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Abstract. We compare the tropical oscillations and planetary role played in the SAO by unresolved gravity waves is em-
scale Kelvin waves in four troposphere-stratosphere climatghasized. Although it exhibits some unrealistic features, the
models and the assimilated dataset produced by the UniteBUGCM, which includes a parametrization of gravity waves
Kingdom Meteorological Office (UKMO). The comparison with a non-zero phase speed, is able to simulate clear east-
has been made in the GRIPS framework “GCM-Reality In- erly to westerly transitions as well as westerlies with down-
tercomparison Project for SPARC”, where SPARC is Strato-ward propagation. Thermal damping is also important for the
spheric Processes and their Role in Climate, a project of thevesterly forcing in the stratosphere.

World Climate Research Program. The four models eva,I'Key words. Meteorology and atmospheric dynamics (mid-

uated are European members of GRIPS: the UKMO Uni- . ; .
le at h t | meterol
fied Model (UM), the model of the Free University in Berlin gdeesa) mosphere dynamics; tropical meterology; waves and

(FUB-GCM), the ARPEGE-climat model of the French Na-
tional Centre for Meteorological Research (CNRM), and the
Extended UGAMP GCM (EUGCM) of the Centre for Global

Atmospheric Modelling (CGAM). The integrations were per- 1 Introduction

formed with different, but annually periodic external condi-

tions (e.g., sea-surface temperature, sea ice, and incominlé‘ recognition of the role of the middle atmosphere in cli-
solar radiation). The structure of the tropical winds and theMate; the World Climate Research Programme (WCRP) have

strengths of the Kelvin waves are examined. In the ana|y_!n|t|ated the project “Stratospheric Processes and their Role

ses where the SAO (Semi-Annual Oscillation) and the Qo!N Climate” (SPARC). The objectives of SPARC (WCRP

(Quasi-Biennal Oscillation) are reasonably well captured, the:993, 1998) are to investigate the mechanisms through which
amplitude of these analysed Kelvin waves is close to thatthe middle atmpsphere exgrts an influence on cllmat.e, and
observed in independent data from UARS (Upper Atmo-t© comprehensively examine Middie Atmosphere Climate
sphere Research Satellite). In agreement with observationd/0dels (MACMs). This examination is being performed
the Kelvin waves generated in the models propagate into th&Y the “GCM-Reality Intercomparison Project for SPARC
middle atmosphere as wave packets, consistent with a cof GRIPS), which has been splitinto several phases, each deal-
vective forcing origin. In three of the models, slow Kelvin ing with & dlfferent aspect of the problem. Phase 1 aims to
waves propagate too high and their amplitudes are overestfgvaluat_e ba_s_lc_: aspects of the performa_nce of MACMs, test-
mated in the upper stratosphere and in the mesosphere, tHad their abilities to represent the dominant features of the
exception is the UM which has weaker waves. None ofdeneral circulation of the atmosphere and the mechanisms
the modelled waves are sufficient to force realistic eastward?Nich maintain these features. An examination of the large-
phases of the QBO or SAO. Although the SAQ is representedscale climatological structure of 13 MACMs was presented
by all models, only two of them are able to generate West-by Pawson et al. (2000), where the full objectives of the

erlies between 10 hPa and 50 hPa. The importance of thBroject are described.
Here we document the performance of four of the GRIPS

Correspondence tdvl. Amodei models in the tropical middle atmosphere. In particular, how
(marielle.amodei@meteo.fr) well these models simulate the dominant low-frequency vari-
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ability of this region: the Quasi-Biennial and Semi-Annual the QBO, which is a slight modification of the Holton and
Oscillations (QBO and SAO). The four models discussed areLindzen (1972) model which invokes planetary scale tropi-
(i) the ARPEGE-climat model, developed at the French Na-cal Kelvin and mixed Rossby-gravity modes as the momen-
tional Centre for Meteorological Research (CNRM); (ii) the tum sources for the two phases of the QBO. Requirements
Extended UGAMP general circulation model (EUGCM) de- for models to be able to capture these wave motions include
veloped by the Universities Global Atmospheric Modelling an adequate vertical resolution to represent the shear zones
Project in the United Kingdom; (iii) the troposphere-strato- and the vertical wavelengths as well as a generation mech-
sphere-mesosphere GCM from the Free University of Berlinanism for a tropical wave spectrum (e.g. Takahashi, 1996,
(FUB-GCM); and, (iv) the Unified Model (UM) of the United 1999; Horinouchi and Yoden, 1998; Hamilton et al., 1999).
Kingdom Met. Office (UKMO). QBO-like oscillations have been generated with high vertical
An ancillary issue is how (if at all) these oscillations are resolution and the oscillations display strong vertical shears
forced, which involves study of the higher frequency wavesof the zonal wind. However, so far these simulations have
generated in the models. Here emphasis is placed on theither shown unrealistic features in the modelled climate or
wavenumber—1 Kelvin wave. A further objective of the study have oscillations with periods that are outside the observed
is to document these features in the assimilated dataset praange.
duced by the UKMO, originally in support of the Upper At-  Lower stratospheric Kelvin waves were first detected by
mospheric Research Satellite (UARS), as described in SwinWallace and Kousky (1968), using radiosonde records from
bank and O’Neill (1994). three equatorial stations. The meridional wind associated
In the following section, a review is given of the dominant with the Kelvin waves is zero while the zonal wind, the geo-
features of the tropical stratospheric circulation, with an em-potential and the temperature perturbations are symmetric
phasis on their main characteristics and the limited ability ofabout the equator. Kelvin waves propagate eastwards. For
models to represent them. Section 3 contains a descriptiowaves propagating up into the stratosphere, the phase veloc-
of the datasets from the four models and the UKMO assimi-ity is directed downwards, while the group velocity is di-
lation. Section 4 contains the main results of the study. The'ected upwards. In the presence of a vertical shear of the
paper ends with a summary and discussion sections. mean zonal wind, the vertical propagation of these waves is
disturbed, and the vertical group velocity decreases to zero
as the mean zonal wind approaches the phase speed of the
2 Tropical oscillations and their representation waves. Dissipation of the waves then results in a net forc-
in models ing on the zonal wind in the shear zone just below the crit-
ical line and the QBO or SAO eastward phase propagates
The QBO dominates the stratospheric winds in the lower todownwards, but only if this forcing is sufficient to overcome
middle stratosphere and is detectable between 2 and 100 hRiae mean vertical advection by the upwelling Brewer-Dobson
with a maximum amplitude near 10 hPa (Hamilton, 1981). circulation (Kinnersley and Pawson, 1996; Dunkerton, 1991,
Alternating easterly and westerly wind regimes propagate1997). Dissipation of Kelvin waves of the observed ampli-
downward, with the descent of easterly shear zones tendtude is insufficent to overcome the mean upwelling in the
ing to propagate more slowly. QBO easterly winds typi- tropical stratosphere and gravity waves are likely to provide
cally reach 30 m/s, westerlies are weaker and reach 20 m/she deficit of forcing in reality (Dunkerton 1997). In the case
The oscillation is characterized by an irregular period vary-of an easterly mean zonal wind, Kelvin waves are free to
ing from 22 to 36 months (e.g. Naujokat, 1986) and is con-propagate and attain larger amplitudes as they reach greater
fined to an equatorial band, with a half-width of about 15 altitudes. They break in the mesosphere, reduce the easterly
latitude. wind speed and contribute to its reversal. Thermal damping
Previous studies have shown different abilities of MACMs is important for the slow Kelvin waves that do not encounter
to represent the tropical oscillations. Pawson (1992) showedh critical level.
that no model could then simulate a QBO and that all mod- Deep convection, particularly active in the tropics is
els examined displayed a tropical windspeed located betweethought to be one of the main sources of the observed waves.
the two peaks of the bimodal frequency distribution in ob- Using a simplified model forced only by latent and convec-
servations. This means that neither phase of the QBO wasive heating Manzini and Hamilton (1993) found that latent
represented at that time. Since the note of Pawson (1992heat release is by far the dominant excitation mechanism for
significant advances towards simulations of the QBO haveKelvin waves. Similarly, Hayashi and Golder (1994) pro-
been made, at least partly because of significant increases posed that equatorial waves result from wave-convection in-
our computational capacity. teractions and are intermittently triggered by random pulses
It is generally accepted that the QBO is forced by upwardof convective heating. Bergman and Salby (1994) used syn-
propagating waves, along the lines proposed by Lindzen andptic global cloud imagery from satellites to force the lin-
Holton (1968) and Holton and Lindzen (1972). Recent mod-earized primitive equations. Planetary-scale waves with pe-
elling and experimental evidence (e.g. Horinouchi and Yo-riods longer than two days dominate the spectrum in geopo-
den, 1998; Dunkerton, 1997) shows that waves with a widetential. However, high-frequency gravity waves are also evi-
range of spatial scales contribute to the momentum budget ofient and although they have a smaller variance, they carry a



M. Amodei et al: SAO and Kelvin waves 101

larger fraction of the upward momentum flux.

In the LIMS (Limb Infrared Monitor of the Stratosphere)
data Hitchman and Leovy (1988) showed that the Kelvin High frequen- Frequency Vertical domain Latitudes
waves seem to be excited by isolated events in the tropo- ¢y data
sphere and propagate into the middle atmosphere as waveUKMO UM Every6 h Interpolated on 3°75N,

Table 1. Summary of the temporal series studied

packets. Their amplitude increases with height and when 25 pressure lev- 1°25N, 1°25S,
the zonal wind has a strong westerly shear with height it els from 1000 3°75S
can reach 4-5 K at 2 hPa during east-west SAO transitions to 0.1 hPa
and 3-4 K at 10 hPa during the east-west QBO transitions. FU-Berlin Every4h Interpolated on 2°8N-2°8S
In their analysis of a 15-year long radiosonde record col- FUB-GCM 27 pressure lev-
lected in Singapore ¢N, 104E), Shiotani and Horinouchi els from 1000
(1993) also noted a strong correlation between the Kelvin t0 0.01 hPa
wave activity and the zonal wind acceleration as the QBO Méto-France Every6h Interpolated on 2°8N-2°8S
eastward phase descends. More recently, the data obtainedCNRM) 17 pressure lev-
by instruments onboard UARS confirmed the presence of ARPEGE- els from 1000
Kelvin waves, although they were generally weaker than in climatV2 t00.05 hPa
the LIMS and radiosonde data. Their maximum amplitude CGAM Every6h  On 47 pressure 1°4N-1°4S
is 2 K in the lower stratosphere and reaches 3 K between 5 EUGCM levels  from
and 1 hPa (Canziani and Holton, 1994; Shiotani et al., 1997). 1000 to 0.01
These various observations also reveal that depending on the hPa
altitude, Kelvin waves have been detected with zonal wave- UKMO Anal-  Every Interpolated on 1°25N-1°25S
lengths ranging from 30000 km to 40000 km (wave num- YSes Day 12h 19 pressure lev-
uTC els from 1000

bers 1 and 2), vertical wavelengths from 6 to 33 km, periods
from 4 to 20 days and phase velocities from 23 to 115 m/s.
They are observed where winds are easterlies or weak west-
erlies. They are amplified by both increasing altitude and ,

strong west wind shear associated with the QBO or SAO. Un_Nortpn e_md Thuburn, 1996; Mlgr et ‘T"l" 1997) has been
der these conditions, they are more easily detected althougiii® inability to force westerly winds in the SAO. Jackson
their amplitude is weaker in the lower stratosphere and thei@"d Gray (1994) showed that inclusion of gravity waves with
activity varies over the course of the year as they seem to b8ON-Z€ro phase speeds, as are generated by tropical convec-
episodically excited. tion, gave an additional momentum source for the eastward

The stratopause SAO was discovered by Reed (19665>hase of the SAO and corrected this bias. However, specifi-
and described in some detail by Hirota (1980). The SAOcation of these waves tends to have a detrimental impact on

is an oscillating wind structure which dominates the vari- (N Westerly to easterly transition, which becomes a wave-

ance between about 1 hPa and 0.1 hPa (the mesopaug%rced ever_1t_(as with the QBO) rather than an advected fea-
SAO is a downward propagating signal out-of-phase withture (Manzini et al., 1997; see also Jackson and Gray, 1994).

the stratopause SAO). A comprehensive climatology of theAlthough significant advances have been made, the impor-

stratopause SAO was compiled from a variety of observatance of different forcing mechanisms for the SAO and the

tions by Garcia et al. (1997). As with the QBO, the gener- QBO is not yet fully understood.

ation of westerly winds requires a wave-mean flow interac-

tion. Rocket. and satellite qbservations show that high phases  pata and methods

speed Kelvin waves do indeed propagate into the meso-

sphere and, along with gravity-waves, are involved in the3.1 The models

downward-propagating westerly acceleration (Hirota, 1978;

Hitchman and Leovy, 1988). The mechanism driving the A comprehensive MACM output has been archived for the

SAO westward phase is completely different. The occur-GRIPS model intercomparison (Pawson et al., 2000). A sub-

rence of simultaneous accelerations in a deep layer suggesset of these monthly mean data have been used to examine

that the source is not an interaction of vertically propagatingthe large-scale structures of the tropical oscillations. For this

waves with the mean flow. Mahlman and Umscheid (1984)study, these data have been supplemented with one year of

verified with a high-resolution general circulation model that high-frequency, three-dimensional model output from lati-

the easterly acceleration was in fact due to meridional advectudes close to the equator to allow space-time spectral analy-

tion of easterlies onto the equator. This advection is drivensis, which is by now a standard technique for detecting tropi-

by planetary-wave forcing and is stronger during northerncal waves in three-dimensional datasets. There are some dif-

than southern hemisphere winter, hence a stronger westwarf@rences in the precise data used: the range of latitudes about

phase during January than July (Delisi and Dunkerton, 1988)the equator and the frequency of output differ from model to
A problem detected in several MACMs (Hamilton and model; the main aspects of the datasets are summarized in

Mahlman, 1988; Sassi et al., 1993; Jackson and Gray, 1994fable 1.

to 1 hPa
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Table 2. Summary of the horizontal and vertical resolutions of the models

Model Horizontal resolution  Number Number of Az (km) Top level

of levels levels between in lower strat. (hPa)
300 and 10 hPa

UKMO Grid points 49 29 1.3 0.1

UM (2°5 x 3°75)

FU-Berlin Spectral T21 34 9 2-3 0.0068

FUB-GCM (5°6 x 5°6)

Méteo-France(CNRM) Spectral T21 41 14 15 0.01

ARPEGE-climat V2 (5°6 x 5°6)

CGAM Spectral T42 a7 12 13 0.01

EUGCM (2°8 x 2°8)

The models used have different formulations and resoluds quite different in the EUGCM and utilized a convective-
tions. Three of the models have spectral formulation. Theadjustement scheme. This scheme is essentially a lagged
ARPEGE-climat ([BqLé et al., 1994; Bossuet et al., 1998) adjustement towards calculated reference profiles, where the
and FUB-GCM (Langematz and Pawson, 1997; Pawson eprofiles are based on the observed thermodynamic structure
al., 1998) are run with triangular truncation at T21. The EU- of the atmosphere in convective situations (Betts and Miller,
GCM (Jackson and Gray, 1994; Norton and Thuburn, 1996)1993). Both the ARPEGE-climat and EUGCM include para-
was run at T42. The UM (Swinbank et al., 1998; Butchart metrizations of traveling gravity waves forced by convec-
and Austin, 1998) is a grid-point model with gridboxes of tion, although these are based on quite different premises.
3.75° x 2.5° (longitude by latitude). All of the models em- In the EUGCM, a spectrum of gravity waves is parametrized
ploy a hybrid vertical coordinate with pure pressure levelsfollowing Jackson (1993) and Norton and Thuburn (1996),
above the upper troposphere. The vertical resolution and doand a discrete spectrum of waves with fixed phase speeds is
main of the models is as high as was practical for climato-specified. The ARPEGE-climat model includes a parame-
logical runs and is summarized in Table 2; all models havetrization of gravity waves excited by deep convection sim-
an upper boundary in the mesosphere. The number of levilar to the parametrization of orographic gravity waves of
els between 300 and 10 h 180, gives some indication of Palmer et al. (1986) which are also taken into account in the
the vertical resolution in the lower to middle stratosphere ofmodel. However, the source term of these convective gravity
the models, which ranges from about 2.5 km (FUB-GCM) to waves is modulated by the intensity of convective precipita-
about 1.3 km (UM), but note that the spacing of levels gen-tion (Bossuet et al., 1998). The version of the UM used here
erally changes with height. also includes a representation of orographic gravity waves.

The FUB-GCM does not include parametrized gravity wave

All models include different parametrizations of sub-grid- effects. An important change to the FUB-GCM used in this
scale physical processes in the atmosphere. This includestudy is that the version used here includes an improved treat-
the convection schemes, which are likely to be important forment of longwave radiative transfer, which eliminates the un-
generating tropical waves, and gravity wave drag, which hagealistic warm bias of the winter polar stratosphere of the
a direct impact on the middle atmospheric circulation. In previous model version.
the ARPEGE-climate model, the parameterization of the ef-
fects of deep cumulus convection is based on a simple pre; -
diction of the convective mass flux, and a global traitment 01‘3'2 UKMO assimilated data
the detrainment by relaxation of the large-scale values of the
temperature and the moisture towards a single cloud profilefThe UKMO assimilated data (Swinbank and O’Neil, 1994)
(Bougeault, 1985). Both the UM and the UKMO assimila- are daily global meteorological analyses. The data assim-
tion also use a mass flux convection scheme with a represerilation system is a development of the scheme used at the
tation of cloud ensemble characteristics and a stability delUKMO for operational weather forecasting, which has been
pendent closure (Gregory and Rowntree, 1990). In the FUB-extended to cover the stratosphere and has the potential to
GCM, the formation of clouds and precipitation due to small analyze a heterogeneous set of observational data (for exam-
scale convection and its impact on the heat and moisture budple, NOAA satellite temperature profiles, radiosonde data,
get is parametrized by a scheme for deep penetrating cumuaircraft winds and temperatures). The assimilation system
lus convection (Kuo, 1974) and a second scheme for shaluses an almost identical version of the UM as was used for
low, non-precipitating cumulus convection in the boundary the simulations discussed here. The analyses have a vertical
layer (Tiedtke et al., 1988). The convective parameterizatiorresolution in the stratosphere of approximately 1.6 km.



M. Amodei et al: SAO and Kelvin waves 103

3.3 Analysis techniques Eastward Spectral Power T

First month: January 1979 8N-8S 12-days period
1*102 \\\\\\\\\\\\\\\\\\\\\\\\\ N Y A B

Due to of the dependence of wave generation and propaga-
tion on the background wind structure, profiles of the mean ]
wind were used to help in the interpretation of the results.  1:10"3
Time series of mean zonal winds were compared and used to
help choose cases worthy of closer study.

Since we are examining Kelvin waves of planetary scale,
all the models are able to capture their horizontal scales and
time series of the vertical structure at any arbitrary longitude
illustrate the vertical wavelengths and the phase propagation
of the waves. From the dispersion relation for gravity (or
Kelvin) waves, the group velocities can also be inferred from
these plots. 90-day periods of the temperature field have been ]
analysed at several altitudes. Quantitative estimates of the = 110 Frrrrrrrrrrrrrrfrrrerrrrrrres AR RRARE AR AR
character of the waves have been obtained using space-time U
spectral analyses (Hayashi, 1982). This method allowed us to e

separate the spectral powers of eastward and westward traY—"ig. 1. Time series over 10 years of the spectral power of tempera-

elling waves. The spectral power distribution, as a funCt'onture fluctuations of zonal-wave number 1 and 12-day period during
of the zonal wave number and the frequency, can be come period January 1979 to October 1988. The contour interval is
pared to theoretical dispersion curves to identify the equato4 5 k2day. First contour is 7.5 %day. The power spectrum is de-
rial wave types present. The sampling frequency of the datdined as:P; 1, (A) = %[2|Ak’iw|]2AT; whereAy 4, is the com-
must, of course, meet the conditions imposed by the spectrallex space-time Fourier transform of the sefier, 1), k andw are
analysis. The temporal series used are sampled with frequenvavenumber and frequency and" is the observationnal period.
cies that can isolate the Kelvin waves whose periods extend

from 4 to 20 days.
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- S 4 Results

3.4 Statistical significance
4.1 Zonal wind and stratopause SAO

One year of data was analysed for this intercomparison. Due
to atmospheric interannual variability, it is important to ad- Randel et al. (1999) showed that the QBO is reasonably well
dress the representativeness of the intercomparison. Any difeaptured in the UKMO analyses; the main deficiency is that
ferences between the models can only be significant if theythe extreme westerlies tend to be underestimated. A time se-
fall outside the range of interannual variability observed inries of the zonal-mean zonal wind near the equator (Fig. 2)
any single model (or the atmosphere). To investigate theshows the structures of both the QBO and SAQO in the assim-
period of time necessary to provide statistically significantilated dataset, highlighting their different periodicities and
comparisons, a 10-year simulation of the ARPEGE-climatamplitudes. Figure 2 also shows corresponding 4-year time
model has been analysed. To isolate spectral peaks assoderies from the models. Recall that model year is arbitrary,
ated with travelling equatorial waves, the spectral analysissince all of the models were integrated with climatological
was performed on overlapping 100-day time series centeredea-surface temperatures, sea ice, and incoming solar radi-
on the 15th day of each month. The time series in Fig. lation, all of which repeat from year to year. Clearly, none
shows some interannual variability of the eastward spectrabf these models represents a QBO, while all of them show a
density of temperature for 12-day period waves. Power peakstratopause SAO, although the characteristics of these oscil-
occur more often during May and June, when an east-wedations are quite different.
shear in zonal wind is present between 5 hPa and 30 hPa. The FUB-GCM displays an oscillation between easterly
In some years they occur in January and October. The difand westerly winds in the lower mesosphere, but the wester-
ferences in spectral peak intensity can be explained by thdies rarely propagate below the stratopause (an exception is
frequency of the occurence of the Kelvin wavetrains duringin the vernal equinox of the second year displayed). There is
the year. A comparison of time-height sections of temper-a strong oscillation between weak and strong easterlies, and
ature zonal wave 1 over the equator in the different yearssome hint that both phases propagate downwards, suggest-
(not shown) shows that the wave amplitude is similar in eaching a wave-forced regime, with more rapid dissipation in the
year. In addition, Fig. 1 shows that although the peak spectratlecay phase than in the onset. There is also considerable in-
power accurs at slightly different times during the year, mostterannual variability in this SAO simulation, slightly exceed-
years show similar magnitude peak activity and one year idng that in the previous version of the model i{{N&r et al.,
likely to be adequate to study the basic characteristics of the.997), but note that the SAO westerlies were more realistic
modelled Kelvin wave activity. in the previous model version.
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Fig. 2. Time series over four years of the zonal-mean zonal wind near the equator in the UKMO assimilated data and the FUB-GCM,
ARPEGE-climat, EUGCM and UM models (top to bottom). Negative values (easterlies) are shaded and the contour interval is 10 m/s. The
vertical axis extends from the surface to 0.2 hPa. The four selected years for the UKMO assimilated data are 1992 to 1996.



M. Amodei et al: SAO and Kelvin waves 105

. UKMO analyses Temperature (Wave 1)
Zonal mean Zonal Wind

January-February-March ON
1*10'2 I U N AT A BT Y 1*10'2 |
1*10" E 1*10™" 3
1%10°3 E & 1%10°=
=

] L o

3 E 3
1*10* 3 E £ 1103

i L =
1*10° 3 = 1*10° 5
1%10° F—— 1*10

-40 -30 -20 -10 O 10 20 30 o 10 20 30 40 50 60 70 80 90

UKMO analyses Temperature (Wave 1)

Zonal mean Zonal Wind

April-May-June ON
1%10° L L 11 1%102 {
1%10° = E 1+10* 3

. 2 ET 5
1*10° 5 F % 1*10" 5
] "
= E =
1 = E =2 1
1*10"5 E £ 1*10
4 L <
1*10°3 E 1*10% 5
1%10° = ——E 1*10° 3

UKMO analyses Temperature (Wave 1)

Zonal mean Zonal Wind

July-August-September ON
1*102 P R A U B N 1*102 I
1*10" 3 E 1*10" 3
o EE N
1*10"— — % 1*10°—
J F o
E E S
1 = E =2 1
1*10' 5 E 2 1%10'3
4 L <<
1*10° 3 E 1%10° =2
1*10° 11— E 1*10° 5
o 10 20 30 40

T
-40 -30 -20 -10 O 10 20 30
m/s

50 60 70 80 90

) UKMO analyses Temperature (Wave 1)
Zonal mean Zonal Wind

October-November-December ON
1*10'1 PR N I I I NI Nt 1*10'Z
1*10* 3 E 1*10* 3
1+10°2 E & 1710°3
=

] L o

3 E g
110" 3 E £ 110"

i L = i
1*10° 3 E 1*10° 5
1*10° F——1— —F 1*10

40 -30 -20 -10 O 10 20 30 (o) 10 20 30 40 50 60 70 80 90

Fig. 3. Time-height section of temperature zonal wave 1 over the equatfran@itude for the UK Met Office assimilated data for the year

1994. Positive values are shaded and the contour interval is 0.5 K. The solid lines of the left panel show the zonal wind averaged over the
3 months of the right panels; dotted lines correspond to the first month, dashed lines to the second month and dash-dotted lines to the thirc
month.
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Fig. 4. Frequency-wavenumber power spectrum of the temperature field of the UK Met Office assimilated data, over the equator, for the time
period April to June at 1 hPa and 10 hPa. The contour interval is 020BK Solid lines are theoretical dispersion curves corresponding to
different Kelvin waves phase speeds relative to the ground. The power spectrum is defined as in Fig. 1.

Both the ARPEGE-Climat and UM models show an oscil- weak amplitude and only descends to 30 hPa or so.
lation between strong and weak easterlies in the stratopause
region but no eastward phase. Unlike the observations, both.2 Kelvin waves in the UKMO assimilated data
of these simulations show stronger easterlies in July than in
January, perhaps due to deficiencies in the simulation of exThe UKMO assimilated data are sampled once daily (122 )
tratropical planetary waves. on 19 levels distributed between 1000 and 1 hPa. The merid-

. ... lonal resolution is 3.75 Data were extracted for the year
Although the. SAO S|mula}ted by the EUGCM gxh|b|ts 1994, as during this period the QBO was in westward phase
some unrealistic features in the stratosphere, it show

. k Yor the early part of the year and the eastward-westward tran-
clear transitions from westerly to easterly W'”‘?'S €Al sition of the SAO above 3 hPa was prolonged by a descent of
the stratppause, _these are fprced largely by Imposedthe QBO eastward phase. Figure 3 shows the temporal evo-
parameirized gravity waves with non-zero phase Spee‘jﬁjtion of zonal wavenumber 1 and zonal-mean zonal wind

(Jackson and Gray, 1994). As in the model of Manzini et rofiles. The lar hear of the wind with height an ward-
al. (1997), both phases of the simulated SAO in this mOdeIprgp:Jatingev?a?/gt?aiii :ret aeppar(lnt.t Tk?egAia?il-?\Al;F;/-Jige
are mduceq by wave-forced desceqt O.f t'he shear Iayerg, ma AMJ) period corresponds to the SAO eastward phase transi-
ing _the_osmllatlon somewha_lt unrealistic in nature, despite thecion. The October-November-December (OND) period cor-
vacillation between easterlies and westerlies. responds to onset and descent of the QBO eastward phase
None of the models generates a QBO-like oscillation. In(Fig. 2). The data were Fourier analysed for each period.

the UM and FUB-GCM the lower stratospheric winds are  For the AMJ period the temperature spectral power has
permanent easterlies. In the ARPEGE-Climat model, weakkbeen computed at two different levels (Fig. 4). While the
westerlies persist at these levels. In the EUGCM model, azonal-mean zonal wind was easterly at 10 hPa, winds at 1 hPa
westerly wind descent is initiated, but it has an annual periodshowed an SAO eastward phase with speeds reaching 15 m/s
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Fig. 7. Frequency-wavenumber power spectrum of the temperature field of the 4 models over an equatorfa) bivianodel for the time

period Jan-Mar at 10 hPa, 1 hPa and 0.3 {BRARPEGE-climat model for the time period Apr-Jun at 10 hPa and 1 hPa and 0.2chPa,
FUB-GCM for the time period Feb-Apr at 10 hPa, 1 hPa and 0.2 [d&UGCM model for the time period Jan-Mar at 10 hPa, 1 hPa and

0.3 hPa. The contour interval is 12Hay. Solid lines are theoretical dispersion curves corresponding to different Kelvin waves phase speeds
relative to the ground. The power spectrum is defined as in Fig. 1.

in May. The straight lines on these figures correspond to thewaves are also present. The Kelvin waves are damped when
oretical dispersion curves for Kelvin waves propagating inthey enter westerlies with speeds close to their own phase
a stationary atmosphere. Eastward propagating waves witkielocity, so that by 1 hPa the waves are somewhat weaker
phase velocities of 33 to 18 m/s are found at 10 hPa and wéut still exist. Figure 4 indicates that a rich spectrum of

interpret these as Kelvin waves. Some westward propagatingvestward-propagating waves (dominant wavenumbers 1, 3,
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and 5, with low frequencies) also exists near 1 hPa. perature field, so the westward power spectra has not yet been
Figure 5 displays the spectral power at 10 hPa, 32 hPa andrawn in these cases.
46 hPa for the OND period. At 46 hPa, the zonal wind blows Kelvin waves with small phase velocities (16 m/s) are
from the east over the whole period. Slow waves (11.5 topresent in the UM and FUB-GCM models. The smaller
16 m/s) as well as faster waves (23 to 46 m/s) are present githase speed waves are filtered as they reach high altitudes
the same time. At 32 hPa the zonal wind varies from 0 toand westerly zonal winds (5 m/s and 5-15 m/s, respectively).
10 m/s over the three months, reaching 15 m/s locally. Atln agreement with both theory and observations, in three of
32 hPa, Fig. 5 shows that the spectral power is reinforced fothe models (UM, FUB-GCM, EUGCM), the wave amplitude
waves with phase velocities ranging from 23 to 46 m/s. Byincreases at around 1 hPa in the presence of a strong accel-
10 hPa, the slower waves have been attenuated and only fastation of the zonal wind, before being attenuated in the lev-
waves are present. els immediately above 1 hPa. The zonal wave number 1 be-
All these figures reveal that in the lower stratosphere, easteomes strongly damped, particularly in the EUGCM model.
ward propagating waves have periods of 15 to 20 days and In the ARPEGE-Climat model, the maximum in the west-
maximum amplitudes of around 2 K. At 10 hPa their peri- erlies appears at 10 hPa instead of 1 hPa and the wind gra-
ods are around 10 days and their amplitudes reach 2.5-3 Kdients remain weak between 10 and 40 hPa (Figs. 6 and 7b).
The results are in reasonable agreement with those from thAt 10 hPa, the zonal wind amplitude is 5 to 10 m/s and zonal
UARS MLS data (Canziani and Holton, 1994) and the UARS wave number 1 component of the temperature field is organ-

CLAES data (Shiotani et al., 1997). ised into pulses lasting for 7 to 20 days with amplitudes of 6
to 7 K. The associated Kelvin waves have a phase velocity of
4.3 Modelled Kelvin waves 16 to 28 m/s and are unable to propagate above 10 hPa.

Upward propagating wavenumber-1 structures, identified as
Kelvin waves, are clearly visible in the temperature field of 5 Discussion and conclusion
all four models (Fig. 6). Their strength varies during the year
and differs from model to model, but wavepackets gener-The comparison between the stratospheric zonal winds in the
ally occur more frequently than in the UKMO analyses or tropics calculated by the four climate models reveals substan-
the UARS data. The synchronization between the downwardial differences. Nevertheless, an SAO is present in all mod-
propagation of the westerly winds maxima and the increasesls. The FUB-GCM reproduces easterly and westerly winds
of the Kelvin wave amplitude is visible in all the models in in the lower mesosphere, but the westerlies rarely propa-
the upper stratosphere, especially in the EUGCM model durgate below the stratopause. In the UM and ARPEGE-climat
ing April-June. models the SAO shows up as a semi-annual variation in the
Consistent with the observations, these waves propagatstrength of the easterly winds. The simultaneous appear-
vertically in packets and their vertical wavelength (and henceance of easterlies at all levels in the SAO in the three mod-
their pase velocity) increases with altitude. In the UM, this els is consistent with the observations, but the inter-annual
variation is relatively weak and over the February-March pe-variability is too weak compared to the UKMO assimila-
riod the vertical wavelength remains practically constant overtions. Note, that in contrast with observations, the easterly
the whole stratosphere, with values smaller than for the otheduly phase is stronger than the January phase in the UM
models. and ARPEGE-climat models. The SAO simulated in the
The amplitude of the waves in the UM model, is closest EUGCM shows clear transitions from westerly to easterly
to the observed value from UARS (Shiotani et al., 1997). Itwinds near the stratopause. These are forced by imposed,
is of 1-2 K in the low stratosphere, where winds blow from parametrized gravity waves with non-zero phase speed. How-
the east and reaches 4 K in the high stratosphere during thever, the westward phase displays some unrealistic features.
periods January-March and August-October. These two pe- Unlike the other models, the ARPEGE-climat model has
riods corresponds to the acceleration of the SAO eastwargersistent westerlies between 1 and 10 hPa. The ARPEGE-
phases. In the other three models, the Kelvin wave ampliclimat model also uses a simplified scheme to predict the
tudes reach 6-8 K in the high stratosphere where they exezone distributions in the middle atmosphere (Cariolle and
ceed the observed amplitude. Amplitudes are 3-4 K in theDéque, 1986). The effects of ozone heating and photochem-
low stratosphere, close to the wave amplitude observed bystry on forced equatorial Kelvin waves in shear flow have
LIMS. been examined by Echols and Nathan (1996). They showed
For each of the models, a period with strong Kelvin wave that ozone heating produces an acceleration for a westerly
activity was chosen, associated either with a marked acceleisheared wind below 1 hPa and a deceleration above 1 hPa.
ation of the zonal wind or with a SAO eastward phase. TheseNote that the parametrization of gravity waves forced by con-
periods are January-March for the UM and EUGCM mod- vection included in this model has only small effects on the
els, February-April for the FUB-GCM, and April-June for equatorial stratosphere.
the ARPEGE-Climat. Figure 7 shows the temperature spec- None of the models reproduces wind structure that resem-
tral power for three different levels in each model. For the bles the observed QBO. In the UM and FUB-GCM, between
selected periods eastward waves are predominant in the teni0 and 40 hPa, winds are always easterly. The weak easter-
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lies in the FUB-GCM are typical for a model of that horizon- tures in cumulus convection generated by a scheme of Moist
tal and vertical resolution without gravity wave drag parame-Convective Adjustment (MCA) were able to excite a com-
terization. Scaife et al. (2000) show, using the latest versiomplete range of waves, from small to planetary scales which
of the UM, that significant fluxes of both eastward and west-are required to force the QBO. MCA is also necessary to gen-
ward phase speed waves are resolved by the model. Thegrate the spontaneous QBO in the GCM of Takahashi (1999)
noted a westward net forcing from these waves. In ARPEGE-and the “QBO-like” oscillation in the GCM of Hamilton et al.
Climat, a weak westerly system exists at these levels, bu{1999). MCA appears to generate more tropical waves than
without clear downward propagation although Cariolle et al. some of the more sophisticated convective parametrizations
(1993) showed that the succession of easterly and westerlgnd this may account for the downward propagation of west-
regimes in the zonal wind anomaly had a period and a downerlies in the middle and lower stratosphere in the EUGCM.
ward propagation consistent with those of the observed QBOThese authors mention also the importance of small enough
The EUGCM initiates a realistic descent of the westerlies byvertical spacing (500m-700m) to resolve the small vertical
about 1 km/month between 10 and 30 hPa, but the oscillatiowavelengths of waves approaching a critical level. Nissen
amplitude is too weak and it has an annual period. et al. (2000) show that increasing the vertical resolution of

In the assimilations, eastward and westward waves havéhe FUB-GCM leads to a more realistic Kelvin wave dissi-
similar amplitudes. The analyses also contain Kelvin wavespation and the development of westerly winds in the model
with periods of 7 to 20 days and their amplitude is close to thestratosphere. However, due to advection of strong easterly
amplitude observed by UARS. Slow 30-day waves are alsavinds from the summer hemisphere, the eastward phase does
present in the lower stratosphere. These waves are consistendt persist long enough. The dissipation of Kelvin waves
with the linear theory of equatorial waves. at lower altitudes in the high resolution model version also

All four models studied here are able to generate Kelvinleads to a weakening of the eastward phase of the SAO.
waves that appear to be excited by isolated tropospheric The results of the intercomparison are consistent with the
events and propagate into the middle atmosphere as wawdew that a wide range of waves, especially small-scale waves
packets. This suggests a relationship with sporadic convecaot resolved by the models. A realistic convection scheme
tive forcing. The Kelvin wave amplitude is larger in the and an appropriate thermal damping are required for forcing
FUB-GCM, ARPEGE-Climat and EUGCM models, but re- the QBO and for the adequate generation of the SAO.
mains comparable to the LIMS satellite data in the lower
stratosphere. In the upper stratosphere and in the mesawcknowledgementsThe model intercomparison has been funded
sphere, Kelvin waves are overestimated by these three mody the European Framework IV “EuroGRIPS” Project (ENV4—
els. They are close to the UARS satellite measurements in th8T95-0123). MA is grateful to Anne De Rudder for her help in
UM model. All the models show more eastward propagatingtranslating the original paper. She thanks Serge Planton, and Mar-
wave activity than the UKMO assimilated data. tine Michou for t_heir useful comments on the manuscript:‘ The

To confirm the connection between the underlying convec-rUB-GCM experiments were run at the Konrad-Zuse-Zentrum f
tion and the wave activity emerging at tropopause level, we
compared the convective rain field with the Kelvin wave ac-
tivity in the 10-year simulation of the ARPEGE-climat model.
Maximum eastward wave activity at 100hPa coincides with
maximum rainfall during March and October over the In-
dian Ocean and April-May over Indonesia, the Pacific Ocean
America and Africa.
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