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Abstract. To challenge the hypothesis that equatorial waves
in the lower stratosphere are essentially forced by convec-
tion, we use the LMDz atmospheric model extended to the
stratosphere and compare two versions having very different
convection schemes but no quasi-biennial oscillation (QBO).
The two versions have realistic time mean precipitation cli-
matologies but very different precipitation variabilities. De-
spite these differences, the equatorial stratospheric Kelvin
waves at 50 hPa are almost identical in the two versions and
quite realistic. The Rossby gravity waves are also very simi-
lar but significantly weaker than in observations. We demon-
strate that this bias on the Rossby gravity waves is essentially
due to a dynamical filtering occurring because the model
zonal wind is systematically westward. During a westward
phase of the QBO, the ERA-Interim Rossby gravity waves
compare well with those in the model.

These results suggest that (i) in the model the effect of the
convection scheme on the waves is in part hidden by the dy-
namical filtering, and (ii) the waves are produced by other
sources than equatorial convection. For the Kelvin waves,
this last point is illustrated by an Eliassen and Palm flux
analysis, showing that in the model they come more from
the subtropics and mid-latitude regions, whereas in the ERA-
Interim reanalysis the sources are more equatorial. We show
that non-equatorial sources are also significant in reanalysis
data sets as they explain the presence of the Rossby gravity
waves in the stratosphere. To illustrate this point, we identify
situations with large Rossby gravity waves in the reanalysis
middle stratosphere for dates selected when the stratosphere
is dynamically separated from the equatorial troposphere. We
refer to this process as a stratospheric reloading.

1 Introduction

In the equatorial stratosphere, the dominant modes of the
synoptic-scale variability are the Rossby gravity waves
(RGWs) and the Kelvin waves (KWs) first observed in
soundings byYanai and Maruyama(1966) andWallace and
Kousky(1968) respectively. These planetary-scale waves in-
duce perturbations on the horizontal wind of a few metres
per second and on temperature of a few Kelvin. These values
are larger than the intra-seasonal standard deviation of these
fields (Lott et al., 2009). The KWs and RGWs also contribute
significantly to the forcing of the quasi-biennial oscillation
(QBO) (e.g.Holton and Lindzen, 1972; Baldwin et al., 2001;
Tindall, 2006; Ern and Preusse, 2009, among others) and to
the dehydration of the air at the tropical tropopause (Jensen
et al., 2001; Fujiwara et al., 2001).

The stratospheric equatorial waves (SEWs) are generally
considered to be forced by tropical convection (Manzini and
Hamilton, 1993; Pires et al., 1997; Lindzen, 2003; Randel
and Wu, 2005), and then to propagate freely above their con-
vective sources. They are distinct from the convectively cou-
pled equatorial waves (CCEWs) in the troposphere (Wheeler
and Kiladis, 1999; Straub and Kiladis, 2003; Cho et al.,
2004), which are slower than the SEWs and correspond to
small vertical wavelengths in the stratosphere where they
dissipate rapidly. Despite this difference, these two types of
waves are sometimes related (Hendon and Wheeler, 2008),
and stratospheric KWs often accompany the life cycle of con-
vectively coupled KWs (Maury et al., 2013). This illustrates
that the organisation of convection plays a role as shown by
Garcia and Salby(1987) and Randel and Wu(2005), but
there is today more and more evidence that the filtering by
the background flow largely affects the relationship between

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



1870 P. Maury and F. Lott: On the presence of equatorial waves in the lower stratosphere

the stratospheric waves and their convective sources (Alexan-
der and Ortland, 2010). An example is provided inErn et al.
(2009), who show that a large part of the variations in Kelvin
wave variances in the stratosphere can be explained by the
wind filtering acting over a fixed tropospheric source.

As the large-scale equatorial waves can have small ver-
tical wavelengths in the stratosphere, the general circulation
models (GCMs) have difficulties in simulating some of them.
This is critical for the RGWs with vertical wavelengths of a
few kilometres (Boville and Randel, 1992). Also, the GCMs
are inconsistent between them when it comes to represent-
ing the equatorial convection variability, and this can yield
large differences in the resolved SEWs (Horinouchi et al.,
2003). This result needs to be further analysed because the
models used byHorinouchi et al.(2003) not only differ by
their convection schemes. As a consequence, the differences
found between SEWs cannot be directly attributed to the con-
vection scheme used. In a complementary approachRiccia-
rdulli and Garcia(2000) used only one model and showed
that changes in the convection scheme strongly impact the
KWs and RGWs. Nevertheless, the vertical resolution of the
GCM used did not allow them to extend this result to the
stratosphere.

The present paper analyses the equatorial waves in the
LMDz GCM (Hourdin et al., 2006) extended to the strato-
sphere (Lott et al., 2005) with two drastically different con-
vection schemes: theTiedtke(1989) and theEmanuel(1991)
schemes. One important aspect of the present work is that
the two schemes have been used in Coupled Model Inter-
comparison Project (CMIP) experiments with LMDz, and,
thus, they both have been tuned to provide realistic seasonal
mean precipitation climatologies. As we will see, the intra-
seasonal precipitation variabilities are nevertheless very dif-
ferent. The novelty of the present work is that we can anal-
yse the impact of these differences on SEWs in two simula-
tions with realistic mean climatologies. We will show that
the differences moderately impact the equatorial waves in
the model stratosphere, which contradicts the study ofHori-
nouchi et al.(2003), at least concerning the planetary-scale
waves. This result is nevertheless consistent withMaury et al.
(2013), who have shown that the LMDz model simulates
stratospheric KWs while its convective variability is under-
estimated. To interpret this result and to validate the SEWs
in the model, we will then locate the sources of the waves in
the model and determine if these sources are realistic.

The plan of the paper is as follows. Section2 introduces
the various data sets, and compares the precipitation variabil-
ities between the two model versions and the observations.
Section3 presents a spectral analysis to characterise the pre-
cipitation variability and the presence of KWs and RGWs
coupled to the convection. We then analyse the KWs and
the RGWs in the lower stratosphere via a spectral analysis
in Sect.4, and a composite analysis in Sect.5. To interpret
the origin of the waves in the model, Sect.6 presentsEliassen
and Palm(1961) flux (EP flux) diagnostics for the KWs. As

the EP flux appears to be small for the RGWs, Sect.6 tries to
interpret the origin of the RGWs in the model via a composite
analysis from the reanalysis data using a different scenario.
Section7 summarises and discusses the results.

2 Data sets and precipitation climatologies

2.1 Model description and data sets

In this study we use the LMDz grid point model (Hour-
din et al., 2006) extended to the stratosphere byLott et al.
(2005). In all the simulations analysed, the resolution in lon-
gitude is1φ = 2.5◦ and in latitude1λ = 3.75◦. The model
has 50 vertical levels, with a top at about 70 km, and a verti-
cal resolution of about 1 km in the lower stratosphere and of
about 2 km in the lower mesosphere. The model also includes
orographic and non-orographic gravity wave drag (Lott and
Miller , 1997; Hines, 1997) but does not simulate a QBO.
A version with 80 vertical levels and a QBO also exists (Lott
et al., 2012), but it has not been tested with theTiedtke(1989)
scheme. In this paper, LMDz is used with the two drastically
distinct convection schemes according toTiedtke(1989) and
Emanuel (1991, 1993), with the model sensitivity to each pa-
rameterisation described inHourdin et al.(2006). Both sim-
ulations are forced by sea surface temperature, sea-ice cover,
ozone and carbon dioxide that vary annually corresponding
to the 1985–2005 period.

For each simulation, a 20 yr long simulation is used, and
we refer to each as LMDz-T and LMDz-E for theTiedtke
(1989) and Emanuel (1991, 1993) scheme respectively.

To validate our results, we use the daily precipitation from
the Global Precipitation Climatology Project (GPCP) (Adler
et al., 2003) over the period 1997–2008, and the daily hori-
zontal wind and temperature from the ERA-Interim (ERAI)
reanalysis (Dee et al., 2011) over the period 1989–2009. We
consider that the ERAI fields represent well the equatorial
waves in the stratosphere, which is supported by comparison
with satellite data for the temperature at zonal wave numbers
below s = 10 in Ern et al.(2008). Note that in the present
study the daily fields from LMDz and ERAI are interpolated
to the six pressure levels in the stratosphere: 100, 70, 50, 30,
20, and 10 hPa.

To characterise the convective activity, we could have used
the outgoing long-wave radiation (OLR) data sets as done in
many studies to cover a longer period than the GPCP data
(e.g.Liebmann and Hartmann, 1982; Wheeler and Kiladis,
1999; Hendon and Wheeler, 2008). However, in LMDz we
found that the OLR and the precipitation are not as well cor-
related as in observations, so we use in the present study the
precipitation (i.e. the more direct proxy of convective ac-
tivity). Note also that OLR LMDz spectra can be found in
Maury et al.(2013) for the Emanuel scheme (1991, 1993).
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Fig. 1.Standard deviations of precipitation (mm day−1) in boreal summer (May to October: MJJASO, left panels) and boreal winter (Novem-
ber to April: NDJFMA, right panels):(a, d) GPCP (1997–2008),(b, e)LMDz-E (20 yr) and(c, f) LMDz-T (20 yr). The white (blue) colours
show relatively low (high) values of precipitation.

2.2 Precipitation climatologies

The seasonal means of precipitation are very similar and re-
alistic in both simulations as expected since both schemes
have been tuned for this purpose (not shown but seeHourdin
et al., 2006). This is not the case for the precipitation vari-
abilities as shown by Fig.1, which represent the standard de-
viations of the precipitation calculated over 6 months during
boreal summer and boreal winter. Figure1a and d show that
in GPCP the variability is strong over the Intertropical and
South Pacific convergence zones, and the monsoon regions
as expected. Figure1b and e show that LMDz-E largely un-
derestimates the convective variability in all these regions,
whereas Fig.1c and f show that LMDz-T is more realistic
when compared to GPCP (Fig.1a and d).

3 The tropospheric equatorial waves

To characterise the space–time structure of the precipitation
variability and to measure the contribution of the CCEWs to
this variability, we next proceed to a spectral analysis of the
precipitation fields (e.g.Wheeler and Kiladis, 1999; Hendon
and Wheeler, 2008andLott et al., 2009, among others). For
this purpose, we calculate the symmetric and antisymmetric
means of the precipitation between the latitudes 10◦ S and
10◦ N. For a given fieldX(λ,φ,d,y), this consists in eval-
uating the quantitiesXs(λ,d,y) andXa(λ,d,y) (where the
subscriptss anda denote symmetric and antisymmetric com-

ponents) overNφ latitudes:

〈Xs〉(λ,d,y) =
1

Nφ

10◦∑
φ=0

(
X(φ) + X(−φ)

)
, (1)

〈Xa〉(λ,d,y) =
1

Nφ

10◦∑
φ=0

(
X(φ) − X(−φ)

)
, (2)

where the termsλ, φ, d, andy correspond to the longitude,
latitude, day and year, respectively. To construct the spectra,
we next subtract the annual cycle and then extract 360-day-
long segments, centred either on 1 July or on 1 January. From
each segment we subtract the temporal trend and apply the
tapered cosine window according toTukey(1967). We then
evaluate the segment’s periodogram by performing a double
Fourier transform in both longitude and time. Finally, the
spectrum is estimated by averaging the periodograms over
the 20 yr.

3.1 Results

To present the spectra, we use an energy-conserving formal-
ism where the spectraS(s,σ ) are multiplied by the frequency
σ (in cycles per day), and are shown as a function of log(σ )

and of the wave numbers (e.g.Hendon and Wheeler, 2008,
andMaury et al., 2013). This semi-log representation and the
use of equatorially averaged quantities allows visualising the
CCEW signal due to KWs and RGWs without a normalisa-
tion by a red background as done byWheeler and Kiladis

www.atmos-chem-phys.net/14/1869/2014/ Atmos. Chem. Phys., 14, 1869–1880, 2014



1872 P. Maury and F. Lott: On the presence of equatorial waves in the lower stratosphere

(1999). The results are presented in Fig.2 for the symmetric
component and in Fig.3 for the antisymmetric component.
We have also superimposed on the spectra in Fig.2 and Fig.3
the theoretical dispersion curves of the equatorial waves de-
duced from the relation,

γ 1/2(2ν + 1
)
= γ σ 2

− s2
−

s

σ
, (3)

whereγ =
4a2�2

gh
is the Lamb parameter,a, � andg being

the earth radius, the earth rotation rate and the gravity con-
stant, respectively. In Eq. (3), the characteristic heighth is
related to the vertical wave numberm by

m2
=

N2

gh
−

1

4H 2
, (4)

with N the Brunt–Väisälä frequency andH the scale height
of the atmosphere. In Eq. (3), the integerν corresponds to
the number of zeros of the meridional windv between the
poles. We impose the conventionσ > 0; thus the sign ofs
provides the direction of wave propagation (i.e.s > 0 (s < 0)
for the eastward (westward) direction). Forν = −1, only the
solutionσ = s/

√
γ corresponding to the KWs needs to be

considered.

3.1.1 Symmetric component

The power spectrum for the symmetric component of the
GPCP precipitation in Fig.2a is broadband in the two di-
rections of propagation and shows enhanced power in the
eastward direction for the periods betweenσ−1

= 3 days and
σ−1

= 10 days and wave numbers betweens = 3 ands = 10.
This corresponds to the convectively coupled Kelvin wave
(CCKW) signature found byWheeler and Kiladis(1999). In
the eastward direction, we also recognise the Madden–Julian
oscillation spectral peak for wave numbers = 1,2 and 3, and
for period betweenσ−1

= 30 days andσ−1
= 50 days. In

the westward direction, the GPCP spectrum shows a relative
maximum for wave numbers betweens = −1 ands = −6
and for periodsσ−1

≈ 15–20 days, associated with theν = 1
convectively coupled equatorial Rossby waves (Wheeler and
Kiladis, 1999). The black lines in Fig.2a correspond to the
dispersion curves from Eq. (3) with ν = −1 for KWs (east-
ward direction) and withν = 1 for Rossby waves (westward
direction). The dispersion curves that best match the maxima
identified in the Fig. 2a spectrum have equivalent depths in
the range of abouth = 20 m andh = 50 m, as expected for
the CCEWs (Liebmann and Hendon, 1990; Wheeler and Ki-
ladis, 1999).

The spectra in Fig.2b and c show that LMDz has dif-
ficulties in producing CCEWs, and especially in the east-
ward direction. More specifically, we can note that LMDz-
T produces a small relative maximum for KWs with periods
betweenσ−1

= 8 days andσ−1
= 20 days and wave num-

bers betweens = 2 ands = 6 (Fig. 2c), which is almost ab-
sent from LMDz-E (Fig.2b). In the westward direction, the

Fig. 2. Wave-number–frequency spectra of the symmetric compo-
nent of the precipitation averaged over latitude range from 10◦ S
to 10◦ N (units are in mm2 j−2 Cy j−1): (a) GPCP,(b) LMDz-E,
and(c) LMDz-T. Contour intervals are 0.01 mm2 j−2 Cy j−1 for the
shaded areas and 0.005 mm2 j−2 Cy j−1 for the thin solid lines. The
light (dark) colours show relatively low (high) precipitation spec-
trum values. The superimposed dispersion curves (thick solid lines)
are calculated from Eq. (3) for the KWs (ν = −1) in the eastward
panels and for the Rossby waves (ν = +1) in the westward panels.
They are displayed for the three equivalent depthsh = 20,50 and
150 m.

LMDz-T spectrum is stronger in amplitude than the LMDz-
E spectrum, indicating that the equatorial Rossby waves are
better simulated with theTiedtke(1989) scheme. This differ-
ence will not be further analysed, since the equatorial Rossby
waves are too slow to penetrate deeply into the stratosphere
(Yang et al., 2011).

3.1.2 Antisymmetric component

The antisymmetric GPCP precipitation spectrum in Fig.3a is
also broadband in the two directions but presents enhanced
power from the wave numbers = −8 and a period of about
σ−1

≈ 8 days in the westward direction until the wave num-
berss = 3 in the eastward direction and a period of about
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Fig. 3. Same as Fig.2 except for the antisymmetric component of
precipitation. The dispersion curves are calculated for the RGWs
(ν = 0).

σ−1
= 3 days. This region lies in the spectral domain of the

convectively coupled RGWs (Wheeler and Kiladis, 1999), as
indicated by the dispersion curves from Eq. (3) with ν = 0,
and forh = 20 m andh = 50 m. The Fig.3b and c show that
LMDz-E largely underestimates the antisymmetric precipi-
tation variability, whereas LMDz-T is much more realistic in
amplitude. Nevertheless, LMDz-T underestimates the east-
ward signal, and does not show enhanced power correspond-
ing to RGWs. Another essential point with LMDz-T, and to
a lesser extent with LMDz-E, is that the antisymmetric spec-
tra (Fig. 3b and c) have larger amplitude than the symmet-
ric ones (Fig.2b and c). This indicates that the precipitation
variability is much less organised over the Equator than in
the observations and suggests that LMDz has difficulties in
simulating a large-scale organisation of the convection. This
defect might be related to the misrepresentation of CCEWs
by LMDz.

4 Stratospheric spectra

To study the stratospheric equatorial waves, we use the fact
that, for the KWs and the RGWs, at least one of the dynam-
ical fieldsu, v andT does not change sign with latitude in
the equatorial band at a given longitude. In the following,
the temperature (T ) is used to characterise the KWs and the
meridional wind (v) for the RGWs.

4.1 Temperature

Figure4 shows the temperature spectra in the lower strato-
sphere atzp = 50 hPa. The ERAI spectrum in Fig.4a does
not differ from the ERA40 spectrum presented inLott et al.
(2009), and consists of a broad maximum for wave numbers
betweens = 1 ands = 5 for periods between 3 and 20 days,
which corresponds to the KW packets. This spectral peak
occurs at slightly higher equivalent depths than the one at-
tributed to CCKWs in Fig.2a. This shift to higher equiva-
lent depths means that on average KWs have larger vertical
wavelengths (cf. Eq.4) in the stratosphere than in the tro-
posphere. The reason for the shift is that KWs with shorter
vertical wavelengths, having lower phase speeds, are more
strongly affected by dissipation processes and critical wind
levels.

Figure4b and c show that the temperature spectra from the
model are quite realistic and even larger in amplitude than
those from ERAI. This occurs despite the much reduced am-
plitude of the precipitation spectra in the model, especially
in the domain of the CCKWs. To understand this large wave
signal, we must mention that the zonal mean zonal wind is
always negative (i.e. westward) in the LMDz lower equato-
rial stratosphere (not shown, but the model does not simulate
a QBO), whereas it is negative less than half of the time in
observations because of the QBO. In the model stratosphere,
the KWs always propagate easily as they have positive phase
speed and hence larger positive intrinsic phase speed than
during a zero or positive (i.e. eastward) zonal mean wind.
This corroborates withAlexander and Ortland(2010), who
have shown that the filtering by the zonal wind strongly mod-
ulates the relationship between convection and stratospheric
waves. Also, from the fact that in LMDz-E the zonal mean
zonal wind is more negative than in LMDz-T (not shown), it
follows that the KWs are stronger in LMDz-E than in LMDz-
T.

4.2 Meridional wind

Figure5 presents the meridional wind spectra in the lower
stratosphere atzp = 50 hPa. The ERAI spectrum in Fig.5a
is dominated by a broad maximum in the westward direc-
tion between the wave numberss = −4 ands = −8 and the
periodsσ−1

= 2 days andσ−1
= 8 days, due to the RGW

packets (seeLott et al., 2009, and also the dispersion curves
for RGWs calculated from Eq. (3) with ν = 0). Once again,
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Fig. 4. Wave-number–frequency spectra of the temperature aver-
aged over latitude range from 10◦ S and 10◦ N, at 50 hPa (units are
in K2 Cy j−1): (a) ERAI, (b) LMDz-E and(c) LMDz-T. Contour in-
tervals are 0.02 K2 Cy j−1 for the shaded areas and 0.01 K2 Cy j−1

for the thin solid lines. The light (dark) colours show relatively low
(high) spectrum values for the temperature. The dispersion curves
(thick solid lines) from Eq. (3) are calculated for KWs (ν = −1)
with h = 20,50 and 150 m.

the equivalent depth associated with these waves is higher
than for the RGWs in the troposphere.

Figure5b and c show that the RGW signal is largely un-
derestimated by LMDz, which is again more related to a dy-
namical filtering than to a deficiency in precipitation variabil-
ity. Accordingly, the LMDz zonal wind zonal mean is nega-
tive in the upper troposphere and lower stratosphere implying
that the RGW packets with negative phase speed are more
dissipated than in ERAI. The dominant role of the dynam-
ical filtering is further illustrated by the larger RGW signal
in LMDz-T than in LMDz-E according to the more nega-
tive zonal wind in LMDz-E than in LMDz-T and despite the
larger precipitation variability in LMDz-T than in LMDz-E.

Fig. 5.Wave-number–frequency spectra of the meridional wind av-
eraged over latitude range 10◦ S and 10◦ N, at 50 hPa (units are in
m2 s−2 Cy j−1): (a) ERAI, (b) LMDz-E and (c) LMDz-T. Con-
tour intervals are 0.05 m2 s−2 Cy j−1 for the shaded areas and
0.025 m2 s−2 Cy j−1 for the thin solid lines. The light (dark) colours
show relatively low (high) spectrum values for the meridional wind.
The dispersion curves (thick solid lines) from Eq. (3) are calculated
for the RGWs (ν = 0) with h = 20,50 and 150 m.

5 Composite analysis

To characterise the spatial structure and the life cycle of the
SEWs, we followLott et al. (2009) and make a composite
analysis of band-pass-filtered fields. For the KWs, the band-
pass filter operates in the frequency–wave-number Fourier
space by multiplying the Fourier components of all fields by
a transfer function that largely contains the broadband spec-
tral maxima associated with KWs (Fig.4), and guarantees
that the filtered fields include them well. To finalise the filter-
ing we then return to physical space. To diagnose when a KW
is present at 50 hPa, we evaluate an index whose value equals
the maximum of the filtered temperature averaged between
10◦ S and 10◦ N, and identify the longitudeλM at which this
maximum occurs. The composites are then built from aver-
ages over dates when maxima of this index exceed a given
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Fig. 6. Longitude–latitude maps for the KW packet composite at
the levelzp = 50 hPa and thel = 0 day lag. The shaded areas are

for the temperatureT C (red (blue) colours are for positive (nega-
tive) values, in K) and the arrows for the horizontal wind(uC ,vC):
(a) ERAI, (b) LMDz-E, and(c) LMDz-T. The black lines delimit
the 99 % significant regions according to a Studentt test for the
temperature.

threshold and shifting the maps selected by−λM . We also
average the dates at various lags before and after the central
dates, so the composites are 41 days long. In each data set
the threshold is chosen so that the number of cases selected
equals the number of years in the data set. We choose here
to select a rather low number of events to guarantee indepen-
dence between the selected wave packets, bearing in mind
that each wave packet can have a life cycle that lasts nearly
a month. To ensure that the same wave cannot be selected
twice, no day within 20 days after a case event can be se-
lected. Finally, we have tested that none of the results are
affected by moderate changes in the thresholds or in the fil-
ters (for instance, including more horizontal wave numbers).
In the following, the composite of a filtered dynamical fields
X is notedX̃C .

For the Rossby gravity waves, we follow the same proce-
dure but use a transfer function that contains the westward
maxima in Fig.5 to build the band-pass filter, and use the
meridional windv to define the index.

Fig. 7.RGW composites from ERAI:(a) meridional windvC (shad-
ing) and horizontal wind(uC ,vC) (arrows) atzp = 50 hPa and

l = 0 day lag.(b) Hovmöller diagram of the meridional windvC at
zp = 50 hPa.(c) Longitude–altitude cross section of the meridional

wind vC averaged over the equatorial band. Shaded areas of merid-
ional wind values are in red (blue) for positive (negative) (m s−1).
The black lines delimit the 99 % significant regions according to a
Studentt test for the meridional wind.

5.1 Kelvin waves

To extract the KW packets, the band-pass filter is defined es-
sentially to keep the eastward propagating disturbances with
frequency betweenσ−1

= 3 days andσ−1
= 10 days and

wave numbers betweens = 1 ands = 6.
The composites for the horizontal wind (ũC , ṽC) and the

temperature (̃T C) in Fig.6confirm that we are in the presence
of KWs, since (i) the wind perturbations are almost exactly
zonal and in quadrature with the temperature perturbations,
and (ii) these signals are confined to the equatorial region.
Figure6 also shows that the peak in KW amplitude is larger
in the model (Fig.6b and c) than in ERAI (Fig.6a), and even
slightly larger in LMDz-E than in LMDz-T. As mentioned
in Sect.3, this is consistent with the fact that the dynami-
cal filtering dominates, the zonal wind in the LMDz-E lower
stratosphere being more negative than in LMDz-T. In ERAI
a filtering by the QBO is also active, since the selected dates
occur during the easterly phases of the QBO at 50 hPa. Dur-
ing these easterly phases, the winds in ERAI are less nega-
tive than in both model simulations, which might explain the
smaller amplitude in ERAI composites than in LMDz. As in
Lott et al. (2009) andMaury et al.(2013), we also find that
the absence of a QBO favours the KW packet propagation up
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Fig. 8.Same as Fig.7 for LMDz-E.

to the upper stratosphere, whereas the wave packets in ERAI
are attenuated in the region where the QBO signal is eastward
(not shown).

5.2 Rossby gravity waves

To extract the RGW packets, the band-pass filter is defined
essentially to keep the westward propagating disturbances
with frequencies betweenσ−1

= 3 days andσ−1
= 8 days

and wave numbers betweens = 4 ands = 8.
The composites of the winds (ũC , ṽC), from ERAI

(Fig. 7a) and from LMDz-E (Fig.8a), confirm that we are
in the presence of RGWs, since they present a succession
of clockwise and anticlockwise circulation centres: (i) cen-
tred at the Equator and (ii) confined within the equatorial re-
gion. The RGW packets in ERAI (Fig.7a) are larger than in
LMDz-E (Fig. 8a) or LMDz-T (not shown, but the compos-
ites are almost identical to those in Fig.8a). As a first guess,
we could attribute the deficit in RGWs in the model to a mis-
representation of the precipitation variability (see Figs.2 and
3). However, several pieces of evidence indicate that the con-
tinuous negative zonal wind in LMDz lower stratosphere dy-
namically filters the RGWs. The first one is given by the
longitude–time plots in Figs.7b and8b, which show that
the negative absolute phase speed of the waves in LMDz is
larger in amplitude than in ERAI. In the model, the abso-
lute phase speed of the RGWs needs to be larger to maintain
a subsequent negative intrinsic phase speed when the back-
ground zonal wind is negative. The second one is given by
the zonal–vertical profiles of the RGWs, which show that the
RGW packets do not propagate above 30 hPa in the model

Fig. 9.Same as Fig.7 for ERAI selecting dates when the zonal mean
zonal wind is negative at 50 hPa .

(Fig.8c) compared to those in ERAI (Fig.7c). The RGW ver-
tical wavelength is smaller in LMDz (Fig.7c) than in ERAI
(Fig. 8c) due to the wind filtering, and is likely too small to
be properly resolved by the model.

Finally, we recall here that the composite method only se-
lects dates in the ERAI RGW index during positive QBO
phase (cf.Lott et al., 2009). Thus, the LMDz and ERAI
RGW composites are not directly comparable. To compare
both RGW composites strictly, we perform another com-
posite analysis by picking dates in the ERAI RGW index
for negative zonal wind at 50 hPa (i.e. during negative QBO
phases). The resulting composites (Fig.9) are very similar
to those from LMDz (Fig.8). Under such dynamical condi-
tions, the weak amount of RGWs in the reanalysis can be
attributed to the wind filtering only. This result is supported
by recent work with a new LMDz version with a QBO (Lott
et al., 2012), where it is shown that the simulated RGWs
are improved with positive zonal wind in the lower strato-
sphere. It confirms that the model potentially simulates the
right amount of RGWs, despite the misrepresentation of the
tropospheric convection variability.

6 On the origin of the equatorial waves in the model

According to the linear theory, the wave amplitude de-
pends on both the amplitude of the sources and the sub-
sequent filtering. Given the wind filtering, Sect.5.2 con-
firms that LMDz simulates realistic stratospheric RGWs and
KWs while Sect.3 shows that the tropospheric convection
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Fig. 10. Composite of the Eliassen–Palm flux vector
(
Fφ,F z

)
(arrows) and of its vertical componentF z (contours with negative val-

ues dashed, interval of 1000 Pa, red (black) arrows corresponding to negative (positive) vertical componentF z): (a) ERAI, (b) LMDz-E,
(c) LMDz-T. The grey shaded areas corresponding to the 99 % significant regions of the vertical component of the EP flux according to a
Studentt test evaluated for the horizontal and vertical wind.

variability is underestimated in the corresponding wave-
number–frequency window. In the linear view, the wave am-
plitude is directly related to the source amplitude, indicating
that the model has other sources than equatorial convection
that can be substantial enough to supplement the lack of the
convective forcing.

6.1 EP fluxes due to Kelvin wave composite

To locate these sources for the KWs, we evaluate the EP flux
(Eliassen and Palm, 1961) vectorF of the KW, adaptingAn-
drews et al.(1987):

F φ = ρ0a cosφ

(
uz

vCθC

θz

− uCvC
)

, (5)

F z = ρ0a cosφ

((
f −

(ucosφ)φ

a cosφ

)vCθC

θz

− uCwC
)

. (6)

Hereu andθ refer to the unfiltered zonal wind and poten-
tial temperature respectively. In this context, the composite
fields ũC , ṽC , w̃C and θ̃C are used as disturbances, which is
justified for the filtered fields because none of the band-pass
filters used keep thes = 0 component. For completeness, the
reference density isρ0(z) = ρr exp(−z/H), whereρr is a

constant, and the Coriolis parameterf = 2�sinφ, whereφ

is the latitude.
The EP flux vector(F z,F φ) and its vertical componentF z

are presented in Fig.10. In the reanalysis (Fig.10a), the EP
flux essentially comes from the mid- and high troposphere of
the equatorial regions, between 10◦ S and 10◦ N and above
8 km typically. The EP flux is almost constant up to 15–
17 km, suggesting that the KW packet propagates with little
dissipation from the upper troposphere to the lower strato-
sphere. The amplitude decreases rapidly above 18 km when
the KWs dissipate. As observed in LMDz-E (Fig.10b) and
LMDz-T (Fig. 10c), the results from the model are very dif-
ferent, with the KW EP flux coming from regions around
15–20◦ S, which are significantly outside of the equatorial
regions. The interpretation that convection is not the main
driver in LMDz is supported by the fact that the dates used to
build the Fig.10 are selected during the boreal summer (e.g.
when the convection is stronger in the Northern Hemisphere
subtropics (cf. Fig.1a, b and c)), whereas the KWs seem to
come from the southern subtropics.
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6.2 Rossby gravity waves: stratospheric reloading

We tried to conduct a comparable analysis for the RGWs,
but the EP flux composites from the model are not signifi-
cant enough to be conclusive. Note that this smallness of the
vertical EP flux is partly an intrinsic difficulty of the west-
ward propagating RGWs that behave as Rossby waves. As a
consequence, the RGW vertical EP flux is essentially related
to the meridional heat flux term multiplied by the Coriolis
parameter (see Eq.6), implying that the vertical EP flux be-
comes small near the Equator for these waves.

To circumvent this problem, and illustrate that the extra-
tropical forcing can be significant for the RGWs, we do as
in Section5 and build a scenario where such a forcing op-
erates in the reanalysis. For this purpose we next evaluate
a RGW composite at 20 hPa, in a configuration where the
zonal wind is negative below this level. We know from the
results in Sect.5.2that during the negative phase of the QBO
the RGWs cannot reach 30 hPa (see Fig.9c). Accordingly,
we consider that the RGWs present at 20 hPa during such a
phase of the QBO are dynamically separated from their con-
vective sources in the troposphere because of the wind fil-
tering layer below 50 hPa. Figure11a shows the horizontal
wind (u′,v′) at the lagl = 0 day and at 20 hPa. We recognize
the horizontal wind structure characteristic of RGWs, with
wind maxima of about 4 m s−1. The Hovmöller diagram in
Fig. 11b indicates that the waves propagate westward with
a phase speedcφ ≈ −19 m s−1, which is comparable to the
RGW phase speed at 50 hPa in Sect.5.2. Finally, the vertical
structure of the composite in Fig.11c shows that the RGWs
in this scenario tend to stay confined above 50 hPa, which
corroborates that they do not come from lower levels in the
equatorial troposphere. This either calls for an external forc-
ing from the mid-latitudes, as for the KWs in Sect.6.1, or an
internal dynamical mechanism within the equatorial jet.

7 Summary and discussion

The analysis of KWs and RGWs in the lower equatorial
stratosphere of the LMDz GCM shows that this model over-
estimates the KWs and underestimates the RGWs in compar-
ison with the ERAI reanalysis. This result is essentially due
to a dynamical filtering effect, since the zonal mean zonal
wind in the LMDz lower equatorial stratosphere is always
negative. On the one hand, this favours the propagation of
waves with positive phase speed (like the KWs), but on the
other hand this disadvantages the propagation of waves with
negative phase speed (like the RGWs).

It seems that for the large-scale waves analysed, the domi-
nant role of the background flow filtering almost completely
tempers the impact of the convection scheme documented in
Horinouchi et al.(2003) for instance. In the present paper, we
use a LMDz simulation with a convection scheme producing
a large precipitation variability (theTiedtke, 1989, scheme)

Fig. 11. RGW composites from ERAI at 20 hPa calculated during
negative phases of the QBO at 50 hPa (i.e. when the zonal wind is
negative at 50 hPa and positive at 20 hPa).(a) Meridional windvC

(shading) and horizontal wind(uC ,vC) (arrows) atzp = 50 hPa and

l = 0 day lag.(b) Hovmöller diagram of the meridional windvC at
zp = 20 hPa.(c) Longitude–altitude cross section of the meridional

wind vC averaged over the equatorial band. Shaded areas of merid-
ional wind values are in red (blue) for positive (negative) (m s−1).
The black lines delimit the 99 % significant regions according to a
Studentt test for the meridional wind.

and another one with a convection scheme producing a much
smaller one (theEmanuel, 1993, scheme). Both versions re-
solve comparable large-scale equatorial waves in the lower
stratosphere despite the tropospheric differences, which can
be explained by at least two reasons. The first one follows
Maury et al.(2013), who have shown that stratospheric KWs
sometimes accompany the life cycle of CCKWs in the tropo-
sphere, since the CCKWs have a faster component that can
reach the stratosphere under favourable vertical propagation
conditions (e.g. easterly QBO phase; Lott et al., 2009). In
a model without CCEWs, the forcing of large-scale waves
by convection is inherently reduced. To a certain extent, one
needs the CCEWs to inject variability in the spectral domain
where the large-scale equatorial waves can propagate in the
stratosphere. This suggests that the differences in precipita-
tion variability are only important if they appear in the spec-
tral space of the SEWs, but this idea could not be tested with
the models used. We recall here that the planetary large-scale
organisation of the convection allows adding more variability
at long spatial scale and at short timescales at the same time.
According toHolton (1973) for instance, it appears that this
organisation may not be so significant. Note nevertheless that
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when convection is organised in a GCM, it likely better rep-
resents the heating vertical profiles, a factor which is also es-
sential to force SEWs efficiently. The second reason might be
due to the fact that the waves in the model have other sources,
like for instance the subtropics and the mid-latitudes. For
the KWs, we corroborated this last point by an analysis of
EP fluxes, which illustrates that the LMDz sources originate
rather from the subtropics and the mid-latitudes. The analy-
sis of the RGW EP fluxes is more problematic, and could be
explained by at least two reasons. Firstly, the RGWs in the
model are weak and have life cycles different from those ob-
served, and, secondly, the vertical component of the EP flux
for Rossby-like waves is very small near the Equator. To cir-
cumvent these two issues, we verified that the RGWs in the
model are realistic by comparing them to composites from
ERAI done during easterly phases of the QBO. To show that
subtropics and mid-latitude sources can also be effective for
the RGWs, we used the ERAI reanalysis to make composites
of the RGWs at 20 hPa with a positive zonal wind at this level
and a negative one below. In such a situation, the presence
of critical levels below 20 hPa filters the ascending waves,
whereas the positive wind at 20 hPa favours their develop-
ment, and we find again substantial RGWs. These RGWs
necessarily come from the subtropics and mid-latitudes, or
they are internally generated.

An important point of the present paper is that subtropical
and mid-latitudes sources are significant to produce SEWs.
Then, in a model where the tropospheric sources are underes-
timated, these subtropical and mid-latitudes sources can be-
come dominant. In this sense, the highlighted stratospheric
reloading is not only important to explain the presence of
RGWs above westward QBO winds, but it also reveals the
significance of these alternative sources in the reanalysis
products. These alternative sources explain the presence of
SEWs in a model despite its underestimation of various as-
pects of the convection. Although our results contradict the
common view that in models the equatorial waves are forced
by the convection below, we recall that we only looked at the
rather large-scale waves that dominate the day-to-day vari-
ability and not at the entire equatorial wave spectrum. These
two limitations call for an extension of our methods to faster
waves and to model versions that better simulate the CCEWs.
Some of the CMIP5 models could be used to address this last
issue.
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