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Upper atmospheric airglow emissiong in the mesopause
region, OI557.7 nm, NaD at 589.3 nm and OH(9,4) band at
774 .6 nm have been obgerved since 1977 at Cachoeira
Paulista (22.7 degrees 8, 45.0 degrees W), Brazil. The
seasonal dependence of the intensity variations of these
emissions was studied using the data from a total of 560
nights, during the period June 1977 to November 1986,
Strong semiannual variations in the NaD and OIS57.7 nm
emissions were observed with maxima at the equinoxes, in
contrast to the COH(9,4) emission, which showed a much
smaller seasonal variation. Hydrogen and ozone
concentrations at around 87-89 km were calculated using
the observed NaD and OH{9,4) band intensities and the
sodium concentration observed by lidar at a nearby
station. The obtained seasonal variations of the two
species, opposite in phase with each other, are in good
agreement with current atmospheric dynamics models,
which show a seasonal variation of the vertical
transport of atomic oxygen and hydrogen.
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Seasonal Variations of Mesospheric Hydrogen and Ozone Concentrations
Derived From Ground-Based Airglow and Lidar Observations

H. Takawmasul, B. R. CLeEmMgsHa, Y, Sanar, P, P. Batista ano D. M. Simonict

Instituto Nacional de Peaguisas Espaciais, Sho José dos Campes, Sio Parvlo, Brani

Upper atmospheric sirglow emissions in the mesopause region, 01557.7 nm, NaD at 5893 nm
and 0li(9,4) band at 7746 nm have been obaerved since 1977 at Cachocira Pauliata (22.7°S,
45.0°W), Brazil. The seasonal dependence of the intensity variationa of these emissions was
studied using the data from a Lotal of 560 nights, during the period June 1977 to November 1986,
Strong semiannual variations in the NaD and QI557.7 nm emissions wers observed with maxima,
at the equinoxes, in contrast to the OH(9,4) emissjon, which showed a much smaller seasonal
variation. Hydrogen and ozone concentrations at around 87-80 km were calculated using the
observed NaD and OH(9,4) band intenasities and the sodium concentration observed by lidar st a
nearby station. The obtained seasonal variations of the two species, opposite in phase with each
other, are in good agreement with current atmospheric dynamics models, which show a seasonal
variation of the vertical transport of atomic oxygen and hydrogen,

1. INTRODUCTION

Day-to-day and seasonal variations of the upper meso-
spheric airglow emission intensities, atomic oxygen at 557.7
nm (hereafter OI5577), NaD at 589.3 nm (hereafter NaD)
and OI{(94) band at 775.0 nim (hereafier OII{9,4)) are
mainly controlled by the atomic oxygen, ozone and atomic
hydrogen concentrations in the mesopause region. These mi-
nor constituents, in turn, are controlled by solar radialion
flux, vertical mixing and horizontal tranaport processes. In
their stmospheric model, Gareia and Solomon [1985] showed
scasonal variations of dynamical processes which are strong
in summer and winter but weak in the equinox seasons and
which should affect the concentrations of minor species in
the mesopause region. Recent satcllite observations of meso-
spheric ozone by Thomas [1990a) revealed a clear seasonal
dependence, Le Tezier ef al. [1987) presenied seasonal vari-
ations of O airglow intensity derived from their model cal-
culations, which took into account tlie seasonal variation
of the dynamical mixing process. Tliey showed that the
OH intensities are controlled by the atomic oxygen mixing
ratio in the mesopause region. They also studied the sca-
sonal variation of the hydrogen and ozone concentrations,
These calculations suggest the possibility of using Lhe air-
glow data Lo estimate minor constiluent concentralions and,
in turn, of studying the dynamical processes occurring in the
mesopause Tegion.

' The ground-based airglow data, published previously,
have been used to study nocturnal, diurnal, scasonal and
long term variations of emission intensilics [e.g., Wiens and
‘Weill, 1973; Tokahashi et al., 1984]. Corrclations between
the intensilics have also been studied by many workers [e.g.,
Tukahashi ¢i al., 1979; Takeuchi et al, 1981; Rodrige et
al., 1985]. Ilowever, there have been few atlempts to use
these ground-baved ohaervationa data to estimate the mi-
nor constiluent concentestione ot the cmission helglis, In
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the last decade, a rumber of rocket observations have been
carried out with the purpose of obtaining the atomic oxy-
gen concentration in the 85 to 110 km region, using the
oxygen resonance lamp technique {Dickinson et aol, 1980),
and the OI5577 and O3z atmospheric band emission profiles
[Witt et al., 197%; Murtagh et ol., 1990}, The OII emission
profile observed by rocket has also been used to estimate
the atomic oxygen concentration in the 80 to 100 km re-
gion by Good [1976). Ulwick et ol [1987) deteninined the
hydrogen concentration from simultancons rocket obsarva.
tion of the Oy infrared 1.27 #m and Ol emissions. Using
ground-based observations, RirchhofJ et al. [1981] estimated
the ozone density using simultaneous lidar measurements of
the sodium density profile and photometric measurements
of the sodium nightglow intensity,

The purpose of the present paper is ta investigate the
seasonal variation of the mesosplieric airglow emissions,
015577, NaD and OII(9,4) band, using the data obtained
from the Cachocira Paulista airglow observatory during al-
most 10 years. Also, using the observed nocturnal mean
values of the NaD and OII{9,4) emissions, together with the
Na abundance observed by lidar, the hydrogen and ozone
concentrations in Lha emission layer height wore ealculuted.
Thie is, as far as we know, the first attempt to estimate both
the hydrogen and ozone concentrations using simultaneous
airglow and lidar observations.

2. OPSERVATIONS

Simultaneous measurements of the mesospheric airglow
emissions, O15577, NaD and OT(9,4) band, and the OII
rotational temperature have been carried out at Cachoeira
Paulista (22.7°S, 45.0°W) since 1976. A multichannel tilt-
ing filter type photometer was used for all observalions.
The photometer characteristics and the calibration proce-
dure adoploed have beon describiod clwowhora { Tukuhashi and
Datista, 1981). The data used in the present work are from
June 1977 to November 1986, a total of 560 nights of obser-
vation. This peried includes the solar maximum in 1979 and
the solar minimum period in 1986. The airglow data showed
8 Jong-term variation correlated to solar activity { Tokahashi
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et al., 1984}, The emplasis in tlie present study, however, is
on the seasonal dependence of the emissions.

Sodium abundance beiween 80 to 100 km of altitude
was measured by a lidar operated at Sio José dos Campos
(23.2°5, 45.9°W), abont 100 km {rom the nirglow observa-
tory. The general featuces of the sodium profile observed
at this site have been published elsewhere [Simonich et ol.,
1979]. In the present study, the sodium abundance data
taken from 1972 to 1986, with a total of 710 days of obser-
valion, were used,

3. SEASONAL VARIATION OF TIIE
MESosSPHERIC AlRGLOW

Nocturnal mean values of the 015577, NaD and OI1(9,4)
band intensities, obtained from a total of 560 nights from
June 1977 Lo Noveniber 1986, are plotted ngainst annual day
number in Figures 1, 2 and 3. Only nights with wore than
5 hours of obscrvation were used in this study. Each point
in the figures corresponds to one night. No correction was
made for long-term trends (most probably the solar cycle
eflect). Also shown in the figures are the monthly means of
the emissions.

It is clear from Figures 1 and 2 that the OI5577 and NaD
emissions show etrong semiannual variations with maxima
in May and November-December, in the case of QI8577,
and May and October in the case of NaD. In the case of
the OH({9,4) emission, in Figure 3, a similar semiannual teu-
dency can be seen, but tlie amplitude of osciilation is signil-
icantly less. The anunual component peaks in November,

In order to determine the phase and amplitude of the an-
nual and semiannual components of these mesospheric pa-
rameters, the following model was fitted 10 all data sets in
the least mean square sense:

= Ag+ Ajcos{(2n/365)(t — 1))
+ Aszcos{(27/182.5)(t — f2}}

where Ag is the annual mean, and Ay and A, and f; and f3
are the amplitudes and phases of the annual and semiannual
components, respectively. The obtained individual compo-
nents are lisied in Table 1, As expected, {rom Figure 2, the
amplitude of the semi-annual component of the NaD emis-
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Fig. 1. Nocturnal mean valucs of Lhe Of 557.7 nin einiesion jutens
sity as a funciion of the day number (plotted) and the monthiy
mean values {solid line}.
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Fig. 2. Same as Figure I, but for the NaD emission.

sion is the largest, 60% of the annual mean Ag. The OI5577
annual component is significant, 20% of Ag, although the
semiannual component is dominant, 30% of Adg. In the case
of the OH(9,4) band intensities, the annual and semiannuai
components have about the same, small amplitude, around
5% of Ap. For both OI5577 and NaD the semiannual com-
ponent peaks in April and October, for OH(9,4) it peaks in
May and November. The annual component has its maxi-
mum in summer for OI5S577 and OH(9,4), and in winter for
NaD.

4. Discussion
4.1. Seasonal Effects in the Mesospheric Emissions

01557.7 nm emission. Tlhe production process for ex-
cited O(!S), which is responsible for the Q15577 green line
emission in the lower thermosphere, is believed to be through
a two-step energy transler process (see, for example, Bates
{1988}

O+04+ M~ 0; + M,

0} + O = 02 + O('S)

so that the volume emission rate is directly related to the
atomic oxygen concentration at the emission height, From
rocket observations fe.g., McDade et al., 1986) the peak emis.
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Fig. 3. Sarae as Figure 1, but jor the Ol1(9,4) band intensity.
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TABLE 1. Annual and Semianmial Oscillation Components
of the Mesospheric Airglow Ewmission [nlensitics

Annual Semiannual
Emission Ag, X AR fi.d Aq, R fa, d
OI 5577 208 39.3 360 59.9 17
NabD 50 13.0 170 30.1 108
Ol4{9,4) 558 27.7 3 32.0 135

s rayleighs, d: day number.

sion height iglocated at around hmax = 9743 km, where the
atomic oxygen has its peak density. Tlerclore, the day-to-
day and seasonal variations of the OI5577 intensity observed
from the ground provide a good indicator of the atomic oxy-
gen varialion at around 95 to 100 km. We assume now that
the OI587T column intensily is roughly proportional to:

Iss7r o [OF[M]

where welinveadopted McDade et of ’a (1986] argunent, i.e.,
the nzin quenching agent of the O(1S) precursor should be
atomic oxygen and the quantum radiation is the main loss
process of O(1S). In this case, the increase of more than a
factor of 2 from winter {July) to spring (October) visible
in Figure 1, corresponds (o a 43% variation in the atomic
oxygen density at around 97 km. This value is smaller than
that which Garcia and Solomon [1985] predicted in their
model, which is about 80%.

NaD 589.3 nm emission. The nightglow NaDy and D4
emissions are produced iu the following aeronomic reactions:

Na + 03 — NaO + 02 K (n
NaO + O — Na(®*P) + 0, a,k;  (2)
Na(®*P} — Na + hv(589.0,589.6 nm}  (3)

where k; and &y represent the resclion rates in the usual
manner and a represents the fraction of sodium left in the
excited %P state.

The reactions (1} and {2) are in photochemical equilib-
rium in the mesopause region, so that the volume emission
rate of NaD can be expressed as:

Ve = ak1[Na](Os) 4)
It is known from rocket obscrvations {Greer and Deat, 1967;
Stegman and Witt, 1977) that the Nal) emission licight islo-
cated at around 89 km. Therelore, if one knows the sodiom
concentzation, the ozone concentrations at around 89 km
can be calculated by measuring Wyap. The sodium abun-
dance observed from Sio José dos Campos, as will be dis-
cuseed later, shows moderale annual variation, a broad max.
imum in late wintec (July and August) and minimum in
summet (December and January). Therelore, the sirong
equinox maxima obscrved in the sodiua nightglow should
be due Lo the variation of ozone concentration al atound 89
km.

OX{9.4) bund emission. The chemical reaction between
hydrogen snd ozone in thie mevopause region:

H4 O3 - OH(»=987) 4+ 02 ks (5)

is responsible for the production of excited OH in the vi-

989

brational levels v = 9,8 and 7 [Bates and Nicolet, 1950).
The excited Ol molecules are deactivated in the foliowing
processes:

OI(®) + M — OH(v<® +M ks (6)
OM(9) + O ~ O + 0 ks (7)
O(9) — ON(v<9) + hv Ag,Aog  (8)

where M repreaents O3 and Nj, and Ag and Agq are vibra.
tional transition probabilities. The OII(9,4) volume inten-
sity is, therefore,

Asaks £(9)(11][O3)
A + k&[M] -+ k'([O]
where f(9) is a quantum yield producing OH(v = 9) in (5).

In the region of the O emission layer between 80 to 100
km, the ozone production process:

Voures =

(9)

0+0:+M— 03+ M (10
and {5} are in photochemical equilibrium.

The Vorsy s, therefore, proportional to the ozone pro-
duction rate, i.e,

Vonsa o [O][0:][M] (11)

In other words, the OH emission intensity is propertional to
the atomic oxygen density in the region of the peak of the
emission layer. According to Baker and Stair [1988] this is
located at 8742 km. The small amplitude of the seasonal
variation of the Ol emission intensity indicates that at this
height atomic oxygen varies little, At firat sight tlis scoms
to be inconsistent with the observed seasonal varialion in
NaD, which shows strong equinoctial peaks, indicating the
existence of sirong equinoctial maxima in ozene concentra-
tion, [t mwat be remembered, liowever, that the ozone equi-
librium in the mesopause region is given by

[O)[0.1[M)
(H]

50 the implication of these observations is that H must have
a seasonal variation opposite to that of (4. .

The amall observed seasonal variation in the Ol emis-
gion intensity at low latitudes has been discussed by Le Ter.
ier et al. [1987]. Tlese workers used a two-dimensional
dynamicai- photochemical model which included the effects
of advection produced by the mean meridional circulation,
and vertical eddy diffusion produced by the breaking of grav-
ity waves. For low latitudes their model predicts a semi-
annual variation, with an amplitude of about 10%, giving
maximum intensities in April and Qctober, Our present
data are in reasonable agreement with the model calcula-
tion of Le Texijer et al., oxcept for the sharp peank which we
observe in November, not predicted by the model,

The annual components of Lhe seasonal varialions ob-
served in QI5577 and OIll at our kditude indicate that the
atomic oxygen concentration ahove 85 km increascy in swin-
mer. Although this could be the resuit of changes in eddy
diffusion, as discussed later, we believe that it is more likely
to be the resnlt of vertical advection associated with the
meridional citculation. Our resuits are consistent with Cog-

(O3]



5590

ger et al. [1981], who suggested a sectorial meridional cir-
culation pattern in addition to the global summer to winter
cell. A realistic atmospheric model, including a detailed
wind system, would bo neceesnry to carey the present dia-
cuasion further,

4.2. Ozone and [lydrogen Concentration

Since the intensities of the NaD and OII emissions de-
pend on the local ozone and hydrogen atomn concentrations,
it is possible, introduciug certain assumptions, to use our
observalions to estimate the seasonal variations in these con-
slituents.

Ozone concentration at 89 Km. Using (4}, the NaD
emission column intensity can be expressed as

120
InaD = aky f [Na)[Os) dz photons/em? columnn
80

(12)
Our lidar profiles of sodium have a 1 km height resolution,
so we replace the integral of {12} with a summation. We
also normalize the Na and Oj profiles at 89 km, where the

NaD emission should be maximum, resuiting in

40
Inep = aky[Najss[O5]s9.10° D {pa(Na)pa(Os))

n=l

where p,(Na) and pn(O3) are normalized profiles, unity at
89 km, and [N&]gg and [Oglgs represent comcentration in
cm—d, at 89 km,

Therelore the Qa concentration can bo expresscd na:

10~%Inap

[Oalss = ak [Na]

[Z {Pa(Na)pa(03)}] -1

nwl

(13}

The reaction rate &y and the fraction a adopted in this work
are listed in Table 2. There is uncertainty about the fraction
a [Plane and Husain, 1986]. In.this work the value presented
by Bates and Ojha {1980] was uscd.

In order to calculate [03] at 89 km, the relative Na and
Og profiles must be assumed. Since the airglow observation
and Na lidat measurement were not always carried oul si-
multaneously, we used an average Na proiile {or our station,
Monthly averaged total abundances were used to obtain the
values [Na]sg. The adopted [Na] profile and the seasonal
variation of the total Na abundance are shown in Figure
4. [t should be pointed out that the Na abundance shows a
seasonal variation whicl is predominantly annual, with max-
imum abundance occurring in winter. This is quite different
to the NaD airglow cinission variation which, as deacribed
above, is mainly scmiannual. The effecis of the day-to-day
and seasoual varialious of the [Na] prolile on the evaluation
of (13} will be discussed in the next section of this report.

TAKANASHI BT ALi MESOSPHERIC HYDROGEN AND OZONE

Few rocket measurements of the nightiime ozone profile
have been carried out. Published results are listed in Table
3, In order to evaluate the possible cffects of the variability
in the ozone profile wa have used cach of the profiles in tuen
Lo computo tho swmnntion of (13}, resubiing in:

40
Y {Pn(Na)pa(03)} =

n=l

10.6+ 2.0 (14)

The error range shown is due to the variability of these
adopted ozone profiles. Putiing the summation factor {14)
into (13},

Rnab

5.47(£0.9)10° —==
GO WNajas

where Riup represents the NaD intensity in rayleighs. The
results are shown in Figure 5. Each plot corresponds to a
nocturnal mean ozone conceutration at 89 kun. Also shown
are Lthe monthly averaged values {wolid line). Strong seasonal
variations with maxima at the end of April and the middle
of October are evident. This agrees quite well with satel-
lite observations [Thomaa, 1990a). However the variation of
+50% (5x107 to 1.5x10% em~2) about the annual mean is
significantly larger than that found by Thomas, which was
about +20%.

Hydrogen concentralion at 87 Km. The hydrogen con-
centration at around 87 km can be determined from [Oj)
obtained in the previous section and the observed Ol1(9,4)
column emission rate:

120 Apaksf(9)[1][0]
a0 Al + (k¢/As)[02])

Since the quenching of O({9) by O and Nz in (9) is small
compared to that by Oy (McDade ef al., 1987), they were
neglected. The hydcogen and ozone height profilea are nor-
malized at 87 km where the O emission has a pezk inten-
gity. Integrating (16) with a height interval of 1 ki gives:

(Ags/ As)ks f(9){1]s7{O3]s7) 08

= Pa(ID)pa{Os)
1+ (kg/A9)[O2]n

wherte [O3)s, is the O3 concentration adopted with a hcight
interval of 1 km, pn(11) and p, (O3} are profiles normalized
to unity at 87 km, and [II]g7 and [Oa] 37 represent concentra-
tionin cm™3 at 87 km. The constants used in the calculation
are listed in Table 2. The [Q4] profile was taken from MSIS
86 by lledin [1987) for equinox conditions at our latitude.
The hydrogen and ozone profiles for nighttime conditions
were chosen {rom recent rocket observations and model cal-
culations listed in Table 3. The result of the summation
is

[Oalss = (15)

lonpay = dz  (16)

longp,g) =

(17)

n=1

TABLE 2. Adopted Rate Coeflicients and Constants

Reaction Coellicient Range Reference
(1) ky =1.6x 107 exp(-195/T) 3~ 7 x1071¢ Worsnop et al. {1991)
(2) a =03 0.01 ~ 0.3 Bates and Ojha [1980)
(5) ks =1.47% 107 0exp(-496/T) 1~ axi1p™11 Keyser{1979)

(6) ks,0,/As =5.3%x 10714 5.3~ 14x10~ M MeDade et al. [1987]
(7 k7o =0 — ‘ McDade et al. [1987)
(8) AgafAg =4.84x 1073 3.9~ 14.7x107? Murphy (1971)

(9) J(9) =053

0.3~ 08 Takohashi and Patista {198t]
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40
P (H)pn(0a}
’gl + (ke/Ao}O2]n

where the expressed error range is from the dillerent com-
Linations of p{Il) and p(Qy) used, Substituting {18} into
(17) gives

= 501£076 (18)

e = 6_14(4:1'0)]013]30!194
[Oaler

where Rotrsq is expressed in rayleighs.

(19)
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In this calculation, the ozone density at 89 km obtained
from (15) was used as [O3)s7. Since the ozone concenteation
has a séccondary peak around 88 km and iis gradient with
height js small in this height region this should introduce
only a small error, The error range of (19} is mainly depen-
dent on the adopted p(IT} and p(Q3) profiles and [O3)sr
used. Although the uncertainties in the I and O3 profiles
set limits on the accuracy of our derived II concentrations,
in view of the paucity of other measurements of this con-
stituent, we believe that our results are worthy of discussion,

The resuits of the calculation are shown in Figure 6. Each
point plotted corresponds to a nocturnal mean [H} value,
and the solid line shows tlie monthly averaged values, A
strong seasonal varizlion can be seen, with maxima in July
and December-January and minima in April and October,
varing from 2.7x10% to 6.9x103, corresponding to a varia-
tion of approximately £50% about the annual mean. As
expected {rom (1%), the {II] variation is in antiphase with
that of {Oa].

The observed seasonal varialions are in good agreement,
not only in phase but alye in amplitade, with Thomas's
[1990b] data obtained from the SME satellite. Our data
show, however, absolute atomic hydrogen concenlrations
about a factor of 3 greater than those obtained {rom the
satellite measurements. Qur results are also in reasonable
agreement with the model calculation of Le Terxier et al
[1987). We conclude that out analysis of the simultane-
ous airglow and lidar observations indicates that the hy-
drogen concenlration is controlled by vertical transport pro-
cesses (rom the Jower atmosphere as suggested by Garcia
and Solomon [1985).

Uncertainties, The derived ozone and atomic hydrogen
concentrations in the present work depend an the param-
eters uged in (13} and (17). In Table 2 the range of un-
certainty for each parameter is shown. With respect to the
fraction @ for the Na(?P) yield of the teaction NaQ + O —

 Na{%P) + O,, for example, reported values cover a range of

more than 30, from less than 0.01 [Plane and Husain, 1986)
10 0.3 [Bates and Ojha, 19801, It is interesting to note that
our results support the higher values, around 0.3, rather
than the much lower value. Using Thomas's [1990a] 0.004
mbar ozone mixing ratios for 25°S, our results give a mean
value of 0.27. In the case of (17), for the hydrogen con-
centration, the main errors are in the values adopted for
AvafAg, J(9) und ks, 0,/A9. In cur analysis we have nsed
the Ags/Ag value of 4.84 x 10=9 presented by Murphy
[1971], whicl is in good agreewncnt with observations [ Teka-
hashi and Batista, 1981]. A more recent theoretical calcula-
tion by Turnbull and Lowe [1989), however, suggests a much
higher value of 1.47 x 102, Consequently, the range of pos-

TABLE 3. Niglittime Sodium, Ozone and Ilydrogen Density Profiles Adopted in This Study

Peak leight,

Meaximum Density

km cm Source Reference
Na 93 3600 lidar Simonich ¢t al 1979}
03 86 1.0x 105  model Allen et al[1981)
03 86 3.0%x 10°  ynodel Morcels et al{1977)
O3 92 58x 10%°  rocket Vaugham(1982)
03 89 6.0 x 10 yocket Ulwick et al. [1987)
H| 83 2.0x 108 jodel Alfen et al. {1984]
H 83 1.9x 10%  model Moreels et al. [1977)
H 8% 1.6 x 10%  rocket Sharp and Kita [1947)
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Fig. 5, Ozonae concenteations at 89 ki of altitude derved from
the sodivm atom and the sodiv nightglow data as a function of
the day nuwber.

sible values for kg, o,/Ag is from 5.3 x 10~4 [McDade et
al., 1987} to 1.4 x 10™!2 (using Turnbull and Lowe’s [1989]
Ag value}. Values for f(9) range from 0.3 [Ohoyama et al.,
1985} to 0.6 [Liewellyn at al, 1978). Therefore, the three
parameters used in (17) contribute a tolal uncertainty of a
factor of 3. With respect to the absolute values for the de-
rived minor constituent concentrations, then, the error range
islarge. This does not apply, however, to the day-to-day and
seasonal variations,

Regarding the day-to-day and scusonnl variations of the
hydrogen and ozone concentrations, the errors come mainly
from temporal variations of the adopted height profiles, i.e.,
p(Na), p(O3) and p(H). The ozone profile observed by
Thomas {1990a) indicales some variation with season. The
range ol variation of the profile was, however, less than the
variability of the ozone profiles adopted in calculating (14).
No iularmation is available on the relative change in the
liydrogen profile. Presently available I|ydrogcn profiles listed
in Table 3 were used to determine the maximum range of
variation. Concerning the day-to-day variation of the Na
profile, Simonich et al. [1979) reporied very small height
variations. In the present study, we checked Lhe variation
by using 35 days ol data, each with more than 12 hours
of continnous measurement. The standard devialion from
the mean centroid height was &1 k. An analysis of the
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Fig. 6. Same as Figure 5, but for the hydrogen concentration,
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monthly mean vertical distribution of sodium shows litlle
seasonal variation in the height distribution, except for a
consistent lowering of the centroid height by about 1 km in
November. The error range in the p(Na) of about +1 km
would cause an error in (14) of 1.3, "I'hin in amafler than that
which originales from the uncertainty of the Oy profile.

The eflect of the atmospheric temperature variations with
season on Lhe calculations of the H and Oz conceniraiions
should not be significant, According to Clemesha et al.
[1996], the mesopause temperature at our latitude shows a
small semiannval oscillation with equinox maxima, with an
amplitude not more than 5 K. This would introduce error
ranges of 3% in [Og3]sg in (13) and 6% in {H]a7 in (17), ow-
ing to the temperature dependence of the reaction rates &
and kj, respectively. On this basis it is concluded that the
crror range of approximately 20%, shown in (14) and (18),
representd the range of uncertainty in the sensoun) variation
of the ozone and hydrogen concentrations iu this study.

5. CONCLUSIONS

Seasonal variations of the mesosplieric airglow emissions,
015577, Nal) and OI1(9,4) band observed at Cacloeira
Paulista {22.7°S, 45.0°W) were investigated using a long
set of data from 1977 to 1986. The OI5577 and NaD emis-
sions have strong semiannual variations, with maxima in
April and October. The OIl emission, on the other hand,
showed less variation and its annual and semiannual compo-
nents have almost the same amplitude. These results indi-
cate that the atomic oxygen concentration at around 95 km
has a gtrong seminnnual variation. 1 is interesting to note,
however, that the scasonal variation changes rapidly with
height, aud become very sall in the OH emission region
below 90 k.

The ozone concentration was derived from the NaD in-
tensity and Na atom concentration observed by lidar. The
hydrogen concentration was calculated by using the derived
ozone and the Ol(9,4) band intensity. The derived ozone
concentration showed o strong semiannoal variztion, with
maxima in Aprit and October, its concentration varying be-
tween 5.4x107 and 1.5x10% cn™3. Tle hydrogen concen-
tration varies in antiphase with ozone, showing maxima in
winter and summer, These results agree well with those re-
ported by Thomas [1890a,b) from SME satellite data, and
the model calcuiation by Le Terier et ol [1987).

The evidence for strong seasonal variations of the atomic
oxygen, ozone and hydrogen concentrations in the meso-
pause region implies a seasonal variation in vertical trans-
pott processes. Increased gravily wave induced eddy trans-
port at the solstices leads to more rapid traneport of hydro-
gen compounds from the lower atmospitere. The resulting
increase in atomic hydrogen leads to more rapid removal of
atomic oxygen below 85 km, where the chemical lifetime for
this species is small compared to the dynamical time con-
stant. During the equinoxes, on the other hand, reduced
eddy transport resuits in larger vertical gradients in O and
M, with the result that the concentration of atomic oxygen
increases above 98 km, but, as a result of tite reduced H
concentration, changes little in the region of 87 km where
the OH emission is produced.

The present results show Lhat simnultaneous measvrements
of the mesospheric airglow emissions, together with Na li-
dar observations, constitule a useful technique for oblaining
ozone and atomic hydrogen concentrations in the mesopause
region.
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