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83 On May 31, 1992, a rocket payload equipped with 10
airglow photometers was launched from the Alcantara
Launch Center in northern Brazil. The payload measured
sodium, hydroxyl, atomic, and molecular oxygen airglow
emissions, and a sodium lidar, operating at the launch
site, provided simultaneous vertical profiles of
atmospheric sodium density. The airglow profiles, in
conjunction with the sodium density distribution, are
used to derive vertical profiles for atomic oxygen,
ozone and hydrogen in the 80 to 100 km region. These
profiles are then used as inputs to a photochemical
model for the sodium layer. Good agreement is achieved
between the modeled and experimental profiles of sodium
and Na D line airglow, and the resultg indicate that the
branching ratic for the production of Na (2P) in the
reaction Na®C+0O Na{2P, 2S)+02 must be between 0.05 and
0.20.

90 B



JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 100, NO, D9, PAGES 18,909-18,916, SEPTEMBER 20, 1995

Experimental evidence for photochemical control of the
atmospheric sodium layer

B. R. Clemesha, D. M. Simonich, H. Takahashi and S. M. L. Melo
Instituto Nacional de Pesquisas Espaciais, So José dos Campos, $50 Paulo, Brazil

J. M. C. Plane

School of Environmental Sciences, Universily of East Anglia, Norwich, England

Abstract, On May 31, 1992, a rocket payload equipped with 10 airglow photometers was
faunched from the Alcéntara Launch Center in northern Brazil, The payload measured so-
dium, hydroxyl, atomic, and molecular oxygen airglow emissions, and a sodium lidar, op-
erating at the launch site, provided simultaneous vertical profiles of atmospheric sedium
density. The airglow prefiles, in conjunction with the sodium density distribution, are used
to derive vertical profiles for atomic oxygen, ozone and hydrogen in the 80 to 100 km region.
These profiles are then used as inputs to a photochemical model for the sodium layer. Good
agreement is achieved between the modeled and experimental profiles of sodium and Na D
line alrglow and the results |nd1cate that the branching ratio for the production of Na(*P) in

the reaction NaQ + O — Na(’P, 2S) + O, must be between 0.05 and 0.20.

Introduction

Although there is little doubt that the source of the atmos-
pheric sodium layer is the meteor deposition of extraterres-
trial material, the processes which lead to the formation of a
sharply bounded layer, between 80 and 110 km, are still open
to discussion. The rapidly increasing mixing ratio of atomic
oxygen above about 90 km makes the atmosphere strongly re-
ducing in this region, so it would be expected that metallic
compounds should be reduced to free metals. In the absence
of other processes this would cause the sodium mixing ratio
to be constant above the meteor ablation source region. In
fact, the scale height of the sedium layer at heights above 100
km is about half that of the main atmospheric constituents,
and it is gencrally assumed that ionization provides the
necessary loss mechanism. With respect to the bottomside of
the layer, a number of possible loss mechanisms for the re-
moval of sodium have been suggested in the literature: these
include oxidation, mainly by O, and O,, the formation of
cluster ions, and attachment to aerosol particles. Oxida-
tion/reduction schemes have been discussed by many workers
including, for example, Hunren [1967), Megie and Blamont
[1977], Kirchhoff et al. [1981), Sze et al. [1982], Swider
(1986}, and Plane [1991]. The possible impertance of cluster
ions was first suggested by Richier and Sechrist [1979], and
investigated in greater detail by Jegou et al. [1983a, b] and
Granier et al. [1985). Hunien [1981] suggesied that meteor
ablation, generally accepted as the source of atmospheric
sodium, also results in the formation of micron size “smoke”
particles which act as a sink for free sodium atoms. Each of
the mechanisms investigated has been shown to be capable of
adequately simulating the vertical distribution of atmospheric
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sodium. Although photochemical schemes have received
considerably more attention than the other two, there are no
very convincing reasons to reject the latter, and adequate
experimental evidence required for the evaluvation of
photochemical models is lacking. We have many accurate
measurements of the vertical profile of free sodium, but no
simultaneous direct measurements of the other atmospheric
constituents which might be involved. The purpose of this
paper is to present the results of an experiment in which the
vertical distribution of free sodium was measured by lidar at
the same time as a rocket payload measured airglow emis-
sions from atomic and molecular oxygen, hydroxyl and so-
dimn. Since these emissions are related to the vertical
profiles of atomic oxygen, ozone and hydrogen, the
experiment enables us to evaluate the predictions of a
photochemical model for the atmospheric sodium layer.

Measurements

Figure 1 shows a simplified diagram of the MULTIFOT
payload, launched from the Alcdntara Launch Center (2°8,
44°W) on a SONDA 11l rocket at 2352 LST on May 31, 1992.
The payload contained 6 forward looking (longitudinal) and
4 side looking (transverse) photometers. The longitudinal
photometers were protected by a conventional split nose cone
during launch, and the four transverse photometers, situated
below the longitudinal instruments, viewed the atmosphere at
right angles to the rocket axis through 5-cm quartz windows
inserted into the payload skin. Launch parameters are given in
Table 1, and specifications for the photometers are shown in
Table 2. In an earlier paper [Clemesha et al., 1993] we pre-
sented the measured profile for the Na D emission. Together
with the vertical distribution of free sodium, measured by li-
dar, the Na D profile was used to determine mesospheric
ozone. In the present report we shall use the profiles for the
atomic and molecular oxygen emissions, together with the
OH and sodium emissions, to estimate the vertical profiles of
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Figure 1. MULTIFOT airglow payload.

O, O, and H to be used in a complete photochemical model
of the atmospheric sodium layer.

The payload was designed to study the vertical emission
profiles of the O, Herzberg, OI 557.7 nm, Na D, O1 630 nm,
OH(8,3) and O, Atmospheric (0,0) band emissions. The pho-
ton-counting photometers were similar in principle to those
described by Takahashi et al. [1987). Data were telemetered
at 250 10-bit samples per second for each instrument. A 2-
axis magnetometer was used for attitude determination, Ab-
solute laboratory calibrations of all photometers were carried
out prior to launch, as described by Takahashi et al. [1987],
and each instrument included an in-flight calibration source.

A longitudinal photometer for 578 nm and a transverse in-
strument for 713 nm were included to estimate the back-
ground continuum.  Unfortunately, the 7!13-nm transverse
photometer failed shortly after launch, making it difficult to
estimate the background for the transverse photometers, This

Table 1. Launch Parameters

Parameter Value
Vehicle SONDA I
Date 31/05/92
Time 2352 LST
Location Alcantara Launch Center (295, 44°W)
Apogee 282 km
Ground range 398 km
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created a serious problem with respect to the analysis of the
NaD emission profile, where the background should con-
tribute a significant fraction of the total detected signal. For
this teason we used the data from the lengitudinal 58%.3-nm
photometer to determine the Na D profile. In any case, the
closer proximity in wavelength of the 578-nm photometer
makes the background subtraction more reliable. For the
much stronger OH emission the lack of an accurate back-
ground signal is much less important.

Measurements of the vertical profile of atmospheric so-
dium density were made using the transportable lidar system
illustrated in Figure 2, specifications of which are given in
Table 3. The lidar included a sodium vapor cell for calibra-
tion purposes, and is similar in principle (although not in its
mechanical layout) to the S#o José lidar described by Si-
monich et al. [1979] and Clemesha [1984). The equipment
was installed at the launch site, about 5 km from the ramp,
and was operated throughout the campaign. Sky cenditions
were unfavorable during most of the campaign, and most lidar
data were obtained by firing through gaps in the cloud cover.
For this reason the signal to noise ratio of the profiles
obtained was poor when compared with typical results from
modern lidars. On the other hand, on the night of the rocket
experiment, adequate profiles were obtained both before and
during the launch.

Emission rate profiles were detived from both the trans-
verse and longitudinal photometers, The technique used for
deriving the vertical profile of volume emission rate from the
longitudinal photometer signal was identical to that described
by Takahashi et al. [1987), using the incremental straight-line
fitting technique of Murtagh et al. [1984], with a 4-km fitting
length. To determine the OH(8,3) band intensity from the
724.2-nm side looking photometer signals we applied a suit-
able "inversion process to the observed horizon intensity
profile (horizon intensity, in this context, refers to the inten-
sity seen by the photometer when is viewing angle is hori-
zontal). The 2 field of view of the photometer was taken
into account by deconvolving the inverted profile with an ap-
propriate instrument function. 1n the present study, profiles
from the longitudinal photometers were used for Na D and the
0, Atmaospheric band, and the profile from the 724.2-nm side
looking photometer was used for the OH(8,3) band profile.

Table 2. MULTIFOT Photometer Specifications

Wavelength, Bandwidth, PMT Sensitivity *
nm nm
Side looking photomelers

5893 1.75 EMI 9924 84.1
630.0 1.57 EMI 9798 21.6
3.0 10,90 EMI 9798

724.2 1.75 EMI 9798 41.4

Forward looking photometers,,

275.0 1430 EMI 9924 267.6
557.7 1.66 EMI 9924 684.0
578.0 10,95 EML 9924 165.4
589.3 1.69 EMI 9924 326.9
724.2 L9l EMI 979% 1439
762.0 5.69 EMI 9798 43.6

* Measured in counts sec”’ Rayleighs™
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Figure 2. Transportable lidar.

Further details of the rocket experiment and the associated
data analysis will be presented elsewhere.

The upleg trajectory of the SONDA 11l rocket was such
that it passed through the sodium layer at a distance of about
40 km downrange from the lidar. In view of this horizontal
displacement between the lidar measurement and the rocket,
together with the poor signal to noise ratio for the lidar, it was
considered best to average the lidar data over a 1-hour period
centered on the launch time. The resulting profile, labeled 31
May, is shown in Figure 3. This profile shows an unusually
steep gradient in sodium density between the heights of 82
and 84 km. The average profile for the previous night, also
shown in Figure 3, and labeled 30 May, shows a much more
typical height distribution, with an approximately linear
increase between 80 and 90 km,

The airglow profiles used are shown in Figure 4. The pro-
file for the sodium emission shown in Figure 4 was derived
from the upleg data, so as to minimize the horizontal distance
between the lidar measurement of the sodium concentration
and the rocket observation of the sodium emission profile.
This is important because the ozone concentration is obtained
from the ratio between the Na D intensity and the sodium
density. Because of the steep vertical gradients in sodium
density and airglow intensity a fairly small vertical
displacement of the layer could result in large erross in the
ozone concentration. Downleg data were used for the other
emissions because contamination effects obliterated the sig-

Table 3. PORTAL Lidar Specifications

Dye laser transmilter Receiver

Fresnel lens, 0.4 m2
bandwidth, 1 nm

height resolytion, 250 m
efliciency, | %

Wavelength, 589 nm
Bandwidth, 6 pm
Pulse length, 2 ps
Repetilion rate, 1 pps
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Figure 3. Lidar profiles of Na density.

nals from the longitudinal infrared photometers during the
upleg. The downleg passage through the emitting region oc-
curred approximately 370 km downrange from the launch
ramp. The upleg and downleg OH(8,3) emission profiles de-
rived from the 724.2 nm transverse photometer were found to
be very similar, so on this basis we should not expect the
horizontal separation between the locations corresponding to
the lidar measurement and the airglow profiles to seriously
affect the comparison, On the other hand, the downleg profile
for OH derived from the longitudinal photometer shows
emission intensities almost twice those determined from the
transverse photometer. The transverse photometers view a

OH(8,3) EMISSION RATE (CM™3)
200

HEIGHT (KM)

I ' |
0 20 40
NaD/O,A EMISSION RATES (CM3)

Figure 4. Vohune emission rate profiles.
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horizontal section through the emission layer several hundred
km in extent, whereas the longitudinal photometers make an
almost local measurement. [t seems likely that the high in-
tensity seen by the longitudinal OH photometer corresponded
to a region of enhanced emission at the location of the
downleg passage through the emission layer. This conclusion
in supported by the fact that an analysis of the signals from
the transverse photometer when the payload was above the
layer, where the payload rotation causes the photometer to
scan the emitting layer, shows the existence of considerable
small-scale structure.

From Figures 3 and 4 it can be seen that below 90 km there
is a remarkable degree of similarity between the emission
profiles for the OH(8,3) band and the Na D line emission, and
that the NaD profile is very similar to the vertical distribution
of free sodium. In the next section we show that this
similarity is consistent with a photochemical model for the
atmospheric sodium layer.

Model Calculations

The mode! of sodium in the upper atmosphere that is em-
ployed here has been described in detail by Helmer and Plane
[1993]. This model assumes that (1) the source of
mesaspheric sodium is meteoric ablation; (2) sodium is par-
titioned through 26 reactions among nine constituent gas-
phase species (Na, Na', Na cluster ions, NaQ, NaQ,, NaQ,,
NaQOH, NaCO, and NaHCGQ,); (3) the partitioning is rapid on
the time-scale of vertical mixing between 80 and 100 km; and
(4), heterogeneous reactions on meteoric dust particles are of
limited importance. Since the transport of all sodium
constituents is then governed by the same eddy diffusion co-
efficient, the continuity equation for total sodium (Na,,) can
be solved [Plane, 1991]. The solution requires knowledge of
the injection rate of Na as a function of altitude, which may
be determined from the total meteoric ablatlon flux of Na
(estlmated by Junge et al. [1962] to be 1.3 x 10* atoms cm 2
s together with the meteoric ablation profile [Hunten et al,
1980]. it is also necessary to specify the Nag, density at 65
km, the lower boundary of the model. 1n this work we have
used the value of 7 x 10* molecule om™, adopted by Helmer
and Plane [1993]. This value was chosen to make the model
generate the column density of atomic Na observed during
winter at 69°N, where the sodium layer has been studied over
a number of years and is comparatively stable [Tifgner and
von Zahn, 1988).

For the present study, the temperature profile was derived
using the MSIS model [Hedin, 1987] above 90 km, and the
CIRA 86 temperature profile (for May at the equator) at fower
heights [Flenting et af., 1990], with a small adjustment to
make the temperature profile agree with a ground-based
measurement of the OH rotational temperature at the time of
the launch. The atmospheric density was then computed for
hydrostatic equilibrium, with the mixing ratios of N, and O,
from the MSIS model. A brief description of how the verti-
cal distributions of O, Q,, and H were derived from the air-
glow profiles is given in the following paragraphs; a more
complete description is being presented elsewhere (H. Taka-
hashi et al., Atomic hydrogen and ozone concentrations de-
rived from simultancous lidar and rocket airglow measure-
ments in the equatorial region, submitted to Journal of Geo-
physical Research, 1994).
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The atomic oxygen concentration (shown in Figure 5) was
derived from the OH(8,3) emission measured by the trans-
verse photometer from 82 10 85 km, and from the O, (0,0)
emission above this height. The 02 emission was used be-
cause it is much stronger than the 0('S), so that the errors in
deriving the emission profile from the integrated intensity
seen by the photometer are much smaller. The Barth
mechamsm is now generally accepted for the production of
Oz(b Eg), responsible for the O, emission via a precursor
state, as yet unidentified [McDade et al, 1986]. As a result
of this, the appropriate transition probabilities required to re-
late the emission intensity to the atomic oxygen concentration
are not known. In this study we used empirical parameters
derived by McDade et al. {1986}, from a rocket experiment in
which the O, (0,0) and OT 557.7 nm emission rates were
measured simultaneously with the atomic oxygen con-
centration, Since McDade’s parameters have been confirmed
by subsequent studies by Murtagh er al. [1990] and Lipez-
Gaonzalez et al. [1992), we adopt them with some degree of
confidence.

To determine the atomic oxygen concentration from the
OH(8,3) intensity it was assumed that excited OH is produced
in the catalytic destruction of ozone by the reaction H + O; =
OH* + O,, and that this reaction is in quasi-equilibrium with
Q+0;, +M — O; + M, In our analysis we used the
parameters presented by McDade et al, [1987] for single-step
collisional cascade type quenching. The transition
probabilities used by McDade ef al. [1987] are those of Mur-
phy [1971].

As in the paper by Clemesha et al [1993), the vertical
ozone profile was derived from the measured sodium density
and airglow intensity profiles, illustrated in Figures 3 and 4,
by assuming that the Na D-line airglow is produced by the
Chapman mechanism:

Na+0; - NaO + O, {1
NaO + O - Na(’P, ’S) + 0, @

Na and NaQ should exist in a kinetic steady state since
both reactions 1 and 2 ate rapid [Plane, 1991]. Hence the
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Figure 5. Derived profiles of O, Oy, and H.
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NaD emission rate is equal to k,x[Na) £03], where a is the
branching ratio of (2) that produces Na("P). The value of k,
has been measured recently at mesospheric temperatures
[Plane et al., 1993], so that the ozone concentration can be re-
trieved if « is known. The atomic hydrogen profile can then
be derived from the atomic oxygen and ozone profiles, again
assuming a steady-state between the termolecuiar production
of ozone and its destruction by the H + O; reaction, In the
present study the rate coefficients for these reactions were
taken from DeMore et al. {1990].

Unforfunately, o« is very difficuli to measure experimen-
tally and the Chapman scheme is further complicated because
both (1) and (2) involve the excited 25" electronic state of
NaQ (see below). Thus we decided to run the sodium model
of Helmer and Plane [1993] with « as the only adjustable
parameter. The value of o was varied until the modeled
column abundance of atomic Na below 90 km was equal to
that measured by the lidar (Figure 3). The upper limit of 90
km was chosen because the Na layer is controlled by ionic
rather than neutral chemistry above this height [Plane, 1991].
This fitting procedure yielded a value for o of 0.093, very
close to the value of 0.1 which Helmer and Plane [1993]
found necessary to generate a modeied nightglow intensity in
accord with observations at high latitudes. The resulting
profiles of ozone and hydrogen are illustrated in Figure 5.
The O, densities between 80 and 90 km are factors of 3 to 6
higher than the average daytime concentrations during May
measured by the Solar Mesospheric Explorer (SME) satellite
which monitors the 1.27-um airglow [Keating et al, 1990].
However, a nighttime increase in O, of this magnitude is ex-
pected from other observations and theoretical models [e.g.,
Allen et al., 1984; Solomon et al.,, 1986]. The atomic hydro-
gen densities are in sensible accord with direct rocket-borne
measurements of this species [e.g., Sharp and Kita, 1987). It
should be noted that the ozone concentrations shown in Fig-
ure 5 are much larger than those presented by Clemesha et al.
[1993] because a value of 0.67 was used for a in the earlier
publication.

Discussion and Conclusions

Figure 6 illustrates a comparison between the atomic Na
profile observed by lidar, and the model prefile calculated
with o = 0.093. Figure 7 shows a comparison between the
observed and modeled NaD airglow intensity profiles. In
both cases it will be seen that rather good agreement is
achieved between model and observation, particularly in re-
producing the unusually small scale-heights on the undersides
of the atomic Na and airglow layers, where there is a steep
cutoff between 84 and 82 km. The significant discrepancies
between model and observation that appear above 87 km are
probably caused by several factors. First, the model generates
a time-averaged profile of the Na,, density, derived from the
meteoric source function and the eddy diffusion coefficient.
This profile is illustrated in Figure 8, along with the profile of
Na,, density that would exacily reproduce the lidar
observations of atomic Na. The oscillations of the second
profile about the average profile are most likely short-term
fluctuations caused by the action of gravity waves and tidal
forcing [Batista et al., 1985, Gardner and Voelz, 1987], and
by the sporadic nature of the Na injection from meteoric
ablation. Anocther factor leading to the poor agreement be-
tween model and observation above 94 km is that without in
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Figure 6, Comparison between observed and modeled pro-
files of atomic Na concentration,

situ measurements of the relevant ionic species during the
rocket flight, typical concentrations of the major ions NO'
and O," and the electron density [Thomas ef al., 1983] have
had to be assumed in the model. In fact, the secondary peak
of atomic Na observed at 97 km (Figure 6) could possibly be
a small sporadic sodium layer [e.g. Batista et al, 1989],
which may be caused by the layering and neutralization of
Na' ions [Cox ef al, 1993). As would therefore be expected,
the more "typical” Na layer observed on 30 May, 1992
(Figure 3) is in better accord with the model, peaking at 50
km and displaying a gradual decrease at higher altitudes,

'Figure 9 illustrates the modeled profiles of the major Na
constituents. NaHCQ; is the major sink for Na betow 88 km
because the reaction

NaHCO, + H — Na + H,CO, 3)

is the only likely removal process for NaHCO, in the meso-
sphere [Rajasekhar and Plane, 1993] and k, is smali [4ger
and Howard, 1987]. NaQ, is a much less impoertant reservoir
for Na because the reaction

NaO, + 0 - NaO + O, (@)

is fast enough to ensure that the lifetime of NaQ, is short
above 80 km [Helmer and Plane, 1993]. This is a change
from earlier photochemical models [e.g., Sze ef af, 1982;
Thomas et al, 1983; Kirchhoff, 1983; Swider, 1986} which
predicted that NaO, (or NaOH, below 80 km, in the case of
Swider’s [1986] model) would be the major forin of Na below
85 km. Although the possibility that NaHCO, might be
involved in the Na chemistry had already been suggested by
Murad and Swider {1979], these models did not have avail-
able the recently measured rate coefficient for (4) [dger and
Howard, 1987], and did not include the chemistry of Na-
HCOQ; [Helmer and Plane, 1994],

Thus, the rapid decrease in the atomic Na concentration on
the underside of the layer is mainly caused by the correspond-
ing decrease in atomic H and O (see Figure 5). It should be
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noted that neither the cluster-ion model of Jegow et al.
[1985a] nor the aerosol attachment mechanism proposed by
Hunten [1981] would respond to the sharp gradients in atomic
H and O in this way.

Finally, the simultanecous observations of the atomic Na
and the NaD emission profiles have enabled us to conclude
that « is about 0.1. This value, based as it is on a compre-
hensive model using input data from a simultaneous meas-
urement of the sodium concentration and airglow profiles,
should be considerably more reliable than earlier estimates.

100 —
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85 FROM OBSERVATIONS) \
I‘\
1
- 4
1
B0
107 10* it 10°

TOTAL SODIUM SPECIES CONCENTRATION (CM-3)

Figure 8. Vertical profile of the total concentration of Na-
containing species calculated using a time-averaged Na injec-
tion rate from meteor ablation, compared with a profile that
would give exact agreement between the model and lidar ob-
servations.
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The value of 1/3 for o estimated by Bates and Ohja [1980]
was based on typical integrated Mal} intensities, Na abun-
dances and ozone concentrations, rather than actual simulta-
neous measurements. Swider [1980] also used 1/3, appar-
ently on the bagis of simultaneous measurements of the so-
dium profile and the integrated airglow intensity measured by
a ground-based photometer, published by Clemesha et af
[1978]. There appears to have been only one reported labora-
tory measurement of this branching ratio. Plane and Husain
[1986] obtained an upper limit to & of 0.01, which is there-
fore smaller by about an order of magnitude than the values
required in the model to match the airglow intensity. How-
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Figure 10, A comparison between the observed atomic Na
density profile and profiles calculated from the model using
upper and lower limits to the branching ratio o.
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ever, recent work by Wright et al. [1993] and Shi et af. [1993]
has shown that reaction 1 produces NaQ almost entirely in the
first excited L’ state, rather than the ground 1 state.
Herschbach et al. {1992] have used electronic symmetry cor-
relation 10 show that the reaction NaO(’L") + O — Na(’P) +
0, could have a branching ratio a ranging from 0.5 to 0.67.
Thus, if the removal of NaO(*L™") by spontaneous emission or
by quenching with N, or O, is slow compared to reaction with
atomic O between 80 and 90 km, this would account for the
observed airglow intensities. 1t would also reconcite the low
experimental estimate of o by Plane and Husain [1986],
since their experiment most probabl; observed the reaction of
atomic O with ground-state NaO(‘IT) only. However, the
precise role of Na0(2£+) in the airglow emission remains to
be quantified through future laboratory investipations.

In this study we have assumed that o is an overall
branching ratio describing the production of Na(*P) from the
reaction of both states of NaG with O, and that the physical
quenching of NaO(z)f) does not significantly affect & so that
this branching ratio is constant with height. We can now use
the present set of observations to determine the probable
range of o about the best fit value of 0.1. Figure 10 shows
the modeled atomic Na profiles that are obtained when « is
increased or decreased by a factor of 3. It will be seen that
changing o has a significant effect both on the atomic Na
column density and on the peak height of the layer. For in-
stance, when o is sei to 0.3, the calculated O, concentration in
the model is reduced because less O; is required to generate
the observed D line airglow intensily. This in turn increases
the atemic H concentration, since this is derived from the O,
and atomic O densities (see earlier). Thus the rate of
oxidation of atomic Na by (1) is slower, while the rate of re-
duction of NaHCO, by (3) is faster, This leads to a more than
threefold increase in the column density of atomic Na, and a
lowering of the peak of the layer to 85 km.

In fact, the modeled column density is not a particularly
sensitive test of the choice of o because the column density of
atomic Na is governed by the profile of Na,,, which is a func-
tion of the Na injection rate from meteoric ablation and the
eddy diffusion coefficient. There is congiderable uncertainty
about the injection rate [e.g. Cox ef af, 1993], and the eddy
diffusion coefficient profile could certainly vary by a factor of
3 about the global mean value employed in the present model
[FHocking, 1990). Thus the modeled Na column density can
be reconciled with the observed value if the Na injection rate
is reduced by a factor of between 2 and 4, and the eddy
diffusion coefficient is increased by a similar factor.
However, the layer still peaks at 85 km, which is about 5 km
too low, and the Q, densities determined with o = 0.3 are
smaller by about a factor of 2 than predicted from the SME
daytime average values [Keating et al., 1990].

When a is set to 0.03, the column density is decreased by
more than a factor of 3 and the peak height is raised 10 99 km
{Figure 10). Although the column density can be reconciled
with the lidar measurement by decreasing the eddy diffusion
coefficient by a factor of 3 and increasing the Na injection
rate by a similar factor, the layer peak at 99 km is about 9 km
too high, and the O, densities are about a factor of 4 higher
than expected from the SME daytime average. Thus, the
best-fit value for & of about 0.1 appears to be reliable within a

factor of 2,
In conclusion, the modeling of this unique set of observa-

tions has provided strong evidence that the chemistry of the
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Na layer below 90 km can be adequately described by com-
petition between the oxidation of atomic Na by O; and O,,
and the reduction of NaHCO; and NaQ, by atomic H and O.
In addition, our analysis indicates that the overall branching
ratio for the production of Na(’P} via the Chapman mecha-
nisin most probably lies in the range 0.05 - 0.2,
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