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Abstract. The presence of planetary wave type oscillationsshow an upward energy propagation and are affected by dis-
at mid-latitudes in the mesosphere/lower thermosphere resipation processes.

gion has been investigated using airglow observations. Th . . .
. . : eywords. Atmospheric composition and structure (Air-
observations were taken with a Spectral Airglow Temper- : .
glow and aurora; Pressure, density, and temperature) — Me-

ature Imager (SATI) installed at Sierra Nevada Observa-teorology and atmospheric dynamics (Waves and tides)
tory (37.06 N, 3.38 W) at 2900 m height. Airglow data

of the column emission rate of theo@A\tmospheric (0-1)
band and of the OH Meinel (6-2) band and deduced rota-

tional temperatures from 1998 to 2007 have been used iR |ntroduction
this study. From these observations a climatology of plan-

etary wave type oscillations at this location is inferred. It pjanetary waves (PW) are planetary scale oscillations with
has been found that the planetary wave type oscillations Ofong periods (t|me Sca|e Of the Order Of days) propagat_
5-day period is predominant in our data throughout the yearjng along the longitudinal direction. They are presumed to
with activity greater than 50% during March/April and Octo- griginate in the troposphere and stratosphere by topographic
ber/November months. The planetary wave type oscillationgorcing, land-sea heating contrast and large scale weather
of 2-day period is predominant during both solstices, beinggdisturbance. Their restoring force is the variation of the
predominant during winter solstice i,@hile a 10-day 0s-  Coriolis force with latitude. Planetary waves redistribute
cillation appears throughout the year with activity around the energy, momentum and the atmospheric constituent con-
20% and with maximum activity during spring and autumn centrations across long distances (thousands of kilometers)
equinoxes. The 16-day oscillation has maximum occurrencqHolton, 1972). The presence of travelling planetary waves
dUring autumn-winter while its aCtiVity is almost disappeared in the mesosphere and the lower thermosphere region (M |_T)
during spring-summer. No clear seasonal dependence of thig el| established (Vincent, 1990; Forbes and Groves, 1990;
amplitude of the planetary wave type oscillations was ob-Forbes et al., 1995). These long period wave oscillations
served in the cases considered in this study. have been identified as normal modes of the atmosphere.
The waves simultaneously detected in the rotational tem-These modes have phase speeds that are slow enough so that
peratures deduced from both OH ang @missions usually the period and structure (horizontal and vertical) of the mode
are sensitive to the background wind system (Salby, 1981).
All planetary waves are quasi-periodic with the exact pe-

Correspondence to: riod varying within a range. The global oscillations known
M. J. Lopez-Gonalez as 5-day, 10-day and 16-day waves are referred to as Rosshy
BY (mariajose@iaa.es) normal modes and correspond to westward propagation with
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zonal number one. The vertical propagation of these waves i%able 1. Statistics of SATI observations
dependent on the mean zonal wind profile with more upward

propagation during moderate westerly winds. Year 7 F M A M J J A S O N D
The quasi 2-day wave is associated with the mixed 23 20 10
Rossby-gravity mode with zonal number of 3. In contrastto 1999 17 14 9 5 5 15 5 10 10 10

the other planetary waves the quasi 2-day wave is considered2000 6 14 8 22 10 16
as an in-situ effect of the mesosphere. Two mechanisms have2%°! 12 1 1‘; 114 13 o 22 g 13 1 165
been discussed about its origin: a resonant amplification of 495 17 21 12

the antisymetric (3-3) normal mode, or baroclinic instability 2006 10 16 18 9 7 20 19 9 19 14 13 9
near the summer stratospheric wind jet. 2007 16 15 17 19 22 23 15 18 17
There is an enormous body of ground-based observationsnitotat 4 4 6 5 4 5 5 5 5 8 6 6
of the mesosphere and lower thermosphere that have been
used to study the planetary wave behaviour at different lati-

tudes.:\;adar measu.remﬁnts of ngutral winds (.Manslgn etl al. SATI measurements at 3K have shown the presence of a
2004; Vincent, 1990; Williams and Avery, 1992, Meek etal., joar annual variability in OH rotational temperatures while

1996; Thayaparan et al., 1997; Jacobi et al., 1998), measures, anna modulation together with a semiannual modula-

ments of girglow data (Sivjeg_ etal, 1994;'Espy et a!., 1997%%0n is found in Q rotational temperatures. Both semiannual
Takahashi et al., 2002; Buriti et al., 20050phez-Gonalez

) and annual modulations have been clearly identified in both
et al., 2007), measurements of electron density and Otheémission rates (seedbez-Gonalez et al., 2004, for a de-
ionospheric parameters of the lower and upper ionospher@a”ed discussion) B '

(Panchevaetal., 1994, 2006; Lastovicka, 1997; Lastovicka et
al., 2003; Altadill and Apostolov, 2003; Xiong et al., 2006) to
mention a few. Also satellite measurements have been use $ng period oscillations in SATI measurements
to obtain the climatology of PW (Wu et al., 1994; Hirooka, . ’

2000; Riggin et al., 2006). All these studies and observations The Lomb-Scargle periodogram method (Scargle, 1982)

have shown large variability in the PW activity as a function was applied 'FO tlme'serles formed by .the thle set of data
of season and latitude. available during a single month and time series formed by

... all the measurements available for two consecutive months.
Here, the occurrence of planetary wave type oscillation in o . ; . o
A brief introduction to the periodogram, its normalization

E)hbes:earcgt? Oﬁszgfg%aﬁt{tfg;I?Sngrt]z}zgéou.?g_ezaésig ? ;rr?/:_wand the statistical significance test for the possible signals

tions have been made by a Spectral Airglow Temperaturedetemed is provided in the Appendix.

Imager (SATI) instrument placed at the Sierra Nevada Ob- The dataset of airglow measurements analys.ed in this work
servatory. The instrument is capable of measuring the CO|_are_composed by measurem(_ants taken cqntlnuously every
umn emission rate and vertically averaged rotational temper® Min during the no-moon period of each night (producing
ature of both the @ Atmospheric (0-1) band, and the OH periodic gaps at 1 day intervals and gaps related tp the 29-
Meinel (6-2) band, using the technique of interference fil- day lunar cycle). There are o_ther additional and irregular
ter spectral imaging with a cooled CCD detector (Wiens et9aps QUe to bad weather COhdIt[IOﬂS or related to some other
al., 1997). The data analysed cover the period from 199gechnical problems. Table 1 gives the. number of days for
to 2007. A climatology of the PW activity in these airglow each month from 19_98 to ZQO7 with _ava|lable measuremen_ts.
emission rates and in the temperature at this location is pre] N€ 0bservation period during the night ranges from 7-8h in
sented and the characteristics of the planetary wave type ogune t0 12-13hiin December.
cillations are studied. The main difficulties in identifying statistically significant

signals associated with planetary wave type oscillations are

related to the characteristics of the SATI dataset and to the
2 Observations and method of data analysis nature of the planetary wave oscillations:

1) The presence of regular gaps in the data series is com-

SATI is a spatial and spectral imaging Fabry-Perot spectroimon to many geophysical and astronomical measurements
meter in which the etalon is a narrow band interference filterbecause of limitations in the measuring techniques where
and the detector is a CCD camera. The SATI instrumentabbservations can only be undertaken at night. Hernandez
concept and optical configuration is described in detail by(1999) pointed out how the presence of regular gaps in the
Sargoytchev et al. (2004). The instrument uses two interfertime series produces power peaks corresponding to false
ence filters, one centred at 867.689 nm (in the spectral regiosignals in the periodograms together the power peak cor-
of the & Atmospheric (0-1) band) and the second one cen-esponding to the true signals. These false peaks signals
tred at 836.813 nm (in the spectral region of the OH Meinelcould mask the presence of the true signals present in the
(6-2) band). data series. Gaps in the observational data series at regular

In the current study data from October 1998 to November
007 have been analysed in order to derive the presence of
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frequencyw, could introduce false peaks; which are oct07.fig
ghost images of the real peaks. The false peaks are 2000
strongest at frequencies;=w;+kw, andk is an integer. 0 i

Normally, except for the observational 1 day gap, the gapsz | .
are irregularly spaced in the time series of SATI measure- 000 i
ments, and then the false peaks have small power, but special 00 1
care has to be taken with possible false peaks when the gaps
have some regularity (see Appendix).

The periodograms applied to time series of a month of data [
show significant power peaks in the region of period shorter 200
than about 1 day. These significant peaks are found at periods$
of about 1 day, half day and possibly one third part of a day.
Together these significant peaks corresponding to tide type [
oscillations may be identified other significant peaks related 2o
to true longer period oscillations and the 1 day gap presentin__
the time series. 2200 \il

Figure 1 shows a time series of data corresponding to Oc-= [ *
tober 2007. The periodograms for these time series show
significant peaks at periods about 7 dayg=0.144~1) in
both temperatures and in the, @mission rates. There are
also other peaks at 1.17 and 0.875 days<1 andw,+1) < il
that are false peaks. These false peaks disappear when a pegzoo FMfi"™
riodic signal of period 7 days with the amplitude and phase =1
obtained by a least squares procedure is subtracted from the 5, [
time series. Figure 1 also shows the periodograms obtained
for the time series of @emission rates and both tempera- Day Day Period (days)
tures after subtracting the corresponding 7 days periodic sig-
nals. There remain the peaks at periods of 05’ 1 and Osglg 1. Emission rates and rotational te.mp.eratures du.ring October
days. The semidiurnal tide (0.5 days perioduQr=2d*1) 2_007. L_eft panel: Megsurements. Solid line: Numerical c_alcgla-
seems the predominant tide oscillation while the peaks at £ Middie panel: Nightly averaged measurements. Solid line:
and 0.33 daysuf;—1 andw,+1), corresponding to possible I\_lumerlc_al calculation. Right panel: Penodo_gra.lms. .SO|Id I|r_1e. for

. . . . . time series measurements. Dotted and red line: for time series mea-
diurnal and terdiurnal tide, disappear after subtracting fromsurements after subtraction of the 7 day period detected signal.
the data series the periodic oscillation of period of 0.5 days.
Other modulations of short periods (about hours) that could

be present during individual nights cannot be identified in the2 day period is observed when all the data are used (see Ap-

pelriodggramzabovleg so:id Ievbel of sigr(;ific(:japce. Th; diukr)— endix). The use of all nightly data make possible the detec-
nal and semidiurnal tides have been studied in SATI data by, ot the true signal in this short period region by reducing

Lopez-Gonalez et al. (2005). A distinct seasonal behaviourthe power of the false peaks.

n th_e_tldal vf';lrlatlon_s was found n SAT' data: a mainly 2) The length of the time series is limited for the character-
semidiurnal tidal variations in both rotational temperatures.

and emission rates throughout the entire year except durin'StICS of these observations and for the quasi periodic nature

. . L . f these atmospheric modulations.
early spring when the tidal variations seem to be consisten The finite lenath of the fi . vsed
with a diurnal modulation. € Tinite leng 0 € ume series analyse

In the present work true signals with periods in the range(AT:dayN_dayl) imposes a limit in theTzfrequency
from 1.4 to 20 days are investigated. Periods longer than 2®esolutionAw=A—1T (or period resolutiolAT,=+%) and a

days, that could be associated with the orbital period of thdimitation in the level of significance required onr the peaks
Moon or to the rotation period of the Sun or other longer in the periodograms to be considered as significant signals.
period planetary wave type oscillations, are not analysed ilJnder good conditions the length of a time series of one
the present study. The possible true signals of period greatanonth of data is around 20 days of observations per month.
than 1.4 days and the 1 day gap present in the time serieghis produces a period resolution (width of the peaks) at
analysed may produce false signals identifications at periodperiods of 2, 5, 10, and 16 days of 0.2, 1.1, 5 and 13 days,
shorter than 3 days. Although the periodograms obtainedespectively. These peaks become wider as the time series
from nightly averaged data and those obtained from all thebecome shorter, making the detection of long period signals
nightly data measured every 5min are very similar a cleardifficult. To increase the period resolution and to detect long

tendency to reduce the false peaks in the region around thperiod signals it should be useful to analyze two consecutive
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months of data, although the additional problem of the long
gap between the two months of data may introduce soméig. 3. Periods of possible wave oscillations detected in the whole
additional noise and spurious peaks in the Correspondin@et of mea;urements. Dashed lines: limits between the period re-
periodograms. On the other hand the quasi-wave nature d4ions considered.
the planetary waves produces probable random fluctuations
in amplitude, phase and period of these signals. Moreover
a clear and detectable persistence for more than 6-8 cycle@Pove a confidence level of 95% are considered as oscil-
can be considered very optimistic. This quasi-wave nature ofations present in the data, when series of two consecutive
planetary waves type oscillation introduces additional noisemonths of data are analysed. These criteria have been cho-
in the data and more difficulties in the detection of theseSen to select a sample of possible planetary wave type oscil-
p|anetary wave type oscillations (see the Append|x) lations in SATI dataset and to Study its behaviour.

Therefore in this study the Lomb-Scargle periodograms Figure 1 shows the power peaks of the periodograms,
have been applied to series of a single month of data, usabove the corresponding confidence levels, following our se-
ing all nightly measurements (useful to define short periodlected criterion for the time series corresponding to October
oscillations) and to series of two months of data (useful to2007. The numerical calculations of the selected oscillations
confirm or discard long period oscillations). The analysis of are also plotted.
time series of two months of data is specially needed in the Figure 2 shows a time series of data corresponding to
case of months with a small number of days of available datawo consecutive months during 2007 (October—November of
and with possible long period oscillations. However in this 2007). The periodograms obtained and the peaks above a
case, the quasi periodic nature of the planetary wave modeonfidence level greater than 95% are shown and marked.
ulations make the identification of short period modulationsThe nightly averaged data and the calculated numerical
more difficult. perturbation obtained by fitting the data in a least mean

When time series of one month of data are analysed, onlysquare sense with the periods, amplitudes and phases ob-
those peaks above a confidence level of 70% have been comained from the Lomb-Scargle analysis of these measure-
sidered as possible oscillations present in the data. Peak®ments are also plotted in Figs. 1 and 2. Amplitudes and

Ann. Geophys., 27, 3648662 2009 www.ann-geophys.net/27/3645/2009/
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Fig. 4. Amplitudes of planetary wave type oscillations identified as function of the month.

phases corresponding to the spectral peaks identified in the This approach has been applied to the available data for
periodogram are calculated simultaneously with the Lomb-each month of the period of interest (1998-2007). Figure 3
Scargle periodogram method (Hocke, 1998). These amplishows the periods of the different oscillations detected in
tudes and phases obtained are equivalent to a least squarB&T| data as a function of the month. These oscillations have
fitting of the data to a pure sinusoidal function following the been divided into four groups: 1) the 2-day group covering a
relationy(r)=A coq (2 /T)t—¢) whereA is the amplitude, range of periods from 1.4 to 3 days, 2) the 5-day group (cov-
T is the period an@ is the phase respect to an initial time.  ering a range of periods from 3 to 8.5 days), 3) the 10-day

group (covering a range of periods from 8.5 to 14 days) and

www.ann-geophys.net/27/3645/2009/ Ann. Geophys., 27, 33B862-2009
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4) the 16-day group (covering a range of periods from 14 toa mean period of 240.4 day is found for both ©emission

20 days). For the OH emission rates and temperatures thegates and temperatures. The small dispersion in the mean pe-
groups appear clearly identified. However, fo @mission  riod indicates that the range of periods in this group is narrow
rates and temperatures the ranges of periods are more spreadd clearly marked. Amplitudes in OH temperatures are in
out and the range of periods are not as clearly marked excegeneral greater than inf@emperature. As seen in Fig. 5 the
for the 2-day group, which remains clearly defined as in OH2-day wave is strong in winter and summer in OH while in

(see Fig. 3). Oy itis predominant in winter and almost disappears in sum-
The behaviour of these different groups of oscillations is mer. In addition, the amplitude of these oscillations in OH
examined and discussed in the following sections. temperatures are usually larger in summer than in winter.

The G airglow layer is formed in a two-step process, the
first being the three-body recombination of atomic oxygen
3 Results to form excited molecular oxygen,>® and the second be-
ing the energy transfer toQo form Oz(b12;). Neglecting
The amplitudes of the different oscillations detected in thequenching effects make the profile roughly proportional to
data, corresponding to these four groups mentioned, are plothe product of [0} and Q. Thus the altitude and shape of
ted in Fig. 4. the profile are dominated by the constituent profiles of atomic
Although the amplitudes of the oscillations found for both and molecule oxygen with a typical peak altitude of 95km
temperatures and emission rates do not show strong differas observed from rocket measurements by Witt et al. (1979,
ences it can be seen that in general the amplitudes in OH tent984) and Greer et al. (1986). The OH emission is produced
perature oscillations are greater than those of théee@per- by the reaction of ozone and atomic hydrogen, but the ozone
ature oscillations for all groups considered while relative am-is produced by the reaction of atomic oxygen with, Go
plitudes in @ emission rate oscillations are larger than in OH that the OH emission is roughly proportional to [O], locat-
emission rate oscillations. Even though there is no markedng it below the @ emission normally at 87 km, as observed
strong seasonal dependence, there is a trend towards largey rocket measurements by Baker and Stair (1988). Liu and
amplitudes during summer (from late spring to late summer)Shepherd (2006a) have shown profiles of théSp, O, at-
for the 2-day, 5-day and even 10-day planetary wave typemospheric and OH emissions obtained from the WINDII in-
oscillations in both, OH and £ temperatures and emission strument on NASAs Upper Atmosphere Research satellite.
rates. However, no dependence of the amplitude of thes@hese show considerable overlap, but with clearly distinct
modulations on the wave period was found. peaks. Liu and Shepherd (2006b) conducted a detailed study
On the other hand, in order to study the occurrence of waveof the statistical distribution of OH altitudes, and found an
oscillations of the different groups, the probability of finding empirical model for this, depending strongly on the emission
an oscillation of one of these groups for a given month hasrate, and weakly on the solar flux and the day of the year (sea-
been calculated as the number of oscillations found for thesonal variation). The total altitude variation at mid latitudes
corresponding month, during all years considered, average@ about 7 km and this is attributed to planetary waves and
by the total number of the corresponding months of availabletides. The interpretation is that the downward vertical dy-
data. The results are shown in Fig. 5. The 5-day oscillation isnamical motions of these waves brings down atomic oxygen
the most predominant in both temperature and emission ratéch air from above, increasing the emission rate and lower-
datasets. The 2-day wave is a strong feature for OH tempering the altitude while upward motions introduce atomic oxy-
ature and emission rate from winter to summer, whereas fogen poor air that reduces the emission rate for higher altitude.
O, temperature and emission rate the 2-day wave is strongefhus the chemistry determines the altitudes of the airglow
during winter. The 10-day wave seems to be present mainljayers relative to one another while the dynamics move all
during both equinoxes while during summer and winter thethe layers up and down together.
10-day wave activity is smaller. Moreover very little 16-day = The analysis of SATI measurements shows strong winter

wave activity is detected in summer. and summer 2-day wave activity at the altitude of the peak of
the OH emission layer (around 87 km) and less 2-day wave
3.1 2-day activity during summer, while larger activity during winter

. o . is detected at altitudes of the peak of thg €énission layer
Maximum 2-day wave activity has been reported during sol-(around 95 km). This behaviour found at°37 agrees with

stices and minima at the equinoxes at middle and at high latthe behaviour reported at middle latitudes for the 2-day wave.
itudes (Nozawa et al., 2005; Chshyolkova et al., 2005; Mur-

phy et al., 2007; Jacobi et al., 2008). 3.2 5-day

From our measurements at°3 the range of periods of
the planetary wave-like oscillations found for this group is The 5-day wave is the most prominent feature in our dataset.
very well defined (see Fig. 3). Amean period of £®2 day  This is in agreement with the theoretical peak activity at
is found for both OH temperatures and emission rates, whilemid-latitudes (Salby, 1981) and observations at midlatitudes

Ann. Geophys., 27, 3648662 2009 www.ann-geophys.net/27/3645/2009/
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Fig. 5. Seasonal dependence of the probability of wave occurrence.

(Hirota and Hirooka, 1984; Wu et al., 1994; Yee et al., 2001;reported by Riggin et al. (2006) based on 3 years of SABER
Riggin et al., 2006). temperature observations.

The amplitude of the 5-day waves seems to be a little
arger around late summer (August) in both temperatures and
emission rates (see Fig. 4), although there is no clear seasonal
dependence of the amplitudes of this type of wave.

The 5-day wave appears during almost the entire year. g
probability of occurrence larger than 50% is detected aroun

March/April and October/November in agreement with the
main peak of activity for the 5-day waves around April/May

www.ann-geophys.net/27/3645/2009/ Ann. Geophys., 27, 33B862-2009
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Fig. 6. Amplitudes and phases of the oscillation detected in the
temperature oscillations as function of the altitude.

3.3 10-day

The maximum wave activity in this group is found during the
equinox seasons, while the minimum activity is found during

Ann. Geophys., 27, 3643662 2009
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Table 2. Wave parameters detected in temperature oscillations.

OH
Period A P Period A P Az AA
Month (day) (K) (rad) (day) (K) (rad) (km) (K)
Oct98 6.3 64 256 6.3 48 196 83.8-1.63
Oct98 136 59 588 122 6.0 7.07 —42.2 0.06
Feb99 21 47 225 20 49 380 —324 0.22
Nov99 65 57 297 77 63 141 32.2 0.57
Mar00 50 53 3.88 58 55 237 33.3 0.19
Sep00 45 86 449 45 64 387 81.1-2.26
Sep00 95 89 271 95 55 206 77.3-3.41
Mar01 21 91 0.62 19 6.0 0.38 201.9-3.09
May01 9.6 129 7.10 128 7.1 5.60 33.5-5.76
Jun01 95 105 0.77 9.1 34 046 162.1-7.14
Aug01 58 51 5.03 58 76 382 41.5 2.48
Sep01 156 39 268 17.0 50 3.04-139.6 1.04
Jan02 17 46 151 19 47 237 -584 0.07
Feb02 16 55 1.00 16 58 048 96.7 0.37
Sep02 50 43 5096 6.0 57 237 14.0 1.39
Oct02 195 45 0.38 188 8.2 180 —354 3.66
Apr06 116 86 4.99 133 6.9 3.25 28.9-1.72
Apro6 36 6.7 588 36 41 6.04-3142 -252
Oct07 6.8 6.2 6.10 70 6.2 6.20-502.7 -0.03
Nov07 73 50 4.00 78 50 380 251.3 0.07

the solstice seasons. The autumn appears to be the period
of maximal activity. The amplitudes of 10-day oscillations
seem to be somewhat larger around late spring, but no sea-
sonal dependence of the amplitudes of 10-day oscillations is
found from these measurements.

This wave is not as prominent as the 5-day wave. It has
a probability of occurrence of about 20%. Its behaviour at
37° N is somewhat different in comparison with that reported
at higher latitudes where the 10-day and 16-day waves have
been found to be stronger than the 5-day waves in winter
(Lawrence and Jarvis, 2001; Manson et al., 2004, 2005).

3.4 16-day

The amplitude of the oscillation in OH temperature is larger
than in @ temperature. This indicates that, in general, the
amplitude of oscillation in temperature decreases with alti-
tude. A larger activity in the 16-day oscillation is found from
autumn to late winter. During spring and summer this wave
oscillation almost disappears. This maximum activity during
winter season has been found at other middle and high lati-
tude locations (e.g. Namboothiri et al., 2002; Manson et al.,
2004, 2005; Jacobi et al., 1998, 2008; Mitchell et al., 1999;
Luo et al., 2000, 2002; Jiang et al., 2005).

3.5 \Vertical propagation

The measurements used in this work have been taken at one
location, so no information on the horizontal (zonal or merid-
ional) characteristics of the detected waves can be obtained.
However, from our data there are cases when an oscillation
is detected in the temperature deduced from both OH and O
emissions. When an oscillation in atmospheric temperature
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at two altitude levels is observed then information about the Temperature

vertical propagation of this oscillation can be inferred. In

Table 2, periods, amplitudes and phases of the oscillations — T
simultaneously detected in the temperature at these two at- 00 -  ypward a)T
mospheric levels are listed. As was mentioned earlier the - 7
altitude and shape of the OH ang@ @irglow layers are not - T
constant and the altitude of these emission layers may change - ‘ 7
by a few kilometres with respect to theirs respective “mean I T H
location” because of different dynamical processes, but thee 0 [ 7 H -
OH layer is always at a lower altitude than @mission layer. < - \L

In any case these emissions give information on atmo- -
spheric layers that to some extent overlap. However the small i 7
difference in height (a few kilometres) allows important in- - downward 7
formation about temperature amplitudes and phases to be ob=500 .
tained over a very small altitude region. Figure 6 shows the
amplitudes and phases of these oscillations at the altitudes of
the OH and @ volume emission peaks-@7 km and 95 km,
respectively).

By using the phases of the waves detected in the temper- gog |-
ature deduced from emission (at~95km) and deduced K -
from OH emission (at~87 km) the vertical wavenumber, K -
v, =8¢ /87, or vertical wavelengthy,=2r/v,, can be calcu- 5 -
lated. Here, in order to make an easy numerical estimation of ‘g /T\
the vertical wavelength it is assumed that @nission peak & o | -
is located at 95 km and OH emission peak at 87 km. However 5 |l l -
as the vertical wavelength is proportional to the difference in s -
the height of these airglow emissions, 2w Az/A¢), the s -
closer the layers are, the shorter the wavelength will be and - downward
vice versa. -500 |- -

A positive slope in phase with altitude implies a down- L
ward energy propagation and a negative slope an upward en- JFMAMIJJASOND
ergy propagation (under the assumption of theebnission

layer is placed higher than the OH emission layer). Table 2
Y P 9 yer) Fig. 7. Vertical wavelength as function of the month. Red and small

gives the vertical wavelengths obtained (here a positive ver: w2 day; Green and normal arrow: 5-day; Blue and big arrow:

tical wavelength indicates upward energy propagation, a de'lo-day; Pink and huge arrow: 16-dag) Calculated from temper-

crease of the phase with altitude). ~_ature.(b) Calculated from emission rate.
There are 20 cases of waves simultaneous detected in OH

and @ temperatures. From these we have found upward en-

ergy propagation in 13 cases, and downward energy proprect determination of the direction of the calculated vertical
agation in 7 cases. This result has to be considered carenergy propagation. For example, October 2007 seems to be
fully, taking into account the restriction of considering that a month with downward energy propagation and very long
the wave does not change with height, when in most of thewavelengths which only means that the phase difference of
cases considered the period of the waves deduced from thige wave at these two altitudes is very small. The number of
fitting is slightly different at these two altitudes, and this can cases with detected simultaneous oscillations in the temper-
introduce an uncertainty in the phases obtained in the processture at OH and @emission heights increases in September
of wave fitting. However, this procedure can give us at leastand October and together with the predominant upward en-
general and qualitative information on the vertical propaga-ergy propagation, a downward energy propagation can also
tion. be detected.

Figure 7a gives the vertical wavelengths as function of the The comparison of waves detected simultaneously in these
month. We see that the upward energy propagation is pretwo emissions coming from two different airglow emission
dominant throughout the year. There are some cases witlayers at two different altitude levels has also been used as
very long wavelengths corresponding to phases very similaan indicator of the direction of the vertical propagation of the
at the @ and OH emission altitudes so a small error in phasecorresponding detected wave.
determination could produce a different sense in the direc-
tion of the vertical energy propagation and in turn an incor-

J FMAMUJJ ASOND
Emission rate
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Upward propagation Table 3. Wave parameters detected in emission rate oscillations.
[T é) o ] OH o
5 Free - Period  Ag| @ Period  Ag| @ Az
5 - Month (day) (R) (rad) (day) (R) (rad) (km)
i ] Oct98 6.3 013 3.10 6.4 017 1.82 39.3
— i ] Feb99 20 012 594 20 019 7.50 —32.2
X - 4 ‘ | ] Aprog9 54 020 2.38 41 013 493 -197
0 i . Oct99 40 025 6.39 44 033 576 79.8
2" - I A I 1 Nov99 6.5 0.4 3.65 7.7 026 1.86 28.1
i 1 Sep00  10.3 0.19 2.66 95 026 242 2094
i | 1 Sep00 45 017 469 44 027 469 inf
-5 [ ] Mar01 1.7 021 184 1.9 025 0.66 42.4
i Dissipation 1 May0l 120 022 5.6 113 030 5.77-162.1
i p ] Jun02 48 017 6.29 40 016 597 1571
S W S S S — Aug02 58 023 547 52 034 445 49.3
JFMAMJJASOND Feb02 17 020 0.30 16 030 148 425
Downward propagation Julo2 33 016 2.28 32 033 1.63 77.3
Aug02 22 030 064 21 032 1.06-120.8
—— 17— Nov02 102 021 7.11 119 022 432 18.0
: b) Fr : Dec02 88 025 435 111 030 1.47 17.5
: ee 1 Mar06 2.0 039 8.04 21 023 6.02 24.9
5 I . Apr06 102 029 6.02 124 051 4.34 29.9
i 1 Apr06 6.0 021 1.25 56 041 224 -508
i 1 Jun06 20 015 3.94 1.7 019 4.84 —559
< [ T | Sep06 83 024 3.90 83 023 3.23 75.0
= 0 2 ] Dec06 6.2 0.10 4.93 47 020 6.83 —26.5
ﬁ' i ] Jan07 142 021 4.25 16.4 030 2.61 30.6
i \ ] Mar07 22 014 454 1.7 015 653 —25.3
X ] Julo? 24 027 1.94 22 029 439 -205
-5 |- -
i Dissipation
TF M A Ml T J AS O : N D The wave amplitude should increase exponentially with

height, to conserve the wave energy, if there were no dis-

sipation processes. Wave amplitudes at the altitude of the O
Fig. 8. Amplitude variation (difference between the amplitudes of a €émission layer {95 km) should be greater than at the alti-
simultaneous oscillation detected in the temperatures deduced frotude of the OH emission layer-87 km), if there were no
both OH and Q emissions) as function of the month. Red and dispersion, friction or dissipation. However the waves lose
normal arrow: 2-day; Green and small arrow: 5-day; Blue and bigenergy by different dissipation processes such as molecular
arrow: 10-day; Pink and huge arrow: 16-d@) Upward energy  and eddy viscosity and radiative damping in which case the
propagation(b) Downward energy propagation. wave amplitude can decrease with height. To have a qual-
itative estimation of the vertical propagation of the waves,
.the difference in the amplitudes for the waves detected in the

There are 25 cases of waves simultaneously detected 'Pemperature deduced from both, @nd OH airglow emis-

OH and Q emission rates. Table 3 lists periods, normalized _; : ; -
) — . sions is considered as an indicator of the degree of freedom
amplitudes and phases of the oscillations simultaneously de-

tected in the two airglow emissions. Table 3 also lists the(amplitude increases with height) or dissipation (amplitude
vertical wavelengths obtained for tHese waves and Fig. 7 decreases with height) that affects the vertical propagation of
shows that there are 14 cases of upward propagation and iﬂow’e waves. Figure 8a shows the difference in the amplitudes

of the waves detected in the temperature deduced from O

cases of downward propagation while there is one case with . . - )
P . .emission and OH emission, as a function of the month, for
an infinite wavelength (a phase difference less than 0.01 radi

ans). These oscillations detected in both emission rates al hie cases in which upward energy propagation is found (see

sO. . . . -
indicate a slightly larger upward propagation and a possible'glg' 7a). Figure 8b gives the difference in these wave am-

greater activity in September—October and March—April pe_phtudes in the cases in which a downward energy propaga-

riods. Using the results of Liu and Shepherd (2006b) and ai fion was thalqed. A negatlvg amplitude \{arlanon indicates
o . . o . hat amplitude in the modulation detected in the temperature
oscillation amplitude of 20% in emission rate, the predicted

total altitude change is about 1.9 km. _degrea_ses with the altitude (engrgy decrease_s with height)
indicating that waves are breaking or are being externally
damped by eddy or molecular processes. Figure 8a shows

Ann. Geophys., 27, 3648662 2009 www.ann-geophys.net/27/3645/2009/
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that in most of the cases considered the waves are affectef@cted by a different degree of dissipation is inferred through-
to some degree by dissipation processes, but there are a feput the year (from the waves observed in the temperature de-
cases in which wave amplitude still increases with height.duced from the @and OH airglow emissions).
These cases present a propagation with greater freedom and
weaker dissipation. )
Figure 8b shows that the amplitude increases with heightAPPendix A
more commonly in the cases when a possible downward en- i
ergy propagation is detected. For these cases the propagatight 1 he Periodogram

appears to be qualitatively freer of dissipation. . . . .

In conclusion, the wave oscillations detected in this WorkThe periodogram is an extremely valuable tool in assessing
show mainly uf)ward energy propagation and the Verticalperiqdic signals in all types of time St_aries_. The periodogram
propagation is affected to some degree by different OIiSSipaprowdes a reasonable good approximation to the spectrum

tion processes. The waves with a downward ener rona obtained by fitting sine waves by least-squares to the data
P ' gy prop ga(Barning, 1963). The unnormalized periodogram for a time

tion are not as much affected by dissipation as those pmpaéeries(t,», vi) with zero mean ¥=0) is defined as (Lomb,

gating upward. 1976; Scargle, 1982):

[2;y;cosw(tj—1)]2 [Z;y;sinw(t;—1)]?

4 Conclusions P(w)=
W) ¥ cofw(t;j—1) ¥ sirfw(tj—1)

} (A1)

The activity of planetary wave type oscillations in the meso- ) i
sphere and lower thermosphere has been investigated ¥{1€re the delay, is defined by,
37.08 N using airglow measurements of OH (6-2) Meinel % sin 2wt

band and @ (0-1) atmospheric oxygen band emissions. tan =

The strongest activity found with periods ranging from 2
to 20 days has been related to the 5-day wave. It appearshis power,P(w), is a spectral fitting parameter that displays
throughout the year at both OH ang @ltitudes. Wave ac- how closely the data may be fitted with a single harmonic
tivity is larger around March/April and October/November function of frequencyw. The larger the value oP (w), the
periods. better the fit.

The oscillations detected in the range from 1.4 days to 3 Noisy data produce noisy periodograms. Peaks in a peri-
days that could correspond to the quasi 2-day wave are alsodogram may therefore not be due to the presence of any real
a strong feature in these data. This 2-day wave has a signifiperiodic phenomenon at all. They may simply be random
cant presence during winter and summer at OH altitudes witHluctuations in periodogram power caused by the presence of
a probability of occurrence close to 30%. However atad a noise component in the data. Peaks arising in this way are
titudes the quasi 2-day wave is mainly restricted to winterspurious: they are not due to any real periodicity. These spu-
months and has stronger presence than that observed in thi®us peaks can be surprisingly large, so it is important to
winter OH data. have reliable tests for detecting their presence. Lomb (1976)

The oscillations with periods from 8.5 days to 14 days ap-and Scargle (1982) investigated the statistical behaviour of
pear throughout the year with a probability of occurrencethe periodogram, especially the statistical significance of a
of about 20%. The activity is more concentrated at thesignal in the power spectrum. To find an analytic expres-
equinoxes. sion for estimations of the significance of the power peaks

Oscillations with periods in the range from 14 days to 20 is important the normalization of the periodogram. There
days are the least persistent in these data. These oscillatiofive been some discussions in the literature on how to nor-
could correspond to the quasi 16-day wave. The largest activmalize the periodogram (Scargle, 1982; Horne and Baliu-
ity at Sierra Nevada site is concentrated during autumn andhas, 1986; Koen, 1990; Cumming et al., 1999; Hernandez,
winter. This wave almost disappears during spring and sum1999; Zechmeister andifster, 2009). Scargle (1982) nor-

X j COS wt;

mer. malized the periodogram with the total variance of the data,
A seasonal behaviour in the amplitudes of these wave type’n (w)= sz,f), but as this variance is normally unknown he
oscillations has not been found. replaced it for the sample variance as normalization of the pe-

The amplitude in oscillations of the temperature at OH riodogram. This way, the periodogram is a sum of squares of
level are in general greater than as @vel. A downward two normally distributed zero-mean variables, and has an ex-
phase propagation is normally found in the temperature osponential probability distribution for random Gaussian noise,
cillations detected simultaneously at OH angd €mission  independent of the sample pattern.
heights. Also a downward phase propagation is more fre- The likelihood of the existence of a periodic signal can
quently found in the waves detected simultaneously in bothbe established with a false alarm probability function (FAP).
emission rates. In general an upward energy propagation affhe FAP, itis to say the probability that no peaks in the power
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spectrum have amplitudes greater thanfor uncorrelated d) A time series of a total length of 15 days (similar to the

Gaussian noise is: average length of a time series of one month of data). Nights
of data are mixed with some nights of no data simulating ir-

FAP=1—(1—e )" (A2)  regular gaps (bad weather conditions). In the example there

dare 12 nights with measurements and 3 nights with no avail-
able measurements mixed. The length of the data period dur-
ing the night has been shorted for some days.

e) A time series with irregular gaps as in the case d) but
with a shorter total length, 9 days, with only 6 night of avail-
able measurements.

Together these simulations, plotted in the upper panel of
Fig. Al, are also plotted the nightly averaged value for each
A2 Examples night of data as big solid points.

In the middle panel are plotted the corresponding peri-
odograms obtained for the time series when all the data are
; _ : : used, while in the lower panel are plotted the periodograms
signals of a possible planetary wave like atmospheric perturgicyjated for the time series formed with the daily averaged
bations in the context of SATI dataset. , data. The confidence levels of 70% and 95%, calculated with

The periodogram application to the study of a possible pene expression (A3), are shown. The number of independent
riodic modulations of period close to 2 days is discussed firStfrequencies is taken as the number of days with available

in connection with the 1 day regular gaps present in the timeyeasyrements divided by two, considering this the number
series analysed. Later its application to the case of Iong peg¢ natyral frequencies of the corresponding time series.

riod signals is discussed, in connection with the length limi- The periodograms are usually calculated at the natural fre-
tation of the time series used (because of the quasi periOdiauencies Then, ifv is the average sampling rate, the pe-

nature of the p!ar_wetary wave oscillations and the ObserVa?iodogram should be calculated from the highest possible
tional characteristic of the dataset).

period, it is the length of the dat¥ Ar (lower frequency
w=ﬁ), to the small possible periodA2 (or Nyquist fre-
quencwayzz—it higher frequency limit). It is to say at fre-
The study of 2-day quasi-wave by using night airglow mea—quenciesﬁk from k=1 to N/2. These are the natural fre-
surements has the additional difficulties related to the regulafuencies of the time series. For daily averaged measurements
gaps of 1 day between each night of measurements. The anadhe sampling rate\r is 1 day and the Nyquist frequency is
ysis of 2-day wave by using nightly averaged data imposes #.5 d"1. This imposes a lower limit of 2 days in the detection
lower limit on period detection of 2 days (Nyquist period). of a periodic signal. For all the data time series an average
So periodic signal present in data of period less than 2 dayampling rate of 20 min (sampling rate of these simulations)
can not be identified. This problem is solved, partially, by could be used allowing the identification of signals to a lower
using all the data measured each night. This way signals ofimit period of 40 min. In the lower panel of Fig. Al the pe-
short periods can be considered. riodograms have been extended until the period of 1 day for
To discuss this problem a set of numerical data simulatingcomparison.
a periodic signal of 2.6 days of period and amplitude of mod-  For time series simulation of case a) the power peak at 2.6
ulation of 0.1 units has been constructed. A random noise oflays is above the level of significance. The spurious peak at
zero mean and about 0.18 units standard deviation noise has6 days is beyond the limit of 2 days for period detection
been added to the data. This 2.6 day periodic signal plusf the time series formed with the daily averaged data. For
noise has been constructed for 5 different time series (seease b) the results obtained by using nightly averaged data
upper panel Fig. Al): are almost identical to those obtained with averaged data in
a) 30 days of continuous measurements. The measurezase a). However when all the data are used (see middle
ments have not gaps from day to day. The measurementsanel) the power of the 1.6 days false peak is smaller than
are distributed at a rate of 3 data per hour at night and duringhe power of the peak of the true signal at 2.6 days allowing
day. the identification of the signal. For case c) the periodograms
b) This case is a simulation of 30 days length but measureshow together the peak corresponding to the 2.6 day periodic
ments are taking only at night. It has regular data periods okignal other significant peaks at 1.6, 1.1 and 8.8 days cor-
12 h spaced for 1 day gaps. responding to false peaks due to the 2 day and 1 day gaps.
¢) A time series of 30 days total length forming for a night Although false peaks are weaker when all the data are used
with data followed for a consecutive night without data. The (middle panel), these are still strong and may produce false
12 h data periods are regularly spaced by 2 days. signal identifications. The regular gaps produces very strong

wheren; is the number of independent frequencies searche

A power peak is significant with a confidence level greater
than P (P=1—FAP) if its power value exceed a critical
power levelz., given by:

Ze = —Ln (1 —(1- FAP)"11> (A3)

In the following we will try, using some examples, to show
the main difficulties in the detection of statistical significant

A2.1 Application to 2 day period signals
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Fig. Al. Upper panel: Numerical simulations of a periodic signal of period 2.6 days plus noise. Points: simulated data at a sampling rate of 3
data per hour. Solid circle: Averaged nightly data. Simulations of 30 days lef@tNo gapgb) 1 day gaps(c) 2 day gaps(d) Simulations

of 15 day length with gaps of 1 day and irregular 2 day dgapas (d) but a simulation of 9 days. Middle panel: Periodograms of all the data
time series. Lower panel: Periodograms of nightly averaged data time series.

peaks. Normally, except the observational 1 day gap, the The power of the false peaks at 8.8 and 1.1 days have de-
gaps are irregular spaced in the time series, and then the falsgeased in case d) because of the lost of regularity in the 2
peaks have small power. day gaps but the 1.6 peak corresponding to the 1 day gap
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Fig. A2. Upper panel: Simulations of a periodic signal of 1.6 days of period plus noise. Points: data at a rate of 3 data per hours. Solid

circle: Averaged nightly data. Simulation), (b), (c), (d) and(e)as in Fig. A1. Middle panel: Periodograms of all data time series. Lower
panel: Periodograms of nightly averaged data time series.

(observational conditions) is still there although with weakerriodograms be noiser and the peaks less significant. But the
power than the peak at 2.6 days when all the data are usedesults are similar to case d).
The short length of the time series in case e) makes the pe-
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Fig. A3. Upper panel: Simulations of periodic signals of 1.8, 6.2, 11.2 and 16.5 days of periods plus noise. Simkti¢ims:(c), and
(d) see text for details. Lower panel: periodograms.

If we repeat the same simulations but now with a periodicunits for the shorter period signals (2.2 and 6.2 day) and
signal of 1.6 day of period, the analysis undertaken with all0.1 units for the longer period signals (11.2 and 16.5 days)
the data clearly shows the presence of 1.6 day peak as thglus a random noise of about 0.30 units of standard devia-
strongest peak while the nightly averaged data should indition noise. These signals have been simulated for the follow-
cate a peak at 2.6 day period clearly present in the data (seéag cases (see Fig. A3): a) a time series of total length of
Fig. A2 for comparison). 9 days with 6 nights of measurements mixed with 3 nights

As conclusion, although the periodograms obtained by uswithout measurements; b) a time series of total length of 16
ing all the data do not avoid the presence of false peaks duéays, 12 nights with measurements mixed with 4 nights of
to the 1 day gap of the dataset, it may reduce the value of th&0 available data; c) a time series of 40 days formed by a
power of the false peaks in some degree, allowing the betfirst set of 16 days length (as the case b)) plus a gap of 14
ter identification of a possible real signal of periods arounddays of no available measurements followed by other set of
2 days present in the data. The better the time series is, thd2 days length (3 of them with no available measurements),
better the peaks of the true signals will be defined in the pe-and d) the same that case c), but, here, the periods of the four

riodogram and the false peaks will be reduced. signals are allowed to have random fluctuations in the peri-
ods (these random fluctuations in the periods have variances
A2.2 Application to long period signals close to 0.12 days).

For case a) only periodic signals of periods smaller than

The limited length of the time series because of the quasb days (the temporal length of the data 9 days) can be in-
wave nature of the planetary wave type oscillations make alsgerred. Power peaks at periods of 1.8 and 5.6 days above a
difficult the study of such long period signals. The limited 709% confidence level can be seen. A false peak at 3.2 days
length produces very wide peaks in the periodogram makings also present above these confidence level. When the to-
very difficult the identification of individual signals. tal length of the data increase to 16 days (case b)) the peaks

We have simulated four periodic signals of periods of 1.8, corresponding to the periodic signals at around 2 and 6 days
6.2, 11.2 and 16.5 days, respectively, and amplitudes of 0.2re more significant. For larger time series (case c)) the four
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peaks of the corresponding four signals are present but th8uriti, R. A., Takahashi, H., Lima, L. M., and Medeiros, A. F.;
confidence level is slightly smaller than 70% for the 11 day Equatorial planetary waves in the mesosphere observed by air-
signal, although is larger than 95% for the 2 day and 6 day glow periodic oscillations, Adv. Space Res., 35, 2031-2036,
signals. So, even although the 11 day signal is in the data its 2005 '

level of statistical significance is less than 70% and shouldchshyolkova, T., Manson, A. H., and Meek,OC. E.: Climatology
not be identified if a limit in the confidence level of 70% was ~ of the quasi two-day wave over Saskatoon®(52 107 W): 14

. . o .. L Years of MF radar observations, Adv. Space Res., 35, 2011-
required as selection criterion for the statistical significant 2016. 2005

peaks. ) ) Cumming, A., Marcy, G. W., and Butler, R. P.: The Lick Planet
The presence of many modulations of long periods can search: Detectability and Mass Thresholds, The Astrophys. J.,

also mask other closer peaks at shorter period: first by the 526, 890-915, 1999.

wide shape of the peaks which may mask other closer peak&spy, P. J., Stegman, J., and Witt, G.: Interannual variations of the

and second, by increasing the noise level of the periodogram quasi-16-day oscillation in the polar summer mesospheric tem-

and then making difficult the detection of other possible sig-  perature, J. Geophys. Res., 102, 1983-1990, 1997.

nals. Longer temporal time series allow to increase the temforbes, J. M. and Groves, G. V.: Atmospheric tides below 80 km,

poral or frequency resolution in the periodograms aIIowingF Abd"' %pah;’e Ees" 10'\*/I1é9‘|$|_25‘h1990;5 Vial £ M A

the detection of signals of long periods that could not be" °'oes: - V.. iagan, M. k., Miyahara, ., Vial, =, Manson, A. H.,

. . . Meek, C. E., and Portnyagin, Y. |.: Quasi 16-day oscillation in
spectral separated in short length time series. However, the

. : ) . the mesosphere and lower thermosphere, J. Geophys. Res., 100,
modulations that we are studying are quasi periodic (small 9149-9164, 1995.

period fluctuations are present). These fluctuations producegeer, R. G. H., Murtagh, D. P., McDade, I. C., Dickinson, P. H. G.,
additional noise and may hide the periodic modulations pre- Thomas, L., Jenkins, D. B., Stegman, J., Llewellyn, E. J., Witt,
venting the detection. Case d) shows how a small period fluc- G., Mackinnon, D. J., and Williams, E. R.: Eton 1: A date base
tuation can affect the data. In this example the power peaks pertinent to the study of energy transfer in the oxygen nightglow,
corresponding to modulations of shorter periods (those cor- Planet. Space Sci., 34, 771-788, 1986.

responding to the 2 and 6 days of periods) have decreasefflernandez, G.: Time series, periodograms, and significance, J.
The number of noisy peaks in the periodogram in the region G€ophys. Res., 104, 10355-10368, 1999.

of shorter periods have increased. Only the power of the peak“mta’ I. and Hirooka, T.: Normal mode Rossby waves observed

: sl h 0 in the upper stratosphere. | — First symmetric modes of zonal
at 16 days is maintained above a confidence level of 70%. wavenumbers 1 and 2, J. Atmos. Sci.. 41, 1253-1267, 1984.

_ It is seem intuitiVL_a to think that fluctuations will affect to ‘Hirooka, T. Normal Mode Rossby Waves as related by
signals of short periods stronger than to those of long peri- yars/ISAMS Observations, J. Atmos. Sci., 47, 1277-1285,
ods. Then the detection of the short period signals will be 2000.
more difficult in long time series. A compromise between Hocke, K.: Phase estimation with the Lomb-Scargle periodogram
the level of confidence and the length of the time series has method, Ann. Geophys., 16, 356-358, 1998.
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