
Atmos. Chem. Phys., 8, 845–869, 2008

www.atmos-chem-phys.net/8/845/2008/

© Author(s) 2008. This work is licensed

under a Creative Commons License.

Atmospheric
Chemistry

and Physics

Equatorial wave analysis from SABER and ECMWF temperatures

M. Ern1, P. Preusse1, M. Krebsbach1,*, M. G. Mlynczak2, and J. M. Russell III3

1Institute of Chemistry and Dynamics of the Geosphere (ICG-1), Forschungszentrum Juelich, Juelich, Germany
2Atmospheric Sciences Division, NASA Langley Research Center, Hampton, VA, USA
3Center for Atmospheric Sciences, Hampton University, Hampton, VA, USA
*now at: Department of Physics, University of Wuppertal, Wuppertal, Germany

Received: 19 July 2007 – Published in Atmos. Chem. Phys. Discuss.: 8 August 2007

Revised: 1 November 2007 – Accepted: 20 January 2008 – Published: 21 February 2008

Abstract. Equatorial planetary scale wave modes such as

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

vective processes in the troposphere. In this paper an analysis

for these and other equatorial wave modes is carried out with

special focus on the stratosphere using temperature data from

the SABER satellite instrument as well as ECMWF temper-

atures. Space-time spectra of symmetric and antisymmetric

spectral power are derived to separate the different equatorial

wave types and the contribution of gravity waves is deter-

mined from the spectral background of the space-time spec-

tra.

Both gravity waves and equatorial planetary scale wave

modes are main drivers of the quasi-biennial oscillation

(QBO) in the stratosphere. Temperature variances attributed

to the different wave types are calculated for the period from

February 2002 until March 2006 and compared to previous

findings. A comparison between SABER and ECMWF wave

analyses shows that in the lower stratosphere SABER and

ECMWF spectra and temperature variances agree remark-

ably well while in the upper stratosphere ECMWF tends to

overestimate Kelvin wave components. Gravity wave vari-

ances are partly reproduced by ECMWF but have a sig-

nificant low-bias. For the examples of a QBO westerly

phase (October–December 2004) and a QBO easterly phase

(November/December 2005, period of the SCOUT-O3 trop-

ical aircraft campaign in Darwin/Australia) in the lower

stratosphere we find qualitatively good agreement between

SABER and ECMWF in the longitude-time distribution of

Kelvin, Rossby (n=1), and Rossby-gravity waves.
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1 Introduction

Equatorial wave modes, such as, for example, Kelvin waves

or Rossby-gravity waves, are forced in the tropical tropo-

sphere by convective processes (e.g., Pires et al., 1997;

Straub and Kiladis, 2003; Lindzen, 2003; Randel and Wu,

2005). As a consequence in the troposphere there are signifi-

cant contributions of convectively coupled equatorial waves,

directly linked to the convective systems acting as wave

sources (e.g., Wheeler and Kiladis, 1999; Straub and Kiladis,

2003; Cho et al., 2004).

Equatorial waves also propagate vertically into the strato-

sphere. Equatorial waves observed in the stratosphere are

dominated by “free” wave modes, which are excited by deep

convection in the troposphere but not longer linked with the

space-time patterns of the convective forcing (Randel and

Wu, 2005).

Together with a broad spectrum of gravity waves equato-

rial waves are the main drivers of the quasi-biennial oscilla-

tion (QBO) in the stratosphere (Hitchman and Leovy, 1988;

Dunkerton, 1997; Baldwin et al., 2001). As a result of the

interaction with the QBO winds tropical wave activity itself

shows modulations due to the QBO.

The QBO is relevant for the stability of the subtropical

mixing barrier of the so-called “tropical pipe”, which is more

stable during QBO easterly phases. Therefore equatorial

waves play an indirect but important role for the modulation

of mixing processes between the troposphere and the strato-

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

tropical wave activity is tropical upwelling: Wave drag, trop-

ical and subtropical, is an important mechanism for driving
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the observed annual mean tropical upwelling in the lower

stratosphere (Semeniuk and Shepherd, 2001).

A theoretical description of planetary scale equatorial

wave modes was first given by Matsuno (1966) who derived

the properties of the different wave types from solutions of

the shallow-water model on an equatorial beta plane with the

Coriolis parameter:

f =βy (1)

where y is the meridional distance from the equator and β

is the gradient of the Coriolis parameter at the equator. This

leads to the following dispersion relation:

√
ghe

β

(

ω̂2

ghe

− k2 − kβ

ω̂

)

= 2n + 1, n=0, 1, 2, ... (2)

with ω̂ the intrinsic frequency of the wave, k the zonal

wavenumber, g the gravity acceleration, n the order of the

solution, and he the so-called equivalent depth. The wave

modes described by Eq. (2) are trapped near the equator be-

cause the Coriolis parameter f changes its sign at the equa-

tor.

The equivalent depth is connected with the vertical

wavenumber m as given in Eq. (3) (e.g., Wu et al., 2000;

Lindzen, 2003).:

m2 =
(

N2

ghe

− 1

4H 2

)

(3)

with N the buoyancy frequency, and H the pressure scale

height.

Equatorial waves can be divided into eastward and west-

ward traveling waves, as well as into wave modes symmetric

and antisymmetric with respect to the equator.

In the following the most important wave modes are in-

troduced. For atmospheric temperature the most prominent

eastward traveling symmetric wave modes are Kelvin waves

(e.g., Tindall et al., 2006a) and, with much smaller am-

plitude, eastward traveling inertia-gravity waves with n=1.

Eastward traveling antisymmetric modes are inertia-gravity

waves with n=0 and n=2. Westward traveling symmetric

modes are equatorial Rossby waves with n=1 and inertia-

gravity waves with n=1, whereas westward traveling anti-

symmetric wave modes are equatorial Rossby waves and

inertia-gravity waves, both with n=2, and Rossby-gravity

waves.

Figure 1 shows the spectral ranges between the lines

for equivalent depths of he=8 and 90m under the assump-

tion of zero background wind in the horizontal wavenum-

ber/frequency domain.

These spectral bands are typical for the abovementioned

wave modes in the troposphere (Wheeler and Kiladis, 1999).

Equivalent depths of 8 and 90m correspond to vertical wave-

lengths between about 2.8 and 9.4 km in the stratosphere and

due to the lower buoyancy frequency N to about 5.6 and

19 km in the troposphere (see Eq. 3).

For the convectively coupled equatorial waves which are

mainly observed in the troposphere (e.g., Wheeler and Ki-

ladis (1999)) the nature of convective coupling determines

the phase speed and therefore the vertical scale of the waves.

Different from this, for the “free” wave modes mainly ob-

served in the stratosphere the tropospheric vertical wave-

length values (like the ones given above) can be attributed to

the vertical scale of the convective systems acting as source

(e.g., Chang, 1976; Fulton and Schubert, 1985; Salby and

Garcia, 1987) which is in good agreement with the vertical

scale of the heating. Typical vertical profiles of thermal forc-

ing in convective systems have a broad maximum over about

2–8 km in the troposphere (e.g., Chang, 1976; Fulton and

Schubert, 1985; Johnson and Ciesielski, 2000). The vertical

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 frequencies ω that are observed

by satellite instruments and most other observing systems are

ground based (Eulerian) frequencies and intrinsic wave fre-

quencies ω̂ will be Doppler shifted in case of non-zero back-

ground wind according to:

ω̂ = ω − k ū (4)

with k the horizontal wavenumber and ū the background

wind. This means that spectral features can shift consider-

ably if plotted against intrinsic frequency instead of ground

based frequency. Also the vertical wavelength of the waves

considered will be Doppler shifted. For example, a Kelvin

wave having 10 km vertical wavelength for zero background

wind will have about 20 km vertical wavelength if the back-

ground wind changes to −30m/s.
Doppler shifting of intrinsic frequencies and vertical

wavelengths is not considered throughout the whole paper

since the ground based frequency ω of a wave is “defined” at

the wave source level zsource by the wave excitation process

as well as the background wind at the source level as follows:

ω = ω̂(zsource) + kū(zsource) (5)

and (assuming slowly varying background wind fields) the

ground based frequency does not change with altitude – even

though the background wind ūwill change with altitude (e.g.,

Olbers (1981); Marks and Eckermann (1995); Moulin and

Flór (2005)). This means: If a wave is launched in the tro-

posphere and propagates through the stratosphere, the “lo-

cation” of the wave in the zonal-wavenumber/ground-based

frequency domain will always be the same, i.e., independent

of altitude. Only the intrinsic frequencies (and vertical wave-

lengths) will change with the background wind and conse-

quently also the lines of fixed equivalent depth will be shifted

in a ground based frequency/horizontal wavenumber diagram

when the background wind changes.

On the other hand the waves contained at one altitude in

one of the frequency bands defined in Fig. 1 will not “leave”
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Fig. 1. Spectral ranges between equivalent depth he=8m and he=90m for the most relevant equatorial wave modes in the horizontal

wavenumber/frequency domain.

this band if the background wind is different at another alti-

tude. As a consequence, if we discuss the properties of the

waves contained in one of the wave bands, for example, in

an altitude-time cross-section (see Sect. 3) it is the properties

of always the same “ensemble” of waves over the whole al-

titude range and Doppler shifting affects only the amplitudes

by, e.g., amplitude modulation, changing the saturation am-

plitude and critical level filtering (in the latter case the wave

is completely obliterated).

It should be noted that because the ground based fre-

quency of a wave remains unchanged the equivalent depth

(and vertical wavelength) will be different if the background

wind changes and, in particular, the lines of constant equiv-

alent depth for zero background wind drawn in Fig. 1 (or

in the space-time spectra shown in Sect. 2) do not indicate

the equivalent depth valid for a given spectral feature in the

ground based frequency/horizontal wavenumber diagram in

case of non-zero background wind. The “real” equivalent

depth (or vertical wavelength) of a wave can only be cal-

culated taking into account the Doppler shift caused by the

background wind.

Although changes of the background wind are not relevant

for the ground based frequencies the Doppler effect can play

an important role for the determination of momentum fluxes,

which is an important issue to quantify the effect of the an-

alyzed waves on the QBO. Momentum flux cannot be deter-

mined from the temperature spectra (temperature variances)

presented in our paper alone. Additional information like

vertical wavelengths or spectra of wind perturbations would

be required. However, this is beyond the scope of this paper.

The phenomenon of Kelvin waves in the oceans is well

known for a long time. In the stratosphere first evidence

for Kelvin waves was found by Wallace and Kousky (1968)

and Rossby-gravity waves were first detected by Yanai and

Maruyama (1966) (therefore Rossby-gravity waves some-

times are called Yanai-waves).

Since then numerous studies about equatorial waves have

been carried out based on radiosonde data, e.g., Angell et

al. (1973); Sato et al. (1994), as well as satellite data pro-

viding a global view of the atmosphere. Some examples us-

ing stratospheric satellite data are, e.g., Salby et al. (1984);

Randel et al. (1990); Randel and Gille (1991); Bergman and

Salby (1994); Canziani et al. (1994); Srikanth and Ortland

(1998); Tsai et al. (2004); Randel and Wu (2005); Ratnam et

al. (2006).

However, all these studies had one or several of the fol-

lowing shortcomings: the data used had only poor spatial

or temporal resolution, limited altitude coverage, or the data

sets were too short. One of the consequences is that mostly

only Kelvin waves and no other wave modes were investi-

gated. Also many analyses focus on zonal wavenumbers 1–

2, neglecting the higher wavenumbers also important for the

dynamics of the QBO.

This has been shown in an analysis by Tindall et al.

(2006a,b) in the tropopause region using ERA-15 temper-

ature and wind data: Higher zonal wavenumbers 4–7 also

contribute significantly to the momentum flux of the waves.

Since the momentum transfer of the different wave types is

one of the key drivers of the dynamics of the QBO these high

wavenumbers 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 by

Wheeler and Kiladis (1999) using OLR data. In a follow-

up investigation a similar analysis was made by Cho et al.

(2004) using TRMM rainfall data. These analyses discuss

the largest scale, lowest mode convectively coupled waves

which account for only a relatively small fraction of the free

waves launched by “background” convection not organized

into such waves.

In the stratosphere, different from the troposphere, in par-

ticular the Kelvin waves observed (but also other equato-

rial wave types) cover a larger range of periods. Therefore,

for example, the stratospheric Kelvin waves can be classi-

fied in ultraslow (periods 25–30 days, Canziani, 1999), slow

(periods 10–20 days, Shiotani et al., 1997), fast (periods 6–

10 days, Hitchman and Leovy, 1988), and ultrafast waves

(periods 3–4 days, Salby et al., 1984; Lieberman and Rig-

gin, 1997; Garcia et al., 2005). The waves with lower phase

speeds ω̂/k (longer periods for a given zonal wave number)

will not propagate to higher altitudes because they will en-

counter critical level filtering and wave dissipation, for ex-

ample, by wave breaking or radiative relaxation (e.g., Holton

and Lindzen (1972)). In this way the waves interact with the

QBO and drive the wind reversal in the stratosphere. On the

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

to penetrate the atmosphere up to the thermosphere. This is

why we would expect that the higher up in the atmosphere the

more important are the waves with the higher phase speeds

and the longer vertical wavelengths and higher equivalent

depths (e.g., Salby et al., 2007; Takahashi et al., 2007).

Although a lot of detailed work about equatorial wave

modes has been carried out in the stratosphere (see above)

there is still a lack of systematic climatological investigations

of the different equatorial wave modes based on stratospheric

satellite data sets spanning several years.

SABER data have a large potential for the analysis of

equatorial waves. A first analysis over a short time period

of SABER data with focus on the mesosphere and lower

thermosphere has already been carried out by Garcia et al.

(2005). Now, having over 4 years of high-quality temper-

ature data from the SABER instrument spanning from the

tropopause region to above 100 km with a good resolution of

about 2 km vertically and covering zonal wavenumbers of up

to about 6–7 (owing to the orbit parameters of the TIMED

satellite) we have the opportunity to carry out a more com-

prehensive analysis also in the stratosphere.

2 Space-time spectral analysis method for equatorial

wave modes in SABER and ECMWF data

2.1 Analysis method

To separate symmetric from antisymmetric wave modes of-

ten a spectral analysis is carried out dividing the spectral

power into its symmetric and antisymmetric parts with re-

spect to the equator (e.g., Wheeler and Kiladis, 1999).

Every data field 9(λ, 8, t) can be written as sum

of its symmetric 9symm(λ, 8, t) and its anti-symmetric

9anti(λ, 8, t) parts (λ: longitude, 8: latitude, t : time):

9(λ, 8, t) = 1
2
(9(λ, 8, t) + 9(λ, −8, t))

+1
2
(9(λ, 8, t) − 9(λ, −8, t))

=: 9symm(λ, 8, t) + 9anti(λ, 8, t) (6)

And we also obtain symmetric 9̂symm(k, ω; 8) and anti-

symmetric 9̂anti(k, ω; 8) spectral power after Fourier trans-

form in longitude and time (k: zonal wavenumber, ω: wave

frequency). The total spectral power contained in 9(λ, 8, t)

is:

9̂(k, ω; 8) =
∑

λ,t

9(λ, 8, t) exp(i(k λ + ω t))

=
∑

λ,t

(

9symm(λ, 8, t) + 9anti(λ, 8, t)
)

× exp(i(k λ + ω t))

= 9̂symm(k, ω; 8) + 9̂anti(k, ω; 8) (7)

Since equatorial wave modes are expected to be either

symmetric or antisymmetric with respect to the equator often

the symmetric and antisymmetric spectral power are treated

independently and each averaged over a latitude band (e.g.,

15 S–15N) after first calculating the power at each individual

latitude to increase the signal to noise ratio.

In our case the data analyzed in this way are residual tem-

peratures from the SABER instrument and European Centre

for Medium-Range Weather Forecasts (ECMWF) analyses.

Some information about the ECMWF model and the recent

changes in the ECMWF data assimilation system are given,

for example, in Jung and Leutbecher (2007).

We use a windowed Fourier analysis based on non-

overlapping 31-day time windows. The choice of this win-

dow length is some kind of compromise between the ex-

pected temporal variations of the data and at the same time

still sufficient frequency resolution. For example, in the up-

per stratosphere effects due to the semi-annual oscillation

(SAO) can be found, so the window length has to be well

below 3months not to smooth out the temporal variations.

On the other hand ultraslow 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

to find also shorter period waves than in the troposphere.

It should however be noted that this compromise of a 31-

day time-window implicates some limitations to our method:

Some spectral leakage is expected if there is a mismatch be-

tween the ground based frequency of a wave and the spectral

grid points used in the spectral analysis. Especially cases

with periods close to 31 days (maybe even longer than the
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time windows used) could be problematic. In such cases

there will be an underestimation of the 31-day component

and some contamination of neighbored frequencies. On the

other hand such long periods are only prominent at the low-

ermost altitudes and the main findings presented in this paper

are not affected by this uncertainty.

2.2 Analysis of SABER data

The SABER instrument onboard the TIMED satellite

measures temperatures and several trace gases from the

tropopause region to above 100 km (e.g., Mlynczak, 1997;

Russell et al., 1999; Yee et al., 2003). In this paper we will

analyze temperature residuals from the zonal mean for ver-

sion 1.06 SABER temperature data.

With the TIMED orbit cycle of about 1.7 h (i.e.,

14 orbits/day) SABER data can resolve zonal wavenumbers

up to 6–7 and frequencies up to about 1 cycle/day. Fur-

ther details about the asynoptic sampling geometry of low

Earth orbiting satellites can be found in, e.g., Hayashi (1980);

Salby (1982a,b); Wu et al. (1995). Due to the asynoptic sam-

pling simple fast Fourier transform (FFT) cannot be applied

to the satellite data. Instead, we use a least-squares method

similar to the approach described by Wu et al. (1995) which

has already been used by Smith et al. (2002) to estimate the

space-time Fourier coefficients for an analysis of equatorial

wave signatures in CRISTA temperature data. This kind of

approach can also cope with data gaps as well as irregular

satellite sampling pattern (Wu et al., 1995), which is impor-

tant because the TIMED satellite performs yaw maneuvers

every 60 days due to solar angle restrictions.

We obtain residual SABER temperatures by subtracting

the zonal wavenumber zero of a Kalman filter analysis, giv-

ing a temporally evolving estimate for the zonal mean on a

daily basis. The data set we use ranges from February 2002

until March 2006. The equatorial wave analysis of SABER

temperatures is carried out in 4◦ latitude bins centered at the
equator and ±4, ±8, ±12, ... degrees latitude. The analysis
covers altitudes in 1-km steps, starting at 20 km as the low-

ermost altitude to avoid altitudes with increased noise due

to cloud-contamination of the observations. The uppermost

analysis altitude was above 100 km, however, we will focus

on the stratospheric analyses in the altitude range 20–50 km

and a comparison to results from ECMWF in this paper.

Figure 2a and b show space-time spectra of sym-

metric and antisymmetric squared spectral amplitudes in

K2/wavenumber/cpd (i.e., two times power spectral density)

at 21 km altitude averaged over the whole period analyzed

(Feb 2002 until March 2006) and over latitudes 14 S–14N

(i.e., the analyses for the latitude bins 0, ±4, ±8, ±12 de-
grees are averaged) from SABER residual temperatures.

Also given are the lines for equivalent depths of 8, 90 and

2000m under the assumption of zero background wind, cor-

responding to vertical wavelengths of about 3, 9 and 50 km

in the stratosphere (also under the assumption of zero back-

ground wind). The spectral regions defined by these lines

will be used for integration of the total spectral contributions

of the different wave types in Sect. 3. Please note that in

Fig. 2 the color scales are different for symmetric and anti-

symmetric spectra.

It first should be mentioned that in stratospheric tempera-

tures we obviously do not have a red noise-like background

spectrum dominating over most of the spectral signatures of

equatorial waves like in Wheeler and Kiladis (1999) or Cho

et al. (2004), who analyzed tropospheric OLR and precip-

itation data. In our analysis of stratospheric temperatures

the spectral peaks of Kelvin waves in symmetric spectral

power and of Rossby-gravity waves in antisymmetric power

are the most prominent spectral features (beneath equatorial

Rossby waves at very low frequencies and diurnal variations

at ±1 cpd).
In Fig. 2 we can see that already in the lower stratosphere

spectral contributions are somewhat shifted towards higher

equivalent depths with respect to the tropospheric observa-

tions by Wheeler and Kiladis (1999) or Cho et al. (2004).

There are also contributions of the different wave types out-

side the 8–90m equivalent depth wave bands and a large por-

tion of the faster stratospheric signals are likely independent

of the tropospheric waves studied by Wheeler and Kiladis

(1999).

Both the spectra shown in Fig. 2 and the tropospheric

observations by Wheeler and Kiladis (1999) or Cho et al.

(2004) are ground-based frequency/zonal wavenumber spec-

tra. Since the ground-based frequency of a wave does not

change when the wave encounters vertical wind shear, the

shift of the spectral contributions with respect to the tropo-

sphere indicates that at low (ground-based) frequencies there

is a real loss of spectral power (Doppler shifting of the waves

would have no effect on the ground-based frequencies ob-

served).

At the same time the occurrence of higher ground-based

frequencies (higher equivalent depths) could be an indica-

tion for processes involving longer vertical scales in the tro-

posphere that become important only in the stratosphere and

become visible due to amplitude growth with altitude but are

too small effects in the troposphere to be observed.

The loss of spectral power at low ground-based frequen-

cies (lower equivalent depths) can have different reasons,

such as critical level filtering and wave dissipation due to,

e.g., wave breaking or radiative relaxation. Another reason

could be wave amplitude modulations of waves propagating

conservatively caused by changes in the background wind.

The change in the static stability will lead to a significant

increase of wave amplitudes during the transition of a wave

from the troposphere into the stratosphere because the buoy-

ancy frequency N increases by a factor of about two. In the

whole stratosphere, however, this should be a minor effect

because N is about constant in the stratosphere.

For the example of Kelvin waves, which satisfy the same

dispersion 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 symmetric (a) and antisymmetric (b) squared spectral amplitudes at 21 km altitude,

averaged over the whole period analyzed (Feb 2002 until March 2006) and over latitudes 14 S–14N (i.e., the analyses for the latitude bins

0, ±4, ±8, ±12 degrees are averaged). Also shown: ECMWF temperature symmetric (c) and antisymmetric (d) squared spectral amplitudes
at 21 km altitude, averaged over the whole period analyzed (Feb 2002 until March 2006) and over latitudes 15 S–15N. For comparison the

lines for equivalent depths of 8, 90, and 2000m are given for the different wave modes.

Eq. (55) in Fritts and Alexander (2003), which was origi-

nally derived for gravity waves. Following Eq. (55) in Fritts

and Alexander (2003) for the transition from troposphere into

stratosphere a change of temperature variances according to:

(T ′2)strato/(T ′2)tropo ≈ N3strato/N
3
tropo (8)

would be expected with (T ′2)tropo the tropospheric and

(T ′2)strato the stratospheric value. In this equation changes
in temperature and atmospheric density are neglected. Since

in the stratosphere the buoyancy frequency Nstrato is about

twice the value in the troposphere Ntropo this would be an in-

crease in variances (and power spectral densities) of almost

an order of magnitude.
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Fig. 3. Space-time spectra of SABER temperature symmetric (a) and antisymmetric (b) squared spectral amplitudes at 41 km altitude,

averaged over the whole period analyzed (Feb 2002 until March 2006) and over latitudes 14 S–14N (i.e., the analyses for the latitude bins 0,

±4, ±8, ±12 degrees are averaged). Also shown: ECMWF temperature symmetric (c) and antisymmetric (d) squared spectral amplitudes
at 41 km altitude, averaged over the whole period analyzed (Feb 2002 until March 2006) and over latitudes 15 S–15N. For comparison the

lines for equivalent depths of 8, 90, and 2000m are given for the different wave modes.

Both fast and slow waves will encounter amplitude ampli-

fication due to this change inN as well as due to the decrease

of atmospheric density with altitude. However for the slow

waves obviously critical level filtering and wave dissipation

or amplitude modulation due to changes in the background

wind are more important and a relative shift of the spectral

signatures is observed.

The fact that the values shown in Figs. 2 and 3 are squared

spectral amplitudes (in units of K2/wavenumber/cpd) means

that we can apply Parseval’s theorem to calculate variances

from the spectral values given by integrating the spectral val-

ues over a given area in the wavenumber/frequency domain.

According to Parseval’s theorem the spectral density inte-

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 be

kept in mind that the squared spectral amplitudes we use are

two times power spectral density and the integration result

has to be divided by two to obtain the variance. In addition,

symmetric and antisymmetric spectra have to be treated sep-

arately.

The calculation of variances will now be demonstrated

in an example: Beneath the abovementioned spectral peaks

we find some kind of continuous spectral background which

is about constant in the wavenumber/frequency-domain.

For both symmetric and antisymmetric spectra it is about

0.15K2/wavenumber/cpd. By integrating over the whole

wavenumber/frequency-domain in both symmetric and an-

tisymmetric spectra, which have to be treated separately, this

would be equal to a contribution of about 2K2 of SABER

temperature variances. The contributions from symmetric

and antisymmetric backgrounds (both 0.15K2/waveno./cpd)

are added in the following way:

((0.15+0.15)K2/waveno./cpd×7wavenos.×2cpd)/2 ≈ 2K2

Of course, this background is partly composed of measure-

ment noise, interpolation errors, spectral leakage and alias-

ing, as well as contributions from inertia-gravity waves with

n>0. But the main contribution are probably localized grav-

ity waves which are not resolved by the analysis method,

playing also an important role in equatorial atmospheric dy-

namics (see Sect. 1).

The contribution of inertia-gravity waves with n>0 cannot

be distinguished from this background. Therefore inertia-

gravity waves with n>0 will not be subject of this paper.

2.3 Analysis of ECMWF data

The ECMWF data set we use has a spatial resolution of

1 deg longitude times 1 deg latitude. Data are available daily

for 00:00, 06:00, 12:00, 18:00GMT on 28 pressure levels

between 1013.25 and 0.1mbar. For comparison with the

SABER data given on geometric altitudes the ECMWF pres-

sure levels are converted to pressure-altitude coordinates zi

using a constant scale height of 7 km:

zi = 7 km ∗ ln(p0/p) (9)

with p0=1013.25 hPa. Because we are mainly interested in

a comparison between SABER and ECMWF we use only

ECMWF data from the same period where SABER data are

available (Feb 2002 until March 2006) and focus on strato-

spheric altitudes.

Although SABER data are not assimilated in ECMWF

some agreement between SABER and the ECMWF op-

erational analyses is expected because other satellite data

(TOVS/ATOVS radiances) are used for data assimilation in

the stratosphere. The TOVS/ATOVS radiances are sounded

in nadir viewing geometry with broad vertical weighting

functions in both troposphere and stratosphere (see Li et al.,

2000). Therefore it would be expected that long vertical

wavelength waves (higher equivalent depths) are better rep-

resented in ECMWF than short vertical wavelength waves

(lower equivalent depths).

The ECMWF data offer a much better space-time reso-

lution than the SABER data. Zonal wavenumbers as high as

180 and frequencies up to 2 cycles/day (cpd) can be resolved.

For the current analysis such high resolution is not required.

We use the full latitudinal resolution of 1 deg, but only a re-

duced data set with 9 deg longitude resolution. To make sure

that the variance of the data is not affected we simply omit

ECMWF grid points in our analysis. This reduced data set

covers zonal wavenumbers up to 20 and frequencies up to

2 cycles/day. Full resolution control runs show that almost

no information is lost because most equatorial wave activity

is at zonal wavenumbers lower than 15.

Residual ECMWF temperatures are obtained using a de-

trending method different from the one used for the SABER

data, which was based on daily zonal mean values (see

Sect. 2.2). Instead, for ECMWFwe calculate linear fits of the

data in each of the 31-day time windows for every pressure

level and latitude. These fits are subtracted from the data time

window by time window to remove mean values as well as

temporal trends. Since the time windows used are relatively

short (31 days) there are no contaminations by the annual cy-

cle and the results of the analyses show that the method of

detrending the data has almost no effect. Another difference

to the SABER analysis is that, owing to the fact that ECMWF

data are given on a regular grid in space and time, the FFT

can be used to determine the space-time Fourier coefficients.

2.4 Comparison of the SABER and ECMWF analyses

Like the average SABER spectra shown in Fig. 2a and b,

Fig. 2c and d show space-time spectra of symmetric and an-

tisymmetric squared spectral amplitudes (two times power

spectral density) at 21 km altitude, averaged over the whole

period analyzed (Feb 2002 until March 2006) and over lat-

itudes 15 S–15N for ECMWF. Please note that the color

scales are the same as in Fig. 2a and b but only part of the

full spectral range of the ECMWF data set used is shown

(see Sect. 2.3).

There are striking similarities in the shape of the spec-

tral peaks of Kelvin, equatorial Rossby, and Rossby-gravity

waves. Even the occurrence of fast Kelvin or Rossby-gravity

waves outside the 8–90m equivalent depth spectral bands

can be found in the ECMWF data. Again, it is difficult to

separate the contribution of inertia-gravity waves from the

background.

The most striking difference between average SABER

and ECMWF spectra can be found in the quasi continuous

background which is much lower in the ECMWF spectra.

Partly this is an effect of the larger spectral region covered

by ECMWF so that the total background variance is dis-

tributed on a larger number of spectral grid points. Therefore
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a reduced background would be expected in Fig. 2c and d,

which show only the part of the spectral domain common

with the SABER analysis and not the full spectra. However,

the total contribution of the ECMWF spectral background

(symmetric and antisymmetric added) is equivalent to tem-

perature variance between about 0.5 and 0.7K2, which is

considerably lower than the SABER value of about 2K2, in-

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

present in SABER data but not in ECMWF. The largest con-

tribution, however, is most likely due to the broad spectrum

of gravity waves which has been found before in SABER

temperature data (e.g., Preusse et al., 2006; Krebsbach and

Preusse, 2007) and other limb sounding satellite data sets

(e.g., Fetzer and Gille, 1994; Eckermann and Preusse, 1999;

Preusse et al., 2000, 2002; Ern et al., 2004, 2005, 2006;Wu et

al., 2006) but is obviously underrepresented in the ECMWF

data used.

Figure 3a–d shows the average spectra for SABER and

ECMWF at 41 km altitude.

Please note that again the color scales are different for

symmetric and antisymmetric spectra. Compared to Fig. 2a

and c the spectral peak attributed to Kelvin waves is shifted

towards higher equivalent depths. For comparison the lines

for equivalent depths 8, 90 and 2000m under the assumption

of zero background wind are also shown.

This shift probably indicates that part of the Kelvin waves

at lower ground based phase speeds (i.e., lower equivalent

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.

For the differences between the spectra at 21 km and 41 km

altitude amplitude modulations of waves propagating con-

servatively caused by changes in the background static sta-

bility can be neglected because the buoyancy frequency N

is about constant throughout the whole stratosphere. Also

amplitude modulations due to the vertical shear of the back-

ground wind will in many cases be small compared to the

expected increase of wave variances due to the decrease of

atmospheric density over three pressure scale heights: An

increase of wave variance of about a factor of 20 would be

expected.

The quasi continuous background in the SABER spectra

is strongly enhanced compared to 21 km altitude. The tem-

perature variances contributed to this background are about

7K2. This likely reflects the increase of the amplitudes of

gravity waves with altitude. There is also an enhancement

in the ECMWF background at 41 km altitude compared to

21 km. The temperature variance due to this background is

about 3–4K2, again considerably lower than the SABER val-

Table 1. Squared spectral amplitudes of the strongest Kelvin wave

components in the four-year average SABER and ECMWF temper-

ature analyses at 21, 32, and 41 km altitude.

SABER ECMWF

squared spectral squared spectral

k: zonal waveno., amplitude amplitude

T : period [days] [K2/waveno/cpd] [K2/waveno/cpd]

altitude: 21 km

k=1, T =15.50 6.32 6.11

k=1, T =10.33 6.62 6.42

k=2, T =10.33 3.52 3.72

k=2, T =7.75 2.98 2.62

k=2, T =6.20 2.14 1.74

altitude: 32 km

k=1, T =15.50 5.13 6.47

k=1, T =10.33 8.50 11.27

k=1, T =7.75 4.55 4.37

k=1, T =6.20 2.50 2.37

k=2, T =7.75 3.37 3.95

k=2, T =6.20 3.29 3.89

k=2, T =5.17 2.27 2.58

altitude: 41 km

k=1, T =15.50 4.57 9.21

k=1, T =10.33 9.20 18.14

k=1, T =7.75 8.13 12.02

k=1, T =6.20 6.92 8.74

k=2, T =7.75 2.41 4.75

k=2, T =6.20 4.82 6.12

k=2, T =5.17 4.24 5.73

k=2, T =4.43 3.01 4.13

ues. The contribution due to gravity waves will be discussed

in more detail in Sect. 3.2.

The strongest Kelvin wave components in the 4-year av-

erage spectra are given in Table 1 for both SABER and

ECMWF at the altitudes 21, 32, and 41 km.

We have chosen only the strongest spectral contributions

because those should only be little influenced by differences

in the spectral background (see also below). At altitudes be-

low about 32 km the values given in Table 1 for SABER and

ECMWF are very similar and mostly do not differ by more

than 10–20%. At higher altitudes the strongest Kelvin wave

components found in ECMWF are higher than the SABER

values on average and can exceed the SABER values by 50%

and more. This can also be seen from Fig. 4 where the aver-

age deviation of the 10 strongest 4-year average Kelvin wave

components is plotted against the altitude (solid line).

Also given in Fig. 4 is the relative deviation of the total

ECMWF Kelvin wave variances from the SABER variances

(long dashed line) in the spectral region k=1–6 and frequen-

cies between 0.03 and 0.4 cycles/day. ECMWF variances are

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



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

a
lt
it
u

d
e

 [
k
m

]

50

40

30

20
-20 0 20 40 60 80

deviation [%]

Fig. 4. Altitude profile of the average deviation between the cor-

responding ECMWF analysis components and the 10 strongest 4-

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).

somewhat lower in the lower stratosphere and about the same

in the upper stratosphere.

However, it should be noted that the relative deviations

shown in Table 1 and Fig. 4 are calculated for squared spec-

tral amplitudes given in K2/waveno./cpd (see also Figs. 2 and

3). Since the relative deviation doubles by squaring the val-

ues, relative deviations would be lower by a factor of two if

Kelvin wave amplitudes are considered.

This means that not only the relative distribution of the

spectra is very similar, but also the absolute values are in

good agreement in the lower stratosphere. In the upper

stratosphere ECMWF tends to overestimate Kelvin wave

components.

3 Timeseries for the different wave components

3.1 Equatorial wave modes

In the previous section average spectra at 21 km and 41 km

altitude were shown and good agreement was found between

SABER and ECMWF. Now the question arises whether this

agreement still holds if we extend the comparison over the

whole stratosphere and take into account the temporal evolu-

tion of equatorial wave activity. For this analysis we use the

same 31-day time windows as in Sect. 2. The temperature

variances that will be determined in each time window are

attributed to the center days of the time windows.

In a first step we integrate the power spectral density over

the spectral bands between 8 and 2000m equivalent depth

to calculate the “total” temperature variances of the differ-

ent wave modes. For both SABER and ECMWF we inte-

grate only over zonal wavenumbers 1–6. The choice of 8 and

2000m 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-

titude range of 20-40 km (see Figs. 2 and 3). And the choice

of an upper limit of 2000m equivalent depth, for example,

would also include the ultrafast Kelvin waves identified by

Salby et al. (1984), having wavenumber 1 and periods of

about 3.5 days.

Similar as in Wheeler and Kiladis (1999) we cut the spec-

tral bands used for integration at 0.4 cpd for Kelvin waves

and at 0.5 cpd for eastward inertia-gravity waves (n=0) and

−0.5 cpd (i.e., only periods longer than about 2 days) for
Rossby-gravity waves to avoid too large overlaps with the

frequency bands attributed to tides and inertia-gravity waves

with higher values of n>0.

Figure 5 shows the altitude-time cross-sections obtained

for SABER and Fig. 6 for ECMWF.

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 (n=0), (c) equa-

torial Rossby waves (n=1), and (d) Rossby-gravity waves,

respectively. The contributions due to inertia-gravity waves

(n>0) and equatorial Rossby waves (n=2) are not shown be-

cause the amplitudes are rather small compared to the spec-

tral background.

Overplotted in Figs. 5 and 6 are contour lines of the zonal

mean zonal wind from ECMWF averaged over the 31-day

windows used and all latitudes from 15 S–15N. The contour

interval is 10m/s. Solid lines indicate eastward, dashed lines

westward wind. The zero wind line is highlighted by a bold-

face solid line.

As expected there is an evident modulation of the tem-

perature variances by the QBO below about 40 km altitude.

Eastward propagating wave modes like Kelvin waves (pan-

els a) or n=0 inertia-gravity waves (panels b) show enhanced

values during QBO east phases (i.e., phases of westward di-

rected zonal winds) while westward propagating wave modes

like n=1 equatorial Rossby waves (panels c) or Rossby-

gravity waves (panels d) are enhanced during QBO west

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

At altitudes above 40 km the zonal mean zonal wind is

not longer dominated by the QBO pattern of alternating east-

ward and westward wind with an oscillation period of about

24months. Instead, the zonal mean zonal wind is more and

more dominated by an oscillation with a period of about

6months. This semiannual oscillation (SAO) of the zonal

wind can be found in the upper stratosphere and the meso-

sphere. From Figs. 5 and 6 we see that above above 40 km

altitude also the temperature variances are dominated by the

SAO and exhibit the same semiannual variation as the zonal

wind.

Kelvin waves are the by far dominant wave mode in resid-

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 2000m equivalent

depth for (a) Kelvin waves, (b) inertia-gravity waves (n=0), (c) equatorial Rossby waves (n=1), and (d) Rossby-gravity waves. Overplotted

contour lines are zonal mean zonal wind from ECMWF averaged over the latitudes 15 S–15N. Contour interval is 10m/s, solid lines indicate

eastward, dashed lines westward wind. The zero wind line is highlighted by a boldface solid line.

1.5–2K2 during QBO east phases. Temperature variances

of the other wave modes are small compared to the Kelvin

waves. Please note that in Figs. 5 and 6 the color scales are

different for Kelvin waves and the other wave modes.

In the following the 8–2000m equivalent depth spectral

band will be split up into a “slow” spectral band, ranging

from 8–90m equivalent depth (about the same range as used

by Wheeler and Kiladis (1999)) and a “fast” spectral band,

ranging from 90–2000m equivalent depth. We distinguish

between the “slow” and the “fast” wave bands because we

expect different responses of the “slow” and the “fast” waves

to the QBO. “Slow” and “fast” in this context means: slower,

respectively, faster (ground based) phase speeds of the waves

at a given zonal wavenumber.

Figures 7 and 8 show the same as Figs. 5 and 6 but for the

contribution of only lower equivalent depths between 8 and

90m in the “slow” wave bands, whereas Figs. 9 and 10 show

the contribution of only the higher equivalent depths between

90 and 2000m in the “fast” wave bands.

Please note that the color scales in Figs. 7–10 are different

from the ones in Figs. 5 and 6.

From Figs. 9a and 10a we can see that for the Kelvin waves

obviously the modulation of the spectral power in the “fast”

wave band is not as strong as for the “slow” wave band, espe-

cially in the middle and upper stratosphere. The QBO modu-

lation of the “slow” wave band equatorial waves observed in

Figs. 7 and 8 is consistent with results for long-period Kelvin

waves by Wallace and Kousky (1968) and Rossby-gravity

waves by Sato et al. (1994). For the Kelvin waves in the

“slow” wave band variances vary from about 0.1K2 to about

1K2 between maximum and minimum values in the strato-

sphere. This means there is a contrast of a factor of about

10 caused by QBO modulation. In the SABER “fast” wave

band (Fig. 9a) the contrast between maximum and minimum

variance, for example, is only a factor of about 2–3 at 30 km

altitude.

It is also remarkable that the QBO induced maxima of the

“slow” wave band are very narrow and occur mainly dur-

ing periods of eastward shear in the westward wind of the

QBO east periods (see also Ratnam et al., 2006). This means

that these waves are closely related with the downward phase

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 2000m equivalent

depth for (a) Kelvin waves, (b) inertia-gravity waves (n=0), (c) equatorial Rossby waves (n=1), and (d) Rossby-gravity waves. Overplotted

contour lines are zonal mean zonal wind from ECMWF averaged over the latitudes 15 S–15N. Contour interval is 10m/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 east

periods and are modulated much stronger by the SAO. There

are even indications of modulations due to the SAO in the

middle stratosphere. It should be noted that these fast band

waves are not visible in the analyses by Tsai et al. (2004);

Randel and Wu (2005) and Ratnam et al. (2006) using GPS

data because their method is only able to resolve waves with

periods longer than about 7–10 days.

There is a considerable contribution of the “fast” band

waves already in the lower stratosphere, which can be of the

same order as the contribution from the “slow” band waves

during the periods when the “slow” band waves reach their

maximum. During all other periods the “fast” band waves

are dominant. In the upper stratosphere and above the “fast”

band waves are always dominant.

For the equatorial Rossby waves the “slow” wave band

shows a variation with the QBO whereas the variations of

“fast” wave band variances are a mixture of QBO modula-

tion and an annual cycle. For the Rossby-gravity waves the

QBO variation is the main contribution in both wave bands,

whereas the n=0 inertia-gravity waves show QBO variations

in the “slow” band and no clear signatures for the “fast” band

waves. Maybe this is due to the fact that the “fast” band as

we have defined it is very narrow in order to exclude contri-

butions of higher n inertia-gravity waves.

Overall we can see that the equatorial wave activity in the

stratosphere can be divided in two parts. One part at low

equivalent depths is modulated mainly by the QBO winds,

the other part at higher equivalent depths shows also annual

variations or variations due to the SAO. This behavior is

found in both SABER and ECMWF residual temperatures,

again showing the surprising agreement between both data

sets – even though ECMWF data are partly based on assimi-

lated TOVS/ATOVS satellite measurements, which provide

information at least about atmospheric waves with longer

vertical wavelengths (see Sect. 2.3).

3.2 Contribution of gravity waves

We also calculate the temperature variances due to gravity

waves by estimating the spectral background separately for

each 31-day window and altitude for both the symmetric and

antisymmetric spectra (see also Sect. 2.2). To avoid contam-

ination of these background values by the equatorial wave
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Fig. 7. Altitude-time cross-sections of SABER temperature variances integrated over the “slow” wave bands between 8 and 90m equivalent

depth for (a) Kelvin waves, (b) inertia-gravity waves (n=0), (c) equatorial Rossby waves (n=1), and (d) Rossby-gravity waves. Overplotted

contour lines are zonal mean zonal wind from ECMWF averaged over the latitudes 15 S–15N. Contour interval is 10m/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-

bers lower than 3 (where the main contributions of equato-

rial waves are located) in each of the spectra and calculate

the median of the squared spectral amplitudes from the re-

maining spectrum.

A median is found by arranging the values in order and

then selecting the one in the middle. We use this method in-

stead of the conventional mean-value average because even

in the remaining parts of the spectra there will be “outliers”

(localized spectral signatures of equatorial wave modes with

amplitudes much higher than the spectral background) that

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

This is avoided by using the median because in the remaining

parts of the spectra the majority of spectral values is domi-

nated by the spectral background (see Figs. 2 and 3).

These symmetric and antisymmetric median background

values are added to obtain the background value for the com-

plete spectrum. Then this constant value is integrated over

the full spectrum (multiplied by the area of the whole spec-

tral domain resolved) and divided by two (because the values

we use are squared spectral amplitudes, i.e. two times power

spectral densities) to obtain the temperature variance due to

gravity waves (see also Sect. 2.2).

The resulting altitude-time distribution is shown in Fig. 11

for SABER (Fig. 11a) and ECMWF (Fig. 11b).

Over the whole altitude range the variances due to gravity

waves in the SABER data obviously are considerably higher

than in ECMWF (please note that the color scales in Fig. 11a

and b are different). SABER gravity wave variances range

from about 1.5–2K2 in the lower stratosphere to about 15–

20K2 in the upper stratosphere, monotonically increasing.

The range of ECMWF gravity wave variances is from

about 0.5–0.7K2 in the lower stratosphere to about 3–5K2

in the upper stratosphere, decreasing again above 44 km alti-

tude.

Some kind of cross-check for the median technique can be

made by comparing the average variances at 21 and 41 km

altitude in Fig. 11 with the background variances that were

estimated from the 4-year average spectra in Sects. 2.2 and

2.4. The values obtained there are about 2K2 and 7K2 for

SABER and 0.5–0.7K2 and 3–4K2 for ECMWF at 21 and

41 km altitude, respectively. As we can see these values are

in good agreement with the average values obtained from

Fig. 11 at 21 and 41 km altitude.

The SABER gravity wave variances show an annual cy-

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 90m equivalent

depth for (a) Kelvin waves, (b) inertia-gravity waves (n=0), (c) equatorial Rossby waves (n=1), and (d) Rossby-gravity waves. Overplotted

contour lines are zonal mean zonal wind from ECMWF averaged over the latitudes 15 S–15N. Contour interval is 10m/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 are

also variations due to the QBO with maximum variances at

about the same times as the “slow” wave band Kelvin waves.

In the upper stratosphere the gravity waves show variations

due to the SAO. ECMWF variances show similar variations,

but less pronounced.

This behavior agrees with previous findings from SABER

residual temperatures using a different method (Krebsbach

and Preusse, 2007) and from GPS radio occultation measure-

ments (Wu, 2006; de la Torre et al., 2006). For a more de-

tailed discussion see Sect. 4.2

Since the variation of gravity wave variances with the

QBO is similar to the observed variation of Kelvin wave vari-

ances (see Figs. 5–10) the question arises whether the varia-

tion of gravity wave variances is just some contamination of

the background variances by Kelvin waves. There are several

reasons why the observed QBO-related variations of gravity

wave variances should be real and not only an artifact.

First, from theoretical considerations a variation of gravity

wave variances with the QBO would be expected. Combin-

ing Eqs. (1) and (3) in Preusse et al. (2006), we obtain the

temperature amplitude limit T̂sat critical for wave breaking:

T̂sat =
T̄

g
N |c − ū| (10)

with T̄ and ū the background temperature and the back-

ground wind and c=ω/k the ground based phase speed

of the wave. This equation is valid for gravity waves in

mid-frequency approximation. From Eq. (10) we can see

that the saturated amplitudes of gravity waves with ground

based phase speeds comparable to the wind amplitude of

the QBO will be modulated by the QBO winds (i.e., even

gravity waves with ground based phase speeds as high as

about 40m/s). From Eq. (10) we can also see that in a

stronger background wind gravity waves propagating against

the background wind can attain larger amplitudes before the

amplitude limit critical for wave breaking is reached. In QBO

easterly phases the background wind is stronger than in the

westerly phases. Therefore some kind of QBOmodulation of

gravity wave variances would be expected. In particular, an

increase of temperature variances in a layer below the lines

of 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 2000m equiv-

alent depth for (a) Kelvin waves, (b) inertia-gravity waves (n=0), (c) equatorial Rossby waves (n=1), and (d) Rossby-gravity waves. Over-

plotted contour lines are zonal mean zonal wind from ECMWF averaged over the latitudes 15 S–15N. Contour interval is 10m/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, Ap-

pendix A). Such layers can also be found during the phases of

eastward shear in the westward wind of the QBO east phases

at altitudes of 20–30 km in the SABER gravity wave vari-

ances shown in Fig. 11a. In the ECMWF data (Fig. 11b) this

is only weakly indicated.

Indeed, short period waves (gravity waves) have been

found to be modulated by the QBO before in analyses of

radiosonde data (Maruyama, 1994; Sato et al., 1994; Sato

and Dunkerton, 1997; Vincent and Alexander, 2000). In

addition, Krebsbach and Preusse (2007) found a variation

of gravity wave temperature variances with the QBO using

SABER satellite data but an approach different from the one

used here.

Nevertheless, there might be some contamination due to

Kelvin waves left in the total spectral background variances

shown in Fig. 11 and we will do some kind of cross-check in

the following. To further suppress the effect of Kelvin waves

we estimated background variances only from frequencies

<0 cpd in the antisymmetric spectra (again using the me-

dian method described above). By using only frequencies

<0 cpd we also avoid contamination due to eastward propa-

gating wave modes other than Kelvin waves. Since this part

of the spectrum is dominated by westward propagating equa-

torial waves enhanced variances during the QBO westerly

phases (different from the Kelvin waves) would be expected

if the spectral background was contaminated by those waves.

Different from Fig. 11 where both symmetric and anti-

symmetric background values as well as almost the whole

frequency range were used we now estimate total variances

by taking twice the variances determined from only the fre-

quency <0 cpd parts of the antisymmetric spectra. By do-

ing so we assume that symmetric and antisymmetric back-

grounds as well as the background for frequencies <0 cpd

and frequencies >0 cpd should be all about equal (which is

approximately the case) and the background variance of the

original data can be estimated from the frequency <0 cpd

part of the antisymmetric spectra alone.

These total background variances are shown in Fig. 12a for

SABER and Fig. 12b for ECMWF. Especially in the SABER

background variances (Fig. 12a) we still see the QBO vari-

ation similar to the variation of the Kelvin waves with the

QBO. For the ECMWF variances (Fig. 12b) the QBO-related

variation 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 2000m

equivalent depth for (a) Kelvin waves, (b) inertia-gravity waves (n=0), (c) equatorial Rossby waves (n=1), and (d) Rossby-gravity waves.

Overplotted contour lines are zonal mean zonal wind from ECMWF averaged over the latitudes 15 S–15N. Contour interval is 10m/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 (a) 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–15N. Contour interval is 10m/s, solid
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in Fig. 11b. Please note that the color scales in Fig. 12 are

somewhat lower than in Fig. 11, accounting for minor asym-

metries in the spectral background values.

It should be noted that for SABER we cannot rule out

completely that even antisymmetric spectra and frequen-

cies <0 cpd might be contaminated by aliasing effects from

Kelvin waves with zonal wavenumbers >7 not properly re-

solved by the satellite sampling. However, this is not a likely

effect since the spectra shown in Figs. 2 and 3 indicate that

the contributions due to Kelvin waves strongly decrease at

zonal wavenumbers >5 for 21 km altitude (Fig. 2) and even

more for 41 km altitude (Fig. 3).

This information together with the fact that QBO-related

variations are also found in the variances shown in Fig. 12

indicates that the QBO-related background variations found

(especially for SABER) are a robust feature that can be at-

tributed to QBO-related variations of gravity wave variances.

4 Comparison to previous analyses

4.1 Equatorial waves

As mentioned in Sects. 2.2–2.4 the general behavior of the

spectral signatures observed in SABER and ECMWF tem-

peratures in the stratosphere is as follows: In the lower-

most stratosphere the spectral features are already somewhat

shifted towards higher phase speeds or equivalent depths

compared to the observations in the troposphere by, for ex-

ample, Wheeler and Kiladis (1999) or Cho et al. (2004),

which are dominated by convectively coupled equatorial

waves. With increasing altitude higher phase speeds and

equivalent depths (dominated by free equatorial wave modes)

become even more important because slow phase speed

waves will more and more encounter critical level filtering

and wave dissipation. Higher phase speed waves have been

observed before by, e.g., Salby et al. (1984); Hitchman and

Leovy (1988); Lieberman and Riggin (1997); Garcia et al.

(2005).

For a quantitative comparison, we compare our results to

the analyses of GPS temperature data mentioned above (Tsai

et al., 2004; Randel and Wu, 2005; Ratnam et al., 2006). In

these analyses Kelvin wave activity of zonal wavenumbers 1

and 2 with periods longer than about 7–10 days is covered

(Ratnam et al., 2006). These are the main contributions also

present in the “slow” wave bands of SABER and ECMWF

data. Therefore temperature variances of the GPS analyses

can directly be compared to our “slow” Kelvin wave band

variances.

The structures in the altitude/time cross-sections (Figs. 7

and 8) are quite similar to the ones shown in Ratnam et al.

(2006). Peak values of temperature amplitudes in the middle

stratosphere observed by Ratnam et al. (2006) are about 1–

1.5K2 as an average over the dominant wavenumber 1 and

2 components. This would result in temperature variances

of about 1–2K2 if we assume that both wavenumber 1 and

2 have the same amplitudes. This is in good agreement with

the peak values of about 1–1.5K2 for the “slow” Kelvin wave

band in SABER and ECMWF data (see Figs. 7 and 8).

These values are also in good agreement with findings

from radiosonde observations. For example Angell et al.

(1973) find peak variances of about 2K2 at the equator in

their 12-year data set at 50mbar for wave periods between

10 and 20 days. In another example by Sato et al. (1994) for

wave periods between 8 and 20 days peak temperature vari-

ances between about 1 and 2.5K2 in the altitude region 20–

30 km are found for a 15-year data set of routine rawinson-

des at Singapore. These values are somewhat higher than the

0.5–1.5K2 in our “slow” Kelvin wave band. This difference

can easily be explained because the values of our analysis

represent an average over the latitudes from about 15 S–15N

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-

ses.

4.2 Gravity waves

The variances of gravity waves shown in Fig. 11a are de-

rived from space-time spectra of SABER residual tempera-

tures. The values obtained can be compared to values derived

by Preusse et al. (2006) using a different method based on a

vertical harmonic analysis using altitude profiles of SABER

residual temperatures. These residual temperatures were ob-

tained by subtracting a background distribution estimated

with a zonal wavenumber 0–6 Kalman filter.

For the equatorial region the values given in Fig. 2

of Preusse et al. (2006) for August 2003 are about 7 dB

of temperature squared amplitudes at about 20 km altitude

and about 14 dB at about 50 km altitude, corresponding to

squared amplitudes of about 5K2 and 25K2, respectively,

i.e., temperature variances of about 2.5K2 and 12.5K2, re-

spectively.

The values we obtain from the space-time spectra for Au-

gust 2003 are about 2K2 at 20 km altitude and about 10K2

for 50 km altitude (see Fig. 11a). This is a very good agree-

ment, taking into account that the two methods for determin-

ing gravity wave temperature variances are very different.

Indications that short-period (small-scale) waves show

modulations related to the QBO were found before in ra-

diosonde data by, for example, Maruyama (1994); Sato et

al. (1994); Sato and Dunkerton (1997); Vincent and Alexan-

der (2000). Sato and Dunkerton (1997) estimated momen-

tum fluxes for both Kelvin waves and 1–3 day period gravity

waves based on an 8-year time series of radiosonde obser-

vations at Singapore and the association between the wave

fluxes and the QBO was investigated. Vincent and Alexan-

der (2000) carried out a similar study for small-scale waves

based on a 6-year data set of radiosonde observations at Co-

cos Islands. In addition to strong annual and interannual
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Fig. 12. Altitude-time cross-sections of SABER (a) and ECMWF (b) 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 frequencies <0 only. Please 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–15N. Contour interval is 10m/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

wave energy and zonal momentum fluxes.

Also investigations of QBO-related variations based on

satellite data have been carried out before. The temporal evo-

lution of variances due to wave activity in the equatorial re-

gion including gravity waves has been investigated before by,

for example, Wu (2006) and de la Torre et al. (2006) using

GPS radio occultation measurements. The observed pattern

is very similar to the one observed for Kelvin waves. In these

analyses the horizontal structure of the waves is completely

neglected. Only vertical smoothing of the measured temper-

ature altitude profiles is applied to separate residual tempera-

tures from the background. Therefore the results show a mix-

ture between global equatorial wave modes (mainly Kelvin

waves) and gravity waves. This is improved in our results

presented in Sect. 3.2. We cleanly separate the contribu-

tion due to gravity waves from global-scale equatorial wave

modes by determining the spectral background in the space-

time spectra (see Sect. 3.2).

In an analysis by Krebsbach and Preusse (2007) based on

SABER gravity wave squared amplitudes annual variations

as well as QBO related variations were found in the lower

stratosphere and variations due to the SAO were found in the

upper stratosphere. This general behavior can also be seen in

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 (2007)

is about 0.2K in the stratosphere.

In Sect. 2.2 we have found an average temperature vari-

ance of about 2K2 due to gravity waves in the lower strato-

sphere (i.e., amplitudes of about 2K). An estimate for max-

imum and minimum amplitudes due to the QBO modula-

tion is then given by 2K±0.2K using the QBO amplitude
of 0.2K by Krebsbach and Preusse (2007). Therefore there

should be a modulation of the temperature variances between

1.82 K2/2 and 2.22 K2/2 due to the QBO, i.e. between about

1.6 K2 and 2.4 K2 which is in good agreement with the values

of about 1.8 and 3 K2 which can be seen from Fig. 11a.

The amplitude of the annual cycle seen by Krebsbach and

Preusse (2007) is between about 0.05 and about 0.2K in the

equatorial region between 15 S and 15N. The distribution is

not centered at the equator. An average amplitude that could

be compared with our results would be about 0.1K around

25 km altitude. Repeating the above estimation results in

minimum and maximum variances of about 1.8 and 2.2K2

that would be expected according to Krebsbach and Preusse

(2007). This means the annual variation should be less pro-

nounced than the variation due to the QBO, and this is also

what we find from Fig. 11a.

It should be noted that the above estimates for the QBO

and annual variations of gravity wave variances are not more

than some kind of cross-check. In addition, the stronger an-

nual cycle observed at the lowermost altitudes in SABER

data is not seen in GPS measurements (e.g., de la Torre et

al., 2006) and could be an indication that at the lowermost

altitudes the SABER temperatures might be influenced by

clouds.

5 Examples for equatorial wave activity during QBO

easterly and QBO westerly phases

For field campaigns meteorological analyses like, for in-

stance, the ECMWF analyses are of great importance for

mission planning during measurement campaigns as well as

for the analysis of the collected data. Therefore it is an im-

portant information how reliable, for example, the horizontal
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and temporal distribution of equatorial waves is represented

in the meteorological data.

One method often used to get an overview of the spatial

and temporal variation are Hovmoeller plots, i.e., 2-D plots

of a meteorological parameter versus longitude and time.

5.1 QBO easterly phase (period of the SCOUT-O3 tropical

aircraft campaign)

First, we present the example of equatorial wave activity

during the SCOUT-O3 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 question

of the reliability of meteorological analyses like ECMWF is

of particular interest: A pronounced Kelvin wave is found

in the ECMWF data and it is being discussed whether this

Kelvin wave has a large impact on the dehydration of the

tropical tropopause region during the period of the measure-

ment campaign (Brunner et al., 2007).

Again, we average over the latitudes 15 S–15N. But dif-

ferent from Sects. 2–4 we use 91-day time windows for the

space-time spectral analysis instead of 31-day windows to

avoid small inconsistencies at the transitions between the

31-day windows. The results are very similar. For a bet-

ter comparison between SABER and ECMWF results we

therefore chose to calculate the Hovmoeller diagram from

only one single (longer) time window, containing the whole

time period shown. To get more reliable results also for the

weaker equatorial wave modes like equatorial Rossby waves

or Rossby-gravity waves we taper the data to zero at both

ends of the time windows (over 10 days at each end) using a

split cosine-bell window.

Tapering was not possible for the results shown in

Sects. 2–4 because tapering reduces the variances with re-

spect to the original time series. But to allow a more accurate

comparison of the wave phases on a limited part of the time

window tapering can reduce the spectral leakage due to edge

effects caused by the finite length of the time windows.

Figure 13a shows a Hovmoeller plot of undetrended

ECMWF temperatures at 21 km altitude, averaged over the

latitudes 15 S–15N in the period from 27 October until 26

December, 2005. By averaging the temperatures over a lati-

tude band symmetric with respect to the equator antisymmet-

ric equatorial waves cancel out and we can compare the re-

sulting average temperature distribution only with symmetric

equatorial wave analyses.

Figure 13d shows residual ECMWF temperatures aver-

aged over the latitudes 15 S–15N which can also be com-

pared to the symmetric wave modes, whereas Fig. 13g shows

residual ECMWF temperatures averaged over 15 S–15N an-

tisymmetrically, i.e., the sign is reversed for residual tem-

peratures south of the equator before averaging. Therefore

Fig. 13g can be compared with the signatures of the antisym-

metric wave modes.

Apart from some smaller scale fluctuations due to the di-

urnal cycle and small scale processes the main feature in

Fig. 13a apparently is a mixture of eastward propagating

waves. The eastward propagation direction can be seen from

the phase fronts which are tilted from the upper left towards

the lower right. This information together with the fact that

Kelvin waves are the most dominant process in tropical tem-

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-

ysis in the “total” Kelvin wave band between 8 and 2000m

equivalent depth for zonal wavenumbers 1–6. Figure 13b and

c shows the residual temperatures obtained from ECMWF

and SABER, respectively.

Again, we find good agreement between the SABER and

the ECMWF spectral analyses. Deviations between Fig. 13b

and c are less than about 1.5K maximum and about 0.3K on

average. At the same time the difference between maximum

and minimum values in Fig. 13b and c is about 6K and the

average deviation from zero is about 0.7K for both data sets

if unsigned absolute values are taken. This means that in the

lower stratosphere ECMWF analyses do not only agree very

well with the SABER temperature variances, they are also

able to reproduce the temporal evolution of zonal tempera-

ture structures very well.

The Kelvin waves observed have pronounced periods of

about 10–15 days, and indeed, there is a mixture of Kelvin

waves leading to the observed residual temperatures of about

±3K maximum. If the temperature variances were domi-
nated by a single monochromatic Kelvin wave the tempera-

ture residuals shown in Fig. 13 would show sinusoidal vari-

ations over the whole longitude range with constant ampli-

tude, independent of longitude. Different from this we find

no clear coherent sinusoidal structure over the whole longi-

tude range in the residual temperatures shown. In addition,

on average, residual temperatures are lower for longitudes

<0 deg. In particular, residual temperatures are enhanced at

longitudes 50 E–180E, i.e., in the Darwin region where the

SCOUT-O3 measurement campaign took place. This indi-

cates that not only one single sinusoidal wave is responsible

for the temperature residuals observed. There has to be some

kind of superposition of different Kelvin waves, involving

different zonal wavenumbers and frequencies.

If we compare Fig. 13b and c with Fig. 13a we can see that

most of the temperature variations symmetric with respect to

the equator can be explained by Kelvin waves. (Please note

that there is a temperature cooling trend in Fig. 13a masking

some of the relative structures.) From Figs. 5–10 we can see

that strong variations due to Kelvin waves could be expected

because the SCOUT-O3 campaign in Darwin took place dur-

ing a QBO east period with enhanced Kelvin wave activity

in the lower stratosphere.
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Fig. 13. Hovmoeller diagrams at 21 km altitude in QBO east phase for the period of the SCOUT-O3 tropical aircraft measurement campaign

from 27 October until 26 December 2005. Shown are 15 S–15N averages of (a) undetrended ECMWF temperatures, (d) 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 2000m equivalent depth (“slow” plus “fast” wave bands) for the (b)

ECMWF and (c) SABER Kelvin wave bands, (e) ECMWF and (f) SABER Rossby n=1 wave bands, and (h) ECMWF and (i) SABER

Rossby-gravity wave bands.
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Figure 13e and f shows the signatures of equatorial Rossby

waves (the n=1 symmetric wave mode) and Fig. 13h and

i the signatures of Rossby-gravity waves for ECMWF and

SABER, respectively. Please note that the color scales are

different from Fig. 13b and c because Rossby and Rossby-

gravity waves have lower amplitudes.

In the residual temperatures (Fig. 13d and g) we do not find

obvious signatures of equatorial Rossby waves and Rossby-

gravity waves. Since the variances for those wave modes in

Figs. 5 and 6 are low in November and December 2005 this is

as expected. Consequently, the amplitudes found in Fig. 13e,

f, h, and i are relatively small compared to the Kelvin wave

amplitudes.

There is a certain agreement between the ECMWF and

the SABER distributions of equatorial Rossby and Rossby-

gravity waves. But there are also significant differences. In

particular, the SABER residual temperatures found in the

Rossby (n=1) and Rossby-gravity wave bands are consid-

erably higher and somewhat noisier than in ECMWF. This

most likely can be attributed to the spectral background due

to gravity waves present in the SABER spectra. This spectral

noise overlays the signatures of Rossby (n=1) and Rossby-

gravity waves and can probably explain most of the differ-

ences between SABER and ECMWF.

5.2 QBO westerly phase

Figure 14 shows the same as Fig. 13 but for the period from

12 October until 11 December 2004. During this period we

are in QBO westerly phase at 21 km altitude.

From Figs. 5–10 we can see that in this period there is

enhanced activity of equatorial Rossby waves (n=1) as well

as enhanced variances due to Rossby-gravity waves. This can

also be seen in Fig. 14e and f where (different from Fig. 13e

and f) we find a very pronounced Rossby n=1 wave with a

period of about 25 days. Also the activity of Rossby-gravity

waves is enhanced in Fig. 14h and i with respect to the QBO

easterly phase (see Fig. 13h and i).

There is good agreement between the Rossby wave struc-

tures found in ECMWF and SABER. The Rossby-gravity

wave signatures are qualitatively the same in Fig. 14h and

i but there are differences in details which can probably be

attributed to distortions by the spectral background due to

gravity waves which can be as high as about 50% of the

Rossby-gravity wave variances (see Fig. 5).

However, the agreement between SABER and ECMWF

Rossby-gravity waves and Rossby n=1 waves is much better

than in Fig. 13h and i and Fig. 13e and f. First, the ampli-

tudes of the Rossby-gravity waves and Rossby n=1 waves

are higher in the period from October 12 until December

11 2004, and, second, at 21 km altitude temperature vari-

ances due to gravity waves are much lower (about 2K2, see

Fig. 11a) than in the period from 27 October until 26 Decem-

ber 2005 (about 3K2, see also Fig. 11a).

It should also be noted that even during the QBO west-

erly phase there is still a large signal due to Kelvin waves

(Fig. 14b and c) – lower than during the QBO easterly phase

(see Sect. 5.1) but still as large as the variations due to the

Rossby n=1 wave during the QBO westerly phase.

Both the signatures of the Kelvin waves and the Rossby

n=1 waves can be found in the symmetric residual tempera-

tures from ECMWF (see Fig. 14a, d). Even the signatures of

the Rossby-gravity waves can be found in the antisymmetric

ECMWF residual temperatures (see Fig. 14g) in spite of the

relatively low amplitudes on average.

For all wave modes shown at 21 km altitude we find qual-

itatively good agreement between SABER and ECMWF not

only in the wave amplitudes but also in the phases of the

waves for both QBO easterly and westerly phases. Some

disagreements can be explained by the gravity wave back-

ground which is much higher in the SABER data than in

ECMWF. Certain agreement between SABER and ECMWF

was expected since TOVS/ATOVS satellite data are assimi-

lated in the ECMWF operational analyses. Nevertheless, it

is somewhat surprising that already in the lower stratosphere

there is such good agreement between SABER and ECMWF,

taking into account that in the lower stratosphere equatorial

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-

lengths should be somewhat degraded in the TOVS/ATOVS

measurements entering the ECMWF analyses.

6 Conclusions

We carried out an analysis for equatorial waves based on

four-year (Feb 2002 until March 2006) data sets of SABER

and ECMWF temperatures. We divided the equatorial waves

into symmetric and antisymmetric wave modes, similar to

the analysis by Wheeler and Kiladis (1999). This method

performed well for both the asynoptic data set of SABER

satellite measurements as well as the ECMWF meteorologi-

cal analyses, given on a regular grid. Both data sets are obvi-

ously capable to resolve longer period waves as well as short

period waves, at least down to periods of about 2 days.

The spectral signatures of Kelvin waves, equatorial

Rossby waves, inertia-gravity waves (n=0), as well as

Rossby-gravity waves can be identified clearly throughout

the stratospheric altitude range of 20–50 km considered in

this paper. We find that the equatorial wave activity in a

slow phase speed wave band between 8 and 90m equivalent

depth is mainly modulated by the QBO. Different from this

the waves at higher equivalent depths (90–2000m) show less

pronounced variation due to the QBO. Also effects of SAO

and annual cycle can be found. For Kelvin waves the contri-

bution of these “fast” waves cannot be neglected even in the

lower stratosphere.

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



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

ECMWF: undetrended temp., symm.

-100 0 100
longitude [deg]

 6 Dec.

26 Nov.

16 Nov.

 6 Nov.

27 Oct.

17 Oct.

T [K]

202

203

205

206

207

209

210

208

204

ECMWF: Kelvin wave resid. temp.

-100 0 100
longitude [deg]

 6 Dec.

26 Nov.

16 Nov.

 6 Nov.

27 Oct.

17 Oct.

dT [K]

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

SABER: Kelvin wave resid. temp.

-100 0 100
longitude [deg]

 6 Dec.

26 Nov.

16 Nov.

 6 Nov.

27 Oct.

17 Oct.

dT [K]

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5
(b) (c)(a)

ECMWF: residual temp., symm.

-100 0 100
longitude [deg]

 6 Dec.

26 Nov.

16 Nov.

 6 Nov.

27 Oct.

17 Oct.

dT [K]

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

ECMWF: Rossby, n=1 resid. temp.

-100 0 100
longitude [deg]

 6 Dec.

26 Nov.

16 Nov.

 6 Nov.

27 Oct.

17 Oct.

dT [K]

-1.5

-1.2

-0.9

-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

1.5

SABER: Rossby, n=1 resid. temp.

-100 0 100
longitude [deg]

 6 Dec.

26 Nov.

16 Nov.

 6 Nov.

27 Oct.

17 Oct.

dT [K]

-1.5

-1.2

-0.9

-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

1.5
(e) (f)(d)

ECMWF: residual temp. antisymm.

-100 0 100
longitude [deg]

 6 Dec.

26 Nov.

16 Nov.

 6 Nov.

27 Oct.

17 Oct.

dT [K]

-1.5

-1.2

-0.9

-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

1.5

ECMWF: Rossby-gravity resid. temp.

-100 0 100
longitude [deg]

 6 Dec.

26 Nov.

16 Nov.

 6 Nov.

27 Oct.

17 Oct.

dT [K]

-1.5

-1.2

-0.9

-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

1.5

SABER: Rossby-gravity resid. temp.

-100 0 100
longitude [deg]

 6 Dec.

26 Nov.

16 Nov.

 6 Nov.

27 Oct.

17 Oct.

dT [K]

-1.5

-1.2

-0.9

-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

1.5
(h) (i)(g)

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 of (a) undetrended ECMWF temperatures, (d) 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 2000m equivalent depth (“slow” plus “fast” wave bands) for the (b) ECMWF and (c) SABER Kelvin wave bands, (e) ECMWF

and (f) SABER Rossby n=1 wave bands, and (h) ECMWF and (i) SABER Rossby-gravity wave bands.
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We find good agreement between our analyses and previ-

ous studies based on satellite data (e.g., analysis of GPS tem-

peratures by Ratnam et al., 2006) as well as analyses based

on radiosonde measurements (e.g., Angell et al., 1973). It is

also remarkable that there is very good agreement between

the SABER and ECMWF analyses. Only in the upper strato-

sphere ECMWF tends to overestimate Kelvin wave compo-

nents (in some cases by more than 50%). There is agreement

not only in the spectra, but also in the temporal evolution of

the temperature variances and even in the longitudinal dis-

tribution of residual temperatures and their temporal evolu-

tion in the lower stratosphere. This has been demonstrated

at 21 km altitude in QBO westerly phase (period October–

December 2004) as well as QBO easterly phase (Novem-

ber/December 2005, period of the SCOUT-O3 tropical air-

craft campaign in Darwin/Australia) for different equatorial

wave modes (Kelvin, equatorial Rossby (n=1), and Rossby-

gravity waves).

From our space-time analysis we are also able to derive

the temperature variances of gravity waves from the spec-

tral background for both SABER and ECMWF space-time

spectra. The results for SABER are in good agreement with

previous results by Preusse et al. (2006) and Krebsbach and

Preusse (2007) while ECMWF underestimates the variances

due to gravity waves by a factor of about 3.

This shows on one hand that the SABER data are an ex-

cellent data set providing high-resolution data with large spa-

tial coverage and on the other hand that although ECMWF

tends to overestimate Kelvin wave components at higher al-

titudes and small scale fluctuations are underrepresented the

ECMWF data are also able to reliably reproduce measure-

ments of equatorial waves at least in the lower stratosphere,

making ECMWF a valuable tool accompanying measure-

ment campaigns.
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