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Abstract. Spectra of the O,(a'4,) airglow emission
band at 1.27 um have been recorded during twilight at
Maynooth (53.2°N, 6.4°W) using a Fourier transform
spectrometer. Synthetic spectra have been generated
for comparison with the recorded data by assuming
a particular temperature at the emitting altitude, and
modelling the absorption of each line in the band as it
propagates downward through the atmosphere. The
temperature used in generating the synthetic spectra
was varied until an optimum fit was obtained between
the recorded and synthetic data; this temperature was
then attributed to the altitude of the emitting layer.
Temperatures derived using this technique for 91 twi-
light periods over an 18-month period exhibit a strong
seasonal behaviour with a maximum in winter and
minimum in summer. Results from this study are com-
pared with temperatures calculated from the OH(3, 1)
Meinel band recorded simultaneously. In winter OH
temperatures exceed O, values by about 10 K, whereas
the opposite situation pertains in summer; this result is
interpreted in terms of a possible change in the altitude
of the mesopause as a function of season. Estimates of
the twilight O,(0,0) total band intensity indicate that
its intensity is lower and that its decay is more rapid in
summer than in winter, in agreement with earlier
observations.

1 Introduction

Ground-based observations of atmospheric emissions
that have a well-defined altitude profile are widely used in
studies of the dynamical state of the Earth’s upper atmo-
sphere (e.g. Takahashi et al., 1985; Viereck and Deehr,
1989; Taylor et al., 1991). Reports of geophysical para-
meters determined from ground-based observations of
emissions not previously employed (Greet and Jacka,
1989) together with new techniques (Tepley, 1985; Wiens
et al., 1991) continue to emerge. In this paper, we report
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mesopause temperature values derived from the infrared
atmospheric system of O,('4,-°%,)0,0) at 1.27 pm,
recorded at ground level in Maynooth during twilight.
These results are Lompared with rotational temperatures
calculated from the OH(3,1) band recorded simulta-
neously.

The O,(a'4,-*Z,)0,0) emission is the most intense
molecular oxygen feature in the infrared airglow spec-
trum. This band undergoes resonant self-absorption in the
lower atmosphere, which has resulted in many observa-
tions being made at high altitudes or from aircraft
(Noxon, 1982). The emission is so intense, however, that it
penetrates to ground level and may easily be observed in
twilight and the early night hours. The earliest ground-
based twilight spectra from this band were recorded by
Lowe (1969) using a Michelson interferometer with a ger-
manium detector. More recently, Turnbull and Lowe
(1983) and Baker et al. (1985) have presented spectra re-
corded at ground level from this band. The fact that the
band is overlapped by the (8, 5) vibrational-rotational lines
of the hydroxyl molecule represents a further complication.
The twin difficulties of overlapping OH lines and resonant
sell-absorption in the lower atmosphere have often meant
that the O,(0,0) band has been neglected as far as deriving
meaningful geophysical parameters is concerned.

The altitude profile of this band during twilight and the
early night hours has been a subject of much interest
recently, since it can be used to derive the daytime meso-
spheric ozone concentration (McDade et al., 1987; Evans
et al., 1988; Lopez-Gonzalez et al., 1992). McDade et al.
(1987) concluded from coordinated rocket measurements
of O,(a'4,) emission and atomic oxygen densities in an
undisturbed night-time atmosphere, that at least two
sources of O,(a'4,) excitation must exist in addition to
the three-body recombination of atomic oxygen, to ac-
count for the observed altitude emission profile. One of
these sources, which is thought to account for most of the
emission observed below 90 km, is the night-time residual
of the very large daytime population of O,(a'4,). The
decay time constant of the (a'4,) state ( ~ 3900 s) (Badger
et al., 1965) is very long for an airglow species, and results
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in a significant fraction of twilight glow and early night-
glow arising from remnant dayglow excitation. Lopez-
Gonzalez et al. (1989) have also studied the behaviour of
the O,(0,0) infrared atmospheric band in the middle at-
mosphere during evening twilight, by considering in detail
the different processes governing the production and loss
mechanisms of O,(a'4,) near sunset. Lopez-Gonzalez
et al. (1992) have presented daytime mesospheric ozone
concentrations based on a calculation of the dayglow
remnant that is present in the O, infrared atmospheric
system in the twilight and early night hours.

All the observations reported in this study were
recorded during twilight corresponding to solar zenith
angles (SZA) approximately between 95° and 105°. Lopez-
Gonzalez et al. (1992) presented twilight and early night-
time altitude profiles of the infrared atmospheric system of
O, measured by several investigators. Profiles recorded
for solar zenith angles greater than 110° show the peak
emission to occur at an altitude near 89 km (Greer et al.,
1986), while those recorded for solar zenith angles less
than 95° put the peak emission below 70 km (Llewellyn
and Witt, 1977). This increase in the altitude of peak
emission is a result of the decay, during twilight, of the
large dayglow remnant of the O,(a'4,) emission, which
has a daytime maximum near 50 km (Howell et al., 1990).
Based on the results of Lopez-Gonzalez et al. (1989), the
peak in the O,(0,0) infrared atmospheric emission profile
at 1.27 pm rises from an altitude of ~82.5 km, at a solar
zenith angle of 95°, to 85 km for a solar zenith angle of
105°. Lopez-Moreno et al. (1987) presented results on the
altitude distribution of vibrationally excited states of hy-
droxyl at levels v = 2 to v = 7, derived from rocket photo-
metry data. Their results show an altitude distribution
which is dependent on vibrational level. The lower levels
v = 2,3 have peak concentrations centred on 85 km, while
the corresponding maxima occur some 5 km higher in the
upper levels. McDade (1991) has predicted, however, that
the altitude difference between the lowest and highest
vibrational levels should not exceed 2 km based on model
calculations. The mean altitude profile of the hydroxyl
band as reported by Baker and Stair (1988) shows a max-
imum at about 87 km. The close proximity of the peak
emission from the two bands (87 and ~ 84 km for the OH
and O,, respectively) makes these ideal candidates for an
intercomparison of temperature values.

Many investigators have made simultaneous temper-
ature measurements from two distinct altitude levels
by observing separate emissions, since Noxon (1978)
first compared temperatures derived from the
O,(b'Zg"-X*%,7)(0,1) atmospheric band with similar
values obtained from the OH(6, 2) band centred at 87 km.
The O,(0,1) atmospheric band which originates at an
altitude of 95 km 1s the molecular oxygen emission which
has received greatest attention in this respect. Viereck and
Deehr (1989) used the same band as Noxon for a compari-
son of temperatures and band intensities in a study of
gravity wave activity in the polar night airglow. Scheer
and Reisin (1990) studied the same pair of emission bands
at 32” south using a tilting filter photometer and observed
a summer enhancement of 15 K in O, temperatures which
had not previously been reported. Niciejewski and Yee

(1991) used the same band of molecular oxygen, but chose
instead the (3,1) band of OH for a comparison of rota-
tional temperatures as part of the Airborne Lidar and
Observations of the Hawaiian Airglow (ALOHA-90) cam-
paign. We believe that the work reported here represents
the first comparison of temperatures derived from simul-
taneous ground-based observations of the O,(0,0) and
OH(3,1) bands.

2 Observations and data analysis

Observations were made in the zenith direction at
Maynooth (53.2°N, 6.4°W) using a Fourier transform in-
frared spectrometer supplied by Bomem Inc (Québec,
Canada). Evans et al. (1970) have noted the futility of
making observations in directions other than the zenith to
obtain increased intensity via the van Rhijn effect, since
any increase in intensity is offset by the decrease in trans-
mission for this band. Our instrument uses a thermo-
electrically cooled InGaAs detector, which is sensitive in
the wavelength region 1-1.7 um. This wavelength range
has enabled us to record both O,(0,0) band at 1.27 pm,
and the OH(3,1) and (4,2) emissions, centred around
1.56 pm simultaneously. An internal He-Ne laser provides
accurate data sampling and the instrument has a max-
imum resolution of 2 cm ™~ !. A complete interferogram is
acquired in about 5s. The field-of-view is ~1.5° and
typically 50 interferograms are coadded to increase the
signal-to-noise ratio. The resulting interferogram is
apodized using the Hanning window and the spectra are
obtained by calculating the Fourier transform of the
apodized interferogram. The relative spectral response of
the detector is determined by calibration with a low-
intensity source whose area is sufficient to completely fill
the field-of-view of the instrument. The calibration of the
low-intensity source is traceable to a primary standard
and we estimate that radiances calculated on the basis of
this source are accurate to +20%. Figure 1 shows a series
of spectra recorded near sunset at Maynooth on 16 March
1994. Each spectrum shown is the raw spectrum recorded
by the instrument in a 5-min interval and has not been
corrected for instrument response. Rayleigh-scattered
sunlight dominates the spectra until about 19.06 UT after
which the sun is more than 5° below the ground-level
horizon and the O,(0,0) band can be seen clearly. As the
sun moves further below the horizon the intensity of the
0,(0,0) band decreases steadily until the spectra become
dominated by the OH(8, 5) lines which remain relatively
constant in intensity throughout the night. Table 1 lists
the solar zenith angle for the spectra shown in Fig. 1.
The analysis of the O,(0,0) spectra for temperature is
based on generating a synthetic spectrum which would be
observed at ground level, with an assumed temperature at
the emission altitude for comparison with the recorded
spectrum. We adopted a variation of the method de-
scribed by Tepley (1985), whereby synthetic spectra are
generated at intervals of 1° in the range 150-300 K. The
temperature corresponding to the synthetic spectrum that
best fits the recorded spectrum in the least-squares sense
is the value attributed to the emission altitude for that
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Fig. 1. Series of near-infrared spectra illustrating the development
and decay of the O,(0,0) band during twilight on 16 March 1994 at
Maynooth. The abscissa is labelled in cm ™! and the ordinate is the
signal level recorded by the spectrometer in relative units. Ground-
level sunset occurred at 18.48 UT. After 19.06 UT the solar zenith

spectrum. The technique employed to calculate the syn-

thetic spectrum of O,(0,0) band in this study follows

a method developed by Sue and Baker (1976) for the

0,(0,1) band, and may be summarised in the following

three steps:

1. For an assumed temperature at the emission altitude,
the relative intensity of enough individual rotational
lines to adequately describe the O,(0,0) band is cal-
culated. Each line is assumed to have a profile deter-
mined by Doppler broadening.

2. The transmission of each Doppler-broadened rota-
tional line through the atmosphere from the emission
altitude to ground level is calculated.

3. The transmitted spectral lines are then convolved with
the appropriate instrument function.

The first step in the generation of a ground-level

synthetic spectrum is the calculation of the intensity of

a sufficiently large number of individual rotational lines to

provide a good description of the O,(0,0) band at the

emission altitude. A total of 108 lines was used to repres-
ent the band in this study, which corresponds to 99.8% of
the total O,(0,0) band intensity at 1.27 um at temper-
atures typical of the mesopause. A relative integrated
emission intensity has been calculated for each rotational
line using the line strength values, S, quoted by van Vleck
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angle was greater than 95° and the background of Rayleigh-scat-
tered sunlight is negligible, allowing the O,(0,0) band to stand out
clearly in the spectrum. At 19.95 UT, the OH(8,5) lines begin to
dominate the spectrum in the interval 77008000

(1934) for the O,(a'4,~- X3 2,)(0,0) band. Taking the ratio
of the intensity of each line to the intensity sum of all the
lines representing the band gives the fractional emission
intensity of the line in the band, and removes the need to
assign absolute emission intensities. Each line in the band
is assumed to have a width determined by Doppler
broadening for the temperature selected, since pressure
broadening at an altitude of ~ 84 km is negligible.

The effect of atmospheric attenuation on each
rotational line in the band has to be determined by consid-
ering the loss processes at work between the emission
altitude and the recording spectrometer at ground level.
Embry (1978) considers five attenuating mechanisms
namely, 1. aerosol scattering, 2. aerosol absorption,
3. Rayleigh scattering, 4. continuous absorption and
5. line absorption. The variation in density and pressure
of the atmosphere with altitude means that attenuation
coeflicients for each process also varies with altitude.
This feature has been dealt with by considering the
atmosphere as a series of horizontally stratified layers,
cach 1 km in depth, from 50 km to ground level, following
the treatment of Evans et al. (1970) and Gadsden and
Wraight (1975). Above 50 km the atmosphere is con-
sidered so tenuous that its effect on the transmission can
be neglected.






