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Abstract. Airglow observations with a Spectral Airglow where the emission takes place. Atmospheric tides are the
Temperature Imager (SATI), installed at the Sierra Nevadaglobal response of the atmosphere to the periodic forcing of
Observatory (37.06N, 3.38 W) at 2900-m height, have solar heating. The influence of the atmospheric tides on the
been used to investigate the presence of tidal variations atirglow emissions has been studied since 1970 (e.g. Wiens
mid-latitudes in the mesosphere/lower thermosphere regionand Weill, 1973; Petitdidier and Teitelbaum, 1977; Takahashi
Diurnal variations of the column emission rate and vertically et al., 1977). The tides present periodicities equal to the so-
averaged temperature of the @tmospheric (0-1) band and lar day and its harmonics, and propagate westward following
of the OH Meinel (6-2) band from 5 years (1998-2003) of the motion of the Sun (e.@€hapman and Lindzed970.

observations have been analysed. From these observationsThere is an enormous body of ground-based observations
a clear tidal variation of both emission rates and rotationalgf the mesosphere and lower thermosphere by the global
temperatures is inferred. It is found that the amplitude of adar network (e.g. Jacobi et al., 1999; Pancheva et al., 2000,
the daily variation for both emission rates and temperatureqg2: Riggin et al., 2003; Forbes et al., 2004; Manson et
is greater from late autumn to spring than during summerg|. 2004; Portnyagin et al., 2004) that have been used to
The amplitude decreases by more than a factor of two durstydy the tidal behaviour of the atmospheric winds. Stud-
ing summer and early autumn with respect to the amplitudees of the influences of atmospheric tides on airglow emis-
in the winter-spring months. Although the tidal modulations sjon and temperature using long-term, ground-based obser-
are preferentially semidiurnal in both rotational temperaturesyations (e.g. Wiens and Weill, 1973; Petitdidier and Teitel-
and emission rates during the whole year, during early springhaum, 1977; Scheer and Reisin, 1990; Reisin and Scheer,
the tidal modulations seem to be more consistent with a di1996; Takahashi et al., 1998; Choi et al., 1998) and satellite
urnal modulation in both rotational temperatures and emisjrglow observations (Abreu and Yee, 1989; Burrage et al.,
sion rates. Moreover, the OH emission rate from late au-1994; Shepherd et al., 1995, 1998) have shown a large vari-
tumn to early winter has a pattern suggesting both diurnaktion in diurnal behaviour of the airglow emission rates as a
and semidiurnal tidal modulations. function of the year and of the latitude.

Keywords. Atmospheric composition and structure (Air-  Simultaneous satellite observations of emission rates, tem-
glow and aurora; pressure density and temperature; instruperatures and winds performed with the High Resolution
ments and techniques) Doppler Imager (HRDI) and Wind Imaging Interferometer
(WINDII), both on board the UARS satellite, have been used
to study the tidal variations in airglow emission rates and
. winds (Burrage et al., 1994; Shepherd et al., 1995, 1998;
1 Introduction Shepherd et al., 2004a).

Airglow emissions have been used to study the chemical Here, we analysed the tidal variation found from long-

and dynamical behaviour of the atmosphere in those regionir™M. ground-based airglow observations at 37MN0dati-
tude. These observations have been made by a Spectral

Correspondence tal. J. Lopez-Gonalez Airglow Temperature Imager (SATI) instrument placed at
(mariajose@iaa.es) the Sierra Nevada Observatory. This instrument is able to
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measure the column emission rate and the vertically averthe error introduced by using Q-branch theoretical Einstein
aged rotational temperature of both the &mospheric (0- coefficients (se@endleton and Taylp2002).

1) band, and the OH Meinel (6-2) band, using the technique Table 1 shows the number of days and hours of observation
of interference filter spectral imaging with a cooled CCD de- used in the study, in each month from October 1998 to May
tector Wiens et al.1997). The data analysed cover a period 2003. Table 1 also shows the total number of days and hours
from 1998 to 2003. Tidal variations of the temperature andper month. We have used all the data corresponding to good
airglow emission rates of thes\tmospheric (0-1) band and observing conditions, even data corresponding to short days
the OH Meinel (6-2) band are presented and compared witlof observations, with the aim of obtaining the largest amount
previous results. It is shown that the diurnal variation of the of data.

emission rates and temperatures has a seasonal dependenceThere are months, such as January 1999, when only two
The amplitudes of the variations observed during late autummshort nights of data are available, and the nocturnal variation
to spring are greater by more than a factor of two than thosef this month covers only one-third of the night compared
observed during the rest of the year. with January data of other years. However, although only
one-third of the night was covered, a strong correlation ex-
isted with the nocturnal variation during this one-third of the
night and that obtained during the January nights of other
years.

SATlis installed at the Sierra Nevada Observatory (37N6 Lopez-Gonalez et "’?'-(2.00‘9 have shown that rotational
temperatures and emission rates have a marked short-term

3.38 W), Granada, Spain, at 2900-m height. It has been in

continuous operation since October 1998. SATI is a spatialvirc'ja; gaﬁx?ﬁéh;;\gﬂ;;[:ii;ﬁeﬁoZ?At\;@tg:dTT_at;Ies 2
and spectral imaging Fabry-Perot spectrometer in which th P 125 OH

etalon is a narrow band interference filter and the detectofélnd ?ml[ismn ratef(?zvar:;jléog) f?rtr? ach mornt:] Otf t?efyear\]r din

is a CCD camera. The SATI instrumental concept and Opti'sl,i?n %atae Slia'?gbgs g ;lnc(i) 321re ;sseo FI)iZt:d itﬁe-sr ((q)lljjanti

cal configuration was originally developed as the Mesopause€: : . . . ! i
g ginaty P b %es that will be discussed in the following section: the abso-

Oxygen Rotational Temperature Imager (MORTI) instru- lute amplitudes of the temperature and emission rate varia-
ment (Wiens et al., 1991). The new adaptation as SATI is P P

described in detail bargoytchev et a(2004. The instru- tions (ATo,, ATow, Ao, andAEO'Z)T' the reIatwAeEtemper—
ment uses two interference filters, one centred at 867.689 nrature and emission rate amplitude%, %, ﬁoz and
(in the spectral region of theLAtmospheric (0-1) band) and 2 2

the second one centred at 836.813 nm (in the spectral regio
of the OH Meinel (6-2) band). Its field of view is an annu-

lus of 30 average radius and ?.;Angular width, centered _ _ . . L
on the zenith. Thus, an annulus of average radius of 55 km Here our interest is to determine the tidal variations and the

and 16 km width at 95 km (or an average radius of 49 km andseasonal dependences of these tidal variations. First of all,
14 km width at 85 km) is observed in the sky we subtracted the annual and semiannual seasonal variations
' in the rotational temperature and emission rates of both OH

The images are disks where the polar angle dimension cor; 4 O emissions (see Tables 2 and 3). Here we employ the

responfjs K.) th? az_|muth of t_he fing of the ?"y observed, Wh!leresidual temperatures and emission rates after removing the
the radial distribution of the images contains the spectral d's'seasonal dependences
tribution, from which the rotational temperature is inferred. For the systematic olrganization of the data we average
Th? ”?e”“)d of SATI_|ma_ge reduction _and _temperature .anolhese residual rotational temperatures and emission rates
emission rate determination was described in detail by Wlen§r

X , om each night over 30-min intervals, centered on the hours
et al. (1991) for the @ Atmospheric system, and hyopez- A L i
Gonzlez et al(2004 for the OH(6-2) Meinel band, and half hours. Thus, an averaged nighttime variation is ob

. i . tained for each night of available data, for every night of the
In this work the images obtained from SATI are analysed b This reduces short-period variations but does not af-

as awh<_)leZ obtaining an average of the rotational temperaturg, ¢ tidal components. By averaging the values obtained at
and emission rate of the airglow band from the whole Slq'the same local time over one month, we obtain the diurnal

rng. o ) _variation for each month of available observations in each
The seasonal variation in rotational temperatures and airyear of SATI observations. A “mean” monthly diurnal vari-

glOW emiSSi.OI’l rates measured with the SATI instrument dur'ation is then derived by averaging the month'y diurnal varia-
ing the period of October 1998 to March 2002 have beentjons over the 5-year period.

analysed and presented b§pez-Gonalez et al(2004. In

the current study new data from March 2002 to May 2003

have been added to the earlier data set and are analyse®, Results

in order to derive the tidal variations present in both rota-

tional temperatures and emission rates. The OH temperathe averaged diurnal variations, for each month, from 1998
tures deduced from the Q-branch have been corrected frorto 2003, together with the “mean” diurnal variation, are

2 Observations

AEoH) the amplitudes and phases of the Krassovsky ratio

Uiﬁ?qb) and the vertical wavelengths,( for the propagation
of the tidal modulations found from both emissions.
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Table 1. Airglow observations.

1998 1999 2000 2001 2002 2003 Total
Month nights hours nights hours nights hours nights hours nights hours nights hours nights hours
January 2 7 6 23 5 27 12 90 25 151
February 17 94 13 150 3 20 16 109 8 69 57 373
March 15 93 14 122 19 119 11 62 59 396
April 9 69 9 58 11 63 29 193
May 5 36 12 80 12 67 29 183
June 5 34 8 36 21 84 38 154
July 15 81 4 17 5 24 23 85 47 207
August 5 20 18 105 6 30 22 103 51 258
September 12 67 12 85 19 100 43 252
October 22 174 6 36 16 112 18 90 11 43 73 455
November 23 172 9 88 18 98 50 358
December 11 86 11 89 6 26 19 91 a7 292

Table 2. Summary of wave parameters from OH layer. Solutions obtained from amplitudes smaller than 3K are listed in bold.

Month Eon(R) AEoH (R) AEA Ton(K)  ATon (K) ATA Inl ¢ (degree) i, (km)
January 793 171.2 0.216 211 4.8 0.0228 95 779 —-14.3
February 692 178.3  0.258 208 6.5 0.0314 8.2 -70.7 -17.0
March 637 188.7 0.296 205 54 0.0265 11.2 -—-88.7 —-11.8
April 652 160.9 0.247 199 2.6 0.012919.1 —158.9 -19.1
May 690 151.8 0.220 192 1.2 0.006036.7 +138.4 +5.4
June 686 101.0 0.147 186 - — — — —
July 672 93.5 0.139 185 — — — — —
August 572 106.7 0.187 191 0.8 0.0039%7.9 —142.9 —4.6
September 591 104.3 0.176 200 2.2 0.01106.0 +64.4 +9.1
October 694 94.4 0.136 209 1.6 0.007418.4 —-115.4 -8.0
November 813 166.0 0.204 213 6.0 0.0282 7.2 -112.1 —19.7
December 862 142.7 0.165 214 5.2 0.0243 6.8 —-99.5 —-19.7

Table 3. Summary of wave parameters from @yer. Solutions obtained from amplitudes smaller than 3K are listed in bold.

Month Eo,(R) AEo,(R) 222 To (K) Ao, (K) AT%Z Il ¢ (degree) i, (km)
2
January 364 1208 0.332 103 109 00565 59 -335 —40.7
February 323 1283  0.397 192 104 00541 7.3 —416 —27.1
March 341 1169 0343 193 67 00349 98 -464 —185
April 384 436 0.114 192 50 00261 44 —637 —337
May 395 357  0.090 187 56 00300 30 -489 —58.4
June 358 549 0.153 180 52 00287 55 -363 —408
July 313 456  0.146 178 39 00217 67 -219 -526
August 313 301 0.096 182 55 00303 3.2 -384 -111.8
September 376 386 0.103 101 40 00212 49 -386 —438
October 458 382 0.083 198 20 0.009%8.4 +50.8  +20.3
November 492 156.1 0.317 201 11.3 0.0563 5.6 -—-33.9 —-42.0
December 453 1513  0.334 198 111 00559 6.0 -357 —37.8
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Fig. 1. Emission rates and rotational temperatures after removing seasonal annual and semiannual variations. Red circles: 1998. Greer
triangles: 1999. Blue squares: 2000. Blue crosses: 2001. Pink asterisks: 2002. Yellow stars: 2003. Solid line: Mean monthly night
variations.

plotted in Fig. 1. The results show that the diurnal pattern ob-to extract semidiurnal and diurnal tides using data of lim-
tained for each month is very similar for the different years ited temporal length, if these are closely spaced and aver-
from 1998 to 2003, and so is the “mean” monthly diurnal aged over several nights. Since we are working with data
variation averaged over all years. Thus, it is easy to see fomeasured in exposure times of 2 min, averaged over the dif-
all years, for example, that in January the @nission rate  ferent days of each month during 5 years, we can have some
begins to decrease, creating minima at about four hours begualitative information about the relative significance of the
fore midnight, and then increases until maxima are formedtidal components, but this nocturnal coverage is insufficient
about 2 or 3h after midnight (even in January 1999, wherefor finding a uniqgue mathematical solution of the different
less than 4 h of data are available, these data follow the samédal components (seéd/iens et al. 1995.
behaviour as the other January months). However, the OH
emission rate begins to decrease, creating minimum values The amplitudes and phases for diurnal and/or semidiurnal
at midnight. On the other hand,,@otational temperature modulations that best fit the data have been obtained using
(To,) and OH rotational temperature ¢if) have a similar ~ a least-squares procedure, by using a diurnal or a semidiur-
pattern of variation to that of the Gemission rate, although nal variation, or simultaneously both variations. The solution
the maximum values of theQemperature are reached about with a least standard deviation after the fitting was adopted as
two hours earlier. Different patterns of diurnal variations are the most probable result, although as was noted before, due
found for each month of the year. The presence of a moduto the short fraction of the day covered by the data, we cannot
lation with a time period of 12 h is clearly seen in the winter claim its mathematical uniqueness. Although a solution as a
months in both rotational temperatures anceission rates  combination of a diurnal plus a semidiurnal tide has a least
(see Fig. 1). standard deviation, this solution, in almost all cases, is not
reliable and produces large diurnal and semidiurnal ampli-
The number of night hours of each month goes fromtudes and different phases than those obtained when just one
around 7h in June to about 12 h of night coverage in De-modulation is considered as the solution. We have consid-
cember.Crary and Forbe§1983 showed that it is possible ered only one case, in December for the OH emission rate,
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Fig. 2. (a) Relative amplitudes observeth) Phase of maxima. Crosses: diurnal tide. Black circles: semidiurnal tide. White circles: less
probable semidiurnal fittingc) Residuals. Solid line: before fitting. Dashed line: after the fitting. White circles: after the fitting with a less
probable semidiurnal fitting.

in which the solution could be a combination of the diur- This seasonal dependence is in agreement with the seasonal
nal and the semidiurnal modulation (because the amplitudegdependence found Byiens et al(1995 from ground-based

and phases of the diurnal and semidiurnal component do naneasurements of thes@mission rate and temperature with
change much when a combination of both tidal componentdhe MORTI instrument at 42N. They found tidal varia-

is considered). The amplitudes and phases, as well as th#ons for G and To, to be semidiurnal in winter, diurnal in
standard deviation of the data, with respect to their mearMarch and not clearly diurnal or semidiurnal in Api8hep-
value before and after the best fitting, are listed in Table 4herd et al.(1995 1998 also reported a semidiurnal tide at
and plotted in Fig. 2. mid-latitude in the Northern Hemisphere during winter sol-

The diurnal variation of the OH emission rate found Stice, determined from the WINDII &8) green line emis-
throughout the night is similar to that reported from WINDII Sion rates, while at equinoxes the modulation changed to di-
OH emissions measurements at mid-]a’[itudﬁba@g and urnal. This agrees with the behaviour found from SATI data
Shepherd1999 Zhang et al.2001). for the O emission rate, and both rotational temperatures,

The diurnal tide seems to be consistent with our observa@/though from our data the semidiurnal modulations also re-
mains in autumn.

tions in early spring from both emission rates and tempera-
tures, while the semidiurnal tide is predominant for the rest Burrage et al(1995 employed HRDI data and found that
of the year in the @ emission rate and both temperatures. the horizontal wind at 95 km is dominated by the semidiurnal
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Table 4. Tidal amplitudes and phases that best fit the data (semidi
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urnal tidal solutions with large standard deviations in bold).

T02
diurnal semidiurnal

Month A1 (K) ¢1(h) Az (K) ¢2 (h) res;  resyg
January 10.90 1.370 7.85 1.63
February 10.38 0.820 7.31 1.20
March 14.02 1.890 5.20 1.44
March 6.730 1.710 520 229
April 5.01 0.136 345 241
May 5.61 0.738 2.67 0.83
June 5.16 1.413 295 0.74
July 3.86 1.633 234 0.56
August 15.03 1.355 3.46 0.85
August 5.512 1.322 3.46 1.18
September 4.04 —2.134 3.12 0.63
October 1.96 6.824 1.81 1.29
November 11.32 2.114 8.27 171
December 11.07 0.981 7.77 0.86

ToH
January 4.81 3.194 3.65 1.12
February 6.54 2.946 4.90 1.22
March 7.23 8.685 416 0.88
March 5.42 3.925 4.16 1.26
April 2.56 2.551 2.28 1.32
May 1.15 0.601 0.75  0.59
June 0.96 0.96
July 0.72 0.72
August 0.75 4.075 0.90 0.73
September 2.20 —0.186 1.38 0.75
October 1.55 4.584 1.70 1.32
November 6.01 3.637 440 0.85
December 5.18 2.831 3.79 0.65

102
January 120.80 2486 87.91 10.81
February 128.31 2208 94.66 18.55
March 138.72 6.000 93.18 12.33
March 116.85 3.258 93.18 34.33
April 88.81 3.055 40.26 19.98
April 43.63 2.258  40.26 27.05
May 71.89 3.112 26.57 6.33
May 35.74 2367 26.57 8.40
June 54.86 2.640 44.03 19.66
July 45.61 2362 3271 548
August 30.06 2.600 25.03 11.54
September 38.58 —0.848 27.20 14.47
October 38.24 5130 4197 33.60
November 156.11 3.242 116.93 32.36
December 151.29 2173 109.72 16.97

loH
January 417.11 —-12.201 120.69 20.17
January 171.24 —-6.211 120.69 27.54
February 178.30 —6.696 136.97 63.53
March 188.70 -5.118 127.77 20.29
April 37122 —9.559 111.34 1235
April 160.94 —4.154 111.34 27.53
May 151.83 -4.011 101.27 17.30
June 101.03 —4.274  69.09 33.90
July 93.47 -2.448 7341 18.47
August 106.71 -3.164 83.06 11.98
September 104.27 —1.961 78.36 9.23
October 9443 —-3571 7153 2152
November  332.28 —10.241 137.63 36.35
November 165.98 —4.628 137.63 74.60
December  277.93 -9.585 137.91 -8.283 113.16 11.26
December 142.66 —5.854 113.16 57.60

tide at latitudes greater thah40°. They found that this
semidiurnal variation is larger in winter than in summer.
They also found that the semidiurnal tide at 95km is less
evident at the March/April equinox compared to the summer
and winter solstices, and even compared to the September
equinox. This behaviour is the same as that found here for
our O emission rate and both rotational temperatures ob-
tained from SATI data. The semidiurnal variation even dis-
appeatrs in spring when it becomes predominantly diurnal. In
general, the amplitude of the semidiurnal tide, obtained from
SATI observations, is greater in winter and autumn than in
summer.

The diurnal behaviour of the OH emission rate deduced
from SATI data is rather different from that of the ®@mis-
sion rates. The diurnal tide for the OH emission rate is not
only predominant in spring, as for thec@mission rate and
both temperatures, but also seems to be present from late au-
tumn to early winter. Although this tidal behaviour of the OH
emission rate during winter suggests that the diurnal type of
modulation is present, the conclusion has to be considered
with caution, because, as can be seen in Table 4, the standard
deviation after the fitting is significantly smaller for Decem-
ber, while for January the standard deviation after the fitting
is very close to that obtained by considering a semidiurnal
tidal modulation in fitting of the data. During November the
standard deviation after the fitting is greater than the standard
deviation obtained after the fitting during the other months of
the year. This can indicate that during November other tidal
modulations which are not considered here can be present
in the nocturnal variation of the OH emission. Bearing in
mind that the great variability detected this month could be
responsible for this tidal behaviour, this OH tidal behaviour
may also indicate that the tidal response of the combination
of the tidal responses of the different chemical species in-
volved in the chemistry of vibrationally excited OH, mainly
atomic hydrogen and ozone, at the altitude of the OH emis-
sion peak, is not identical to the combination of the tidal re-
sponses of the chemical species involved in th&®dchem-
istry, primarily atomic oxygen, at theQb) emission peak.
Then, even if the tidal modulations were identical, the ampli-
tudes and the phases of these modulations would be different
at different altitudes (sekdpez-Gonalez et al. 1996 for a
model response of the neutral atmosphere to a forced wave
modulation). The rotational temperatures deduced from both
atmospheric emissions have a similar pattern of variation, in-
dicating that, although at different altitudes the tidal pattern
of the modulations is the same, the amplitude of the tidal
variation is, in general, smaller for the OH temperatures than
for the G temperatures.

The amplitudes and phases of the most probable numerical
solution obtained (the one that best fits the data) are plotted
in Fig. 2. However, in the cases where the most probable nu-
merical solution is the diurnal, we have plotted these ampli-
tudes and phases together with those obtained with a possible
semidiurnal modulation (also listed in Table 4 with bold char-
acters). In these cases the standard deviations of the semidi-
urnal modulation are a little greater than those obtained with
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the diurnal modulation, but in these cases, while these differof about 2. So the results obtained from May to August for

ences are not very big and might be indicative that the diurnathe OH temperatures have to be considered with caution.

solution could be more appropriate, the numerical solution The absolute amplitudes of the, @mission rate and of

has to be considered with caution. both temperatures are larger by more than a factor of two,
In the following subsections, for the sake of comparison,and by a somewhat smaller ratio for the OH emission rate

we will use the amplitudes and the phases obtained, considvariation, from November to February, as compared with the

ering as solution the semidiurnal tidal modulation, even insummer months (see Tables 2 and 3).

those cases where the semidiurnal tidal solution is not the

one with least standard deviation after the fitting of the data.3.2 Amplitude growth factor

3.1 Amplitudes Without energy dissipation the amplitude of a nonevanes-
cent wave with upward propagation would grow from the
Figue 2 shows ta fom it autumn o sping the amp O 10 1° 2 ETESCT 91 5 e e doren o
tudes of the modulation of both rotational temperatures an ! X P 9 .
emission rates are greater than those during summer. In ear he rotational temperature (defined as the ratio of the relative

spring this modulation seems to be preferentially diurnal iné’mplltude of the temperature in the; @nd OH layers) has

both rotational temperatures and emission rates, while dur.peen calculated using the amplitude obtained for the semid-

ing the rest of the year this modulation is clearly semidiurnal '(l;renea;_g(glag Z(;Llfﬂznn&n;\:\ll;ﬁ;sgz’ gggh?;ﬁ;efg: ;gtrl?rr;?gjon
in both temperatures ancb@mission rates, although for the P

OH emission rate the semidiurnal modulation seems to be 2 e> (those whose amplitude does not change with the al-
%itude) a relative amplitude growth factor that goes from 2.2

2;@6\?\;35:9 with a diurnal modulation from late autumn toto 1.0 fo_r waves of vertical wavelength,, from 15km to
) _ . _ . 50km (similarly, values from 2.0 to 1.3 for the growth factor

The amplltud_es for the nightly variations of both emission of the relative amplitudes of the and OH emission rates
rates and rotational temperatur.es from November to Marc*hre reported for waves with the same vertical wavelength).
were found to be gr_eater_ than in the rest of the year. OtheFI’his ratio is larger for nonevanescent waves (those whose
measurements at m@—latl'tudes have alregdy yielded a.great%rmp"tude increases with the altitude) and smaller for waves
amplitude varlatl_on_ in winter (see, e.gV|en_s and Weil with larger attenuation. Here we obtain values that are in
1973 for OH emission rates at 4N andChoi et al, 1998 ¢ range of values predicted by the modelinfand Swen-
for OH temperatures and emission rates &tMp son (2003 for nonevanescent waves of vertical wavelength,

Shepherd and Fricke-Begema@004 examined the tem- 35 detected in the semidiurnal tidal modulations of OH and
perature variability in the upper mesosphere, due to migrato, temperatures (Sect. 3.4). The observed amplitude tem-
ing tides, by combining daytime temperature observationsyerature growth factors are greater during May and August
of the WINDI!I satellite experiment with nighttime ground- pyt, due to the undetectability or small amplitude variations
based potassium lidar measurements af8hey reported  detected in the OH rotational temperatures from May to Au-
a semidiurnal tidal amplitude of 9K in November and 4K in gust' the growth temperature factor during these months is
May. From our measurements for 37:06we find an even  affected by large uncertainties, and there is no confidence in
smaller amplitude in the two data periods, but a larger differ-the growth factor obtainedReisin and Scheg1996 have
ence between them, with amplitudes for the semidiurnal tidereported values from 0.9 to 1.7 obtained from observations
of 6 K'in November and 1K in May. at mid-latitudes in individual nights, at different times of the

From our data we found a semidiurnal tide to be more con-year, which are smaller than those obtained here, indicating
sistent with our November to February observations. Thea stronger wave attenuation in their data on individual nights
amplitude of the tidal modulation is maximum during these than those obtained from our monthly mean nocturnal varia-
months, about 10-11K fofp, and about 5-6 K folTon. tions.
In April the amplitude decreases, reaching an amplitude of
5.6K for Tp, and 1.1K forTon in May. The amplitudes 3.3 Phases
of the semidiurnal modulation also decrease in early sum-
mer, although not as much, and remain small in the summeihe phases of maxima obtained for both temperatures and
months and early autumn, September—October, until Novememission rates are plotted in Fig. 2b. To make feasible the
ber, when a sharp increase in the tidal amplitudes is detectedomparison of the phases we have plotted the phases of max-
in both emission rates and rotational temperatures. Duringmum, considering in all cases a semidiurnal modulation as
summer in theTpy data, neither a diurnal nor semidiurnal the solution (see Fig. 3). The phase ip, temperature is
tidal modulation is clearly detected (June—July). The stan-quite stable during the year with maxima in temperature at
dard deviation of th@o data before and after the fitting are about one hour after midnight (see Figs. 3a and c¢). Major
nearly the same from May to August, while for the rest of the changes in the phase ob]J occur in September and Octo-
year the standard deviation after the fitting is smaller than theber. Also, the phase in thes@mission rate is quite stable
standard deviation of the data before the fitting, by a factorduring the whole year, with maxima about two to three hours
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From Fig. 3c it is easy to see that the time of the OH
] temperature maximum is about 2 h later than the time of the
7 maximum in @ temperature, with the exception of May and
] October, where the times of maximum OH temperature lead
those of the @ temperature (see Fig. 3c). Thus, with those
exceptions, and bearing in mind that the fitting of OH temper-
atures is difficult to detect from May to August (see Fig. 2b
and Table 4), @ rotational temperatures lead OH tempera-
tures for almost the entire year.

] Figures 3b and d show that the maximum in the OH emis-
1 sion rate is always later than midnight. The maximum is
about 6 h later than midnight from December to February (or
6 h before midnight). This means that OH emission rates
reach minimum values close to midnight from December to
February. From March to September the maximum values
of the OH emission rates move toward later times, from 7 h
later than midnight in March to 10 h later than midnight in
September (or from 5 to 2 h before midnight, respectively).
Then maximum values of OH emission rates move to ear-
lier times in the night, as in winter months, from October to
November.

The comparison of the times of maximum of the OH emis-
sion rates and temperatures shows that the OH emission rates
reach a maximum about 3—4 h later than the maximum in OH
temperatures from August to March, except in September,
where the OH emission rate is maximum two hour before that
of the OH temperature. During April and May the difference
between the time of maximum OH emission rate and tem-
perature increases, although it is during these months when
it is difficult to find a semidiurnal modulation in OH temper-
atures.

CHEPECCPrNOZO0 - HEPRPE P NOZU0-HNEPRPECS P NOZZ0-TmEPRPE N0 20

The derived semidiurnal parameters from the SATI OH
and Q@ temperature data have been compared with the semid-
iurnal parameters predicted by the Global Scale Wave Model
(GSWM) (Hagan et a].1999. The derived SATI phases of
the temperature semidiurnal tide agree very well with those
predicted by the GSWM at the respective heights. The OH
semidiurnal phases of about 3—4 h local time are in excellent
agreement with the GSWM phases predicted for the semid-
iurnal tide of about 15-16 h (or 3—4h) solar local time, at

after midnight. There are exceptions to this stable phase beB6.3km height and 36 N latitude. Similarly, the: ®@emid-
haviour, as in the @tempera’[ure' for the months of Septem- iurnal tide phases are obtained at about 1-2 h local time, in
ber and October. It can be seen that the maxima in the Oagreement with the GSWM semidiurnal tide phases of 14—
emission rates occur about one or two hours later than thosé5 h (or 2-3h) solar local time at 94.6 km height and 36 N.
in To,. So, @ temperatures lead the;@mission rates. This Further, the change in the OH phase derived from SATI for
pattern is maintained for almost the whole year. the month of September is in very good agreement with the
The time of the OH temperature maximum is also rela-GSWM model, while the change in the phase of the O
tively stable during the year, with a maximum in OH rota- semidiurnal tide derived during September-October is pre-
tional temperature at about a mean value of 4 h after midnighglicted earlier in the model, from July to September. Al-
(see Figs. 3b and c). Again, large oscillations seem to be obthough our derived SATI temperature semidiurnal tide am-

tained at the times of the OH temperature maximum duringPlitudes are somewhat larger than those predicted by the
September. GSWM model, in general a good agreement is obtained be-

tween the SATI derived semidiurnal tide parameters and the
parameters predicted by the GSWM model.

LT (hours)

Fig. 3. Phases of maximum(a) To, and b,. (b) Ton and/gn.
(c) To, andTon. (d) Ion andlp,. White circle (solid line):To, .
White star (solid line)o,. Black circle (dashed line)llon. Black
star (dashed line)py.
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3.4 Vertical wavelengths Table 5. Amplitude growth factor. Values obtained from tempera-

. . ture amplitudes smaller than 3K in bold.
The Krassovsky ratid{rassovsky1972 is a complex quan-

tity defined as the ratio of the relative amplitudes of the os-
cillations in the airglow emission rate and rotational temper-

Temperature  Emission rate

ature. So, the amplitude of the Krassovsky raftio, is given ATLC’z @
. _ 1o _ 1o
by: Month gTR—ﬁ 8ER= AIOZH
AE Ton Ion
In| = E_ January 2.48 1.54
AT February 1.72 1.54
T March 1.82 1.16
whereAE and AT are the wave amplitudes detected in the April 2.02 0.46
emission rate and in the rotational temperature, Arathd T May .00 0.41
are the average emission rate and rotational temperature. The j“lne - 1-8‘5‘
h f Krassovsky'’s ratio is given by: uy ~ .
phasegp, of Krassovsky’s ratio is g y August 777 051
_ . September 1.93 0.59
¢ = —9r. October 1.34 0.61
wheregr and ¢r are the phases of the respective oscilla- November 2.00 1.55
December 2.30 2.02

tions in the emission rate and in the temperatgrés posi-
tive when the emission rate oscillation leads the temperature
oscillation.

Following the works ofHines and Tarasickl987), Tara- ) ) ] ]
sick and Hineg1990 andTarasick and Shephe(d992ah) frqm April to October, when the amplitudes of the tidal vari-
the vertical wavelength,, of one perturbation can be deter- ations are the smallest.

mined from the complex value of the Krassovsky ratio by the For the semidiurnal tide, vertical wavelengths of 36.4 km
in the & layer and of 27.7 km for the OH layer have been

expression: al
observed byReisin and Scheg1996. Values of 27.5km
S 2ryH in the O layer and of 29 km in the OH layer have been de-
7 (y = Dinlsing’ duced from observations taken in February &t8#vith a

. . - . modulation of 15 h, and with extreme intensity variations of
wherey is the ratio of spe_(:lflc heats anH_ls the scale 4o O atmospheric emissiorS¢heer and Reisji998. In
height. The Krassovsky ratios and the vertical wavelengths, ygition, vertical wavelengths from 12 to 76 km for waves of

found for the semidigrnal f[idal oscillation detected fr.om OUr 3 t5 9 have been observed Bkahashi et a(1999. Our
OH and Q data are listed in Tables 2 and 3, respectively.  jpservations agree with their results.

For O, emission datdn| values from 3.0 to 9.8 are found
during the year, with 5.9 being the average value. A mear3 5 Equinox periods
value of 6.9 is obtained from November to March and a mean
value of 4.6 is obtained from April to September. For OH The tidal modulation derived and listed in Table 4 reproduces
emission data greater values|gf are obtained throughout the data numerically. The standard deviations after the fit-
the year. A mean value of 8.6 is obtained from Novemberting are very small and of similar magnitude during the en-
to March when strong tidal signatures are present. Greatetire year, however, larger standard deviations after the fitting
values are obtained from April to October when the monthly seem to remain during October-November for both temper-
mean amplitudes are smaller than 3K but those can not batures and emission rates and during April for both temper-
considered very realiable. The phase;a$ negative during  atures and the 9emission rate. These differences can be
the year, except during October fop @ata (also during May related to the change in the semidiurnal to diurnal character
and September for OH data), indicating an upward energyof the tide during early spring (March—April) and this could
propagation in the @layer throughout the year, except in also be applied to September and October, although here we
October, and an upward energy propagation in the OH layerfind that the semidiurnal tide is dominant during this period.
except in May and September (although the small ampli-These larger standard deviations after the fitting can be re-
tudes detected in the OH temperature from May to Septemiated to the presence of higher tidal harmonics, or greater
ber make this result subject to a large uncertainty). wave activity. These differences could also be explained

The A, values from 18.5km to 111.8 km are obtained for by the variations produced in the equinox transition peri-
O2 modulations. A mean value of 33.2km is obtained from ods. The equinox transition marks two significant periods
November to March and 56.9 km from April to September. in the annual variability of the mesosphere and lower ther-
Smaller values of., are obtained from the OH data dur- mosphere, marked by great activity in winter and more quiet
ing the entire year. A mean value of 16.5km is obtained foractivity period in summerShepherd et a{1999 andShep-
November to March and unrealistic small values are obtainecderd et al.(2004h have discussed the observable effects in
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the oxygen airglow during the spring and autumn transitions Itis clear that, in general,d, leads the @ emission rates,
while Shepherd et a(2002 andShepherd et a(2004g have  that & rotational temperatures also lead the OH rotational
discussed the observable effects during the spring and auemperatures and thapj; leads the OH emission rates. Both

tumn transition in the atmospheric temperature. emission rates have phase shifts from about 3 h to753h)
From the present work, the equinox periods could be charfor the entire year, with the £emission rate leading the OH
acterized by: emission rate, expect in July, August and September, when

) . L the OH emission rate leads the @mission rate.
1. Great changes in the phases of the tidal variations.
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