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The thin envelope of gas that surrounds the earth has
evolved into the present state routinely accepted as our atmosphere. While the evolutionary history of the atmosphere
has been studied by several scientists, this chapter deals
only with our current understanding of the gas species present. The density and temperature structure and the nomenclature adopted to describe it have been discussed in Chapters 14 through 16.
The atmosphere can be viewed as a giant photochemical
and dynamical experiment where aeronomers try, with limited snapshot glimpses, to understand and model its complexities. Nitrogen and oxygen in molecular and atomic
forms contribute 99% of the total atmospheric composition
to altitudes near 500 km. However, it is the minor species
which comprise less than 1% of the atmosphere that are
most important in establishing the chemical and dynamical
behavior of the atmosphere. The minor species of interest
include all forms of the molecules that result following

and emission of infrared radiation which establishes the thermal structure of the atmosphere
3. Absorption of the extreme ultraviolet radiation
which leads, through ion chemistry, to the formation of the D, E, and F regions of the ionosphere
During the past 10 years significant advances in mass spectrometry, optical spectrometry, radiometry, and interferometry have rapidly improved our knowledge of the atmospheric composition. The region between 50 and 140 km
can be directly sampled only by rocket borne instruments,
but recent advances in remote sounding techniques are beginning to provide additional data of a more synoptic nature
in this region. The lower altitudes can be probed by aircraft
and balloons while the higher altitudes have been examined
during the past 20 years by satellite instruments.

dissociationby sunlight of not only the major speciesbut
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also the less abundant molecules containing hydrogen and
carbon. The noble gases also contribute to the sum of the
minor species and provide inert tracers for examining the
dynamical processes in the upper atmosphere. Sources such
as meteorites, interplanetary dust, and the solar wind contribute additional minor species to the top of the atmosphere.
Tropospheric clouds, aerosols, ocean spray, anthropogenic
sources, and industrial pollution contribute sources of minor
species from below. Within the past 10 to 15 years, the
potential impact of manmade pollution in modifying the bulk
properties of the atmosphere has been realized. The excited
states of several significant minor species must be examined
separately because of the special importance they have on
particular chemical processes.
The role of the minor species in the atmosphere is most
important to the following topics:
1. Absorbing and shielding the earth's surface from
solar ultraviolet radiation
2. Establishing the radiation balance by absorption

BELOW

50 KM

Ozone, a minor, variable constituent of the atmosphere,
is recognized as a dominant influence on both the present
and past character of the earth's environment. It contributes
less than 0.0001% to the total atmospheric mass, yet is the
critical blocking filter for dangerous high energy solar radiation between 0.2 and 0.3 um. The ozone redistributes
this absorbed ultraviolet energy into the stratospheric thermal structure through collisional heating. Coincident with
its absorption properties, ozone also emits radiation at longer
wavelengths, serving as an effective cooling agent. Because
ozone is chemically responsive to the concentrations of other
minor constituents, some of which may be manmade, it has
received much scientific and public attention.
Ozone (03) is composed of three atoms of oxygen and
is gaseous under conditions found in the earth's atmosphere.
The bent triatomic structure leads directly to its rich rotationvibration infrared signature. Actual concentrations vary con-
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siderably in time and space; the vertical distribution is dominated by the occurrence of a deep stratospheric layer with
maximum values of 5 x 1012m-3 [Krueger and Minzner,
1976]. Since this layer is embedded within the exponential
decrease in total atmospheric concentration, ozone is often
reported in units of mixing ratio. Typical mixing ratios of
0.03 to 0.10 parts per million by mass (ppmm) are found
throughout the troposphere, with an abrupt increase beginning only at the tropopause. A stratospheric maximum mixing ratio of approximately 12 ppmm occurs near 35 km
(Figure 21-1 [Dutsch, 1978]). (Note: Data referenced in
Diitsch [1978] have been graciously supplied to AFGL by
Professor Dutsch and were the basis for Figures 21-1, 2110 and 21-11.)
The gas is a very powerful oxidant, readily attacking
organic compounds (particularly double-bonded structures
such as natural rubber) and will harm sensitive plant and
animal tissue. Most life forms are tolerant to normal surface
ozone amounts, but unusually high doses, even for brief
periods, will produce damage [CRC, 1969; Parent, 1978].
For example, humans begin to smell ozone as concentrations
increase above levels of 0.03 to 0.06 ppmm, and they might
notice some discomfort at 0.05 to 0. 1 ppmm. When doses
exceed 0.6 to 0.8 ppmm, as might occur under extreme
conditions near the ground or at jet aircraft altitudes, a two-
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hour exposure will produce strong irritation (reversible) to
the pulmonary system and will lower resistance to infection.
Doses of 15 ppmm are fatal to laboratory animals and will
produce severe pneumonia-like illness in humans. Such high
concentrations, although frequent in the middle atmosphere,
will not occur naturally in the habitable environment.
Units for Atmospheric Ozone: Published reports on atmospheric ozone vary in their units for describing ozone
content. The choice depends on the measuring technique as
well as the intended user. Vertically integrated or total ozone
is normally presented in "Dobson Units;" 1 DU equals 1
milli-atmosphere-centimeter (m-atm-cm), the equivalent
vertical depth of pure ozone under standard temperature and
pressure. The vertical ozone distribution is sometimes expressed in DU/km, but more frequently is presented as a
mixing ratio, partial pressure, mass density, or number density. Units such as micrograms (ug), parts-per-million(ppm),
and nanobars (nbar) are used to avoid including powers of
ten. Some definitions and conversions are shown in Table
21-1.

21.1.1 Production
Atmospheric ozone originates primarily from photochemical reactions in the stratosphere, although some minor
local tropospheric sources, both natural and anthropogenic,
exist. The simplest stratospheric model for ozone production
(first postulated by Sidney Chapman in 1930 [Chapman,
1930]) hypothesizes an equilibrium among the major forms
of oxygen: Q 2 , O and 03; the latter two are referred to
collectively as "odd" oxygen. Molecular oxygen provides
a resevoir of O atoms through photodissociation:

35

0 2 + hv-

O+ O
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where hv is the quantized representation of the available
solar ultraviolet energy; (h = Planck's constant and
V = frequency of the photon.* The atomic oxygen rapidly
combines with the abundant 02 in a three-body collision to
form ozone:
O+
02 + M

03 + M.

The third reactant (M), most likely N2 or 02, is necessary
for energy and momentum balance. The primary control to

this ozone formation sequence is destruction through photodissociation:
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Figure 21-1. Global annual mean vertical distribution of ozone mixing
ratio, ozone partial pressure, and normalized standard deviation.
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The frequency of solar energy required for photodissociation,
v, is specifically dependent on the structure of the molecule. To bring about o2
dissociation, a photon has sufficient energy only at wavelengths less than
0.24 um: for 03, energy associated with wavelengths between 0.2 and
0.3 um is most efficient, although other narrow wavelength intervals contribute. For more detail on the molecular physics governing absorption and
photodissociation in the atmosphere, see, for example, Goody 119641.
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Table 21-1. Ozone units definitions and conversions.

Ozone Parameter

Symbol

Total Ozone
Mass Mixing Ratio
Volume Mixing Ratio

X
r3 m
r3v

Partial Pressure

P3
N3
P3

NumberDensity
Mass Density
r3 v (ppmv) = 0.604 r3 m (ug/g)

= P3

(nbar)/P(mb) =

Typical Values
305 DU or 0.305 atm-cm NTP
5 ppmm or 5 x 10-6 g O3/g air
3 ppmv or 3 x 10-6 cm3 03/cm3
air
80 nbars or 80 umb
26 x 1017molecules0 3/m 3
210 ug/m3 or 2. 1 x 10-7 kg/m3
N 3 T(K)

7.248 X 1018P(mb)
p (ug/m3 ) = 7.97 x 1017 N3 (molecules/m3 ) = 21.41 DO/DZ(DU/km)
P3 (nbar) = 1.732 x 10- 3 p3 (ug/m3) T (Kelvin)
DO = 0.790 P3 ln(Pa/Pb)for a layer bounded by Pa and Pb
O3 + hv -- O + 02.

Direct recombination of O and 03 or O and O is slow.
The observed diurnal modulation in ozone densities at
and above the stratopause is a direct response to the loss of
the photodissociative Chapman reactions at sunset. The photochemical balance between the odd oxygen species is abruptly shifted toward 03, producing nighttime increases of
approximately 10% at 50 km and 50% at 60 km [Herman,
1979; Lean, 1982; Allen et al., 1984].
The simple Chapman scheme predicts an ozone distribution with a properly located stratospheric maximum; however, the magnitudes of the calculated concentrations are
generally higher than the measured amounts. Reactions with
and among other trace constituents, including oxides of
nitrogen, hydrogen, and chlorine, significantlyalter the ozone
photochemical balance [Crutzen, 1971; Molina and Rowland, 1974; Nicolet, 1975]. The full chemical description
is so complex that the number of recognized reactions now
exceeds one hundred and is continually being updated. (See
for example NASA/JPL [1982] or Anderson et al. [1985].)
The catalytic gas phase nature of many of these reactions
has the net effect of accelerating the conversion of O and
03 to 02, For example, in the upper stratosphere the hydroxyl (OH) radical can react with ozone to form hydrogen
dioxide (HO2 ) plus molecular oxygen [Thrush, 1980]. The
HO2 rapidly combines with atomic oxygen, reforming OH
and molecular oxygen. This cycle is written in chemical
notation as
OH + 03-HO2 + 0

NET: 0

--

+ 03---

HO2 + 02
OH

+ 02

or longer-lived equilibrium ozone concentrations. For instance, mixing ratios near the stratopause respond to propagating planetary waves because of the strong temperature
dependence of the hydrogen reactions [Barnett et al., 1975].
In addition, the occurrence of solar proton events has been
associated with a marked, though temporary, reduction in
ozone near the polar stratopause, initiated by downward
transport of catalytically active nitric oxide from the mesosphere [Crutzen et al., 1975; Heath et al., 1977; Peters et
al., 1981; Solomon et al., 1983]. It is, of course, the effects
of long term anthropogenic deposition of catalytic reactants
that remains a major concern. Photolysis of chlorofluorocarbons (for example, CCL2F2, CCl2F), used primarily as
refrigerants and aerosol spray carriers, provides an increasing stratospheric source of CIO [Stolarski and Cicerone,
1974; Rowland and Molina, 1975]. Since no other effective
removal mechanism has been established for these compounds [NAS, 1979], their release at the surface is followed
by slow but eventual (- 10 years) diffusion and transport
into the stratosphere. Ultraviolet solar energy then frees the
ClO, initiating the potential reaction schemes with ozone
and other constituents. Additional anthropogenic modification to the ozone balance, both in the troposphere and
stratosphere, can be expected from the release of nitrogen
and carbon compounds related to engine exhausts, fertilizers, biomass burning, and atmospheric nuclear testing
[WMO, 1981; Angell and Korshover, 19831. The extent
and magnitude of ozone modulation directly attributed to
man has not yet been firmly established theoretically nor
experimentally. See Sections 21.1.4 and 21.1.7 for further
discussion.

202

Similar catalytic reactions (where OH may be replaced by
nitrogen or chlorine radicals) strongly modify stratospheric
03 concentrationsand are dominant in the troposphericozone
chemistry [Fishman, 1985].
External modifications to the steady-state distribution of
any of the catalytic constituents can perturb the momentary

21.1.2

Transport

In the upper stratosphere the photochemical reaction
rates are sufficiently fast that ozone equilibrium will usually
be approached within hours. However, lower in the atmosphere dynamic processes begin to compete and eventually
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dominate [Hartmann, 1978]. A simplified explanation for
the loss of photochemical control of 03 lower in the stratosphere is the disappearance of the ultraviolet sunlight necessary for dissociation of both 02 and 03. The ozone and
molecular oxygen above 30 km remove almost 90% of the
selective energy, reducing both the instantaneous source
(02 + hv) and the sink (03 + hv) of odd oxygen. Photochemical reactions affecting ozone, including diurnal
modulations, do occur in the troposphere; however, the
source molecules are primarily those capable of responding
to visible and near-ultraviolet light.
The relatively complete conversion to dynamic control,
with ozone acting as a conserved tracer for the atmospheric
motions, occurs by approximately 25 km [Cunnold et al.,
1980]. The altitude and thickness of the transition zone
between the photochemical and dynamic regimes varies with
latitude and season, depending largely on the solar geometry
and the strength and frequency of planetary wave disturbances. The transition zone is important because much of

the poleward transport of ozone is thought to occur in this
region [Garcia and Hartmann, 1980].
Eventually, ozone formed photochemically in the upper
stratosphere reaches the tropopause and passes into the troposphere. The major exchange mechanism occurs in the vicinity of the midlatitude jet stream [Danielsen et al, 1970;
Danielsen and Hipskind, 1980], although its efficiency is
not Well established. So little immediate blending occurs
that measurements of ozone within a complex tropopause
fold (Figures 21-2a and 21-2b) can determine whether air
samples are of stratospheric or tropospheric origins [Shapiro
et al., 1980; Roe, 1981]. Once in the troposphere, the lifetime for ozone is only a few days, since it is rapidly destroyed upon contact with the earth's surface. The removal
is most efficient on vegetation, taking tens of minutes, but
significant destruction also occurs over oceans, lakes, and
even snow [Calbally, 1980].
In addition to its buffer role between the major stratospheric ozone sources and the ultimate surface destruction,
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Figure 21-2a. Vertical cross section of ozone concentration (parts per hundred million) from western Missouri to western Louisiana. Analysis based on

aircraftobservationsfrom 2000GMT, 16March 1978to 0100GMT, 17March 1978illustratessloping"tongue"of ozone-richair between
5 and 10 km [after Shapiroet al., 1980].
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the troposphere is also an in situ chemically active environment. High temperature combustion in power plants,
automobiles, and forest fires releases oxides of nitrogen,
carbon, and other gases that near-ultraviolet sunlight can
dissociate [Crutzen et al., 1975]. If gaseous organic compounds (such as petroleum fumes) are also present, the
ozone equilibrium levels are significantly enhanced. These
locally-increased concentrations contribute to the photochemical smogs found downwind of major cities. In addition, non-urban tropospheric chemistry can provide a globally-varying, non-anthropogenicin situ ozone source [Fishman
et al., 1979; Liu et al., 1980]. The magnitude of this natural
03 production is modified by the availability of such minor
constituents as methane (from anaerobic metabolism [Ehhalt
and Schmidt, 1978]), CO (from natural combustion sources
[Persson, 1974], vegetation [Zimmerman et al., 1978], and
NO (from lightning discharges [Noxon, 1976]). Direct 03
photolysis is also enhanced by cloud and molecular scattering [Thompson, 1984]. Logan et al., [1981] have esti-

mated some of the global pollutant budgets as almost evenly
divided between anthropogenic and natural contributions.
The balance varies with hemisphere, season, local weather,
and chemical environments.
Because much research effort is being expended in understanding the tropospheric/stratospheric ozone cycle and
its relation to man, comprehensive reviews of its chemistry
and dynamics are published frequently. See, for instance,
Brasseur [1982]; Brasseur and Solomon [1984]; The Stratosphere, 1981 [WMO, 1981]; Logan et al., [1981]; The
NASA Assessment Report [1984]; Whitten [1985]; Bojkov
[1984].

21.1.3 Ozone Measurement
The complex control mechanisms-dynamic, radiative,
and photochemical-that govern the global distribution of
ozone prohibit a simple prediction of any local ozone en-
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Figure 21-2b. Vertical cross section of potential temperature (thin solid lines), wind speed (dashed lines), and tropopause (heavy line) corresponding to
previous figure. Potential temperature and static stability of air in the ozone tongue is characteristic of lower stratosphere air normally found
north of the jet stream [after Shapiro et al., 1980].
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vironment (see Section 21.1.7 on modeling efforts). A large
complement of measurement techniques has been developed
for both integrated column and vertical profile definition.
The distinction is important because the total ozone overburden serves as the absorbing buffer for the solar radiation,
while the vertical distribution governs energy deposition.
Instrumentation based on the molecular, optical, and/or
chemical properties of ozone has been adapted to ground
and space platforms, including aircraft, balloons, rockets,
and satellites.
In particular, the optical properties of ozone, both in the
ultraviolet and infrared, provide rich instrumental applications. Spectral measurements of the differential absorption
in the UV Hartley (0.2 to 0.3 um) and Huggins (0.3 to 0.35
um) bands are employed routinely. Beginning in the 1930s,
ground station networks [Dobson, 1930;Dutsch, 1973]have
been inferring atmospheric total ozone from observed variations in the measured solar irradiance within these wavelength intervals ("Unkehr/Dobson" and "M83" measurements). Observations of the zenith angle modulation of that
same irradiance provide broad resolution (5-10 km) vertical
structure information [Mateer, 1965].
Satellite instrumentation has created the opportunity for
global coverage, a particular advantage when examining a
constituent as variable as 03 [Krueger et al., 1980]. Both
total column and/or vertical distributions have been inferred
from UV Hartley and Huggins band measurements [Anderson et al., 1969; Heath et al., 1973; Rusch et al., 1983].
These same absorption techniques, when used on balloons
and rockets [Krueger, 1973; Mentall et al., 1980; Lean,
1982] provide an invaluable calibration test for the sounding
networks. (For information on general mathematical formulations and algorithms for inversion of remotely-sensed
atmospheric data, see for example Twomey [1977], Deepak
[1977], Rodgers [1976], or Gordley and Russell [1981]).
Another satellite-based ultraviolet system infers ozone
distributions by observing the occultation of a light source
(solar or stellar) crossing the earth's horizon [Hays and
Roble, 1973; Aiken et al., 1982; Millier et al., 1981]. For
this method the vertical resolution is 4 to 6 km. Ultraviolet
lasers have also been used to remotely probe the ozone layer
from the ground (with potential satellite applications [Remsberg and Gordley, 1978]); the synchronous, atmospherically
reflected laser signal [Pelon and Megie, 1982] provides both
altitude (that is, distance from the source) and density information. An in situ application of ozone's ultraviolet absorption properties, used primarily on large balloons and
rockets, includes both source and detector separated by a
chamber filled with a local air sample [Ainsworth and Hagemeyer, 1980; Profitt and McLaughlin, 1983; National
Academy Report, 1982;Robbins 1980]. Pumping efficiency
then governs the vertical resolution (< 20 m, see Figure
21-12).
Infrared systems to measure atmospheric ozone employ
the thermal emission of the triatomic molecule, usually in
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the strong vibration-rotation band near 9.6 um. Infrared
rocket and satellite instruments have determined both total
ozone [Prabhakara et al., 1970; Lovill et al., 1978; Crosby
et al., 1980] and vertical profiles [Gille et al., 1980b; Remsberg et al., 1984; Stair et al., 1984] using nadir (vertical)
or limb viewing, respectively. The thermal dependence of
the emission requires simultaneous temperature sounding;
however, it is independent of solar insolation, providing full
diurnal coverage. Vertical resolution is approximately 5 km
throughout the stratosphere and lower mesosphere (12-65
km).
The longer wavelength (infrared, millimeter, and microwave) emission/absorption properties of the ozone molecule (see Harries [1980] for a general discussion) are also
atmospherically useful. The shape and equivalent width of
the spectrally-isolated lines provide independent measures
of both density and pressure. In particular, the emission
spectrum in the wavelength interval 50-300 Ghz (1-6 mm),
as measured from the ground [Parrish, 1981] has been proposed for inclusion in the standard global sounding network.
Similarly, molecular line parameters have been measured
in absorption against the solar background spectrum [Farmer
et al., 1980; Louisnard et al., 1983; Weinrab et al., 1984].
Fluorescenceradiation at 1.27 um, emanating from ozone
photolysis (03 + hv - 02 + 0), has been measured on
a limited number of high-altituderocket experiments [Weeks
et al., 1978]. More recently this experiment, as part of an
instrument complement on a spinning satellite, has measured global 03 mixing ratio profiles up to 90 km [Thomas
et al., 1983].
Small in situ chemical detectors (which record iodide
or chemiluminescent reactions to the presence of ozone) are
frequently used as portable ground and aircraft sensors or
as expendable balloon and rocket-borne ozonesondes [Regener, 1960; Komhyr, 1971; Hilsenrath, 1980]. Their calibration is demanding, often requiring normalization of the
profile to some other measurement; however, fine scale vertical structure (<50 m) measurements can be achieved at
low cost. Mass spectrometers, because of their size and
complexity, are not used routinely as sondes; they can be
mounted on either aircraft or balloons and provide detailed
in situ observations, including altitude profiles of isotopic
abundances [Mauersberger, 1981].
A summary of the instrument systems currently being
used for climatological analyses of ozone in the stratosphere
and troposphere is presented in Table 21-2. The values for
relative accuracy are based on instrument intercomparisons
as well as observational consistency. They do not include
the systematic differences (6%-8%) found between the total
column ozone measured by Dobson ground-based instruments, which are considered the standard, and the ozone
measured both by the back-scattered UV and infrared satellite instruments. The accuracies stated for the electrochemical and chemiluminescent sondes have been enhanced
by an independent measurement of total ozone as part of
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Table 21-2. Major data sources for atmospheric ozone below 50 km.

Type of Observation

Period

Obs./Mo.

Vertical
Range

Vertical
Resolution

Horizontal
Resolution

Relative
Accuracy

1. World Ozone Network (a)
Dobson Spectrophotometer

1930-84 +

700

0-60 km (Total Ozone)

Point

+ 3%

M83 Instruments (filter)

1960-84 +

250

0-00 km (Total Ozone)

Point

+ 8%

Dobson Spectrophotometer-Umkehr

1935-84+

60

0-60 km

6 km

Point

+6%

Electro-chemical Ozonesondes

1965-84+

30

0-30 km

0.3

Point

+3%

2. AFGL North America Network (b)
Chemiluminescent Ozonesonde

1962-64

40

0-30 km

0 km

Point

+ 8%

3. NASA-OGO4 (BUV) (c)

1967-69

1000

30-50 km

7 km

4. NASA Nimbus 4 Satelite System (c)
Back-Scattered Ultraviolet (BUV)

1970-77

18 000

Back-Scattered Ultraviolet (BUV)

1970-77

1800

IR Interferometer Spectrometer (IRIB)

1971-72

40 000

5. USAF DMSP Satellites, F1-F4 (d)
Infra-Red Spectrometer

1977-80

3 000 000

6. NASA Nimbus 7 Satellite System (c)
Solar Back-Scattered UV (SBUV)

1978-84 +

Solar Back-Scattered UV (SBUV)

0-60 km (Total Ozone)
22-60 km

+ 10%

200 km

7 km

0-60 km (Total Ozone)

-3%
+6%

Comments
Cross-calibration of
instruments difficult
Problems with filter
stability
Requires clear sunrise or
sunset
Pump efficiency problems
above 25 km
Problems with
chemiluminescent materials
Monthly means
(daytime only)
Excellent global coverage
(daytime only)
Excellent global coverage
(daytime only)
Excellent global coverage
(day and night)

100 km

+3%

(Total Ozone)

100 km

+7%

Cross-path scanning,
excellent coverage,
day and night

32 000

0-60 km (Total Ozone)

200 km

-+3%

1978-84+

32 000

22-60 km

7 km

200 km

+6%

Limb IR Monitor of Stratosphere
(LIMS)

1978-79

32 000

12-60 km

4 km

200 km

-7%

Total Ozone Mapping Spectrometer
(TOMS)

1978-84 +

1 200 000

0-60 km

(Total Ozone)

60 km

+3%

Excellent global coverage
(daytime only)
Excellent global coverage
(daytime only)
Excellent day-night
coverage, requires
cryogenics
Cross-path scanning,
daily global coverage

1982-84+
1982-84+

30 000
30 000

7 km
7 km

200 km
200 km

±5%
+5%

7. SolarMesosphericExplorer(SME) (c)
Back Scattered Ultraviolet (BUV)
Near Infrared

0-60 km

30-60 km
30-60 km

Global covering,
limb scanning
(daytime only)
Global covering,
limb scanning
(daytime only)

Data Sources.
(a) Archived at World Ozone Data Centre, Atmosphere Environment Service, 4905 Dufferin St., Downsview, Ontario, Canada M3H5T4a (Data published
bimonthly in Ozone Data For The World)
(b) Archived at NOAA Environmental Data and Information Center, National Climatic Center, Federal Building, Asheville NC 28801
(c) Archived at National Space Science Data Center, Goddard Space Flight Center, Code 601, Greenbelt MD 20771
(d) For information: Dr. J. Lovell, PO Box 808, Lawrence Livermore Laboratories, Livermore CA 94550
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the calibration. Further details on ozone instrumentation
may be found in The Stratosphere 1981 [WMO, 1981] or
more recent reviews.

21.1.4 Total Ozone: Its Global Distribution
and Variability
The most complete ozone data set is that for total ozone.
Ground-based measurements have been made for over 40
years and a global network (albeit coarse) has existed for

25 years [London et al., 1976]. With the introduction of
satellite sensors (see Table 21-2), the frequency, spatial
coverage, and relative accuracy of such soundings have all
been improved [Hilsenrath and Schlesinger, 1979]. Combined ground and satellite determinations allow the formulation of climatologies that describe the distribution and
variability of total ozone on scales ranging from hours to

years.
Hemispheric contour plots of the annually averaged column amounts of ozone and their normalized standard deviations are shown in Figures 21-3a and 21-3b. The distributions graphicallydemonstratethe impact of global dynamics
on ozone in the troposphere and lower stratosphere (the
contributions from these lowest altitudes to the total column

is approximately 70%). Subsequently, the features of any
total ozone distribution correlate well with those of similarly
formulated maps of standard meteorological

data near the

tropopause [Miller et al., 1979]. For example, the structure
in Figure 21-3 is negatively correlated with the annual mean
height of the tropopause [Dobson, 1963]. The hemispheric
asymmetries that persist in these annual means are primarily

Figure 21-3a. Total ozone northern hemisphere, annual mean (m atm
cm).Dashed lines indicate normalized standard deviation.
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a consequenceof geographically-stable,planetary-scalewinter
weather patterns [Hartmann, 1977]. See Holton [1980] for
a more complete description of the controling dynamic processes.
The local variability in total ozone can be very large
and, again, highly correlated with the instantaneous (synoptic) global weather system. Similarities between the features of the daily, satellite-derived total ozone measurements
and the standard synoptic height maps of the 200 mb pressure surfaces have been observed [Shapiro et al., 1982]. If
instantaneous 03 column amounts can be rigorously related
to the global tracking of planetary waves, the pertinent satellite data could be added to the meteorological inputs for
weather prediction.
Total ozone climatology exhibits natural variations in
both amplitude and period, ranging from daily to interannual, and perhaps even solar cycle [Wilcox et al., 1977;
London and Reber, 1979]. The dominant influence on the
variability is seasonal, as depicted in Figure 21-4. A harmonic analysis of ground (or satellite) data bases provides
insight into the latitudinal dependence (Figure 21-5). At
middle and high latitudes the annual period dominates, with
additional power in the aperiodic component. Near the equator the total variability is small, allowing the statistical identification of semi-annual, annual, and quasi-biennial (26
month) waves [Angell and Korshover, 1983]. Anthropogenic modification of total ozone has yet to be established
[Reinsel, 1981; Bloomfield et al., 1983]; its magnitude, as
predicted by theoretical calculations, would be very small
(a decrease of <0.1%/year, Logan et al., 1978; Penner,

1982; Wuebbleset al., 1983;NASA Academy Report, 1984),
but over long time scales could be dramatic. Given ozone's
large variability plus current instrumental limitations (both
precision and intercalibration: see Table 21-2) man's influence is not yet detectable.

21.1.5 Vertical Profiles
The modified "Chapman" photochemical mechanism is
sufficient to describe the basic vertical distribution of ozone;
its dominant feature, as discussed previously, is the pronounced ozone layer, a region in the stratosphere of maximum concentrations (actually resulting from complex photochemical production and subsequent transport). However,
measurable amounts of 03 also occur throughout the troposphere and into the mesosphere. The climatological variability within this framework is similar to that for the total
column, with additional complications from the altitudedependent chemistry and dynamics.
An annual, globally-averaged vertical distribution (as in
Figure 21-1) has a broad peak in mixing ratio (ppmm) near
35 km (note that the choice of units governs the definition
of the maximum). The normalized standard deviation of the
composite profile suggests that the variability is greatest near
12 km and 45 km (related respectively to dynamics at the
tropopause and chemical responses to thermal and/or solar
disturbances below the stratopause). The annual variances
in Figure 21-1 are minimized by the geographical dominance
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of large areas of relatively stable ozone profiles in the summer and low latitude; winter and equinoctial profiles actually
exhibit much greater natural excursions over both long (seasonal) and short (hours to days) time scales.
As with total ozone, the first order variations about a
basic vertical distribution can be ascribed to seasonal effects
[Dutsch, 1978; Klenk et al., 1983]. Systematic satellite
measurements provide the opportunity to examine these annual progressions as a function of latitude, particularly at
and above 10 mb (approximately 30 km). For instance,
sample one-month zonal mean distributions for 1979 (Figures 21-6a, b, c, d), based on satellite-derived, backscattered ultraviolet data [McPeters et al., 1984], encompass

the seasonal features of the middle and upper stratosphere.
Towards the winter pole the mixing ratio contours maximize
at increasingly higher altitudes (often above 40-45 km, that
is, 2-3 mb), in response to weaker photodissociation and
stronger transport. The summer hemisphere, however, exhibits a stably located maximum. This imbalance reverses
hemispheres with the seasons and is symmetric at the equinoxes. A statistical analysis of a similar data set for the
years 1970-71, in combination with balloon measurements
[Klenk et al., 1983], suggests that the zonal mean variance
can be typically reduced to a four-parameter function (including latitude and day of the year) for selected pressure
levels. The 1971 seasonally-dependent profiles for high,
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Figure 21-6. Latitude-height cross sections of the ozone mixing ratio (ppmv) for the months of (a) January, (b) April, (c) July, and (d) October. All

profilemeasurementswithin 10olatitudezoneswere averagedeach month. [McPeterset al., 1984].
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middle, and low latitude intervals appear in Figures 21-7,
21-8, and 21-9.
A meridional cross section of annually-averaged ozone
partial pressure was computed from approximately 15 years
of ozonesonde ascents and Uhmkehr observations [Dutsch,
1978] and is presented in Figure 21-10. The pattern of partial
pressure (solid lines) closely parallels the location of the
tropopause, and the percent variabilityabout the mean (dashed
lines) is greatest where the slope of the tropopause is greatest-the region of midlatitude storm activity. The amplitude
of the annual cycle (expressed as percent) is presented in
Figure 21-11, together with the month of maximum value.
In general, largest seasonal changes are near the tropopause
with a peak in the spring season. Large seasonal changes

are also found above 45 km at polar latitudes due to the
effects of the annual temperature cycle on ozone photochemistry.
In addition to the seasonally-controlled annual cycle,
other natural periods can also be extracted from the climatological profiles. The quasibiennial oscillation appears
at low latitudes (mirroring the total ozone behavior) and is
most apparent near the mixing ratio maximum [Angell and
Korshover, 1983]. At 40 to 45 km there is a weak indication
of a solar rotation response [Gille et al., 1984] which is
again statistically separable only at low latitudes where the
profiles exhibit the most stability. A semiannual oscillation
in ozone mixing ratio has been identified over a broad range
of pressures (1-30 mb) and latitudes [Maeda, 1984].
The day-to-day longitudinal distribution is not well represented by the zonal means. In general, the hemispheric
weather patterns that influence total ozone can be identified
in the vertical profiles; the details, however, depend on the
atmospheric level being sounded. In the troposphere, 03 is
usually a reliable tracer for weather conditions, but it is also
subject to in situ chemical reactions [Fishman, 1985]. Near
the tropopause and in the lower stratosphere, planetary scale
wave patterns are accurately replicated in the ozone field

MIXING
OZONE
RATIO
Figure 21-8. As in Figure 21-7 but for high latitude region 65°-80° .

[Gille et al., 1980b; Remsberg et al., 1984]. In the upper
stratosphere the ozone concentrations begin to be modulated
directly by the temperature sensitivity of the controlling
chemistry [Barnett et al., 1975].
Preliminary climatological averages of ozone mixing
ratios on constant pressure surfaces have been compiled for
a range of time periods, from daily to seasonal, annual and
interannual (in the stratosphere, see Remsberg et al., [1984],
Barth et al., [1983], Nagatani and Miller [1984]; in the
troposphere, see Bojkov [1983]). The complex structure of
these climatologies is an integral response to the total atmospheric environment, including the instantaneous and
gradient behavior (temporal and geographic) of temperature,
transport parameters, and other minor constituent concentrations. Satellite platforms and field programs are currently
being designed to address these complexities with complementary instrumentation (for instance, the Upper Atmosphere Research Satellite mission scheduled for the late
1980s [NASA Research Summaries, 1984]).
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Figure21-7. Ozonemixingratio°versusatmospheric
pressureforthelow
latitude region <25 [Klenk et al., 1983].

Figure 21-9. As in Figure 21-7 but for the middle latitude region 25°45 ° .
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21.1.6 Spatial and Temporal Scales of
Ozone Variability

data, appears as narrow horizontal layers (a kilometer or
less in thickness) often extending for hundreds of kilometers
along and tens of kilometersperpendicularto the flow [Dutsch,
1969]. These features can sometimes be directly related to
tropopause folding, but even minor dynamic perturbations
can lead to such turbulent stratification in a hydrostatically
stable atmosphere [Dewan, 1981]. This structurein the ozone
distribution, although prevalent; is not detectable from re-

Satellite instrumentation cannot provide sufficient resolution (temporal, vertical, or horizontal) to describe modulations brought about by small-scale thermal waves and
turbulence. This smaller scale ozone variability (Figure
21-12) as measured by in situ aircraft, balloon, and rocket
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large scale dynamics. The time variation of the autocorrelation for total ozone (Figure 21-14) shows significant contributions from both long (seasonal) and short periods [Wil-

cox, 1978].
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[Profitt and McLaughlin, 1983].

moteSection
platforms21.1.3
(see on measurement tech
niques). Measurements of both total ozone (ground-based)
and local concentrations (in situ aircraft sampling at 11 km)
have been used to estimate their respective degree of autocorrelation with east-west distance (Figure 21-13). The
11 km autocorrelation decays more rapidly indicating a
greater sensitivity to small scale motions; total ozone is
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Figure 12-13. Variation of autocorrelation of total ozone with distance
(E-W) in mid latitudes.

21.1.7 Mathematical Models
Mathemaatical descriptions
of the atmospheric ozone layer
date back to the original scheme of Chapman [1930]. However, as the natural variability in both total column abun-

dance and vertical distribution were recognized, the need
for more extensive modeling efforts becomes apparent. This
requires balancing complex chemical schemes with an understandng of the feedbacks between ozone and the radiative-dynamic environments. The current formulations encompassing one, two, and three dimensional models, do
not focus strictly on the ozone layer, but rather attempt to
parametrizebroaderaspects of the surroundingatmosphere.
[See the NASA Assessment Report, 1984 for a more complete discussion.]
The simplest conceptual models (other than simulations
of local volume or laboratory environments) are one dimensional, with altitude or pressure as the vertical coordinate [Sze et al., 1980]. Because of the large number of
individual chemical reactions necessary for atmospheric description [NASA/JPL, 1982], models typically divide the
minor constituents into "families" [Wofsy and McElroy,
1974]. Forexample, molecular concentrations of NO or NO2
are not calculated separately within the original mathematical formulation. Instead, a solution for the whole group of
nitrogen-oxygencompounds (known as NOx's) is found first;
other standard families include the Ox (oxygen-oxygen),
HOx (hydrogen-oxygen), and CIOx(chlorine-oxygen) compounds. Temporal modulations (with scales ranging from
minutes to years) can be accomodated in l-D models; broader
applications include sophisticated parametrization of clouds,
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radiative transfer, vertical transport, and exchange mechanisms.
Two-dimensional models can now include most of the
photochemical and some of the temporal precision of the
I-D cases [Gidel et al., 1983]. The second dimension parametrizes the latitudinal gradients that exist on a global
scale. The zonal mean temperature structure is incorporated
either as input or internal calculation. There are various
mathematical approaches adopted in 2-D models, including
boundary conditions, radiative balance, integration timesteps, solution methods, etc. (see Table 2.14 in The Stratosphere 1981 [WMO, 1981]). One of the most critical assumptions, however, is the method of approximating the
eddy (non-zonal) motions, both in the horizontal and vertical
directions. Pragmatic solutions have centered on "diffusion"
coefficients which take the form of three dimensional tensors
(K-theory, as proposed by Reed and German [1965]). An
alternative mechanistic description, where at least part of
eddy modulation is considered quasi-harmonic, has also
been formulated [Garcia and Solomon, 1982].
The value of two dimensional models lies in their ability
to replicate zonally-averaged measurements. They successfully reproduce the seasonal excursions of both the mean
"total" ozone (Figure 21-3) and the mixing ratio maximum
(Figure 21-6). Because they can incorporate time-dependent
mechanisms (such as proposed solar rotation and solar cycle
variability or minor constituent fluctuations [Garcia et al.,
19841), they have been used in conjunction with one dimensional models to investigate possible trends in ozone
concentration. Prediction capability, however, is tied to the
reliability of the input assumptions (including dynamic parametrization, reaction rates, and the atmospheric measurements against which they are evaluated). As an example of
"model-related" sensitivities, the one dimensional models
models formulated in 1979 forecast a potential 16%-18%
anthropogenically-caused decrease in column 03 by the year
2020. Models in 1982-83 predict a possible overall decrease
of 2%-4% but with a strong altitude dependence and possible nonlinear response [Maugh, 1984; NASA Assessment
Report, 1984]. The differences are related to updated determinations of critical chemical "constants", including the
temperature and pressure dependence of reaction rates and
absorption coefficients. Obviously, a definitive answer on
the future of the ozone layer cannot yet be established, but
I and 2-D models will facilitate the mathematical exploration of the possibilities.
Three dimensional models attempt to realistically simulate the fluid-dynamic, radiative, and photochemical characteristics of the atmosphere. The two general types of grid
models (with variables proportional to latitude, longitude,
and height) are similar to those used for large-scale meteorological forecasting. The global circulation models (GCMs)
employ a comprehensive set of equations governing the
radiation field, 3-D motions on a sphere, and at least part
of the chemistry [Fels et al., 1980]. The lower boundary
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conditions can extend down to the solid-earth orography
(including driving regons such as the Tibetan plateau) or
are predicated on a modulated tropopause, initiating global
stratospheric motions wth tropospheric forcing. The mechanistic models (MMs) parametrize general planetary characteristics (artificial ocean-continent boundaries, for instance), sacrificingrealistic accuracy for increased flexibility.
They have been used to simulate stratospheric warmings
and their perturbing effect upon the whole global ozone
distribution [Lordi et al., 1980; Hsu, 1981].
The horizontal and vertical resolution requirements for
adequate three-dimensional representation of the physical
processes affecting ozone are less rigid than those for tropospheric meteorologicalpredictions. However, the grid sizes
still serve as a limiting factor for computation speed and
flexibility. These models are costly for trend predictions,
but do provide the forum for physical understanding of
climatological behavior and transport. For a fuller discussion, see The Stratosphere 1981 [WMO, 1981] or more
recent reviews.

21.2 MINOR CONSTITUENTS IN
THE STRATOSPHERE
The existence of the stratosphere was discovered at the
turn of the century by unmanned balloon measurements
which found the temperature increased with altitude. The
first understanding of the stratosphere occurred when Dobson suggested the heating was the result of UV absorption
by ozone in the late 1920s. Chapman's pioneering photochemical explanation of the stratosphere in the 1930s remained the definitive description into the 1950s. The explosive research and recognition of the complex chemical
nature of the stratosphere began inauspiciously in the late
1960s with the fear that supersonic transports (SSTs) would
cause irreparable damage to the earth's environment. It is
now recognized that the stratosphere has a very complex
chemical composition generated from natural and man made
sources. Furthermore, anthropogenic sources may lead to
future changes of the stratosphere. The description that follows is not complete and must be updated and corrected as
new information becomes available. A series of reports by
government agencies and committees indicates the world
wide interest in environmental protection and on-going stratospheric research - SCEP [1970], CIAP [1974], COMESA
[1975], COVOS [1976], NAS [1975, 1979], DOE [1979],
UNEP [1979, 1980], NASA [1977, 1979], FAA [1979],
and WMO [1982]. These reports contain excellent summaries of minor constituents and theoretical and model explanations. Each succeeding years report contains new or
revised information. Journal reviews of the stratosphere [Cicerone, 1975; Hudson, 1979; Murgatroyd, 1982; and Solomon, 1983] contain succinct descriptions of the minor con-
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stituents. Emphasis has now shifted from measurements to
developing a better understanding of the mechanisms and
chemical processes identified earlier.
Neutral minor constituents of the stratosphere can be
grouped into large categories of radicals, sources of radicals,
sinks of radicals, and sources for the formation of aerosols.
The radicals are conveniently divided into groups of odd
oxygen-0( 3 P), O(1D), 02(1x), 02(1E), 03; odd hydrogen
-OH, HO2, H202; odd nitrogen-NO, NO2, HNO3, N205,
HO2, NO2 ; and odd halogens-Cl, ClO, F, Br, BrO, HCI,
HF, ClONO2. The precursorsor sources of the radicals are
constituents such as N2O, CH4, H2 0, SF6, CO2, H2, CCl4,
CH3CCl3, CH3Cl, C 2HCl3, CCl3F, CCl2F2 and other chlorofluoromethanes(CFMs), some of which are introduced
into the troposphere at mixing ratios greater than 100 pptv;
these represent the major source of chlorine in the stratosphere. StratosphericNO, derives from nitrous dioxide (N2 0)
transported from the ground. Large solar proton events could

contribute appreciable amounts of NO in the upper stratosphere. The products of radical-radical reactions, which are
generally inert, serve as sinks for the radicals. They also
form shortlived storage from which radicals can be released
by photolysis or oxidation. The major sinks are HCI, HNO3 ,
HNO4, CIONO,.H202, O3, HO2, NO2,HOCI, N2O5,COCl2,
COFCIand HF. The minor constituents that are believed
important as sources for aerosol growth are H2S04, SO2,
COS and NH3 .
The following description of the minor constituents
(Sections 21.2.1 through 21.2.9) has been excerpted from
the World Meteorological Organization publication "The
Stratosphere 1981 Theory and Measurements" with the permission of NASA. Even though this informationcan be
found in a more detailed form in the original publication,
it has been included in this chapter to provide the reader
with the basic facts of stratospheric composition and a more
complete picture of "Atmospheric Composition" as a whole.
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21.2.1 Nitrous Oxide, FC-11, FC-12, and
Methyl Chloride (N2 0, CCl3F, CCl2F 2
and CH3CI)

loon flights over Southern France (44°N) is shown in Figure
21-24. The data, although largely scattered, clearly show a
very rapid decrease from 600 ppt at the tropopause to about
20 to 40 ppt at 30 km indicating the short lifetime of CH 3CI.

Since 1975 a number of measurements have been made
of the stratosphericconcentrationsof N20, CC13F and CC12F2.
Four field programs have been particularly extensive, all
involving laboratory analysis by gas chromatography of air
samples collected by balloon-borne samplers. The few
measurements made by in situ balloon-borne infrared techniques [Farmer et al., 1980] are consistent with these data.
The four research groups are
NOAA Goldan et al. [1980, 1981]. Balloon-borne evacuated grab samples.
NCAR Heidt et al. [1975]. Balloon-borne cryosampler.
KFA Volz et al. [1981]. Balloon-borne cryosampler.
Ames Tyson et al. [1978]; Vedder et al. [1978]; Inn et
al. [1979]; Vedder et al. [1981]. Balloon and aircraftborne cryosampler.
The results from three of these groups, compared over narrow latitude bands, are shown for equatorial latitudes in
Figures 21-15, 21-16, 21-17 and mid-latitudes in Figures
21-18 through 21-23. They are in good agreement with one
another. The two single altitude profiles obtained by infrared
techniques at 32°N and 30°S also fall in between the trends
shown in Figures 21-18 through 21-23. The data for CCl3F
and CCl2F2 have been corrected for the well-established
secular increase in each using tropospheric measurements.
The vertical profile of CH3Cl as obtained from gas chromatographic measurements on cryogenic samples from bal-

45

21.2.2 Carbon-Containing Species
21.2.2.1 Carbon Dioxide (CO2). Vertical profiles of CO2
have been measured routinely at NCAR using a volumetric
technique, achieving a precision of + 3 ppm. About the
same precision has been achieved at the KFA using gaschromatography. The precision of the gas-chromatographic
measurements has recently been improved to +0.5 ppm
[Volz et al., 1981]. Additional measurements have been
made by Bischof et al. [1980] using the infrared absorption
technique, and by Mauersberger and Finstad (1980) using
a balloon-borne mass spectrometric method.
The individual profiles of CO2 are plotted in Figure
21-25. As can be seen, the older volumetric and GC-data
show a large scatter but no significant gradients of the CO2
mixing ratio in the stratosphere. However, from the more
recent data [Volz et al., 1981] and from the measurements
by Bischof et al. [1980], a weak but significant gradient is
observed in the lower stratosphere, namely the CO2 mixing
ratio is found to decrease by about 6 to 7 ppm between the
tropopause and 20 km altitude.
21.2.2.2 Carbon Monoxide (CO). Although the experimental data are extremely limited, the measurements cover

I
CCl2F

2

EQUATORIAL
40

35

30

30

25

20

NOAA 1977-79
9oN, 5°S
NCAR 1979
6oS

2oS 9oN
2oS

MEAN TROPOPAUSE

9°N

10

I

10

100
MIXING RATIO (pptv)

Figure 21-16.

21-16

Measurements

of CF 2Cl

2

(FC-12) as a function of altitude in the equatorial region.

500

ATMOSPHERIC COMPOSITION
45

CCI3 F
EQUATORIAL

40
25

NOAA 1977-79
9oN, 5°S
20

NCAR 1979
6oS
AMES 197677
2°S - 9°N

MEAN TROPOPAUSE

15

I

10
1

5

10

50
MIXING

100

500

RATIO (pptv)

Figure 21-17. Measurements of CCI3F (FC-11) as a function of altitude in the equatorial region.

40
40

45°N

N2 0
35

Summer
Julich

Mid Lat

NOAA

Laramie

Ames
30

20

15

10

5
10

100

N2 0 Mixing Ratio (ppbv)

Figure 21-18.

Midlatitude

summer vertical profile of N 2 0.

21-17

CHAPTER 21
40
40

45oN

Winter

NOAA
Arctic Airmass

N2 0

35

30

25

20

20

15

10

10

100
N 2 0 Mixing Ratio (ppbv)

Figure 21-19. Midlatitude winter vertical profile of N2O.

40
40 - 45oN
35

FC 12 Summer
Julich

Mid Lat

NOAA

Laramie

25

20

15

10

10

100

CC12 F2 Mixing Ratio (pptv)

Figure 21-20. Midlatitude summer vertical profile of CCl2F2 (FC-12).

21-18

ATMOSPHERIC COMPOSITION
40
FC12 Winter

40 - 45°N
NOAA
Arctic Air Mass

35
35

30

25

2520

15

10

5

I

1

I

I

10

100
CCl2F2 Mixing Ratio (pptv)

Figure 21-21. Midlatitudewinter verticalprofile of CCl2F2 (FC-12).

40

I

FC-11

40 -45°N

Summer
35
Julich Mid Lat
NOAA Laramie
30

25

15

10

21-19
21-19

CHAPTER 21
40

40 45oN

F1l

Winter

NOAA
Arctic Air Mass

35

30

25

20

15

10

100

10

1

pptv

Figure 21-23. Midlatitude winter vertical profile of CCI3F (FC-11).

70

60

50

40

30

20

10

10

100

1000

CH3Cl MIXING RATIO (ppt)
°
Figure 21-24. Vertical profile of CH3CI at 44 northern latitude. The data were measured by GC-FID and GC-MS [Penkett et al., 1979] from samples
collected cryogenically during a joint balloon program [Fabian et al., 1979].

21-20

ATMOSPHERIC COMPOSITION
50

40

6/79

30

11/79
Z

20

9/77

44 N

8/77

52N

8/77

52 N

9/73

32 N

Volz et al., 1981b

5/74

32 N }

Ehhaltet al., 1974

6/75

32 N

Volz et al., 1977

6/79
11/79

44 N

6/78
6/78
9/77

10

44N

44 N

44 N
44 N
44N
44N

Bischof et al., 1980

9/68

32 N

Martell, 1973

5/73

32 N
32 N

Ehhaltet al., 1975a
Mauersberger
and

11/78

Finstad, 1980
310

320

330

340

350

CO2 MIXING RATIO (ppm)
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the vertical profile of CO between the tropopause and 50
km. The combined data in Figure 21-26 suggest a decrease
of CO across the tropopause and in the lower stratosphere
up to 20 km. Above this altitude the CO mixing ratio is
constant, at 10 ppb, up to 30 km. It then increases to 40

50

ppb around 40 to 50 km altitude. More reliable measurements of CO in the middle and upper stratosphere are required to establish the vertical profile.
40

21.2.3 Hydrogen-Containing Species
21.2.3.1 Molecular Hydrogen (H2). Recent stratospheric measurements of H2 are summarized in Figure
21-27. The profiles obtained at three latitudes show little
vertical and latitudinal variation.
The data at 40 to 60oN show a clear decrease with
altitude, from 0.55 ppm at the tropopause to 0.45 ppm at
35 km altitude [Ehhalt, 1978;Fabianet al., 1979]. A similar
trend although with a much larger uncertainty can be de-

duced from the data at 60oN. No significant trend is found
for the data at 32°N over Palestine, Texas. It should be
noted that the absolute calibration of the NCAR datais about
10% lower than that of the KFA. It has been shown by
Ehhalt and Tonnissen [1980] in a qualitative way that ele-

vated levels of stratospheric H2 are associated with, and
probablycaused by, increased concentrations of CH4.
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Figure 21-26. Vertical profile of CO at midlatitudes.

21-21

CHAPTER 21
50
25 -35 °

40 -60 °

> 60o

40
30

20

10

10
H2 MIXING RATIO

Figure 21-27. Vertical profiles of H2 at different latitudes. The NCAR data are published by Pollock et al. [1980] and Ehhalt et al. [1975a,b] by the KFA
data by Volz et al. [1981] and Fabian et al. [1979, 1981].

21.2.3.2 Methane (CH4 ). Vertical profiles of CH4 have
been measured since 1965. Most of the sampling flights
were performed at 32°N, 44°N, and 52°N. Only data from
two flights exist for latitudes >60 ° (NAS) and only one
profile for the tropics. Measurements were performed either
by gas chromatography on grab samples and cryogenic samples collected in situ during balloon and aircraft flights or
by using long path infrared absorption from balloons. In
Figure 21-28 the results are plotted separately in four latitude
bands. All NCAR measurements made prior to 1974 were
multiplied by a factor of 1.2 [Heidt and Ehhalt, 1980].
At first glance, only the tropical profile deviates significantly from the others, showing a much weaker gradient
in the stratosphere. This behavior, which is also confirmed
by the profiles of other long-lived trace gases such as N 20
and FC-12, signifies a considerably stronger upward transport in the tropics than in mid-latitudes. A closer investi-

gation shows some minor but still significant differences
among the midlatitude profiles. The average profile at 32°N
shows only a very weak gradient between 20 and 30 km,
and on several occasions, profiles with a well-mixed layer
in this altitude range were observed. This behavior can be
explained by the stratospheric branch of the tropical Hadley
circulation displacing air from the tropical mid-stratosphere
with a weak CH4 gradient into the lower stratosphere at
30°N, [Ehhalt and Tonnissen, 1980]. On some occasions,
layers of almost constant mixing ratio were also observed
at 44°N. In addition, from the individual profiles collected
at 44°N, there is a slight hint of a seasonal variation of the
stratospheric CH4 concentration, especially above 25 km,
where the average profile shows a relatively large variability
compared to lower altitudes. At higher latitudes, the data
though sparse indicate a more or less linear decrease of the
CH4 mixing ratio with altitude above the tropopause.
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Figure 21-28. Vertical profiles of CH4 at different latitudes. The NCAR data by Pollock et al. [1980], Ehhalt and Heidt [1973a, b], Ehhalt et al. [1974,
1975a,b]; the NOAA data by Bush et al. [1978]; and the KFA data by Volz et al. [1981], Fabian et al. [1979, 1981]. The NCAR data
prior to 1975 were corrected by a factor of 1.2 [Heidt and Ehhalt, 1980].
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21.2.3.3 Ethane, Propane, and Acetylene (C2 H6, C3H8,
and C2H2). Onlythree of the hydrocarbonspresentin the
troposphere have been observed in the stratosphere; ethane,
C2 H6, propane, C3H8, and acetylene, C2H2. The tropospheric background mixing ratios of these species are quite
low; around I to 2 ppb for C2H6,and up to several hundred
ppt for C3H8. In addition, they show a strong latitudinal
gradientwith even lower values at the equator.The C2H6
mixing ratio at the equator is lower by about a factor of
five; C 3H8 and C 2H 2 decrease by a factor of ten [Rudolph
et al., 1979; Singh et al., 1979; Harrison et al., 1979; Cronn
and Robinson, 1979]. Because of their low tropospheric
concentrations the fluxes of these gases into the stratosphere
are small and their impact on the stratospheric carbon and
hydrogen budgets is negligible. Singh and Hanst [1981]

KM FT= 10-3

have proposed that oxidation products of ethane and propane

6

are important carriers of reactive nitrogen.
C2H6 and C3H8 react rapidly with atomic chlorine, Cl,
and can decrease the Cl concentration significantly in the
lower stratosphere [Aiken and Maier, 1978; Rudolph et al.,
1981]. Measured profiles of C 2H6 have been used to deduce
the vertical profile of Cl atoms in the lower stratosphere,
where direct observation of Cl atoms is not yet feasible
[Rudolph et al., 1981].
The measured vertical profiles of C 2H6, C2H2, C3H8 are
shown in Figures 21-29 through 21-32. All of these gases
exhibit a strong decrease in the mixing ratio with altitude.
The measured profiles of C2H2 and C3H8 agree reasonably
well with those predicted from a one-dimensional steadystate model. In contrast C2H6, which is destroyed by reaction
with Cl, decreases less steeply than predicted. This has been
interpreted to indicate substantially lower Cl-atom concen-
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Figure21-30. Distribution
of acetylene
relativeto tropopause
height.The
latituderangeof the samplesfromthe firstfightwere36
to47°Nand36 to 38°Nfor theremainingflights.
trations in the lower stratosphere than predicted by models
[Rudolph et al., 1981].

21.2.4 StratosphericWater Vapor (H2 0)
Ellsaesser et al. [1980] discussed the knowledge of the
physical and chemical properties of stratospheric HO in
1979. In that work, a compilation of measured profiles was
given in graphical form and a number of conclusions were
drawn. In general, the basic Brewer theory of tropical "freeze
drying" within the rising equatorial branch of the Hadley
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10.12
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10-12

Figure 21-29. Vertical profiles of the C2H6 mixing ratio in the stratosphere
°
over Southern France 44 N latitude [Rudolphet al., 1981].
The stippled area shows the range of data by Cronn and
Robinson [1979] over San Francisco Bay area (37°N) in
April 1977.
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Figure 21-31. Vertical profiles of the C2H2mixing ratio in the stratosphere
over Southern France, 44°N latitude [Rudolphet al., 1981].
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Figure 21-32. Vertical profiles of the C3H4 mixing ratio in the stratosphere
over Southern France, 44°N latitude [Rudolph et al., 1981 .

cell was thought to be valid. However, a number of ques-
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Figure 21-33. Measurements of H2 0 mixing ratio over Palestine, Texas
on 8 Nov 1978 by two balloon-borne in situ instruments

(WIRSand AES)comparedto the LIMSprofileretrieved
with the operational algorithm [Gille and Russell, personal

tions remained.

* Are there significant long-period trends in lower stratospheric mixing ratio, suggesting changes in circulation of tropical tropopause temperatures?
* Is the decrease in mixing ratio with height just above
the tropical tropopause as identified by Kley et al.
[1979] during their only tropical sounding a regular
feature of the stratosphere?
* Are there latitudinal gradients of the mixing ratio? If
so, are they poleward-directed or equator-directed?
* Are there increases in mixing ratio with height? If so,

communication].

seem to indicate a marked peak in the H20 mixing ratio at
the 55 to 60 km level. However, Rogers et al. [1977] and
Waters et al. [1980] have reported constant mixing ratios,
centered around 4 ppmv at these altitudes. Since there are
no theoretical arguments for large mixing ratios peaking
around 55 to 60 km, confirming measurements are needed
before those results can be considered real.
A new in situ device, developed by Kley and his as-

can the increase be fully accounted for by CH4 oxi-

dation?
21.2.4.1

Satellite Measurements.

Water vapor profiles

have been obtained by the LIMS instrument, extending from
the tropopause up to -50

km, for a number of specific

40

occasions, and generally show a fairly gradual increase of
mixing ratio with height over this range. An example of
this data is compared in Figure 21-33 with profiles obtained

simultaneously by two balloon-borne instruments: an infrared radiometer from the Atmospheric Environment Ser-

vice (labelled AES), and the WIRS instrument of the National Physical Laboratory. The data agree closely giving
encouragement that at least in the lower stratosphere, the

M1

Masterboosk
(1968)

LIMS data appears to agree well with independent observations.
vations.

Other Measurements. The observations shown
in Figure 21-34 show an increase in H20 mixing ratio be21.2.4.2

tween the tropopause, or in some cases a somewhat higher
level, and 30 or 40 km altitude. The satellite observations
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sociates [Kley et al., 1979; Kley and McFarland, 1980] has
now evolved as a powerful technique. These authors have
built a sensitive instrument with a fast response time for
balloons and aircraft which can resolve tens of meters in
the vertical. Measurements of H20 and temperature in midlatitudes (Wyoming) generally show undersaturation in the
upper troposphere although on one flight in Brazil [Kley et
al., 1979] saturation was observed at the tropical tropopause. The results of the Brazil flight are shown in Figure
21-35. However, previous observations by Dobson and coworkers [Brewer, 1949; Dobson et al., 1946] over southern
England (-52°N) have shown cases of both saturation and
undersaturation below the tropopause. Saturation would indicate a contradiction to the Brewer model. Even supersaturation has been observed [Dobson et al., 1946; Kley et
al., 1980]. It was pointed out by Kley et al. [1979] that
tropical stratospheric air has a minimum mixing ratio at

20

200

Figure21-36. Themeanannualvariation
of stratospheric
watervaporat
Washington,
D.C., basedon 12yearsofdata byMastenbrookand Daniels[1980].
MW-6

about 60 mb or 19 km (see Figure 21-35). This is well above
the tropopause. Robinson [1980] has found more examples
from literature studies. These observations indicate that the
simple Brewer mechanism needs to be refined.
Another set of water vapor data are the frost point measurementsof Mastenbrookthat are being continued by NOAA.
In a recent paper [Mastenbrook and Daniels, 1980] data
from four flights over Washington, D.C. during the early
part of 1979 are reported. A map of annual variations of
stratospheric H20 over Washington, D.C., based on 12
years of data, is presented here in Figure 21-36.
The composite water vapor profile of Figure 21-36 is
recommended for chemical modeling purposes in the lower
stratosphere at mid-latitudes (z < 20 km). Mastenbrook's
instrument tends to produce altitude independent mixing
ratios whereas Kley's instrument normally gives a moderate
increase of 1 to 3 ppmv between tropopause and 32 km at
mid-latitudes. For the equatorial lower stratosphere it is
suggested that Figure 21-35 be used. This profile is similar
to earlier ones by Mastenbrook [1968] but shows the hygropause clearly. It should be noted that it is the minimum
in water vapor some 3 km above tropical tropopause that
was referred to as hygropause by Kley et al. [1979].

21.2.5 Odd Oxygen
The principal oxygen radicals are O(3P), 0(1D), 02(1X),
02 (other excited states) and 03. While it is feasible
in this section to critically analyze all of the available data
on the first five species, a thorough discussion of 03 is
obviously of such magnitude that it warrants special treatment (see Section 21.1). Atomic oxygen in the 1D level is
0

500

H20 MIXING RATIO (ppmv)

overQuixeramoFigure21-35. Thewatervapormixingratiomeasured
bim, Brazilon27 Sept1978[Kleyet al., 1979].

2(1E),

of critical importance for establishing the oxidation rate of
source molecules which enter the stratosphere such as CH4,
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N20 etc., but there currently are no observations of (O1D)
in the stratosphere. The electronically excited states, O2(1X)
and O2(1E); have been observed but the data base is small.
The remaining electronically excited states of 02 (A 3Eu+ ,
C3 Xu, CEu) have not been observed.

21.2.5.1 Atomic Oxygen (O(3P)). There are six observations of O(3P) in the stratosphere, all obtained using a
parachute-borne, in situ atomic resonance fluorescence instrument, the results of which are shown in Figure 21-37.
Experimental accuracy is ± 30% and experimental precision
± 10% for each measurement [Anderson, 1975].
Several points are apparent from Figure 21-37. First,
there is both local structure within and absolute displacement
among observed distributions which exceed respectively the
precision and accuracy of the measurements. It should also
be noted that the local structure does not appear consistently.
For example the profiles observed on October 25, 1977 and
December 2, 1977 display a small degree of local structure,
typically less than + 20% variation over an interval of + 1
km above approximately 34 km. Below that altitude significantly greater local structure is apparent, though seldom
more than + 50%. On the other hand, the remaining four
observations exhibit at least one example of major (factor
of two) variation over ± 2 km interval with an increasing
structural development below the 33 to 35 km interval.

44
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42

0

21.2.6 Odd Nitrogen
21.2.6.1 Nitric Oxide (NO) NO has been the most extensively studied stratospheric odd-nitrogen species. The
last decade has seen numerous measurement programs apply
a variety of experimental techniques at many different altitudes, locations, and seasons. Thus, the problem in establishing a picture of our best current experimental understanding of stratospheric NO is not a scarcity of data, but
rather of making a proper assessment and selection of the
data.
Altitude Profile
There have been a large number of measurements by
many different groups of the NO mixing ratio as a function
of altitude. The techniques employed in these measurements
fall into two classes: in situ and remote. While the longpath, vertical-column measurements from the latter technique have provided some of the best information regarding
the seasonal and latitudinal variations for NO, the determination of a detailed height profile from long-path data
involves deconvolution at solar zenith angles near 90° in
order to obtain the maximum number of absorbing molecules along the sight path. The rapid NO - NO2 and
NO2 -- NO conversions at sunset or sunrise complicate the
comparison of these data with model predictions.
As a consequence, in situ measurements are used here
to establish the NO height profile. A limited number of

(3P)

40
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10
CONC (MOLEC/CC)

Figure 21-37.
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midday long-path measurements are also included. The result is a more nearly homogeneous, relatively high sun
profile that should afford a better defined comparison between observations and theory. The exclusion of the results
of the remote techniques does not unduly restrict the size
of the data set on which the present height profiles can be
based, since there are a sizable number of in situ measurements made by several groups, using a variety of techniques:
chemiluminescence deployed with balloons [Ridley and
Howlett, 1974; Drummond et al., 1977], aircraft [Loewenstein et al., 1975], and rockets [Mason and Horvath,
1976];photoionization mass spectrometer [Aikin and Maier,
1978], spin-flip laser absorption [Patel et al., 1974]. A balloon-borne pressure-modulated radiometer [Chaloner et al.,
1978] has been used to obtain midday long-path information.
Assuming instrumental reproducibility, the variations in
the results from a series of flights employing the same instrument are the best indicator of natural seasonal and geographic trends, since it is likely that differences between
the results of different research groups and/or instrument
packages can be dominated by unknown systematic instrumental discrepancies. Consequently, the approach used is
(a) to examine separately the data of each group that has
accrued sizeable sets for possible seasonal and geographic
effects, and (b) then to combine the data of all of the groups
into an appropriate profile.

Figure 21-38 shows the balloon-borne measurements of
Ridley and coworkers [Roy et al., 1980; Ridley and Schiff,
1981;Ridley and Hastie, 19811made in October, 1977 and
thereafter. All six of these flights were made with a chemiluminescence instrument that incorporated an improved inlet and in-flight calibration procedure [Ridley and Schiff,
1981]. The internal consistency of the data set in Figure
21-38 strongly suggests that a sizable part of the much larger
variation that this group observed earlier from flight-to-flight
was instrumental. For example, the nearly coincident, halffilled symbols represent data gathered from three flights at
the same place and season (32°N, fall), but in two different
years. In addition, the data taken on two flights at the corresponding Southern Hemispheric latitude, but different
equivalent season (SH, summer), are only slightly lower
than the NH results. Lastly, measurements from the summer
flight at 51oN lie wholly within the 32° data set. Since the
differences between the results of the flights are very nearly
equal to the variations within any one of the flights, these
data present no evidence of systematic patterns over the
given parameter ranges: summer and fall, 50° to 30°N and
30°S, solar zenith angle 37 to 75°. Therefore, they present
no reason not to take a factor-of-three-wide band of NO
mixing ratios as representative for these parameter ranges
and for the indicated altitudes.
Figure 21-39 shows the rocket-borne chemiluminescence measurements made by Horvath and Mason over a
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Figure 21-38. In situ NO mixing ratio measurements of Ridley and coworkers. All of the flights were made with instrumentation that incorporated a new
inlet and flight calibration procedures.
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Figure 21-39. In situ NO mixing ratio measurements of Horvath and Mason. The 1980 measurements were made on parachute descent.

five-year period at one location, 39oN, and four seasons,
[Mason and Horvath, 1976;Horvath and Mason, 1978;Horvath, personal communication]. There is good agreement
within the data set. The later measurements (1980 and 1981)
have better precision because they were taken on parachute
descent, rather than rocket ascent. No clear seasonal trend
emerges from this data set. The data set's homogeneity does,
however, establish a factor-of-three band of NO mixing
ratios at these altitudes, which are generally higher than
those reached by Ridley and coworkers.
The measurement bands corresponding to the two extensive NO mixing ratio data sets are reproduced in Figure
21-40. The width of the indicated ranges includes essentially
all of the individual measurements and their estimated uncertainties. The results of four other measurement series are
shown. The first is that of Loewenstein and coworkers,
whose chemiluminescence instrument has been flown extensively at two altitudes aboard U-2 aircraft [Loewenstein
and Savage, 1975; Loewenstein et al., 1975, 1977, 1978a,
b]. The rectangles in Figure 21-40 represent the range of
NO mixing ratios found in spring, summer, and fall and
over latitudes from 5o to 50oN. Measurements were also
made in winter at mid-latitudes and above 50oN. A pronounced winter variation was found and is discussed in detail
below. The winter variation is excluded from the data in
Figure 21-40. The second measurement series represented
in Figure 21-40 is a short one, namely, two flights by Patel
and coworkers, who used a spin-flip Raman laser to detect
NO in absorption in a multipass cell [Patel et al., 1974;

21-28

Burkhardt et al., 1975]. Although only two flights were
performed, the results, taken in the fall of 1973 and the
spring of 1974, are in remarkably good agreement for several hours at float altitude. A single data point, representing
the noontime mean, is given in Figure 21-40.
As Figure 21-40 shows, the data sets are in good agreement. Even though there are some discrepancies, there is
nevertheless substantial overlap. There are, of course, some
in situ and remote measurements that have been excluded
from this comparison and that conflict with the data in Figure
21-40. It is worth stressing here that these exclusions were
based on the reasons given above and not on the fact that
they conflict. Furthermore, some of the excluded measurements agree with those in Figure 21-40.
Diurnal Variation
Observations have confirmed all of the major NO diurnal
variations expected from the stratospheric odd-nitrogen
chemistry: essentially no NO at night, a rapid increase at
sunrise, a slow increase during the daytime, and a rapid
decrease at sunset. All of these features have been observed
in detail with both in situ and remote techniques.
The most extensive set of observations are from the in
situ studies of Ridley and coworkers, who used their balloon-borne chemiluminescence instrument. Figures 21-41
and 21-42 show sunrise and sunset data, respectively. The
sunrise 1975 flight employed two separate chemiluminescence instruments [Ridley et al., 1977], neither of which
had the improved inlet calibration procedures adopted in
1977 [Ridley and Schiff, 1981]. Although it might be for-
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Figure 21-40. In situ NO mixing ratio measurements of several series of flight yielding self-consistent results.

tuitous, the NO mixing ratios are, however, in accord with
those from their later flights (see Figure 21-38). Figure
21-42 shows this group's sunset measurements [Ridley and
Schiff, 1981]. Both sets of data reveal these rapidly changing events in remarkable detail and Figure 21-41 clearly
shows a slow NO increase during the daytime.
Seasonal Variation
The variation of NO with season necessarily requires an
extensive measurement program. Fortunately, several such
studies have been conducted with different techniques. The
various results are in reasonable harmony.
The most extensive of such investigations are those of
Loewenstein and coworkers using a U-2 chemiluminescence

instrument. The studies have revealed two major seasonal
effects. The first of these stems from a 4-year flight series
at 21.3 km during all months of the year. The results are
shown in Figure 21-43 [Loewenstein et al., 1977]. A rather
sharp winter minimum and a broader summer maximum is
apparent. The ratio of the maximum and minimum concentrations is about six. The reproducibility of the pattern over
4 years makes it difficult to doubt its reality. Furthermore,
the same trend, although defined by less data, has been
found at 18.3 km.
The second striking seasonal variation discovered by
Loewenstein and coworkers is shown in Figure 21-44. The
data are from several summer and fall flights at 18 km
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Figure 21-41. The sunrise in situ NO measurements of Ridley et al. [1977] obtained using two chemiluminescence instruments simultaneously flown on
15 May 1979 near 33°N, 106°W.

altitude and from 5°N to 80°N latitude. North of about 50°
or 60°, the NO concentration exhibits a marked seasonal
variation; the summer values are an order of magnitude
larger than the fall values. There were no winter or spring
high-latitude flights, so only a summer-fall comparison is
possible. The fall high-latitude values are nearly zero; therefore, the winter values cannot be much lower. At 21 km,
the high-latitude data are sparse; hence, the spring-fall difference seen at 18 km could not be investigated.
Latitudinal Variations
Between 5°N and about 50°N, there is substantial evidence that the latitudinal variation of NO is not large. Figure
21-47 shows the north-south variation for summer at 18 and

21 km altitude measured by Loewenstein et al. [1978a].
These data are typical of those obtained from their other
north-south transects. The largest 5°N-to-50°N difference is
about 2.5, the values increasing in a northern direction.
21.2.6.2 Nitrogen Dioxide (NO2 ). Several extensiveflight
and ground-based measurement programs have established
a better picture of stratospheric NO2 in recent years. NO2
is a rather variable constituent, both in time and in location,
and some of its now recognized variations, such as the
winter minimum at high latitudes, are an unanswered challenge to theory.
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Figure 21-42. The sunset in situ measurements of Ridley and Schiff [1981]
obtained with a chemiluminescence instrument flown on 8
Nov 1978 near 32oN, 96°W.
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Figure 21-44. The in situ NO measurements of Loewenstein et al. [1978a] obtained with a chemiluminescence instrument in 1975 and April-May 1976.

Altitude Profile
There are virtually no in situ measurements of NO2 in

the NO2 vertical-column values increase with increasing
latitude and are larger in the summer than winter, Therefore,

the stratosphere; hence, essentially all of the information

the large number of profile observations must be gathered

about the NO 2 altitude

into subgroups

profile

has come from remote

tech-

of certain times, places,

and seasons,

in order

niques. Most of these methods have required the long path
associated with the rising or setting Sun, obtaining the vertical variation of the NO2 mixing ratio by unfolding it from

to have a well-defined, homogeneous profile. The largest
of these is the subset of sunset profiles. This subset is examined here to see if they also show latitudinal or seasonal

the change

trends.

of the slant column

density

as a function

of the

viewing angle. Thus, the majority of the NO2 altitude profile
measurements are grouped into either sunrise or sunset profiles. The sunset mixing ratios of NO2 are larger than those
at sunrise, the increased NO2 having been formed by the
photolysis of N2 05. In addition to this sunrise/sunset difference, there are marked seasonal and latitudinal variations
in the vertical column of NO2 . As noted in detail below,

Figures 21-45, 21-46, and 21-47 are observed sunset
profiles at approximately 32o, 48o, and 55oN, respectively.
Each profile is made up of at least two flights. The error
bars reflect the reported uncertainties.
Figure 21-45 contains the results of the extensive flight
series of Murcray and coworkers, who employed infrared
[Murcray et al., 1974; Blatherwick et al., 1980] and visible
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Figure 21-45. Remote measurements of the sunset altitude profile of NO2 made at 32 to 33°N latitude.

[Goldan et al., 1978] absorption techniques from a balloon
platform launched in the southern United States. Accompanying these data are the results of the two recent flights
of Fischer and coworkers [personal communication, 1981].
The data set includes winter, spring, and fall flights, but
there are no obvious seasonal differences between the profiles. This lack of variation is in accord with the verticalcolumn observations, which find little seasonal variation at
latitudes below 35°N. However, the lack of a summer flight
precludes the most sensitive test, namely, a summer/winter
comparison.
Figure 21-46 gives the results of flights that were made
in the early 1970susing infrared absorption on balloon [Ackerman and Muller, 1973;Ackerman et al., 1975] and aircraft
[Fontanellaet al., 1975] platforms in France. The 16 x 10-9
value of Rigaud et al. [1977] at 37 km in May of 1976
seemed too large to warrant inclusion. Three seasons are
represented (winter is missing), but the small data set and
the experimental uncertainties complicate the examination
for seasonal trends.
Figure 21-47 shows the results from flights made over
a 3-year period in Canada using visible absorption techniques [Kerr and McElroy, 1976; Evans et al., 1978]. Two
sets of results are shown. The data of Evans et al. [1978]
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summarize the results of four flights. All five flights occurred
in the summer.
The data in Figures 21-45, 21-46, and 21-47 are in good
agreement within each latitude range. The high-latitude mixing ratios are up to a factor of two larger than the midlatitude values in the range from 15 to 30 km, as a comparison of Figures 21-45 and 21-47 shows. Since the concentrations associated with such profiles reach a maximum
value at about 25 km, these larger high-latitude values cause
the associated vertical-column value to be larger. Although
the uncertainties are relatively large, this 2.4 x 1015 cm-2
difference, which is a 50% increase corresponding to a 20o
change in latitude in the summer, is in good agreement with
the change that has been observed in vertical-column studies
of the latitudinal dependence of NO2 in the summer. Unfortunately, no one research group has data represented in
two or more of Figures 21-45 through 21-47. Therefore, it
remains possible that the agreement may be fortuituous,
particularly since the 45° to 50oN vertical-column datum
does not fit very well into the trend. It is nevertheless reassuring that the associated vertical-column values determined from these profiles agree fairly well with those directly measured.
Figure 21-48 contains the results of measurements that
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Figure 21-46. Remote measurements of the sunset altitude profile of NO2 made at 45 to 50°N latitudes.
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Figure 21-47. Remote measurements of the sunset altitude profile of NO 2 made at 51 to 58°N latitudes.
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Figure 2i-48.

Results of full daytime and full nighttime measurements of NO2 . The data of Roscoe et al. [1981] (daytime) and Naudet et al. [1980]
(nighttime) were obtained using long pathlength techniques, while the daytime data of Mihelcic et al. [1978] were collected in situ.

were made in full daytime and nighttime. The daytime studies are from the long-path pressure-modulated infrared radiometer of Roscoe et al. [1981] and the in situ matrix
isolation collector of Mihelcic et al. [1978]. Earlier daytime
long-path studies [Harries et al., 1976; Drummond and Jarnot, 1978] had considerably less precision and are not included here. The nighttime study is the long-path absorption

40
MEANANDRANGEOF4 FLIGHTS
35

for NITROGEN DIOXIDE
10-11 AUGUST1975
17-18AUGUST 1975

19-28AUGUST1976
30

investigation of Naudet et al. [1980] who used a star as
light source.
Diurnal Variations
Both vertical-profile and vertical-column measurements
have defined the diurnal variation of NO2. Figure 21-49
shows the morning-evening difference reported by Evans et
al. [1978], who averaged the results of four flights. The
decrease from evening to morning is about a factor of two,
which agrees with vertical-column measurements. Figure
21-50 shows the results of Mankin and coworkers [Coffey
et al., 1981], who used infrared absorption spectroscopy
7.0
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Figure 21-49. The sunrise and sunset altitude profiles of NO 2 reported by
Evans et al. [1978] from the Canadian stratoprobe flight
series. The upper and lower limits indicate the maximum
observed deviationsfrom the mean. The measurementswere
made using a balloon-borne visible absorption apparatus.
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Figure 21-50. Sunrise and sunset vertical-column measurements of Mankin and coworkers, who used an infrared absorption apparatus on an aircraft platform [Coffey et al., 1981].
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aboard an aircraft. Noxon's ground-based absorption spectroscopic technique [Noxon et al., 1979;Noxon, 1980] shows
a factor of two larger NO2 vertical column density at night
when compared to daytime values, which is consistent with
the above studies. Girard et al. [1978/1979], using similar
techniques, did not initially find a sunrise-sunset difference;
however, recent, more precise measurements (Girard, personal communication) have found this difference.
Seasonal Variations
The seasonal variations of NO 2 are best illustrated by
the extensive ground-based measurements of Noxon [1979].
Figure 21-5 1 shows the results of 4 years of vertical-column
measurements at various northern latitudes. The winter minimum and summer maximum is extremely regular and the
ratio is as large as a factor of five at the higher latitude.
Girard et al. [1978/791report the same seasonal trend, but
it is less well defined in their smaller data set. Other vertical
column measurements have also been less extensive and
some unusually large values have been reported [Pommereau and Hauchecorne, 1979].
21.2.6.3 Nitric Acid (HNO3). HNO 3 has been studied
with a variety of in situ and remote techniques. The main
features of the height profile have been established and much
of the latitudinal variation is now well established. The
current status is summarized in the section below and the
details are contained in the remaining sections.
Altitude Profile
The altitude profile of nitric acid in the stratosphere has
been established experimentally by in situ and remote techniques at Northern Hemispheric midlatitudes and is shown
in Figure 21-52.
Two in situ methods are represented. The first is that of
Lazrus and Gandrud [1974], who used a filter collection
technique on balloon and aircraft platforms. The second in
situ method is the rocket-borne ion-sampling technique of
Arnold and coworkers [1980], with which the HNO 3 mixing

2

4

ratio is deduced from the observed ion concentrations and
the ion chemistry leading to their formation from the ambient
HNO3 .
The remote measurements have employed the long path
associated with the rising or setting sun. Since HNO has
a long lifetime, the time of the day at which the measurement
was made is not as critical a parameter as it is for NO and
NO2. Thus, both in situ and remote measurements can be
meaningfully intercompared in Figure 21-52. Both infrared
emission [Evans et al., 1978; Harries et al., 1976; Murcray,
personal communication, 1980] and absorption [Fontanella
et al, 1975 have been used. The data of Evans et al. [1978]
represent the mean of the results of four flights. All of the
data in Figure 21-52 are in good agreement, with the exception of the lower-altitude results of Lazrus and Gandrud
[1974] which tend to be lower than the other measurements.
There is no obvious seasonal trend in these profile data.
Lazrus and Gandrud [1974] reported that their winter and
spring measurements showed higher HNO3 concentrations
than did their summer and fall measurements, but the data
were too sparse to be able to make a more positive statement.
The vertical column density associated with these profile
measurements in Figure 21-52 is (8.6 + 4.0) x 1015 cm 2,
which is in fair agreement with the vertical-column measurements discussed below.
Diurnal Variation
No change in the HNO3 abundance as a function of the
time of the day has been observed.
Seasonal Variation
At latitudes less than about 40°N, there is no strong
evidence to support a large seasonal variation. The verticalcolumn measurements of Mankin and coworkers, who used
an aircraft-borne infrared absorption instrument [Coffey et
al., 1981], found essentially no summer-to-winter change,
as Figure 21-53 shows. Lippens and Muller [19801 found
the slightly higher value (1.8 - 0.4) x 1016cm 2 at 40°N
in April.
Latitudinal Variation
The latitudinal variation of the vertical column of HNO3
is well documented [Murcrayet al., 1975, Coffey et al.,
1981]. There is a strong increase in the vertical-column
density with increasing latitude, both in the Northern and
Southern Hemispheres. Figure 21-54 shows the data of Murcray et al. [1975]. Above about 50 to 60°N latitude, there
appears to be a pronounced seasonal variation. At these high
latitudes, the winter HNO3 concentration is high (see Figure
21-53) and in the early summer, it seems to be much lower,
as the data of Murcray et al. [19781 in Figure 21-55 show.
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Figure21-51. Seasonal
variation
of late-afternoon
NO2 at fourlatitudes,
as given by the ground-based visible absorption spectro-

scopic measurementsby Noxon [1979].The abundance
should be multiplied by 1.25 [Noxon, 1980].

21.2.6.4 Nitrogen Trioxide (NO3 ). A single height profile is available for nighttime NO3 [Naudet et al., 1981].
The measurements were made at 43°N in September from
a balloon. They are based on absorption in the visible region
using Venus as the light source. The derived profile and
stated uncertainties are shown in Figure 21-56.
The corresponding column abundance between 20 and
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Figure 21-52. In situ and remote measurements of the HNO3 mixing ratio at northern midlatitudes.
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Figure 21-53. Evidence for the lack of seasonal variation in the vertical
column density of HNO3 at latitudes less than 40o as measured by Coffey et al. [1981] using infrared absorption.
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Figure 21-54. The latitudinal variation in the vertical column density of
HNO3, as measured by Murcray et al. [ 1975]using infrared
2
emission (1 atm cm = 2.7 x 1019 molecules/cm ).
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39 km is (3.5 + 1.2) x 1013 cm- 2 . This appears to be
consistent with Noxon's estimate of about 1014 cm- 2 in the
spring and an upper limit of 4 x 1013 cm- 2 in the summer.

RB-57 ALT-15km

29 APRIL 75
6 MAY 75
7 MAY 75

21.2.6.5 Nitrogen Pentoxide (N 2O5 ). There have been
no new measurements of N20 5. This situation remains as
reported in NASA RP 1049: A tentative detection of 2 ppbv
at 30 km a few hours after sunrise by Evans et al. and an
upper limit of 1.2 x 1015 cm-2 above 18 km in February
by Murcray.

12

21.2.6.6 Peroxynitric Acid (HO2NO2). Despite the reinterest in this species no detection of its presence has

ecent

been reported. The upper limit remains at 0.4 ppbv as reported in NASA RP 1049.
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21.2.7 Odd Hydrogen
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21.2.7.1 Hydroxyl Radical (HO).

NORTH LATITUDE (*)
Figure 21-55.

The decline of the HNO 3 vertical column density at high
latitudes in the spring north of 70 ° as seen by Murcray et

Hydroxyl has been

observed in the stratosphere by four independent techniques:
· Solar flux induced resonance fluorescence observed
by a rocket-borne spectrophotometer [Anderson, 1971a;

al., [19781using infraredemission.

Anderson, 1971b] which provides a local concentration measurement by determining the change in total
column emission rate as a function of altitude.
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Figure 21-56. Vertical nighttime profile of NO3 [Naudet et al., 1981] measured using visible absorption with Venus as a light source.
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HO concentration taken from the methyl chloroform lifetime
studies and tropospheric laser experiments.
In summary, an analysis of balloon and rocket data of
HO in the stratosphere and ground-based total column observations leads to the following conclusions:
1. There is substantial agreement among the three techniques; the in situ data provides a consistent picture
of the altitude dependence of HO between 30 and 70
km implying a peak concentration at 40 km of
2.4 x 107 cm-3 and a total column density at midday
of 6.9 x 1013 cm-2 . The midday total column abundance determinedfrom the ground is 5.7 x 1013 cm- 2.
2. There is a systematic increase of approximately
1 x 1013 cm 2 per year between December 1976 and
December 1979 and a suggestion of a yearly spring
maximum and fall minimum. The spring to fall decrease is approximately 30%.

* Balloon-borne in situ molecular resonance fluorescence using a plasma discharge resonance lamp to
induce fluorescence. The fluorescence chamber is lowered through the stratosphere on a parachute to control
the altitude and velocity of the probe [Anderson, 1976;
Anderson, 1980].
* Ground-based high resolution solar absorption by a
PEPSIOS (Poly-Etalon Pressure Scanned Interferometer) instrument which resolves a single rotational
line in the (0-0) band of HO at 309 nm. The total
column density of terrestrial HO between the instrument and the sun is observed, dominated by the altitude interval 25 to 65 km [Burnett 1976, 1977; Burnett and Burnett, 1981].
* Balloon-borne laser induced detection and ranging
(LIDAR) in which a pulsed laser system coupled
to a telescope is used to observe the backscattered
fluorescence from HO. The laser is tuned to the
1-0 band of the A-X transition at 282 nm and the
fluorescence at 309 nm (the 0-0 band) is observed
as a function of time following the laser pulse
[Heaps and McGee, 1982].
Data from the upper stratosphere rocket data from Anderson
[1975] and the stratosphere balloon data using in situ resonance fluorescence [Anderson, 1980] and LIDAR [Heaps
and McGee, 1982] are used to form a composite HO profile
(Figure 21-57) with an upper limit of the mean tropospheric

21.2.7.2 Hydroperoxyl Radical (HO2). A total of four
HO2 observations have appeared in the literature, one by
the matrix isolation technique and three by the resonance
fluorescence method. Those observations are summarized
in Figure 21-58. There is significant scatter evident in those
observations which should not be attributed to atmospheric
variability until:
0 The signal-to-noise ratio of the observations is improved;
0 Simultaneous observations of photochemically related
species such as HO or H2 0 demonstrates a correlation
in concentration fluctuations.
21.2.7.3 Atomic Hydrogen (H). There are no reported
observations of atomic hydrogen in the stratosphere either
direct or indirect, nor have any upper limits been reported.
21.2.7.4 Hydrogen Peroxide (H2 0 2). The only reported
observation of H20 2 is the tentative result reported by Waters
et al. [1981] using the Balloon-BorneMicrowaveLimb
Sounder (BMLS) to observe the purely rotational emission
of H202 at 204 GHz. All aspects of the experimental hardware and uncertainties analysis are identical to that discussed
in the BMLS section of the CIO discussion.

cog

21.2.8. Odd Chlorine

20

21.2.8.1 Chlorine Oxide (CO).
Seasonal Variation

T0TAL COLUMN

Although there is an indication of some seasonal dependence in CIO, the data base is clearly inadequate to draw
any clear conclusions.

4

Figure 21-57. A composite HO prolile based on the rocket and balloon
data. The tropospheric concentration is estimated from methyl

chloroform studies and the tropospheric laser experiments.
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This question should be addressed

both by an improvement in the accuracy and precision of
the balloon-borne methods and by the more extensive deployment of ground-based methods. Only when those are
ploymentof ground-based methods. Only when those are
done

in concertwillan adequatedefinitionof this important

point emerge.
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Figure 21-58.

Vertical profiles of HO 2 from balloon-borne

Latitude Variation
There is virtually no information on the critical question
of latitude variation. The balloon-borne observations are all
carried out at 320N and the ground based data at 42°N. As
will be noted in the subsequent sections, if the steep gradient
in CIO below the peak is characteristic of both mid- and
low-latitude conditions, the interpretation of chlorine induced depletion will be significantly simpler.
21.2.8.2 Hydrogen Chloride (HCI). HCI in the stratosphere has been observed by three different remote sensing
techniques and one in situ method. Most of the presently
available data on the vertical profile of concentration come
from balloon-borne observations made at -32°N latitude
(Texas and New Mexico); there are, in addition, single
profiles taken at 30°S (Australia) and 65°N latitude (Alaska).
The profile measurements cover the altitude range from 14
to 40 km, and are supplemented by values for the total
column abundance in the upper stratosphere. There is insufficient data from which to discern any seasonal variability, and the location of the altitude of peak relative
abundance is not clearly established. The available data
cover the period from 1975 to 1980.
Altitude Profile
Balloon-borne near-infrared absorption spectroscopy has
been used to obtain vertical profiles covering the 14 to 40

resonance

fluorescence measurements

[Anderson et al., 1981].

km altitude range (Figure 21-59). Several groups of investigators have made measurements by this method, and obtained results which are in fairly good agreement. In addition
there have been observations made by pressure-modulation
radiometry, by emission spectroscopy and by absorption
spectroscopy from the ground (Figure 21-60).
Seasonal Variation
Since many of the IR absorption measurements of HCI
were made at the same latitude (32° and 33°N), it might be
expected that any seasonal trend would be seen in this subset
of the data. The results, however, do not show any variation
greater than the quoted uncertainties associated with each
measurement. (It should be mentioned also that the same
conclusion regarding the absence of a seasonal variation
was reached by Lazrus et al. [1977] from the base-impregnated filter measurements of total acidic chloride vapor.)
With the currently improved precision of the remote spectroscopic instrumentation, profiles with associated uncertainties of perhaps less than 10% can be anticipated for the
near future; thus, more sensitive tests of the seasonal variability of HCI could be made, provided sufficiently frequent
observational opportunities are available.
21.2.8.3 Chlorine Nitrate (CIONO2). The only specific
detection claimed for CIONO 2 to date is that of Murcray et
al. [1979] by IR absorption. The accuracy of the result is
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Figure 21-59. HCI measurements by (l) ground-based spectroscopy (June
79 profile), (2) pressure modulator radiometry, (3) far IR
emission, and (4) in situ filter collection.

affected both by modeling assumptions and by uncertainties
in the intrinsic spectroscopic parameters involved in the
analysis of the data (see below). The in situ sampling method,
collection on base impregnated filters [Lazrus et al., 1977],
is sensitive to all acidic chloride (see HCI) so that its results
can only be used to provide an upper limit estimate for
CIONO2. Since the filter data are not compatible with the
IR data for HCI, they cannot aid in evaluating the available
remote sensing data for CIONO2.
The published values from Murcray's observations, an
October 1978 balloon flight (see Figure 21-61), differ from
the preliminary values given in NASA RP 1049. The measurements were made by the limb absorption method, that

Figure 21-61. Distribution of CIONO2 [Murcray et al. 1980].

is, by observing the sun through the atmosphere at sunrise
or sunset from a stratospheric balloon platform. The strong
infrared absorption by CIONO2 at 1292 cm-' was used by
Murcray and his coworkers in their analysis; this band coincides in the stratospheric spectrum with strong absorptions
by the natural gases, N20, CH4, and H20. As the absorptions due to these constituents increase (i.e., at the lower
tangents heights of observation), the superimposed CIONO 2
absorption is completely masked. However, even at the
higher altitudes, where the CIONO2 absorption might be
discernible against the spectral background, the maximum
expected effect does not exceed 5% or 6% depression of
the HCI continuum. Thus the quantitative analysis is dependent both on the spectral model and on the quality of
the experimental data. With these considerations in mind,

50

the published data may at best indicate a possible specific

40

identification of CIONO2: the deduction of a profile of concentration with associated experimental errors of + 25%
does not seem justified. An upper limit concentration of
10-9 by volume, between 25 and 35 km altitude is consistent
with the observational data.
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21.2.9 Other Halogens
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21.2.9.1 Hydrogen Fluoride (HF). Stratospheric HF has
been measured by several different groups using both remote

Farmer

10

1010

l0-9

8

10-

VOLUME MIXING RATIO

Figure 21-60. HCI distributionfrom balloon-borneIR absorptionspectroscopy.

sensing and in situ techniques. The measurements for the
most part have been made at different locations and seasons
and do not include a sub-set of observations similar to those
for HCI from which a most probable profile can be derived.
The measurements that have been made to date are summarized in Figure 21-62.
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21.3 MESOSPHERE

60
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Within the mesosphere, the concentration of many of
the minor species can vary by orders of magnitude during
diurnal cycle. The photochemical time constants are so
short that extreme gradients are found when temporal variations are studied. However, it is still instructive to consider
a case such as Figure 21-63a to indicate the approximate
concentrations under a particular set of conditions. Here the
results from a time dependent one-dimensional dynamic
model are shown based on the work of Keneshea et al.

7879

BANGHAM

FARMER

[1979] for the case of midlatitude noontime conditions. There
are additional minor species which are not shown in Figure
21-63a; however, these are of particular aeronomic interest.
The time constants of some of the middle atmosphere minor
species which are controlled by chemical lifetime and transport are shown in Figure 21-63b from a model by Allen et
al. [1981]. Part of the discussion of the mesospheric composition will necessarily overlap into the region of lower
thermosphere because of the important span between 90 and
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Figure21-62. StratosphericHFprofilemeasurements.
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Figure21-63a. Verticalprofilesof neutralminorconstituents
fornoontimeconditions
at 45°Nlatitudefromtimedependent
modelcalculations
[Keneshea
et al., 19791 (Reprintedwithpermissionfrom PergamonPressLtd,© 1979.)
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Figure 21-63b. A comparison of the chemical lifetimes (dashed line) of
middle atmosphere species and the time scales for transport due to eddy diffusion (dotted line) and molecular
diffusion (solid line) [Allen et al., 1981].

region has progressed significantly during the last 10 years
because of the development of more advanced instruments
for rocket investigations [von Zahn, 1973]. For convenience, the discussion will be divided into the following
catgories:the oxygen

constituents

(0,

03),

the carbon-

oxygen constituents (CO2, CO), the hydrogen-oxygen constituents
stituents

(N2O,
OH,
(NO, NO

HO2)
excite
, N2O nitrogen-oxygen
2

con-

constituents,
and the inert gases
N[ 2 D]), the meteoric/dust,
(He, Ne, Ar, Kr, Xe). The acids, halogens and chlorine

compounds and other trace species have been discussed in
the section on the stratospheric species and these are less
important in our current understanding of the mesosphere.

21.3.1 The Oxygen Constituents
The atomic oxygen, which results primarily from the
dissociation of molecular oxygen in the Schumann-Runge

Figure 21-64a. Comparison of the production (
) and loss terms
) for atomic oxygen at noon. The curves are la(- beled to represent the contributions of chemistry, C, the
amplitude of the molecular flux gradient, M, and the
amplitude of the turbulent flux gradient, T [Keneshea
et al, 1979]. (Reprinted with permission from Pergamon
Press Ltd. © 1979.)

to the chemistry changes with the assumed constant diffusion profiles.

The

measurement

of atomic

oxygen

in the

mesosphere requires use of rather complicated techniques
because

of its highly

reactive
the

of the mesosphere.

properties

and the influence

coisions

Mass spectrometers

with

in this region

the

must

be cryo-pumped to reduce the gas collisions within the analysing field. The techniques which have been used include
(Philbrick et al.,
mass spectrometers
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MIDNIGHT
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bands, is an important minor species in the mesosphere and
becomes the major atmospheric species in the thermosphe
for altitudes between 160 and 700 km. The atomic oxygen
in the mesosphere is strongly controlled by transport. Eddy
diffusion mixes the oxygen atoms to lower altitudes where
they are lost by three-body reactions to form ozone in the
lower mesosphere.
Figures 21-64a and 21-64b show the results of the onedimensional time-dependent calculations for atomic oxygen
at noonand at midnight.The curves showthe production

and loss associatedwith the chemistry,moleculartransport
and turbulent transport of the atomic oxygen. In Figure
21-65 the midlatitude diurnal variation of atomic oxygen is
shown. At altitudes below 80 km, the very pronounced local
time dependence is observed. The variation observed is due
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with permissionfrom PergamonPress Ltd. © 1979.)
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1973; Arnold and Krankowsky,

1977], pho-

tometers for 5577 A emission [Dandekar, 1972; Offermann
and Drescher, 1973], silver film oxidation [Henderson, 1971],
resonance fluorescence [Dickinson et al., 1974; Howlett et
al., 1980], NO chemiluminescence
[Golomb and Good,
1972], atomic absorption [Dickinson et al., 1974], and from
hydroxyl airglow [Good, 1976]. A study of the existing data
by Offermann et al. 119811 has shown a strong correlation
of the atomic oxygen column density between 80 and 120
km with the measured peak density. This correlation (see
Figure 21-66) is quite good considering the large variability
which is observed in the individual profiles shown in Figure
21-67. The oxygen profile is strongly affected by the transport properties at a given time. The fact that a large am-
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Figure 21-65. Diurnal variation of atomic oxygen between 50 and 90 km
from model calculations [Keneshea et al., 19791(Reprinted
with permission from Pergamon Press Ltd. © 1979.).

plitude variation that may be expected due to eddy diffusion
was shown in the study of Keneshea and Zimmerman [1970].
Offermann et al. [1981] also pointed out the anti-correlation
of the argon and atomic oxygen behavior which is expected

with changes in the eddy diffusion. Most of the measure-

r 0.97
E

USSA76

USSA 1976

Maximum0 Number Density [cm-3]
Figure 21-66. Atomic oxygen layerpeak density vs O layer content. Layer
content is represented by the column density up to 110 km.
Different measuring techniques of 16 rocket flights are indicated by different symbols. Model values from USSA
1976 are given for comparison and the straight line is at
45o. Identification numbers in symbols are described in
original text [Offermann et al., 1981] (Reprinted with permission from Pergamon Press Ltd. C 1981].).

Altitude [km]
Figure 21-67. Atomic oxygen number density profiles as obtained from
16 in situ measurements. Results from 3 different measuring techniques are grouped together (shaded areas) and
refer to 3 different density scales. USSA 1976model profile
is given for comparison with each of the 3 groups. Profile
identification numbers are given in original text [Offermann
et al., 19811 (Reprinted with permission from Pergamon
Press Ltd. © 1981].).
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Figure 21-68. Comparison of computed species prbfiles for turbulent dif-

K

fusivities K and 3 K (solid dashed curves) with measured
profiles for O (squares), O2 (triangle), N2 (circles), Ar
(crosses), arid O2 (1Dg) (dots) for the ALADDIN I program
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Pergamon Press Ltd. © 1979.)
Figure 21-70.

The model calculation

of the diurnal variation

of the 03

[Keneshea et al., 1979]. (Reprinted with permission from
Pergamon Press Ltd. © 1979.)

ments of atomic oxygen show the irregular structure in the
altitude region between 90 and 110 km due to the turbulent
layers in that region. The calculations of atomic oxygen in
a time-dependent transport model also show irregularites
in this region where the eddy diffusion profile is irregular.
An example of this structure is observed in the measurement
and model calculations for the ALADDIN I experiment
shown in Figure 21-68. The series of ALADDIN (Atmospheric Layering And Density Distribution of Ions and Neutrals) experiments and models have provided some of the
most important foundation for our current understanding of

the middle atmosphere properties and therefore several of
those results are used for illustration.
Model calculations for the ozone production and loss
for midnight at midlatitudes is shown in Figure 21-69. The
diurnal variation of the 03 is shown in Figure 21-70. The
measurements of ozone have been refined and both in situ
and remote sensing techniques have provided accurate results in the stratosphere. However, there are relatively few
measurements of the ozone in the mesosphere. A comparison of photometer measurements and model calculations is
shown in Figure 21-71.

OZONE MIDNIGHT
PRODUCTION

21.3.2 Carbon-OxygenConstituents

phericLayering And Densit-Distribuion
experiment

of Ions and N

)
PRODUCTION
AND
LOSS
RATES
(cm-3sec-1)
sec-1
PRODUCTION
LOSS RATES
AND (cm-3

Figure21-69. Modelcalculationsfor the ozone productionand loss for
midnight at midlatitudes. The label C represents chemistry
effects, M representsmoleculartransport,andT represents
turbulent transport [Kenesheaetal., 1979]. (Reprinted with
permission from Pergamon Press Ltd. © 1979.)
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The atmospheric carbon dioxide, C0 2 , and its dissociative product, CO, are very important species for the role
they contribute to the radiation balance and thermal structure
of the middle atmosphere. The CO2 molecules are also important in some of the chemical reactions for formation of
the negative ion species of the D region. In Figure 21-72,
the results of a calculation by Hays and Olivero [1970] are
shown for the CO2 dissociation and transport by eddy diffusion. The various curves represent two extremes for the
recombination and a range of eddy diffusion values. The
fact that the CO2 remains near ground level mixing ratio
values for altitudes up to the turbopause has been substantiated by measurements shown in Figure 21-73. Trinks and
pointed out that in addition to solar dissociation, the CO2 concentration at higher altitudes is also con-

ATMOSPHERIC COMPOSITION

60

DATA
AIRGLOW PHOTOMETER
2590A PHOTOMETER:
HIGH RESOLUTION
LOW RESOLUTION
MODELS
(76)
KRUEGER/MINZNER
THOMAS/BOWMAN (72)
(74)
o WHITTEN/ TURCO
x ZIMMERMAN/ KENESHEA(76)

OZONE NUMBER
Figure 21-71.

Comparison of photometer

measurements

trolled by loss from an ion molecule reaction with O+ . The
calculations of the CO2 and CO behavior in the mesosphere
and thermosphere require solution of the time-dependent
transport equations with appropriate considerations of the
photodissociation, diffusion transport and loss by the ion

DENSITY

(cm-

3)

and model calculations

of ozone [Weeks et al., 1978].

molecule reaction. The CO2 emission in the 15 um and 4.3
bands
um has also been measured by rocket-borne IR spectrometers, Stair et al. [1975]. The measured IR signal results
from a combination of the contributions of the CO2 concentration and the temperature.

140

20

VOLUME
MIXING RATIO
Figure 21-72.

Calculated profiles of the volume mixing ratios of CO 2 and CO [Hays and Olivero,
Press Ltd. © 1970.)

19701. (Reprinted

with permission

from Pergamon
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well as certain other minor species, is from the ion composition in the D region when the temperature is known and
the laboratory measured rate constants are used, Ramseyer
et al. [1983], Kopp and Philbrick [1983]. The HO reactions
in the mesosphere are not as simple as would be inferred
in Figure 21-75, but in fact include several of the other
minor species as indicated in Figure 21-79.

21.3.4 The Nitrogen-oxygen Constituents

97)MODELS
STEADYSTATE
(TRINKS & FRICKE, 1978)
MEASUREMENTS
X 20 NOV1970 X * 98

The nitricoxide concentrationin the mesosphereis primarily responsible for the formation of the D-region. This
results from solar Lyman- a radiation ionization at low
altitudes within a window of the

(PHILBRICK,

13OCT1970

NIGHT (OFFERMANN&
GROSSMANN,
1973)
(TRINKS
&
29 JUNE1974 X.43o 29JUNE1974
1978)
X43oFRICKE,

02

absorption. The NO

production rate increases dramatically during periods of particle ionization. Figure 21-80 shows the nitric oxide production rate associatedwithsome particleevents. The model
calculations of Brasseur [1984] for the verticle flux of nitric
oxide in the mesosphere are shown in Figure 21-81. Figure
21-82 shows the meridional distribution of nitric oxide which
is consistent with the vertical flux shown in Figure 21-81

HEIGHT(km)
Exobase

Figure 21-73.

Calculated and measured n(CO2)/n(Ar) ratio for three zenith

angles. Data are from the sources indicated. Day-night differences are expected due to solar dissociation of CO2 and
due to an ion chemistry reaction with O+.

21.3.3 Hydrogen-Oxygen Constituents
The hydrogen constituents are important in many of the
chemical processes in the middle atmosphere. Figure 21-74
provides an overview of the important photochemistry and
transport involving the hydrogen constituents. The H20 concentration leads to the formation of H and OH which in turn
react with 0, 02, and 03 as indicated in Figure 21-75. The
oxygen chemistry in the mesosphere is strongly tied to the
hydrogen concentration through reactions with OH and H2O.
In Figure 21-76 the differences between the steady state
photochemical calculations and the time dependent calculations for 0, H20, and H are shown for noon midlatitude
conditions. This example, from the Keneshea et al. [1979]
model, emphasizes the importance of the time-dependent
calculations for the mesospheric processes. The H 2 0 in the
mesosphere participates in another important process, the
formation of the water cluster ions which are the dominant
positive and negative ion species of the lower D region.
The model calculations of the diurnal variations of OH and
H are shown in Figures 21-77 and 21-78. The question of
the mixing ratio of the H 2 0 which is appropriate to various
mesosphere conditions is yet to be answered. One of the

ways of inferring the possible concentrations of H2 0, as

21-46

200 km

Mesopause

(The
subscripts
of

at a givenlevel.)
xdenoteits magnitude

Figure 21-74. Photochemistry and transport of hydrogen constituents
[after Strobel, 1972].
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Figure 21-75.

Principal reactions in which H, OH, and HO 2 are involved
with 0 and 02 [after Strobel, 1972].
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Figure 21-78. Atomic hydrogen variation from the time-dependent model
[Keneshea et al., 1979]. (Reprinted with permission
Pergamon Press Ltd. © 1979.)

(based on Ebel [1980]). The meridionaldistributionof NO
shown in Figure 21-83 is in betteragreementwith the measurements of NO profiles and results from a better choice of
the eddy diffusion coefficient. The result emphasizes again
the importantrole of the dynamics in the mesosphere. In
Figure 21-84, the steady-state concentrations of ON (mean
odd nitrogen - all nitrogen other than N2 ), N(4 S), and the
fractional abundance of NO relative to odd nitrogen. The

CONCENTRATION
(cm3)
Hydroxyl radical variation from the time dependent model
[Keneshea et al., 1979]. (Reprinted with permission from
Pergamon Press Ltd. © 1979.)

Figure 21-76.

from

[OH]
K

important reactions in the odd nitrogen constituents in the
atmosphere are shown in Figure 21-85.

21.3.5 Meteoric and Dust Constituents
The resonancefluorescencedayglow emission of several
of the meteoric debris species, such as sodium and lithium,

H

Figure 21-77,

2O

[Keneshea etLOCAL
al., TIME
1979.(hours)
(Reprinted with permission

HO2

LOCALTIME(hours)
SOLARZENITHANGLE(deg)

The steady-state profiles (dashed curves) and the noontime
profiles (solid curves) taken from the last solution day of
the time-dependent calculations for the species O, H, and
H20 [Keneshea et al., [1979]. (Reprinted with permission
from Pergamon Press Ltd. ©1979.)

+OH

H2O
Figure 21-79.

Fundamental

H20 reaction diagram

[after Strobel,

1972].
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Figure 21-80. Instantaneous nitric oxide production rates for Galactic Cosmic Ray (GCR) (at solar maximum and minimum), Solar Proton Events (SPE)
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nesium, aluminum, calcium, etc. havebeen often measured
and found to represent an almost continual input of the
meteoric species to the upperatmosphere.Sodiumand other
species have been measuredby LIDARtechniquesby groups
in France [Megie et al., 1978] and the U.S. [Richteret al.,
1981]. The resultsof the sodium calculations from a model
by Kirchoff et al. [1981] are shown in Figure 21-86. The
meteoric and volcanic dust injected into the atmosphereis
important in several areas. The dust can serve as a nucleation
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Figure 21-81. Meridional distribution of the vertical flux of nitric oxide
based upon the exhange coefficients suggested by Ebel,
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Figure 21-82. Meridional distribution of nitric oxide consistent with the
flux values of Figure 21-85 [Brasseur, 1984].
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60

Figure 21-83. Improved model calculation for the nitric oxide meridional
distribution by better choice of the dynamical properties in
the calculation [Brasseur, 1984].
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Figure 21-84.

4
Density profiles for N( S) and odd nitrogen and relative daytime concentrations of NO and NO 2 for various models. Curve a, large NO
dissociation rate and a[NO/]az = O at lower boundary; curve b; same as curve a but O(ON) = O at lower boundary; curve c, same as
curve a but small NO dissociation rate; and curve d, small NO dissociation rate and O(ON) = O at lower boundary [after Strobel, 1971].
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Figure 21-85. Sources, sinks, and exchange reactions of odd nitrogen [after Strobel, 1971].
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Figure 21-86.

Calculated flux model sodium density profile. The pro3
duction of excited sodium in units ofcm- s-1 is designated

by Na*, and Na1 is the average measured profile shown
for comparison [Kirchhoff et al., 1981].

center for partical growth, possibly important in development of noctilucent clouds, or may be the source for species
which can have significantly longer lifetimes, such as the
meteoric ion lifetimes which are important in the formation
of sporadic E layers.

21.3.6 The Inert Gases
The nobel gases provide the opportunity of studying the
effects of transport without the complications of the chemical processes which also affect most species. The region

170 158

126 100
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SOLAR ZENITH ANGLE (deg)
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170

Figure 21-88. O2(1Dg)time dependence calculated from one-dimensional
model IKeneshea et al., 1979]. (Reprinted with permission
from Pergamon Press Ltd. O 1979.)

near 100 km is of particular interest because of the turbopause or cessation of mixing of the species. This region is
particularly important when attempting to model the thermosphere because of the effect on the distribution of the
species. Figure 21-87 shows a summary of the published
Ar/N2 ratios in this region. The structure in the profiles
indicates that the transition to molecular diffusion is not
smooth, but is rather complicated by a region of alternating
laminar and turbulent layers with rather strong peaks in the
eddy diffusion. Argon is probably the most important of the
inert species because it provides a good tracer for the transition from mixed to diffusive regions. It is also the "thermometer" in determining the temperature structure in the
lower thermosphere.

21.3.7 Excited Species
Several species in excited states deserve special consideration because of the pronounced effect that they have in
the mesospheric chemistry. Two of the most interesting are
02(1Ag)and N(2 D). The 02( 1Ag) provides an important source

Figure 21-87.
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Number density ratios of argon and nitrogen vs altitude,
CIRA 1972 Mean Reference Atmosphere prolile is given
for comparison.Profile identificationnumbers are given in
1981)(Reprinted with permisoriginal text [Offermann,
sion fromPergamon Press Ltd. C 1981.)

of ionization in the D region because of its higher energy
state. In Figure 2 1-88 the model calculations of the temporal
variation of the O2(lAg) are shown. Figure 21-89 shows a
comparison of several rocket flight measurements with model
calculations of the 02(1Ag). Measurements of the near-IR
emission

associated with this species are useful to infer some

chemistry because
properties of the mesospheric
volved in the O and O3 reaction schemes.

it is in-
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21.4 IONIZED CONSTITUENTS

21.4.1 Overview
The ionosphere is created mainly by the absorption of
solar ultraviolet and x ray radiation in the earth's upper
atmosphere. Hence, the initial ions are formed in some
proportion to their respective neutral parent populations.
The atmosphere is composed primarily of N 2 and 02 below
100 km, the homosphere, where the atmospheric gases are
generally well-mixed. Above this altitude, in the hetero-

CALCUATED

profiles

of

[O2(1D)] after

Evans

and Llewellyn,

1970].

sphere, which virtually coincides with the thermosphere,

atomic oxygen rapidly becomes a major constituent with
increasing altitude and is the dominant species above about
170 km, depending upon thermospheric expansion due to
solar activity. A fairly linear relationship exists, for example, between solar radiation monitored at 10.7 cm and
thermospheric temperature [Nicolet, 1963].
The fact that the principal thermosphericspecies is atomic
above a certain height has profound implications with respect to absolute electronic and ionic concentrations. The
ionosphere is basically a weak, neutral plasma, that is, the
total positive ion concentration equals the electron plus the
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total negative ion concentration. (Negative ions are important only in the D region, below 90 km.) Ionization is
depleted when oppositely charged particles recombine.
However, the rate coefficient, -10-1 2 Cm3 s-1, for (radiative)
recombination between atomic positive ions and electrons,
particularly O+ + e -- 0 + hv where hv represents a photon, is five orders of magnitude slower than the (dissociative)
recombination rates of common ionospheric molecular ions
like 02+ and NO+ . These vastly different loss rates are the
main reason that the maximum electron (or total positive
ion) concentration of the F region, approximately 106 cm-3 ,
nominally occurs near 300 km, even though the maximum
photoionization rate is near 150km, the base of the F region.
This region contains the overwhelming bulk of the total
ionospheric charged particle content. This peak altitude is
a function of latitude, solar activity, plus chemical and transport loss processes. Above the peak of the F layer, ions are
lost mainly by transport to lower altitudes. Below the F
layer maximum, ionization is depleted largely by ion-molecule reactions between O+ ions and 02 and N2 which create
O2+ and NO+ ions, respectively. These diatomic ions recombine rapidly with electrons.
The E region, nominally 90 to 150 km, is comprised
mainly of O2 and NO + ions. A majority of the initial ions
created by the absorption of solar x rays and EUV radiation
in this region are N2+ ions, which react rapidly with 02
and O at these altitudes to formO2+ and NO + ions. Some
O2+ ions are formed directly from the solar ionization of
O2. Depending upon the relative electron and NO concentrations, a signficant fraction of 02+ ions may undergo
charge transfer with NO to form NO+ ions. The E region
frequently is enhanced by precipitating kilovolt electrons at
high latitudes, an energy (and hence altitude) regime common to auroral ionization. The transport of ionization generally is unimportant in the E region where the lifetime of
molecular ions is rather short, roughly 3 x 106/[e] s, where
[el is the electron concentration in cm-3. An important exception occurs when atomic (meteoric metal) ions are present and the wind fields are favorable with respect to the
creation of a sporadic E layer, a thin layer (2 km) of ionization that can attain ionic (electronic) concentrations exceeding 106 cm-3 in contrast to typical daytime midlatitude
concentrations of 1 to 2 x 105 cm-3 .
The smallest portion of the ionosphere is the D region,
roughly 50 to 90 km. It contains less than 0.1% of the total
ionospheric charged particle content. This region acts as the
upper boundary of the earth-ionospheric wave-guide for LF
and VLF electromagnetic radiation. In addition, HF and
VHF electromagnetic waves may suffer attenuation since
the electron-neutral collision frequency is greatest in this
lowest portion of the ionosphere because of the high neutral
concentrations. This attenuation is minimal for the normal
quiet D region which has a daytime maximum electron
concentration of about 103cm-3 near 80 km. However, solar
flares may produce greatly enhanced x ray radiation below
10 A which can increase electron concentrations by 10 fold
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or more, creating an SID (sudden ionospheric disturbance)
lasting 10 to 20 minutes. At higher latitudes, precipitating
protons (sometimes accompanied by energetic electrons)
associated with a solar proton event (SPE) produce an enhanced D region, which in the SPE case, spreads out over
the entire polar cap and may last several days. An SPE may
be intense enough to blackout HF transmissions and, therefore, is known also as a polar cap absorption (PCA) event.
The D region is the most complex part of the ionosphere
from a chemical standpoint. Neutral concentrations are sufficiently great to permit three-body processes to be important. Complex hydrated ions are observed, mainly hydronium ions, H3 0 + (H20)n, even though the initial ion formed
in the quiet D region is apparently NO+ which arises from
the ionization of a minor gas, nitric oxide, by the strong
solar radiation line, HLya. For the disturbed D region,
where the initial ions are formed roughly in proportion to
their neutral concentrations, 02 + ions essentially are the
only initial positive ions since N2+ ions very rapidly undergo
charge transfer with 02 at these altitudes. The effectiveness
of three-body processes in the D region also allows for the
formation of negative ions since the attachment rate of an
electron to a molecule in a two-body collision is very slow.
The negative species in the D region are mainly ionic below
about 70 km by day and 80 km at night. Galactic particles
maintain a constant ionization production rate of significance to the lower D region, < 65 km, and the stratosphere.
A nominal midlatitude rate (cm-3 s- 1)is 10-17times the total
neutral concentration, [M], in cm-3. The cosmic ionization
rate varies with latitude, being a factor of 10 higher at the
pole, and weakly, about a factor of two, with inverse solar
activity [Swider, 1969]. Ionization of air (78% N2, 21%
02) by energetic particles leads to an ionic production rate
relatively distributed [Swider, 1969]as 62: 17: 14: 07 for
N2 + : 02 + : N + : O+ where the atomic ions originiatefrom
dissociative ionization.
At night, as already noted, galactic cosmic rays maintain
a weak ionization in the low D region and stratosphere. Electrons have a feeble presence in the upper D region above about
80 km as a result of solar HLya and HLyB radiation which is
transported to the nightside of the earth through scattering
processes within the hydrogen geocorona. Ionization maintained by the absorption of this radiation is a maximum in the
E region and prevents nighttime ionic concentrations from
decreasingbelow about 103cm-3 . Along the auroral oval, the
nighttime (or daytime) E region can attain and even exceed
normal midday, midlatitude, concentrations. The high latitude D region is also susceptible. Simple formulas are available to describe the total ion and electron profiles in the SPEdisturbed nighttime D region [Swider et al., 1971]. The electron concentration formula is
L (A) 2L(A)q
L(A)
[e]
=
L(A)
where aD = 6 x 10-7 cm3 s-1, q is the total ionization
production rate and L(A) = k1 [02] 2 + k 2 [02] [N2 ]; the
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bracketed terms refer to molecular concentrations in cm-3
and k1 = 1.4 x 10- 29(300/T) exp ( - 600/T) cm6 s- 1 with
k2 = 10-31 cm6 s- 1 [Phelps, 1969]. Weak x ray and UV
stellar sources of ionization [Gough, 1975] also may contribute to the ionization of the nighttime E and D regions.
But, for MF and HF transmissions these nighttime regions
are practically nonexistent except at high latitudes when
disturbed and whenever sporadic E layers are prominent.
The F layer decays slowly at night since O + ions cannot
effectively recombine with electrons except through transport to altitudes below about 250 km where there is sufficient
02 and N2 to form 02+ and NO + , respectively, which
(dissociatively) recombine rapidly with electrons. This action can be virtually stopped in its entirety by horizontal
winds, and especially at the equator, electromagnetic drift
mechanisms which can elevate the entire layer [Rishbeth,
1968]. Little scattered solar radiation is present in the nighttime F layer save for some He lines.

21.4.2 Positive Ion Distributions
Figure 21-90 is a composite picture [Narcisi, 1973] of
the E and F regions during solar minimum when the F layer
maximum has a relatively low height, about 250 km. The
data were taken from Hoffman et al. [1969] for altitudes
above 250 km, from Holmes et al. [1965] for altitudes 250
to 115 km, and from Narcisi [1968] for altitudes below 115
km. Atomic oxygen ions clearly are the major ions in the
+
F region. Molecular ions NO + , O2
and N2+ decline rapidly with increasing altitude in the lower F region because
of their short lifetimes in the presence of large quantities of
electrons and their decreasing production rate with altitude,
either being formed directly by the ionization of the neutral
gas (N2+, O2+ ) or partly (02 + ) or completely (NO + ) from

ion-molecule interactions. The ions N2 + and N+ are depleted rapidly below 200 km because of fast reactions with
O2(N + , N 2+ ) and O (N2 +). The N + ion originates from
the dissociative ionization of N2 [Nicolet and Swider, 1963].
The H20 + ions are contaminents arising from the process
O+
+ H20 - H2 O + + O. Water outgasses profusely from
rockets and satellites although the latter "dry out" after several days. In the upper F region, He + and H + ions are
observed since He and H are present at great altitudes in
the thermosphere. A few doubly charged ions are created
by solar radiation and are observed in the high F region
where low neutral concentrations prevent their immediate
disappearance by means of ion-molecule reactions.
Typical nighttime E and F regions are shown in Figure
21-91 [Narcisi, 1973]. Data above 200 km were taken from
Hoffman (1967); data from 220 to 140 km are from Holmes
et al. [1965]; and results below 140 km are from Narcisi
[1971] with dashed curves from Giraud et al. [1971]. Meteoric ions are omitted. The depth of the valley near 150
km is quite varible as are many of the features in the figure
including the peak concentrations of the E and F layers.
The O+ ion remains the major F region ion. However.
hydrogen ions are now more prominent. This feature arises
roughly because of the absence of solar radiation and because the reaction H + O -- + O+ H is virtually thermoneutral. Figures 21-90 and 21-91 represent midlatitude
conditions. The equatorial situation is not too different, but
the high-latitude ionosphere does have two striking features
(see discussion by Narcisi [1973]): (1) a persistent light ion
trough in H + and He + with the former ion's concentration
declining by 1 to 2 orders of magnitude near + 60° geomagnetic latitude, and (2) a variable poleward peak of ionization. There are a number of other features such as a winter
bulge in He + .
The E region is the easiest portion of the ionosphere to
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Figure 21-90. Ion composition of the midlatitude daytime ionosphere near
solar minimum [Narcisi, 1973].
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Figure 21-91. Ion composition of the midlatitude nighttime ionosphere
[Narcisi, 1973].
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assess since the transport of ionization is unimportant except
for sporadic E layers and, perhaps at night, when charge
concentrationsare low (ion/electronlifetimes long). A model
of the midlatitude E region [Keneshea et al., 1970] has been
available for over a decade. In Figure 21-92, model electron
concentrations are plotted for selected altitudes as a function
of solar zenith angle, the angle between the sun and the
local vertical coordinate. Since the calculations originally
were performed to match twilight ionic composition data
for Eglin AFB in Florida, the minimum solar zenith angle
was about 22° . The accompanying figure (21-93) illustrates
the ratio of the two major ions, NO+ and O2+ . The ratio

is about unity for most altitudesin the daytime, but quite
large at night. This behavior is dependent upon the quantity
of nitric oxide present in the E region for the conversion of
O2 + ions into NO + ions through charge exchange,
O2+ + NO--->NO+ + 02. In the daytime, many of the
O2+ ions recombine with electrons before charge transfer
can occur. The much lower electron concentrations at night
make the charge transfer process relatively more effective,
and hence [NO+]/[O 2+] greater. Strobel et al. [1974] calculated the nighttime E region using a more detailed picture
of scattered HLya and HLyB as a function of solar position.
However, the nighttime E region generally is quite variable
because of electromagnetic drift, sporadic E layer formation, and, at the higher latitudes, electron precipitation,
which apparently is a function of Kp, the geomagnetic planetary three-hour range index [Voss and Smith, 1980]. Figure
21-94 depicts a nighttime sporadic E layer having a peak
electron concentration of 104cm 3 near 90 km. The principal
meteoric ions in the layer are Fe (56 amu) and Mg + (24
amu) with lesser amounts of Ca+ (40 amu) ions. The normal
E region ions are O2+ (32 amu) and NO + (30 amu). The
ion with mass 37 amu represents H3O + H20, a D region
ion. In general, intense sporadic E (fEs > 5 MHz) is most
likely during daytime midlatitude summer [Smith and Matsushita, 1962].

SOLAR ZENITH ANGLE

Figure21-92. Diurnalmodelof quietE regionelectronconcentrationsat

altitudesfrom85to 140km[Keneshea
et al., 1970].
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Figure21-93. Dirunal modelof quiet E region positive ion ratio [NO+/O2

at altitudesfrom 85 to 140 km [Kenesheaet al., 1970].

The importance of transport is evident in Figure 21-95
where an experimental sunset ion profile at a solar zenith
angle of 99° and a theoretical profile excluding ion transport
[Keneshea et al., 1970] is compared to a model including
transport due to measured winds [Keneshea and MacLeod,
1970]. The disturbances apparent in Figures 21-94 and
21-95 should not detract from the fact that the Keneshea
et al. [1970] model remains valid for the normal midlatitude
E region since even recent measurements [Trost, 1979] are
in good agreement with their model which is for moderate
solar activity. Under auroral conditions, the [NO+ ]/[O2+ ]
ratio tends to be higher than unity, the approximate midlatitide daytime value, as shown by a survey (Figure
21-96) of eight auroral flights by Swider and Narcisi [1977].
This higher ratio reflects a greater quantity of NO in the
auroral or higher-latitude E region as compared with midlatitudes, particularly in the winter, when photodissociation
of NO is minimal.
Narcisi and Bailey [1965] were the first to report that
hydronium ions are the dominant positive ions of the D
region. Figure 21-97 illustrates the difference between the
E region where NO+(30 amu) and 02+(32 amu) are dominant and the D region where H502 + (37 amu), H703 + (55
amu) and H9 O 4 + (73 amu) are the principal ions. The ions
labeled 24 amu and 56 amu represent meteoric Mg+ and
Fe+ ions, respectively. Depending upon the temperature
and [H2 O], even heavier hydronium ions may be present in
+
+
the D region like Hl1O5
and H 13O6
. Shock heating can
lead to the observation of lighter species. Hydronium ions
recombine with electrons at dissociative recombination rates
+
and
5 to 10 times greater [Biondi, 1973] than those for O2
+
NO ions, respectively. Hence, the conversion of NO + and
ions to hydronium ions provides for a lesser D region
than would be present in the absence of this conversion.
Under disturbed conditions, enhanced ion and electron concentrations tend to lower the crossover altitude between
simple molecular ions (NO+ + 02 + ) and hydronium ions,
because dissociative recombination

becomes more compet-

itive with increased [e] as compared to ionic conversion
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Figure 21-94. Ion composition of a nighttime sporadic E layer [Narcisi, 1969].
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Figure 21-95. Total positive ion profiles in the sunset E region: Comparison of theory with experiment [Keneshea and MacLeod, 1970].

Figure 21-96. The positive ion ratios measured during eight known auroral
E region rocket flights [Swider and Narcisi. 1977].
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with Figure

Positive ion distributions measured in the lower E and upper
D regions at a 20o solar zenith angle [Narcisi et al.

1971].

equilibrium may be appropriate up to 70 km or even higher.

However, in the atmosphere, processes involving CO2 may
processes which rely only upon the neutral concentrations.
Figure 21-98 compares a theoretical model for the 3 November 1969 SPE (PCA) with the measured electron concentrations and is a good example of hydronium ion distributions in a disturbed D region. Similar behavior should
occur for an SID. Below about 60 km, the hydronium ions
in the figure appear to be in thermodynamic equilibrium and
only a knowledge of the water vapor concentration (about
6 ppmv), the temperature and the thermodynamic parameters [Kebarle et al., 1967] are needed in order to derive
the relative hydronium ion composition. Since electron concentrations are lower in the quiet D region, thermodynamic

70

the

aid the formation of heavier hydronium ions. Hence, the
thermodynamic expression of Kebarle et al. [1967] should
be used with caution.
The quiet D region positive ion composition differs little
at night from day except that the concentrations are less at
night. As might be expected, the crossover between simple
ions (NO+ + Os+) and hydronium ions rises-from about
82 km by day to 86 km at night [Narcisi, 1973]. The positive
ion distributions of the daytime D region have been modelled
extensively by Reid [1977].

2143

Negative Ion Distributions

Our understanding of negative ions is poor. They occur
only at D-region altitudes and below. Figure 21-99 is a
representation of the negative ion composition computed in
conjunction with the positive ions and electron distributions
shown in the previous figure. The total negative ion popcalculated appear to be compatible with the calculated and observed electron and total positive ion distributions. However, this match is somewhat misleading since
it has been assumed, based upon laboratory evidence (Smith
et al., 1976), that all ion-ion recombinations (between positive and negative ions) have a rate coefficient of 6 x 10-8
cm3 s-1. By definition then, mainly the total negative ion
concentration is relevant and not their individual identities.

assured
70
(crosses)culations

50

Yet. the individual

identities

play some role because

of their

uniquely related ion-molecule interactions with the neutral

Figure 21-98.

CONCENTRATION (cm-3)

atmosphere

and photodissociation

model of the electron and major positive ion

profiles in the SPE disturbed D region as compared with

resulted in distributions not unlike those calculated by Ar-

al., 1978].

nold and Krankowsky [19711 which were in good agreement

Theoretical

the measured (crosses) electron concentrations
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plus photodetachment

processes. On the other hand, negative ion profiles computed at night for SPE conditions [Swider et al., 1978]

[Swider et

ATMOSPHERIC COMPOSITION
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Figure21-100. D regionnegativeion observations:Leftpanelfrom Arnoldet al. [1971];rightpanel from Narcisiet al. [1972].Notethe differentaltitude
scales.

with the one observational result (nighttime) they obtained.
ory. During rocket flights into a disturbed and eclipsed D
However, a serious controversy arises over the fact that in
region on 26 February 1979, AFGL [Narcisi et al., 1983]
fourteen flights to date [upleg and downleg, R.S. Narcisi,
again recorded a layer of heavy negative ions near 85 km
private communication, 1981], a layer of heavy negative
as did a University of Bern group [Kopp et al., 1980] in a
ions was measured near 85 km. This is illustrated in Figure
separate experiment. The Bern results suggest that the prin21-100 where the Max Planck Institute at Heidelberg results cipal
negative ions may be HCO3 + and its hydrates. This
conclusion is not incompatible with the AFGL results since
are shown in conjunction with one AFGL result. The AFGL
data indicate greater hydration, with mainly NO3-(62 amu),
such ion identifications are within the mass uncertainty of
NO3-H2 O (80 amu) plus higher hydrates than do the Heithe AFGL instrument, about + 1 amu. Reported observadelberg group's results. In addition, the AFGL data contain
tions of Cl- (35 amu and 37 amu) may arise from the ina layer of very heavy negative ions at 85-90 km whose
teraction of ambient ions with chlorine contaminants [Narorigin cannot be explained by conventional gas-phase thecisi, 1973].
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