O, NO, NO COz, CO and CH
For some of the constituents the stratospheric distributions are well known

(e. g., ozone) while for others virtually no measurements exist (e. g., oxides

of nitrogen) so that estimates have to be made based on incomplete theoretical
models incorporating chemical and transport effects. Despite their short-
comings, these models serve a useful purpose and provide an order of magnitude
estimate of the concentrations of minor constituents. Similarly the spectral
properties of some molecules are well known, particularly the diatomic and
linear triatomic molecules, while for others measurements are few and the
theoretical analysis is incomplete.

Having estimated the distribution of a constituent in the strato-

sphere the optical mass along stratospheric tangent paths was determined using
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the procedure outlined in the appendix. Using low or medium resolution
laboratory measurements, the absorption for different tangent heights was
determined for some of the molecules. In the most strongly absorbing regions
the absorption was complete before the tropopause was reached, showing that
for some molecules distributional information may be obtained using a relatively
simple instrument. However, other constituents absorb only to a small degree
(less than one percent) and more sophisticated instrumentation would be requirec
to detect their presence. This stage of the investigation is not complete and

the reader is referred to the individual sections of the report for details on
specific molecules.

The use of laboratory absorption spectra to determine atmospheric
transmittance requires interpolation over pressure and optical mass, which
limits its accuracy. A more serious problem is the error introduced by tem-
perature effects. Most laboratory measurements are made at room temperature
while the mean temperatures along stratospheric absorption paths are as much
as 80°C or more lower. The intensities of lines, particularly those of 'hot!'
bands or with high rotational quantum numbers, may change radically and
thus change the absorption considerably. The values of absorption given in
the tables are not highly accurate but are sufficiently good for their intended
purpose, to examine the feasibility of determining concentrations from solar
occultation measurements.

For the reduction of satellite data more accurate absorptions
would be required. These could be obtained by the 'line-by-line' technique or
perhaps by band models, provided the relevant parameters, line wavenumbers,
intensity and half-width, are known. This information is not yet available for
all molecules. Even for the better studied molecules the temperature dependence

of Lorentz half-width is uncertain, as recent low temperature measurements
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indicated variations which are not in accord with either the Anderson theory
or the classical inverse square root temperature dependence. The effect on
atmospheric transmittances has been discussed by Drayson (1972). Further

low temperature absorption measurements are required.

6.2 Future Program

The contents of this report indicate that the minor constituents
of the stratosphere can be detected and measured from a satellite by examining
the absorption of solar infrared radiation along a tangent path. The more
abundant molecules can be detected using comparitively simple instrumentation
while others would require a more sophisticated design. This work must now
be extended to put these results on a quantitative basis to estimate accuracy
and altitude ranges for the various constituents. Only when this has been
accomplished will it be possible to objectively estimate the usefulness of the:
technique and compare it with other measurement schemes.

Many practical details will have to be considered in this analysis.
These include, but are not limited to, horizontal inhomogeneities in concen-
trations, fine structure in the vertical distribution profile, uncertainties in
the temperature profile and in the spectral absorption of the constituents,
errors introduced by approximations in the transmittance calculations, the
effects of refraction and errors introduced by aerosol layers. It will be neces-
sary to study inversion techniques, that is methods of determining atmospheric
distributions from the solar absorption measurements.

The results of the investigations will hopefully lead to specifica-
tions for satellite instrumentation and will point out any deficiencies in our know-
ledge of spectral properties of the constituents, so that laboratory investigations
can be made to remedy the situation. Only with a careful analysis and attention
to detail can the full potential of this type of satellite experiment be achieved.
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Appendix

Given the vertical distribution of a minor constituent in the
stratosphere, we wish to determine the optical mass along tangent paths at
various altitudes in the stratosphere, as well as 'equivalent' pressures and
temperatures. It was convenient to write a flexible computer routine to make
such calculations. The main application was to determine the optical masses
of the constituents considered in this report so that the feasibility of strato-
spheric measurements of solar absorption could be evaluated. Refraction
effects are of some importance but they should not effect a feasibility study and
were ignored, but for the reduction of satellite measurements they should be
included.

The atmosphere between 1 and 80 km was divided into 1 km
thick spherical shells. The temperature, pressure, absorber concentration
etc. in each shell was assumed to be the mean of the values at its boundaries.
The geometry is illustrated in Fig. Al. Consider a tangent height of hO km
above the surface and consider the shell between K and (K+1) km above ho‘

The distance x,. to the tangent point is given by

K

2 2
x (a+hO+K) -(a+ho)

2
K

K(K + 2(a + ho) )
where a is the radius of the earth.

X

The path length in the layer, A Xp = 2(X )

K+1  “K

The optical mass U(ho) for the entire path is given by the sum over all layers
Uh) = 2. N(KAx
o K K

where N(K) is the concentration in the K th layer.
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An 'equivalent' or mean pressure is given by

Z P(K) N(K) Ax
K

Z N(K) A x,
K

K

P(ho) =

and similarly a mean temperature is defined by

—

T(ho) =

Z T(K) N(K) A x
K K

I§(‘ N(K) A X

The last two parameters are useful when applying the Curtis-Godson or
similar approximation.

A Fortran subroutine OMASS has been written to make the
calculations. The arguments are
N the concentration in molecules cm > for IS = 1

or volume mixing ratio for IS = 2

UN the computed optical mass in molecules cm_2
UATMCM optical mass in (atm cm)300K

PBAR mean pressure in mb

TBAR mean temperature in °r

The calculations are made for the U. S. standard stmosphere (1962). This
may be varied by altering the data cards of AP and AT (pressure and temperature
respectively). For each vector the subscript I refers to an altitude of I km for
I=1, 2, 3,..., 80.

To make the use of OMASS easier an interpolative subroutine
INTERP was written. It interpolates linearly the quantities A(1), A(2), ...,
A(L) defined at heights Z(1), Z(2), ..., Z(L) to give the values X(1), X(2),...,

X(80) at heights 1, 2, ..., 80 km. If the interpolated value X becomes negative

7
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at any height, it is set equal to zero. The purpose of INTERP is he able to
specify the concentration at a few atmospheric levels rather than all 80 levels
required by OMASS.

A Fortran listing of the subroutines and a short calling program
is now given. The input data is L, IS, Z, and A. If IS = 1 then the units of A
are molecules cm—3. If IS = 2 then A is volume mixing ratio. The program
has been tested and run on an IBM 360/67 and has been used in the main body

of this report.
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REAL N

DIMENSICN N(80),UN(80),UATMCM(80)yPBAR(80),TBAR{(80),2(80)
DIMENSICN A(10)

FORMAT (2120/(8F10.,3))

READ (54900) LoISs(Z(I)I=1,L)y(A(I),1I=1,L)

CALL INTERP(ZyAsL4N)

CALL CMASS{NyUNyUATMCM,PBAR,TBAR,IS)

WRITE(64550) (I N(I),UN(I), UATMCM(I),PBAR(I),TBAR(I),I=1,79)
FORMAT('"1'/{15y4E14e49F8Bsl))

GO TO 100

END
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100

102
110

201

202

21C

211
200

SUBROUTINE OMASS(N,UN,UATMCM,PBAR, TBAR,IS)

REAL N

DIMENSICN N{(80),UN(80),UATMCM(80),PBAR(80),TBAR(80)

DIMENSICN Z2(80C),AN{(BO), AP(80),AT{80),X(80)

DATA Z/lovZo 13.;4.95.!6.17.,8. ygo '100 111.’12. ,130'14. v15.'160 '
170918091901 200121e 9220 123612%012509260927¢928¢129% 3306 93169320
33. ,34.135. 736. r 37 y38. 939. ’400 y41.942. ,43. 7440 ,450146. 9470 '4801
394950995101 520 1530 15%¢ 9550 956015701586 95% 1600 96109626 9634y
640 1650 1660 167016809169 17009716 972097309740 975697609 770178697% »
80e 7/

DATA AP/ E45.6€974€459657e¢895776541505e47440089383.0,331s5,285,8,

1 245449205689179¢35153437913140911240995492,81082,69,95,59,80,

251013942475937e46932e09927452923662920e28917643,14.99,12.90,
11. 11'90 574! 8026170 13'6. 17' 5. 35 1406514‘ 04'3052 '3.077
2068923512069 1081916589164091423,1.05,0.961,4849,
o750y0662v058510516 90 4559.401 %0 3539.311’0273,.240'
021090184901619914144123,4107,,0926y+0801,00692,.0595,
©05119¢04289e0374+40321946C271+40229940193,,0162,40136,.0114/

DATA AT/ 27804527109 1265e412586991252049245099239459233,0522605,
22064045 10%2164 5,
217¢19218419219419220619221419222009223409224409225009226409
2270 09 2280 922906!232. 3923501)23709'24()-7, 2430‘19 246.2924809’
2510 7,25405!257. 372600 ,262.8'265O5'268.3’ 270.71270.7'270.7,
27Ce 792700 7927005926865926606926406926266926007925847925608,
254489252489249419245429241029237039233041229659225069221e7
217e7921308420929920640920241919842919443919004+186455182e6 7

DATA RZ/63784/4B0LT7Z/1.38054E~19/

AN(80) =0,

DO 100 I=1,79

AN(I)=(N{I)+N(I+1))*,5
IF (IS.FQsl) GO TO 110

DO 102 1=1,79

ANCI)=AN(I)*AP(I )/ (AT(TI)*BOLTZ)

CONT INUE

DO 200 1I=1,79

A=2,%(RZ+2(1))

NV W DD WN

N PN e

K=0

X(1)=0,

PO 201 J=I,79

K=K+1
X{J+1)=SQRT(K*(A+K))
PBAR(I)=0.
TBAR(I)=0.

UN(TI)=0,

DO 202 J4=I1,79
U=ANC(JIYR(X(J+1)=-X(J))

UN(T )=UN(T)+U

PBAR(I )=PBAR(I)+AP{J)*)
TBAR(I)=TBAR(IN+AT(J)*U

IF (UN(I).EQe0.) GO TCQ 210
PBAR(I)=PBAR(I)/UNI(T)
TBAR(IVI=TBAR(I)/UN(I)

GO 7O 211
PBAR(I)=PRAR(I-1)
TBAR{T1)=TBAR(I-1)
UNCI)=UN(I)%2,E5
UATMCM(T)=UN(T)*4,0873E=-20
TBAR(80)=TBAR(79)
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PBAR(BC)=PBAR(T9)
UN(8C)=C.
UATMCM(80)=0,
RETURN

END
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SUBROUT INE INTERP(Z,A,Ly X)
DIMENSICN Z(1),A{1),X(1)
1J=2

DO 1060 I=1,80

Y=1

DO 110 J=T1J,L

IF (Z(J)eGTeY) GO TO 111
CONT INUE

J=t

1J=J

XTIV =0(Y=ZCTJ=1 ) *ACTIV+(Z (L) =Y ) RA(TI=11V/CZ(TJ)=-2(1J-1))
CONTINUE

RETURN

END
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