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Global estimates of equatorial inertia-gra vit y wave activit y in
the stratosphere inferred from ERA40 reanalysis
J. Le Sommer,H. Teitelbaum and V. Zeitlin
Laboratoire de M�et�eorologieDynamique, IPSL, Paris, France

A new methodology is applied to ERA40 reanalysis in
order to quantify large-scaleinertia-gravit y wave activit y in
the equatorial lower stratosphere. Both eastward and west-
ward propagating waves are identi�ed in the dataset and a
good agreement is found with previously published in situ
observations. Global estimatesof vertical 
uxes of zonal mo-
mentum associated with such waves are obtained. Typical
amplitudes of order 10� 2 m2 . s� 2 suggestthat the forcing of
the Quasi-Biennial Oscillation by large-scaleinertia-gravit y
waves is tantamount to that by Kelvin waves. This method
can be used to document the space-time variabilit y of the
wave-activit y in order to improve the wave-drag parameter-
izations in climate models.

1. In tro duction

Gravit y waves are known to play a fundamental role in
driving the large-scalecirculation in the stratosphere in the
mid-latitudes (Andrews et al., 1987). The interest to the
gravit y wave forcing in the tropical stratosphere, as com-
pared to the forcing by Kelvin waves and mixed Rossby-
gravit y waves,was renewed recently (Dunk erton, 1997). By
taking into account the mean upward motion in the equato-
rial stratosphere associated with the Brewer-Dobson circu-
lation, Dunkerton (1997) concluded that almost a half of the
zonal momentum 
ux required to driv e the Quasi-Biennial
Oscillation (QBO) should be attributed to gravit y waves.
On the basis of the estimation of the momentum 
ux asso-
ciated with gravit y wavesperformed by Sato and Dunkerton
(1997), Dunkerton (1997) supposedthat the contribution of
large scale equatorial inertia-gravit y waves (Gill, 1982) was
important. This supposition has recently beencorroborated
by Alexander and Rosenlof (2003).

Such equatorial inertia-gravit y waveswereobserved in the
stratosphere by Cadet and Teitelbaum (1979). On the ba-
sis of radiosoundings collected over the Atlan tic ocean, they
gave evidence of large-scale eastward propagating inertia-
gravit y waves with period between 1 and 3 days. Lik e-
wise, several observational studies identi�ed eastward and
westward propagating inertia-gravit y waves with about 2-
days period and 3 to 6 km vertical wavelength in the lower-
stratosphere over Indonesia (Tsuda et al, 1994; Shimizu and
Tsuda, 1997) and during TOGA-CO ARE campaign (Pires
et al, 1997; Wada et al, 1999). Though restricted to local-
ized observations both in spaceand in time, radiosounding
measurements suggest that the wave-activit y is related to
trop ospheric convection (Wada et al, 1999) and varies in
correlated manner with the phase of the QBO (Sato and
Dunkerton, 1997; Vincent and Alexander, 2000).

A promising improvement of current wave-drag parame-
terizations in climate models is the implementation of spa-
tially varying forcings basedon local 
o w parameters (Kim
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et al, 2002; Fritts and Alexander, 2003). This requires both
a global climatology of inertia-gravit y wave-activit y and a
quanti�cation of the relativ e contribution of their possible
sources. For this purp ose,we proposein this letter a method
to quantify at the global scale the inertia-gravit y wave ac-
tivit y in the lower equatorial stratosphere.

Recently , Yang et al (2003) have developed a method-
ology based on the equatorial shallow water theory which
extracts from a gridded dataset the dynamical �elds associ-
ated with equatorial waves. Applying the method to ERA40
dataset, the authors have focused on low frequency (� 0:1
day� 1) trop ospheric waves, namely Kelvin waves, Rossby
waves and mixed Rossby-gravit y waves. Our �rst observa-
tion is that for higher frequency motions, the numerical res-
olution currently used in the ECMWF dynamical model is
such that synoptic-scale inertia-gravit y wavesare now being
computed with a reasonable accuracy in the mid-latitudes
(Plougonven and Teitelbaum, 2003). GCM simulations by
Sato et al (1999) suggestsuch result to hold in the tropics as
well. We demonstrate below that the method proposed by
Yang et al (2003) may be successfullyapplied to higher fre-
quency waves (� day � 1) in the stratosphere and show how
to obtain global estimates of the wave activit y. In section 2,
we present the method of data processing. A casestudy of
identi�cation of wave parameters is presented and compared
with in situ measurements in section 3. We then show in
section 4 how the method can be used to obtain global es-
timates of momentum 
uxes associated with inertia-gravit y
waves and brie
y discuss possible further developments in
section 5.

2. Data pro cessing

The method is based on a decomposition of ERA40 dy-
namical �elds. Considering horizontal winds and geopoten-
tial (u; v; � ) in the band between 20� S and 20� N, the pur-
pose is to display coherent wave modes in the dataset. For
this, we perform a two-step decomposition on each pressure
level : namely a space-time �ltering and a projection onto
prescribed meridional modes. The procedure is adapted
from Yang et al. (2003) but is applied within a di�eren t
context. Indeed, we show that the method can be used to
identify stratospheric wavesand allows for the study of their
vertical propagation, which wasnot addressedin the original
paper.

The �rst step of the data processingis to separatethe rel-
evant scalesby meansof space-timespectral analysis. Space-
time spectral analysis (Hayashi, 1982) is used to extract
both eastward and westward propagating components of
(u; v; � ) within given zonal wavenumber and frequency win-
dows. As illustrated on Fig.1, we extract periods between
1 and 3 days in order to capture equatorial inertia-gravit y
waves. Moreover, we only consider zonal wavelengths be-
tween 5� and 100� . The procedure is applied to time-series
from 10 to 30 days long.

The secondstep, which is the key point of the procedure
proposed by Yang et al. (2003), consists in the projection
of the remaining �elds onto prescribed meridional modes.
We �rst de�ne the variables (q; r ) for a given meridional
trapping scaley0 such that :

q = �� + u and r = �� � u with � = (2� y2
0 ) � 1 : (1)
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Then (q; v; r ) are projected onto the parabolic cylinder func-
tions with the meridional scale y0 . This yields (qn ; vn ; r n )
for each n � 0. Finally , for a given meridional mode n, we
use a synthesis formula to rebuild the associated wave �eld
(~u; ~v; ~� ). For n = 1, this formula is

~u = (q2 � r 0)=2 ; ~v = v1 and ~� = (q2 + r 0)=2: (2)

Hence, the only free parameter in the whole procedure is
the meridional scale y0 . Here, we chose y0=R = 6� , with
R the Earth radius, but, as noticed by Yang et al. (2003),
in the trop ospherethe results are essentially independent of
that choice. Preliminary tests (not shown) indicate that this
result is lik ely to hold for the stratosphere as well.

It is worth noting that the whole two-step procedure is
applied independently to each pressurelevel so that no ver-
tical structure is imposed while performing the decomposi-
tion. Moreover, no a priori phase correlation between q; v
and r is assumed. In what follows, we apply the decomposi-
tion method to data corresponding to December 1992. This
choice is motiv ated by the possiblecomparison of our results
with the in situ measurements during the TOGA-CO ARE
campaign. One can also expect that the qualit y of ERA40
reanalysis is improved at this period due to the assimilation
of TOGA-CO ARE data. Note that the zonal wind vertical
pro�le in December 1992above the western Paci�c is typical
of the easterly shear phase of the QBO, with easterly wind
above 40hpa and westerly wind below.

3. Iden ti�cation of equatorial inertia-gra vit y
waves

The decomposition method allows to extract a coherent
wave signal from the dataset with wave parameters which
are consistent with in situ observations. Fig. 2 presents the
results of the analysis for the eastward propagating mode 0
on 26 December 1992. As noticed in the previous section, no
vertical structure nor horizontal phase correlation between
the velocity and the geopotential are imposed. However,
horizontal phasecorrelation of u; v and � are consistent with
the horizontal structure of E0GW predicted by the theory
(see Fig. 1 for the notations). Moreover, the vertical co-
herenceof the wave signal which is organized along clearly
visible phase lines shows that the wave is dynamically con-
sistent and is not an artifact of the data processing.

Once the reliabilit y of the analysis is checked, we can esti-
mate the parameters of the identi�ed wave. The wave which
is observed at 70 hPa between 150E and 160W on 26 De-
cember 1992has a horizontal wavelength � x � 3500km and
a vertical wavelength � z � 5 km with typical geopotential
anomaly about 80 m2 :s� 2 . As a supplementary consistency
check, we use the formula relating the trapping scaley0 and
the vertical wavelength � z , N = 4� � y2

0 =� z , to be sure that
the chosen value of y0 is relevant. From Fig. 2, the esti-
mated vertical wavelengths range from 5 km to 8 km. Tak-
ing y0=R = 6� , this formula givesN ranging from 0.015 s� 1

to 0.025 s� 1 which is consistent with in-situ measurements
in the lower stratosphere.

An important pieceof information is given by the vertical
phase tilt of the wave signal. Considering that the wave is
propagating eastward, the phase tilt shows that energy is
propagating upward above 250 hPa which suggeststhat the
wave should be emitted about this intermediate level.

Such wave parameters obtained in the TOGA-CO ARE
area are consistent with in situ measurements made in De-
cember 1992 (Wada et al., 1999). Indeed, these authors
found E0GW with horizontal wavelength of three to four
thousand kilometers and vertical wavelength of 4-5 km in
the lower stratosphere over the TOGA-CO ARE Large-scale
Soundings Arra y. Considering the coarsevertical resolution
of the model used to produce ERA40 reanalysis, it is worth
emphasizing the consistency of the estimated vertical wave-
length with the vertical wavelength obtained by Wada et
al. (1999). They also observed the prominence of eastward
propagating waves at this period. The latter observation is
corroborated by our analysis as will be shown in section 4.

The same analysis has been carried out for E1GW,
E2GW, W1GW and W2GW with similar conclusions (not
presented). Thus, the decomposition method allows for the
identi�cation of inertia-gravit y waveswithin ERA40 dataset
and for the estimation of their parameters.
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Figure 1. Scheme of the space-time �ltering. Disper-
sion curvesof equatorial waveswith vertical wavenumber
m corresponding to a given trapping scale y0 are plot-
ted. In order to extract meridional modes 0, 1 and 2
of eastward propagating equatorial inertia-gravit y waves
(resp. E0GW, E1GW and E2GW), the analysis retains
only the part of the variabilit y of (u; v; � ) included in the
right window. The sameanalysis for westward propagat-
ing waves(W1GW and W2GW) with the left window re-
spectively. Remind that the eastward branch of the Yanai
wave dispersion curve corresponds to the inertia-gravit y
wave E0GW while its westward branch corresponds to
the mixed Rossby-gravit y wave. The sampling frequency
of ERA40 data excludes periods shorter than 24 hours
(red line).



LE SOMMER ET AL.: EQUATORIAL INERTIA-GRA VITY WAVES IN ERA40 X - 3

longitude (°)

pr
es

su
re

 (
m

b)

0 50 100 150 200 250 300 350
1000

100

10

-4 -3 -2 -1 0 1 2 3 4

Figure 2. upper panel : the (x,z) vertical section along the equator (y = 0) of the eastward propagating meridional
velocity anomaly (m.s� 1) associated with meridional mode 0 on 26 December 1992 at 12:00 UT. The black line indicates
the (x,y) section shown in the lower right panel. lower left panel : the (x,y) horizontal section of wind and geopotential
anomaly associated with an E0GW as predicted by the shallow water theory (arbitrary contours). Rd = y0

p
2 is the

equatorial Rossby radius. lower right panel : the (x,y) horizontal section of the eastward mode 0 wind and geopotential
anomaly at 70 hPa corresponding to the upper panel.

4. Space-time variabilit y of the vertical 
ux
of zonal momen tum

The decomposition method can also be used to esti-
mate the vertical 
ux of zonal momentum due to the
quasi 2-day wave �eld and to determine its space-time
variabilit y. In principle, it is possible to compute the
vertical velocity perturbation associated with the each
wave mode, however this requires a reconstruction of
~w on the basis of the hydrostatic condition, or from
the continuit y equation. We rather present the verti-
cal 
uxes obtained from the whole 1-3 day period wave
�eld with w taken directly from ERA40 dataset. It
is to be noted that the 
uxes are originally computed
in Pa.m.s� 2 and converted in m2.s� 2 using a dimen-
sional coe�cien t -1 m.Pa� 1 which is typical of the lower
stratosphere.

Fig. 3 shows the 
ux associated with 1-3 day pe-
riod waves between the 14 December 1992 and the 25
December 1992 calculated at 100 hPa. At that time,
the absolute value of the 
ux associated with eastward
propagating waves ju0

e:w0
ej is higher that that of west-

ward propagating waves ju0
w :w0

w j (not shown). More-
over, u0

e:w0
e varies with longitude in a way that maxi-

mum amplitudes are located above the continents. It
should be stressedthat typical amplitudes of the 
ux
3:10� 2m2.s� 2 are comparablewith that of Kelvin waves
or mixed Rossby-gravit y waves(Andrews et al., 1987).

An interesting property of the decomposition method
is its abilit y to distinguish between the upward trans-
port of eastward (resp. westward) momentum and the
downward transport of westward (resp. eastward) mo-
mentum. Indeed, as follows from Fig. 2, the waves
are mainly propagating upward at 100 hPa. Therefore
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positive valuesof u0
e:w0

e associated with eastward prop- agating wavesindicate an upward transport of eastward
momentum.

Figure 3. Vertical 
ux of zonal momentum u0
e :w0

e of eastward propagating waveswith periods between1 and 3 days from
14 December 1992 to 25 December 1992 at 100 hPa ( m2 . s� 2).

Hence,the proposedmethod allows for the direct cal-
culation of vertical 
uxes of zonal momentum due to
equatorial inertia-gravit y wavesand revealstheir space
variabilit y. In principle, a similar analysis can be car-
ried out to study the time variabilit y of momentum

uxes. Nonetheless,we should emphasizethat, given
the sparsenessof the observations used to validate the
procedure, the estimate of momentum 
ux we propose
should be taken with caution.

5. Summary and discussion

Wehaveapplied a newmethodology basedon ERA40
reanalysis dataset to quantify inertia-gravit y wave ac-
tivit y in the equatorial lower stratosphere. The method
consists in a two-step decomposition of the dynamical
�elds : space-timespectral analysisand projection onto
prescribed meridional modes. The procedure was ap-
plied to waveswith periods from 1 to 3 days in the lower
equatorial stratosphereduring December 1992. Coher-
ent wave signals corresponding to both eastward and
westward propagating inertia-gravit y waves of merid-
ional modes 0; 1 and 2 were identi�ed in the dataset
and were found to be consistent with in situ observa-
tions collectedin the TOGA-CO ARE campaignat that
time. It is shown that the vertical 
ux of zonal mo-
mentum associated with large-scaleequatorial inertia-
gravit y waves is tantamount to that of Kelvin waves
and mixed Rossby-gravit y waves. The procedure can
be usedto document the space-timevariabilit y of wave

activit y which could improve the wave-dragparameter-
izations in climate models.

Two comments on the distinction betweenour work
and the paper by Yang et al (2003) are necessary. First,
we apply the procedure to high frequency wavesin the
stratosphere. Second, we apply it at several pressure
levels, and show that the identi�cation of the vertical
propagation and the estimation of momentum 
uxes of
the wave �eld are possible.

We should also emphasizethat for the �rst time the
lower stratospheric inertia-gravit y wave activit y over
the whole equatorial belt is exhibited. Previous stud-
ies basedon in situ measurements were mainly focused
on the Atlantic ocean (Cadet and Teitelbaum, 1979)
or on the TOGA-CO ARE region (Wada et al, 1999)
with the noticeableexceptionof the data collectedwith
pressurizedballoons (Hertzog and Vial, 2001). To our
knowledge, the high level of inertia-gravit y wave activ-
it y found in the whole lower equatorial stratospherewas
never displayed before.

Let us also mention that we extracted high fre-
quencywave motion with relatively small vertical wave-
length (� z � 5 km) from ERA40 reanalysis dataset.
Though an extensive comparison with radiosoundings
is required to assessthe reliabilit y of the dataset in this
regime, the gross consistency of the results suggests
that ERA40 data do carry information about inertia-
gravit y wave activit y. The T159 spectral resolution of
the ECMWF model is su�cien t to capture the typi-
cal horizontal scalesof equatorial inertia-gravit y waves.
However, the vertical resolution of the ECMWF model,
which typically correspondsto 1 km in the lower strato-
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sphere, is likely to underestimate wave motions with
� z > 5 km. We nonethelessbelieve that the ERA40
reanalysescontain the climatology of the large-scale
inertia-gravit y waves, at least for a part of the spec-
trum.
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