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Abstract. Equatorial planetary scale wave modes such asl Introduction

Kelvin waves or Rossby-gravity waves are excited by con-

vective processes in the troposphere. In this paper an analysksquatorial wave modes, such as, for example, Kelvin waves
for these and other equatorial wave modes is carried out wittor Rossby-gravity waves, are forced in the tropical tropo-
special focus on the stratosphere using temperature data frosphere by convective processes (e.g., Pires et al., 1997,
the SABER satellite instrument as well as ECMWF temper-Straub and Kiladis, 2003; Lindzen, 2003; Randel and Wu,
atures. Space-time spectra of symmetric and antisymmetri2005). As a consequence in the troposphere there are signifi-
spectral power are derived to separate the different equatoriglant contributions of convectively coupled equatorial waves,
wave types and the contribution of gravity waves is deter-directly linked to the convective systems acting as wave
mined from the spectral background of the space-time specsources (e.g., Wheeler and Kiladis, 1999; Straub and Kiladis,
tra. 2003; Cho et al., 2004).

Both gravity waves and equatorial planetary scale wave Equatorial waves also propagate vertically into the strato-
modes are main drivers of the quasi-biennial oscillationsphere. Equatorial waves observed in the stratosphere are
(QBO) in the stratosphere. Temperature variances attributedominated by “free” wave modes, which are excited by deep
to the different wave types are calculated for the period fromconvection in the troposphere but not longer linked with the
February 2002 until March 2006 and compared to previousspace-time patterns of the convective forcing (Randel and
findings. A comparison between SABER and ECMWF wave Wu, 2005).
analyses shows that in the lower stratosphere SABER and Together with a broad spectrum of gravity waves equato-
ECMWEF spectra and temperature variances agree remarkial waves are the main drivers of the quasi-biennial oscilla-
ably well while in the upper stratosphere ECMWF tends totion (QBO) in the stratosphere (Hitchman and Leovy, 1988;
overestimate Kelvin wave components. Gravity wave vari- Dunkerton, 1997; Baldwin et al., 2001). As a result of the
ances are partly reproduced by ECMWF but have a sig-interaction with the QBO winds tropical wave activity itself
nificant low-bias. For the examples of a QBO westerly shows modulations due to the QBO.
phase (October—December 2004) and a QBO easterly phase The QBO is relevant for the stability of the subtropical
(November/December 2005, period of the SCOUT-O3 trop-mixing barrier of the so-called “tropical pipe”, which is more
ical aircraft campaign in Darwin/Australia) in the lower stable during QBO easterly phases. Therefore equatorial
stratosphere we find qualitatively good agreement betweenvaves play an indirect but important role for the modulation
SABER and ECMWEF in the longitude-time distribution of of mixing processes between the troposphere and the strato-
Kelvin, Rosshy £=1), and Rossby-gravity waves. sphere by meridional transports (Shuckburgh et al., 2001).
Also many other processes in atmospheric chemistry and dy-
namics in the stratosphere and mesosphere (even at high lati-
tudes) are modulated or influenced by the QBO, showing the
importance of the driving equatorial wave modes (Baldwin et
al., 2001). Another important effect directly connected with
Correspondence to: M. Ern tropical wave activity is tropical upwelling: Wave drag, trop-
(m.ern@fz-juelich.de) ical and subtropical, is an important mechanism for driving
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the observed annual mean tropical upwelling in the lower For the convectively coupled equatorial waves which are
stratosphere (Semeniuk and Shepherd, 2001). mainly observed in the troposphere (e.g., Wheeler and Ki-
A theoretical description of planetary scale equatorialladis (1999)) the nature of convective coupling determines
wave modes was first given by Matsuno (1966) who derivedthe phase speed and therefore the vertical scale of the waves.
the properties of the different wave types from solutions of Different from this, for the “free” wave modes mainly ob-
the shallow-water model on an equatorial beta plane with theserved in the stratosphere the tropospheric vertical wave-

Coriolis parameter: length values (like the ones given above) can be attributed to
Fe (1) the vertical scale of the convective systems acting as source
=By (e.g., Chang, 1976; Fulton and Schubert, 1985; Salby and

wherey is the meridional distance from the equator ghd Garcia, 1987) which is in good agreement with the vertical
is the gradient of the Coriolis parameter at the equator. Thisscale of the heating. Typical vertical profiles of thermal forc-

leads to the following dispersion relation: ing in convective systems have a broad maximum over about
. 2-8km in the troposphere (e.g., Chang, 1976; Fulton and

Vhe (& K2 _ KB\ _ 2n+1 n=012 .. (2)  Schubert, 1985; Johnson and Ciesielski, 2000). The vertical
B \sghe » ’ T scales of gravity waves excited by convection are determined

by the vertical scale of the heating in a similar way (Alexan-
der et al., 1995).

It should be noted that the frequencieshat are observed
by satellite instruments and most other observing systems are
%'round based (Eulerian) frequencies and intrinsic wave fre-
guenciesy will be Doppler shifted in case of non-zero back-

with & the intrinsic frequency of the wave; the zonal
wavenumberg the gravity acceleratiom the order of the
solution, andr, the so-called equivalent depth. The wave
modes described by Eqg. (2) are trapped near the equator b
cause the Coriolis parametgrchanges its sign at the equa-

tor. : .
. . . . round wind according to:
The equivalent depth is connected with the vertlcalg unda-wi g
wavenumbernn as given in Eq. (3) (e.g., Wu et al., 2000; 4 — » — ki (4)

Lindzen, 2003).:
5 with k the horizontal wavenumber and the background
2 _[N° 1 3) wind. This means that spectral features can shift consider-
gh. 4H? ably if plotted against intrinsic frequency instead of ground
. based frequency. Also the vertical wavelength of the waves
with N the buoyancy frequency, anid the pressure scale considered will be Doppler shifted. For example, a Kelvin

height. . !

Equatorial waves can be divided into eastward and Westyvave having 10 km vertical wavelength for zero background

9 : : - wind will have about 20 km vertical wavelength if the back-
ward traveling waves, as well as into wave modes symmetric .
. e ground wind changes te30 m/s.

and antisymmetric with respect to the equator. s o . .

In the following the most important wave modes are in- Doppler shn‘tmg of Intrinsic frequencies and vertical
troduced. For atmospheric temperature the most prominen\fva‘velengths is not considered throughout the whole paper

eastward traveling symmetric wave modes are Kelvin wavestS ince the ground based frequeneyf a wave is "defined” at
(e.g., Tindall et al., 2006a) and, with much smaller am- he wave source levekourceby the wave excitation process

plitude, eastward traveling inertia-gravity waves withi. as well as the background wind at the source level as follows:

Eastward traveling antisymmetric modes are inertia-gravity,,, _ &(zsourcd + kit (zsourcd (5)
waves withn=0 andn=2. Westward traveling symmetric
modes are equatorial Rossby waves withl and inertia- and (assuming slowly varying background wind fields) the
gravity waves withn=1, whereas westward traveling anti- ground based frequency does not change with altitude — even
symmetric wave modes are equatorial Rossby waves anthough the background wingwill change with altitude (e.qg.,
inertia-gravity waves, both witlk=2, and Rossby-gravity Olbers (1981); Marks and Eckermann (1995); Moulin and
waves. Flor (2005)). This means: If a wave is launched in the tro-
Figure 1 shows the spectral ranges between the lineposphere and propagates through the stratosphere, the “lo-
for equivalent depths of,=8 and 90 m under the assump- cation” of the wave in the zonal-wavenumber/ground-based
tion of zero background wind in the horizontal wavenum- frequency domain will always be the same, i.e., independent
ber/frequency domain. of altitude. Only the intrinsic frequencies (and vertical wave-
These spectral bands are typical for the abovementionetengths) will change with the background wind and conse-
wave modes in the troposphei#¥lteeler and Kiladis, 1999). quently also the lines of fixed equivalent depth will be shifted
Equivalent depths of 8 and 90 m correspond to vertical wavein a ground based frequency/horizontal wavenumber diagram
lengths between about 2.8 and 9.4 km in the stratosphere anathen the background wind changes.
due to the lower buoyancy frequengy to about 5.6 and On the other hand the waves contained at one altitude in
19 km in the troposphere (see Eg. 3). one of the frequency bands defined in Fig. 1 will not “leave”

Atmos. Chem. Phys., 8, 845-869, 2008 www.atmos-chem-phys.net/8/845/2008/
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Fig. 1. Spectral ranges between equivalent depth8 m andi,=90 m for the most relevant equatorial wave modes in the horizontal
wavenumber/frequency domain.

this band if the background wind is different at another alti- The phenomenon of Kelvin waves in the oceans is well
tude. As a consequence, if we discuss the properties of thknown for a long time. In the stratosphere first evidence
waves contained in one of the wave bands, for example, irfor Kelvin waves was found by Wallace and Kousky (1968)

an altitude-time cross-section (see Sect. 3) it is the propertieand Rossby-gravity waves were first detected by Yanai and
of always the same “ensemble” of waves over the whole al-Maruyama (1966) (therefore Rossby-gravity waves some-
titude range and Doppler shifting affects only the amplitudestimes are called Yanai-waves).

by, e.g., amplitude modulation, changing the saturation am-  since then numerous studies about equatorial waves have
plitude and critical level filtering (in the latter case the wave peen carried out based on radiosonde data, e.g., Angell et
is completely obliterated). al. (1973); Sato et al. (1994), as well as satellite data pro-
It should be noted that because the ground based freviding a global view of the atmosphere. Some examples us-
quency of a wave remains unchanged the equivalent depting stratospheric satellite data are, e.g., Salby et al. (1984);
(and vertical wavelength) will be different if the background Randel et al. (1990); Randel and Gille (1991); Bergman and
wind changes and, in particular, the lines of constant equiv-Salby (1994); Canziani et al. (1994); Srikanth and Ortland
alent depth for zero background wind drawn in Fig. 1 (or (1998); Tsai et al. (2004); Randel and Wu (2005); Ratnam et
in the space-time spectra shown in Sect. 2) do not indicatel. (2006).
the equivalent depth valid for a given spectral feature in the However, all these studies had one or several of the fol-
ground based frequency/horizontal wavenumber diagram inowing shortcomings: the data used had only poor spatial
case of non-zero background wind. The “real” equivalentor temporal resolution, limited altitude coverage, or the data
depth (or vertical wavelength) of a wave can only be cal-sets were too short. One of the consequences is that mostly
culated taking into account the Doppler shift caused by theonly Kelvin waves and no other wave modes were investi-
background wind. gated. Also many analyses focus on zonal wavenumbers 1—

Although changes of the background wind are not relevant2, neglecting the higher wavenumbers also important for the
for the ground based frequencies the Doppler effect can plaglynamics of the QBO.
an important role for the determination of momentum fluxes, This has been shown in an analysis by Tindall et al.
which is an important issue to quantify the effect of the an-(2006a,b) in the tropopause region using ERA-15 temper-
alyzed waves on the QBO. Momentum flux cannot be deterature and wind data: Higher zonal wavenumbers 4—7 also
mined from the temperature spectra (temperature variancegpontribute significantly to the momentum flux of the waves.
presented in our paper alone. Additional information like Since the momentum transfer of the different wave types is
vertical wavelengths or spectra of wind perturbations wouldone of the key drivers of the dynamics of the QBO these high
be required. However, this is beyond the scope of this papemwavenumbers cannot be neglected.

www.atmos-chem-phys.net/8/845/2008/ Atmos. Chem. Phys., 8, 845-869, 2008
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A comprehensive study in the troposphere was made byower into its symmetric and antisymmetric parts with re-
Wheeler and Kiladis (1999) using OLR data. In a follow- spect to the equator (e.g., Wheeler and Kiladis, 1999).
up investigation a similar analysis was made by Cho et al. Every data field W(x, ®,¢) can be written as sum
(2004) using TRMM rainfall data. These analyses discussof its symmetric Wsymm(i, ®,¢) and its anti-symmetric
the largest scale, lowest mode convectively coupled waveslani(, @, t) parts ¢.: longitude,®: latitude,z: time):
which account for only a relatively small fraction of the free 1
waves launched by “background” convection not organized¥ (A, ®,¢) = - (V(A, D,1) + VA, =D, 1))
into such waves. 2 1

In the stratosphere, different from the troposphere, in par- +§(‘I’()w Q,1) — V(R —D,1))
ticular the Kelvin waves observed (but also other equato- . )
rial wave types) cover a larger range of periods. Therefore, =t Woymm(d, &, 1) + Yani(A, . 1) ©)
for example, the stratospheric Kelvin waves can be classi- And we also obtain symmetridsymm(k, ; ®) and anti-
fied in ultraslow (periods 25-30 days, Canziani, 1999), slowsymmetric@,ni(k, »; ) spectral power after Fourier trans-
(periods 10-20days, Shiotani et al., 1997), fast (periods 6orm in longitude and timek¢ zonal wavenumbery: wave

10days, Hitchman and Leovy, 1988), and ultrafast wavesrequency). The total spectral power containedvih., ®, 1)
(periods 3—4 days, Salby et al., 1984, Lieberman and Rigis:

gin, 1997; Garcia et al., 2005). The waves with lower phase , .
speeds,/ k (longer periods for a given zonal wave number) Wk, @; ®) =Y W, @, 1) expli (k » + 1))
will not propagate to higher altitudes because they will en- At

counter critical level filtering and wave dissipation, for ex- = Z (wsymm(/\, D, 1) + Yanii(A, P, t))
ample, by wave breaking or radiative relaxation (e.g., Holton At

and Lindzen (1972)). In this way the waves interact with the x expi(k A + wt))

QBO and drive the wind reversal in the stratosphere. On the _ \ffsymm(k, w: ©) + Wanii(k, @; D) @

other hand very high-frequency (short-period) waves are able

to penetrate the atmosphere up to the thermosphere. This is Since equatorial wave modes are expected to be either
why we would expect that the higher up in the atmosphere théymmetric or antisymmetric with respect to the equator often
more important are the waves with the higher phase speed&e symmetric and antisymmetric spectral power are treated
and the longer vertical wavelengths and higher equivalenindependently and each averaged over a latitude band (e.g.,
depths (e.g., Salby et al., 2007; Takahashi et al., 2007). 15 S-15 N) after first calculating the power at each individual

Although a lot of detailed work about equatorial wave latitude to increase the signal to noise ratio. .
modes has been carried out in the stratosphere (see above)!n our case the data analyzed in this way are residual tem-
there is still a lack of systematic climatological investigations Peratures from the SABER instrument and European Centre
of the different equatorial wave modes based on stratospherifo" Medium-Range Weather Forecasts (ECMWF) analyses.
satellite data sets spanning several years. Some mfprmatlon about the ECMW_F model and the recent
SABER data have a large potential for the analysis Ofchanges in the ECMWEF data assimilation system are given,

equatorial waves. A first analysis over a short time periodforvsxample, n qugg an(cji lee:utpecher (|2097).t) d

of SABER data with focus on the mesosphere and lower Ie use a31w(|jn owe _ogrler a‘?’i ys? _asef hqn hon-
thermosphere has already been carried out by Garcia et agver :’Iipplnt? Si-day t'EedW'? ows. 1he ¢ glce oft 'iwm'
(2005). Now, having over 4 years of high-quality temper- ow length is Some Kind of compromise etween the ex-
ature data from the SABER instrument spanning from thep(?Cted .te.mporal variations of the data and at the.same time
tropopause region to above 100 km with a good resolution ofSt'” sufficient frequency resolution. For ex.ample, " th? up-
about 2 km vertically and covering zonal wavenumbers Ofupper stratosphere effects due to the semi-annual oscillation

to about 6—7 (owing to the orbit parameters of the TIMED E)S’IA‘O) é:an btehfountdi S0 thet\;]vmdi)vt\;lle?gth has] 0 t_)et_well
satellite) we have the opportunity to carry out a more com-oe O\;]V rr;]on hs r:jo Io srlnooK Iou N empor?] vana 'an'
prehensive analysis also in the stratosphere. n the other hand ultrasiow Kelvin waves can have periods

of about 30 days which can still be represented with the win-

dow length used. In addition, also the stationarity of the wave

modes we expect to find plays an important role as we expect
2 Space-time spectral analysis method for equatorial  to find also shorter period waves than in the troposphere.

wave modesin SABER and ECMWF data It should however be noted that this compromise of a 31-
day time-window implicates some limitations to our method:
2.1 Analysis method Some spectral leakage is expected if there is a mismatch be-

tween the ground based frequency of a wave and the spectral
To separate symmetric from antisymmetric wave modes of-grid points used in the spectral analysis. Especially cases
ten a spectral analysis is carried out dividing the spectralwith periods close to 31 days (maybe even longer than the

Atmos. Chem. Phys., 8, 845-869, 2008 www.atmos-chem-phys.net/8/845/2008/
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time windows used) could be problematic. In such casegyround wind). The spectral regions defined by these lines
there will be an underestimation of the 31-day componentwill be used for integration of the total spectral contributions

and some contamination of neighbored frequencies. On thef the different wave types in Sect. 3. Please note that in
other hand such long periods are only prominent at the low+ig. 2 the color scales are different for symmetric and anti-
ermost altitudes and the main findings presented in this papesymmetric spectra.

are not affected by this uncertainty. It first should be mentioned that in stratospheric tempera-
tures we obviously do not have a red noise-like background
2.2 Analysis of SABER data spectrum dominating over most of the spectral signatures of

equatorial waves like in Wheeler and Kiladis (1999) or Cho
The SABER instrument onboard the TIMED satellite et al. (2004)' who ana|yzed tropospheric OLR and precip-
measures temperatures and several trace gases from th@tion data. In our analysis of stratospheric temperatures
tropopause region to above 100km (e.g., Mlynczak, 1997the spectral peaks of Kelvin waves in symmetric spectral
Russell et al., 1999; Yee et al., 2003). In this paper we will power and of Rossby-gravity waves in antisymmetric power
analyze temperature residuals from the zonal mean for verare the most prominent spectral features (beneath equatorial

sion 1.06 SABER temperature data. Rossby waves at very low frequencies and diurnal variations
With the TIMED orbit cycle of about 1.7h (i.e., at+1 cpd).

14 orbits/day) SABER data can resolve zonal wavenumbers |n Fig. 2 we can see that already in the lower stratosphere
up to 6-7 and frequencies up to about 1cycle/day. Furspectral contributions are somewhat shifted towards higher
ther details about the asynoptic sampling geometry of lowequivalent depths with respect to the tropospheric observa-
Earth orbiting satellites can be found in, e.g., Hayashi (1980)tions by Wheeler and Kiladis (1999) or Cho et al. (2004).
Salby (1982a,b); Wu et al. (1995). Due to the asynoptic sam-There are also contributions of the different wave types out-
pling simple fast Fourier transform (FFT) cannot be appliedside the 8-90 m equivalent depth wave bands and a large por-
to the satellite data. Instead, we use a least-squares methaidn of the faster stratospheric signals are likely independent
similar to the approach described by Wu et al. (1995) whichof the tropospheric waves studied by Wheeler and Kiladis
has already been used by Smith et al. (2002) to estimate thg1999).
space-time Fourier coefficients for an analysis of equatorial Both the spectra shown in Fig. 2 and the tropospheric
wave signatures in CRISTA temperature data. This kind ofgbservations by Wheeler and Kiladis (1999) or Cho et al.
approach can also cope with data gaps as well as irregulai2004) are ground-based frequency/zonal wavenumber spec-
satellite sampling pattern (Wu et al., 1995), which is impor- tra. Since the ground-based frequency of a wave does not
tant because the TIMED satellite performs yaw maneuvershange when the wave encounters vertical wind shear, the
every 60 days due to solar angle restrictions. shift of the spectral contributions with respect to the tropo-
We obtain residual SABER temperatures by subtractingsphere indicates that at low (ground-based) frequencies there
the zonal wavenumber zero of a Kalman filter analysis, giv-is a real loss of spectral power (Doppler shifting of the waves
ing a temporally evolving estimate for the zonal mean on awould have no effect on the ground-based frequencies ob-
daily basis. The data set we use ranges from February 2008erved).
until March 2006. The equatorial wave analysis of SABER At the same time the occurrence of higher ground-based
temperatures is carried out ifi fatitude bins centered at the frequencies (higher equivalent depths) could be an indica-
equator andt4, +8, £12, ... degrees latitude. The analysis tion for processes involving longer vertical scales in the tro-
covers altitudes in 1-km steps, starting at 20 km as the lowposphere that become important only in the stratosphere and
ermost altitude to avoid altitudes with increased noise duebecome visible due to amplitude growth with altitude but are
to cloud-contamination of the observations. The uppermostoo small effects in the troposphere to be observed.
analysis altitude was above 100 km, however, we will focus The loss of spectral power at low ground-based frequen-
on the stratospheric analyses in the altitude range 20-50 krgies (lower equivalent depths) can have different reasons,
and a comparison to results from ECMWF in this paper. such as critical level filtering and wave dissipation due to,
Figure 2a and b show space-time spectra of sym-e.g., wave breaking or radiative relaxation. Another reason
metric and antisymmetric squared spectral amplitudes ircould be wave amplitude modulations of waves propagating
K2/wavenumber/cpd (i.e., two times power spectral density)conservatively caused by changes in the background wind.
at 21km altitude averaged over the whole period analyzed The change in the static stability will lead to a significant
(Feb 2002 until March 2006) and over latitudes 14 S—14 Nincrease of wave amplitudes during the transition of a wave
(i.e., the analyses for the latitude binsd#4, £8, £12 de-  from the troposphere into the stratosphere because the buoy-
grees are averaged) from SABER residual temperatures. ancy frequency increases by a factor of about two. In the
Also given are the lines for equivalent depths of 8, 90 andwhole stratosphere, however, this should be a minor effect
2000 m under the assumption of zero background wind, corbecauseV is about constant in the stratosphere.
responding to vertical wavelengths of about 3, 9 and 50km For the example of Kelvin waves, which satisfy the same
in the stratosphere (also under the assumption of zero bacldispersion relation as gravity waves, we can make use of

www.atmos-chem-phys.net/8/845/2008/ Atmos. Chem. Phys., 8, 845-869, 2008
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Fig. 2. Space-time spectra of SABER temperature symméaiand antisymmetri¢b) squared spectral amplitudes at 21 km altitude,
averaged over the whole period analyzed (Feb 2002 until March 2006) and over latitudes 14 S—14 N (i.e., the analyses for the latitude bins
0, +4, +8, £12 degrees are averaged). Also shown: ECMWF temperature symfeptizd antisymmetri¢d) squared spectral amplitudes

at 21 km altitude, averaged over the whole period analyzed (Feb 2002 until March 2006) and over latitudes 15 S—15 N. For comparison the
lines for equivalent depths of 8, 90, and 2000 m are given for the different wave modes.

Eg. (55) in Fritts and Alexander (2003), which was origi- (7'2)syrato the stratospheric value. In this equation changes
nally derived for gravity waves. Following Eq. (55) in Fritts in temperature and atmospheric density are neglected. Since
and Alexander (2003) for the transition from troposphere intoin the stratosphere the buoyancy frequeNgyato is about
stratosphere a change of temperature variances according twice the value in the tropospheMgopo this would be an in-

o o crease in variances (and power spectral densities) of almost
(T")strate/ (T"2)tropo ~ Neyrato/ Nivopo (8)  an order of magnitude.

would be expected witr(ﬁ)tropo the tropospheric and
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Fig. 3. Space-time spectra of SABER temperature symméfiand antisymmetri¢b) squared spectral amplitudes at 41 km altitude,
averaged over the whole period analyzed (Feb 2002 until March 2006) and over latitudes 14 S—14 N (i.e., the analyses for the latitude bins 0,
+4, £8, +£12 degrees are averaged). Also shown: ECMWF temperature symieticd antisymmetri¢d) squared spectral amplitudes

at 41 km altitude, averaged over the whole period analyzed (Feb 2002 until March 2006) and over latitudes 15 S—15 N. For comparison the
lines for equivalent depths of 8, 90, and 2000 m are given for the different wave modes.

Both fast and slow waves will encounter amplitude ampli- The fact that the values shown in Figs. 2 and 3 are squared
fication due to this change iM as well as due to the decrease spectral amplitudes (in units of%wvavenumber/cpd) means
of atmospheric density with altitude. However for the slow that we can apply Parseval’s theorem to calculate variances
waves obviously critical level filtering and wave dissipation from the spectral values given by integrating the spectral val-
or amplitude modulation due to changes in the backgroundies over a given area in the wavenumber/frequency domain.
wind are more important and a relative shift of the spectralAccording to Parseval's theorem the spectral density inte-
signatures is observed. grated over the whole spectral domain is equal to the overall
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variance of the data set analyzed. In our case it has to b@000). Therefore it would be expected that long vertical
kept in mind that the squared spectral amplitudes we use areavelength waves (higher equivalent depths) are better rep-
two times power spectral density and the integration resultresented in ECMWF than short vertical wavelength waves
has to be divided by two to obtain the variance. In addition, (lower equivalent depths).
symmetric and antisymmetric spectra have to be treated sep- The ECMWF data offer a much better space-time reso-
arately. lution than the SABER data. Zonal wavenumbers as high as
The calculation of variances will now be demonstrated 180 and frequencies up to 2 cycles/day (cpd) can be resolved.
in an example: Beneath the abovementioned spectral peak®or the current analysis such high resolution is not required.
we find some kind of continuous spectral background whichWe use the full latitudinal resolution of 1 deg, but only a re-
is about constant in the wavenumber/frequency-domainduced data set with 9 deg longitude resolution. To make sure
For both symmetric and antisymmetric spectra it is aboutthat the variance of the data is not affected we simply omit
0.15 K2/wavenumber/cpd. By integrating over the whole ECMWF grid points in our analysis. This reduced data set
wavenumber/frequency-domain in both symmetric and an-covers zonal wavenumbers up to 20 and frequencies up to
tisymmetric spectra, which have to be treated separately, thig cycles/day. Full resolution control runs show that almost
would be equal to a contribution of about 2 kf SABER no information is lost because most equatorial wave activity
temperature variances. The contributions from symmetricis at zonal wavenumbers lower than 15.
and antisymmetric backgrounds (both 0.1%Waveno./cpd) Residual ECMWF temperatures are obtained using a de-
are added in the following way: trending method different from the one used for the SABER
data, which was based on daily zonal mean values (see
((0.15+0.15)K?/waveno./cpck 7 wavenosx2cpd /2 ~ 2K?  gect. 2.2). Instead, for ECMWF we calculate linear fits of the
i i data in each of the 31-day time windows for every pressure
Of course, this background is partly composed of measureyeye| and latitude. These fits are subtracted from the data time
ment noise, interpolation errors, spectral leakage and aliasgingow by time window to remove mean values as well as
ing, as well as contributions from inertia-gravity waves with e mporal trends. Since the time windows used are relatively
n>0. But the main contribution are probably localized grav- ghort (31 days) there are no contaminations by the annual cy-
ity waves which are not resolved by the analysis method,je and the results of the analyses show that the method of
playing also an important role in equatorial atmospheric dy-gerending the data has almost no effect. Another difference
namics (see Sect. 1). _ . to the SABER analysis is that, owing to the fact that ECMWF
The contribution of inertia-gravity waves with>0 cannot 444 are given on a regular grid in space and time, the FFT

be distinguished from this background. Therefore inertia-c4 he used to determine the space-time Fourier coefficients.
gravity waves withn >0 will not be subject of this paper.

. 2.4 Comparison of the SABER and ECMWF analyses
2.3 Analysis of ECMWF data

h d h il ut tike the average SABER spectra shown in R2g. and b,

The ECMWF ?‘a set we use has a spatia reso ution 0 ig. 2c and d show space-time spectra of symmetric and an-
1deg longitude times 1 deg latitude. Data are available dallytisymmetric squared spectral amplitudes (two times power
for 00:00, 06:00, 12:00, 18:00 GMT on 28 pressure IeVe'SspectraI density) at 21 km altitude, averaged over the whole

between 1013.25 and 0.1mbar. For comparison with th&oioq analyzed (Feb 2002 until March 2006) and over lat-
SABER data given on geometric altitudes the ECMWF pres- o5 155" 15N for ECMWF. Please note that the color

sure levels are converted to pressure-altitude coordinates scales are the same as in Fg and b but only part of the

using a constant scale height of 7 km: full spectral range of the ECMWF data set used is shown
2z = 7kmx In(po/p) (9) (see Sect. 2.3). N S

There are striking similarities in the shape of the spec-
with pp=1013.25hPa. Because we are mainly interested irtral peaks of Kelvin, equatorial Rossby, and Rossby-gravity
a comparison between SABER and ECMWF we use onlywaves. Even the occurrence of fast Kelvin or Rossby-gravity
ECMWEF data from the same period where SABER data arewaves outside the 8-90m equivalent depth spectral bands
available (Feb 2002 until March 2006) and focus on strato-can be found in the ECMWF data. Again, it is difficult to
spheric altitudes. separate the contribution of inertia-gravity waves from the

Although SABER data are not assimilated in ECMWF background.

some agreement between SABER and the ECMWF op- The most striking difference between average SABER
erational analyses is expected because other satellite datand ECMWEF spectra can be found in the quasi continuous
(TOVS/ATOVS radiances) are used for data assimilation inbackground which is much lower in the ECMWF spectra.
the stratosphere. The TOVS/ATOVS radiances are sounde®artly this is an effect of the larger spectral region covered
in nadir viewing geometry with broad vertical weighting by ECMWF so that the total background variance is dis-
functions in both troposphere and stratosphere (see Li et altributed on a larger number of spectral grid points. Therefore
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a rgduced background would be expected in Fig. 2¢ and dTable 1. Squared spectral amplitudes of the strongest Kelvin wave
which show only the part of the spectral domain common ¢omponents in the four-year average SABER and ECMWF temper-
with the SABER analysis and not the full spectra. However, ayre analyses at 21, 32, and 41 km altitude.

the total contribution of the ECMWF spectral background
(symmetric and antisymmetric added) is equivalent to tem-

perature variance between about 0.5 and &,7Which is SA'ZER iral ECMVZF iral
considerably lower than the SABER value of about? iK- ) squared spectra squared spectra
k: zonal waveno., amplitude amplitude

dicating that this is not only an effect of the larger spectral
domain covered by ECMWF. Smaller parts of this difference
can be attributed to interpolation errors or measurement noise__altitude: 21 km

T: period [days]  [K/wavengcpd] [K2/wavengcpd]

present in SABER data but not in ECMWF. The largest con- =1, 7=15.50 6.32 6.11
tribution, however, is most likely due to the broad spectrum  4=1,7=10.33 6.62 6.42
of gravity waves which has been found before in SABER  k=2,7=10.33 3.52 3.72
temperature data (e.g., Preusse et al., 2006; Krebsbach and k=2,T=1.75 2.98 262

Preusse, 2007) and other limb sounding satellite data sets k=2,7=620 2.14 1.4

(e.g., Fetzer and Gille, 1994; Eckermann and Preusse, 1999; altitude: 32 km

Preusse et al., 2000, 2002; Ern et al., 2004, 2005, 2006; Wu et k=1,7=15.50 5.13 6.47
al., 2006) but is obviously underrepresented in the ECMWF  4=1,7=10.33 8.50 11.27
data used. k=1,T=7.75 4.55 4.37
Figure 3a—d shows the average spectra for SABER and z;;;;g;g ggg gg;
ECMWEF at 41 km altitude. k=2, T=6.20 3.29 3.89
Please note that again the color scales are different for k=2,7=5.17 2.27 2.58

symmetric and antisymmetric spectra. Compared to Fig. 2a altitude: 41 km
and c the spectral peak attributed to Kelvin waves is shifted %=1, T=15.50 157 971
towards higher equivalent depths. For comparison the lines ;_; 7-10.33 9.20 18.14
for equivalent depths 8, 90 and 2000 m under the assumption =1 7=7.75 8.13 12.02
of zero background wind are also shown. k=1,T=6.20 6.92 8.74
This shift probably indicates that part of the Kelvin waves =~ k=2,T7=7.75 2.41 4.75
at lower ground based phase speeds (i.e., lower equivalent k=2,7=6.20 4.82 6.12
k=2,T=5.17 4.24 5.73

depths) is absorbed in the lower stratosphere, thereby trans-
ferring momentum to the zonal wind system and driving the
QBO. On the other hand Kelvin waves with higher equivalent
depths, which have higher phase speeds, are not affected and
can propagate towards higher altitudes. The effects observed
for the other wave modes are similar. ues. The contribution due to gravity waves will be discussed

For the differences between the spectra at 21 km and 41 knfi) more detail in Sect. 3.2.
altitude amplitude modulations of waves propagating con- The strongest Kelvin wave components in the 4-year av-
servatively caused by changes in the background static steérage spectra are given in Table 1 for both SABER and
bility can be neglected because the buoyancy frequéncy ECMWEF at the altitudes 21, 32, and 41 km.
is about constant throughout the whole stratosphere. Also We have chosen only the strongest spectral contributions
amplitude modulations due to the vertical shear of the backbecause those should only be little influenced by differences
ground wind will in many cases be small compared to thein the spectral background (see also below). At altitudes be-
expected increase of wave variances due to the decrease lfw about 32 km the values given in Table 1 for SABER and
atmospheric density over three pressure scale heights: ABRCMWF are very similar and mostly do not differ by more
increase of wave variance of about a factor of 20 would bethan 10-20%. At higher altitudes the strongest Kelvin wave
expected. components found in ECMWEF are higher than the SABER
The quasi continuous background in the SABER spectravalues on average and can exceed the SABER values by 50%
is strongly enhanced compared to 21 km altitude. The temand more. This can also be seen from Fig. 4 where the aver-
perature variances contributed to this background are aboigge deviation of the 10 strongest 4-year average Kelvin wave
7K2. This likely reflects the increase of the amplitudes of components is plotted against the altitude (solid line).
gravity waves with altitude. There is also an enhancement Also given in Fig. 4 is the relative deviation of the total
in the ECMWF background at 41 km altitude compared to ECMWF Kelvin wave variances from the SABER variances
21km. The temperature variance due to this background iglong dashed line) in the spectral regibnl—6 and frequen-
about 3—4 K, again considerably lower than the SABER val- cies between 0.03 and 0.4 cycles/day. ECMWF variances are

k=2,T=4.43 3.01 4.13
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grate only over zonal wavenumbers 1-6. The choice of 8 and
2000 m is somewhat arbitrarily and the reason for this spec-
tral range is that most of the contributions of a given wave
] mode will be contained in this spectral band in the whole al-
3 titude range of 20-40 km (see Figs. 2 and 3). And the choice
] of an upper limit of 2000 m equivalent depth, for example,
would also include the ultrafast Kelvin waves identified by
] Salby et al. (1984), having wavenumber 1 and periods of
; . about 3.5days.
; ] Similar as in Wheeler and Kiladis (1999) we cut the spec-
{' tral bands used for integration at 0.4 cpd for Kelvin waves
CoA ! ] and at 0.5 cpd for eastward inertia-gravity wavesQ) and
20t 50 c’) ” 5 o 8'0 —0.5 cpd (i.e., only periods longer than about 2 days) for
i - Rosshy-gravity waves to avoid too large overlaps with the
deviation [%] frequency bands attributed to tides and inertia-gravity waves
with higher values of:>0.

Fig. 4. Altitude profile of the average deviation between the cor- Figure 5 shows the altitude-time cross-sections obtained
responding ECMWF analysis components and the 10 strongest 4, SABER and Fig. 6 for ECMWF.

year average Kelvin wave components in the SABER analysis (bold
solid line). Also given: the relative deviation of the total ECMWF
Kelvin wave variances from the SABER variances (long dashed
line).

50¢

40F

altitude [km]

30F

The values given are temperature variances calculated
from the integrated squared spectral amplitudes (two times
power spectral densities). Shown are the contributions due to
(a) Kelvin waves, (b) inertia-gravity waves<0), (c) equa-
torial Rossby wavesnE1l), and (d) Rossby-gravity waves,
somewhat lower in the lower stratosphere and about the sami@spectively. The contributions due to inertia-gravity waves
in the upper stratosphere. (n>0) and equatorial Rossby waves-@) are not shown be-
However, it should be noted that the relative deviationscause the amplitudes are rather small compared to the spec-
shown in Table 1 and Fig. 4 are calculated for squared spectal background.
tral amplitudes given in Rwaveno./cpd (see also Figs. 2 and Overplotted in Figs. 5 and 6 are contour lines of the zonal

3). Since the relative deviation doubles by squaring the valmean zonal wind from ECMWF averaged over the 31-day
ues, relative deviations would be lower by a factor of two if Windows used and all latitudes from 15 S—15N. The contour

Kelvin wave amplitudes are considered. interval is 10 m/s. Solid lines indicate eastward, dashed lines
This means that not only the relative distribution of the Westward wind. The zero wind line is highlighted by a bold-

spectra is very similar, but also the absolute values are iface solid line. . . .

good agreement in the lower stratosphere. In the upper As expected there is an evident modulation of the tem-

stratosphere ECMWF tends to overestimate Kelvin wavePerature variances by the QBO below about 40 km altitude.
components. Eastward propagating wave modes like Kelvin waves (pan-

els a) om=0 inertia-gravity waves (panels b) show enhanced
values during QBO east phases (i.e., phases of westward di-

3 Timeseriesfor the different wave components rected zonal winds) while westward propagating wave modes
like n=1 equatorial Rossby waves (panels c) or Rossby-
3.1 Equatorial wave modes gravity waves (panels d) are enhanced during QBO west

phases (i.e., phases of eastward directed zonal winds).

In the previous section average spectra at 21 km and 41km At altitudes above 40 km the zonal mean zonal wind is
altitude were shown and good agreement was found betweenot longer dominated by the QBO pattern of alternating east-
SABER and ECMWF. Now the question arises whether thisward and westward wind with an oscillation period of about
agreement still holds if we extend the comparison over the24 months. Instead, the zonal mean zonal wind is more and
whole stratosphere and take into account the temporal evolumore dominated by an oscillation with a period of about
tion of equatorial wave activity. For this analysis we use the6é months. This semiannual oscillation (SAO) of the zonal
same 31-day time windows as in Sect. 2. The temperaturevind can be found in the upper stratosphere and the meso-
variances that will be determined in each time window aresphere. From Figs. 5 and 6 we see that above above 40 km
attributed to the center days of the time windows. altitude also the temperature variances are dominated by the

In a first step we integrate the power spectral density overSAO and exhibit the same semiannual variation as the zonal
the spectral bands between 8 and 2000 m equivalent deptiind.
to calculate the “total” temperature variances of the differ- Kelvin waves are the by far dominant wave mode in resid-
ent wave modes. For both SABER and ECMWF we inte- ual temperatures, reaching temperature variances of about
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Fig. 5. Altitude-time cross-sections of SABER temperature variances integrated over the wave bands between 8 and 2000 m equivalent
depth for(a) Kelvin waves,(b) inertia-gravity wavesi=0), (c) equatorial Rossby waves=£1), and(d) Rossby-gravity waves. Overplotted

contour lines are zonal mean zonal wind from ECMWEF averaged over the latitudes 15 S—15 N. Contour interval is 10 m/s, solid lines indicate
eastward, dashed lines westward wind. The zero wind line is highlighted by a boldface solid line.

1.5-2 K during QBO east phases. Temperature variances From Figs. 9a and 10a we can see that for the Kelvin waves
of the other wave modes are small compared to the Kelvinobviously the modulation of the spectral power in the “fast”
waves. Please note that in Figs. 5 and 6 the color scales amgave band is not as strong as for the “slow” wave band, espe-
different for Kelvin waves and the other wave modes. cially in the middle and upper stratosphere. The QBO modu-
In the following the 8—2000 m equivalent depth spectral lation of the “slow” wave band equatorial waves observed in
band will be split up into a “slow” spectral band, ranging Figs. 7 and 8 is consistent with results for long-period Kelvin
from 8—-90 m equivalent depth (about the same range as usesdaves by Wallace and Kousky (1968) and Rossby-gravity
by Wheeler and Kiladis (1999)) and a “fast” spectral band, waves by Sato et al. (1994). For the Kelvin waves in the
ranging from 90-2000 m equivalent depth. We distinguish“slow” wave band variances vary from about 0.4 # about
between the “slow” and the “fast” wave bands because wel K? between maximum and minimum values in the strato-
expect different responses of the “slow” and the “fast” wavessphere. This means there is a contrast of a factor of about
to the QBO. “Slow” and “fast” in this context means: slower, 10 caused by QBO modulation. In the SABER “fast” wave
respectively, faster (ground based) phase speeds of the waveand (Fig. 9a) the contrast between maximum and minimum
at a given zonal wavenumber. variance, for example, is only a factor of about 2—3 at 30 km
Figures 7 and 8 show the same as Figs. 5 and 6 but for thaltitude.

contribution of only lower equivalent depths between 8 and |t s also remarkable that the QBO induced maxima of the
90 m in the “slow” wave bandS, whereas F|gS. 9and 10 ShOW‘S|0w" wave band are very narrow and occur main|y dur-

the contribution of only the higher equivalent depths betweening periods of eastward shear in the westward wind of the

90 and 2000 m in the “fast” wave bands. _ QBO east periods (see also Ratnam et al., 2006). This means
Please note that the color scales in Figs. 7-10 are differenhat these waves are closely related with the downward phase
from the ones in Figs. 5 and 6. propagation of the westward background winds of the QBO

east phases. Different from this the “fast” band Kelvin waves
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Fig. 6. Altitude-time cross-sections of ECMWF temperature variances integrated over the wave bands between 8 and 2000 m equivalent
depth for(a) Kelvin waves,(b) inertia-gravity wavesn=0), (c) equatorial Rossby waves=£1), and(d) Rossby-gravity waves. Overplotted

contour lines are zonal mean zonal wind from ECMWF averaged over the latitudes 15 S—15 N. Contour interval is 10 m/s, solid lines indicate
eastward, dashed lines westward wind. The zero wind line is highlighted by a boldface solid line.

display a broad maximum spread over the whole QBO eastvaves. Maybe this is due to the fact that the “fast” band as
periods and are modulated much stronger by the SAO. Therave have defined it is very narrow in order to exclude contri-
are even indications of modulations due to the SAO in thebutions of higher inertia-gravity waves.
middle stratosphere. It should be noted that these fast band Overall we can see that the equatorial wave activity in the
waves are not visible in the analyses by Tsai et al. (2004)stratosphere can be divided in two parts. One part at low
Randel and Wu (2005) and Ratnam et al. (2006) using GP&quivalent depths is modulated mainly by the QBO winds,
data because their method is only able to resolve waves witlthe other part at higher equivalent depths shows also annual
periods longer than about 7-10 days. variations or variations due to the SAO. This behavior is

There is a considerable contribution of the “fast” band found in both SABER and ECMWF residual temperatures,
waves already in the lower stratosphere, which can be of thegain showing the surprising agreement between both data
same order as the contribution from the “slow” band wavessets — even though ECMWF data are partly based on assimi-
during the periods when the “slow” band waves reach theirlated TOVS/ATOVS satellite measurements, which provide
maximum. During all other periods the “fast” band waves information at least about atmospheric waves with longer
are dominant. In the upper stratosphere and above the “fastertical wavelengths (see Sect. 2.3).
band waves are always dominant.

For the equatorial Rossby waves the “slow” wave band3.2 Contribution of gravity waves
shows a variation with the QBO whereas the variations of
“fast” wave band variances are a mixture of QBO modula-We also calculate the temperature variances due to gravity
tion and an annual cycle. For the Rossby-gravity waves thevaves by estimating the spectral background separately for
QBO variation is the main contribution in both wave bands, each 31-day window and altitude for both the symmetric and
whereas th@=0 inertia-gravity waves show QBO variations antisymmetric spectra (see also Sect. 2.2). To avoid contam-
in the “slow” band and no clear signatures for the “fast” bandination of these background values by the equatorial wave

Atmos. Chem. Phys., 8, 845-869, 2008 www.atmos-chem-phys.net/8/845/2008/



M. Ern et al.: Equatorial wave analysis from SABER and ECMWF temperatures 857

(@ (b) 772

N
o
N
o

altitude [km]
altitude [km]

30

w
o

20t

—~
o
~

Ross'by—g‘ravjty
\' | Var(T)
\ & (K3
()

0.3

altitude [km]

Fig. 7. Altitude-time cross-sections of SABER temperature variances integrated over the “slow” wave bands between 8 and 90 m equivalent
depth for(a) Kelvin waves,(b) inertia-gravity wavesn=0), (c) equatorial Rossby waves=£1), and(d) Rossby-gravity waves. Overplotted
contour lines are zonal mean zonal wind from ECMWEF averaged over the latitudes 15 S—15 N. Contour interval is 10 m/s, solid lines indicate
eastward, dashed lines westward wind. The zero wind line is highlighted by a boldface solid line.

modes we omit the tidal peaks, as well as zonal wavenum- The resulting altitude-time distribution is shown in Fig. 11

bers lower than 3 (where the main contributions of equato-for SABER (Fig. 11a) and ECMWEF (Fig. 11b).

rial waves are located) in each of the spectra and calculate Over the whole altitude range the variances due to gravity

the median of the squared spectral amplitudes from the rewaves in the SABER data obviously are considerably higher

maining spectrum. than in ECMWF (please note that the color scales in Fig. 11a
A median is found by arranging the values in order andand b are different). SABER gravity wave variances range

then selecting the one in the middle. We use this method infrom about 1.5-2 K in the lower stratosphere to about 15—

stead of the conventional mean-value average because evéd K2 in the upper stratosphere, monotonically increasing.

in the remaining parts of the spectra there will be “outliers” The range of ECMWF gravity wave variances is from

(localized spectral signatures of equatorial wave modes witrabout 0.5-0.7 K in the lower stratosphere to about 3-5K

amplitudes much higher than the spectral background) thain the upper stratosphere, decreasing again above 44 km alti-

will high-bias the mean value of the spectral background.tude.

This is avoided by using the median because in the remaining Some kind of cross-check for the median technique can be

parts of the spectra the majority of spectral values is domi-made by comparing the average variances at 21 and 41 km

nated by the spectral background (see Figs. 2 and 3). altitude in Fig. 11 with the background variances that were
These symmetric and antisymmetric median backgroundestimated from the 4-year average spectra in Sects. 2.2 and

values are added to obtain the background value for the com2.4. The values obtained there are abouf2iid 7 K for

plete spectrum. Then this constant value is integrated oveBABER and 0.5-0.7 Kand 3—-4 K for ECMWF at 21 and

the full spectrum (multiplied by the area of the whole spec-41km altitude, respectively. As we can see these values are

tral domain resolved) and divided by two (because the valuesn good agreement with the average values obtained from

we use are squared spectral amplitudes, i.e. two times powdfig. 11 at 21 and 41 km altitude.

spectral densities) to obtain the temperature variance due to The SABER gravity wave variances show an annual cy-

gravity waves (see also Sect. 2.2). cle in the lower stratosphere which is less pronounced in the
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Fig. 8. Altitude-time cross-sections of ECMWF temperature variances integrated over the “slow” wave bands between 8 and 90 m equivalent
depth for(a) Kelvin waves,(b) inertia-gravity wavesn=0), (c) equatorial Rossby waves=£1), and(d) Rossby-gravity waves. Overplotted
contour lines are zonal mean zonal wind from ECMWEF averaged over the latitudes 15 S—15 N. Contour interval is 10 m/s, solid lines indicate
eastward, dashed lines westward wind. The zero wind line is highlighted by a boldface solid line.

equatorial waves (compare Figs. 5-10). In addition there aréemperature amplitude limisx critical for wave breaking:
also variations due to the QBO with maximum variances at _
about the same times as the “slow” wave band Kelvin waves.» T -

. e Tsat= — N|c —ul (10)
In the upper stratosphere the gravity waves show variations g
due to the SAO. ECMWEF variances show similar variations,

but less pronounced. with 7 and i the background temperature and the back-

This behavior agrees with previous findings from SABER g;oznd wind a_l':'gczw/k Fhe grou?g fbased phase spegd
residual temperatures using a different method (Krebsbacl‘? é fe wave. 'S eq.uatltclm 'S l\:/a' Igr grf(\)/lty waves in
and Preusse, 2007) and from GPS radio occultation measurdl'd-Trequency approximation. - From £q. (10) we can see

ments (Wu, 2006; de la Torre et al., 2006). For a more de-:)hat tge Eaturated z;mplitudes o;lgravityﬁ] wav_e(sj with ?rosnd f
tailed discussion see Sect. 4.2 ased phase speeds comparable to the wind amplitude o

_ o _ ) ) the QBO will be modulated by the QBO winds (i.e., even
Since the variation of gravity wave variances with the gravity waves with ground based phase speeds as high as
QBO is similar to the observed variation of Kelvin wave vari- 5pout 40 m/s). From Eq. (10) we can also see that in a
ances (see'Flgs. 5—10)_the qugs_tlon arises whethgr th_e Varigronger background wind gravity waves propagating against
tion of gravity wave variances is just some contamination of e hackground wind can attain larger amplitudes before the
the background variances by Kelvin waves. There are severaimpjitude limit critical for wave breaking is reached. In QBO
reasons why the observed QBO-related variations of gravitysasterly phases the background wind is stronger than in the
wave variances should be real and not only an artifact. westerly phases. Therefore some kind of QBO modulation of
First, from theoretical considerations a variation of gravity gravity wave variances would be expected. In particular, an
wave variances with the QBO would be expected. Combin-increase of temperature variances in a layer below the lines
ing Egs. (1) and (3) in Preusse et al. (2006), we obtain theof zero zonal wind about 2 km thick would be expected from
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Fig. 9. Altitude-time cross-sections of SABER temperature variances integrated over the “fast” wave bands between 90 and 2000 m equiv-
alent depth foKa) Kelvin waves,(b) inertia-gravity wavesin=0), (c) equatorial Rossby waves=£1), and(d) Rossby-gravity waves. Over-

plotted contour lines are zonal mean zonal wind from ECMWF averaged over the latitudes 15 S—15 N. Contour interval is 10 m/s, solid lines
indicate eastward, dashed lines westward wind. The zero wind line is highlighted by a boldface solid line.

amplitude growth arguments (see Randel and Wu, 2005, Apgating wave modes other than Kelvin waves. Since this part
pendix A). Such layers can also be found during the phases off the spectrum is dominated by westward propagating equa-
eastward shear in the westward wind of the QBO east phasdsrial waves enhanced variances during the QBO westerly
at altitudes of 20—-30km in the SABER gravity wave vari- phases (different from the Kelvin waves) would be expected
ances shown in Fig. 11a. In the ECMWF data (Fig. 11b) thisif the spectral background was contaminated by those waves.
is only weakly indicated. Different from Fig. 11 where both symmetric and anti-
Indeed, short period waves (gravity waves) have beersymmetric background values as well as almost the whole
found to be modulated by the QBO before in analyses offrequency range were used we now estimate total variances
radiosonde data (Maruyama, 1994; Sato et al., 1994; Satby taking twice the variances determined from only the fre-
and Dunkerton, 1997; Vincent and Alexander, 2000). Inquency<0cpd parts of the antisymmetric spectra. By do-
addition, Krebsbach and Preusse (2007) found a variatioring so we assume that symmetric and antisymmetric back-
of gravity wave temperature variances with the QBO usinggrounds as well as the background for frequenei€pd
SABER satellite data but an approach different from the oneand frequencies-0 cpd should be all about equal (which is
used here. approximately the case) and the background variance of the
Nevertheless, there might be some contamination due toriginal data can be estimated from the frequerdycpd
Kelvin waves left in the total spectral background variancespart of the antisymmetric spectra alone.
shown in Fig. 11 and we will do some kind of cross-check in  These total background variances are shown in Fig. 12a for
the following. To further suppress the effect of Kelvin waves SABER and Fig. 12b for ECMWF. Especially in the SABER
we estimated background variances only from frequenciedackground variances (Fig. 12a) we still see the QBO vari-
<0cpd in the antisymmetric spectra (again using the me-ation similar to the variation of the Kelvin waves with the
dian method described above). By using only frequencieQBO. For the ECMWEF variances (Fig. 12b) the QBO-related
<0 cpd we also avoid contamination due to eastward propavariation is also still present but even less pronounced than
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Fig. 10. Altitude-time cross-sections of ECMWF temperature variances integrated over the “fast” wave bands between 90 and 2000 m
equivalent depth fofa) Kelvin waves,(b) inertia-gravity wavesn=0), (c) equatorial Rossby waves=£1), and(d) Rossby-gravity waves.
Overplotted contour lines are zonal mean zonal wind from ECMWF averaged over the latitudes 15 S—15 N. Contour interval is 10 m/s, solid
lines indicate eastward, dashed lines westward wind. The zero wind line is highlighted by a boldface solid line.
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Fig. 11. Altitude-time cross-sections of SABER) and ECMWF(b) temperature variances due to gravity waves. The variances were
determined from the spectral background in the space-time spectra. Please note that the color scales in (a) and (b) differ by a factor of 3.
Overplotted contour lines are zonal mean zonal wind from ECMWF averaged over the latitudes 15 S—15 N. Contour interval is 10 m/s, solid
lines indicate eastward, dashed lines westward wind. The zero wind line is highlighted by a boldface solid line.
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in Fig. 11b. Please note that the color scales in Fig. 12 aref about 1-2 K if we assume that both wavenumber 1 and
somewhat lower than in Fig. 11, accounting for minor asym-2 have the same amplitudes. This is in good agreement with
metries in the spectral background values. the peak values of about 1-1.5 for the “slow” Kelvin wave
It should be noted that for SABER we cannot rule out band in SABER and ECMWEF data (see Figs. 7 and 8).
completely that even antisymmetric spectra and frequen- These values are also in good agreement with findings
cies<0cpd might be contaminated by aliasing effects from from radiosonde observations. For examplegell et al.
Kelvin waves with zonal wavenumbets? not properly re-  (1973) find peak variances of about 2 it the equator in
solved by the satellite sampling. However, this is not a likely their 12-year data set at 50 mbar for wave periods between
effect since the spectra shown in Figs. 2 and 3 indicate thal0 and 20 days. In another example by Sato et al. (1994) for
the contributions due to Kelvin waves strongly decrease atvave periods between 8 and 20 days peak temperature vari-
zonal wavenumbers 5 for 21 km altitude (Fig. 2) and even ances between about 1 and 2%iK the altitude region 20—
more for 41 km altitude (Fig. 3). 30km are found for a 15-year data set of routine rawinson-
This information together with the fact that QBO-related des at Singapore. These values are somewhat higher than the
variations are also found in the variances shown in Fig. 120.5-1.5K in our “slow” Kelvin wave band. This difference
indicates that the QBO-related background variations foundcan easily be explained because the values of our analysis
(especially for SABER) are a robust feature that can be atrepresent an average over the latitudes from about 15S-15N
tributed to QBO-related variations of gravity wave variances.and equatorial wave activity decreases towards higher lati-
tudes. In addition, our “slow” Kelvin wave band not fully
coincides with the waves resolved by the radiosonde analy-
4 Comparison to previous analyses ses.

4.1 Equatorial waves 4.2 Gravity waves

As mentioned in Sects. 2.2-2.4 the general behavior of thélhe variances of gravity waves shown in Fig. 11a are de-
spectral signatures observed in SABER and ECMWF tem+ived from space-time spectra of SABER residual tempera-
peratures in the stratosphere is as follows: In the lower-tures. The values obtained can be compared to values derived
most stratosphere the spectral features are already somewHay Preusse et al. (2006) using a different method based on a
shifted towards higher phase speeds or equivalent depthgertical harmonic analysis using altitude profiles of SABER
compared to the observations in the troposphere by, for exresidual temperatures. These residual temperatures were ob-
ample, Wheeler and Kiladis (1999) or Cho et al. (2004), tained by subtracting a background distribution estimated
which are dominated by convectively coupled equatorialwith a zonal wavenumber 0—6 Kalman filter.
waves. With increasing altitude higher phase speeds and For the equatorial region the values given in Fig. 2
equivalent depths (dominated by free equatorial wave modes)f Preusse et al. (2006) for August 2003 are about 7 dB
become even more important because slow phase speeit temperature squared amplitudes at about 20 km altitude
waves will more and more encounter critical level filtering and about 14 dB at about 50 km altitude, corresponding to
and wave dissipation. Higher phase speed waves have beamguared amplitudes of about 5Knd 25K, respectively,
observed before by, e.g., Salby et al. (1984); Hitchman and.e., temperature variances of about 2%5aad 12.5K, re-
Leovy (1988); Lieberman and Riggin (1997); Garcia et al. spectively.
(2005). The values we obtain from the space-time spectra for Au-
For a quantitative comparison, we compare our results tayust 2003 are about 2%at 20 km altitude and about 1K
the analyses of GPS temperature data mentioned above (Tsfir 50 km altitude (see Fig. 11a). This is a very good agree-
et al., 2004; Randel and Wu, 2005; Ratnam et al., 2006). Irment, taking into account that the two methods for determin-
these analyses Kelvin wave activity of zonal wavenumbers ling gravity wave temperature variances are very different.
and 2 with periods longer than about 7-10days is covered Indications that short-period (small-scale) waves show
(Ratnam et al., 2006). These are the main contributions alsenodulations related to the QBO were found before in ra-
present in the “slow” wave bands of SABER and ECMWF diosonde data by, for example, Maruyama (1994); Sato et
data. Therefore temperature variances of the GPS analyses. (1994); Sato and Dunkerton (1997); Vincent and Alexan-
can directly be compared to our “slow” Kelvin wave band der (2000). Sato and Dunkerton (1997) estimated momen-
variances. tum fluxes for both Kelvin waves and 1-3 day period gravity
The structures in the altitude/time cross-sections (Figs. Avaves based on an 8-year time series of radiosonde obser-
and 8) are quite similar to the ones shown in Ratnam et alvations at Singapore and the association between the wave
(2006). Peak values of temperature amplitudes in the middldluxes and the QBO was investigated. Vincent and Alexan-
stratosphere observed by Ratnam et al. (2006) are about lder (2000) carried out a similar study for small-scale waves
1.5K? as an average over the dominant wavenumber 1 andbased on a 6-year data set of radiosonde observations at Co-
2 components. This would result in temperature variancesos Islands. In addition to strong annual and interannual
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Fig. 12. Altitude-time cross-sections of SABER) and ECMWHb) temperature variances due to gravity waves. Different from Fig. 11 the
variances were estimated from the spectral background in the antisymmetric space-time spectra from freqD@mijed lease note that

the color scales in (a) and (b) differ by a factor of about 3 and are also somewhat different from Fig. 11. Overplotted contour lines are zonal
mean zonal wind from ECMWF averaged over the latitudes 15 S—15 N. Contour interval is 10 m/s, solid lines indicate eastward, dashed lines
westward wind. The zero wind line is highlighted by a boldface solid line.

variations they also find variations related to the QBO in should be a modulation of the temperature variances between
wave energy and zonal momentum fluxes. 1.8% K2/2 and 2.2 K2/2 due to the QBO, i.e. between about
Also investigations of QBO-related variations based on1.6 K? and 2.4 K which is in good agreement with the values
satellite data have been carried out before. The temporal evedf about 1.8 and 3 Kwhich can be seen from Fig. 11a.
lution of variances due to wave activity in the equatorial re-  The amplitude of the annual cycle seen by Krebsbach and
gion including gravity waves has been investigated before byPreusse (2007) is between about 0.05 and about 0.2 K in the
for example, Wu (2006) and de la Torre et al. (2006) usingequatorial region between 15 S and 15 N. The distribution is
GPS radio occultation measurements. The observed patterifot centered at the equator. An average amplitude that could
is very similar to the one observed for Kelvin waves. In thesebe compared with our results would be about 0.1 K around
analyses the horizontal structure of the waves is completelp5 km altitude. Repeating the above estimation results in
neglected. Only vertical smoothing of the measured temperminimum and maximum variances of about 1.8 and 22K
ature altitude profiles is applied to separate residual temperahat would be expected according to Krebsbach and Preusse
tures from the background. Therefore the results show a mix{2007). This means the annual variation should be less pro-
ture between global equatorial wave modes (mainly Kelvinnounced than the variation due to the QBO, and this is also
waves) and gravity waves. This is improved in our resultswhat we find from Fig. 11a.

presented in Sect. 3.2. We cleanly separate the contribu- |; should be noted that the above estimates for the QBO
tion due to gravity waves from global-scale equatorial wave ang annual variations of gravity wave variances are not more
modes by determining the spectral background in the spacepan some kind of cross-check. In addition, the stronger an-
time spectra (see Sect. 3.2). nual cycle observed at the lowermost altitudes in SABER
In an analysis by Krebsbach and Preusse (2007) based affata is not seen in GPS measurements (e.g., de la Torre et
SABER gravity wave squared amplitudes annual variationsg|., 2006) and could be an indication that at the lowermost

as well as QBO related variations were found in the lower gjtitudes the SABER temperatures might be influenced by
stratosphere and variations due to the SAO were found in the|guds.

upper stratosphere. This general behavior can also be seenin
the results presented in Sect. 3.2, confirming the finding that
also gravity waves are modulated by the QBO. The amplitude
of the QBO variation found by Krebsbach and Preusse (20079 Examples for equatorial wave activity during QBO
is about 0.2 K in the stratosphere. easterly and QBO westerly phases

In Sect. 2.2 we have found an average temperature vari-
ance of about 2 Rdue to gravity waves in the lower strato- For field campaigns meteorological analyses like, for in-
sphere (i.e., amplitudes of about 2 K). An estimate for max-stance, the ECMWF analyses are of great importance for
imum and minimum amplitudes due to the QBO modula- mission planning during measurement campaigns as well as
tion is then given by 2 K0.2K using the QBO amplitude for the analysis of the collected data. Therefore it is an im-
of 0.2K by Krebsbach and Preusse (2007). Therefore thergortant information how reliable, for example, the horizontal
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and temporal distribution of equatorial waves is represented Apart from some smaller scale fluctuations due to the di-
in the meteorological data. urnal cycle and small scale processes the main feature in
One method often used to get an overview of the spatialFig. 13a apparently is a mixture of eastward propagating
and temporal variation are Hovmoeller plots, i.e., 2-D plots waves. The eastward propagation direction can be seen from

of a meteorological parameter versus longitude and time. the phase fronts which are tilted from the upper left towards
the lower right. This information together with the fact that
5.1 QBO easterly phase (period of the SCOUT-O3 tropicalKelvin waves are the most dominant process in tropical tem-
aircraft campaign) peratures we can infer that these temperature structures are
caused by a mixture of Kelvin waves.

This assumption can be confirmed by Fig. 13b and c.
These two figures show the residual temperatures obtained
by inverting the power spectra of the equatorial wave anal-
IiSiS in the “total” Kelvin wave band between 8 and 2000 m

quivalent depth for zonal wavenumbers 1-6. Figure 13b and

O; the reliiability of m(.ateorological analysle_s like EC,M\]{VF IS ¢ shows the residual temperatures obtained from ECMWF
of particular interest: A pronounced Kelvin wave is found - 4'SABER respectively.

in the ECMWEF data and it is being discussed whether this ) i

Kelvin wave has a large impact on the dehydration of the Again, we find good agreement bgt\{veen the SABE,R and

tropical tropopause region during the period of the measureth® ECMWF spectral analyses. Deviations between Fig. 13b
and c are less than about 1.5 K maximum and about 0.3K on

ment campaign (Brunner et al., 2007). . . .
Again, we average over the latitudes 15 S—15N. But dif- 2V€7a9€: At the same time the difference between maximum
’ ' and minimum values in Fig. 13b and c is about 6 K and the

ferent from Sects. 2—4 we use 91-day time windows for the deviation f ‘s about 0.7 K for both d
space-time spectral analysis instead of 31-day windows tGverage eviation from zero is about 0. or both data sets

avoid small inconsistencies at the transitions between thél Unsigned absolute values are taken. This means that in the
31-day windows. The results are very similar. For a bet- ower stratosphere ECMWF analyses do not only agree very

ter comparison between SABER and ECMWF results WeweII with the SABER temperature var_iances, they are also
therefore chose to calculate the Hovmoeller diagram fromable to reproduce the temporal evolution of zonal tempera-
only one single (longer) time window, containing the whole ture structures very well.

time period shown. To get more reliable results also for the The Kelvin waves observed have pronounced periods of
weaker equatorial wave modes like equatorial Rossby wavegbout 10-15days, and indeed, there is a mixture of Kelvin
or Rossby-gravity waves we taper the data to zero at botivaves leading to the observed residual temperatures of about

ends of the time windows (over 10 days at each end) using a3 K maximum. If the temperature variances were domi-
split cosine-bell window. nated by a single monochromatic Kelvin wave the tempera-

Tapering was not possible for the results shown inture residuals shown in Fig. 13 would show sinusoidal vari-
Sects. 2—4 because tapering reduces the variances with r@tions over the whole longitude range with constant ampli-
spect to the original time series. But to allow a more accuratdude, independent of longitude. Different from this we find
comparison of the wave phases on a limited part of the timen0 clear coherent sinusoidal structure over the whole longi-
window tapering can reduce the spectral leakage due to edgélde range in the residual temperatures shown. In addition,
effects caused by the finite length of the time windows. on average, residual temperatures are lower for longitudes

Figure 13a shows a Hovmoeller plot of undetrended <0deg. In particular, residual temperatures are enhanced at
ECMWF temperatures at 21 km altitude, averaged over thdongitudes 50 E-180E, i.e., in the Darwin region where the
latitudes 15 S—15N in the period from 27 October until 26 SCOUT-O3 measurement campaign took place. This indi-
December, 2005. By averaging the temperatures over a laticates that not only one single sinusoidal wave is responsible
tude band symmetric with respect to the equator antisymmetfor the temperature residuals observed. There has to be some
ric equatorial waves cancel out and we can compare the rekind of superposition of different Kelvin waves, involving
sulting average temperature distribution only with symmetric different zonal wavenumbers and frequencies.
equatorial wave analyses. If we compare Fig. 13b and c with Fig. 13a we can see that

Figure 13d shows residual ECMWF temperatures averimost of the temperature variations symmetric with respect to
aged over the latitudes 15S—15N which can also be comthe equator can be explained by Kelvin waves. (Please note
pared to the symmetric wave modes, whereas Fig. 13g showthat there is a temperature cooling trend in Fig. 13a masking
residual ECMWF temperatures averaged over 15 S—15 N ansome of the relative structures.) From Figs. 5-10 we can see
tisymmetrically, i.e., the sign is reversed for residual tem-that strong variations due to Kelvin waves could be expected
peratures south of the equator before averaging. Thereforbecause the SCOUT-O3 campaign in Darwin took place dur-
Fig. 13g can be compared with the signatures of the antisyming a QBO east period with enhanced Kelvin wave activity
metric wave modes. in the lower stratosphere.

First, we present the example of equatorial wave activity
during the SCOUT-03 tropical aircraft campaign in Dar-
win/Australia during November and December 2005. During
this period we are in QBO easterly phase at 21 km altitude.

For the period of this measurement campaign the questio
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Fig. 13. Hovmoeller diagrams at 21 km altitude in QBO east phase for the period of the SCOUT-03 tropical aircraft measurement campaign
from 27 October until 26 December 2005. Shown are 15 S—15 N averaga@suwidetrended ECMWF temperaturésd) residual ECMWF
temperatures(g) residual ECMWF temperatures averaged “antisymmetrically”. Also shown are residual temperatures derived from the
space-time spectral analysis for the spectral bands between 8 and 2000 m equivalent depth (“slow” plus “fast” wave bandg) for the
ECMWF and(c) SABER Kelvin wave bandsie) ECMWF and(f) SABER Rossby:=1 wave bands, anth) ECMWF and(i) SABER
Rossby-gravity wave bands.
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Figure 13e and f shows the signatures of equatorial Rossby It should also be noted that even during the QBO west-
waves (then=1 symmetric wave mode) and Fig. 13h and erly phase there is still a large signal due to Kelvin waves
i the signatures of Rossby-gravity waves for ECMWF and (Fig. 14b and c) — lower than during the QBO easterly phase
SABER, respectively. Please note that the color scales arésee Sect. 5.1) but still as large as the variations due to the
different from Fig. 13b and ¢ because Rossby and RossbyRossbyn=1 wave during the QBO westerly phase.
gravity waves have lower amplitudes. Both the signatures of the Kelvin waves and the Rossby

In the residual temperatures (Fig. 13d and g) we do not findz=1 waves can be found in the symmetric residual tempera-
obvious signatures of equatorial Rossby waves and Rossbyures from ECMWF (see Fig. 14a, d). Even the signatures of
gravity waves. Since the variances for those wave modes ithe Rossby-gravity waves can be found in the antisymmetric
Figs. 5 and 6 are low in November and December 2005 this iECMWF residual temperatures (see Fig. 14g) in spite of the
as expected. Consequently, the amplitudes found in Fig. 13g¢glatively low amplitudes on average.

f, h, and i are relatively small compared to the Kelvin wave For all wave modes shown at 21 km altitude we find qual-
amplitudes. itatively good agreement between SABER and ECMWF not

There is a certain agreement between the ECMWF and®nly in the wave amplitudes but also in the phases of the
the SABER distributions of equatorial Rossby and Rossby-waves for both QBO easterly and westerly phases. Some
gravity waves. But there are also significant differences. Indisagreements can be explained by the gravity wave back-

particular, the SABER residual temperatures found in theground which is much higher in the SABER data than in
Rossby £=1) and Rossby-gravity wave bands are consid-ECMWF. Certain agreement between SABER and ECMWF

erably higher and somewhat noisier than in ECMWF. ThisWas expected since TOVS/ATOVS satellite data are assimi-
most likely can be attributed to the spectral background dudated in the ECMWF operational analyses. Nevertheless, it
to gravity waves present in the SABER spectra. This spectralS Somewhat surprising that already in the lower stratosphere
noise over|ays the Signatures of Rossby:‘) and Rossby_ there is such gOOd agreement between SABER and ECMWEF,
gravity waves and can probably explain most of the differ- taking into account that in the lower stratosphere equatorial
ences between SABER and ECMWE. waves on average have lower equivalent depths and, conse-
quently, shorter vertical wavelengths. Since TOVS/ATOVS
data are measured in nadir viewing geometry with broad
vertical weighting functions especially short vertical wave-

Figure 14 shows the same as Fig. 13 but for the period fromIengths should be somewhat degraded in the TOVS/ATOVS

12 October until 11 December 2004. During this period Wemeasurements entering the ECMWF analyses.
are in QBO westerly phase at 21 km altitude.

From Figs. 5-10 we can see that in this period there isg  conclusions
enhanced activity of equatorial Rossby waves1() as well

as enhanced variances due to Rossby-gravity waves. This cafye carried out an analysis for equatorial waves based on
also be seen in Fig. 14e and f where (different from Fig. 13efor-year (Feb 2002 until March 2006) data sets of SABER
and f) we find a very pronounced Rossbyl wave with &  and ECMWF temperatures. We divided the equatorial waves
period of about 25 days. Also the activity of Rossby-gravity jnig symmetric and antisymmetric wave modes, similar to
waves is enhanced in Fig. 14h and i with respect to the QBGne analysis by Wheeler and Kiladis (1999). This method
easterly phase (see Fig. 13h and i). performed well for both the asynoptic data set of SABER

There is good agreement between the Rossby wave strugatellite measurements as well as the ECMWF meteorologi-
tures found in ECMWF and SABER. The Rossby-gravity cal analyses, given on a regular grid. Both data sets are obvi-
wave signatures are qualitatively the same in Fig. 14h andbusly capable to resolve longer period waves as well as short
i but there are differences in details which can probably beperiod waves, at least down to periods of about 2 days.
attributed to distortions by the spectral background due to The spectral signatures of Kelvin waves, equatorial
gravity waves which can be as high as about 50% of thERossby waves, inertia-gravity wavea=Q), as well as
Rossby-gravity wave variances (see Fig. 5). Rossby-gravity waves can be identified clearly throughout

However, the agreement between SABER and ECMWFthe stratospheric altitude range of 20-50 km considered in
Rossby-gravity waves and Rossibyl waves is much better this paper. We find that the equatorial wave activity in a
than in Fig. 13h and i and Fig. 13e and f. First, the ampli- slow phase speed wave band between 8 and 90 m equivalent
tudes of the Rosshy-gravity waves and Rosasb{ waves  depth is mainly modulated by the QBO. Different from this
are higher in the period from October 12 until Decemberthe waves at higher equivalent depths (90-2000 m) show less
11 2004, and, second, at 21 km altitude temperature varipronounced variation due to the QBO. Also effects of SAO
ances due to gravity waves are much lower (about,2¢e  and annual cycle can be found. For Kelvin waves the contri-
Fig. 11a) than in the period from 27 October until 26 Decem- bution of these “fast” waves cannot be neglected even in the
ber 2005 (about 3K see also Fig. 11a). lower stratosphere.

5.2 QBO westerly phase
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Fig. 14. Hovmoeller diagrams at 21 km altitude in QBO west phase for the period from 12 October until 11 December 2004. Shown
are 15 S-15N averages (&) undetrended ECMWF temperaturégd) residual ECMWF temperature) residual ECMWF temperatures
averaged “antisymmetrically”. Also shown are residual temperatures derived from the space-time spectral analysis for the spectral bands
between 8 and 2000 m equivalent depth (“slow” plus “fast” wave bands) fgb)}HeECMWF and(c) SABER Kelvin wave band¢g) ECMWF

and(f) SABER Rossby:=1 wave bands, an) ECMWF and(i) SABER Rossby-gravity wave bands.
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We find good agreement between our analyses and previ- Sato, K., and Takahashi, M.: The quasi-biennial oscillation, Rev.
ous studies based on satellite data (e.g., analysis of GPS tem- Geophys., 39, 179-229, 2001. _ N
peratures by Ratnam et al., 2006) as well as analyses bas&grgman, J. W. and Salby, M. L.: Equatorial wave activity de-
on radiosonde measurements (e.g., Angell et al., 1973). Itis rived from fluctuations in observed convection, J. Atmos. Sci.,
also remarkable that there is very good agreement betweeg 51, 37?31_3;806' #994' hiller. C.. Krebsbach. M.. Sitnikov. N. M
the SABER and ECMWF analyses. Only in the upper strato-2"U""en D-, Peter, T., Schiller, C., Krebsbach, M., Sitnikov, N. M.,
sphere ECMWF tends to overestimate Kelvin wave compo- and Mezrin, M. Y.: Large fluctuations of tropopause moisture

. b h o h . over the Maritime Continent induced by a Kelvin wave during
nents ('n_some cases by more't fin 50%). There is agr,eementthe SCOUT-03 campaign in Darwin, Australia, Geophys. Res.
not only in the spectra, but also in the'temporal eyolghon qf Abstr., 9, 08845, 2007.
the temperature variances and even in the longitudinal discanziani, P. 0., Holton, J. R., Fishbein, E., Froidevaux, L., and
tribution of residual temperatures and their temporal evolu- Waters, J. W.: Equatorial Kelvin waves: A UARS MLS view,
tion in the lower stratosphere. This has been demonstrated J. Atmos. Sci., 51, 3053-3076, 1994.
at 21 km altitude in QBO westerly phase (period October—Canziani, P. O.: Slow and ultraslow equatorial Kelvin waves: The
December 2004) as well as QBO easterly phase (Novem- UARS CLAES view, Q. J. Roy. Meteor. Soc., 125, 657676,
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. 1976.
gravity waves). Cho, H.-K., Bowman, K. P., and North, G. R.: Equatorial waves
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P ghig gesp spheric mountain waves from space, Science, 286, 1534-1537,
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making ECMWF a valuable tool accompanying measure-Ern, M., Preusse, P., and Warner, C. D.: A comparison between

ment campaigns. CRISTA satellite data and Warner and Mcintyre gravity wave pa-
rameterization scheme: Horizontal and vertical wavelength filter-
ing of gravity wave momentum flux, Adv. Space Res., 35, 2017—
2023, doi:10.1016/j.asr.2005.04.109, 2005.

Ern, M., Preusse, P., and Warner, C. D.: Some experimental con-

straints for spectral parameters used in the Warner and Mclintyre

gravity wave parameterization scheme, Atmos. Chem. Phys., 6,

4361-4381, 2006,

http://www.atmos-chem-phys.net/6/4361/2006/.

Fetzer, E. J. and Gille, J. C.: Gravity wave variances in LIMS tem-
peratures, |, Variability and comparison with background winds,
J. Atmos. Sci., 51, 2461-2483, 1994.

Fritts, D. C. and Alexander, M. J.: Gravity wave dynamics and

References effects in the middle atmosphere, Rev. Geophys., 41(1), 1003,

doi:10.1029/2001RG000106, 2003.

Alexander, M. J., Holton, J. R., and Durran, D. R.: The gravity Fulton, S. R. and Schubert, W. H.: Vertical normal mode trans-

wave response above deep convection in a squall line simulation, forms: Theory and application, Mon. Weather Rev., 113, 647—

Acknowledgements. The current work was supported by the
European Union’s 6th framework program within the SCOUT-O3
(GOCE-CT-2004-505390) project. Thanks also goes to the
European Centre for Medium-Range Weather Forecasts (ECMWF)
for providing the global ECMWF analyses used and to N. Bormann
from ECMWEF for helpful information.

Edited by: P. Haynes

J. Atmos. Sci., 52, 2212-2226, 1995. 658, 1985.

Angell, J. K., Cotton, G. F., and Korshover, J.: A climatological Garcia, R. R., Lieberman, R., Russell lll, J. M., and Mlynczak,
analysis of oscillations of Kelvin wave period at 50mb, J. At- M. G.: Large-scale waves in the mesosphere and lower ther-
mos. Sci., 30, 13-24, 1973. mosphere observed by SABER, J. Atmos. Sci., 62, 4384-4399,

Baldwin, M. P., Gray, L. J., Dunkerton, T. J., Hamilton, K., Haynes,  2005.

P. H., Randel, W. J., Holton, J. R., Alexander, M. J., Hirota, |., Hayashi, Y.: A method of estimating space-time spectra from polar-
Horinouchi, T., Jones, D. B. A., Kinnersley, J. S., Marquardt, C.,

www.atmos-chem-phys.net/8/845/2008/ Atmos. Chem. Phys., 8, 845-869, 2008


http://www.atmos-chem-phys.net/6/4361/2006/

868 M. Ern et al.: Equatorial wave analysis from SABER and ECMWF temperatures

orbiting satellite data, J. Atmos. Sci., 37, 1385-1392, 1980. gravity waves in August: Measurement and modeling, J. Atmos.
Hitchman, M. H. and Leovy, C. B.: Estimation of the Kelvin wave Sol.-Terr. Phys., 68, 1730-1751, 2006.

contribution to the semiannual oscillation, J. Atmos. Sci., 45, Randel, W. J., Boville, B. A., and Gille, J. C.: Observations of plan-

1462-1475, 1988. etary mixed Rossby-gravity waves in the upper stratosphere, J.
Holton, J. R. and Lindzen, R. S.: An updated theory for the quasi- Atmos. Sci., 47, 3092-3099, 1990.

biennial cycle of the tropical stratosphere, J. Atmos. Sci., 29,Randel, W. J. and Gille, J. C.: Kelvin wave activity in the upper

1076-1080, 1972. stratosphere observed in SBUV ozone data, J. Atmos. Sci., 48,
Johnson, R. H. and Ciesielski, P. E.: Rainfall and radiative heating 2336-2349, 1991.

rates from TOGA COARE atmospheric budgets, J. Atmos. Sci.,Randel, W. J. and Wu, F.: Kelvin wave variability near the equato-

57, 1497-1514, 2000. rial tropopause observed in GPS radio occultation measurements,
Jung, T. and Leutbecher, M.: Performance of the ECMWF forecast- J. Geophys. Res., 110, D03102, doi:10.1029/2004JD005006,

ing system in the Arctic during winter, Q. J. Roy. Meteor. Soc.,  2005.

133, 1327-1340, doi:10.1002/qj.99, 2007. Ratnam, M. V., Tsuda, T., Kozu, T., and Mori, S.: Long-term behav-
Krebsbhach, M. and Preusse, P.: Spectral analysis of gravity wave ior of the Kelvin waves revealed by CHAMP/GPS RO measure-

activity in SABER temperature data, Geophys. Res. Lett., 34, ments and their effects on the tropopause structure, Ann. Geo-

L03814, doi:10.1029/2006GL028040, 2007. phys., 24, 1355-1366, 2006,
Li, J., Wolf, W. W., Menzel, W. P., Zhang, W., Huang, H.-L., and http://www.ann-geophys.net/24/1355/2006/.

Achtor, T. H.: Global soundings of the atmosphere from ATOVS Russell lll, J. M., Mlynczak, M. G., Gordley, L. L., Tansock, J., and

measurements: The algorithm and validation, J. Appl. Meteorol., Esplin, R.: An overview of the SABER experiment and prelim-

39, 1248-1268, 2000. inary calibration results, Proceedings of SPIE, 3756, 277288,
Lieberman, R. S. and Riggin, D.: High resolution Doppler im-  1999.

ager observations of Kelvin waves in the equatorial mesospheré&alby, M. L.: Sampling theory for asynoptic satellite observations,

and lower thermosphere, J. Geophys. Res., 102, 26 117-26 130, Part I: Space-time spectra, resolution, and aliasing, J. Atmos.

1997. Sci., 39, 2577-2600, 1982.
Lindzen, R. S.: The interaction of waves and convection in the trop-Salby, M. L.: Sampling theory for asynoptic satellite observations,
ics, J. Atmos. Sci., 60, 3009—-3020, 2003. Part II: Fast Fourier synoptic mapping, J. Atmos. Sci., 39, 2601—

Marks, C. J. and Eckermann, S. D.: A three-dimensional nonhy- 2614, 1982.
drostatic ray-tracing model for gravity waves: Formulation and Salby, M. L., Hartmann, D. L., Bailey, P. L., and Gille, J. C.: Evi-
preliminary results for the middle atmosphere, J. Atmos. Sci., 52, dence for equatorial Kelvin modes in Nimbus-7 LIMS, J. Atmos.
1959-1984, 1995. Sci., 41, 220-235, 1984.

Maruyama, T.: Upward transport of westerly momentum due to dis-Salby, M. L. and Garcia, R. R.: Transient response to localized
turbances of the equatorial lower stratosphere in the period range episodic heating in the tropics, Part I: Excitation and short-time
of about 2 days — a Singapore data analysis for 1983-1993, J. near-field behavior, J. Atmos. Sci., 44, 458-498, 1987.

Meteorol. Soc. Jpn., 72, 423-432, 1994, Salby, M. L., Matrosova, L., and Callaghan, P. F.: Global
Matsuno, T.: Quasi-geostrophic motions in the equatorial area, J. Kelvin waves in the upper atmosphere excited by tropo-
Meteorol. Soc. Jpn., 44, 25-43, 1966. spheric forcing at midlatitudes, J. Geophys. Res., 112, D06111,

Mlynczak, M. G.: Energetics of the mesosphere and lower thermo- doi:10.1029/2006JD007235, 2007.
sphere and the SABER instrument, Adv. Space Res., 44, 1177-Sato, K., Hasegawa, F., and Hirota, I.: Short-period disturbances
1183, 1997. in the equatorial lower stratosphere, J. Meteorol. Soc. Jpn., 72,
Moulin, F. Y. and Fér, J.-B.: Experimental study on wave break-  859-873, 1994.
ing and mixing properties in the periphery of an intense vortex, Sato, K. and Dunkerton, T. J.: Estimates of momentum flux associ-

Dynam. Atmos. Oceans, 40, 115-130, 2005. ated with equatorial Kelvin and gravity waves, J. Geophys. Res.,
Olbers, D. J.: The propagation of internal waves in a geostrophic 102(D22), 26 247-26 261, 1997.
current, J. Phys. Oceanogr., 11, 1224-1233, 1981. Semeniuk, K. and Shepherd, T. G.: Mechanisms for tropical up-

Pires, P., Redelsperger, J.-L., and Lafore, J.-P.: Equatorial atmo- welling in the stratosphere, J. Atmos. Sci., 58, 3097-3115, 2001.
spheric waves and their association to convection, Mon. WeatheShiotani, M., Gille, J. C., and Roche, A. E.. Kelvin waves
Rev., 125, 1167-1184, 1997. in the equatorial lower stratosphere as revealed by cryogenic

Preusse, P., Eckermann, S. D., and Offermann, D.: Comparison limb etalon spectrometer temperature data, J. Geophys. Res.,
of global distributions of zonal-mean gravity wave variance in-  102(D22), 26 131-26 140, 1997.
ferred from different satellite instruments, Geophys. Res. Lett.,Shuckburgh, E., Norton, W., Iwi, A., and Haynes, P.: Influence of
27, 3877-3880, 2000. the quasi-biennial oscillation on isentropic transport and mix-

Preusse, P., @rnbrack, A., Eckermann, S. D., Riese, M., Schaeler, ing in the tropics and subtropics, J. Geophys. Res., 106(D13),
B., Bacmeister, J. T., Broutman, D., and Grossmann, K. U.: 14327-14337, 2001.

Space based measurements of stratospheric mountain waves I8mith, A. K., Preusse, P., and Oberheide, J.: Middle atmosphere
CRISTA, 1. Sensitivity, analysis method and a case study, J. Geo- Kelvin waves observed in Cryogenic Infrared Spectrometers
phys. Res., 107, 8178, doi:10.1029/2001JD000699, 2002. and Telescopes for the Atmosphere (CRISTA) 1 and 2 tem-

Preusse, P., Ern, M., Eckermann, S. D., Warner, C. D., Picard, R. perature and trace species, J. Geophys. Res., 107(D23), 8177,
H., Knieling, P., Krebsbach, M., Russell Ill, J. M., Mlynczak, doi:10.1029/2001JD000577, 2002.

M. G., Mertens, C. J., and Riese, M.: Tropopause to mesopausé&rikanth, R. and Ortland, D. A.: Analysis of Kelvin waves in High-

Atmos. Chem. Phys., 8, 845-869, 2008 www.atmos-chem-phys.net/8/845/2008/


http://www.ann-geophys.net/24/1355/2006/

M. Ern et al.: Equatorial wave analysis from SABER and ECMWF temperatures 869

Resolution Doppler Imager and Microwave Limb Sounder strato- Wallace, M. W. and Kousky, V. E.: Observational evidence of
sphere measurements using a constrained least squares method Kelvin waves in the tropical stratosphere, J. Atmos. Sci., 25,
J. Geophys. Res., 103(D18), 23 131-23151, 1998. 900-907, 1968.

Straub, K. H. and Kiladis, G. N.: The observed structure of convec-Wheeler, M. and Kiladis, G. N.: Convectively coupled equatorial
tively coupled Kelvin waves: Comparison with simple models of ~ waves: Analysis of clouds and temperature in the wavenumber-
coupled wave instability, J. Atmos. Sci., 60, 1655-1668, 2003. frequency domain, J. Atmos. Sci., 56, 374-399, 1999.

Takahashi, H., Wrasse, C. M., Fechine, J., Pancheva, D., Abdu, MWu, D. L., Hays, P. B., and Skinner, W. R.: A least squares method
A., Batista, I. S., Lima, L. M., Batista, P. P., Clemesha, B. R., for spectral analysis of space—time series, J. Atmos. Sci., 52,
Schuch, N. J., Shiokawa, K., Gobbi, D., Mlynczak, M. G., and  3501-3511, 1995.

Russell, J. M.: Signature of ultra fast Kelvin waves in the equato-Wu, D. L., Preusse, P., Eckermann, S. D., Jiang, J. H., Juarez, M.
rial middle atmosphere and ionosphere, Geophys. Res. Lett., 34, D. L. T., Coy, L., and Wang, D. Y.: Remote sounding of atmo-
L11108, doi:10.1029/2007GL029612, 2007. spheric gravity waves with satellite limb and nadir techniques,

Tindall, J. C., Thuburn, J., and Highwood, E. J.: Equatorial waves Adv. Space Res., 37, 2269-2277, 2006.
in the lower stratosphere. I: A novel detection method, Q. J. Roy.Wu, D. L.: Small-scale fluctuations and scintillations in high-
Meteor. Soc., 132, 177-194, doi:10.1256/qj.04.152, 2006. resolution GPS/CHAMP SNR and phase data, J. Atmos. Sol.-

Tindall, J. C., Thuburn, J., and Highwood, E. J.: Equatorial waves Terr. Phys., 68, 999-1017, 2006.
in the lower stratosphere. Il: Annual and interannual variability, Wu, Z., Sarachik, E. S., and Battisti, D. S.: Vertical structure of con-
Q. J. Roy. Meteor. Soc., 132, 195-212, doi:10.1256/qj.04.153, vective heating and the three-dimensional structure of the forced
2006. circulation on an equatorial beta plane, J. Atmos. Sci., 57, 2169—

Tsai, H.-F., Tsuda, T., Hajj, G. A., Wickert, J., and Aoyama, Y.: 2187, 2000.

Equatorial Kelvin waves observed with GPS occultation mea- Yanai, M. and Maruyama, T.: Stratospheric wave disturbances
surements (CHAMP and SAC-C), J. Meteorol. Soc. Jpn., 82, propagating over the equatorial Pacific, J. Meteorol. Soc. Jpn.,
397-406, 2004. 44, 291-294, 1966.

Vincent, R. A. and Alexander, M. J.: Gravity waves in the tropical Yee, J. H., Talaat, E. R., Christensen, A. B., Killeen, T. L., Russell,
lower stratosphere: An observational study of seasonal and inter- J. M., and Woods, T. N.: TIMED instruments, Johns Hopkins
annual variability, J. Geophys. Res., 105(D14), 17971-17982, APL Technical Digest, 24, 156-164, 2003.

2000.

www.atmos-chem-phys.net/8/845/2008/ Atmos. Chem. Phys., 8, 845-869, 2008



