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INTERNATIONAL REVIEWS IN PHYSICAL CHEMISTRY, 1991, VOL. 10, No. 1, 55-106 

The chemistry of meteoric metals in the Earth’s upper atmosphere 

by JOHN M. C. PLANE 
Rosenstiel School of Marine and Atmospheric Science, University of Miami, 

4600 Rickenbacker Causeway, Miami, Florida 33149, U.S.A. 

The presence of thin layers of free metal atoms at around 90km in the upper 
atmosphere has been known for about fifty years. Layers of the alkali metals Na, K 
and Li, as well as Ca and Fe, have been observed. This discovery has posed two 
important questions. First, what is the source of the metals: interplanetary or 
terrestrial? Secondly, what is the nature of the chemistry that causes reactive metals 
such as sodium to exist in their atomic form in the atmosphere? The first part of this 
review covers the techniques that have been developed to observe the metal layers, 
including ground-, rocket- and space-based photometers, and in particular metal 
lidars. The many curious phenomena that have been observed are then described, 
such as the small scale-heights of the layers, the quite different seasonal variations of 
the three alkali metals, the large depletions of Ca and Fe relative to Na, and the 
dramatic appearance of sporadic Na layers. The second part of the review describes 
the recent advances that have been made in laboratory kinetic studies of metal 
reactions of atmospheric interest. A number of specialized techniques for making 
low-temperature measurements are compared, and a compilation of recommended 
rate coefficients is given. The history of modelling of the chemistry of metals in the 
mesosphere is then reviewed, and the evidence that their major source is meteoric 
ablation is presented. A current model of sodium is then described and evaluated 
with sensitivity tests. This section ends by discussing the possible impact of these 
meteoric metals on the chlorine-catalysed removal of ozone in the stratosphere. The 
final part of the review summarizes the active current state of the field and identifies 
some of its future directions. 

1. Introduction 
The input of meteoric material into the Earth‘s atmosphere is thought to be about 

44 tonnes per day (Hughes 1978). Most of this material, which ranges in size from 
cosmic dust to  the large rocks that are able to reach the Earth’s surface as meteorites, 
ablates at  altitudes between 80 and 90 km. This happens because below 90 km the 
atmospheric pressure starts to become significant (greater than 1 mTorr = 0.133 Pa), 
and the relative meteoroid velocity, which averages about 15 km s- (Hunten et al. 
1980), is large enough to cause severe frictional heating of the material. The result of 
meteoric ablation is that a large flux of metallic vapour is continuously entering the 
Earth’s atmosphere. The major metallic constituents of meteorites are by weight 
(Mason 1971): Na06%, Ca 1.0%, Ni 1*5%, A1 1.7%, Fe 11.5% and Mg 12.5%. The 
subsequent chemistry of these metals is the subject of this review. 

A full understanding of this chemistry is important for a number of reasons. Firstly, 
meteoric metals have very unusual atmospheric chemistries, and this makes them 
inherently worth studying. Secondly, the free metal atoms, which are relatively easy to 
view with ground-based instruments, appear to be excellent tracers of the dynamical 
processes that govern this part of the atmosphere, such as tidal forces and gravity 
waves. Thirdly, the downward flux of these metals into the lower atmosphere may have 
a significant impact on the chlorine-catalysed removal of ozone in the stratosphere. 
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Figure 1. A vertical profile of temperature for the Earth's atmosphere. The curve shown 
represents the mean structure for latitude 40"N during June. (Reproduced from Wayne 
(1985).) 

The process of meteoric ablation occurs in the mesosphere, the part of the Earth's 
atmosphere between about 60 and 90 km (see figure 1). The mesosphere represents the 
boundary between the lower neutral stratosphere and the ionosphere, where species 
exist predominantly as ions (Wayne 1985). Although until recently the mesosphere had 
received little attention compared with the other regions of the atmosphere, its 
importance as a region of energetic coupling between the neutral and ionic regions of 
the atmosphere is now recognized and is being very actively studied. To a physical 
chemist, the chemistry of the mesosphere is of great interest because of the extremes of 
temperature, pressure and solar insolation characterizing the region. For instance, the 
mesopause is the coldest part of the Earth's atmosphere. In summer, when 
temperatures are in fact colder than in winter owing to an adiabatic expansion of the 
mesosphere as the stratosphere becomes warmer, temperatures have been measured 
down to an extreme of about lOOK in the polar mesopause (Philbrick et al. 1984), 
although summer polar temperatures of 140 K are more normal (CIRA 1972). In the 
winter, the mesopause warms to 200-220K (CIRA 1972), representing a nearly 
twofold increase in temperature, As we shall see below, although reactions cannot 
possess activation energies larger than about 20 kJ mol- in order for their rates to be 
at all significant at these low temperatures, such a large relative temperature change can 
cause important seasonal variations in the chemistry. The atmospheric pressure varies 
from about 10mTorr at 8Okm to less than 1 mTorr at the upper boundary of the 
mesosphere. Thus all termolecular reactions are essentially at their low-pressure limits. 
Above 100 km, molecular diffusion becomes a more important mode of molecular 
transport than turbulent or eddy diffusion. Lastly, the solar insolation penetrating 
through the mesosphere is only attenuated at wavelengths less than 190 nm (Shimazaki 
1985). This means that photochemistry requiring photon energies in excess of 5 eV 
occurs in this region, producing ions and neutral species that are often in highly excited 
electronic and vibrational states (McEwan and Phillips 1975, Wayne 1985). 
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Full understanding of a geophysical phenomenon is usually achieved by a 
combination of observation, laboratory investigation and modelling. In the case of 
atmospheric chemistry, these three elements are indispensable. Field observations first 
identify a phenomenon that is inherently interesting or has important implications ( e g  
the stratospheric ozone layer) requiring further study and understanding. Laboratory 
measurements of pertinent chemical parameters such as reaction rate coefficients and 
photolysis cross-sections are required as input into a model of the phenomenon, whose 
output can then be tested against further observations in the field. Sensitivity tests 
indicate where important uncertainties exist in the model. This information is required 
for planning future laboratory investigations. Once a reasonable confidence level in the 
predictive capability of the model has been achieved, the model can also be used to 
determine the most effective strategies for further field observations. These in turn 
provide a more rigorous test of the model. 

The study of the chemistry of meteoric metals in the Earth's upper atmosphere 
illustrates very well this dose relationship between observation, laboratory investi- 
gation and modelling. This review has thus been divided into three sections under these 
headings, which follow this introduction. Section 2 discusses the history of obser- 
vations of metals in the mesosphere, and identifies the remarkable features of their 
atmospheric behaviour. Many of the most puzzling observations are very recent and 
have yet to be explained satisfactorily. Section 3 describes the specialized laboratory 
techniques that have been developed in the last few years for studying the reaction 
kinetics and photochemistry of metallic species at the low temperatures characteristic 
of the mesosphere. The results of these laboratory studies are then reviewed. In section 
4, the history of modelling the chemistry of metals in the mesosphere is discussed. A 
current model is then presented, and a sensitivity analysis is used to identify 
uncertainties in the chemistry which require laboratory investigation. Models of the 
impact of metals on the chemistry of stratospheric ozone are also described. The review 
then concludes with a discussion of future research directions in section 5. 

2. Observations of metals in the mesosphere 
The first observation of a yellow radiation at 589 nm in the nightglow spectrum was 

reported by Slipher (1929). This radiation turned out to originate from sodium 
(Na(3 2P, - 3 zSl,2)) and to be located within the Earth's atmosphere (Bernard 1938a, b, 
Cabannes et al. 1938, Dejardin 1938). Since then, a number of techniques have been 
developed to study the origin and behaviour of several metals, which exist as free metal 
atoms in layers centred close to 90km in the mesosphere. Section 2.1 describes these 
techniques and lists the types of observations that have been made with them. Section 
2.2 then discusses the important features of each of the metals that have so far been 
observed, stressing their comparative atmospheric behaviour. 

2.1. Techniques for observing atmospheric metals 
2.1.1. Photometry 

The first quantitative observations of metal atoms were made in the 1950s using 
ground-based photometers that measured the resonance fluorescence from spectro- 
scopic transitions of the metal atoms, excited by solar radiation. Emission lines from 
Na, K and Ca' were observed during the first two decades of photometric 
measurements (Hunten 1967), and the first twilight emission from Fe was reported 
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more recently (Broadfoot and Johanson 1976). The successful observation of emissions 
from these metals reflects their extremely large resonant scattering cross-sections, since 
their concentrations relative ,to the general atmosphere are less than 0.1 parts per 
billion. Photometers are generally pointed to near zenith during twilight, when the 
geometrical shadow height of the Earth is close to mesospheric altitudes. This procedure 
avoids a large signal of Rayleigh-scattered sunlight from the denser lower atmosphere, 
and the variation of the emission signal as the shadow height passes up through the 
metal layer provides information on the vertical profile of the layer. The techniques for 
evaluating the atomic contents and height distributions of the neutral atoms from 
observation of the twilight glow are well established from the pioneering work in the 
1950s of Hunten (1956) and Blamont et a1. (1958), who elaborated on radiative-transfer 
theories in order to deduce the metal-atom density profile from the observed integrated 
line intensity. This work is reviewed by Hunten (1967). Figure 2 illustrates profiles of Na 
and K obtained from twilight emission measurements. Note the typical narrow layers 
of the metal atoms at about 90 km. 

The emission measurements were extended to the dayglow by using a Zeeman 
photometer (Blamont et al. 1958) and a high-resolution Fabry-Perot spectrometer 
(McNutt and Mack 1963). Photometers have also been flown on rockets to measure the 
dayglow (Hunten and Wallace 1967, Donahue and Meier 1967). The daytime Na layer 
has in addition been observed via the absorption of solar D lines (Neo and Shepherd 
1964, Burnett et al. 1972). 

The D-line emission of Na at 589nm, which forms part of the nightglow, is 
generated by a chemiluminescent reaction (Section 4. l), not by resonantly scattered 

Na atoms per cm3 

I6O 7 

70 60 r 10 20 

K atoms per cm3 

Figure 2. The vertical distribution of potassium and sodium atoms over Saskatoon, 4 April 
1962, measured by photometry of the twilight emission. (Reproduced from Sullivan and 
Hunten (1964)) 
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Meteoric metals in the upper atmosphere 59 

sunlight. Thus observation of the nightglow alone does not yield information on the 
atomic-Na density profile. The Na nightglow is about 30 times weaker than the twilight 
or dayglow emission. The ground-based measurements reviewed by Kvifte (1 973) range 
between 50 and 200R (1 R = 1 Rayleigh= lo6 photonscm-2 s-l). The nightglow has 
also been measured by a rocket-borne photometer (Greer and Best 1967) and a 
photometer placed on a limb-scanning satellite (Newman 1988). 

2.1.2. Lidar 
The discovery of tunable laser sources in the visible allowed direct measurements of 

the atomic-metal density in the mesosphere by the laser-radar or lidar technique. This 
was first employed to study atomic Na (Bowman et al. 1969, Sandford and Gibson 
1970). In this technique, a pulsed dye-laser beam, tuned to a strongly allowed 
spectroscopic transition of the metal atom of interest, is transmitted upwards through 
the atmosphere. The laser pulse is Mie- and Rayleigh-scattered, particularly in the 
lower part of the atmosphere, where there are aerosol layers and the atmospheric 
pressure is greater. In the mesosphere, the pulse is scattered resonantly by the metal 
atoms. A small fraction of the scattered light returns to the ground, where it is collected 
by a telescope and measured by photon-counting. The return signal is electronically 
binned to give the time delay and hence the height resolution of the scattering layer, 
typically to within 200 m (Beatty et al. 1989). Figure 3 shows an example of a Na lidar 
return signal. Note how prominent the scattering from the Na layer is compared with 
the Rayleigh scattering around 30 km, even though the observed Na signal is reduced 
by about a factor of nine because the scattering layer is three times further from the 
telescope. The atomic-metal density in the mesosphere is in fact calibrated from the 
Rayleigh-scattered cross-section at a lower altitude of known atmospheric temperature 
and density, using the calculated Rayleigh-scattering cross-section (Tilgner and von 
Zahn 1988). As in the case of the photometric method, the lidar technique relies on the 
fact that the scattering cross-sections of the metal atoms being studied are much greater 
than the Rayleigh scattering of the air at the low pressures in the mesosphere. 

200 400 500 600 
Time (ps) 

Figure 3. The return signal of a sodium lidar tuned to the D, resonance line of atomic 
Na(32P,iz-32S,iz) at 5890nm. This signal was obtained from 32 laser shots; laser energy 
about 1 J, repetition rate 0.5 Hz. Note that the photomultiplier receiver is gated for about 
the first loops. (Re-drawn from Megie and Blamont (1977).) 
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Lidar has so far been used to observe Nay K, Li, Cay Ca' and Fe (section 2.2). In 
addition, the spatial variation of the Na layer has been studied both by steerable 
ground-based lidars (Thomas et al. 1976, Clemesha et al. 1980), simultaneous 
measurements by a number of lidars at different sites (Gardner et al. 1986a) and a lidar 
flown in an aircraft (C. S. Gardner, University of Illinois at Urbana-Champaign 1989, 
personal communitation). 

The lidar technique possesses a number of important advantages over the 
photometric method. The first is that observations can be made continuously over a 
complete diurnal cycle, provided that a receiving telescope of astronomical quality is 
employed in order to limit scattered sunlight during the daytime. By contrast, the 
photometer is limited to daytime or twilight measurements only. The second advantage 
is that observations can be made relatively rapidly. Clearly, the time taken to build up 
an acceptable signal-to-noise ratio depends on the power of the dye laser, the scattering 
cross-section of the metal of interest and its atmospheric concentration, and the 
receiving power of the telescope in the receiver. For a metal like Ca with extremely low 
atmospheric densities, signal-averaging times of perhaps 100 min are required (Granier 
et al. 1985). On the other hand, in the case of Na, which is the most easily detected metal, 
a profile can be obtained with a typical modem lidar every 60 s (Beatty et al. 1989). This 
high time resolution has permitted measurements of short-term perturbations to the 
metal layers caused by tidal forces (Batista et al. 1985, Kwon et al. 1987) and gravity 
waves (Megie and Blamont 1977, Gardner and Voelz 1987), observations of localized 
enhancements by meteor showers (Hake et al. 1972, Megie and Blamont 1977, 
Clemesha et al. 1980) and sightings of the sporadic Na layers that are described in 
section 2.2 (Clemesha et al. 1980, von Zahn et al. 1987, Senft et al. 1989, Batista et al. 
1989). 

A third advantage of the lidar technique is that, at least in the case of a Na lidar, the 
temperature in the upper atmosphere can be determined simultaneously. This arises 
because the degree of blending of the hyperfine structure in the two D lines is very 
temperature-sensitive, and the mesospheric temperature can be measured to an 
accuracy of about 5 K by employing a narrow line-width laser as the lidar transmitter 
to scan across the D lines (Gibson et al. 1979, Neuber et al. 1988). 

The major advantage of the photometric technique has been that it relies on less- 
temperamental hardware than the high-energy lasers employed in lidar instruments. It 
is thus more suitable for studies of long-term trends, although, as lasers become more 
reliable, this advantage is falling away. Both techniques have to employ spectroscopic 
transitions at wavelengths longer than about 320 nm, because absorption in the 
Hartley band of ozone prevents optical transmission at shorter wavelengths through 
the atmosphere (Wayne 1985). This restriction means that some of the most abundant 
meteoric metals such as Mg cannot be observed from ground-based instruments. 

2.1.3. Mass spectrometry 
There have been several measurements of the concentrations of the positive ions of 

metals in the upper atmosphere by rocket-borne mass spectrometers (Aiken and 
Goldberg 1973, Narcisi 1973, Zbinden et al. 1975, Hermann et al. 1978, Kopp and 
Hermann 1984). The influence of meteoric activity on the abundance of metallic ions in 
the mesosphere has been demonstrated by Goldberg and Aiken (1973) and Zbinden 
et al. (1975). 
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2.2. Observations of neutral metals in the upper atmosphere 
2.2.1. Sodium 

The radiation from Na in the upper atmosphere is by far the strongest of any from 
the metals, so that the vast majority of measurements using both the photometric and 
lidar techniques have been made for Na. There is general agreement that the column 
density of Na is about 5 x lo9 neutral atoms cmP2, varying up and down by a factor of 
ten with time and location. A seasonal variation is evident in the observations from 
both hemispheres, with a maximum about one month before the winter solstice and the 
minimum near to the summer solstice (Hunten 1967, Megie et al. 1978). The variation in 
mean abundance at low latitudes is only about 25% (Donahue and Blamont 1961, 
Simonich et al. 1979). However, at mid-latitudes, the variation increases to approxi- 
mately 3 : 1, ranging from about 3 x lo9 cm-2 in summer to about 10" cm-' in winter 
(Gardner et al. 1986b). This variation is somewhat larger at high latitudes (Hunten 
1967). For instance, Gardner et al. (1988) recently observed a substantial depletion of 
Na in the summertime Arctic mesosphere over Svalbard (78"N), obtaining an average 
abundance during July of about 6 x 10' cm-'. Meanwhile, Henriksen et al. (1980) 
observed a wintertime abundance of 1.1 x lolo cm-2 using photometric measurements 
of the twilight emission at the same site. By contrast, the Na nightglow emission 
exhibits maxima at the equinoxes and therefore appears to be decoupled from the Na 
layer density (Smith and Steiger 1968, Kirchhoff et al. 1979). 

There has been some uncertainty over the question of a diurnal variation in the Na 
column density. The early photometric measurements of dayglow emission generally 
yielded significantly higher abundances than twilight measurements, and a marked 
diurnal variation in metal abundance was assumed of about 3:  1 (Hunten 1967, 
Gadsden and Purdy 1970). However, more recent work by Burnett et al. (1972) and the 
extension of lidar measurements to the daytime (Clemesha et al. 1982, Granier and 
Megie 1982) have demonstrated the absence of a marked diurnal variation and suggest 
a systematic error in the dayglow measurements. Granier and Megie (1982) have 
pointed out that photometric measurements, unlike lidar measurements, are depend- 
ent on various atmospheric parameters such as atmospheric and aerosol extinction, 
total ozone content over large horizontal distances, and the altitude and shape of the 
stratospheric 0, and mesospheric Na layers. 

The altitude of the peak Na concentration varies between 88 and 91 km, the highest 
values usually occurring during the local summer (Megie et al. 1978). The full width at 
half-maximum (f.w.h.m.) of the layer averages about 10 km. A striking feature is the very 
steep top-side gradient with a scale-height of 2-3 km (Sandford and Gibson 1970, 
Tilgner and von Zahn 1988). Even more surprising, in view of the observed turbulent 
mixing in the mesosphere, is that the scale-height of the underside of the layer can be 
extremely small. For example, Tilgner and von Zahn (1988) have measured an average 
scale-height of -04  km during the winter in the Arctic mesosphere. Figure 4 is a 
representative winter mean Na profile illustrating these characteristics. This density 
profile, which contains data averaged over a long duration, does not exhibit marked 
discontinuities. On the other hand, figure 5 shows a sequence of profiles taken over the 
course of one night. Although the shape of the profile at any moment in time generally 
corresponds to the mean profile, there is clearly a rapid variation in the altitude of the 
layer bottom and evidence of wave-like structures propagating through the layer. Such 
lidar data can be analysed to obtain information on the dynamical processes in the 
mesosphere, such as gravity waves and tidal forces (section 2.1.2). 
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Na DENSITY ( c K 3 )  

Figure 4. Winter mean Na density profile (solid line) for period December 1985 to February 
1986, at 6YN, measured by lidar. Calculated as the median of individual nightly medians, 
subsequently smoothed with a running mean over 1.5 km altitude. Dashed curves give 
quartile ranges of the nightly averages. (Reproduced from Tilgner and von Zahn (1988).) 

2 HOURS 
t----t 

11 * ? ,  . , , I 

100 lo3 106 lo9 1 0 ' 2  

Na DENSITY ( c N 3 )  

Figure 5. A set of time-resolved Na density profiles measured by lidar over the night 18/19 
Janurary 1986, plotted on a logarithmic density scale. Profiles are plotted with a constant 
offset of 21.12 decades per hour. (Reproduced from Tilgner and von Zahn (1988).) 

Lidar measurements of mesospheric Na have recently revealed the dramatic 
phenomenon of sporadic Na layers (SSLs). These are very thin dense layers of Na, 
which often form explosively in a matter of minutes, may persist for as long as a few 
hours, and then disappear rapidly. Figure 6 illustrates the appearance of a typical SSL 
at 98 km with a f.w.h.m. thickness of about 1 km and a much greater peak density than 
the normal Na layer at  90 km. 

Batista et al. (1989) have recently reviewed ten years of Na lidar measurements 
made at Sao Jose dos Campos (23"s). SSLs were observed about 6% of the time, with an 
average height of 95 km and an average f.w.h.m. of 2 km. Durations of 1-2 h were 
typical. The ratio of the maximum SSL peak density to the average Na layer peak 
density is normally 25-3.0, but ratios as high as 7 were occasionally observed. Other 
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Figure 6. Sodium-density profiles measured by lidar at Urbana on 31 October 1988: (a) at 

00: 19 LST, before the sporadic Na layer appeared, and (b) at 01 : 56 LT, the time at which 
the sporadic layer reached maximum density. (Reproduced from Senft et a!. (1989).) 

low-latitude observations of SSLs have been made by Kwon et al. (1988) at Mauna Kea 
(20"N) and by Beatty et al. (1989) at Arecibo (18"N). At both sites, frequent observations 
of SSLs were made. This has also been the case at sites of very high latitude such as 
Andoya (69"N) (von Zahn et al. 1987) and Svalbard (78"N) (Gardner et al. 1988). 
However, at the mid-latitude sites at Winkfield (51"N), Observatoire &Haute Provence 
(44"N) and Urbana (40"N), not a single SSL event had been reported over two decades 
of consistent measurements (von Zahn and Hansen 1989) until a very recent 
observation of a SSL at Urbana (Senft et al. 1989). Another puzzling observation is that 
SSLs mostly occur between 15 : 00 and 00 : 00 local time (von Zahn and Hansen 1989, 
Batista et al. 1989). 

In a recent experiment at Arecibo, an incoherent scatter radar was deployed 
simultaneously with a lidar and showed that the presence of a sporadic E layer was 
closely coupled to the appearance of a SSL (Beatty et al. 1989). Strong statistical 
correlations between sporadic E and SSL formation have also been established in other 
studies (von Zahn and Hansen 1988, Kwon et al. 1988, Batista et al. 1989). This evidence 
has led Beatty et al. (1989) to suggest that the sporadic Na layer may be formed through 
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Na cluster ions being rapidly reduced to Na by the enhanced electron densities 
characteristic of sporadic E, although the mechanism remains a matter of conjecture. 

von Zahn et al. (1987) have suggested that the Na in SSLs is liberated from thin dust 
layers by the action of auroral particle precipitation, but the recent observations of 
SSLs at low lattitudes precludes this theory as an explanation of SSLs in general. 
Clemesha et al. (1980) have postulated that an SSL could result from the direct 
deposition of Na from a large meteor. The horizontal transport of the meteor trail 
across the field of view of the lidar could then account for the rapid growth and decay 
that is typical of SSLs. This theory was later refined (Clemesha and Simonich 1989) to 
include the effect of wind shear acting on the trail, as an explanation for the small 
f.w.h.m. typical of SSLs. However, as von Zahn and Hansen (1988) point out, this 
theory cannot account for those SSLs that persist for several hours, nor for the greater 
frequency of SSLs before midnight in contrast with the highest frequency of meteors at 
06:OOLT (McSween 1987). In addition, Beatty et al. (1988) have actually observed 
meteor trails with the Urbana lidar. These are unlike SSLs in that they form between 82 
and 89 km, last for about lOOs, and are extremely narrow (about 140m f.w.h.m.). To 
conclude, the origin of SSLs is one of the most interesting current problems in the 
aeronomy of the mesosphere. 

2.2.2. Potassium 
The presence of K in the Earth's upper atmosphere was first established by Sullivan 

and Hunten (1964) from photometric observation of the twilight emission at 766.5 and 
769-9 nm. This work was continued by Gault and Rundle (1969). The first lidar 
measurements of the K layer were made by Felix et al. (1973). Megie et al. (1978) 
performed a year-long study where K and Na were measured simultaneously by 
lidar. The K column density at Observatoire &Haute Provence (44"N) was about 3 
x 10' cm-2, and it remained constant to within a factor of two throughout the year. 
The absence of a significant winter enhancement in the K column density, in agreement 
with the photometric study of Gault and Rundle (1969), is particularly striking by 
contrast with Na (see above). The abundance ratio of these elements (Na/K) thus 
increases from a low summer value (about 10) to a high winter value (about 50). The 
altitude of the K peak concentration shows a small seasonal variation similar to that 
observed for Na, and is on average 1.2 km below the Na peak (Megie et al. 1978). 

2.2.3. Lithium 
Lithium was reported to be observed in the twilight emission at 670.8 nm almost 

simultaneously by Delannoy and Weill (1958) and Gadsden and Salmon (1958). 
Sullivan and Hunten (1964) showed that during these early measurements the 
atmosphere had been contaminated by the artificial injection of Li by atomic bomb 
tests, rendering it difficult to determine with certainty the natural column density of this 
metal. Jegou et al. (1980) carried out a more recent lidar study of Li. The wintertime 
Li column density at Observatoire &Haute Provence (44'") varied within the range 
(1.5-3) x 106cm-'. This decreased during summer by a factor of about 5, indicating 
that Li has a slightly larger seasonal variation than Na. As in the case of Na, the 
wintertime enhancement seems to be greatest in the polar mesosphere, where a column 
density of 1.9 x 108cm-' has been observed at Svalbard (78"N) (Henricksen et al. 
1980). The winter profiles of atomic Li are located around 92 km, roughly 4 km higher 
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than the wintertime Na peak (Jegou et al. 1980). Observers agree that the Li layer 
exhibits extreme variability: fluctuations in column density exceeding a factor of four 
have been measured over a single day (Henricksen et al. 1986). 

2.2.4. Calcium 
Atomic Ca was first observed in 1985 by lidar (Granier et al. 1985). The column 

density at Observatoire &Haute Provence (44"N) is 2.7 x lo7 cm-2 (Granier et al. 
1989a). This low abundance of Ca accounts for the failure of previous attempts using 
photometry to measure this metal (Gadsden 1969). The Ca layer is centred at 89 km, 
and there does not appear to be a systematic seasonal variation of Ca abundance. 
Granier et al. (1985,1989a) also reported simultaneous measurements of Caf by lidar. 
On average, the abundance of Ca' is lower than that of Ca by a factor of 2.1, and the 
peak of the Ca' layer is at 95 km. 

2.2.5. Iron 
Atomic Fe was first measured by photometric observation of the twilight emission 

at 386-0nm by Broadfoot and Johanson (1976). Later photometric measurements by 
Tepley et al. (1981) and Mathews (1981) at Arecibo (18"N) were in agreement that the 
maximum Fe concentration was 109cm-2. A recent lidar study by Granier et al. 
(1989b) at Observatoire &Haute Provence (44"N) found somewhat higher abundances. 
These ranged from 2 6  x lo9 cmP2 in April to 3.6 x lo9 cm-* in November, indicating a 
modest seasonal variation at mid-latitudes. 

2.3. Summary 
Observations of metals in the upper atmosphere have revealed many intriguing 

phenomena. These include the appearance of the metal atoms in layers at about 90 km 
with extremely small scale-heights, the different seasonal behaviours of metals that 
would be expected to have similar chemistries, such as Na and K, the substantial 
depletion of Ca relative to Na, and the appearance of SSLs. There is also the 
fundamental question of whether the source of the metals is both meteoric and 
terrestrial. Attempts to address these problems have historically been hindered by the 
fact that observations can only be made of the metal atoms and their ions: no direct 
information has been available regarding the compounds such as the oxides and 
hydroxides that these metals are expected to form below 90 km. In the absence of such 
information from observations, progress can only be made through laboratory studies. 

3. Laboratory investigations 
Laboratory studies of the atmospheric chemistry of neutral metallic species are 

relatively recent: the first studies were only published in 1982. This was largely because 
of the technical difficulties of studying reactions of metallic species in the gas phase at 
temperatures approaching those found in the mesosphere. Nevertheless, as this section 
will demonstrate, a number of specialized experimental techniques have now been 
developed, and a great deal has been accomplished in the last seven years. Section 3.1 
contains descriptions of these techniques and lists the atmospherically important metal 
reactions that have been studied using them. Section 3.2 then provides tables of the 
temperature-dependent rate coefficients that are recommended for use in atmospheric 
models. Note that this review does not cover laboratory studies of metal-ion-molecule 
reactions, which of course date back several decades. The interested reader is directed 
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to the review by Ferguson and Fehsenfeld (1968) or to general texts on atmospheric 
chemistry (McEwan and Phillips 1975, Wayne 1985, Brasseur and Solomon 1986). 

3.1. Experimental techniques 
3.1.1. The Jlash-photolysis technique 

This technique has been employed in a number of configurations to study metal 
reactions of atmospheric interest (Husain and Plane 1982a, Plane and Husain 1986, 
Plane 1987, Husain 1989). A short pulse of ultraviolet light, from a flash lamp or an 
excimer laser, is used to photolyse a metal-containing precursor in the gas phase. This 
produces the corresponding metal atoms in an excess of a molecular reactant diluted in 
a bath gas. The subsequent reaction of the metal atoms is then followed using one of 
several time-resolved monitoring procedures, which have included laser-induced 
fluorescence, resonance absorption, and chemiluminescence. These three methods are 
discussed below. 

3.1.1.1. The two-laser pulselprobe technique 
This is the most recent of the flash photolysis systems to be developed. Figure 7 is a 

block diagram of the experimental system, which has been described in detail by Plane 
(1987). Briefly, reactions are studied in a stainless-steel reactor consisting of a central 
cylindrical reaction chamber at the intersection of two sets of horizontal arms that 
cross orthogonally. The reactor is shown in figure 8. The arms provide the optical 
coupling of the lasers to the central chamber where the reactions are initiated, as well as 
the means by which the flows of the reactants and the bath gas enter the chamber. One 
of these arms is independently heated to act as a heat-pipe source of the metal precursor 
vapour. A fifth vertical side-arm provides the coupling for the photomultiplier tube that 
monitors the LIF signal. The temperature of the central chamber can be varied from 
215 to 1100K. The gas flows enter the side-arms of the reactor close to the optical 
windows in order to sweep these clear of any metallic species that would otherwise 
diffuse out of the central chamber. 

This system has been used to study reactions of the metals Li, Na, K and Ca. The 
metal precursors most often used have been the metal iodides, although recently 
potassium acetate was used in a study of the reaction K + 0, + N, (Plane et al. 1990). 
The major advantage of organometallic salts over the metal halides becomes apparent 
when studying a reaction involving a strong oxidant, such as the recombination 
reaction between a metal atom and 0,. Plane and Rajasekhar (1988a, b, 1989) have 
shown that, at temperatures above 400 K, 0, liberates the molecular halogen (e.g. I,) 
from the metal halide on the hot walls of the vessel, which results in a serious kinetic 
interference. The powdered precursor salt is placed in a tantalum boat in the heat pipe 
(figure 8), and then carefully heated to a temperature where the equilibrium vapour 
pressure of the precursor above the salt in the boat is about 1013 ~ m - ~ .  This vapour is 
then entrained in a flow of the bath gas and carried into the central chamber, where it 
can be photolysed using either an excimer laser at 193 nm (Plane et al. 1990) or a small 
flash lamp (Plane and Rajasekhar 1988b). 

The resulting metal atoms are probed by exciting fluorescence from a strongly 
allowed transition using a nitrogen-pumped dye laser of narrow bandwidth (approxi- 
mately 0-01 nm). The detection limit of a metal atom such as Li is estimated to be about 
107m-3 in this system. 
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Figure 7. Block diagram of the two-laser pulse/probe system. Components are identified as 
follows: B, baffle to reduce scattered light; E, suprasil end window set at the Brewster angle; 
F 1, furnace around the central chamber of the reactor; F2, furnace around the heat pipe; f,, 
flow of bath gas; fi, flow of reactant diluted in bath gas; P, photomultiplier tube; T1, 
thermocouple in the central chamber; T2, thermocouple in the heat pipe. 
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The laser-induced fluorescence signal passes through an appropriate interference 
filter before being recorded by the photomultiplier, whose output is then captured by 
the gated integrator of a boxcar averager. The probe laser is triggered by the boxcar to 
coincide with the opening of the integrator gate as it is scanned to monitor the LIF 
signal at increasing time intervals after the excimer laser fires. 

Experiments are conducted so that the metal atoms are always in a large excess of 
the molecular reactant, and hence the kinetic disappearance of the metal atoms is 
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Photomultiplier 

Quartz end window 

m c a n d  interference filter 

f2  Dye laser 

Suprasil window 

set at Brewster's angle - PUMP 

f l  Metal precursor 

HEAT PIPE 

Thermocouple 

suprasil window 

/-' 

Excimer laser 

Figure 8. Diagram of the reactor in the two-laser pulse/probe system. Components are 
identified as follows: f,, flow of bath gas; fi, flow of reactant diluted in bath gas; LIF, laser- 
induced fluoIescence signal. 

pseudo-first-order. The decay of the LIF signal, which is proportional to the metal- 
atom concentration, should then be a simple exponential. Figure 9 shows examples of 
the decays of Li atoms in an excess of 0, and a third body (N, or He) at 267 K. The 
parts of this figure show how the loss of Li depends on both [O,] and the third-body 
concentration, as expected for a termolecular reaction. Notice that N, is roughly twice 
as efficient as He as a third body. Details of the extraction of rate coefficients from such 
kinetic decays are given in Plane and Rajasekhar (1988b). Diffusive loss, out of the 
volume in the centre of the chamber produced by the intersection of the photolysis and 
probe beams, limits the slowest pseudo-first-order chemical processes that may be 
observed with this system to about 100s-'. Because of a 1 . 2 ~ ~  firing delay of the dye 
laser, the fastest decays that can be recorded are about lo5 SKI. 

Sometimes the kinetic decays at high temperatures exhibit an approach to equili- 
brium of the reaction. Under appropriate circumstances, the calculated equilibrium 
constants can then be used, together with statistical mechanics, to derive bond energies 
of metallic species that are otherwise only poorly known (Plane and Rajasekhar 1988a). 
In the case of the recombination reactions between the alkali atoms and 02, which do 
not significantly approach equilibrium even at 1100K, lower limits to their bond 
energies were obtained in this way. These lower limits were then combined with ab 
initio calculations to yield recommended bond energies (Plane et al. 1989a, 1990). 

An important application of the two-laser pulse/probe system to mesospheric metal 
chemistry has been to study the recombination reactions of Li, Na and K with 0, over 
the temperature range 23G1120K (Plane and Rajasekhar 1989b, 1989, Plane et al. 
1990). Figure 10 illustrates the results of these three studies. The tremendous advantage 
of being able to study reactions over such a broad range of temperature is that rate 
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Figure 9. Time-resolved decay of the LIF signal from Li atoms at 670.7nm (Li(2,P,)- 

Li(2,S )) following the pulsed photolysis of LiI vapour at T= 267 K: (a) [O,] = 1.5 
x 10’ l rm-  ’, [N,] = 3.6 x 10’ cm- ’; (b) [O,] = 4.5 x 10’ ’ cm- ’, [N,] = 3.6 x 10’ cm- ’; 
(c) [O,] = 1-1 x 1015 cm ~ ’, [N,] = 5-4 x IOl7  ~ m - ~ ;  (d) [O,] =4-3 x m-’, [He] =5.4 
x 1017 ~ m - ~ .  (Reproduced from Plane and Rajasekhar (1988)) 
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Logarithmic plots of the termolecular rate coefficient k against T for the reactions 
Li, Na and K + 0,,+ Nz (data taken from Plane and Rajasekhar (1988b, 1989) and Plane et 
al. (1990)). The solid lines are extrapolations of the experimental data for each reaction to 
the temperature range 150-2000 K, using the Troe (1977) formalism. 

Figure 10. 
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Figure 1 1 .  Time-resolved variation of the LiF signal at 422.7 nm [Ca('P,tCa('S)], following 
the pulsed photolysis of CaO/N,O in He at 193.3nm; reactor temperature 805K; 
[N,O]=l.I x l O " ~ r n - ~ ;  [CaO]=1,3x 10'4cm-3; [He]=61 x 10'6cm-3. The solid 
line through the experimental data is a fitted solution to the differential equation 
describing the chemistry: CaO + O+Ca + 0, and Ca + N,O-tCaO + N,. 

coefficients can then be extrapolated with greater confidence to extremely low 
temperatures that are not amenable to experimental study. In the case of termolecular 
reactions, the Troe formalism (Troe 1977) is now an established way for doing this 
(DeMore et al. 1985). The formalism is based on a simplified form of RRKM theory 
(Smith 1980), only requiring for input the molecular parameters of the molecule formed 
in the recombination process and a measured value of the recombination rate 
coefficient at some temperature. The solid lines in figure 10 show a very satisfactory fit 
of the Troe formalism through the experimental points for each reaction, enabling the 
rate coefficients to be calculated over the mesospheric temperature range (Plane et al. 
1990). 

In a very recent study with this system, the atmospherically important reaction 
CaO + 0 was measured (Plane and Nien 1990). Ca vapour was flowed from the heat 
pipe and mixed with an excess of N,O in the central reactor to form CaO. Photolysis of 
the CaO and excess N,O then produces O(23P,) atoms, which react with the CaO to 
produce Ca atoms. Thus an initial growth of the Ca concentration is observed, followed 
by a decay at longer times as the Ca reacts with the excess N,O. This is shown in figure 
11. In this experiment, small residence times in the reactor were employed to avoid 
condensation of CaO on the walls (contrast section 3.1.1.3). Although elevated reactor 
temperatures were required, this reaction is extremely rapid and so it can be 
extrapolated with confidence to mesospheric temperatures. 

The two-laser technique has also been used to measure the absolute photolysis 
cross-section of NaO, (Rajasekhar et al. 1989). In this experiment, the superoxide is 
made by titrating Na vapour with 02. The NaO, is then photolysed by an excimer laser 
beam of known fluence, and the degree of photolysis is calculated by measuring the 
resulting Na atoms by LIF a few microseconds after the excimer pulse. This procedure 
for determining the absolute cross-section was originally developed by Silver et al. 
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(1985) and is discussed further below. Rajasekhar et al. (1989) also found evidence for 
the production of sodium tetroxide NaO, in the gas-phase at 230 K from the addition 
of 0, to NaO,. The possible importance of the tetroxide is discussed in section 5. 

3.1.1.2. The flash-photolysislresonance-absorption technique 
This technique was developed by Husain and Plane (1982a) and is illustrated in 

figure 12. The design of the experiment followed the pioneering work of Davidovits 
(1979). The reactor is a quartz absorption cell about 2 cm in diameter and 20 cm long, in 
which an alkali-halide salt is placed. Adjacent and parallel to this cell is a high-energy 
(250 J) quartz flash lamp. Both the cell and flash lamp are enclosed in a furnace, which 
can heat them to over 1000 K. Condensation of the salt vapour on the end windows of 
the cell is avoided by insulating them with evacuated extensions that keep them at the 
same temperature as the centre of the cell. Gases are admitted to the cell through a 
magnetically controlled valve, which is normally closed to prevent escape of the halide 
vapour from the cell. The experiment is initiated by photolysing the alkali-iodide 
vapour to produce the metal atoms in a pseudo-first-order excess of a molecular 
reactant. The attenuation of the concentration of the metal atoms due to diffusion to 
the walls and chemical reaction is monitored by resonance absorption, using a 
purpose-built high-intensity alkali resonance lamp (Husain and Plane 1982a, b, Husain 
et al. 1985a, b, 1986). The light from the resonance lamp is directed through the cell and 
focused on to the slits of a monochromator that discriminates the resonance 
wavelength from the continuum of scattered light from the flash lamp. The time- 
resolved attenuation of the resonance lamp is then monitored by a photomultiplier 
attached to the monochromator and the signal is captured by a transient recorder. 
These experiments were performed in the ‘single-shot’ mode, so that degrees of 
absorption in excess of 5% were required for reasonable signal-to-noise levels. Thus the 
detection limit for Na atoms in this system is about 109cm-3. The question of the 
adherence of the Beer-Lambert law at these relatively high degrees of absorption, and 
the empirical corrections that may be required to extract kinetic information, are 
discussed by Husain and Plane (1 982a, b). 

Rate coefficients are obtained in the same manner as described above (section 
3.1.1.1). The most rapid first-order decays that can be measured are about 2500 s- ’, 
determined by the recovery of the PMT following the pulse of scattered light from the 
large flash lamp. This system has been employed to study a number of atmospherically 
important reactions of Na and K, albeit at temperatures in excess of 400 K where the 
alkali-iodide vapour pressure in the cell is large enough to obtain measurable 
absorbances upon photolysis. These reactions have included the recombination of Na 
and K with 0, to give the alkali superoxides (Husain and Plane 1982a, b, Husain et al. 
1985a, 1986, 1987), and the reaction between Na and 0, (Husain et al. 1985b). 

3.1.1.3. The flash-photolysislchemiluminescence technique 
This technique was employed by Plane and Husain (1986) to study the reaction 

NaO +O+Na(’P, ’ S )  + 0,, by using the chemiluminescence from the Na(3’PJ) 
product as a spectroscopic marker of the reaction. OQ3PJ) atoms were produced by the 
pulsed photolysis of NaO, itself produced in situ by adding N,O to an excess of Na 
vapour. This reaction was carried out in a stainless-steel reactor, to which was coupled 
a heat-pipe oven, shown in figure 13. Further details of the reactor can be found in 
Husain et al. (1984). The Na vapour produced in the heat-pipe oven was monitored by 
steady atomic resonance fluorescence at 589 nm using phase-sensitive detection. The 
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Na vapour was then flushed with He bath gas from the oven into the reactor, where it 
mixed with a flow of N,O. Na and N,O react together very rapidly at elevated 
temperatures to form NaO (Plane and Rajasekhar 1989). The steady-state con- 
centration of NaO in each experiment was subsequently calculated from the measured 
input of N,O into the reactor and the diffusion of NaO out of the effectively cylindrical 
reactor using the ‘long-time’ solution of the diffusion equation for a cylinder (Mitchell 
and Zemansky 1961). The NaO concentration could thus be altered by changing the 
flow of N,O, and maintaining the Na in excess. To avoid uncertainties caused by the 
loss of Na on the reactor walls, the reactor was kept at 573 K during these experiments. 
Even though this temperature is well above ambient mesospheric temperatures, this 
reaction turned out to be extremely fast and could thus be extrapolated with confidence 
to lower temperatures. 

3.1.2. The fast-$ow-tube technique 
In this technique, the time resolution required to make kinetic measurements is 

obtained by setting up a rapid flow of reactants along a flow tube from an upstream 
point of injection to a downstream observation point where one of the reactants is 
monitored. This reactant is arranged to be in a pseudo-first-order excess of the other 
reactants, and the rate of reaction is then measured by changing the distance between 
the injection and observation points, and hence the reaction time. The fast-flow-tube 
technique has been fruitfully applied to studying metal reactions of atmospheric 
interest by several groups (Fontijn et al. 1977, Sridharan et al. 1979, Silver et al. 1984b, 
Talcott et al. 1986). 

Figure 14 shows the essential features of a flow tube designed for studying reactions 
of Na species (Talcott et al. 1986). For additional designs, the reader is referred to Gersh 
et al. (1981) and Silver et al. (1984a, 1985). The tube is about 5 cm in diameter and about 
70 cm long. It is pumped by a large displacement booster system (500 litres s-  ’) in order 
to produce high flow velocities 2 7 m s-’ in the tube. The flange at the upstream end 
contains two movable inlets. The larger inlet carries a flow of Na vapour from an oven 

PlCOAHRETER RECORDER v 
INERT 

Figure 14. Sodium flow tube with oven source and movable inlets, including detection of 
atomic Na by steady-resonance fluorescence spectroscopy at 589 nm. (Reproduced from 
Talcott et al. (1986).) 
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into the flow tube; the smallerinlet is for the injection of other reactants. The carrier gas, 
which is a large flow of inert gas that is used to establish laminar flow conditions in the 
tube and decrease the rate of diffusion of reactive species on to the walls of the tube, is 
also admitted through this flange. The flow tube operates over the temperature range 
240-430 K. This is achieved by wrapping copper tubing around the tube, through 
which a thermostatted liquid is pumped. Na metal is placed in the oven, which is 
typically heated to 400 K. A small flow of an inert gas then entrains the metal vapour 
and flushes it down the inlet to the point of injection. This inlet is heated to about 490 K 
to prevent condensation of the metal, and surrounded by a water-jacket in order to pass 
through an O-ring seal set into the flange. 

Na is detected by resonance fluorescence using a low-pressure Na lamp as the 
excitation source. The fluorescence signal is measured with a cooled photomultiplier 
positioned orthogonally to the axis of the lamp. By careful baffling and use of a light 
trap to reduce scattered light, a detection limit for Na of lo4 cm-3 is estimated. 

Talcott et al. (1986) have discussed the standard treatment of the continuity 
equation describing the loss of a reactant, through both chemical reaction in the gas 
phase and diffusion on to the walls, in a cylindrical tube under laminar flow conditions. 
Clearly, when studying a metallic species where sticking on the flow tube walls is a 
major loss component, the correct treatment for wall losses and the resulting radial 
concentration gradients is crucial. 

An important application of the flow-tube technique has been for studying the 
reactions of Na compounds such as NaO, NaO,, NaOH and NaCl. These have been 
made at the upstream end of the flow tube by titrating the Na flow with N,O (Silver 
et al. 1984a, Ager and Howard 1986, 1987, Ager et al. 1986), 0, (Silver et al. 1984b), 
H,O, (Silver et al. 1984a), or C1, (Silver et al. 1985). The other reactant is then added 
further downstream. Na compounds are detected by titration back to Najust upstream 
of the observation point, by adding a large concentration of a suitable species. For 
example, NO or CO is used for detecting NaO (Silver et al. 1984a, Ager et al. 1986, Ager 
and Howard 1986,1987), and atomic H has been used for measuring NaOH and NaO, 
(Silver et al. 1984a, Silver and Kolb 1986). 

The flow-tube technique has been used to study a wide variety of metal reactions of 
mesospheric and stratospheric interest. Reactions of metal atoms include the 
recombination of Na and K with 0, to form their superoxides (Silver et al. 1984b), the 
reaction between A1 and 0, (Fontijn et al. 1977, Sridharan et al. 1979), and the reaction 
between Na and 0, (Ager et al. 1986, Silver and Kolb 1986). The reactions of NaO have 
been studied with 0, (Ager et al. 1986), with H, and HzO (Ager and Howard 1987), 
with 0, and CO, (Ager and Howard 1986) and with HCl (Silver et al. 1984a). The 
reaction of NaO, has been studied with HC1 (Silver and Kolb 1986). Lastly, the 
reactions of NaOH have been studied with H and HC1 (Silver et al. 1984a) and with 
CO, (Ager 1986). 

Silver et al. (1985) have used a small flow tube to measure the absolute photolysis 
cross-section of NaCl, which was made by the reaction Na + Cl,. Figure 15 is a block 
diagram of the apparatus. The Na concentration was first measured by LIF before C1, 
was added. Then, after titrating the Na with Cl,, the NaCl was photolysed using an 
excimer laser and the resulting Na atoms detected by LIF immediately following the 
excimer pulse. The ratio of the two LIF signals, divided by the excimer laser-beam 
fluence, essentially gives the absolute cross-section at the excimer wavelength. Silver et 
al. (1985) also Raman-shifted their excimer laser in order to measure the photolysis 
cross-section over many UV wavelengths. The resulting photodissociation spectrum is 
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16 J .  M .  C.  Plane 

He 

He, CI, 

Na Oven I 

Power Meter + 

F1 
L1 

A3 

B 

L2 
I 

N, Laser Dye Laser ---*' Optical Fibre 

Figure 15. Block diagram of the experimental apparatus for measuring the absolute 
photodissociation cross-section of NaC1. Components are identified as follows: M, mirror; 
Al ,  A2, A3, apertures; F1, BK-7 window acting as a UV absorbing filter; F2, 590nm 
interference filter; L1, L2, lenses; B, quartz slide acting as a beamsplitter; D, fast ultraviolet 
photodiode detector. (Reproduced from Silver et al. (1985).) 

shown in figure 16. The great advantage of this procedure is that the absolute NaCl 
concentration is not required to obtain the absolute cross-sections. 

Plane (1989) has recently reported a preliminary study of the reaction NaO, + 0, 
using a new flow-tube reactor similar in design to that of Talcott et al. (1986). Although 
this study is preliminary, the result is included here because of the importance of this 
reaction to the chemistry of neutral Na below 90 km. 
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Figure 16. Plot of experimental photodissociation cross-sections against wavelength for NaCl 
at 300 K. Error bars represent one standard deviation. A dashed curve is drawn through 
the points to highlight the shape of the data. (Reproduced from Silver et al. (1985).) 

3.1.3. Comparison between the experimental techniques 
It should be clear from the above discussion that a significant quantity of kinetic 

data has been measured with these very different techniques. In general, the flash- 
photolysis and flow-tube methods each offer exclusive advantages over the other for 
studying different kinds of reactions (Smith 1980), and the field of low-temperature 
metal reactions bears these out. The advantages of the flash-photolysis method include 
the absence of significant wall effects, the ability to study recombination reactions over 
large ranges of pressure, and the ability to study reactions of refractory metals by 
photolysing their more volatile organometallic compounds. The major advantage of 
the fast-flow-tube technique is the ability to study the reactions of metal compounds, 
which are made in the first section of the tube and then detected at the observation 
point by reduction back to metal atoms. Such reactions can only be studied under 
special circumstances in flash-photolysis experiments. 

Naturally, however, one would like some intercomparison between these tech- 
niques, and this has been provided by the reaction Na + N,O. This reaction exhibits 
simple Arrhenius behaviour over the temperature range 250-900 K and is not 
susceptible to systematic errors. It has thus become a ‘kinetic standard’ for the 
development of new experimental systems for metal reactions. Figure 17 is an 
Arrhenius plot for this reaction, indicating the results obtained from the two-laser 
pulse/probe apparatus (Plane and Rajasekhar 1989), the flash-photolysis/resonance- 
absorption system (Husain and Marshall 1985) and two flow-tube studies (Silver and 
Kolb 1986, Ager et al. 1986). The agreement between the four studies is extremely good. 
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Figure 17. Standard Arrhenius plot over the temperature range 2W1000K for the reaction 
Na+ N,O. The solid line is a best fit through the data of Plane and Rajasekhar (1989). 

3.2. Recommended rate coeflcients 
Table 1 contains a list of the rate coefficients of metal reactions of atmospheric 

interest that have been measured directly by the techniques described above. The rates 
of photolysis reactions are also included. The temperature range reported in each study 
is listed. In the mesosphere, the temperature ranges from 120 to 220K (CIRA 1972), 
which is lower than the temperatures actually reached in these experimental studies. 
However, estimates of the rate coefficients at mesospheric temperatures are required for 
modelling purposes, and so appropriate expressions are given in table 1. If a 
temperature-dependent expression for the rate coefficient was reported in the original 
paper, this is given in the table. Otherwise, bimolecular reactions that proceed at close 
to the collision number are assigned a T112 dependence. For slower reactions, the 
activation energy Eact is estimated from the Arrhenius expression 2 exp (- Ea,,/RT). 
The pre-exponential factor Z is assumed to be equal to the collision number, which is 
often the case for reactions of atoms and small radicals (Smith 1980). The collision 
number is calculated from the expression 2 = o(8RT/np)'/', where o is the reaction 
cross-section, R is the gas constant and p is the reduced mass of the colliding pair. A 
'typical' reaction cross-section of 60 A' has been chosen to correspond to the pre- 
exponential factor for the reaction Na+ N,O (Plane and Rajasekhar 1989). Ter- 
molecular reactions that were not studied as a function of temperature are assigned a 
T-' dependence, typical of such processes (Plane et al. 1990). 

Few of the reactions have been studied by more than one group. In the case of the 
recombination reactions of Na and K with O,, Plane and Rajasekhar (1989) and Plane 
et al. (1990) have argued that the inconsistencies between results with different third 
bodies in some of the flow tube data of Silver et al. (1984b) cast doubt on those 
measurements, and so the more recent flash-photolysis studies are preferred. In the case 
of the reaction Na + 0,, the study by Ager et al. (1986) is recommended in preference to 
both the approximate study of Husain et al. (1985b) and the work of Silver and Kolb 
(1986), which has now been revised to a higher value (Worsnop et al. 1989), consistent 
with that of Ager et al. (1986). 
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Table 2 contains a list of reactions of atmospheric interest for which the rate 
coefficient was reported to be approximate or is preliminary data. In view of the 
uncertainty of these rate constants, they are listed here at the temperature given in the 
original papers. 

3.3. Summary 
This section has demonstrated that experimental techniques have been successfully 

developed to study the reactions that metal atoms and metallic species undergo with a 
variety of reactive atmospheric species, such as 0, 0,, O,, H and HCl. Although the 
body of kinetic data is far from comprehensive (indeed, the reactions of major meteoric 
species such as Fe and Mg remain to be studied), in the case of Na a reasonable set of 
data now exists. In order to understand how these reactions control the chemistry of 
Na in the upper atmosphere, modelling is required. This is the subject of the next 
section. 

4. Modelling the chemistry of metals in the upper atmosphere 
The modelling of an atmospheric phenomenon tends to progress from the simplest 

zero-dimensional model accounting for the general nature of the phenomenon to 
models of increasing dimensionality and more detailed chemistry that describe higher- 
order effects. Indeed, the history of modelling mesospheric metal chemistry began with 
a qualitative account by Chapman (1939), who used just three reactions to explain the 
presence of the layer of atomic Na at 90 km and the observed D-line emission in the 
nightglow. Later models of greater complexity have sought to explain, in an 
increasingly quantitative fashion, the more detailed features such as the small top and 
bottom scale-heights of the metal layers, their diurnal and seasonal variability, and the 
appearance of SSLs. 

Three major problems have constrained these efforts. First, the distributions of the 
free atoms and their ions are known, but observations in the mesosphere have given no 
information concerning the nature and abundance of the metal compounds. Secondly, 
since there is no possibility at present of measuring the distribution of the metal 
compounds, discussion of their chemistry must be based on information from 
laboratory studies of the pertinent reaction kinetics: only recently has reliable kinetic 
data started to become available. Thirdly, there has been uncertainty about the sources 
of the metals in the upper atmosphere, and hence the nature of the metal input flux that 
is required in a model. This third problem is discussed in section 4.1. The history of 
modelling mesospheric metal chemistry is then reviewed in section 4.2. In section 4.3 a 
detailed description is given of a current model developed to include the most recent 
kinetic studies described in section 3. A sensitivity analysis is then performed on this 
model in order to identify major uncertainties of the chemistry that should be 
addressed in future laboratory studies. Section 4.4 contains a description of the 
chemistry of metallic species in the stratosphere, and their possible impact on the 
chlorine-catalysed removal of ozone. 

4.1. The sources of metals in the upper atmosphere 
The two sources that have received serious attention are an aerosol or dust layer at 

about 90 km from which the metals evaporate during the daytime (Hunten and Wallace 
1967) and meteoric ablation (Gadsden 1968, 1969, 1970, 1971). One of the general 
results of early workers was that at altitudes above 90 km the atomic-Na density was 
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proportional to the total amount of Na (free and bound) at each altitude. This implied, 
given the steep topside of the Na layer, that the total amount of Na did not have the 
same scale-height as the other constituents of the atmosphere, a remarkable conclusion 
in view of the strong turbulent mixing at these altitudes. Hunten and Wallace (1967) 
postulated that there is a strong source of Na near the peak Na density (i.e. close to 
90 km), and a sink higher up. The proposed sink is provided by a layer of dust particles 
distributed with a scale-height of 3 km, from which Na evaporates copiously during the 
day owing to heating of the particles or photosputtering by ultraviolet photons. Fiocco 
et al. (1975) have demonstrated that very small particles can reach a radiative- 
equilibrium temperature in the daytime that is much higher than the ambient 
atmosphere. Na then condenses back on to the dust at night. Further evidence for this 
theory was provided by the discovery by Volz and Goody (1962) that, while 
atmospheric dust has a constant mixing ratio up to 65 km, above 90 km the velocity of 
fall becomes significant and dust settles in a layer at about 90 km, the topside of this 
layer showing a similar seasonal variation to the Na layer. 

Donahue and Meier (1967) suggested that the source of the dust might be from the 
Earth's surface (i.e. oceanic or volcanic), or of interplanetary origin. Hunten and 
Wallace (1967) also proposed that the dust could be formed from the condensation of 
ablated meteoric material. The observed Na/K ratio in the mesospheric metal layers 
was used to assess these possibilities. This ratio ranges from about 10 in summer to 
about 50 in winter (Megie et al. 1978). The cosmic Na/K ratio is between 7 and 13, and 
the same range is typical of minerals in the Earth's crust and the Sun's photosphere 
(Lytle and Hunten 1959). The ratio in meteoritic material is 13 (Mason 1971). 
Meanwhile, the seawater ratio is 47.2. Thus Donahue and Meier (1967) hypothesized 
that the vertical transport of sea-salt particles during storms in the polar night could be 
responsible for the enhancement of Na over K, which is greatest at high latitudes 
(section 2). Gadsden (1983) has reported that, after the recent Mount St Helen's 
eruption, volcanic dust significantly increased the Li abundance in the atmosphere, 
though such eruptions are of course an irregular occurrence and therefore cannot be 
the exclusive source of Li. 

However, recent observations indicate that dust is probably only a minor source of 
the gas-phase metals. Firstly, lidar studies have demonstrated the absence of a 
significant diurnal variation in the Na layer (Granier and Megie 1982): a daytime 
enhancement in Na would be expected if evaporation from dust were the major source. 
Secondly, the mesospheric Na/Li ratio remains constant or may even decrease during 
winter (Jegou et al. 1980). This tends to rule out a wintertime source of marine aerosol, 
although the point should be made that the use of abundance ratios is based on the 
assumption that the metals have identical chemistries, which we shall see is not quite 
the case, Thirdly, the small scale-height of the Na layer can be understood by a 
competition between upward mixing of Na atoms from sources between 80 and 90 km, 
and photo-ionization at higher levels (see section 4.2). Hunten (1967) has also 
questioned whether there is sufficient dust above 90 km to provide a fast enough sink 
for atomic Na to cause the small scale-height of 2-3 km on the topside of the Na layer. 

There is, by contrast, very strong evidence that the major source of these metals is 
meteoric. For instance, there is a good correlation between the relative abundances of 
ions observed in the mesosphere and the elemental abundances in chondritic 
meteorites (Goldberg and Aikin 1973, Hermann et al. 1978). Figure 18 illustrates such a 
correlation. In this case, the ions were measured between 91 and 107.5 km. At these 
altitudes, atomic 0 is a dominant species that will tend to reduce any molecular ions 
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Figure 18. A comparison of the relative concentrations of metal ions observed between 91 and 
107.5 km and of metal atoms in carbonaceous chondrites, normalized to the values for iron 
(Hermann et al. 1978): 0,99-1075 km; A, 91-99 km. (Reproduced from Thomas (1980).) 

back to the free metal ions (Ferguson and Fehsenfeld 1968). Hence the metal ions are 
probably a good measure of the total metal abundance, and so the relative abundance 
of the ions is a useful quantity. With the exception of Ti and Si, the agreement is rather 
compelling. Meanwhile, observations that have been linked directly to meteoric 
showers include sporadic enhancements of the total column abundance of Na (Megie 
and Blamont 1977, Clemesha et al. 1980), short-lived enhancements in the Na 
nightglow (Kirchhoff and Takahashi 1984), and very short-lived meteor trails (Beatty 
et al. 1988). 

Hunten et al. (1980) postulated that most of the incoming meteoric mass is in the 
form of meteoroids in the mass range of 10-6-10-3 g (mass median% lOpg), with a 
radius range of 50-500 pm (median radius sz 100 pm). The mean velocity lies between 
143 and 17kms-', so that most of the meteoric material entering the Earth's 
atmosphere ablates in the 8&100 km region, providing a direct source of metal vapour. 
In the case of Na, estimates of the average influx of Na from meteoric ablation have 
been in the range (1.3-1-7) x 104cm2s-' (Junge et al. 1962, Gadsden 1983). 

4.2. The historical development of models of the mesospheric sodium layer 
In the account that follows, chemical reactions are numbered according to the order 

in which they are given in table 3 (p. 89). This table contains a complete listing of the 
reaction scheme in the current Na model discussed in section 4.3, where the reactions 
have been grouped according to the sodium species involved. 
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Chapman (1939) published the first model of the Na layer, and used the reactions 

Na+O,+NaO+O,, (1) 
NaO + O+Na(’P and ’ S )  + 0,, (2) 

(1 4 
to explain qualitatively the observed nightglow by the formation of Na(’P) in a cycle 
with NaO. (Reaction (1 a) is no longer considered to be an important atmospheric 
reaction.) Chapman (1939) proposed that this chemiluminescent cycle involving freshly 
ablated Na is also responsible for long-endurance visible meteor trials, which can 
occasionally last for several minutes. Furthermore, this model accounted for the 
appearance of free atoms at these heights, since it is in the 8&90 km region of the 
atmosphere that the ratio [O] : [0,] increases sharply and the atmosphere becomes 
reducing rather than oxidizing (Wayne 1985). 

Later models (Bates 1947, 1954, 1960, Hunten 1954, Omholt 1957, Blamont and 
Donahue 1964) elaborated on this basic scheme, adding the chemistry of NaO,: 

Na + 0 + M+NaO + M (M =third body) 

Na + 0, + M+NaO, + M, 

NaO, + O+NaO + 0,. 
(7) 

(8) 
Reaction (7) was studied by seeding Na into oxygen-rich flames and shown to be very 
slow, k ,  z cm6molecule-2s-1 (Kaskan 1965, Carabetta and Kaskan 1968). In 
the absence of measured rate coefficients for any of the other reactions, Blamont and 
Donahue (1964) set these equal to the analogous reactions of hydrogen atoms or 
hydrogen oxides, taken from a review by Kaufman (1964). Hunten (1967) later adjusted 
these rate coefficients to take account of the lower collision frequencies of the Na 
reactions relative to their H analogues. Unfortunately, recent kinetic studies (section 3) 
have now shown that this procedure yielded very poor estimates. For example, k ,  was 
underestimated by afactor of 100, and k, by a factor of 10. The poor analogy between H 
and Na, notwithstanding the fact that they are both ’S atoms, arises from the much 
lower ionization energy of Na, which allows it to take part in ‘harpoon’ or electron- 
capture reactions (Herschbach 1966). This was pointed out by Kolb and Elgin (1976), 
who produced a modified Chapman mechanism to explain the Na nightglow and the 
D-line emission that is observed from meteor trails. They included the additional 
reaction 

NaO + O,+NaO, + 0,, (3 4 
(3 b) +Na + 2 0,. 

Kolb and Elgin (1976) estimated the rate coefficients of reactions (l), (2) and (3) by 
calculating reaction cross-sections using the electron-capture mechanism. This proce- 
dure gave rate coefficients that turned out to agree well with the subsequently measured 
values (table 1). 

Mass-spectrometric measurements of positive ions in the stratosphere (Arnold et al. 
1977, 1978) have indicated the presence of a series of complex cluster ions, which 
Ferguson (1978) interpreted as being NaOH clusters of the form 
NaOH~(NaOH),,,(H,O),. This was evidence that NaOH is an important Na species in 
the upper atmosphere, and Liu and Reid (1979) included the following reactions in a 
model of Na chemistry: 

NaO, + H+NaOH + 0, (9) 
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NaOH +H+Na + H,O, (1 1) 

NaOH + hv+Na + OH (12) 
as well as other reactions involving OH and HO, that are probably of secondary 
importance. 

Husain and Plane (1982a) showed, using the flash-photolysis/time-resolved 
resonance-absorption technique, that k, was actually about lo3 times greater than the 
flame study of Carabetta and Kaskan (1968) had indicated. Hence NaO, is very likely 
to be a major Na species below 90km (Sze et al. 1982, Thomas et al. 1983, Plane 1984, 
Swider 1985, 1986, 1987). Swider (1985, 1986) showed recently that a basic scheme 
involving reactions (l), (2), (7) and (8) can account for most of the important features of 
the Na layer below 95km. He demonstrated that reaction (7) is important for 
controlling the seasonal variation in the column density of atomic Na. This is because 
the rate of reaction (7) has an overall temperature dependence of about T-3 '2 .  This 
arises first from the T -  '" dependence of k ,  (Plane and Rajasekhar 1989). The reaction 
rate is also proportional to [O,] and to [MI, and hence to [MI', because [O,] = 0.21 
[MI below 95 km (Wayne 1985), and [MI is approximately proportional to T - l .  
Hence the ability of reaction (7) to convert Na to NaO, increases rapidly at lower 
temperatures. Furthermore, a preliminary measurement by Plane (1 989) has shown 
that reaction (8), which effectively returns NaO, to Na, is slow and hence probably has 
a significant activation energy (table 2). Its rate will thus decrease at lower 
temperatures, further enhancing the conversion of Na to NaO,. Swider (1986) has also 
shown that the intensity of the Na D-line emission in the nightglow is somewhat 
decoupled from the Na column density, as observed (section 2.2). This is because 
reactions (1) and (2) constitute a rapid catalytic cycle that does not remove atomic Na. 
Hence fluctuations in the O3 density will have a directly proportional effect on the 
nightglow intensity, but will have a small impact on the Na column density. Swider 
(1987) has also developed an analogous model of the K layer, postulating that the lack 
of a seasonal variation in the K column density (section 2.2) may be explained by the 
reaction KO, + 0 having a smaller activation energy than that of reaction (8). 

There was much discussion up to the 1970s concerning the role of Na+ ions as a 
reservoir for Na (Bates 1947, Omholt 1957, Sullivan and Hunten 1964, Gadsden 1964, 
Donahue 1966). At that time, only the rate of photo-ionization 

Na+hv+Na++e (14) 
was known (Hunten 1967). Ferguson (1978) subsequently showed that the rates of the 
charge-transfer reactions 

Na+ 0: +Na' + 0, (15) 

Na +NO++Na+ +NO (16) 
are sufficiently high that these processes, at the ambient levels of NO' and 0; ions in 
the mesosphere, compete with photo-ionization as sources of Na+. 

The rocket flights reported by Narcisi (1966) showed that the Na+ column density 
was about 10% that of the neutral Na atoms. This degree of ionization is too small to 
affect significantly the behaviour of the neutral layer as a whole, although Hanson and 
Donaldson (1967) have proposed that the ionization of Na atoms is responsible for the 
small scale-height on the top side of the Na layer. 
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The lack of ionization indicates that an efficient mechanism must exist to convert 
Na+ back to Na. The rate of direct recombination between Na+ and an electron is 
negligible (Smith 1980, Wayne 1985). A more likely route is through dissociative 
recombination between a molecular Na ion and an electron (Brown 1973). Ferguson 
and Fehsenfeld (1968) showed in the laboratory that Na+ (and K + )  do not appear to 
react with either O3 or 0, to give the metal oxide or superoxide ions respectively. 
Instead, Richter and Sechrist (1979) considered the clustering of Na' ions to CO, and 
N, molecules as intermediate stages in the hydration of the metal ions, by direct 
analogy with the corresponding processes for NO+ ions in the D-region (McEwan and 
Phillips 1975). Thus 

Na+ +N, +M+Na+,  N, + M  

Na+ . N, + CO,-rNa+ . CO, + N,, 

(1 7) 

(17 4 
is followed by a series of switching reactions to form more stable ion clusters: 

Na' . CO, + H20+Na+.  H,O +CO,. (17 b) 
Any of these ion clusters will undergo a dissociative recombination reaction with an 
electron to yield back Na: 

Na+.X+e-rNa+X (X=N,, CO, or H,O). (18) 
This ion chemistry was incorporated into the model of Thomas et al. (1983) to describe 
the Na chemistry on the top side of the neutral layer. 

Photochemical models of Na in the mesosphere must support the downward flux 
from meteoric ablation at the top of the layer by providing a permanent sink below 
80 km. Following the demonstration that ionization is not an effective reservoir for Na, 
three other sinks have been considered: deposition on dust particles (Hunten 1981), the 
formation of hydrated cluster ions (Jegou et al. 1985) and the formation of stable Na 
compounds in the gas-phase such as NaOH and NaO, (Liu and Reid 1979, Kirchhoff 
et al. 1981, Sze et al. 1982, Thomas et al. 1983, Plane 1984, Swider 1985, 1986, 1987). 
Hunten et al. (1980) calculated a height profile of meteoric ablation. By including the 
flux of micrometeorites and residual meteoroids, and also considering the coagulation 
of evaporated silicates into 'smoke' particles, they estimated a total particle surface area 
of close to 10-9cm2cm-3 below 90km. Combining this surface area with a collision 
frequency per unit area of about 104cm s- l ,  and assuming an accommodation 
coefficient of unity for all neutral and ionic Na species, the rate of first-order loss for 
these species on to dust particles is about 10-5s-1 (Hunten 1981). If thermal 
evaporation of Na from these particles is ignored, Hunten (1981) found that almost all 
the Na species will then reside on dust below 80 km. This result depends on the total 
particle surface area calculated by Hunten et al. (1980), and so the importance of this 
mechanism as a sink for Na species remains uncertain in the absence of actual 
measurements of the concentration and size distribution of these dust particles. Hunten 
et al. (1980) showed that the dust is undetectable by optical methods, and confirmation 
from balloon studies of condensation nuclei in the stratosphere remains indirect and 
rather variable. The importance of this mechanism might be demonstrated if future 
laboratory studies were to indicate that the gas-phase Na compounds are not 
sufficiently stable in the mesosphere, so that an additional sink is required. Hunten 
(1981) also postulated that the large winter enhancement of atomic Na at high latitudes 
could be explained by the much lower rate of ionization over the polar cap during 
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winter, and that the different seasonal behaviour of K was due to an additional sink 
provided by Penning ionization with metastable 0,. These hypotheses depend on the 
metallic ions being permanent sinks, in this case through deposition on to dust 
particles. Note, however, that reactions (17) and (18) may provide an efficient 
mechanism for cycling the ions back to the neutral atoms. 

Jegou et al. (1985) have recently put forward a model in which the neutral-atom 
chemistry around 90 km is controlled by the dynamics of hydrated metal-ion clusters, 
whose source is meteoric ablation at about the 100 km level. A theoretical treatment to 
explain the layering and the downward flux of these ion clusters has been proposed by 
Chimonas and Axford (1968). In the E region of the upper atmosphere, the frequencies 
with which the ions gyrate around the geomagnetic field lines and the frequencies with 
which they undergo collisions with neutral particles are comparable. Under these 
circumstances, a horizontal East-West wind causes both horizontal transport and a 
vertical Lorentz force to operate on the ions. In the case of a wind directed toward the 
East in the Northern hemisphere, an upward movement is imposed on ions, whereas a 
wind towards the West imposes a downward movement; a convergence is then effected 
at a height of suitable wind shear. Chimonas and Axford (1968) proposed that the metal 
ions will remain at the nulls of the wind pattern in the case of a periodic wind structure 
that has a downward phase velocity. This will persist until the collision frequencies are 
too high to permit the downward movement of the layer to continue and it is dispersed 
by diffusion, probably in the 8&90 km region. 

Rowlett et al. (1978) have observed with lidar a wave-like structure in the neutral Na 
layer, with about a 4-10 km wavelength and a downward motion of 0.5 m s-'. This 
downward motion is quite close to the value suggested for the downward motion of 
layered ions by Chimonas and Axford (1968), and Rowlett et al. (1978) considered that 
the free Na atoms may be serving as a tracer to enable this effect to be monitored. Jegou 
et al. (1985) suggested that these ions are converted to NaOH at about 70 km, and this 
provides a permanent sink. They also presented a detailed scheme of the ion-clustering 
reactions of Na', K +  and Li+. By postulating temperature-dependent differences in 
the ion-cluster chemistries of these ions, they argued that the different seasonal 
behaviour of the three neutral metal atoms could be explained. However, this theory 
remains a matter of conjecture in the absence of laboratory confirmation of the 
proposed cluster chemistry. 

As we shall see in section 4.3, current models of Na chemistry that employ the 
revised value of k ,  (table 1)  are able to account for most of the observed features of the 
Na layer (Sze et al. 1982, Thomas et al. 1983, Plane 1984, Swider 1985,1986,1987). The 
rate of this termolecular reaction is proportional to both 0, and the total pressure: 
since 0, is also proportional to the total pressure, the rate of reaction (7) will increase 
with the square of the atmospheric pressure. Hence the rate at which this reaction 
removes Na has a negative scale-height equal to half that of the atmosphere, and this 
accounts for most of the small scale-height on the underside of the Na layer (section 
2.2). 

4.3. A current model of mesospheric sodium chemistry 
The model that is presented here has been adapted from that of Thomas et al. (1983) 

by including the results of recent laboratory studies. It is a one-dimensional dynamical 
model involving both photochemistry and ionization, solved over an altitude range of 
65-1 10 km for conditions of the atmosphere at noon and at midnight, in order to test 
for diurnal variations in the Na-layer structure. Account is taken of the eddy-diffusion 
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Figure 19. A schematic diagram of the gas-phase chemistry of sodium in the mesosphere in the 
model in section 4.3. Solid lines indicate reaction pathways for which absolute rate 
coefficients have been measured in the laboratory. Broken lines indicate pathways that 
have been postulated in models. 

coefficient up to the turbopause (105 km), above which molecular diffusion is assumed. 
Transport of electrodynamical origin is neglected. Estimates of the daytime and 
nighttime profiles of the ambient minor atmospheric constituents 0,, 0 and H are 
taken from Thomas et al. (1983). Estimates of the O i ,  NO' and electron con- 
centrations given by Narcisi (1973) for the daytime have been used. 

Figure 19 is a diagram that summarizes the gas-phase chemistry of Na in the 
mesosphere included in the present model. The model assumes that atomic Na is 
injected into the atmosphere through meteoric ablation, and then transformed into 
NaO, NaO,, NaOH, NaO,, NaCO,, NaHCO,, Na' and assorted ion clusters. The 
assumption is also made that equilibrium is maintained by a downward flux of Na 
constituents equal to the meteoric influx, and that this flux is finally lost in a lower- 
atmospheric sink. This could be provided by eventual rain-out into the troposphere, or 
incorporation into aerosols such as the Junge layer (Junge and Manson 1961), where 
the individual particles are known to contain most of the meteoric metals (Shedlovsky 
and Paisley 1966, Lazrus and Grandrud 1971, Cadle 1972, Delaney et al. 1974). 

4.3.1. Model reaction scheme 
Table 3 is a complete list of the reactions currently in the model. The table is divided 

into three sections: neutral, ionic and closure reactions. The set of closure reactions is 
required to achieve model closure when the distribution of the total Na content among 
the various Na constituents is calculated at each altitude in the model. The closure 
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Table 3. The reaction scheme in a current model of Na species in the mesosphere. 

Reaction 

~ 

Rate coefficient 
(290 K)t Reference 

Neutral reactions 
(1) Na + 0 3 + N a 0  + 0, 

(2) NaO + O+Na('P, 'S) + 0, 
(3a) NaO+O,+NaO,+O, 
( 3 4  +Na + 20,  
(4) NaO+ H,O+NaOH +OH 
(5) NaO +O, +N,+NaO, +N, 
(6) NaO + CO, + N,+NaCO, + N, 
(7) N a + O , + N , + N a O ~ + N ~  

(8) NaO, + O+NaO + 0, 
(9) NaO, + H+NaOH + 0 

(10) NaO, + hv-+Na+ 0, 
(11)  NaOH+H+Na+H,O 
(12) NaOH + hv +Na + OH 
(13) NaOH +CO, + N,+NaHCO, +N, 

Ionic chemistry 
(14) Na+hv+Na++e 
(15) N a + O z f - + N a f + O z  
(16) Na+NO++Na++NO 
(17) Na++N,+N,+Na+.N,+N, 
(18) Na+.X(cluster)+e-+Na+ ... 

Closure reactions 
(19) NaO, +O+Na+ 20,  

(20) NaCO, + O+NaO, + CO, 
(21) NaCO, + H+N,+NaHCO, 
(22) NaHCO, +H-+Na+H,CO, 
(23) NaHCO, + hv+Na+ HOCO, 

-+NaO, + 0, 

6.0 x lo-'' 

2.2 x 10- lo 

1.5 x lo-'' 
2.0x 10-11 
1.8 x lo-'' 
5.3 x 10- 30 

1.3 x 10-27 
4.7 x 10- 30 

2 x 10-14 

4 3  x 10- 3 
4 x 10-13 
1 x 10-3 

1.9 x 10- l4 

1.9 x lo-" 

2 x 10-5 
1.4 x 10-9 

1 x 10-9 
2.5 x 10-31 

10-6 

2 x 10-14 
2 x 10-14 
1 x 10-13 
1 x 10- 30 

1 x 10-14 
2 x 10-4 

Husain et al. (1985b) 
Silver and Kolb (1986) 
Ager et al. (1986) 
Plane and Husain (1986) 
Ager et al. (1986) 

Ager and Howard (1987) 
Ager and Howard (1986) 
Ager and Howard (1986) 
Plane and Rajasekhar (1989) 
Husain et al. (1986) 
Silver et al. (1984b) 
Estimate 
Estimate 
Rajasekhar et al. (1989) 
Estimate 
Estimate 
Ager (1  986) 

Kvifte (1973) 
Ferguson and Fehsenfeld (1968) 
Ferguson and Fehsenfeld (1968) 
Richter and Sechrist (1979) 
Estimate 

Estimate 

Estimate 
Estimate 
Estimate 
Estimate 

t Units: unimolecular reaction in s-  bimolecular in cm3 molecule - s - '; and termoleculai 
in cm6molecule-2 s-l. 

reactions are at present hypothetical. They are exothermic reactions between NaO,, 
NaCO, or NaHCO, and reactive atmospheric radicals such as 0 and H, and have been 
assigned relatively slow rate coefficients whose values do not significantly affect the 
neutral Na layer, but rather affect the partitioning of Na between these various 
constituents below 80 km. 

Each reaction in table 3 has been assigned a rate coefficient at 200 K, which is also 
listed in the table along with a reference to the source. In the case of reactions that have 
been studied experimentally, the extrapolated values of the rate coefficients are derived 
from the expressions in table 1. Several of the neutral reactions have had to be given 
estimated rate coefficients. k, is chosen to be a sensible extrapolation of the preliminary 
room-temperature value in table 2. k ,  and k,, are taken from the model of Thomas 
et al. (1983). In fact, reaction (11) has been studied at high temperatures in flames 
by Jensen and Jones (1982). Their extrapolated rate coefficient yields 
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kI1(200K)w cm3 molecule-'s-l. This value is also in accord with the room- 
temperature lower limit in table 3. The rate of reaction (12), the photolysis of NaOH, 
has been estimated by Rowland and Makide (1982) to be J(NaOH)=6 x 10-,s-'. 
However, we have found that, combined with the measured photolysis rate for NaO, 
(Rajasekhar et al. 1989), this value for J(Na0H) yields too large a diurnal variation in 
Na density. Since J(Na0H) was derived from measurements in flames (Rowland and 
Makide 1982) where the NaOH is highly vibrationally excited, the value is probably 
considerably overestimated. Reaction (17) is an equivalent reaction representing the 
initial clustering between Na+ and N, followed by switching with CO, and H,O to 
form assorted Na ion clusters, termed here Na+ . X. Reaction (18) is assigned a rate 
coefficient based on laboratory measurements for the dissociative recombination of 
hydrated protons with electrons (Leu et al. 1973). 

4.3.2. The total sodium projile 
Turbulent mixing, expressed by the eddy-diffusion coefficient, is more important 

than molecular diffusion in describing transport processes in the atmosphere below the 
turbopause at about 105 km. Since the motion of all atmospheric constituents is then 
governed by the same eddy-diffusion coefficient, it is possible to describe the height 
variation of the total concentration of a particular element without reference to the 
chemical lifetimes of the various molecules that contain that element (Thomas 1974). It 
can then be shown (Thomas 1974), if n(Na) is the total number density of Na summed 
over all Na-containing molecules at height z,  that 

n(Na) = n(Na) 1 - @(Na) ~ [ S:. 4Ca) l7 
where @(Na) is the total sodium flux summed over all Na species, K is the eddy diffusion 
coefficient, and n(Na) is the solution for @(Na)=O (i.e. for the case where the total Na 
density has the same scale-height as the general atmosphere). This treatment ignores 
thermal diffusion in the mesosphere and also assumes that each Na species contains 
only one Na atom. The scale-height of the total Na density must in fact be greater than 
that of the general atmosphere in order to support the downward flux. Equation (4.1) is 
solved by numerical integration to yield the total Na density profile. The value of n(Na) 
at 65 km ( =zo) is an adjustable parameter, which is chosen to yield a value for the free 
Na column density in the observed range (4-5) x lo9 cmP2 (see section 2.2). Values of 
the eddy-diffusion coefficient K are taken from Thomas and Bowman (1972). The mean 
value is about lo6 cm2 s-  l .  The value of the total Na influx from meteoric ablation has 
been set equal to 1.3 x lo4 cm-, s- (Gadsden 1983), and the ablation is assumed to 
follow the profile of Hunten et al. (1980). 

4.3.3. Model calculations 
The model considers that there are nine Na species coupled in a steady-state 

through the reactions in table 3. The density profiles for the species are then calculated 
at 0 5  km intervals by solving the total-density equation 

n(Na) = m a ]  + [NaO] + [NaO,] 

+ [NaOH] + [NaO,] + [NaCO,] 

+ PaHCO,] + ma'] + "at . XI 
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simultaneously with the steady-state relationships coupling the Na species. This 
treatment assumes that the chemical lifetimes of each species are a few hours at most, 
which is the case below 95 km. There is also the inherent assumption that the ambient 
concentrations of 0,, 0 and H are unaffected by the Na chemistry, which is reasonable 
since over most of this region they are in excess over the Na species by at least three 
orders of magnitude, with the exception of the nighttime atomic 0 concentration below 
70 km (Shimazaki 1985). 

4.3.4. Model results 
Figure 20 illustrates modelled profiles of the major Na species for noon and 

midnight. The NaO, and Na+ . X concentrations are negligible and are not shown. The 
atomic-Na profiles are seen to correspond loosely to a Gaussian shape in accord with 
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Figure 20. Modelled concentration profiles of the major sodium constituents in the mesosphere 

under (a) daytime and (b) nighttime conditions. 
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observation (Megie and Blamont 1977). The Na-layer peak is at 91 km in both profiles. 
The peak densities range from 4 7  x lo3 to 4.1 x lo3 ~ m - ~ ,  and the column densities 
from 4-5 x lo9 to 4.3 x lo9 an-,, for noon and midnight respectively. Thus there are no 
significant diurnal variations in these parameters, in agreement with recent observ- 
ations (section 2.2). However, there is a diurnal variation on the underside of the layer 
below 80 km. This causes the centroid of the layer to move from 90 km during the day to 
92km at night, consistent with the lidar observations of Clemesha et al. (1982). Note 
also the small average scale-height of 2-4km on the topside of the layer, again in 
agreement with observation (Sandford and Gibson 1970). 

Figure 20 illustrates that NaO, is the major species immediately below the peak of 
the free-Na layer, especially at night. During the day, it is photolysed readily (reaction 
(lo)), and this is mostly responsible for the daytime enhancement of the Na layer below 
80 km. Although NaHCO, appears in the modelling output as the daytime sink below 
80 km, this is largely a function of the choice of the closure reactions in table 3. With the 
cessation of photodissociation after sunset, a significant amount of NaOH can build up 
through reaction (9), as shown in figure 20. Below 75 km, reaction (13) dominates the 
removal of NaOH at all times. The sink for Na above 90 km is caused by ionization to 
Na', which becomes the major Na species above 95 km. At night, the observed NO+, 
0; and electron densities decrease by about a factor of 10. If this effect is included in the 
model, a small increase in Na above 95 km is predicted (Thomas et al. 1983). The Na+ 
cluster concentration remains negligible because of the extremely fast dissociative 
recombination reaction with electrons (reaction (1 8)). 

The D-line nightglow profile can be estimated from the original mechanism of 
Chapman (1939), by integrating the rate of emission over the layer: 

4(589 nm)= y ~ a ] [ 0 3 ]  dz (4.3) s 
This requires an estimate for the branching ratio y of reaction (2) to form Na('P) atoms, 
which then emit to Na(2S), producing the nightglow lines at 589 nm. Bates and Ojha 
(1980) have shown that y can be as high as 5, by correlating the product and reactant 
states and assuming that an electron-jump mechanism operates. Plane and Husain 
(1986) estimated y experimentally, obtaining an upper limit of 1%. This value was 
obtained in an experiment where the degree of photolysis of NaO by a flash lamp had to 
be estimated. The recent work of Plane and Nien (1990), which investigated the 
photolysis of CaO under better characterized conditions with an excimer laser, 
indicates that the degree of photolysis of NaO may have been overestimated in the 
earlier study: hence the y value was probably underestimated. 

The present model may be used to compute the nightglow profile, assuming a y 
value of 5. This yields an emission layer with a peak at 89.5 km, and a f.w.h.m. of 8.5 km, 
in good agreement with direct measurements of the Na nightglow using a rocket-borne 
photometer (Greer and Best 1967), which revealed a layer having a peak emission at 
89 km and a f.w.h.m. of 8 km. The integrated intensity from the present model is 106 R, 
well within the range of between 50 and 200R from a variety of ground-based 
observations (Kvifte 1973). 

Finally, the temperature dependence of the model can be used to examine whether 
the neutral chemistry of Na can account for the observed winter enhancement of the 
layer. The temperature dependences of the rate coefficients in the model are taken from 
table 1, and the total pressure is set to be inversely proportional to the temperature. The 
concentrations of minor atmospheric constituents are kept constant. Swider (1985) has 
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Figure 21. The calculated effect of temperature variations on the mesospheric Na layer: (a) the 
effect on the daytime and nighttime column densities and the D-line nightglow emission, 
plotted as a ratio of that quantity to its value at 200 K, the reference temperature of the 
model; (b) the effect on the daytime and night-time peak heights of the Na layer. 
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demonstrated that seasonal changes in mesospheric 0-atom concentrations have a 
relatively small impact on atomic Na. The photolysis rates of the Na species are also 
kept constant for his calculation. Figure 21 illustrates the effect on the model of varying 
the temperature. The calculated daytime and nighttime column densities and the 
nightglow emission all show a large positive temperature dependence, which can 
account for the approximately threefold increases (section 2.2) that are observed when 
the mesopause warms from about 140 K in summer to about 210 K in winter (CIRA 
1972). Furthermore, the predicted peak height of the layer becomes lower at warmer 
temperatures, again in accord with observation (Megie et al. 1978). 
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4.3.5. Sensitivity tests 
The current model of mesospheric Na described above clearly accounts very well 

for the observed average features of the Na layer. 
It should be borne in mind that this model contains a number of poorly known and 

fitted parameters. This confers a measure of ambiguity on the model, so that the evident 
success achieved in reproducing the observables does not necessarily constitute a 
stringent test of the model. The purpose of this section is to apply sensitivity tests in 
order to ascertain which of these unknown parameters are important. This procedure 
both reduces the existing ambiguity in the model and indicates where future studies 
need to be made. 

The unknown parameters may be grouped into those quantities that determine the 
total Na density, and the rate coefficients and photolysis rates which determine the 
partitioning between the different Na constituents. The observable features against 
which the model can be tested include the daytime and nighttime column densities, 
peak heights and peak number densities, the emission intensity, peak height and 
f.w.h.m. of the nightglow layer, and the seasonal dependences of these parameters. The 
calculated 1w.h.m. of the nightglow layer turns out to be rather insensitive and is not a 
good criterion. Also, the calculated absolute column and peak number densities and the 
nightglow emission intensity are clearly functions of the total Na profile, as well as the 
chemistry. In order to focus on the uncertainties in the chemistry, the ratio of the 
daytime to nighttime column abundances is a better test (to a very good approxi- 
mation, the Na peak number density and the column density turn out to be 
proportional because of the Gaussian shape of the Na profile, so that additional 
consideration of the peak number density is redundant). The peak height of the Na 
layer is also a good test of the chemistry, because it is not sensitive to the first group of 
parameters such as the total meteoric influx and the vertical profile of the eddy- 
diffusion coefficient (Thomas et al. 1983): modest changes in these parameters tend only 
to scale the total Na profile and hence the individual constituents, independent of 
altitude. 

Sensitivity tests, using the criteria of the calculated diurnal variation in column 
density or the peak height of the Na layer, indicate that the reactions of NaO, with H 
and 0 (reactions (8) and (9)), and the photolysis of NaOH (reaction (12)) are important 
unknowns in the current model. Other unknowns, such as the hypothetical chemistry 
described by the closure reactions in table 3, largely affect the Na chemistry below 
80 km, where there are no observables to test against. The results of these sensitivity 
tests are illustrated in figures 22 and 23. Figure 22 indicates that the value of k ,  cannot 
be much less than the current value in the model of 2 x 10-'4~m3molecule-'s-'. 
Otherwise, NaO, becomes an even more important sink for Na, increasing the peak 
height of the Na layer to above the observed upper limit of 92 km. Also, because NaO, 
is readily photolysed in the daytime, a diurnal variation in column density becomes 
apparent, whereas observations show that there is no significant diurnal variation. On 
the other hand, making k ,  greater than the current value has no effect on either 
criterion. Hence a lower limit to k ,  appears to be about 9 x 10- l 5  cm' molecule- ' s-  ' 
at 200 K. The sensitivity ofthe model to reaction (8) has been noted previously (Thomas 
et al. 1983). Reaction (9) appears to have little effect on the diurnal variation in column 
density. However, increasing it by a factor of about 30 raises the daytime peak height 
above 92 km. 

Figure 23 illustrates the sensitivity of the model to the photolysis rates of NaOH 
and NaO, (reactions (10) and (12)). Although the photolysis cross-sections of NaO, 
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Figure 22. Sensitivity tests of the current model of mesospheric Na. The sensitivity of (a) the 

ratio of the daylnight column densities and (b) the daytime peak height of the Na layer, are 
tested against the rate coefficients of the reactions NaO, + 0 and NaO, + H. The abscissa 
in each diagram is the logarithm (to base 10) of the ratio of the rate coefficient k to its 
optimized value k ,  given in table 3. 

have been measured at three discrete wavelengths by Rajasekhar et al. (1989), the 
computed photolysis rate is rather uncertain (table 1). The model is sensitive to both 
J(Na0,) and J(Na0H). As expected, the diurnal variation in column density increases 
and the daytime peak height decreases when either of these rates is increased, and 
vice versa Either rate can be changed independently within a factor of about five 
without the calculated criteria exceeding the observed values. Laboratory studies of k,,  
k ,  and J(Na0H) are clearly a priority. Their measurement would constitute an 
important test of the predicted partitioning of Na into NaO, and NaOH between 80 
and 90 km, and of the ability of the neutral chemistry to provide a daytime reservoir for 
Na. 
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Sensitivity tests of the current model of mesospheric Na. The sensitivity of (a) the 
ratio of the day/night column densities, and (b) the daytime peak height of the Na layer, are 
tested against the photolysis rates of the reactions NaO, +hv and NaOH + hv. The 
abscissa in each diagram is the logarithm (to base 10) of the ratio of the photolysis rate k to 
its optimized value k ,  given in table 3. 

4.4. Models of the chemistry of meteoric metals in the stratosphere 
The fate of meteoric metals below 80 km is uncertain. As mentioned in section 4.1, 

there is evidence (Arnold et al. 1977, 1978, Ferguson 1978) of the presence of NaOH 
clusters of the form NaOH:(NaOH),(H,O), in the stratosphere. Meanwhile, meteoric 
metals have been reported in aerosols collected in the lower stratosphere (Shedlovsky 
and Paisley 1966, Delaney et al. 1974, Lazrus and Grandrud 1971) and the troposphere 
(Cadle and Grams 1975, Charlson et al. 1978, Penkett et al. 1979, Parungo et al. 1979), 
where they exist as metal chlorides and sulphates. 
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Recent interest in the chemistry of meteoric metals in the stratosphere has focused 
on their interaction with stratospheric ozone. Liu and Reid (1979) first suggested that 
meteoric species might be involved in catalytic reactions such as 

FeO + O+Fe + 0,. Fe + O,+FeO + O,, 

They estimated from a meteoric-ablation model that the total Na number density at 
40 km is nearly lo6 cm-,, or about lo7 cmP3 for all meteoric species, concluding that 
these concentrations were large enough to warrant inclusion in detailed photochemical 
models. However, following the demonstration from laboratory kinetic studies (table 1) 
that the recombination reactions between at least the alkali metal atoms and 0, to 
form the superoxides are very rapid, the concentration of free metal atoms in the 
stratosphere is probably negligible and this mechanism is rather unlikely. 

The impact of meteoric species on the chlorine-catalysed removal of ozone is a more 
serious possibility. The chlorine cycle is most effective in the stratosphere between 40 
and 50 km, where it probably accounts for about 30% of total ozone loss (Wayne 1985). 
Hence this is the part of the atmosphere where perturbations caused by anthropogenic 
chlorine will be largest. The catalytic efficiency of chlorine compounds in removing 
stratospheric 0, is particularly sensitive to the abundance of the active chlorine species 
C1 and C10. Chlorine is largely partitioned between these active species and the 
reservoir species HCl. This partitioning is primarily determined by the following 
chemistry (Rodriguez et al. 1986): 

OH+HCl+H,O+Cl, 

Cl+CH,+HCl+CH,, 

Cl+HO,-*HCl+O,. 

Murad et al. (1981) argued on a thermochemical basis that Na species such as 
NaOH and NaHCO, in the stratosphere would react with HC1 to form NaCl 

NaOH + HCl+NaCl+ H,O, 

NaHCO, +HCl-NaCl+(H,CO, or H,O+CO,). 

Analogous reactions involving the hydroxides and bicarbonates of the other meteoric 
metals were also expected to occur, so that the metal chlorides would be an important 
reservoir for chlorine. Indeed, Murad et al. (1981) suggested that the release of large 
quantities of metals (about lo3 kg) into the upper stratosphere would reduce for several 
years the harmful effects of chlorine released from chlorofluorocarbons. 

Rodriquez et al. (1 986), following the laboratory experiments demonstrating that 
NaOH, NaO, and NaO all reacted at the collision number with HCl (table l), also 
included the reaction 

NaO, + HCl+NaCl + HO, 

in this scheme. However, Silver et al. (1985) showed from laboratory measurements that 
NaCl photolyses readily in the stratosphere. This would therefore form a catalytic cycle 
for recycling HCl back to active chlorine (Rowland and Rogers 1982). Rodriguez et al. 
(1986) used a one-dimensional model to explore this chemistry, from which they 
concluded that the C10 concentration near 50 km could increase by up to a factor of 
two, corresponding to a decrease in the calculated 0, abundance by as much as 15%. 
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Thus the meteoric metals may greatly magnify the impact of chlorine at the top of the 
stratospheric ozone layer. 

Lamb and Benson (1986) showed in a modelling study that NaC1, once formed from 
the reactions of HCI with NaOH, NaO, and other Na species, will readily polymerize 
or co-polymerize with other metal oxides or chlorides throughout the stratosphere. 
This polymerization is retarded in the upper stratosphere because of the short lifetime 
of NaCl with respect to photolysis. However, below 35km, where the major 
concentrations of stratospheric ozone occur, polymerization becomes the major loss of 
NaCl. This is because of the large rate coefficients caused by the long-range dipole- 
dipole forces between the monomers, and the increasing surface area of the polymers as 
they grow. Polymer growth will only be limited by eventual diffusion out of the 
stratosphere, from which Lamb and Benson (1986) estimated an upper size limit for 
(NaCl), of m% lo4. They pointed out that other meteoric metals (e.g. Mg) form much 
more strongly bonded chlorides and oxychlorides, leading to even higher polymeriz- 
ation rates than for Na. Overall, they considered that there may be a net loss of several 
per cent of atmospheric chlorine into these polymers, which would be significant. 
However, this theory contains many assumptions required to calculate the rates of 
polymerization of the metal chlorides and oxides. These rates should now be studied 
experimentally. 

Very recently, Prather and Rodriguez (1988) considered the impact of meteoric 
debris on the formation of the Antarctic ozone ‘hole’. They suggested that atmospheric 
circulation leads to an accumulation of meteoric metal compounds in the Antarctic 
stratosphere at the beginning of the austral spring. Since the metals all tend to form 
alkaline species, their incorporation into acid stratospheric aerosols will neutralize the 
aerosol acidity. Gas-phase nitric acid can then be more readily incorporated into the 
aerosol phase, where it presumably forms metal nitrates. Meanwhile, the removal of 
HNO, from photochemical participation in the gas-phase chemistry of the lower 
stratosphere will cause the partitioning of chlorine to shift from HCl to the active forms 
C1 and CIO, so that photochemical ozone loss due to C1 (and Br) increases 
substantially. This mechanism would be substantiated if a future observation 
demonstrated that stratospheric aerosols in the Antarctic springtime have large 
abundances of Mg and Fe nitrates, compared with the trace levels observed in aerosols 
at mid-latitudes (Junge et al. 1961, Rosen 1971). Meteoric particles may indeed act as 
the nucleation centres around which stratospheric aerosols grow (Turco et al. 1981). In 
particular, because of the high concentrations of these particles in late winter, they may 
play a direct role in the formation of polar stratospheric clouds (PSCs), which have 
been shown to be very active sites for heterogeneous chemistry related to ozone 
removal (Aikin and McPeters 1986). 

4.5. Summary 
Models of Na chemistry in the mesosphere have been placed on a much firmer 

foundation following laboratory kinetic studies during the 1980s. Most of the observed 
features of the atomic-Na layer can be reproduced in modelling calculations, although a 
number of crucial rate coefficients remain to be measured in order to remove most of 
the remaining ambiguities from the models. Models of metal chemistry in the 
stratosphere indicate that meteoric metals may interact with the chlorine-catalysed 
removal of stratospheric ozone in a number of potentially important ways. 
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5. Future directions 
The earlier sections of this review have illustrated that the study of metal chemistry 

in the upper atmosphere has reached an exciting juncture. Lidar observations of the 
metal-atom layers and laboratory investigations of their atmospheric chemistries have 
both made great strides over the last decade, to the point where many of the features of 
the metal layers that have aroused curiosity for the last fifty years are becoming 
understood. However, the deployment of metal lidars on a more routine basis has 
revealed a number of new phenomena, perhaps the most remarkable being the SSLs 
(section 2.2). 

One major direction for future work will be comparative studies of different metals. 
This field has opened up now that the lidar technique has been adapted to study the 
neutral-atomic layers of five metals: Na, K, Li, Ca and Fe. In contrast with the very 
good correlation between metal ions in the mesosphere and those elements in 
chondritic meteorites, the correlation between the neutral-metal abundances and those 
in meteorites presents a rather different picture. This is illustrated in figure 24, where the 
summertime abundances are plotted relative to Na. The correlation of the three alkalis 
is excellent, although a plot of wintertime abundances would be less satisfactory 
because of the enhancement of Na and Li over K. However, Ca and Fe clearly do not 
correlate at all with the alkalis, especially bearing in mind that figure 24 is a logarithmic 
plot. Two major questions emerge from such comparative studies. The first is the 
reason for the relative depletion of Ca and Fe relative to Na. In particular, the 
mesospheric Ca abundance is about 120 times smaller than predicted from relative 
meteoritic abundances (Granier et al. 1989a). Recent studies in the author’s laboratory 
(Plane and Nien (1990) and unpublished work) indicate that pertinent reactions of Ca, 
such as CaO + 0 and Ca + 0, + N,, proceed with rate coefficients similar to those of 
Na. While it is possible that reactions such as CaO, + 0 are very much slower than 
their Na analogues, the atomic Ca profile in the mesosphere is very similar in shape and 
altitude to that of Na (section 2.2.4), implying that their iieutral chemistries are alike. 

1 o - ~  10-2 10-1 1 10 102 

Ratio of metal/Na in chondrite 

Figure 24. A comparison between the ratios of the column abundances of free metal atoms to 
sodium in the mesosphere, plotted against the ratio of the metals to sodium in chondritic 
meteorites. The mesospheric column abundances are for summertime. The data are 
plotted from Granier et al. (1989). 
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Furthermore, the Ca' ion abundance is even lower than that of Ca (Granier et al. 1985, 
1989a), implying that ionization is not removing the bulk of ablated Ca. Indeed, one 
may be forced to conclude that the lower Ca abundance results from incomplete 
ablation of Ca from meteoroids (Granier 1989). No laboratory studies on the kinetics of 
pertinent Fe reactions appear to have been reported. 

The second question is the different seasonal variations of the five metals. It has long 
been known that Na and Li are enhanced relative to K by a factor of about 5 in the 
wintertime at middle to high latitudes. Recent lidar work has demonstrated a small 
enhancement of Fe, and no apparent seasonal variation in Ca (section 2.2). A number of 
explanations have been advanced to account for the differences in the alkalis (section 
4.1), starting with the theory of wintertime marine source (Donahue and Meier 1967). 
Hunten (198 1) proposed that seasonal differences in ionization rates were responsible. 
Jegou et al. (1985) developed the theory of differences in the temperature dependences 
of the alkali ion cluster chemistry. Most recently, Swider (1985,1987) and Plane (1989) 
postulated that the temperature dependences of the neutral chemistries of the alkali 
metals are sufficiently different to account for their seasonal differences. This last theory 
has received some support from a recent laboratory investigation of NaO, + 0 
(table 3). This is the first bimolecular Na reaction of atmospheric importance to have 
been studied that does not proceed at close to the collision number, implying that it has 
a reasonable activation energy (> 10 kJmol-I). It is therefore quite conceivable that 
the analogous reactions of the three alkali superoxides have sufficiently different 
activation energies to cause significant seasonal differences in the degree of partitioning 
between the metal atoms and their superoxides, over the large seasonal temperature 
range in the high-latitude mesosphere. The seasonal variations in the peak heights of 
the layers, and the order of their peak heights (Li>Na>K), are all evidence that 
partitioning of the metals between atoms and superoxides is central to their 
mesospheric chemistry. Nevertheless, confirmation of this requires a demonstration in 
the laboratory that the reactions ofthe alkali superoxides with 0 atoms do indeed have 
sufficiently different activation energies. 

Another difference in the chemistry of the alkali metals, which may contribute to 
their seasonal differences, is their formation of gas-phase tetroxide molecules. Ager and 
Howard (1986) first postulated the atmospheric formation of NaO,, and Rajasekhar 
et al. ( 1  989) found evidence for its formation in a laboratory study at 230 K. Rajasekhar 
et al. (1989) performed an ab initio optimization to determine the structure of the 
molecule, obtaining the 0; ion in the cis form, with the Na' ion completing a five- 
membered ring, as shown in figure 25. The alkali tetroxides have also been studied in 
inert-gas-matrix experiments, where the metal vapour and 0, are co-condensed into 
the matrix. NaO, and KO, have been identified by infrared, Raman and ESR spectra 
(see references given by Rajasekhar et al. (1989)), but LiO, does not appear to be 
formed, presumably because of the small size of the Li+ cation. Meanwhile, photolysis 
experiments on matrix-isolated tetroxides (Andrews 1976) showed that NaO, photo- 
lyses much more readily than NaO,, whereas KO, has a relatively small photolysis 
cross-section above 200 nm. These differences need to be explored further. 

Lidar observations of two or more metals simultaneously offer tremendous 
opportunities for understanding the chemistry. This is because a profile of the 
simultaneous relative abundances of the metals largely factors out the uncertainties 
contained in the meteoric-input function and the effects of turbulent transport, 
allowing differences in the chemistry to be highlighted instead. Granier et al. (1989b) 
have, for example, recently published the first simultaneous profiles of Fe and Na. Also, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
1
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Meteoric metals in the upper atmosphere 101 

Figure 25. The optimized geometry (HF/6-3 1G*) of ground-state NaO, (2A2). The Mulliken 
electron populations are indicated as a signed number adjacent to each atomic centre. 
(Reproduced from Rajasekhar et al. (1989).) 

Figure 25. The optimized geometry (HF/6-3 1G*) of ground-state NaO, (2A2). The Mulliken 
electron populations are indicated as a signed number adjacent to each atomic centre. 
(Reproduced from Rajasekhar et al. (1989).) 

the abundance of atomic Mg in the mesosphere would be of great interest. Laboratory 
experiments (C. Vinckier, Katholieke Universiteit Leuven, personal communication) 
indicate that the recombination reaction between Mg and 0, is very slow, so that this 
metal may have a substantially different chemistry from the alkalis and Ca. 
Measurements on Mg will have to be made from space-based platforms because its 
resonance line at 285.2 nm (Mg(3'P1)-Mg(3'S)) is absorbed by ozone in the lower 
atmosphere. 

Two outstanding challenges for mesospheric models of Na are to explain the 
formation of SSLs (section 2.2.1) and to account for the extremely small scale-heights 
on the underside of the Na layer and the severe depletions in Na abundance that are 
observed in the summer at high latitudes (Gardner et al. 1988, Tilgner and von Zahn 
1988). In both cases, the role of heterogeneous chemistry on both meteoric-dust 
particles and the ice crystals comprising noctilucent clouds has been postulated 
(Gardner et al. 1988, von Zahn and Hansen 1988, Beatty et al. 1989). Laboratory 
investigations into such heterogeneous effects, including the formation of large Na 
clusters and their interaction with electrons, are required. In addition, more complete 
observational data on SSLs are needed to confirm the apparent variations in their 
frequency of occurrence with latitude and time of day. More simultaneous measure- 
ments of SSLs by metal lidars and incoherent-scatter radars (Beatty et al. 1989) should 
confirm the link between their appearance and that of sporadic E. 

Finally, the branching ratio of reaction (2) (NaO + O+Na('P, 'S) + 0,) still 
remains to be measured, fifty years after Chapman (1939) first postulated that it was 
responsible for the D-line emission at 589 nm in the nightglow. Current interest in the 
D-line emission derives from a proposal to make ground-based measurements of 
mesospheric 0, (Llewellyn and Gardner 1989). The proposed method requires 
simultaneous lidar measurements of atomic Na and photometric measurements of the 
D-line nightglow intensity. The total nightglow emission is then given by expression 
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(4.3), from which [O,] can be calculated. This procedure will enable the night-time 
mesospheric 0, density to be measured. By contrast, mesospheric 0, is currently 
measured by the dayglow emission at 1.27 pm from O2('Ag), either from rocket-borne 
in situ spectrometers (Evans et al. 1968) or from the Solar Mesospheric Explorer 
satellite (Barth et al. 1983). In addition, the proposed ground-based measurements can 
be used to ground-truth satellite observations, without requiring expensive rocketry. 
However, the branching ratio of reaction (2) is required in order to make the absolute 
measurements of mesospheric 03. The determination of this branching ratio therefore 
has a high priority, although it is a challenging laboratory experiment. 

In conclusion, the complementary developments in lidar technology and in 
laboratory kinetics techniques have yielded many important discoveries in the last few 
years. Much progress has been made in understanding the unusual aspects of metal 
behaviour in the upper atmosphere. Meanwhile, a number of remarkable new 
observations have been made, such as sporadic Na layers, and the surprising relative 
abundances of the free metal atoms. Laboratory studies have demonstrated the 
atmospheric importance of the metal superoxides, and perhaps the higher oxides such 
as the ozonides and tetroxides. Very little is known about the reactivities of these 
species, or the more stable species such as the carbonates and bicarbonates. Studies of 
the gas-phase chemistries of the more abundant metals like Fe and Mg are almost non- 
existent. However, these will be required as more lidar observations of Fe are made, and 
Mg may be observed from a future space-based platform. This review has also outlined 
the ancillary reasons for studying these metals, including their use as tracers of 
dynamics in the mesosphere, and for measuring the mesospheric ozone abundance. In 
addition, they have a complex and possibly important interaction with the chemistry of 
stratospheric ozone. This is certainly a field with a host of diverse and challenging 
questions for the future. 
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