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Abstract. This paper presents characteristics of quasi-two-Keywords. Meteorology and atmospheric dynamics (mid-
day waves (QTDWSs) in the mesosphere and lower thermo<dle atmosphere dynamics)
sphere (MLT) between 8% and 52N from 2002 to 2011
using TIMED/SABER temperature data. Spectral analysis
suggests that dominant QTDW components at mid-high lat-;  |niroduction
itudes of the Southern Hemisphere (SH) and the Northern
Hemisphere (NH) are (2.13, W3) and (2.04, W4), respec-Planetary waves (PWs) are common atmospheric waves
tively. The most remarkable QTDW is (2.13, W3), which mainly excited by uneven heating of the atmosphere and
happened in the southern summer of 2002-2003 aS32 zonally asymmetric distribution of topography (Charney and
from 60 to 90 km in altitude. Its downward phase propaga-Drazin, 1961; Salby, 1984). Primary periods of the PWs con-
tion indicates upward propagation of the wave energy and aain quasi-two-day, quasi-five-day, quasi-ten-day and quasi-
potential source region below 60 km. Analysis of horizontal sixteen-day waves(Jacobi et al., 1998; Wang et al., 2010).
wind fields in the same period shows the westward and southiThe most prominent component in the MLT is the quasi-
ward propagation of (2.13, W3) and a possible reflectiontwo-day wave (QTDW), which is able to affect horizontal
region above 90km. Fundamental parameters of QTDWswind and temperature in the middle atmosphere (Palo et al.,
present significant interhemispheric differences and interan1999). Amplitudes of QTDWSs in temperature and wind can
nual variations in statistical analysis. Amplitudes in the SHreach 12 K (Tunbridge et al., 2011) and 60Th$Wu et al.,
are twice larger than that in the NH, and vertical wavelengths1993). Traces of QTDWSs can also be found in atmospheric
are a little longer in the SH. QTDWSs may endure strongerH,0, carbon monoxide, OH emission, and height of the F2
dissipation in southern summer because of shorter durationayer (Wu et al., 1993; Randel, 1994; Forbes and Zhang,
of their attenuation stages. Impact of the equatorial quasi1997; Limpasuvan and Wu, 2003; Limpasuvan et al., 2005;
biennial-oscillation (QBO) on QTDWSs can extend to mid- Tunbridge et al., 2011; Pedatella and Forbes, 2012). More-
high latitudes of both hemispheres. It seems easier for QTover, QTDWSs are found to be important in photochemical
DWs to propagate upward in the equatorial QBO’s westerlyprocesses in the mesopause region (Kulikov, 2007). Many
phase in the lower stratosphere and easterly phase in the midtudies have suggested that QTDWs can frequently inter-
dle stratosphere. Interannual variations of QTDW strengthact with solar tides (Palo et al., 1999; Salby and Callaghan,
may be influenced by solar activity as well. Strengths of QT-2008; McCormack et al., 2010; Babu et al., 2011; Forbes and
DWs appear to be stronger (weaker) in the solar maximunMoudden, 2012), other PWs (Babu et al., 2011) and gravity
(minimum). waves (GWSs) (Palo et al., 1999). Interactions between QT-
DWs and migrating tides are proved to be a major mechanism
in the generation of non-migrating tides (Palo et al., 1999;
Pedatella and Forbes, 2012). When the sudden stratospheric
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warming (SSW) occurs, background zonal wind changes andRadiometry (TIMED/SABER) is used for temperature mea-
the QTDW forcing in both the tropical and extratropical re- surements in the upper atmosphere (Xu et al., 2007a, b); and
gions may be influenced (McCormack et al., 2009; Limathe line-of-sight (LOS) winds can be surveyed by the Mi-
et al., 2012). Recently, research has reported that QTDWsrowave Limb Sounder (MLS) on Aura (Tunbridge et al.,
can be modulated by low-frequency oscillations of the atmo-2011). Satellite observations contribute greatly to our knowl-
sphere, such as the quasi-biennial oscillation (QBO) in equaedge of global morphology of QTDWSs. Evident QTDWSs of-
torial zonal wind (Li et al., 2008) and solar activities (Jacobi ten occur in the middle and upper atmosphere at mid-high lat-
et al., 1997), and yield interannual variations of QTDWSs. itudes after summer solstice (Rodger and Prata, 1981; Ran-
All of these studies indicated that QTDWSs have close rela-del, 1994; Tunbridge et al., 2011), and amplitudes of them
tionships with many important dynamical processes in theare twice larger in the SH than in the NH (Limpasuvan et al.,
middle and upper atmosphere. Therefore, intensive studie2000). Wavenumbers of distinctive QTDWSs in the SH are
of QTDW characteristics are needed. usually—3, while in the NH they are-3 and—4 (Limpasu-
Primary characteristics of QTDWs are revealed fromvan et al., 2000; Garcia et al., 2005). Different wavenumbers
ground-based observations in recent decades. QTDWs ammay result from different strength of easterlies. Weaker east-
transient and intermittent wave phenomenon. Usually, theyerlies tend to maintain wave with wavenumbet (Limpa-
happen after summer solstice in the middle and upper atmosuvan et al., 2000). Several dynamical processes may be as-
spheres and last for several weeks, about 13-15 wave persociated with QTDWSs as well. Wu et al. (1996) indicated
ods (Meek et al., 1996; Pancheva et al., 2004). In the norththat QTDWs in the summer hemisphere may be related to
ern summer, they perform series of burst events separatetthe propagation of PWs in the winter hemisphere. Moreover,
for 5-8 days (Riggin et al., 2004; Dutta et al., 2012). Their nonlinear interactions between QTDWs and other waves can
peak amplitudes often occur at 70km (Malinga and Ruo-probably lead to short-term variations of QTDWSs (Hecht et
honiemi, 2007), and they also exist in the lower atmosphereaal., 2010; McCormack et al., 2010). Furthermore, modulation
at low latitude (Dutta et al., 2012). Vertical wavelengths of of long-term dynamics, e.g. QBO, on QTDWSs may result in
them range from 40 to 110 km (Pancheva et al., 2004). In theheir interannual variations (Li et al., 2008). However, mech-
Southern Hemisphere (SH), their periods and wavenumberanisms of these variations have not been clearly understood.
are about 48 h and 3 (minus means westward propagation), SABER, onboard the TIMED satellite, measures neutral
respectively, while in the Northern Hemisphere (NH), peri- temperature from the stratosphere to the lower thermosphere
ods contain 53-56, 48-50 and 42-43 h, with correspondingvith high vertical resolution and precision (Xu et al., 2006;
wavenumbers-2, —3 and—4 (Craig et al., 1980; Pancheva Remsberg et al., 2008). Therefore, it has been widely applied
et al., 2004; Malinga and Ruohoniemi, 2007). Moreover, in studies of atmospheric structures (Xu et al., 2007a, b; Dou
numerous observations have verified the nonlinear interacet al., 2009; Gan et al., 2012), GWs (Preusse et al., 2006;
tions between QTDWSs and other PWs (Pancheva et al., 2004]John and Kumar, 2012), tides (Zhang et al., 2006; Pancheva
Babu et al., 2011; Li and Ning, 2011), which can partly ex- et al., 2009; Xu et al., 2009) and PWs (John and Kumatr,
plain the short-term variations of QTDWSs. However, back- 2011). Garcia et al. (2005) and Li et al. (2008) also stud-
ground atmospheric wind fields can also impact QTDW day-ied QTDWSs based on SABER observations. Li et al. (2008)
to-day variations. In addition, Jacobi et al. (1997) found thathave studied the QTDWs using SABER data. Nevertheless,
solar activity can possibly impact interannual variations of only data during 2002—2004 are utilized and only QTDWSs in
QTDWs. During the solar maximum, amplitudes of QTDWSs the NH are of concern in this study. Therefore, it is necessary
are larger at high latitudes in the NH. to study the global climatologic features of QTDWSs using
Although great achievements have been attained, it is difSABER observations.
ficult to comprehensively understand global propagation of In this paper, we investigate the global climatology of
QTDWs only from these ground-based observations, whichQTDWs by TIMED/SABER temperature data from 2002 to
are generally scattered geographically. Satellites can almos2011 between 30 and 100 km in height and betweenS52
provide whole global wind fields, temperature and atmo-and 52 N in latitude. In combination with the refractive in-
spheric compositions from the upper troposphere to thedex, impact of background wind fields on short-term vari-
lower thermosphere. For example, the Constellation Ob-ations of QTDWs is studied. Interannual variations of QT-
serving System for Meteorology, lonosphere, and ClimateDWs are presented and their possible causes are discussed. In
(COSMIC) can measure the lower atmospheric temperaSect. 2, data employed in this paper are introduced. In Sect. 3,
ture (He et al., 2009; Yang and Zou, 2012); the Upper At-temperature data from TIMED/SABER are spectrally an-
mospheric Research Satellite/High Resolution Doppler Im-alyzed, and latitude—altitude distributions of the dominant
ager (UARS/HRDI) measures temperature, zonal and meridQTDW amplitudes are presented. A detailed investigation of
ional wind, water vapor and ozone concentration in theshort-term variations of the strongest QTDW event & 32
middle and upper atmosphere (Wu et al., 1993, 1996); then the southern summer from 2002 to 2003 is depicted in
Thermosphere lonosphere Mesosphere Energetics Dynansect. 4, and UARS/HRDI wind data are also used in an-
ics/Sounding of the Atmosphere using Broadband Emissioralyzing the impacts of background horizontal wind fields.
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Interannual variations and statistical analysis of QTDWSs areHRDI takes 36 days to cover 24 h in local time (Reber et al.,
described in Sect. 5. Conclusions are given in Sect. 6. 1993; Burrage et al., 1996).

2.3 NCEP/NCAR reanalysis data

2 Observations and data analysis The National Center for Environmental Prediction (NCEP,

formerly known as the National Meteorological Center,
NMC)/National Center for Atmospheric Research (NCAR)

TIMED was launched from Vandenberg Air Force Base on Reanalysis Project began in 1991 as an outgrowth of the

7 December 2001, and began to record data on 25 JarthMlC C“Talte 1%3? 'T‘,[SS'm'Iat'g]n Sy;tedrr; (CE?]AS) prof;‘tls
uary 2002. SABER, onboard TIMED, uses Iimb-scanning,( ainay etal., ). It covers the period from January

broadband infrared radiometry to survey the energeticst_O the present and assembles a very comprehensive observa-

chemistry, dynamics and mass transportations over a broa nql datat_)ase (Kistler et al., .2001)' The data assimilation
Y, &Y P ?’éogrldded into a &° x 2.5° horizontal bin (about 210 km

range of altitude from the upper troposphere to the lower,> © . ) . .
thermosphere (Russell IIl et al., 1999). As a polar-orbiting horizontal resolution) with 28 vertical pressure levels. In this
satellite, TIMED makes about 15 orbits per day in a 625 km Paper, (r)nonthly zonal mean of the zonal wind at thg equator
and 724 inclination orbit, with respective resolutions of alti- (from 5°S to 3 N) fo_r years 2002-2011 Of reanaly_3|s from
tude and latitude about 2 km and.ZAbout every 60 days, 100hPa to 1(_) hPa, i.e. abou_t 1.6_30 km, is used in order to
the latitude ranges flip as the spacecraft yaws to keep the incompare the interannual var|at|on§ of mes.ospherlc QTDWS
strument on the anti-sun side of the spacecraft. Latitude cov!" temperature and the stratospheric QBO in zonal wind.
erage on a given day extends from about SZN) to 83 N
(S); however, this paper does not generate results greater than  QTDws in the mesosphere
52°. If taking ascending and descending data together, the
TIMED takes 60 days to cover 24 h in local time. SABER 3.1 Spectral analysis
temperature data of version 1.07 from 2002 to 2011 are used
in this paper, and altitude resolution is interpolated into 1 km.According to these fundamental characteristics of SABER,
special data-processing methods are used to extract distur-
2.2 HRDI horizontal wind data bances and analyze characteristics of QTDWs. We first di-
vide latitudes between 8% and 52 N into 25 latitude bands
A case of (2.13, W3), which occurred in32 2° S latitude  with 4° interval, and nominate each latitude band as its mid-
band in the southern summer from December 2002 to Februedle latitude. Components of PWs are determined via a spec-
ary 2003, is studied in order to investigate short-term vari-tral method introduced by Salby (1982a, b), which was con-
ations of QTDW parameters and reasons why they variedsidered to be suitable for asynoptic satellite sampling and has
Wind data are needed in order to search for the impact obeen widely used in previous studies (Lieberman, 1999; Gar-
background wind fields. Although balanced winds can becia et al., 2005; Merzlyakov and Pancheva, 2007). Periods of
calculated using SABER measurements as well, some smalPWs are usually between 2 and 30 days (Vincent, 1990). A
scale structures cannot be shown in the balanced wind (figur@W event usually lasts several periods, and always exhibits
not shown here), which may have resulted from the hypoth-seasonality and discontinuity (Vincent, 1984; Wang et al.,
esis and inversion method in calculating the balanced wind2010). Therefore, the window for spectral analysis is set to
Considering this, horizontal winds observed by UARS/HRDI be 30 days. During summertime, the QTDW was proved to
are utilized in this case study. be the strongest PW in the MLT (Muller, 1972; Roger and
UARS was launched on 12 September 1991. The spacePrata, 1981; Wu et al., 1993; Harris and Vincent, 1993; Har-
craft is in a 57 inclination, approximately circular orbit, ris, 1994; Garcia et al., 2005; Palo et al., 2007; McCormack
with an altitude of 585 km. HRDI, onboard the UARS, com- et al., 2009), and thus it is taken as the primary topic of this
menced continuous geophysical observations on 6 Novembgraper. In addition, most of our attention is paid to the sum-
of the same year. It employs a triple-etalon Fabry—Perot in-mertime in the altitude range from 70 to 90 km and from
terferometer to measure the Doppler shift of rotational lines30° S (N) to 50 S (N) in latitude, where intense QTDWS re-
in the & atmospheric band. During daytime, MLT wind cur regularly (Muller, 1972; Muller and Nelson, 1978; Craig
fields are obtained in the altitude range extended from 5Qet al., 1980; Salby, 1981; Meek et al., 1996; Garcia et al.,
to 115 km with 2.5 km resolution, while during nighttime the 2005; Tunbridge et al., 2011). On the satellite’s yawing days,
observed emission is confined to a narrow layer, restrictingdata points are extraordinarily scattered in latitude and un-
measurements to a single altitude of about 95km (Hays esuitable for spectral analysis. Therefore, we set the time win-
al., 1993). As a result, only daytime measurements are availdow from the 350th day of one year to the 14th day of the
able at nearly all altitudes except around 95 km. If both as-next year in the SH and from the 161st to the 190th day of
cending and descending points are taken into consideratiorgne year in the NH in order to avoid these days. Considering

2.1 SABER temperature data
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Fig. 1. The normalized mean frequency—wavenumber spectra of the temperature disturbances for different hemisphere. The minimum and
interval of the contours are 0.65 and 0.1, respectively.

that SABER takes 60 days to cover 24 h of local time at eachQTDWs, quasi-five-day waves, (6.41, W1) and (6.76, E1),
latitude band, we take the average temperature of 60 dayand quasi-ten-day waves, (11.90, E4), (12.50, E1) and
by centering on the spectral window as background temper{11.24, W1), are also obvious in the SH. In the NH (Fig. 1,
ature. Initial disturbance profiles are obtained through sub+ight), more QTDW components exist, which indicates
tracting background temperature from raw profiles. Besideanore complicated dynamics in the NH. Wavenumbers of
PWs, other atmospheric waves, especially diurnal migratinghese are E3, E2, W3 and W4, and their corresponding
tides, may be superposed in the initial disturbance profiles irperiods are 1.96, 1.77, 2.30 and 2.04 days. Muller (1972)
these periods and latitude ranges (Zhang et al., 2006), andbserved a QTDW of a period equaling 51h (2.1 days)
they should be removed as much as possible before the pr@at mid-high latitude in the NH, which coincide with our
cession of spectral analysis for PW features. We divide initialanalysis results. Likewise, in the SH, westward QTDWSs
disturbance profiles of each day into two groups according tchave longer periods than eastward QTDWSs. Quasi-five-day
the ascending or descending orbit. Daily average initial dis-wave components are different in both hemispheres. (4.08,
turbance profile of each group is subtracted from each initialW2) is distinctive in the NH, while (6.76, E1) only exists in
disturbance profiles, and migrating tides are eliminated fromthe SH. For quasi-ten-day waves, (11.90, E4) is absent in the
disturbances. Residual disturbance profiles contain PWs, toNH, but (12.50, E1) and (11.24, W1) are the same as those
gether with ignorable nonmigrating tides and GWs, and arein the SH. In conclusion, components of quasi-five-day and
spectrally analyzed at each altitude and latitude band, respectuasi-ten-day waves in both hemispheres are fundamentally
tively. Each resultant spectrum is normalized first, and thenalike, but more QTDWs exist in the NH. Thus, the envi-
all normalized spectra in the NH and SH are linearly aver-ronment of the middle and upper atmosphere at mid-high
aged, respectively. For each year, 105 spectra are obtained latitude in the summertime of the NH is most likely to
each hemisphere. And in total, there are 840 spectra in thenaintain more-complicated atmospheric dynamics than the
SH and 945 spectra in the NH, respectively. Finally, the av-SH. More importantly, the QTDW is confirmed to be one
eraged spectra are normalized again. The relative power off the most dominant atmospheric PWs in the 9yr averaged
PWs is shown in Fig. 1. spectra of summers in the middle and upper atmosphere
Figure 1 showed normalized mean frequency—at the mid-high latitudes, and several QTDW components
wavenumber spectra of residual disturbances in summerasually exist simultaneously. Their period range is about
from 2002 to 2010 from 30S/N to 50 S/N in latitude and  1.77-2.30 days, and wavenumbers include E3, E2, W3 and
from 70 to 90 km in altitude for both hemispheres. Positive W4. Moreover, more QTDWSs components are found in the
(negative) wavenumber indicates eastward (westwardNH, indicating more complicated dynamics in the NH and
propagation. QTDWs are evident in both hemispheres, withinterhemispheric differences. This paper will focus on the
periods ranging from 1.77 to 2.30 days. Double-QTDW spatial distributions of those QTDWSs in both hemispheres,
peaks, (1.88 days, E2) (“days” is omitted hereinafter; “E” together with their short-term and interannual temporal
and “W” mean eastward and westward.) and (2.13, W3),variations.
exist in the SH (Fig. 1, left). Both periods and wavenumbers
of these components coincide with previous observationg.2 Latitude—altitude distributions of amplitudes
(Limpasuvan and Leovy, 1995; Garcia et al., 2005; Mc-

Cormack et al., 2009). Period and wavenumber of the|n order to better understand the generation mechanisms

westward wave are respectively longer and larger thamand propagation characteristics of QTDWSs, global struc-
those of the eastward wave (Garcia et al., 2005). Besidesyre of QTDW amplitudes from stratosphere to the upper
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Fig. 2. Latitude—altitude distributions of averaged amplitudes of (2.13, W3) (left) and (2.04, W4) (right) for years 2002—2010.

atmosphere from 505 to 50 N should be figured out. For titude peaks of both (2.13, W3) and (2.04, W4) are evident in
time series of residual temperature disturbantess) from summertime at certain latitudes. Amplitude peaks of (2.13,
2002 to 2011 at each altitude and in each latitude band, amwW3) occur at 60 and 83 km in the profile of 28, and for
plitudes and phases of QTDWs are harmonically fitted with a(2.04, W4), double altitude peaks occur at about I8t
6-day window and 1-day step. The harmonic-fitting formula 70 and 85 km, respectively. Spatial distributions of QTDW
is f(t,s) = Acod(2r/T)t + si + ¢], whereA, ¢, T ands amplitudes exhibit apparent interhemispheric differences. It
are respectively the amplitude, phase, period and wavenunmay result either from topography differences (Salby, 1984)
ber of the QTDWT ands are chosen according to the spec- or from different structures of the background atmospheres
tral peaks of QTDWSs shown in Fig. 1.and X are respec- inthe middle and upper atmosphere at mid-high latitudes of
tively the universal time and longitude of each disturbanceboth hemispheres.

profile. In the SH (NH), the maximum QTDW amplitude

often occurs in January (July), which coincides with previ- o

ous research (Pancheva et al., 2004; Tunbridge et al., 2011 Short-term variations

Therefore, only amplitudes in these months are statistical an- e .
alyzed. Latitude—altitude variations of averaged amplitudesThe concept of QTDW “lifetime” has been previously re-

of different QTDWSs from 2002 to 2011 in the NH (SH) S?aTChze(()jOA(F'r\i'ﬁ]. etal. deRSO;thFts gtzacl)6719l£)9; Pan::r:\eva
are in qualitative agreement, so only results of the stronges al, » Malinga and =uonhoniem, )- In a southern

QTDW mode of each hemisphere — (2.13, W3) of the SHSUMMeN: the QTDW usually has one burst and last about 5-

and (2.04, W4) of the NH — are presented (Fig. 2). In eachlo days (Fritts et al., 1999). Different from that, the QTDW

altitude and latitude band, there are 279 and 310 fitting re—:):t.eonngi? 5 _fobgrrsltj T;rgg gng;g:]gez]eiuarrrg%f)zmﬁgu-_
sults in the SH and NH, respectively. Latitude—altitude dis- : B B s ( v " ). How

tribution characteristics of QTDW amplitudes are basically ever, the.se.results are gsﬂmated m_orphol_oglcally _from tem-
consistent with previous research (McCormack et al, 2009poral variations of amplitudes. In this section, we introduce
Tunbridge et al., 2011). The maximum amplitude of ’(2 13 an explicit definition of lifetime, which is essential in re-

W3) ang(z 04 '\’N4) are. 7 3K at 85 km at’= and 3.3 K a.t "search of short-term and interannual variations of QTDWSs.

71km at 36 N, respectively. This suggests that QTDWs are Eased on dtempgrzl t\r/]anau?]ns gf ta.rlmt)jhtudes, tthgse fdezflrllg
a summertime phenomenon, and mainly exists in the middl lons are described through a detailed case study of (2.13,

and upper atmosphere at mid-high latitudes. The temporaIIE{N3)’ which had the most remarkable amplitude of all and

averaged amplitude of (2.13, W3) in the SH is twice Iargerbapggggdt alt: 3;)8 n t;gogogtr?em tsu.mtr'ner 1;r$m r[])ecem- d
than (2.04, W4) in the NH, and the peak altitude of (2.13, er 0 February - haracteristics ol Its phases an

W3) is 10 km higher than (2.04, W4). In addition, double al- vertical wavelengths are presented as well. Moreover, hori-
o ' ' zontal winds during the same period are investigated using

www.ann-geophys.net/31/1061/2013/ Ann. Geophys., 31, 108075 2013
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Fig. 3. Time—altitude variations of amplitudes of (2.13, W3) (left). Solid and dashed lines are profiles of mean amplitude and threshold,
indicating time limit of maturation stage and lifetime. Altitude variations of durations of lifetime (black line), growing stage (blue line),
maturation stage (green line) and attenuation stage (red line) are shown in the right panel. The bottom and upper x-axes in the right panel are
for altitude ranges below and above 80 km, respectively.

UARS/HRDI observations to show their impact on short- amplitude. The maturation stage is the days when amplitude

term variations of these parameters. is greater than the average amplitude. In this stage, amplitude
_ increases first, and then begins to decrease after it reaches its
4.1 Amplitude peak. The last stage is attenuation stage, which is from the

day when amplitude is less than the average amplitude to the
Errors of SABER temperature does not exceel5K be-  ending day, and amplitude usually decreases monotonously
low 95 km and+4-5K at 100 km for most latitudes and sea- i thjs stage. Figure 3 illustrates definitions of these stages
sons (except for polar summer), while they can rea@K  anq altitude variations of their durations.
at 82km and+8K at 90 km for strong temperature inver- At 32° S in the southern summer from December 2002 to
sion layers (Gaii@-Comas et al., 2008). Moreover, Gan et Fepryary 2003, (2.13, W3) lasted from 15 December 2002 to
al. (2012) indicated that strong mesospheric temperature inq g February 2003. In general, amplitudes of (2.13, W3) in-
versions often exist in winter for middle latitudes or in spring ¢reased with altitude due to decreasing atmospheric density.
and autumn for mid-low latitudes. Therefore, according t0 |t increased from 3—4 K at 60 km to about 17 K at 86 km on
the accuracy of SABER temperature measurements, we sig january. Above 86 km, amplitudes started to decrease be-
thresholds of QTDWs as 2K below 80km and 5K above cayse of dissipation. The duration of the lifetime as well as
80km in the altitude range 60-90km during summertimeijts three stages exhibited obvious altitude variations, which
(from December to February in the SH and from June togre depicted in the right panel of Fig. 3. The duration of the
August in the NH). In each altitude, when the amplitude of |ifetime (black line) was 29-54 days, with 60—90 km aver-
the QTDW is greater than the threshold for four consecutiveage value about 40 days. It increased with altitude at both
days, which is about twice the QTDW period, a QTDW event 60_g0 and 80-90 km. The specious rapid reduction at 80 km
is considered to occur. Similarly, a QTDW event is consid- s probably because of our definition of threshold. Compar-
ered to terminate if its amplitude is less than the thresholdng the durations of three stages, we find that the maturation
for four consecutive days. Accordingly, the first (last) day (green line) stage, which lasted 13-30 days, was the longest
when the amplitude is greater than the threshold is define tage of the lifetime. At 70-80km, it lasted about 30 days
as the starting (ending) day of the event, and the period betahout 14 periods) — 3/4 of the lifetime — which means that
tween the starting day and the ending day is the lifetime of(2 13, \W3) is very steady in this altitude range. Thus, we in-
this event. Furthermore, for each altitude, average amplitudegsr that the background atmosphere may be stable as well,
during a lifetime are calculated, and from that we divide the 3nd it is favorable to the upward propagation of wave energy.

lifetime into three stages. The growing stage is between thesetween 70 and 85 km, the duration of the growing stage is
starting day and the day when amplitude reaches the average

Ann. Geophys., 31, 1061075 2013 www.ann-geophys.net/31/1061/2013/
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Fig. 4. Time—altitude variations of the phases of (2.13, W3) & 32left) and day-to-day variations of its vertical wavelengths (right).

generally longer than that of the attenuation stage, which im-
plies that (2.13, W3) may endure stronger dissipation at the
end of summer.

40
30
20

4.2 Phase and vertical wavelength "

U/m/s
o

-10
-20
-30
-40

itude/km

Time—altitude variations of phase within the same event are %
contoured in the left panel of Fig. 4. The phase front de-
creased with altitude from 60 to 90 km, indicating upward
propagation of wave energy and a possible QTDW source 10 20 Jan. 10 20 Feb. 10
region below 60 km. Based on altitude variations of phases, Date in 2002-2003
vertical wavelengths are linearly fitted in a 10km altitude ;
window and 1 km running step in the same altitude range, and
they manifested little altitude variations (not shown here). £
However, diurnally averaged vertical wavelengths exhibited &
evident day-to-day variations in different stages (Fig. 4, right §
Z

V/m/s

panel). In the growing stage, from 22 to 29 December 2002,
it increased sharply from 45.5 to 71.5km in length and var-
ied greatly, which indicated severe instability of (2.13, W3)
at the beginning of its lifetime. Then it decreased essentially
from 71.5 to 38.8 km in length during the maturation stage, 10 20 Jan. 10 20 Feb. 10
from 30 December 2002 to 30 January 2003, which may im- Date in 2002-2003
ply a possible in-wind propagation of (2.13, W3). In the at- _ » .
tenuation stage, from 31 January to 8 February 2003, vertical'9: > Background Zom.il. (Upp?r’ eastward positive) and me“d'onal
. . bottom, northward positive) wind from UARS/HRDI observations.
wavelengths basically remained unchanged at about 40 krélank denotes unavailable data.
before finally increasing to 45.3km. The distinct temporal
variations of vertical wavelength during different stages of
the lifetime indicate that different directions of horizontal
winds may exist in different stages of the (2.13, W3) lifetime

because the lengths of vertical wavelengths are most likely _ _ .
influenced by the relative directions of horizontal wind and Background winds are able to impact propagation charac-
the propagation of QTDWs. teristics of atmospheric waves. In order to discover rela-

tionships between them further, we analyze the horizontal
wind during the same period in the same latitude and alti-
tude range. Time-—altitude variations of background zonal and

4.3 Background horizontal wind
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meridional wind are presented in the upper and lower paneportant role in determining the propagation characteristics

of Fig. 5, respectively. Positive directions of wind are east-and parameter variations of QTDWSs.

ward and northward. Results presented in Fig. 5 are derived

from zonal and meridional winds observed by UARS/HRDI 4.4 Refractive index

inthe 32 +2° S latitude band from December 2002 to Febru- ] . o

ary 2003. Level 2B data are utilized here. HRDI local time In order to study the vertlcal. prc.)pagayon characteristics of

coverage in the 32+ 2° S latitude band shows that about 3— QTDWs, the squared refractive md_eﬁ is (_:glculated. P_Ws

12 h local time is covered in each window, and more thanCan propagate upward freely whehis positive. Otherwise,

60 % of intervals of the covered local time are greater thanvertical propagations of PWs are blocked and their energy

10 h (figure not shown here). dissipates. In quasi-geostrophic atmosphefesan be writ-
There were two periods when zonal wind was easterlyl€n as (Andrews et al., 1987)

(westward) below 80km, while amplitudes of (2.13, W3) _ 2

were only less than 6 K (Fig. 3, left panel). The former east-;2 — Iy K2 — f (1)

erly occurred before 29 December 2002, and the latter one % —C 4N2H?

was from 17 to 27 January 2003. Above 85 km, zonal Wlndm this equation,u is the zonally averaged zonal wind,

reversed to a westerly direction and amplitudes of (2.13, W3), _ ko/2acod) is the zonal wavenumber of wave £
became larger, especially after January. Since 30 Deceng 371, 106 m is the radius of the earthy, is the latitude in
ber 2002 until 9 January 2003, the westerly has extendeqgian ko= —3, is zonal wavenumberly = 1/kP is the
gradually downward from 80 to 60 km. Meanwhile, vertical phase’speed of wave. aitl— 213d is the period of the

Wavele_zngths be<_:ame Ipnger (Fig. 4_, right panel) and amp“'QTDW. Positivein and C denotes eastward; = 222 sin(p)
font became closer as well, ncicaing groater upward propar |76 COOIS parameters, whefe = 726210 %5 is
, z ; ; T
gation speed of (2.13, W3) energy in westerly. It could be in-_the rotational angular velocity of the eartti? — %(3_2 * f;p)
ferred that PWs are most likely to propagate upward agains{S the squared buoyancy frequency, whéfes tempera-
the wind. In the headwind condition, amplitudes and verticaltU"€ I Kf’l\i'?s_’z is altitude above sea level, = 1.005x
wavelengths of PWs may increase and stretch, respectively;:og‘] kgrz k™" is constant pressure specific Qeat.ag]d:
Downwind propagation of PWs might result in the decreas->-8 MS * IS gravitational acceleratior = — g7 is the
ing of vertical wavelengths because of the absorption of wave>c@le height of atmospheric densigy,is Prggceo’;fdis the
by the background horizontal wind fields. In addition, a crit- zi)nzajy averaged density of atmosphege= ==,
ical line of wind had moved downward from 82 km to about (%)Z is the zonally averaged potential vorticity, and the
70 km since 27 December 2002 until 2 January 2003. Duringsecond and third terms on the right side of the function are
this period, QTDWSs below 80 km propagated against windrelated to the barotropic and baroclinic instabilities of the
and could absorb energy from the background fields, anditmosphere, respectively, is essential for atmospheric in-
thus amplitude increased. After that, the critical line contin- stability and will be generated in the easterly shear region
ued decreasing to below 65 km from 4 to 7 January, and, cor{Charney and Stern, 1962; Plumb, 1983). Overbars in these
respondingly, vertical wavelength became longer. Similarly,functions denote the zonal average of the parameter beneath.
zonal wind reversed to westerly again during the period ofSubscripts represent the direction of partial derivativde-
13-16 January. However, the speed and area of this westerlyotes the partial derivative along meridional direction with
was respectively slower and smaller than the former reversenorthward positive. The zonal average can be obtained by
so its influence over amplitude and vertical wavelength alsazonal averaging in a 6-day time window and 1 day step, in
seems less. accord with the fitting of the QTDW. In the above calcula-
Although meridional wind was smaller than zonal wind, it tions, densities and temperatures are from SABER Level 2A
is noticeable that the amplitude of (2.13, W3) decreased irdata, and both zonal and meridional winds are from HRDI
the northerly region (southward) and increased in southerlyLevel 2B data.
(northward). For example, the amplitude seems less in the Time—altitude variations of2 from December 2002 to
northerly region, 75-87 km in altitude from 27 to 29 De- February 2003 at 50-115 km at°32 are presented in Fig. 6.
cember 2002 and 75-80km in altitude from 10 to 12 Jan-gy =0 is indicated by white linesz? was positive in the
uary 2003, and greater in the southerly, from 60 to 90 kmwesterly region from 80 to 100 km, while mainly negative
in altitude during the period of 13-19 January. Because QT4n the easterly region at 50-80 km from 12 December 2002
DWs are likely to propagate in headwind condition, we canto the end of January 2003. It once again proves that zonal
infer that (2.13, W3) is probably propagating southward. wind impacts the vertical propagation characteristics of QT-
Nevertheless, the impact of meridional wind on the prop-DWs significantly (Charney and Drazin, 1961), and that the
agation characteristics of (2.13, W3) was less remarkable®QTDW is able to propagate upward easier in the westerly
than zonal wind because of its relatively smaller wind speedregion. Plumb (1983) pointed out that baroclinic instability
Analysis above indicates that horizontal wind plays an im-may be a source of QTDWSs, agd < 0 is necessary for this
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instability. Therefore, QTDWs are most likely to be gener- g
ated in regions whergy < 0. In our study, it corresponds 508

2002 03 04 05 06 O7v 08 09 10 11

to the easterly region below 80 km. But this possible source S
ear

region of QTDWSs was superposed by the areaidk 0.
As a result, the generated QTDW may be trapped and itsig. 7. Interannual variations of the strengths of (2.04, W4) in the
energy may dissipate. After that, the dissipated momenturnNH (upper) and (2.13, W3) in the SH (bottom) in the mesosphere.
would deposit itself into the background atmosphere and acBlank area denotes no observations.

celerate the easterlies. Therefore, the atmospheric instability

was maintained and the QTDW was generated continuously.

Nevertheless, in this regiow’ < 0, and the growing of the .4 \ye regard the annual maximum amplitude of QTDWs
QTDW was hindered (Fig. 3, left panel). From 10 t0 20 Jan- 55 yheir annual strengths, and their annual latitude variations

uary,n? was positive in most altitudes from 80 to 90 km, and are showed in Fig. 7. The upper and lower panels are for
the correspondigg ampli'_[ude qf the QTDW increased rapidly.(2.04' W4) in the NH and (2.13, W3) in the SH, respectively.
An area where:” < 0 existed in 100-115km from 22 De-  gyrengths of QTDWSs exhibit remarkably interannual varia-
cember 2002 to 5 January 2003. This region might form areyjqng i gl Jatitude bands of both hemispheres, except the
flectwe layer of QTDWSs and lead to the formation of st{;\nd— latitude range between 16 and 20N, where the strengths
Ing waves betweeq 80,_100 km, and the phgse front did NOLye relatively weaker. The maximum strength of (2.04, W4)
propagate upward in this region correspondingly. in the NH is about 9.5K in 2006 at 30-4N. The second
Time-—altitude distributions af? explain the variations of largest strengths are about 7.5K in 2002, 2004 and 2009
amplitude, phase and vertical wavelengths of (2.13, W3). Itot mid-high latitudes of the NH. In the SH, the maximum
is confirmed that horizontal wind plays important roles in strength of (2.13, W3) exists at 30-48in 2011. Its strength
determining the propagation characteristics of the QTDWs;;g greater than 19K, which is about 2 times larger than the
they are more likely to propagate upward in headwind condi-p 5 yimm strength of the NH. In addition, three other peaks
tions. Moreover, a reflection region of the QTDW is found to arise in 2003, 2005 and 2007 at@with strengths of 14—
exist above 90 km, which led the.standing wave at 80-90 km16 K. Except 2009, strengths of both (2.04, W4) and (2.13,
where constant phases occur (Fig. 4, left panel). W3) exhibit a quasi-two-year variation period in general. In
the NH, strengths of (2.04, W4) are stronger in even years,
and weaker in odd years, whereas in the SH, strengths of
(2.13, W3) are stronger in odd years, and weaker in even
years. These features suggest that the influences of QBO in
zonal wind can extend from lower latitudes to mid-high lati-
TIMED/SABER has been observing temperature of the mid-tudes (Li et al., 2008).
dle and upper atmosphere continuously since 25 Febru- QBO in the monthly zonal mean of the zonal wind at
ary 2002, which allows us to study the interannual variationsthe equator (from &S to 3 N) from 2002 to 2011 of the
of QTDW parameters from 2002 to 2011. At each latitude NCEP/NCAR reanalysis from 100 hPa (near the equatorial

5 Interannual variations of QTDWSs

5.1 Strength
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Fig. 8. Monthly zonal mean of the zonal wind at the equator (fréh$%0 5 N) from 2002 to 2011 of the NCEP/NCAR reanalysis from 100
to 10 hPa, i.e. about 16—-30 km.

tropopause) to 10 hPa — i.e. about 16—-30km — is shown irdifferent stages of QTDWs: the first, second, third and fourth
Fig. 8. We can see that, in the southern summer, the equatagew represent durations of lifetime, growing stage, matura-
rial QBO is in the westerly (easterly) phase from 40 to 10 hPation stage and attenuation stage, respectively. All these du-
in most even (odd) years, and in the westerly (easterly) phaseations exhibit evident interannual variations at all latitudes
from 100 to 40 hPa in most odd (even) years. It indicates thaexcept the latitude range of 18-20 N, where durations are
QTDW strength in the southern summer is usually strongerrelatively shorter. By comparing the interannual variations of
in the QBO’s westerly phase from 100 to 40 hPa and easterhall durations and strengths of (2.04, W4) (Fig. 7), it is ob-
phase from 40 to 100 hPa. While in the northern summeryious that interannual variations of growing stage and the
the equatorial QBO is in easterly phase from 40 to 10 hPastrengths are most alike. Both of their peaks exist in 2002,
in most years, and in the easterly (westerly) phase from 10@004, 2006 and 2009. This means that strong QTDWSs usu-
to 40 hPa in odd (even) years. As with that in the southernally grow more slowly. Though interannual variation charac-
summer, QTDW strength in the northern summer tends taeristics of other durations differ from the strength, they are
be stronger when QBO is in the westerly phase from 100identical to each other. They peak in 2003, 2005, 2007 and
to 40 hPa, and the easterly phase from 40 to 10 hPa. Thu2010, when QTDW strengths are relatively weaker. We also
we can infer that QBO plays a significant role in modulating notice that the attenuation stage of (2.04, W4) is longer than
QTDW interannual variations. QTDWSs are easier to propa-the growing stage, and almost a half of the (2.04, W4) life-
gate upward in the equatorial QBO’s westerly phase in thetime is the maturation stage, which means that (2.04, W4)
lower stratosphere and easterly phase in the middle stratogrows fast and dissipates slowly. It may imply that back-
sphere. ground atmosphere in the NH is favorable to the generation
It is also shown in the observation results that the QTDWand maintenance of QTDW. In the SH, interannual variations
is stronger (weaker) in the solar maximum (minimum). The of durations are not in accordance with those of strengths
peak amplitude in 2009 may have resulted from the occurcompletely, which is similar as in the NH. Furthermore, it can
rence of SSW, but this theory is beyond the scope of thisbe seen that one half of the lifetime is the maturation stage,

paper. and growing stage is longer than the attenuation stage most
of the time. This means that (2.13, W3) grows more slowly
5.2 Lifetime than it attenuates, which differs from (2.04, W4), suggesting

that atmosphere in the southern summer is less favorable for
For each summertime from 2002 to 2011, we calculate thédhe maintenance of QTDWSs than the northern summer.
durations of lifetimes as well as the three stages of each
(2.13, W3) in the SH and (2.04, W4) in the NH. In each lat- 5.3 Vertical wavelength
itude band during each summer, the durations at altitudes of
the maximum QTDW amplitudes are taken as the annual dufor each summertime from 2002 to 2011, we calculate the
rations, and their annual latitude distributions are presentedertical wavelengths of (2.13, W3) in the SH and (2.04,
in Fig. 9. Left and right columns are for (2.04, W4) in the WA4) in the NH. In total, 4353 and 1503 results are obtained
NH and (2.13, W3) in the SH, respectively. Four rows are forin each altitude on average. About 78.5% of (2.13, W3)
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Fig. 9. Year—latitude cross sections of annual durations of lifetime (first row), growing stage (second row), maturation stage (third row) and

attenuation stage (fourth row) for (2.04, W4) (left column) and (2.13, W3) (right column) at altitudes of their maximum amplitudes.

and 70.7 % of (2.04, W4) vertical wavelengths are less tharlatitudes, vertical wavelengths decrease with altitude above
100km of which we perform statistical analysis. Follow- 70 km and reach the minimum around 75km. A significant
ing that, all these vertical wavelengths in the altitude rangeminimum appears at 75km at 3®, where the maximum
from 60 to 90km in a summer are averaged at each lati-annual mean amplitude occurs. Above the minimum altitude
tude band and are taken as the annual mean vertical wavehey increase monotonously.However, the maximum vertical
lengths. Annual latitude variations of these show hardly anywavelength is longer than 60 km and exists betweehNi5
regular interannual variation (not shown). In addition, the and 50 N. Different from (2.04, W4), altitude variation char-
averaged vertical wavelengths of years 2002-2011 in eachcteristics of vertical wavelengths of (2.13, W3) present evi-
altitude are calculated at each latitude band; the latitude-dent latitude differences. It basically decreases with altitude
altitude variations of them are shown in Fig. 10 The uppermonotonously between 30=8, where the lengths of verti-
and lower panels of Fig. 10 are for results of (2.04, W4) cal wavelengths vary between 36 and 60 km. In 40-S30a
and (2.13, W3), respectively. Obvious interhemispheric dif-minimum (about 44 km) exists near 80 km, where the peak
ferences can be seen. For (2.04, W4) in the NH, latitudeamplitude of (2.13, W3) just appears. In 50=8&) vertical
differences of vertical wavelengths are not evident. At mostwavelengths decrease with altitude below 72 km and increase
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Fig. 10. Latitude—altitude cross sections of averaged vertical wave-
lengths for (2.04, W4) (upper) and (2.13, W3) (bottom). Quasi-two-day waves in the summertime of 2002—2011 from
60 to 90 km in altitude and from 3% to 52 N in latitude are
studied in this paper by using TIMED/SABER temperature
data. The most obvious components of QTDWs in the SH
above. The minimum vertical wavelengths are about 40-and NH in normalized mean frequency—wavenumber spec-
42 km. Different altitude variation characteristics of vertical tra are (2.13, W3) and (2.04, W4), respectively. A case of
wavelength may result from different background horizon- the most remarkable QTDW event in SABER observations,
tal wind. However, latitude variations are also remarkablethe (2.13, W3) that occurred in the SH at*®in 2003 is
in each altitude. Below 70 km, double maximums exceed-studied in detail. For the first time, the lifetime of QTDWs is
ing 60 km exist at 15 and 5@, respectively. At 70-75km, defined and is divided into stages of growing, maturation and
the vertical wavelengths decrease with latitude, and at 75-attenuation according to the daily variations of amplitudes.
85 km it increases with latitude. The above descriptions im-It is shown that the duration of the growing stage equals that
ply that vertical wavelengths of (2.04, W4) and (2.13, W3) of the attenuation stage, and both of them are about 2 times
are 36—60 km. Their altitude and latitude variations performshorter than the duration of the maturation stage. The phase
interhemispheric differences. front of this case decreases with altitude, indicating upward
Furthermore, the occurrence possibilities of QTDWs atpropagation of wave energy, which is also observed by Fritts
their amplitude peak altitude (Fig. 2) — 85 km for (2.13, W3) et al. (1999). Thus, we can infer that a possible source re-
and 71km for (2.04, W4) — are analyzed to get the lengthgion of QYDW may exist below 60 km. In addition, vertical
distributions of vertical wavelengths. Occurrence possibility wavelength varies differently in different stages of lifetime.
is defined as the ratio of numbers of vertical wavelengthslt varies rapidly in the growing stage, decreases in the matu-
in each length range (the numerators) and the total numberation stage and remains stable in the attenuation stage.
of vertical wavelengths less than 100 km (the denominator). Background zonal and meridional wind may play im-
Figure 11 shows the distributions of the occurrence possiportant roles in determining these short-term variations of
bilities of the (2.04, W4) (black line) and the (2.13, W3) QTDW parameters. Amplitudes increase obviously in east-
(red line). They are in qualitative agreement, while peaks oferly and northerly wind, which implies the westward and
them differ. For (2.04, W4), the peak occurrence possibil-southward propagation of QTDWSs. And vertical wavelength
ity — 16.2 % — is between 20 and 30 km, and 54.3 % of ver-becomes longer (shorter) when a QTDW propagates against
tical wavelengths are between 10 and 40 km. Of the (2.13(with) the wind. Structures of refraction index and merid-
W3) vertical wavelengths, 25.0% of are between 30 andional gradient of potential vorticity can also explain the
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