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Abstract—Experimental data based on aircraft, balloon and rocket measurements of trace species in
the middle atmosphere are briefly reviewed. Some ground based observations are also included where
no other information is available. The scarcity of values relevant to the vertical distributions is
emphasized as well as the lack of knowledge of time and geographic variabilities necessary to
understand the physical and chemical properties of the middle atmosphere as well as to monitor its

stability over long periods of time.

1. INTRODUCTION

In situ measurements in the stratosphere, meso-
sphere and lower thermosphere are now emphasized
as a part of the middle atmosphere measurements
as a result of various motivations related to the
uncertainties about the ozone budget to which trace
species contribute. A review on such measurements
in the altitude range between 10 and 100 altitude,
as defined in a recent planning document on the
Middle Atmosphere Program (1976), is necessarily
limited to observations made from high flying air-
craft, balloons and rockets. These platforms have,
of course, played a major role in this field but past
and future roles of spacecraft and ground based
observations should not be neglected since all data
complement each other.

Measurements on the stratosphere have been
stimulated for the last 7 years. The limitation in
number and accuracy of the results despite the
effort made confirms the challenging character of
the undertaken work. The extension to the so
called middle atmosphere by adding the mesos-
phere and lower thermosphere to which D-region
ionospherists and aeronomers have already devoted
so much work constitutes an even more challenging
task. This article will only be a limited summary of
experimental data intended to point out the defi-
ciency of the measurements which are essentially
devoted to the verification and improvement of
theoretical models.

Atmospheric trace species can be divided in vari-
ous categories depending on the type of discussion
to be supported. For a general discussion, a classifi-
cation as follows seems reasonable: (a) The oxygen
species: O, O,, O,; (b) the hydrogen species: CH,,

H,O, OH, H,, H; (c) the carbon species: CO,, CO;
{(d) the nitrogen species: NO, NO,, HNO;, NO,,
N,Os, N,O, NH;; the halogen species: HCI, HF,
ClO, Cl, chloro-fluorocarbons and eventually, sul-
fur, the alkali-metals.

The ions will not be considered here. Reviews
have been devoted to the subject in 1973 and in
1974 by Narcist. The first measurements of ions in
the stratosphere have been reported recently by
Arnoip et al. (1977), Orson et al. (1977) and by
Arus et al. (1978). The two last groups of authors
using balloon platforms for this type of measure-
ments for the first time observed ion masses 73, 91
and 109 that were attributed to protons 4, 5 and 6
times hydrated. The rocket data of ArNoLD ef al.
(1977) showed evidence for unidentified ions (mas-
ses 29, 42, 60 and 80) some of which seem to be
part of a series of hydrates to which Arus et al
(1978) have added the very abundant mass 96 ion.

Several trace species have been observed for the
first time in recent years. If the determination of
the vertical distribution of a newly measured
molecule, even over a small altitude range, is an
important step, it is only a first order information
which has to be brought up to the geophysical
standards. These require the determination of time
and geographic variabilities in correlation with
other relevant parameters.

2. THE MEASUREMENTS
2.1 The oxygen species

Molecular oxygen is accepted to be in a constant
mixing ratio up to the upper edge of the middle
atmosphere, where it begins to leave its role of
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major oxygen constituent to atomic oxygen, mea-
sured in situ by straightforward and unambiguous
methods by Dickinson et al. (1974), using the
absorption process of the 130 nm O radiation over
a path length of 40 cm, and by ScHovrtz and OF.
rERMAN (1974), using mass spectrometers with
cryogenically cooled ion sources flown over Sar-
dinia in 1972. More recently atomic oxygen has
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been measured by resonance fluorescence observed
by means of a balloon-dropped sonde.

VarrLance Jones and Harrison (1958) de-
tected the presence of excited O,('A) in the
mesosphere 20 years ago. Since then, many ground
based and rocket observations have been made and
reviewed by LieweLiyn ef al. {1973).

Ozone, since its detection by Van Maruwm in

Fig. 1. Distribution of in situ routine ozone balloon soundings according to the Ozone Data for the

World Catalogue (1971-76)~ AES - WMO ~ Downsview — Ontario — Canada. The area covered ap-

pears very limited compared with the Earth’s surface and the distribution vs iatitude and longitude

seems to be very little organized to take into account the known ozone variations. The network

contributes, however, much to the study of stratospheric ozone. In particular the correlation of the

observed fine structure of the vertical distribution with other air properties is of much use in the
understanding of atmospheric air motions up to 20 km altitude.
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1785 has been much investigated as it appears from
a recent introduction to its study by NicoLeT
(1975). Since then KRUEGER and MinzNer (1976)
have published for the 1976 U.S. Standard atmos-
phere a mid-latitude ozone model mainly based on
rocket data. Variations from this model can be
found in NASA Reference Publication 1010 (Hup-
soN, 1977). Their determination is largely based on
in situ measurements by means of routinely
launched balloons. The world coverage is however
far from being satisfactory with most of the sound-
ings taking place over land areas in the northern
hemisphere as shown in Fig. 1.

In situ data on O, O, and O,(*A) are represented
in Fig. 2. Below 85km atomic oxygen exhibits a
large day-to-night variation, as O; does above
50 km. Stellar occultation measurements (RIEGLER
et al. 1977) indicate larger O; densities in the
mesosphere than currently predicted in models. On
the other hand it has recently been indicated that
larger ozone amounts than those given by the
Kruecer and MinzNer (1976) model exist in the
tropical mesosphere for solar zenith angles smaller
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than 80° (FrEpERICK et al., 1977). Typical values
are shown in Fig. 2.

2.2 The hydrogen species

Despite its carbon atom, methane must be cat-
egorized in the hydrogen species due to its low
concentration relative to carbon dioxide and in
respect of its appreciable contribution to the hyd-
rogen content in the stratosphere when it is com-
pared with water vapor. Methane has been meas-
ured by infrared spectroscopy from balloon platforms
as well as by laboratory analysis of in situ collected
samples. Reasonable agreement has been found
(AckerMAN et al., 1977, 1978) at 30 km between
the spectrometric measurements after reanalysis of
some of them. Rocket sampling has provided deter-
minations up to the stratopause (EHHALT et al.,
1976). A discrepency exists between the remote
sensing and sampling determinations. The latter
ones indicate larger concentrations. The present
status of our experimental knowledge of CH, in the
middle atmosphere is represented in Fig. 3. No
large variation of the stratospheric content of CH,
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Fig. 2. Measured abundances of oxygen species in the middle atmosphere: Atomic oxygen in the

stratosphere (ANDERSON, 1975) and in the low

thermosphere (DICKINSON et al., 1974; ScHoLz and

OFFERMAN, 1974); electronically excited molecular oxygen (LLEWELLYN et al, 1973); ozone

(KRUEGER and MINZER, 1976). As in all subseq

uent figures the volume mixing ratios are indicated.
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Fig. 3. Most recent spectroscopic, A (ACKERMAN et al.,

1977, 1978), and in situ data, E' (EHHALT et al., 1978) on

methane from balloon flights and from rocket flights E
(EHHALT et al., 1976).

has been observed vs latitude from aircraft flying in
the low stratosphere (Lowe and McKinnon, 1972;
FARMER, 1974).

The data presently available on the vertical dis-
tribution of H,O in the stratosphere as reviewed by
Harries (1976) show a small range of mixing
ratios around 3 ppm in volume. An increase of
H,O in the stratosphere appears possible from ex-
perimental data over the last 30 years. An annual
cycle is superposed over this trend. H,O is more
abundant at low latitudes in the lower stratosphere
than at high latitudes. Rocers et al. (1977) have
deduced a range of possible mixing ratio values for
the mesosphere from infrared emission measure-
ments taken by means of a rocket borne photome-
ter. Indirect determinations of H,O have been ob-
tained above 70km from ion chemistry models
applied to rocket mass spectrometric measurements
of ions. As show in Fig. 4, the volume mixing ratio
of H,O in the middle atmosphere does not depart
much from 3x107°,

The volume mixing ratio of molecular hydrogen
is almost constant vs altitude and equal to 5x 1077
in the low stratosphere. At 100 km altitude, the top
of the middle atmosphere, similar abundances of H
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and H, exist with a value close to 1x10"cm™

according to TinsLey (1974). This corresponds
roughly to a doubling of the volume mixing ratio
from the stratosphere to the low thermosphere.

ANDERSON (1971) has observed the resonantly
scattered solar radiation by OH in the 45-70 km
altitudes of the upper stratosphere and mesosphere
by means of a rocket borne spectrophotometer. He
deduced number densities equal to (5%3)x
10°em ™ while values ranging from 3% 107 to 4%
10° cm ™’ were observed from 45 to 30 km by means
of a balloon-dropped scatterometer using the same
OH band at 306 nm (AnDERsON, 1976). No ex-
perimental data are yet available on two important
species such as HO, and H,0O,.

2.3 The carbon species

CO, is the main carbon containing molecule in
the middle atmosphere where it is believed to
exhibit the same volume mixing ratio as in the
troposphere (3.2x%107*). This value has been ob-
served to drop above the turbopause by ScHoLz
and OrrerMANN (1974) using a mass spectrometer
with a cryocooled ion source.

From a volume mixing ratio value of the order of
1077 in the troposphere, carbon monoxide exhibits
a decrease above the tropopause (WARNECK et al.,
1973). A similar decrease is also observed by
GorpmaN et al. (1972). FArmer (1974) reports a
variation of the low stratosphere content with
latitude: the mixing ratio decreasing from 31 to 76
latitude. The observation of solar microwave ab-
sorption from the ground at 2.6 mm by WATERS et
al. (1976) indicates a stratospheric volume mixing
ratio equal to 5x 107", This is in agreement at
44 km with the value determined by EHHALT et al.
(1975) from the analysis of cryosamples. An in-
crease is indicated at higher altitudes with a value
reaching 4 x 107° at 90 km altitude.

2.4 The nitrogen species

Multiple sources of odd nitrogen have been con-
sidered for the stratosphere and the mesosphere.
Ascending molecules from the troposphere have
been considered such as NH; and N,O which can-
not be formed in the stratosphere. From infrared
spectra taken from the ground (1600 m altitude)
KapLan (1973) has shown that the tropospheric
mixing ratio is less than 8x10™"'. However, re-
cently MUurcrAy et al. (1978) have observed NH,
infrared absorptions in solar spectra taken from
Denver, Colorado. From a comparison with in situ
chemical data which show higher abundances and
from the daily variability they conclude that
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Fig. 4. In situ observations have provided data on the abundance of H,O in the middle atmosphere;

many balloon and a few rocket measurements in the stratosphere, H, have been reviewed by HARRIES

(1976); infrared emission measurement, R, by ROGERS et al. (1977) and hydrated ions determinations,
S, A, exist for the mesosphere (SWINDER and NARcisy, 1975; ARNOLD and KRANKOWSKY, 1977).

ammonia is confined to the atmospheric boundary
layer. Its observation is most probably limited to
the vicinity of biological sources and no direct
impact on the middle atmosphere is expected.

N,O is observed in the whole troposphere at a
mixing ratio value found equal to 3.3x1077 by
PierorTi and Rasmussen (1977) who have re-
viewed all previous measurements. The same au-
thors have observed a decrease of volume concent-
ration above the tropopause confirming previous
stratospheric measurements by ScuUTz et al
(1970). MuURrCrAY et al. (1973), TotH et al. (1977)
and EunAct et al. (1978). According to these two
sets of measurements, the N,O number density
decreases from the tropopause to 35 km altitude
following with a good approximation a scale height
equal to 3.8 km. This also holds rather well for the
measurements made by ScHMELTEKOPF et al.
(1977) at various latitude from the Antarctic to
50° north except for those preformed at Panama
and Saskatchewan.

The production of mesospheric odd nitrogen
compounds is due to the direct reactions of nit-
rogen atoms with molecular oxygen. It is thus not a
surprise to find nitric oxide at all altitudes in the

middle atmosphere as shown in Fig. 5. A large
variability with time of NO is now recognized.
Short term and seasonal variations have been ob-
served, the latter ones exhibit a maximum in sum-
mer (LoweNsTEN et al., 1975) based however only
on aircraft measurements in the lower stratosphere.
NO is in close photochemical equilibrium with NO,
which has only been measured up to 40km al-
titudes as shown in Fig. 6. While NO has been
measured by observation of in situ chemilumines-
cence with O,, by infrared absorption and emission
in the stratosphere, the mesospheric values are due
to the observation of the resonantly scattered solar
radiation and to mass spectrometric analysis. Data
on NO, are only due to remote sensing in the
infrared and in the visible from aircraft from bal-
loon and from the ground (BReEwer et al., 1973;
KuLkArNi, 1975; Noxon, 1975). A seasonal varia-
tion with a maximum in summer has been deduced
from a latitude survey covering both hemispheres
(GIrRARD et al., 1978) and from a year of observa-
tion (Noxon, 1977). Very little information is how-
ever known on the variability vs altitude since the
presently available data are related to the total
vertical amount.
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Fig. 5. Number density of nitric oxide has been measured in the middle atmosphere by THOMAS

(1978), Th; TRINKS et al. (1978), U and U’; by BARTH (1964), B; MEIRA (1971), M; TisonE (1973), T;

HALE (1972), H; MAsoN and HORVATH (1976), MH; MAIER et al. (1978) M'; ACKERMAN et al. (1975)

A’, A"; CHALONER et al. (1975), RIDLEY et al. (1976), T; BURKHARDT et al. (1975), LOEWENSTEIN et
al. (1974), 1976), L, S. The data show a large variability at all altitudes.

HNO; is the third odd nitrogen molecule pro-
duced in the middle atmosphere which is present in
appreciable quantity (see Fig. 7). It has only been
observed in the stratosphere from infrared absorp-
tion and emission spectra and from sampling fol-
lowed by chemical analysis. A strong latitude varia-
tion with a minimum in equatorial regions has been
demonstrated (Lazrus and Ganpbrup, 1974,
MuURCRAY et al., 1975; Girarp et al., 1978).

Other odd nitrogen species have not been ob-
served. Upper limits have been set for NO;, 2% of
NQO,, by Noxon (1975) and for N,Os.

2.5 The halogen species

Concerns about the possible effect of man made
halogen compounds on the ozone balance have

prompted measurements of fluorocarbons in the
stratosphere. Most data are based on in situ sampl-
ing during balloon ascents followed by gas
chromatographic analysis. Many measurements
have been performed on CFCl; and on CF,Cl,.
Both are photodissociated by solar UV radiation
penetrating in the atmosphere through the 200 nm
atmospheric window. SUNDARARAMAN (1976) has
reviewed several data sets. Infrared absorption
spectra have provide the longest time base showing
an increase of the stratospheric content by com-
parison of spectra observed in 1968 and in 1975
(WiLLiams et al., 1976a).

As HNO, is considered as a sink for strato-
spheric odd nitrogen through rainout in the tropo-
sphere, HCl and HF should play this role for
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Fig. 6. The abundance of nitrogen dioxide has only been determined in the low middle atmosphere.
Most of the information is due to infrared absorption spectroscopy by ACKERMAN and MULLER
(1972), M; FARMER (1974), B; FONTANELLA et al. (1975), F; MURCRAY et al. (1974), D; CHALONER et

al. (1975), C.

The values obtained by KERR and MCELROY (1976) in the visible region are also shown, K.

chlorine and fluorine. The determinations of HCI
by observation of the 3 um infrared band from
balloon platforms (AckerMAN et al, 1976; WiL-
Liams et al., 1976b, Evyre and Roscoe, 1977;
RAPER et al., 1977) agree and constitute an impor-
tant data base to monitor a possible increase in the
future.

HF has been detected first by ZAnNper (1975)
and (easured in the stratosphere by ZaNDER et al.
(1977). FarMer and Rarer (1977) have simul-
taneously obtained stratospheric data on HF and
HCI and found a ratio of abundance equal to 0.1.
As for HNO; the HCI concentration measured by
sampling on filter paper (Lazrus et al.,, 1976) are
slightly lower than those found by the infrared
spectrophotometric method.

Atomic chlorine and chlorine monoxide, the two
active species reacting with odd oxygen in the
middle atmosphere have been measured by AN-
DERSON ef al. (1977) using a balloon dropped reac-
tor in which Cl resonantly scatters the 119nm
ultraviolet radiation.

2.6 Miscellaneous species

In relation with the stratospheric aerosols SO,
has been mass spectrometricaly measured in the
low stratosphere by JAescHKE et al. (1976). In the
90 km altitude region sodium (MeGIE et al., 1978;
THomas et al., 1977) and potassium (MeGIE et al.,
1978) have been measured by means of ground

based lidar. Typical maximum number densities are
equal to 2000 and 300 cm™>, respectively.

3. DISCUSSION AND CONCLUSION

In situ measurements in the middle atmosphere
have grown considerably for the last 5 years with a
particular emphasis on the stratosphere. Data on
the vertical distribution of neutral trace species give
a broad picture of their typical abundances as those
shown in Fig. 8. Recent theoretical analysis of the
experimental data on trace species have been pub-
lished by Crurzen et al. (1978) and by Worsy
(1978). The most versatile measuring method ap-
pears to be the infrared limb sounding which has
been applied to O,, 0,('A), H,0, CH,, CO, NO,
NO,, HNO,, N,O, HCIl, HF and halocarbons. Its
main disadvantages are the limited altitude resolu-
tion due to the integration of emission or absorp-
tion feature over a long atmospheric path. Even if
the highest spectral resolution was used, the detec-
tion limit would most probably not be better than
10° molecules per cm’ in the best cases where
spectral lines are the most intense. It has on the
other hand the advantages of being quite free from
contamination and of very high specificity. Eventu-
ally, it can be used from orbiting vehicles to give
global coverage. The gas sampling method used in
association with chromatography or other analytical
methods is almost as versatile with the potentiality
of measuring non infrared active species such as
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H.. Special care has to be taken to avoid contami-
nation. In particular cases, the in situ use of specific
chemiluminescent reactions has provided much in-
formation. This has been the case for O,, CO and
NO. Low stability reactants at very low concentra-
tion have often to be used for calibration purposes.

A large fraction of the constituents has not been
measured in the mesosphere. Middle atmosphere
programs will most probably emphasize data collec-
tion in the altitude range between the stratosphere

and the low thermosphere. Simultaneous measure-
ments of various species interacting closely in
chemical of thermal processes will be required.
Eventually, long time series of observation, con-
tinuous in some cases, will be necessary to study
variability with time and geographic location in
order to establish the possible mechanism of in-
teraction of solar terrestrial character already post-
ulated at present on a statistical basis.
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