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Abstract. Kelvin waves excited by tropospheric convection Salby, 1994 Pires et al. 1997 Straub and Kiladis2003
are considered to be one of the main drivers of the stratoLindzen 2003 Randel and Wu2005. Therefore spectral
spheric quasi-biennial oscillation (QBO). In this paper we signatures of Kelvin waves can be found in tropospheric
combine several measured data sets with the Gravity wavepace-time spectra of, for example, outgoing longwave ra-
Regional Or Global RAy Tracer (GROGRAT) in order to diation (OLR) or rain rates (e.gWWheeler and Kiladis1999
study the forcing and vertical propagation of Kelvin waves. Straub and Kiladis2003 Cho et al, 2004. These parame-
Launch distributions for the ray tracer at tropospheric al-ters are linked to the latent heat released in convective sys-
titudes are deduced from space-time spectra of Europeatems which is the source process of the wave generation (e.g.,
Centre for Medium-Range Weather Forecasts (ECMWF) op-Salby and Garcial987 Bergman and Salhy994 Ricciar-
erational analyses, as well as outgoing longwave radiatiordulli and Garcia2000.
(OLR) and rainfall data measured by the Tropical Rainfall ~Kelvin waves can propagate vertically into the strato-
Measuring Mission (TRMM) satellite. The resulting strato- sphere. While the wave signal observed in the troposphere
spheric Kelvin wave spectra are compared to ECMWF operais located at relatively slow phase speeds and mostly directly
tional analyses and temperature measurements of the Soundeupled to the convective systems, Kelvin waves observed in
ing of the Atmosphere using Broadband Emission Radiom-the stratosphere are dominated by “free” wave modes, which
etry (SABER) satellite instrument. Questions addressed areare excited by deep convection in the troposphere but not
the relative importance of source variability versus wind longer linked with the space-time patterns of the convective
modulation, the relative importance of radiative and turbu-forcing (Randel and Wu2005 Ern et al, 2008 Kiladis et
lent damping versus wave breaking, and the minimum alti-al., 2009.
tude where freely propagating waves dominate the spectrum. |t has been demonstrated Byalby and Garci§1987) how
the atmospheric response in the near field (directly at the top
of the heating source processes) is generated. It has also been
shown byGarcia and Salby1987 how the spectra of equa-
torial waves are changing in the far field: with increasing
Kelvin waves are the most prominent global scale equato&ltitude the spectrum is shifted towards higher phase speeds
rially trapped wave mode in atmospheric temperatures (e.g.due to wave damping processes.
Tindall et al, 20063. They are symmetric with respectto the ~ Kelvin waves play animportant role in the dynamics of the
Equator, trapped at latitudes between abodt2and 20N equatorial atmosphere. Together with other equatorial wave
in the stratosphere and travel eastward. modes and a broad spectrum of gravity waves (GWSs) Kelvin
Like the other equatorially trapped planetary scale wavewaves are one of the main drivers of the quasi-biennial oscil-
modes (e_g_' equatoria' Rossby or Rossby-gravity Wavesbation (QBO) of the equatorial zonal wind in the Stratosphere
Kelvin waves are forced in the tropical troposphere by deep(Hitchman and Leovy1988 Dunkerton 1997 Baldwin et

convection (e.g.,Salby and Garcial987 Bergman and @l, 2001). Many processes in atmospheric chemistry and dy-
namics in the stratosphere and mesosphere (even at high lati-

tudes) are modulated or influenced by the QBO, showing the

Correspondence tadv. Ern importance of the driving equatorial wave modes like Kelvin
BY

(m.ern@fz-juelich.de) waves Baldwin et al, 2007).

1 Introduction
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Further processes Kelvin waves are important for are thepartially realistic convective forcingRicciardulli and Gar-
mean upwelling observed in the equatorial region (65g-,  cia, 200Q Horinouchi et al. 2003. Highly idealized simu-
meniuk and Shepher@00]1) as well as mixing processes lations which assume for instance only a single wavenumber
both vertically (e.g.,Fujiwara et al. 1998 Fujiwara and 1Kelvin wave and a continuous omnipresent forcing were
Takahashi 2001) and across the subtropical mixing bar- justified in terms of thought experiments. In addition, only
rier, which is more stable during QBO easterly phases (e.qg.little was known about the spectrum of Kelvin waves and
Shuckburgh et al.2007). In addition, they play an impor- its temporal variations. However, improved satellite sen-
tant role for the dehydration of the tropical tropopause re-sors recently provide these information for the troposphere
gion (e.g.,Fujiwara et al. 2001, Zhou and Holton 2002 (e.g.,Wheeler and Kiladis1999 Straub and Kiladis2003
Hatsushika and Yamazgd003 Eguchi and Shiotan2004 Cho et al, 2009 as well as for the stratospherr( et al,
Jensen and Pfiste2004 Immler et al, 2008. 2008 Alexander et al.2008 and the mesospher&ércia

Because Kelvin waves interact with the QBO winds et al, 2005 Ern et al, 2009. In our work we additionally
Kelvin wave activity itself is modulated by the QBO. En- use European Centre for Medium-Range Weather Forecasts
hanced Kelvin wave activity is observed during QBO west- (ECMWF) analyses which assimilate tropospheric measure-
ward phases when the propagation conditions are favorablenents of convection and rain rates and have been validated to
for eastward traveling waves. According to conventional well represent also the stratospheric Kelvin wave amplitudes
wisdom Kelvin waves are subjected to enhanced radiativeErn et al, 2008 and also Kelvin wave fluxes and zonal wind
damping when they approach the zonal wind reversal fromforcing have been found to be in good agreement with mea-
westward to eastward wind, and accordingly transfer mo-surementskrn and Preuss2009.
mentum to the background wind thus contributing to the re- For driving the QBO or the tropical upwelling we need to
versal of the zonal wind direction (e.Holton and Lindzen  know the wave forcing, i.e. the vertical derivative of the mo-
1972 Campbell and Shepherd005ab). mentum flux. This means that even data sets displaying on

In contrast, GWs are assumed to transfer momentumaverage roughly the same Kelvin wave amplitudes can pro-
by either absorption at critical levels (e.d.indzen and duce different forcing if the vertical gradients differ. In ad-
Holton, 1968 Campbell and Shepher@005ab) or break-  dition, the interaction between waves and background winds
ing on reaching their saturation amplitudes (e@ampbell  is non-linear in nature. Therefore both the intermittency of
and Shepherd2005ab). Therefore GW parameterizations the wave sources and the details of the interaction with the
(e.g.,Hines 1997a Alexander and Dunkertoi999 Warner  background wind are important.
and Mclintyre 2001) do not take into account radiative damp-  In order to interpret all measurements available for the tro-
ing. However, in the tropics Kelvin waves and gravity waves posphere and the stratosphere in a synergetic approach we

share the same dispersion relation use the Gravity wave Regional Or Global RAy Tracer (GRO-
A GRAT) model. GROGRAT calculates the upward propaga-
w=—-Nk/m, (1) tion of waves according to the ray tracing equations and con-

serves wave action density along the ray path. In addition, the
model includes dissipation of wave amplitudes through wave
breaking (wave saturation) due to convective and dynam-
ical instabilities Fritts and Rastogil985, vertical scale-
dependent infrared radiative dampingh(, 1993, and cli-
matological background vertical diffusivities (for details see
9 Nk ké;zl Marks and Eckermannl995 and Eckermann and Marks
Co7 = e N (2) 1997. In the GROGRAT model we have complete control
over these dissipative processes and can perform model ex-
which is for waves of the same horizontal phase speecperiments investigating the influence of the various damping
¢cn=m/ k proportional to the horizontal wavenumberThis mechanisms. In addition, we can freely vary the launch dis-
means that for long horizontal wavelength GWs radiativetribution and launch altitude of the waves.
forcing must be important and, on the other hand, that wave We first describe the space-time analysis and the set-up
saturation could become important for higher wavenumberof the GROGRAT model in Sec®. In Sect.3 we will in-
Kelvin waves. vestigate the importance of radiative and turbulent damping
Studies on the QBO and its driving by different equatorial for the interaction of the Kelvin waves with the zonal back-
wave modes were either highly idealized (e.qdzen and  ground winds. In Sectgl and5 we will study the impact
Holton, 1968 Holton and Lindzen1972 Dunkerton 1997 of different source spectra and launch altitudes on the dis-
Campbell and Shephergl005ab) or were based on complex tribution of Kelvin waves observed in the stratosphere. In
general circulation model (GCM) simulatiortddrinouchiet  addition, the influence of seasonal variations in the tropo-
al., 2003 Giorgetta et al.2006 Mayr et al, 2007) providing spheric Kelvin wave source on the stratospheric variability is
little insight in the detailed mechanisms and based on onlydemonstrated. The results are summarized in $ect.

with & the intrinsic frequency of the wavey the buoyancy
frequencyk the horizontal, and: the vertical wavenumber
of the wave. l.e., Kelvin waves are in principal GWs confined
to the tropics by the Coriolis force. The only difference is
their horizontal wavelength and hence their group velocity
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2 Method: Kelvin wave spectra and simulation with data field¥ (A, @, tr) can be written as sum of its symmet-
GROGRAT rc Wsymm(, @, 1) and its anti-symmetrid@ani(r, @, 1) parts
(A: longitude,®: latitude,z: time):

2.1 Theory of equatorial Kelvin waves 1
YA, &,1) = 5(VA, &, 1)+ VA, =D, 1))

A theoretical description of planetary scale equatorial wave +3 W0, @, 1) — W, —, 1)) (6)
modes was first given biatsuno(1966 who derived the 2 T o

properties of the different equatorially trapped wave types =: Usymm(%, , 1) + Vanti(A, D, 1)

from solutions of the shallow-water model on an equatorial |, 5 similar way also symmetric and antisymmetric space-
beta plane. time Fourier spectrdsymm(k, w; ®) and Wani(k, w; ®) can

One important parameter is the so called equivalent deptiye cqjculated for every latitude. Both symmetric and an-
he. The equivalent depth is connected with the vertical jjsymmetric components have to be treated independently.
wavenumbern as given in Eq. 3) (e.9.,Wu et al, 2000 This method has been used in several studies based on tro-

Lindzen 2003: pospheric (e.gWheeler and Kiladis1999 Cho et al, 2004

N2 1 as well as stratospheric data (eErn et al, 2008 Alexander
m?=|—-— (3)  etal, 2008.

ghe 4H This technique has the advantage that the different wave

. . . modes can be separated more easily. In addition, in sym-
with N the buoyancy frequency, the gravity acceleration, : : . .
. metric and antisymmetric spectra the background noise due
and H the pressure scale height. ; . : gy 1
. . to non-resolved waves is lower than it would be in a “full
One of the most prominent global scale equatorial wave . S oo .
. . . . . “Fourier spectrum containing all spectral contributions. This
modes are Kelvin waves. The dispersion relation for Kelvin. . . .
T ) is the case because the background variances are split up into
waves is given by: . ) .
a symmetric and an antisymmetric background, each lower
&=—/ghak~—Nk/m (4)  than the background of the “full” spectrum. Usually both
symmetric and antisymmetric spectra are averaged over a lat-
with & the intrinsic frequency of the wave, akdhe zonal jtude interval centered at the Equator to further increase the
wavenumber. From Eq4) we see that the phase speed signal to noise ratio of the single spectral components.
w/k of a Kelvin wave is directly coupled with the equiva-  In our study we follow the method describedBmn et al.
lent depth. Under the assumption of zero background wind2008. But since our paper is focused on Kelvin waves
equivalent depths of 8, 90 and 2000 m correspond to intrinsicalone, we will only treat symmetric spectra and positive fre-
phase speeds of 9, 30, and 140 m/s (seedfr@nd vertical  quencies (i.e., eastward propagating waves).
wavelengths of about 3, 9 and 50 km in the stratosphere, or Like in Ern et al.(200§ andErn and Preussg009 we
about 6, 19 and 100 km in the troposphere due to the loweuse residual ECMWF analysis temperatures gridded down
buoyancy frequency there (see EB). to 9 resolution in longitude from originally©] resulting in
It should be noted that the frequencieshat are observed a maximum zonal wavenumber of 20 that can be resolved.
by satellite instruments and most other observing systems arghe original resolution of L meridionally has been retained
ground based (Eulerian) frequencies. These frequencies remchanged and space-time spectra are calculated for each lat-
main unchanged in cases of non-zero background wind anitude in I steps. Frequencies up to 2 cycles/day can be re-
spectral features in ground based frequency/zonal wavenunsolved since the ECMWF analyses are available every 6 h at
ber spectra like in our paper are not Doppler shifted. OnE0:00, 06:00, 12:00, and 18:00 GMT. The symmetric spec-
the other hand intrinsic wave frequencigsvill be Doppler  tra used in our work are meridional averages over the spectra
shifted in case of non-zero background wind according to: calculated at the latitudes fromS to 15 N. The ECMWF
data set is given on a set of pressure levels which we convert
to pressure altitudes using a constant scale height of 7 km.

with k the horizontal wavenumber and the background In Sects.3, 4, and5 we also use Kelvin wave variances

wind. Also the vertical wavelength of the waves consideredderived from Sounding of the Atmosphere using Broad-
will be Doppler shifted. A more detailed discussion can, for band Emission Radiometry (SABER) temperature space-

o=w — ki (5)

example, be found i et al.(2008. time spectra as a reference. The SABER instrument or_1board
the Thermosphere lonosphere Mesosphere Energetics and
2.2 Space-time spectra of Kelvin waves Dynamics (TIMED) satellite measures temperatures and sev-

eral trace gases from the tropopause region to above 100 km
Equatorially trapped global scale wave modes are eithefe.g.,Mlynczak 1997 Russell et a].1999 Yee et al, 2003.
symmetric or antisymmetric with respect to the Equator.Like in Ern et al.(2008 we use version 1.06 temperature
Therefore often measured or modeled data fields are didata, and the space-time spectra are calculated from residual
vided into symmetric and antisymmetric components. Everytemperatures and averaged over the latitudes fronS1»
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12° N in 4° steps, according to the horizontal sampling dis- ¢, the speed of sound, ang=1.4 the adiabatic coefficient.
tance of about 500 km along the satellite track. Due to theFor a derivation of Eq.7) see AppendiA.
orbit geometry of the TIMED satellite zonal wavenumbers This transformation of temperature amplitudes into
up to 6—7 and frequencies up to 1 cycle/day can be resolvegseudo zonal wind amplitudes can be done for both ECMWF
by the asynoptic sampling. The SABER data used are giverand SABER temperature spectra, and in the following all
on fixed geometric altitudes from 15 km to above 100 km in ECMWF and SABER spectra shown are spectra of pseudo
1-km steps. This is somewhat better than the vertical reszonal wind amplitudes and wave variances shown are pseudo
olution given by the instantaneous vertical field-of-view of wind variances calculated from these spectra.
about 2 km. These pseudo zonal wind spectra can directly serve as in-
Different fromErn et al.(2008 our analysis will be based put for the GROGRAT ray tracer. For each of the indepen-
on non-overlapping time windows of 36 days for the Fourier dent spectral grid points we can calculate the required ground
analysis of ECMWF and SABER temperatures because irbased phase speed from the given zonal wavenumber and fre-
Sect5we want to directly compare to results based on spaceguency. The spectral amplitudes of the Fourier spectra can be
time spectra calculated from OLR and rainfall rates mea-directly taken as launch amplitudes for the ray tracer.
sured by the Tropical Rainfall Measuring Mission (TRMM)  In our study we only use latitudinally averaged spectra and
satellite which were calculated using 96-day time windowsare only interested in the global average evolution of Kelvin
stepped forward in 36-day step€Ho et al, 2004. The  waves. For this reason, and also to be consistent with our
center times of the 36-day windows were chosen to exactlysource spectra, GROGRAT is run in an ECMWF background
match the center times of the 96-day windows. atmosphere (temperature and winds) averaged over the 36-
day time-windows of the Fourier analysis and over the lati-
2.3 Simulation of Kelvin wave spectra with GROGRAT  tyde range 155-15 N. In addition, since we consider only

he initializati f gel latitudinally averaged global scale waves, in GROGRAT we
For the initialization of a GROGRAT ray tracer model run éallow only vertical propagation of the waves.

Se"efa' input parameters havg to l_)e provided. First, the wind i e ang that different from the general ray tracing ap-
gmplgudhe and proga?aglon dlre%tlon, asbwell as_f_thde géroundproach no horizontal propagation or refraction are included

aze phase spﬁ-e . Obt iwa‘vekd avef_tlo he specbl Ied .f' e(g in our simulations. For the vertical propagation, however, we
ond, an atmospheric background profile has to be defined. gy, rely on the ray tracing approach, and the vertical evolu-

Because };elvws WaveT hf"“ije no rlne:;dmnaldw;]nd COMPO~4inn of the vertical group velocity and the propagation time
qentdwe nee (,)I? yl zonabwm ampéltu es and the propagaz e ¢rcial for the amount of radiative and turbulent damping
tion direction will always be ea_stwa_lr ' _ . taking effect, and hence, whether wave saturation is reached.

Even though one of the required input parameters is a win

) . X . nd we also make use of the well established algorithms de-
amplitude, in our study we will mainly rely on ECMWF tem- veloped for the GROGRAT ray tracer

perature spectra. One reason is that the ECMWF temperature 1 se of these algorithms is of great practical value since
spectra were directly validated with measured SABER tem-by using the GROGRAT ray tracer we have full control on
perature spectra bgrn et al.(200§ andEm and Preusse o ave dissipation processes. In our simulation wave sat-
(2009, whereas the quality of ECMWF wind spectra has not,  oio que to both static and dynamic instabilities are in-

been validated by measurements so far. There are some in luded via a scheme based on the workFigts and Rastog
cations that ECMWF zonal wind spectra are less reliable an 1985. For low frequency waves like in our case the satu-
Iess'suned. for the analysis of Kelvin waves (see S@ctln _ration amplitudes are the same as for the more generalized
particular, in temperature spectra the Kelvin wave signal will approach described byiarks and Eckerman(L995 which

be the by far most prominent spectral component and lesg ,qe on the work bkines(1988. In addition, vertical

C(_)ntaminated by other waves than in v_vind spectra (see alsgcale-dependent infrared radiative dampifigy, 1993, and
Tindall et al, 20068b). Another reason is that we also want climatological background vertical diffusivities are included

to use SABER temperature spectra or derived Kelvin Wave  the GROGRAT model (for details sd@arks and Ecker-
variances for comparison with the results of our simulationsmann 1995 andEckermann and Mark4997)

in Sects 3, 4, and5.
Therefore we choose to calculate pseudo zonal wind spec-

tra from the temperature spectra which can easily be done vi

the polarization relations for Kelvin waves using the follow-

It should be noted that the wave amplitude calculation for
ravity waves used in GROGRAT may be used as a first
rder approximation to simulate the vertical propagation of
planetary-scale Kelvin waves. However large scale effects

Ing equation: like 2d flow effects, critical layers in latitudinal shear etc.
k[T v 1 72 Nk 12 are not covered and require different concepts. In addition,

li] = | < / [—2 - + [ = } (7 the concept of localized wave packets used for gravity waves
ol T g 2eH sgw makes no sense for planetary scale waves.

Hereti is the zonal wind amplitude of the Kelvin wavg/, the It should also be stated clearly that we make several sim-

temperature amplitude, arid the background temperature, plifications that allow only in a first order approach to study

Atmos. Chem. Phys., 9, 7973995 2009 www.atmos-chem-phys.net/9/7973/2009/
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the basic mechanisms of the average global Kevin wave dis- Very high amplitudes can be found at low frequencies and
tribution and its interaction with the QBO. For example, we only at higher altitudes the lobe-shaped spectral feature due
assume a zonal background wind that is uniform, in bothto Kelvin waves known from observations in the stratosphere
zonal and meridional coordinates within the analyzed lat-(e.g., Ern et al, 2008 starts to develop. For comparison
itudinal range, and also the global distribution of Kelvin also the lines for equivalent depths 8, 90, and 2000 m (values
waves is assumed to be uniform in our simulations (bothgiven assume zero background wind) are shown as straight
at the source level and also above). However, it is knownlines through the origin. These lines correspond to ground
that the global distribution of Kelvin waves is not uniform based phase speedgk of about 9, 30, and 140 m/s.
in the troposphere (for example, due to the Walker circu- Spectral signatures of Kelvin waves in the troposphere are
lation) and this will affect the distribution of stratospheric usually found in a spectral band between the lines of 8 and
Kelvin waves propagating both eastward and upward from90 m equivalent depthWheeler and Kiladis1999. The
the troposphere (e.gSuzuki and Shiotan200§ Kawatani  higher up in the stratosphere the more this spectral feature is
et al, 2009. Non-uniform distributions of Kelvin waves in  shifted towards higher phase speeds. This shift can be seen
the stratosphere have been found, for examplélbyander  in Fig. 2a—c showing symmetric pseudo zonal wind spectra
et al. (2008 or Ern et al.(2009. Another effect that is ne- calculated from ECMWF temperature spectral amplitudes in
glected is that Kelvin waves can have a meridional wind com-the stratosphere at the altitudes 21.1 km (a), 30.0 km (b), and
ponent in a sheared background wind (§®@amura 2006 40.8km (c).
and references therein). The stratospheric ECMWEF spectra shown in F2g—c

Nevertheless, although neglecting those effects will intro-were validated by comparison with SABER measurements
duce some bias in the results of our simulations this will (seeErn et al, 2008 and can therefore be taken as reference
likely not affect the key findings of our study, which are for our GROGRAT simulations
rather of qualitative than of quantitative nature.

3.2 Vertical evolution of simulated GROGRAT spectra

. - with standard settings
3 The role of wave saturation, radiative and turbulent

damping for the vertical evolution of Kelvin wave The same spectra as in Figa—c were simulated with
spectra the GROGRAT ray tracer using the method described in
Sect.2.3. The 5-year average spectrum shown in Hig.

is taken as constant source distribution at 16.9 km altitude
(about the tropopause height in the tropics). In this and in
all other simulations we use an ECMWF background atmo-
phere which is different for each of the 36-day time win-
ows of our analysis, but averaged in longitude, the latitude

The importance of radiative damping for the dissipation of
Kelvin waves has been pointed out biplton and Lindzen
(1972 already some years after the discovery of Kelvin
waves in the atmosphere Wyallace and Kousky1968.

The GROGRAT ray tracer calculates both saturated an
unsaturated wave amplitudes. A comparison of saturate

q turated litud I 1o studv the role of ange used, and the whole time window (see S28).
and unsaturated ampiitudes allows to study the role ot wave -, spectra resulting from a GROGRAT simulation based
breaking. In addition, the physical processes of radiative and

. . on the GROGRAT standard settings were averaged over
turbulent wave damping can be switched on or off. These 9 g

options will be used to investigate the role of wave dampingthe period January 2002-November 2006 and are shown in

. X . Fig. 2d—f. It can be seen that indeed the lobe-shaped spec-
and preaklng for the obsgrved shift of the Kelvm Wave SPEC-y o) feature develops in the stratosphere even though only
tral signatures towards higher phase speeds with altitude.

weakly indicated in the source distribution (Fitg). Part
3.1 Vertical evolution of ECMWF spectra of the wave components at low phase speed are damped and
dissipate near critical levels while the amplitudes of higher
In our studies ECMWF space-time spectra are used botPhase speed waves grow with altitude due to decreasing at-
as spectral source distributions and as references for GRONospheric density and become visible. This explains the
GRAT simulations. Figurel shows symmetric ECMWF lobe-shaped structure of the Kelvin wave spectral peak as
pseudo zonal wind spectra averaged over the whole 5_yedf!/e” as the shift towards hlghel’ phase Speeds with altitude.
period (January 2002—November 2006) considered in our Shape and amplitudes of this spectral feature are about
study at different altitudes from about 4.9 to 18.7 km in the the same as in the ECMWF spectra given as a reference in
troposphere and lower stratosphere. Please note that ifh Fig.Fig. 2a—c. Only at the highest altitude of 40.8 km the GRO-
not the full spectral range covered by the ECMWF data setGRAT simulation shows some high bias at high frequencies,
is shown (see Sec2.?). These spectra will also be used as maybe indicating that the linear dissipation processes param-
source distribution in Sect.3 and the spectrum shown in €terized in GROGRAT are not strong enough. Indications
Fig. 1e will be used below. that also nonlinear processes can be involved in the dissipa-
tion of gravity waves, in particular in the process of wave
breaking, has been shown, for example,Aghatz (2007).

www.atmos-chem-phys.net/9/7973/2009/ Atmos. Chem. Phys., 9, 7993-2009
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ECMWE (average source spectra)
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Fig. 1. ECMWF pseudo zonal wind spectra averaged over the period January 2002—November 2006 for the altitudées) 488dkm(b),
11.4km(c), 13.9 km(d), 16.9 km(e), and 18.7 kn{f). Also given are the lines for equivalent depths-8, 90, and 2000 m, corresponding to
ground based phase speeds of 9, 30, and 140 m/s.

The role of wave saturation for Kelvin waves will therefore the amplitude limit critical for the onset of wave breaking
be discussed in the next subsection. could also be reached by a superposition of different waves.
Therefore we make another cross-check whether the critical
amplitude limit is really never reached.

Investigation of ECMWF analysis pseudo zonal wind
Amplitude limits critical for wave breaking are never reached spectra shows that in the altitude range of about 20-50 km
in our simulations. This can be seen by comparing saturatedbout 4 spectral components are required to describe 50% of
and unsaturated GROGRAT amplitudes, which are alwayshe total variance due to Kelvin waves for equivalent depths
exactly the same. This means that wave dissipation takebetween 8 and 2000 m. These results were obtained from the
place only by radiative and turbulent damping as well as crit-single (not time-averaged) spectra calculated in the 36-day
ical level filtering. time windows mentioned above. About 10 spectral compo-

GROGRAT does not support the superposition of differ- nents are required to describe about 80% of the Kelvin wave
ent waves and as a consequence different spectral comp@ariances.
nents are treated independently in our simulations. However,

3.3 The role of wave breaking
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Fig. 2. ECMWEF pseudo zonal wind spectra averaged over the period January 2002—November 2006 for the altitude&213DkKhkm
(b), and 40.8 kn{c). Also shown the same spectra simulated with GROGRAT using standard sédfinds and with radiative and turbulent
damping switched off in GROGRA[g)i).
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Therefore we checked whether critical amplitude limits shortly after launch vertical wavelengths shorter than about
are still not reached if the source amplitudes of the GRO-5km are removed from the space-time spectra and the re-
GRAT simulations are multiplied by a factor of 10. In this sults filtered for vertical wavelengths longer than 5km and
way also the possibility of constructive wave superpositionresults without vertical wavelength filtering are almost the
of the different relevant spectral components is taken into acsame. This means that all Kelvin waves contained in our
count. This is a very conservative assumption because dif6ROGRAT simulations should also be contained in ECMWF
ferent spectral components more likely will have different or be visible for SABER, and the calculated Kelvin wave
phases and different ground based phase speeds so that thesriances can be directly compared because about the same
will be an averaging effect at a given altitude. In spite of vertical wavelength ranges are covered by the different data
this conservative assumption the critical amplitude limit is sets.
still not reached in the relevant altitude range from about 20—
50km. The amplitudes are well below the amplitude limit 3.5 Radiative versus turbulent damping
critical for wave breaking, indicating that the assumptions
made in our simulations do not influence the results shown/Ve also investigated the relative importance of radiative and
and that radiative and turbulent damping are the most imiurbulent damping. Kelvin wave pseudo zonal wind vari-

portant wave dissipation processes for Kelvin waves in theances were calculated by integrating over the power spectra
considered altitude range. for wavenumbers 1-6 between the lines of equivalent depths

of 8 and 2000 m for Kelvin waves and frequencies lower than
3.4 Some cross-checks relevant for the spectral shape 0.4 cycles/day (see also Sedj. The so obtained variance
altitude profiles for each 36-day window were then averaged
3.4.1 \Vertical evolution of simulated GROGRAT spec-  over the whole period January 2002—November 2006.
tra with damping switched-off The resulting average profiles are shown in Fg. As
] ) . a reference the variances obtained directly from space-time
Figure 2g—i shows the same spectra as in Fld—f but re-  gpectra of ECMWF operational analyses (black solid line)
sulting from a GROGRAT simulation with radiative and tur- 5,4 SABER measurements (black dashed line) are given.
bulent damping switched off. We still find some kind of ajso given are integrated and then averaged variances re-
lobe-shaped spectral peak because the waves with the lowting from GROGRAT simulations based on time-varying
est phase speeds also stall vertically near critical levels. BUEcymwE source spectra at 16.9 km source altitude with full
with increasing altitude the amplitude of the spectral peak be'damping switched on (green dotted), radiative damping only
comes unrealistically high, and at 40.8 km altitude the peak is(blue dotted), and no damping at all (red dotted).
too broad, covering a too large zonal wavenumber range and gpy,igysly the simulation including both radiative and tur-

extending towards too high frequencies. Although the ampli-py ;jant damping (green dotted) closely follows the ECMWF
tudes are no longer damped critical amplitude limits are not,,y SABER reference curves. There is some low bias around
reached and wave breaking does not take effect. the source altitude because GROGRAT does not propagate
upward very low phase speed spectral components of the
ECMWEF source spectra, which are removed in the simulated
d GROGRAT spectra directly after launch. These red parts of
the source spectra are caused partly by very short vertical
wavelength Kelvin waves which are not important at higher

windows the corresponding ECMWF spectrum at 16.9 km?ltitudes, and partly by red noise due to unorganized convec-
altitude was taken as source spectrum, instead of the 5-yed}on- In addition, there is also some high bias above 45km
average ECMWF spectrum. However, also for this simula-altitude, WhICh is however removed if the source altitude is

tion based on those time-varying ECMWF source spectra th&hosen higher than 20 km (not shown).

simulated 5-year average spectra at 21.1, 30.0, and 40.8 km One possible reason for the reduction of this high bias at
altitude almost look the same as in F@,—i and are not  high altitudes could be that the higher the source altitude
shown. is chosen the more “noise” in the source spectra caused by

non-Kelvin wave contributions is removed. If such “noise”
3.4.3 Compatibility of vertical wavelength ranges is located at higher phase speeds it can grow considerably

with altitude without being dissipated in our simulation. For
Another cross-check was made, whether visibility filtering source altitudes above 20 km this “noise” is likely small and
of the GROGRAT simulations is required to remove Kelvin the bias at high altitudes will be reduced.
waves with vertical wavelengths too short to be contained Variances resulting from the GROGRAT simulation with
in the ECMWEF analyses, or too short to be visible by the radiative damping only (blue dotted) are only slightly higher
SABER satellite instrument, since these two data sets willthan for the full damping case (green dotted). If also ra-
be used as a reference in Sedtand5. However, already diative damping is switched off (red dotted) variances are

3.4.2 Time-varying source spectra

Both GROGRAT simulations (with wave damping switche
on as well as off) were also carried out with time-varying
ECMWEF source spectra: for each of the 36-day time-
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50 — bers available for SABER) between the lines of equivalent

: ] depths of 8 and 2000 m for Kelvin waves. Only frequencies
. lower than 0.4 cpd were used to avoid contamination by wave
modes other than Kelvin waves (for example, inertia-gravity
' ] waves, or quasi-two-day waves).

Kelvin wave pseudo zonal wind variances for ECMWF
analyses are shown in Figa and for SABER measurements
in Fig. 4b. The ECMWF and SABER pseudo zonal wind
variances are very similar in the altitude range 21-41 km.
This is valid not only for integrated variances but also for
single spectral component&rf et al, 2008. Therefore
both altitude-time distributions of pseudo wind variances can
s ] serve as references for GROGRAT simulations.
10F--f---mtmmm e ] For comparison Figdc shows ECMWF zonal wind vari-

. ] ances derived from the original zonal wind data. In the
altitude range 20-35km ECMWF zonal wind spectra and

40F

w
o

altitude [km]

N
(=]

] A . pseudo zonal wind spectra are in good agreement. Therefore
0 5 10 15 20 also original zonal wind variances and pseudo zonal wind
zonal wind variance [m?/s?] variances (obtained by integrating over the same Kelvin wave

band) are almost the same in the altitude range 20-35 km.
Fig. 3. Altitude profiles of Kelvin wave pseudo zonal wind vari- At higher altitudes the original ECMWF Kelvin wave zonal
ances obtained by integrating over the power spectra for wavenumyind variances are, however, high biased with respect to the
bers 1-6 (the range of wavenumbers available for SABER) b6tweerbseudo zonal wind variances (this can be over a factor of 2

the lines of e_quwalent depths of 8 and 2000 m for Kelvin waves at 45km altitude). This hints at some imperfections of the
and frequencies lower than 0.4 cycles/day and then averaged over

the whole period January 2002—November 2006. Shown are vari-mOdel vymds at higher altitudes where few (if any) observa-
ances from ECMWF operational analyses (black solid line) andfional wind data enter the ECMWF operational analyses.
from SABER measurements (black dashed line) as references (see AlS0 at altitudes below the tropopause the original
also Fig.4). Also shown are integrated and then averaged varianceECMWF Kelvin wave zonal wind variances are much higher
obtained from GROGRAT simulations with time-varying ECMWF than the Kelvin wave pseudo zonal wind variances derived
source spectra at 16.9 km source altitude with the following setupsfrom the temperature spectra. This is likely due to non-
(1) full damping (radiative and turbulent) switched on (green dot- Kelvin wave contributions adding additional “noise” in the
ted), (2) radiative damping only (blue dotted), and (3) no dampingwind spectra so that we cannot separate the Kelvin wave sig-
atall (red dotted). For details see text. nal from the overall noise. This confirms our choice to calcu-
late pseudo zonal wind spectra for our simulations because in

considerably higher than in the full damping case. This in-the temperature spectra Kelvin waves are much more domi-

) . i . . nant than in the wind spectra and the Kelvin wave signal can
dicates that for Kelvin waves the main damping process 1Sse extracted much easier

L%drlﬁct)ll\clae damping, and turbulent damping plays only a mi- Another reason wh_y we c_hoos_e to use ECMWF tempera-
' ture spectra for our simulations is that sometimes ECMWF
zonal wind spectra contain artifacts. For example, sometimes
4 GROGRAT simulation of Kelvin wave variances there are enhanced spectral contributions at zonal wavenum-
based on ECMWF source spectra ber one, extending over all frequencies from 0-1cpd. This
clearly artificial effect is not seen in the temperature spectra
4.1 Consistency check with stratospheric ECMWF  which are therefore believed to be more reliable.
source distribution The Kelvin wave pseudo zonal wind variances shown in
Fig. 4a and b should therefore be a reliable reference for
One method to derive temperature variances due to Kelvirour simulations with the GROGRAT ray tracer. And since
waves is to integrate over the spectral band characteristic foin the stratosphere the ECMWF temperature spectral distri-
this kind of waves (se&rn et al, 2008. In a similar way  bution has been validated by comparison with SABER mea-
variances are derived from pseudo zonal wind spectra calsurements, we expect the reference distributions shown in
culated via the polarization relations for Kelvin waves from Fig. 4a and b to be reproduced, if the GROGRAT source dis-
ECMWF and SABER temperature spectra.  The spectrakribution itself is located in the stratosphere —i.e., in the alti-
band we use has already been introduced in SeBt.the  tude range validated with SABER. In addition, source spec-
zonal wind variances were obtained by integrating over thetra in the upper troposphere and above are located at alti-
power spectra for wavenumbers 1-6 (the range of wavenumtudes higher than the Kelvin wave source processes, and the
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Fig. 4. Altitude-time cross-section of ECMW(&) and SABER(b) pseudo zonal wind variances, as well as ECMWF original zonal wind
variancegc). All are obtained by integration over the Kelvin wave band between 8 and 2000 m equivalent depth and fregu@Adipd.

The variances shown represent an average over latitudes &% N for ECMWF and 14 S-14 N for SABER (i.e., for SABER the
analyses for the latitude bins #4, 48, £12 degrees are averaged). Overplotted contour lines are zonal mean zonal wind from ECMWF
averaged over the latitudes?15-1% N and the 36-day windows used for the spectral analysis. Contour interval is 10 m/s, solid lines indicate
eastward, dashed lines westward wind. The zero wind line is highlighted by a boldface solid line.

50 50
(@) (b) >
B €
=3 =
o) ©
ie] k]
= 2
® ®
2.0 2.0
10F E 10F E
0.0 0.0
J“A”:J“(IDII:J”A“IJIIO“‘.IJIKILIJI“()“.IJ”A”\]ISIJK‘.IJIE) JIKI.IJ”(I)II.IJIKTJ“(I)II.IJ“A“\IJIBIJ“KIJH(I)“\]“A“.IJIICIJ
| 2002 | 2003 | 2004 | 2005 | 2006 | 2002 | 2003 | 2004 | 2005 | 2006

Fig. 5. Altitude-time cross-section of Kelvin wave pseudo zonal wind variances simulated with GROGRAT using time-varying ECMWF
source spectra at 18.7 km altitu¢e®) and 21.1 km altitud€b). Again, variances are obtained by integrating over the Kelvin wave band
between 8 and 2000 m equivalent depth and frequenefed cpd. Overplotted contour lines are zonal mean zonal wind from ECMWF
averaged over the latitudes °215-1% N and the 36-day windows used for the spectral analysis. Contour interval is 10 m/s, solid lines
indicate eastward, dashed lines westward wind. The zero wind line is highlighted by a boldface solid line.

complete effect of the forcing should be “contained” in these  This is further investigated by comparing space-time spec-
launch spectra. This will be an important consistency checkra for a single 36-day time window. Effects of delayed
to find out whether GROGRAT can be applied to Kelvin Kelvin wave dissipation are most obvious at altitudes some-
waves. what above the zero wind lines of the wind reversals from
For this consistency check we choose source altitudes oQBO easterlies to westerlies. Therefore in Figve present
18.7 km and 21.1 km in the lower stratosphere. For comparispectra for the time window centered on 21 Feb. 2006 at
son the time-averaged ECMWF spectra at 18.7 and 21.1 knan altitude of 30km, i.e., about 2km above the zero wind
altitude are shown in FigRa and b. However, for this con- line. Shown are pseudo zonal wind spectra for SABER
sistency check we include temporal variations of the sourceand ECMWF (Fig.6a and b), the original ECMWF zonal
spectra to be as realistic as possible. wind spectrum (Fig6c), and the zonal wind spectrum simu-
The results of the consistency check are shown in®ag. lated with GROGRAT (Fig6d) based on the simulation with
for 18.7 km, and in Fig5b for 21.1 km source altitude. We time-varying ECMWF source spectra at a launch altitude of
can see that good agreement is found between the simulate?ll.1 km (see Fighb).
distributions of Kelvin wave variances shown in Figand
the reference distributions shown in F&a and b. There are Comparison of Fig6a and b shows good agreement be-
only some minor inconsistencies in the GROGRAT simula-tween SABER and ECMWF also for single pseudo zonal
tions: for example, the decrease of variances due to zonavind spectra. Only due to the contributions of mesoscale
wind reversals shows a time/altitude lag. gravity waves not resolved by the satellite sampling pattern
the spectral background is somewhat higher in the SABER
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Fig. 6. Zonal wind space-time spectra for the single 36-day time window centered on 21 February 2006 at 30 km altitude. Shown are the
spectra for SABERa) and ECMWHF(b) pseudo zonal wind amplitudes, as well as ECMWF original zonal wind ampli{@jle&lso shown

is a zonal wind spectrum simulated with GROGR@) based on a simulation with time-varying ECMWF source spectra at a source height

of 21.1 km (cf. Fig.5b).

spectrum. There is also good agreement with the originakround the line of 8 m equivalent depth) there are some
ECMWF zonal wind spectrum Figsc, indicating that the  spectral contributions, which might be due to waves with
dispersion relation for Kelvin waves is fulfilled, and indeed eastward ground based but westward intrinsic phase speed.
the main spectral contributions are due to Kelvin waves.(The zonal mean wind is eastward for the spectra shown in
Only at very low ground based phase speeds (below andrig. 6.) These contributions however seem not to fulfill the
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polarization relations for Kelvin waves and are strongly sup-wave pseudo zonal wind variances are given for the launch
pressed in the pseudo zonal wind spectra (Bayand b), altitudes 4.9km (a), 8.5km (b), 11.4km (c), 13.9km (d),
which are derived from temperature spectra. This could, forl6.9 km (e), and 18.7 km (f).
example be an indication for contributions due to Rossby For the two lowest source altitudes 4.9 and 8.5 km (Fég.
waves, which usually have only small temperature ampli-and b) the variations found in the stratosphere do not exhibit
tudes compared to Kelvin waves. These contributions mighthe pronounced band-like structures of the reference distri-
also be one of the reasons for a high bias of the originalbution which are caused by the QBO. Beneath strong an-
ECMWF zonal wind variances (Figic) with respect to the nual and semi-annual variations only weak variation due to
SABER and ECMWEF pseudo zonal wind variances shownthe QBO is found. In addition, the variances in the strato-
in Fig. 4a and b. Even in the altitude range 2035 km theresphere are too high. Both findings indicate that these source
is some high bias. It should also be noted that all spectraspectra are only to a minor extent due to freely propagating
discussed here are symmetric spectra, and the antisymmeielvin waves and that the amplitudes of these non-Kelvin
ric part of the non-Kelvin wave spectral contributions should wave contributions grow considerably over the large altitude
already be strongly suppressed with respect to “full” spectrarange from the troposphere to the stratosphere.
containing both symmetric and antisymmetric wave modes. First weak indications of the QBO-induced band-like
In Fig. 4a—c the main Kelvin wave contributions are lo- structures typical for Kelvin waves are found for a launch
cated between the lines of 90 and 2000 m equivalent depthaltitude of 11.4 km (Fig7c) and the structures improve more
Slower ground based phase speed Kelvin waves have alreag@ynd more the higher we launch. Also the amplitudes found
dissipated at lower altitudes. Different from this in the sim- in the stratosphere become more and more realistic.
ulated GROGRAT spectrum (Fi@d) there are still Kelvin A general feature in all GROGRAT simulations but espe-
wave contributions at lower ground based phase speeds beially for the lowest launch altitudes is that at altitudes di-
tween the lines of 8 and 90 m equivalent depth. This indicatesectly above the source level Kelvin wave variances are lower
that, indeed, the wave dissipation is somewhat delayed in théhan in the reference distribution (see . This indicates
GROGRAT simulation. that part of the variances contained in the source spectra can-
One reason could be the wave dissipation mechanisms parot propagate upward and is filtered out directly after launch
rameterized in GROGRAT, which have not been optimizedof the wave component. At low launch altitudes most of the
for the simulation of planetary-scale waves. The delayedvariance contained in the 8-2000 m equivalent depth wave
wave dissipation could however also be an effect of our veryband comes from spectral components with very low ground
simplified assumptions, using 36-day average launch spedlased phase speeds (see H)g.At these low phase speeds
tra, averaged over the latitude range from $515 N, anda  Kelvin waves or gravity waves cannot exist in the given back-
background atmosphere which is also averaged over 36 dayground atmosphere and are therefore not propagated upward.
and latitudes 15S—15 N. This means that in our simulations ~ Provided that the ECMWEF spectra represent the “true at-
zonal and meridional variations in both the source distribu-mosphere” and are not dominated by noise or artifacts we can
tion and the atmospheric background are neglected and alseonclude from all these results that the altitude region where
inhomogeneities of the global Kelvin wave distribution that the Kelvin waves are mainly generated is below about 14 km.
might lead to enhanced wave dissipation are not captured. The spectra at lower altitudes exhibit mainly seasonal varia-
However, in our current very simplified study we are tions and contain spectral noise of “unorganized” convection
mainly interested in the first order basic mechanisms gov<{not propagating into the stratosphere) rather than coherent
erning the global average distribution of Kelvin waves and signals due to Kelvin waves. This is consistent with the ob-
its interaction with the QBO. Therefore the effects discussedservations by, for exampl&andel and Wy2009 who ob-
above like, for example, delayed wave dissipation, non-Served variations due to Kelvin waves down to altitudes of
Kelvin wave contributions, or deviations from the global av- about 12km in GPS temperatures.
erage distribution, will not be further subject of our study This is further investigated in Fig. In this figure the

because they are minor compared to other effects that araverage relative deviation between the altitude-time distri-
discussed in the following and will have only little effect on bution of simulated GROGRAT Kelvin wave variances (see

the key findings of our study. Fig. 7) and the reference distributions (see Hyis plotted
as a function of the source altitude. The red (blue) line indi-
4.2 Variation of the source altitude using time-varying  cates the average relative deviation between the GROGRAT
ECMWEF source spectra simulations and the ECMWF (SABER) distribution (Fita
and b) determined in the altitude range 20-50 km. For source
In a next step GROGRAT is employed to simulate altitude- altitudes higher than 20 km deviations are determined only
time distributions of Kelvin wave variances using time- between the source altitude and 50 km altitude. For compar-
varying ECMWF source spectra and source altitudes fromison, the purple line also shows the deviations between the
4.9km up to 18.7km (troposphere to lower stratosphere) GROGRAT simulations and the ECMWF reference distribu-
In Fig. 7 the resulting altitude-time distributions of Kelvin tion (Fig. 4a) in the largest possible altitude range between
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Fig. 7. Altitude-time cross-section of Kelvin wave pseudo zonal wind variances simulated with GROGRAT using time-varying ECMWF
source spectra at 4.9 k), 8.5km(b), 11.4km(c), 13.9km(d), 16.9 km(e), and 18.7 km altitudéf). Again, variances are obtained by
integrating over the Kelvin wave band between 8 and 2000 m equivalent depth and frequéhdiegd. Overplotted contour lines are zonal
mean zonal wind from ECMWF averaged over the latitudesSE8L5 N and the 36-day windows used for the spectral analysis. Contour
interval is 10 m/s, solid lines indicate eastward, dashed lines westward wind. The zero wind line is highlighted by a boldface solid line.

the source altitude and 50 km altitude. The green dashed vethat zonal wavenumber and phase speed can directly be de-
tical line indicates the average relative deviation between theéermined from the space-time spectrum.

two reference distributions (Figa and b) determined in the It should also be stated clearly that the method used to
altitude region 18-50 km. determine the minimum altitude where freely propagating

In all cases deviations are high for the lowest launch al-Kelvin waves dominate the spectra is strongly dependent on
titudes of 4.9 and 8.5km and drop sharply in the altitude the parameter analyzed. For example, if we would have ana-

range 8.5-13.9km. Above 14 km only minor improvements !yzed original ECMWF zonal wind data we would have ob-
are achieved. tained a higher altitude than for pseudo zonal winds, sim-

. L ly because Kelvin waves can be better identified in pseudo
The fact that the average relative deviations between GRO—p y b

. . zonal wind spectra than in original zonal wind spectra. This
GRAT simulations and ECM.WF re_ference are som_ewhatis the case because pseudo zonal wind spectra are derived
lower for the lowest launch altitudes if a larger altitude inter-

) . e L from temperature spectra, where Kelvin waves are much
val is taken to determine the deviations (purple line in B)g. more dominant. And there may be parameters that are even

|qd|cate_s that t_here is a severe high-bias of the var!anc_es Ef)tetter suited for the identification of Kelvin waves than tem-
high altitudes if low source levels are chosen. This h'gh'peratures

bias is somewhat mitigated if also lower altitudes with lower Our method fails to extract the Kelvin wave signal below

devie_ltions are considereq for the calculation of the averad@hout 14 km altitude. However, more sophisticated methods
relative deviations (see Fig). might also be able to identify Kelvin wave signals at even
It should be noted that the deviation from the SABER |ower altitudes. In addition, some bias could be introduced
reference is generally somewnhat larger because the SABERy neglecting horizontal variations in the source spectra and
spectra contain a spectral background due to small scalgonal background wind. Therefore our value of 14km al-
gravity waves not resolved by the satellite sampling. Thistitude where freely propagating Kelvin waves on global av-

background is strongly reduced in the ECMWF spectra anderage start to dominate the space-time spectra is only some
therefore also not contained in the ECMWF source spectrakind of upper limit to this value.

Of course, this kind of background cannot be reproduced by
our GROGRAT simulations requiring that all spectral com-
ponents of the source spectrum are properly resolved by the
sampling (or model grid in the case of ECMWF data), so
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35 — T However, large part of the seasonal variations also found in
I : : : : ] the variances (annual, semi-annual) are smoothed out. In ad-
I dition, the band-like QBO structures observed in the strato-
30 sphere start with much too low amplitudes in the lower strato-
I sphere. This is most likely caused by using an average am-
25} plitude which is too low during the QBO easterly periods in
I the upper troposphere/lower stratosphere (UTLS).
= 5 i This means: if we want to obtain all variations observed
% 0: in the stratosphere seasonal variations of the source spec-
=) i trum are required. In Sech.an attempt will be made to use
% 151 seasonal variations directly from measurements of the Tropi-
i cal Rainfall Measuring Mission (TRMM) satellite (OLR and
1of rain rates) instead of modeled ECMWF spectra.
5[ 5 OLR and rainfall spectra as source distributions for
i ray tracing simulations
O i 11 i | | i L1 1 1 i | | i L1 1 1 ]

0 50 100 150 200 250 !n this section we \{viII use space-time spectra of outg_o-
ing longwave radiation (OLR) as well as spectra of rain
rates from the Precipitation Radar (PR) and the TRMM Mi-
Fig. 8. Average relative deviation between the altitude-time dis- Crowave Imager (TMI) sensors onboard the TRMM satellite
tribution of simulated GROGRAT Kelvin wave variances and the @S source distribution for our GROGRAT simulations. An
ECMWF and SABER reference distributions for different source overview of the PR and TMI measurements is, for example,
altitudes. Blue line: deviation between GROGRAT and SABER given inStephens and Kummerd2007). The OLR and rain
determined in the altitude range 20-50 km, red line: deviation be-rate source distributions have the advantage that the variabil-
tween GROGRAT and ECMWF determined in the altitude range ity of measured data at the source level is directly contained
20-50km, purple line: deviation between GROGRAT and ECMWF in, the source spectra.
determllne(.j in the altitude rgnge bgtvyeen source altitude and 50 km, Of course, TOVS/ATOVS infrared radiance dattagt al.,
grgf,.r:,vhpnféfe?\éﬁ:;aeggisﬁfﬂ:{gngewatlon between the SABER and200() and since 28 June 2005 also rain affected SSM/I mi-
' crowave radiancesBauer et al.2006ab; Lopez 2007 are
assimilated in the ECMWF operational analyses we use. So
4.3 Variation of the source altitude using time-averaged ~the raw measured OLR spectra are not necessarily a bet-
ECMWEF source spectra ter source distribution than ECMWF spectra because the
ECMWF spectra should contain already information from
In the following we want to investigate whether the QBO- OLR measurements.
related variation of Kelvin wave variances observed in the Also part of the rain rate information should be contained
stratosphere is only an effect of the interaction of thein the ECMWEF analyses, however the assimilation of rain-
Kelvin waves with the QBO wind system and its alternat- fall data is still in progressBenedetti et a).2005 Lopez
ing zonal wind directions, or if also temporal variations of 2007 and TMI data are assimilated in the ECMWF analy-
the source processes play an important role. For this purposges not earlier than November 2007, this means only after
Kelvin wave variances are simulated with GROGRAT like the time period considered in our analyses. Therefore there
in Sect.4.2 but with constant (time-averaged over the period still might be some benefit using measured TRMM rain rate
January 2002—-November 2006) ECMWF source spectra (segpectra. In addition, our analyses can provide further infor-
Fig. 1). Again, we use the same source altitudes from 4.9-mation whether the use of raw rain rate and OLR measure-
18.7 km. These source spectra at different altitudes contaiments as proxies for latent heat release and deep convection
the shift of the lobe-shaped spectral peak due to Kelvin waveén the tropics is justified.
with altitude but no seasonal variations of this shift and of the  We do not expect that OLR or rain rate spectra have ex-
amplitudes. actly the same spectral shape as the zonal wind spectra dis-
The results are similar to those obtained with time vary- cussed in the previous sections. One reason is that OLR and
ing source spectra (see Fig). This indicates that large rain rate spectra represent an altitude range while the zonal
part of the variations seen in the stratosphere is caused bwind spectra are given for fixed altitudes. Another reason is
modulation of the variances due to background wind varia-that both OLR and rain rates are directly coupled with the
tions. Even the QBO-related band-like structures evolve iflatent heat release acting as source mechanism for Kelvin
we launch at higher altitudes (11.4-18.7 km). and other equatorial waves. In a theoretical framework the

relative deviation [%]
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Fig. 9. Altitude-time cross-section of Kelvin wave pseudo zonal wind variances simulated with GROGRAT using time-independent ECMWF
source spectra averaged over the period January 2002—November 2006 at the source altitudés),48%5kkm (b), 11.4 km(c), 13.9 km

(d), 16.9km(e), and 18.7 km(f) (see also Figl). Again, variances are obtained by integrating over the Kelvin wave band between 8 and
2000 m equivalent depth and frequencig®.4 cpd. Overplotted contour lines are zonal mean zonal wind from ECMWF averaged over the
latitudes 18 S—-15 N and the 36-day windows used for the spectral analysis. Contour interval is 10 m/s, solid lines indicate eastward, dashed
lines westward wind. The zero wind line is highlighted by a boldface solid line.

dynamic response of the atmosphere (e.g., geopotential, teneastern Pacific. Also in airborne remote sensing data in the
perature or wind spectra) in the near field (just above thetropics an opaque cloud cover is often found at altitudes be-
top of the convective source) is usually obtained by project-low about 14-17 km (e.gSpang et a).2008. This altitude

ing this spectrum on a set of Hough modes representing theange is in good agreement with the altitude of about 14 km
wave modes that are able to propagate vertically in the atwhich was found to be the top of the source altitude region
mosphere (e.gSalby and Garcigl 987 Bergman and Salhy  on global average (see Sedt2). At altitudes above about
1994 Ricciardulli and Garcig2000. In doing so the spectral 14 km most of the spectral information of the source pro-
shape is changed. In particular, the red nature of the heatingesses is contained in the space-time spectra, and at these
spectra is reduced by filtering out low frequency contribu- higher altitudes wave filtering due to the background atmo-
tions (at equivalent depths lower than about 8 m) that cannosphere will dominate over wave generation by latent heat re-
propagate due to their short vertical wavelengtBsrgman lease. This means that the altitude range of 14 km and several
and Salby1994 Ricciardulli and Garcig2000. kilometers above should be best suited as launch altitudes for

On the other hand we have seen in Sd@that large part GROGRAT simulations based on OLR and rain rate spectra.

of the variation of Kelvin wave variances can be explained by The space-time spectra from TRMM OLR and rain rates
a combination of the effect of the QBO winds and seasonalwere determined for frequencies lower than 0.5cpd in 96-
variations of the source spectrum. Therefore more realistialay time windows using a time step of 36 dagh¢ et al,
seasonal variations in the OLR and rain rate spectra mighR004) with the center days exactly corresponding to the 36-
overcompensate the somewhat different spectral shapes. Eday windows used before. In our analysis we again use only
pecially, because we use only equivalent depths larger thasymmetric spectra with frequencies) (= eastward) aver-

8 m for determining the Kelvin wave variances (see above).aged over the latitude range15-15 N.

In this way part of the low frequency contributions not be-
longing to propagating wave modes in the OLR and rain rateN
spectra will not contribute to the variances we determine.

Average spectra (averaged over the period January 2002—
ovember 2006) are shown in Fig0. The spectral shape
is similar to the ECMWF spectra for 11.4 and 13.9 km alti-

It has been shown bigubar and Hartman(2008 that the  tude in Fig.1 with the spectral contribution of Kelvin waves
cloud tops of heavy precipitating clouds are mainly locatedshowing up between the lines of 8 and 90 m equivalent depth.
at altitudes between about 11 and 17 km in the western antiowever, the spectra shown in Fi0 are more “red” than
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(a) TMI rain rate spectral amplitudes (b) PR rain rate spectral amplitudes (C) OLR spectral amplitudes
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Fig. 10. TRMM spectral amplitudes averaged over the period January 2002—November 2006 for TMI raja)a®e&s rain rategb), and
OLR (c). Also given are the lines for equivalent depts=8, 90, and 2000 m, corresponding to ground based phase speeds of 9, 30, and
140 m/s.

the ECMWEF spectra in Figl with strong spectral contri-  with \iJTR,SC(k, w; t; z5) the time-varying pseudo zonal wind
butions at low frequencies even at high zonal wavenumbersspectral amplitudes which will be used in our analysis,
Maybe this is due to the fact that the TRMM spectra cannot¥rr(k, w; 1) the time-varying TRMM rain rate or OLR spec-
be attributed to a single fixed altitude but represent spectratral amplitudes,\fJTR,a\,(k, ) the time-averaged TRMM rain
contributions of a “mixture” of altitudes, containing also con- rate or OLR spectral amplitudes, alti¢c,a\,(k, w; z5) the
tributions of very low altitudes. time-averaged ECMWF pseudo zonal wind spectral ampli-
As before, we need zonal wind spectra as input for thetudes (see Eq¢) at a specified source altitudg. The in-
GROGRAT ray tracer. Two methods for estimating zonal tegral fk,w ...dwdk indicates the integration over the zonal
wind spectra from rain rate spectra as well as OLR spectravavenumber range 1-6 between the lines of 8 and 2000 m
are discussed in the following subsections. equivalent depth for frequencie<.4 cpd.
This method has the advantage that both spectral shape
5.1 Constant scaling factor for TRMM spectra derived  and temporal variations of the TRMM spectra are conserved.
from ECMWF spectra However, the fact that the TRMM spectra are too red com-
pared with the ECMWF spectra causes a low-bias in the
For the first method we assume that the average pseudo zonéelvin wave band at higher altitudes because low frequencies
wind amplitudes derived from the ECMWF spectra used inare more and more dissipated with increasing altitude and too
Sect4.3are realistic and can serve as a basis to derive a fixedbw amplitudes are launched at higher frequencies. In addi-
scaling factor for obtaining pseudo zonal wind spectra fromtion, the QBO-related bands of high Kelvin wave variances
TRMM rain rate and OLR spectra. This fixed scaling factor are only weakly indicated.
is determined separately for each of the fixed ECMWF pres- This becomes obvious in Fii1 showing the altitude-time
sure altitudes under the assumption that average pseudo windistribution of Kelvin wave pseudo zonal wind variances re-
variances have to be equal for both TRMM and ECMWF sulting from GROGRAT simulations with the time-varying
spectra in the zonal wavenumber range 1-6 and betweemMI source spectrum launched at the set of different source
the lines of 8 and 2000 m equivalent depth and frequenciesiltitudes used before. Again, we find that the higher source
<0.4 cpd. This is exactly the range used to determine Kelvinaltitudes perform best in reproducing the temporal variations

wave variances in our analyses. of the reference distributions. However, we find the low-
The scaling of the spectral amplitudes is carried out as fol-bias of variances mentioned above, the more the higher we
lows: launch. At low source altitudes the spectral shapes of TMI
and the ECMWEF spectrum at these altitudes are still simi-
Urrsdk, 0; 13 z) = Wrr(k, ;1) lar and the scaling factor derived from the average spectra is

- . 1/2 still realistic. At higher source altitudes, however, the TMI
« Jiw Vecadks @3 z5)dwdk (8  Spectrumis too red compared with the ECMWF source spec-
fk » @%R’av(k, w)dwdk trum and there are too strong spectral contributions at low
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Fig. 11. Altitude-time cross-section of Kelvin wave pseudo zonal wind variances simulated with GROGRAT using time-varying TRMM-
TMI source spectra normalized with time-averaged ECMWF source spectra at the source altitudes(a),.4&&km(b), 16.9 km(c), and

18.7 km(d). Again, variances are obtained by integrating over the Kelvin wave band between 8 and 2000 m equivalent depth and frequencies
<0.4cpd. Overplotted contour lines are zonal mean zonal wind from ECMWF averaged over the latitu8ed3™N and the 36-day

windows used for the spectral analysis. Contour interval is 10 m/s, solid lines indicate eastward, dashed lines westward wind. The zero wind
line is highlighted by a boldface solid line.
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Fig. 12. Same as Figl1 but for GROGRAT using normalized time-varying TRMM-OLR source spectra.
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frequencies, and these low phase speed components in the The results are shown in Fig3 for TMI rain rates. We
TMI source spectrum are filtered out because they dissipatéind that now the variances are higher than before and espe-
and cannot propagate upward. cially for high source altitudes the results look more realistic.
The results are similar for PR rain rates (not shown) butAgain, the variance distribution is similar for PR source spec-
even worse for OLR source spectra (Fi) because the tra (Fig.14). For OLR source spectra (Fi@5) the seasonal
OLR spectra are even more dominated by low phase speedariations are more pronounced than in the TMI and PR data.
spectral components. But there is good agreement between all three TRMM source
This indicates that the role of the spectral shape is too im-distributions and the ECMWF and SABER reference distri-
portant, and the approach chosen is too simple. Maybe thbéutions (see Figd).
more sophisticated approach of projecting the OLR or rain In the tropics precipitation is strongly linked with deep
rate spectra on Hough modes would perform better but thiconvection and, consequently, also with the occurrence of
will not be subject of our study. Therefore, we will follow high clouds. Therefore observations of OLR are often used
another simple approach in the next subsection. for indirect estimates of precipitation and latent heat release
(Arkin and Ardanuy 1989 Hendon and Woodberry1993.
5.2 Average ECMWF spectra with seasonal variations  The above results show that, indeed, rain rate as well as OLR
taken from TRMM measurements spectra can serve as source distribution for Kelvin wave sim-
. . ulations. This is a further confirmation that both rain rate
Because for none of the source altitudes the reference dIStrIénd OLR data are good proxies for the total heat released in

tht'OnS can be_ repr?dﬁc?d satrl]sfactorllyt;/vel will ?]OW avoid (t}te tropospheric column, i.e. the source process for Kelvin
the contamination of the launch spectra by low phase speeq . o< in the equatorial region.

wave components. We assume that, although noise due to

unorganized convection in the TRMM spectra or maybe also

effects of the Madden Julian Oscillation (MJO) at low phase6 Summary and conclusions

speeds might cause problems to derive a constant scaling fac-

tor, the measured temporal variations of the TRMM spectraln our study we present a novel approach of combining

could be more realistic than the variations of the ECMWF space-time spectral analysis of measured data as well as

spectra. ECMWEF operational analyses with ray tracing techniques.
Therefore for the basic shape of the launch spectrum wd-atitudinally averaged (155-15 N) longitude-time spectra

adopt the time-averaged ECMWF source spectra used ifiesulting from a windowed space-time Fourier analysis using

Sect4.3, while temporal variations of the source distribution non-overlapping 36-day time windows of ECMWF pseudo

are taken from TRMM measurements. For this purpose relazonal wind variances were used as input (various source lev-

tive temporal variations of the TRMM spectra with respect to els from 4.9-30.0 km altitude) for the GROGRAT ray tracing

the time-averaged TRMM spectra as a reference (sed@jig. model. This approach allowed to simulate the propagation

are determined. This means the average spectral shape @ equatorial Kelvin waves with the GROGRAT model, al-

taken from ECMWEF and the relative variations of the sourcethough originally developed for ray tracing of gravity waves.

spectra are taken from TRMM rain rate or OLR spectra specRays are launched eastward for each of the independent spec-

tral component by spectral component. tral grid points of a space-time spectrum at a given source
The scaling of the average ECMWF spectral amplitudeslevel. Only vertical propagation of the rays is considered.

with the measured seasonal variations is carried out as fol- The space-time spectra used as source distribution rep-
lows: resent global averages over 36-days and the latitude range

Grrik. w: 1) 15°S-1% N. Based on these spectra our results address
UrR rel(k, w; 1; z) = Wecav(k, w; 25) [ATR—] 9) some global aspects of the generation and propagation of
VTR av(k, w) Kelvin waves. For our investigations space-time spectra and
L . : ; [titude-time distributions of Kelvin wave variances from
with UTR rel(k, w; 1; z,) the time-varying pseudo zonal wind a
spectral amplitudes which will be used in our analysis, ECMWF analyses as well as from SABER measurements are

\iJTR(k, w; t) the time-varying TRMM rain rate or OLR spec- taken as reference.

tral amplitudes\Wrr av(k, ») the time-averaged TRMM rain It W?llasl f?untdhthakt}.frpa:cntlry]/ r?(dllat]ve wave darppllng Iskrte-
rate or OLR spectral amplitudes, amtEc av(k, w; z) the sponsible for the shilt of the Kelvin wave spectral peax to-

time-averaged ECMWF pseudo zonal wind spectral ampli—:';/i;%samgimer p|gaiir?|pe:ginvg:rt?ol|gcfnads$g :th:SSdeTI:Jr::tu i
tudes (see Ed) at a specified source altitude. ping piay y ' P

critical for wave breaking is never reached in our simulations.

. By treating each spectral c_omponent sepa'rately we ta.kq‘he process responsible for the shift of the Kelvin wave spec-
into account that seasonal variations can be different for dif-

. " tral peak has been introduced as “differential radiative damp-
ferent zonal wavenumbers and frequencies. In addition, th?n " for the first time byGarcia and Salby1987
problem that there is no well-defined source altitude for the 9 '

rain rate and OLR spectra should be reduced.
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Fig. 13. Altitude-time cross-section of Kelvin wave pseudo zonal wind variances simulated with GROGRAT using seasonal variations from
TRMM-TMI and the time-averaged spectral shape of ECMWF source spectra at the source altitudes (B),4U&® km(b), 16.9km

(c), and 18.7 km(d). Again, variances are obtained by integrating over the Kelvin wave band between 8 and 2000 m equivalent depth and
frequencies<0.4 cpd. Overplotted contour lines are zonal mean zonal wind from ECMWF averaged over the latifued® M and the

36-day windows used for the spectral analysis. Contour interval is 10 m/s, solid lines indicate eastward, dashed lines westward wind. The

zero wind line is highlighted by a boldface solid line.
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Fig. 14. Same as Figl3 but for seasonal variations taken from TRMM-PR measurements.
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Fig. 15. Same as Figl3 but for seasonal variations taken from TRMM-OLR measurements.

Vertical and temporal variations of Kelvin wave variances distributions. However, simple scaling of the OLR and rain
can be reproduced if source distributions are located in theate spectra to obtain the same variances in the Kelvin wave
stratosphere (at altitudes above all source processes), indband as in ECMWEF spectra for a specified source altitude
cating that the GROGRAT ray tracer indeed can simulate thdeads to a low bias in stratospheric wave variances because
basic properties of Kelvin waves. the launch spectra are too red.

Variation of the source altitude in the GROGRAT simu-  Another approach was made, using the spectral shape of
lations reveals that the stratospheric distribution of Kelvin the average ECMWF source spectra at the selected source
wave variances can only be reproduced if the source altitudegititude and the seasonal variations from the OLR and rain
are located above about 14 km. At lower source altitudes theate spectra, independently for each single spectral compo-
frequency distribution of the ECMWF source spectra is toonent. This approach performs much better, and the results
red, indicating that part of the spectral contributions at low are similar to the ones obtained before with ECMWF source
altitudes is “noise” due to unorganized tropospheric convecspectra. While seasonal variations in the rain rate spectra
tive activity and not due to waves that can propagate ver-are a bit too weak, results obtained from OLR source spec-
tically. From these findings we can conclude that the bulktra show slightly too strong annual variations. Nevertheless,
of the Kelvin wave source processes (latent heat release dugll three TRMM source distributions perform well and show
to deep convection) is located at altitudes below 14 km ongood agreement with the ECMWF and SABER reference
global average. It should however be noted that this value iglistributions. This confirms the suitability of both rain rate
only some kind of upper limit to this altitude. and OLR data as good proxies for deep convection and latent

Part of the distribution of Kelvin wave variances can al- heat release in the tropics.
ready be reproduced using a constant average source spec-
trum. This is the case because already the interaction of
the launched waves with the background wind field causes a
QBO-related variation of the wave variances. NeverthelessAppendix A
it turns out that seasonal variations of the source spectra are

very important to explain all of the variation of wave vari- Derivation of Kelvin wave zonal wind amplitudes
ances observed. from temperature amplitudes

We further investigated whether space-time spectra deter-
mined from TRMM satellite measurements (OLR and rain Kelvin wave pseudo zonal wind amplitudes are obtained by
rates from the TMI and PR sensors) can be used as souragsing the polarization relations givenkmitts and Alexander
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(2003 andErn et al.(2004), which are valid for a general and together with EqQAQ1), assuming =0 for Kelvin waves,

linear wave approach. p can be eliminated:
We start from Eqgs. (15) and (18) Fritts and Alexander 12
(2003 R (A10)
CS
—idi — fo 4+ ikp =0 (A1)

. ” By combining Egs. A10) and @A6) we obtain the polar-
—iw® + (N“/g)w = 0 (A2)  jzation relation between temperature perturbation and zonal

" e . - wind perturbation:
Here is the intrinsic frequencyy, v and@ are the zonal, P

meridional and vertical wind amplitudes of the wa¥kethe - y—1 i o
zonal wavenumberp the pressure amplitude divided by the T = |: 2 + gm:| P (A11)
atmospheric background density’(5), © the relative po- :
tential temperature amplitud®(/®), N the buoyancy fre-  The term(y —1)/c? can be neglected for short vertical wave-
quency,f the Coriolis frequency, anglthe gravity accelera-  lengthsi, <20 km, giving the simple equation:
tion.

In addition we make use of Eq. (A7) Ern et al.(2009): 7= L m% i (A12)

3

g - . g 8

W= a2 <m i <ﬁ - c_f)> ! (A3) " Together with the dispersion relation for Kelvin waves
(Eq. 1) ®/k=—N/m we obtain the following very simple

equation for estimating zonal wind amplitude$rom given

Here m is the vertical wavenumbelHd the pressure scale

height, an¢s the sound speed.. . . . . temperature amplitude®’:
For Kelvin waves the meridional wind amplitude in

Eq. (A1) is zero. By combining EqsAQ), (A2) and A3), _ g - g |IT'|

replacingw and p, we obtain the polarization relation be- lu| ~ N IT| = N T

tween® andii, which can be written as follows:

(A13)

However, because in our simulations vertical wavelengths

6=" —1 [m + i (i — ﬁ)] é,; (Ad) up to about 50 km or even longer are considered (correspond-
g 1— &?/N? 2H  ¢2) |k ing to equivalent depths of abo#t=2000m), we use the
Since following more complete equation obtained by combining
Egs. A10) and @4) and assuming?« N2 for calculating
= _ £ <L m = 2_” (A5) zonal wind amplitudes from temperature amplitudes:
2H (2 Az
. 2 2
for vertical wavelengths, <50 km, and we can also assume lii| = k ﬂ/ y-1 1/1 ¢ i (A14)
that®?<« N2, this equation can be further simplified: o| T 2 g\2H 2 g
6 — i m éﬁ (A6) or further simplified andr replaced via the dispersion rela-
g k tion for Kelvin waveso/k=—N/m (EQ. 1):
indicating a 90 phase shift between zonal wind perturbation ) 5 >
and potential temperature perturbation for Kelvin waves. i| = kT |/\/[l — _1 ] + [Nk] (A15)
We further assume that all motions are adiabatic. The po- o| T 2 2gH gw

tential temperature is defined as follows:
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