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Abstract. Nightly averaged mesospheric temperature de-suggest that the PWs appearing in the mesosphere are due
rived from the hydroxyl nightglow at Rothera station to the vertical propagation from the troposphere and strato-
(67°34' S, 6808 W) and nightly midnight measurements of sphere when the stratospheric zonal winds are weak and
o0zone mixing ratio obtained from Troll station (&S, westerly (Charney and Drazin, 1961; Salby, 1981; Forbes
2°32 E) in Antarctica have been used to investigate the preset al., 1995; Lawrence and Jarvis, 2001). Other studies sug-
ence and vertical profile of the quasi-16-day planetary wavegest that PWs can be generated in situ in the mesosphere by
in the stratosphere and mesosphere during the Antarctic wingravity wave breaking (Smith, 2003), or transported from the
ter of 2009. The variations caused by planetary waves on thevinter mesosphere across the equator (Forbes et al., 1995;
0zone mixing ratio and temperature are discussed, and speé&spy et al., 1997; Smith, 2003; Riggin et al., 2006; Hibbins
tral and cross-correlation analyses are performed to extraatt al., 2009). Espy et al. (1997) have further suggested that
the wave amplitudes and to examine the vertical structurehe QBO modulation of the appearance of the 16-day wave in
of the wave from 34 to 80 km. The results show that while the summer supports the inter-hnemisphere transport hypoth-
planetary-wave signatures with periods 3—12 days are strongsis of Forbes et al. (1995). All the aforementioned studies
below the stratopause, the oscillations associated with the 1@ndicate that the propagation and interaction of PWs with the
day wave are the strongest and present in both the mes@tmosphere is not yet fully understood, and hence there is a
sphere and stratosphere. The period of the wave is foundeed for further study supported by observations with unin-
to increase below 42 km due to the Doppler shifting by theterrupted vertical and temporal coverage.
strong eastward zonal wind. The 16-day oscillation in the The observational evidence for 16-day PWs in the meso-
temperature is found to be correlated and phase coherent witbphere was first reported using meteor radar winds by
the corresponding oscillation observed ig @lume mixing  Kingsley et al. (1978). Subsequent studies using wind mea-
ratio at all levels, and the wave is found to have vertical phasesurements (e.g. Williams and Avery, 1992; Forbes et al.,
fronts consistent with a normal mode structure. 1995; Mitchell et al., 1999; Luo et al., 2000; Jiang et al.,
2005; Das et al., 2010) and temperature measurements (e.g.
Espy and Witt, 1996; Espy et al., 1997) confirmed the ex-
istence of a quasi-16-day PW in the mesosphere. More
recently, satellite data have been used to study the wave
throughout the stratosphere and mesosphere (e.g. McDonald
1 Introduction etal., 2011; Day et al., 2011).

In this study, we use continuous ground-based mea-
In the past few decades, a number of studies using groundsyrements of ozone mixing ratio profiles recorded with a
based and satellite-borne systems as well as modelling stugnicrowave radiometer located at Troll station, Antarctica
ies have reported quasi-16-day period planetary waves (PWgyy 201 s, 232 E). Middle atmospheric ©has been shown

in the mesosphere (Manson et al.,, 1978; Vincent, 199040 vary out of phase with temperature (Finger et al., 1995;
Fritts et al., 1999; Miyoshi, 1999). A majority of the studies

Keywords. Meteorology and Atmospheric Dynamics (Mid-
dle atmosphere dynamics; Waves and tides)

Published by Copernicus Publications on behalf of the European Geosciences Union.



1280

Belova et al., 2009) and hence can be used to trace and chal

acterize the vertical phase structure of temperature pertur-g
bations caused by PWs. These observations are compare”
with concurrent ground-based mesopause airglow tempera:  +

250

200

T. D. Demissie et al.: Quasi-16-day period oscillations

Time series of unfiltered and hig-pass filtered temperature and ozone mixing ratio profile

—Temp

—& Temp
= 0
i
.ZDW\WW\A\/\/

&

“©

20

—74km

ture data recorded at Rothera station Antarctice 387S,

68°08 W) in order to determine the PW source regions and _
their evolution in time and altitude throughout the Antarctic £
winter. The temperature ands@neasurements used in this 8
study span from 1 July 2009 to 21 September 2009. The PW s

1
0
1.5,
1

03 —74km
05 -
W % /\/\N/\\/\/J\'\/\/\\,/\ —
o) N\~
: : : =05 ,
—58km E 03 [—58Kkm
%W & oAy
3 s
%

ob

3 —50km
of\vvvw\f\/v\«/\/\/\/\N\/\WW

signatures at different altitudes in Antarctica during winter of W
2009 are identified and compared using spectral techniques.

——34km |

sw

0.3 —42km
0;
-0.5

0.3 ‘—Mkm‘
0

190 200 210 220 230 240 250 260
Day of the year

190 200 210 220 230 240 250 260
Day of the year

2 Measurement, analysis and results
Fig. 1. Time series of temperature at 87 km (top panel) and the
This study uses data acquired by the ground-based mipzone mixing ratio at selected altitude levels (lower 6 panels). Left:
crowave radiometer of the British Antarctic Survey (BAS raw (unfiltered) data; right: filtered data.
radiometer). The instrument was operated from the Norwe-
gian Polar Institute’s Troll research station in Antarctica be-
tween February 2008 and January 2010. Spectra in the regioemperature extracted from the OH Meinel (3,1) band. The
of the rotational transitions centred at 250.796 GHz (nitric weighted mean temperature was calculated for nights which
oxide, NO), 249.79 GHz and 249.96 GHz (ozone) @nd have at least 2 h of data. There are no gaps in the data series
230.538 GHz (carbon monoxide, CO) have been observedused in the analysis period presented in this study.
A detailed description of the instrument is given in Espy et Nightly averages of temperature and one hour average
al. (2006) and Straub et al. (2013). Here we ugev@lume  around midnight values of £ vmr were used to reduce the
mixing ratio (vmr) profiles retrieved from one-hour averaged contribution to the measurements from periodic oscillations
O3 spectra centred around midnight local time recorded bedess than a day such as photolysis effects and other high
tween July and September 2009. These profiles cover an afrequency signals. Although the hourly averageg vonr
titude range of approximately 34 to 80 km with an altitude around midnight was used, the analysis using the average
resolution of the order of 10 km below 70 km and only col- of all values at solar zenith angles greater than 100 degrees
umn information above that level. A complete description of gave similar results. A high-pass filter was applied to both
the optimal estimation retrieval technique (Rodgers, 1976)datasets to filter out seasonal and long-period oscillations
as applied to these data may be found in Kleinknecht (2010)while retaining periodic motions with periods less than 20
Briefly, the a priori pressure, temperature, water vapour andlays. A Butterworth IIR high-pass filter was specifically used
ozone values used for the inversion below 45km were deto remove these long-period variations since it has a maxi-
rived from monthly mean ERA-40 profiles (Uppala et al., mum flat frequency response in the selected pass band (e.g.
2005). Between 45 and 85km, monthly mean temperaturestearns, 1975). Figure 1 depicts the time series of unfiltered
and pressure values were taken from the MSIS-00 model (Pi¢left panel) and high-pass filtered (right panel) data of the
cone et al., 2002), and ozone and water vapour were taketemperature at 87 km and the @mr at six selected altitudes
from the US Standard Atmosphere Supplements (1966) fo34 km, 42 km, 50 km, 58 km, 66 km and 74 km). Note that
winter and summer conditions. For the wave studies herethe high-pass filtered datasets have similar features and peaks
the O; a priori above 85km were held at a constant valueas that of the raw data. Wave patterns can easily be identified
SO as to ensure that the a priori did not induce oscillationsby eye in the vertical profile of the{3lata and the tempera-
However, the strong dominance of the a priori at high andture at 87 km, and spectral techniques can be used to identify
low altitudes could artificially reduce the amplitude of any the significant periods in the time series.
oscillations present in the data there. A fast Fourier transform (FFT) was performed on the high-
In addition to @ measurements, this study uses temper-pass filtered datasets to determine the amplitude and phase
ature data obtained from a Michelson interferometer at theof periodic fluctuations observed in they@nd temperature
British Antarctic survey station at Rothera. Hydroxyl night- with periods of less than 20 days. A Hamming window (Nut-
glow spectra measured by the interferometer were used ttall, 1981) was applied to the data before the FFT was per-
derive the rotational temperature from an emitting heightformed in order to reduce spectral leakage and side-lobe ef-
centred around 87 km with a thickness of 8 km (Baker andfects on the FFT. Figure 2 presents the spectra of the os-
Stair, 1988). The method of fitting the rotational tempera- cillations in the high-pass filtered temperature (top panel)
ture to the measured spectra is discussed in Espy and Hanand @ vmr (bottom panel) in the altitude range from 34
mond (1995). Here we used a night-time average of theto 80 km that resulted from the FFT. The amplitude spectra
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Fig. 2. FFT of the high-pass filtered temperature at 87 km (top Period [days] Period [days]
panel) and @ vmr profile (bottom panel) in Antarctica during win-
ter 20009. Fig. 3. Cross spectrum of the temperature at 87 km agd@r pro-

file for winter 2009 in Antarctica for different levels in the strato-

sphere and mesosphere.
(the absolute value of the power spectra) of the temperature
and the @ vmr profiles show a number of oscillations with . o o .
periods in the 3-20-day range. The power-spectral analysi@nlysis, the periodic range of the wave is isolated using a
shows that the amplitude of oscillations in the range betweerP@nd-pass filter in order to examine the vertical structure of
12 and 20 days is the strongest and present throughout tH'® Phase fronts and to quantify the coherence of the quasi-
stratosphere and mesosphere in the ozone, and also in tH&-day wave. The temperature ang ¥nr data were band-
OH temperature around the mesopause (87 km). A closePass filtered between 12-20 day periods, and a time-lagged
look at the wave period of the dominant oscillation in this Cross-correlation analysis was performed on the two datasets.
range shows that the central period of the peak power varied Ne choice of this range for the band-pass filter was to isolate
with altitude between 14 and 18 days in the @nr and ap- the wave activity observed in the spectra shown in Fig. 2, and
pears around 16 days with an amplitude of 5K in the OH is consistentiwith the band-pass range used in previous 16-
airglow temperature. This oscillation is most likely associ- 48y PW studies (e.g. Luo et al., 2002; Day et al., 2011). The
ated with the quasi-16-day PW with zonal wave number 11Ieft panel of Fig. 4 shows the time-lagged cross correlation
which has often been observed in mesospheric wind meal€tween the temperature at 87 km and each levelofror

surements (e.g. Das et al., 2010) and temperature measur@$ a function of height and time lag in days. The colour scale
ments (e.g. Day et al., 2011). It is evident in Fig. 2 that thereln the figure represents the intensity of the correlation, which
are also strong wave features below the stratopause at a ran§ilicates how much of theg¥ariance at each altitude can be
of shorter periods. All the wave activity diminishes around €xPlained by the temperature fluctuations. At zero lag, there
the stratopause. The strongest wave activity that reappea®¥® egions with significant anti-correlation between the tem-
above the stratopause is in the range between 12 and 20 dayRrature at 87km and thes@mr within the altitude range

The other shorter period waves that are seen in the stratd/OmM 34 to 80 km. Ataltitudes above 65 km and below 55km,

sphere are clearly much weaker in the mesosphere. _this zero-lag reaches a maximum anti—qor_relation of approx-
To examine whether or not the 16-day oscillations 0b_lmately—0.8, gnd these values are statistically S|gn!f|cant at
served in the mesopause temperature agd@r profiles the 95 % confidence level. Near the stratop_ause, in the re-
are correlated and phase coherent, a cross-spectral analy§ion where the FFT and cross-spectral amplitudes were low,
was performed between the two datasets. Figure 3 shows t )& Cross corr(_alatlon is nearly zero and not statistically sig-
cross spectrum between the temperature at 87 km and eadhficant. The right panel of Fig. 4 shows the phase change
level of the @ vmr as a function of period in days. The cross Petween the temperature and @mr at different altitudes
spectra show that despite the low amplitudes in the FFT, ther@©nd the line of maximum anti-correlation nearest to zero
are oscillations at each altitude at a nominal period of 16 day429- Only the anti-correlation values whose significance is
that are coherent in phase with the same period oscillation ifP0ve 95 % are plotted. The phase change between the tem-
the temperature near 87 km, and this indicates a physical corRerature and @vmr show that there is little vertical tilt of
nection between the two. On the other hand, there is little o€ Phase fronts with altitude above 38 km indicating a nor-
no coherency between the oscillations of the shorter period§@! mode structure. However, it should be noted that phase
in the ozone and the temperature oscillation at 87 km. fronts above 70 km are nearly vertical largely because of the

Having documented the presence of the quasi-16-da)p°°rer altitude resolution of thesymr above that altitude.
wave in the data through both the power and cross-spectral
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Cross-corrlaion of band-pass fiteed Temprature 8 O3vmr _ _Phase Change between temperature and O3 v The CrOSS—SpeCtraI anaIySiS shows that the 16—day wave
1. f observed in the temperature fluctuations around 87 km at
‘ ‘ Rothera is related and phase coherent with the 16-day wave
observed in the @ vmr data at all levels from 34-80km
ez at Troll station. The vertical variation of the cross-spectral
amplitude is a reflection of the variation in the power spec-
tral amplitudes. However, the observed phase-coherency in-
= dicates that the 16-day wave observed in both the temper-
ature and the @vmr data have a physical connection and
could be driven by the same source.
/ i , o N A— Once the phase-coherent oscillations with periods corre-
Lags (D2ys) Lags days] sponding to the 16-day wave were identified in the tempera-
Fig. 4. Left panel: the time-lagged cross correlation between win- ture and Q vmr at each altitude, the wave was Iso!ated using
ter mesospheric temperature and ozone at different levels. Refl band-pass filter and the lagged CrPSS correlation betwgen
colour represents correlation and blue denotes anti-correlationtn® two datasets was performed. This was done to quantify

Right panel: vertical profile of phase change between temperaturéh€ coherence and examine the relative phase between the
and G vmr. These phases are alD.5 days. 16-day oscillations in temperature at 87 km and those in the

O3 vmr at each altitude below. The cross-correlation analysis

displayed in the left panel of Fig. 4 shows that at zero lag, the
3 Discussion and conclusion temperature fluctuations close to 87 km are anti-correlated

] o ~with the G; vmr at levels between 34 km to 80 km. This anti-
The purpose of this study was to use temporal variations incorrelation is expected due to the temperature dependency
the mesopause airglow temperatures and therr profiles  of the O; reaction in the upper stratosphere and mesosphere.
in the mesosphere and stratosphere to trace and charactefnere the chemical lifetime of £is much shorter than the
ize the vertical behaviour of planetary waves reaching theyansport timescales. As a result, variations in temperature
mesopause during the winter. The results from the poweryaysed by PWs drive the reactions nonlinearly and cause
spectral analysis in Sect. 2 show the largest amplitudes foborresponding changes in the Goncentration. The inverse
the quasi-16-day oscillation in both the temperature agd O temperature dependence of the @oduction reactions lead
fields in the wintertime over Antarctica. We find that the pe- o 3 negative correlation (or an anti-correlation) between the
riod of the wave ranges from 14-18 days in the mesospherey, and temperature fluctuations (Finger et al., 1995; Huang
and stratosphere, consistent with previous observations (e.g¢ al., 2008; Belova et al., 2009). The magnitudes of the
Luo et al., 2002; Williams and Avery, 1992). The wave pe- correlation coefficient minimise near the stratopause, where
riod is observed to shift systematically to longer periods be-the power spectral amplitudes are also a minimum. As a re-
low the stratopause, reaching18 days below 42km. This g, the correlation values are not statistically significant at
suggests that the wave is interacting with the rapidly in-5gm. However, at all other altitudes the anti-correlations
creasing eastward winds at these altitudes (Hibbins et al.gre statistically significant above the 95 % confidence level,
2005) and Doppler shifting to longer periods as reported byranging from—0.5 to—0.8, showing that the phase-coherent,
Forbes (1995). 16-day variations in mesopause temperature and middle at-
Unlike the oscillations with periods 3—-12 days, which the mospheric @ are statistically significant.

power-spectral analysis shows are mostly confined below the The phase change between the temperature andn®
stratopause, the quasi-16-day wave shows large amplitudeg giferent altitudes was determined by extracting the min-
above and below the stratopause. The amplitude of the wavgnym correlation value (maximum anti-correlation) nearest
decreases markedly close to the stratopause. This may be dyg yero lag. These phase fronts, displayed in the right panel
to the high negative wind shears above 45km altering the inof Fig. 4, show little vertical tilt with altitude above 38 km,
dex of refraction of the planetary wave as has been suggestgficating a normal mode structure. Although the magnitude
by McDonald et al. (2011) based on EOS MLS temperatureys the correlation coefficient is observed to be small and in-
data. However, we cannot rule out that this decrease of amgjgnificant near the stratopause, whether by instrumental or
plitude is merely due to low @vmr values that minimise  index of refraction effects (McDonald et al., 2011), we see
near this altitude. Similarly, the sharp fall off of wave ampli- here that the wave is not completely absorbed and is able to
tudes at the upper and lower altitudes seen in Fig. 2 is likelycontinue above this region. The nearly vertical phase fronts
due to the large a priori contribution to the retrieved &  ap0ve 70km are likely a consequence of the coarse altitude
these altitudes. The nearly constant a priori values will tendyegolution of the @ vmr data there smoothing any vertical
to minimise the wave-induced departures from this profile, syrycture. However, we note that there are several observa-
reducing the extracted wave amplitudes. tions of the high-latitude southern hemisphere winter 16-day

wave in radar wind data that show that the wave continues

0.4

a
&

Height [km]

o
kY

-0.4

-0.6 42

-0.8

Ann. Geophys., 31, 1279:284 2013 www.ann-geophys.net/31/1279/2013/



T. D. Demissie et al.: Quasi-16-day period oscillations 1283
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