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ABSTRACT

The tropics play an important role in the atmospheric general circulation and predictability.
Equatorial waves, including mixed Rossby-gravity (MRG) waves contribute to the day-to-day
variability of the tropical atmosphere, thereby influencing the weather both within the tropics, and
in the extratropics through atmospheric teleconnections. Several observational studies provide
evidence about the role of MRG waves in tropospheric and middle atmospheric variability.

Although the effect of asymmetric convection is well-known for generating MRG waves,
it does not explain the observed MRG waves in the troposphere. Other excitation mechanisms
also fail to adequately explain the synoptic-scale and the planetary-scale MRG waves in the
upper troposphere and the upper stratosphere, respectively. Therefore, this thesis proposes a new
excitation mechanism for MRG waves: wave-mean flow interactions.

This mechanism is detected by idealised simulations with a simple atmospheric model,
TIGAR, which solves the nonlinear rotating shallow water equations on the sphere by a spectral
method that uses Hough harmonics as spectral basis functions. This modelling framework allows
the direct diagnosis of MRG waves from the model output and has an advantage over b-plane
shallow water models because, on the sphere, MRG waves are global and their meridional
e-folding scale depends on the zonal wavenumber, which is crucial for the proposed MRG wave
generation process.

The wave-mean flow interactions require an asymmetric background flow, which deter-
mines the amplitude of the excited MRG waves. Specifically, the greater the asymmetry of the
background state (i.e., the energy in asymmetric Hough mean state modes), the more energetic
the excited MRG waves become. It is also shown that wave-wave interactions are irrelevant for
the MRG wave excitation relative to wave-mean flow interactions and direct wave excitation
by a tropical heat source. The wave-mean flow interactions are hypothesized to involve waves
generated locally by tropical heating perturbations in the upper troposphere, while in the upper
stratosphere, vertically propagating internal waves or waves generated by shear instabilities
may be important contributors. The scale selection of MRG waves through wave-mean flow
interactions is driven by the jet location: the closer the jet to the equator, the smaller the MRG
waves. This means that hemispheric jets in the middle atmosphere excite large-scale MRG waves,
whereas upper tropospheric subtropical jets support the generation of synoptic-scale MRG waves.
This theory is supported by jet positions derived from ERAS data. The decisive role of the jet
location in the scale selection arises from the meridional extent of spherical MRG waves, which
depend on both the zonal wavenumber and the shallow water mean depth. As small-scale (i.e.
large zonal wavenumber) spherical MRG waves are meridionally more bounded to the equator,

they cannot be excited by the middle atmospheric jets embedded in the extratropics, since these
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waves would be “invisible” to the interactions. This behaviour is completely missing for b -plane
MRG waves. Since most studies on MRG wave excitation have used b -plane solutions, this
explains why the scale selection process has remained elusive in the literature for so long.

As an additional factor in the MRG wave generation, this thesis examines wave growth
induced by barotropic instability in the region of the quasi-biennial oscillation (QBO). While
previous studies suggest a connection between the barotropic instability of the QBO and MRG
waves, a long-term analysis of this process using real data is lacking. This thesis proposes that
MRG wave energy greatly intensify following barotropic instability development of equatorial
jets, mimicking the QBO-related circulation. Furthermore, it is also shown that MRG wave
growth is enhanced during the westerly phase of the QBO, driven by two factors. First, the
potential for barotropic instability in the westerly QBO phase is twice as large as in the easterly
phase. Second, the unstable background eigenmodes of the westerly phase contain significantly
more MRG waves. This likely leads to stronger MRG wave growth at synoptic and subsynoptic
scales during the westerly phase, which aligns with observations of MRG wave kinetic energy in
the QBO region.

Overall, this thesis proposes that wave-mean flow interactions and barotropic instability-
induced wave growth play a significant role in MRG wave generation in the real atmosphere,

with important implications for atmospheric predictability.



ZUSAMMENFASSUNG

Die Tropen spielen eine wichtige Rolle in der allgemeinen atmosphérischen Zirkulation
und der Vorhersagbarkeit. Aquatoriale Wellen, einschlieBlich gemischter Rossby-Schwere
(MRG) Wellen, tragen zur tdglichen Variabilitit der tropischen Atmosphére bei und beeinflussen
dadurch sowohl das Wetter in den Tropen als auch in den Extratropen durch atmosphérische
Telekonnektionen. Mehrere Beobachtungsstudien liefern Hinweise auf die Rolle von MRG-
Wellen in der Variabilitéit der Troposphére und der mittleren Atmosphare.

Obwohl der Einfluss asymmetrischer Konvektion auf die Erzeugung von MRG-Wellen
bekannt ist, erklirt er nicht die beobachteten MRG-Wellen in der Troposphére. Andere Anre-
gungsmechanismen erkldren ebenfalls nicht ausreichend die synoptischen und planetaren MRG-
Wellen in der oberen Troposphire bzw. der oberen Stratosphére. Daher schlédgt diese Arbeit einen
neuen Anregungsmechanismus fiir MRG-Wellen vor: Wellen-Grundstrom-Wechselwirkungen.

Dieser Mechanismus wird durch idealisierte Simulationen mit einem einfachen atmo-
sphirischen Modell, TIGAR, nachgewiesen, das die nichtlinearen, rotierenden Flachwasser-
Gleichungen auf der Kugel durch ein Spektralverfahren 16st, das Hough-harmonics als spektrale
Basisfunktionen verwendet. Dieses Modellierungsframework ermoglicht die Diagnose von MRG-
Wellen direkt aus den Modellergebnissen und hat einen Vorteil gegeniiber Flachwasser-Modellen
auf der b-Ebene, da MRG-Wellen auf der Kugel global sind und ihre meridionale Ausdehnung
von der zonalen Wellenzahl abhéngt, was fiir den vorgeschlagenen Erzeugungsprozess der
MRG-Wellen entscheidend ist.

Die Wellen-Grundstrom-Wechselwirkungen erfordern einen asymmetrischen Grund-
strom, der die Amplitude der angeregten MRG-Wellen bestimmt. Konkret gilt: Je groBler die
Asymmetrie des Grundzustands (d.h. die Energie in asymmetrischen Hough-Grundstrommoden),
desto energiereicher werden die angeregten MRG-Wellen. Es wird auch gezeigt, dass Wellen-
Wellen-Wechselwirkungen im Vergleich zu Wellen-Grundstrom-Wechselwirkungen und direkter
Wellenanregung durch eine tropische Wirmequelle irrelevant fiir die Anregung von MRG-
Wellen sind. Es wird angenommen, dass die Wellen-Grundstrom-Wechselwirkungen Wellen
umfassen, die lokal durch tropische Wirmestorungen in der oberen Troposphére erzeugt werden,
wihrend in der oberen Stratosphére vertikal propagierende interne Wellen oder Wellen, die durch
Scherinstabilititen erzeugt werden, wichtige Beitrige leisten konnten. Die Skalenauswahl der
MRG-Wellen durch Wellen-Grundstrom-Wechselwirkungen wird durch die Lage des Jets bes-
timmt: Je ndher der Jet am Aquator liegt, desto kleiner werden die MRG-Wellen. Dies bedeutet,
dass Jets auf einer Halbkugel in der mittleren Atmosphére groskalige MRG-Wellen anregen,
wihrend subtropische Jets in der oberen Troposphire die Erzeugung von MRG-Wellen auf der

synoptischen Skala unterstiitzen. Diese Theorie wird durch Jet-Positionen gestiitzt, die aus
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ERAS5-Daten abgeleitet wurden. Die entscheidende Rolle der Jet-Position bei der Skalenauswahl
ergibt sich aus der meridionalen Ausdehnung sphirischer MRG-Wellen, die sowohl von der
zonalen Wellenzahl als auch von der mittleren Flachwassertiefe abhiingen. Da kleinskalige
(d.h. groBe zonale Wellenzahl) sphirische MRG-Wellen meridional stirker an den Aquator
gebunden sind, konnen sie nicht von den Jets der mittleren Atmosphire, die sich in den Extra-
tropen befinden, angeregt werden, da diese Wellen fiir die Interaktionen “unsichtbar” wiren.
Dieses Verhalten fehlt vollstindig bei MRG-Wellen auf der b-Ebene. Da die meisten Studien
zur Anregung von MRG-Wellen b -Ebenen-Losungen verwendet haben, erklart dies, warum der
Skalenauswahlprozess in der Literatur so lange unklar geblieben ist.

Als zusitzlicher Faktor fiir die MRG-Wellen-Erzeugung untersucht diese Arbeit das
Wellenwachstum, das durch barotrope Instabilitét in der Region der quasi-biennalen Oszillation
(QBO) induziert wird. Wihrend friihere Studien eine Verbindung zwischen der barotropen Insta-
bilitdt der QBO und MRG-Wellen vermuten, fehlt eine langfristige Analyse dieses Prozesses unter
Verwendung von Realdaten. Diese Arbeit schlédgt vor, dass die Energie der MRG-Wellen nach der
Entwicklung der barotropen Instabilitiit der dquatorialen Jets, die die QBO-bezogene Zirkulation
nachahmen, stark zunimmt. Es wird auch gezeigt, dass das MRG-Wellenwachstum wihrend
der Westwindphase der QBO durch zwei Faktoren verstéarkt wird. Erstens ist das Potenzial fiir
barotrope Instabilitét in der Westwindphase der QBO doppelt so grol wie in der Ostwindphase.
Zweitens enthalten die instabilen Grundstrom-Eigenmoden der Westwindphase signifikant mehr
MRG-Wellen. Dies fiihrt wahrscheinlich zu einem starkeren MRG-Wellenwachstum auf der
synoptischen und subsynoptischen Skala wihrend der Westwindphase, was mit Beobachtungen
der kinetischen Energie von MRG-Wellen in der QBO-Region iibereinstimmt.

Insgesamt schligt diese Arbeit vor, dass Wellen-Grundstrom-Wechselwirkungen und
durch barotrope Instabilitdt induziertes Wellenwachstum eine bedeutende Rolle bei der MRG-
Wellen-Erzeugung in der realen Atmosphire spielen, mit wichtigen Auswirkungen auf die

atmosphdrische Vorhersagbarkeit.
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1 Introduction

The tropics have a prominent role in the general circulation of the atmosphere. As the
tropical region is dynamically coupled to the midlatitudes by atmospheric teleconnections (e.qg.,
Sardeshmukh and Hoskins, 1988; Grimm and Dias, 1995), the circulation in the tropics has a
profound impact on the weather in Europe, for instance. Thus, gaining knowledge in tropical
atmospheric dynamics is not only key to understanding tropical phenomena such as equatorial
waves, but also to improving complex atmospheric models, better understanding the ongoing
climate change, and, last but not least, providing more skillful extended range weather forecasts.
For exampleZagar (2017) shows that the largest initial uncertainties in NWP (Numerical Weather
Prediction) models and the largest initial growth of forecast errors are related to the tropics.
Since forecast errors can propagate from the tropics to higher latitudes in long-range forecasts, it
is crucial to understand tropical variability, a goal to which this thesis seeks to contribute. Since
variability in the tropics is connected to a wide range of spatial and temporal scales, there is a
multitude of dynamical phenomena that are widely studied in this context such as equatorial
waves, the Madden-Julian oscillation, tropical cyclones, African easterly waves, mesoscale
disturbances, cumulus convection, etc. This thesis focuses on equatorial waves, particularly the
mixed Rossby-gravity wave, a fundamental component of tropical circulation. In the following,
| give a succinct introduction to tropical atmospheric dynamics in order to understand the role
of the mixed Rossby-gravity wave in the context of circulation, meteorological phenomena and
variability of the tropical region, which is followed by posing the research questions of this
dissertation.

1.1 Fundamentals of the tropical atmospheric circulation

Compared to the midlatitudes, where the quasi-geostrophic theory is applied to explain
the basic features of large-scale circulation, the tropics obtain a rather complex dynamics. Due to
the smallness of the Coriolis parameter, horizontal temperature gradients are weak in the tropics
resulting in a nearly non-divergent barotropic ow, which means that the ow cannot store large
amounts of potential energy, which would be required for baroclinic energy transfer and the



emergence of baroclinic waves (Holton, 2004; Stephan et al., 2021). However, this reasoning is
not valid for convective regions, which have particular importance in the tropics. These areas are
associated with large diabatic heating rates, which provide the most important energy source
in the tropics (Webster, 2020b). Tropical convection also excites a broad spctrum of equatorial
waves responsible for driving the 2-10 day variability in the tropics (Webster, 2020a). Equatorial
waves can interact with each other (Raupp and Silva Dias, 2005) and with the mean ow (Zhang
and Webster, 1992; Holube et al., 2024), which can have remote effects (Sardeshmukh and
Hoskins, 1988; Jin and Hoskins, 1995). In return, extratropical disturbances and the subtropical
jet (Webster and Holton, 1982; Barpanda et al., 2023) can also impact equatorial waves and thus
tropical weather.

In tropical dynamics research, several studies involving low-complexity models have
been found useful for explaining basic dynamical phenomena. One of the most important of
these conceptual models is the study by Gill (1980), who examined the response of the tropical
atmosphere to stationary diabatic heating on the equatoiddne. In deriving the analytical
response, Gill (1980) assumed the longwave approximation, which omits the local time derivative
of the meridional wind. The analytical solution involves an eastward propagating divergent
wave (the Kelvin wave) and two westward propagating vortices north and south of the equator
(equatorial Rossby waves), which is often referred to as Matsuno-Gill pattern. Such a model
describes well the observed structure of the planetary-scale Walker circulation (Maher et al.,
2019). The shallow water system has also been useful to derive equatorial waves (Matsuno,
1966), to describe tropical-extratropical interactions (Webster and Holton, 1982; Barpanda et al.,
2023), and has also a great potential to study and evaluate individual wave-wave and wave-
mean ow interactions (Vasylkevych angagar, 2021), which are proposed to be important
mechanisms for energy transfers in the tropics (Stephan et al., 2021). One of the objectives of
this thesis is to study such interactions in terms of the mixed Rossby-gravity wave, which is of
primary importance among the equatorial waves in the tropics as the subsequent sections argue.

1.2 Theory and identi cation of equatorial waves

Large-scale eastward and westward propagating disturbances trapped at the equator are
often referred to as equatorial waves (EW), which play a fundamental role in tropical variability
(e.g.,Zagar et al., 2009; Dias and Kiladis, 2016; Yang et al., 2023). Satellite irradiance and
tropical precipitation data showed that EWs can be coupled to convection, thereby gaining the
name of convectively coupled equatorial waves (CCEWS) (Chang, 1970; Wheeler and Kiladis,
1999). Although in the recent decades the representation of EWs has improved both in NWP



systems (Bechtold et al., 2008) as well as in coupled climate models (Hung et al., 2013), there
still remain model errors related to EW variabilitgggar, 2017; Jung and Knippertz, 2023),
which underscores the need to better understand EW dynamics in the tropics.

The rst theory on EWSs originates from the study of Matsuno (1966), who derived
solutions to the rotating shallow water equations on the equatofidne linearized around a
motionless mean state. The solutions include a fast and a slow-moving regime, inertia-gravity
and Rossby waves respectively, as well as two special wave solutions existing only at the equator,
the Kelvin wave and the mixed Rossby-gravity (MRG) wave. The latter one is also often referred
to as Yanai wave thanks to its discoverer (Yanai and Maruyama, 1966). Longuet-Higgins (1968)
showed numerically that the wave solutions obtained by Matsuno (1966) exist for the horizontal
components of the linearized Laplace tidal equations, i.e., the spherical rotating shallow water
equations. These solutions are also known as Hough harmonics.

Figure 1.1. Dispersion curves of the linear wave solutions of the linearized spherical rotating
shallow water equations for equivalent depti= 10 km. Eastward and westward inertia-gravity
waves (EIG and WIG respectively) are shown by green curves. Rossby, MRG and Kelvin waves
are shown by grey, blue and purple curves respectively. The frequenay ormalized by 2.

As the dispersion diagram of the linear wave solutions demonstrates (Figure 1.1),
the Kelvin and the MRG waves make the fast and slow dynamical regimes inseparable in
wavenumber-frequency space in contrast to midlatitudes, where these waves do not exist. Fig-
ure 1.1 also illustrates that MRG waves propagate to the west with increasing absolute phase
velocity towards larger scales (i.e. towards smghgx It is important to note that the MRG and



the Kelvin mode obtain the meridional mode index 0 in the solution of Longuet-Higgins
(1968). Note as well that the eastward moving MRG mode described by Matsuno (1966) appears
as the eastward moving IG mode with meridional index 1 in the derivation of Longuet-
Higgins (1968), therefore in this thesis the MRG wave or mode is only referred to the westward
propagating MRG wave.

The shallow water mean deptD,(or the equivalent depth) is a critical parameter for
EWs, since it affects inter alia the trapping scale (i.e. the meridional e-folding scale) and the
frequency of EWSs. In linear wave theobyappears as a separation constant for coupling the
horizontal and vertical structure equations, therBlg connected to a certain vertical mode.
Typical equivalent depths considered for tropospheric dry EWs range from 250 and 400 m (e.qg.,
Kasahara and da Silva Dias, 19&&gar et al., 2022), whereas for CCEWSss an order of
magnitude smaller due to convection that reduces stability and slows down wave propagation
(Dias et al., 2013). In linear wave theory, vertical stability affects horizontal dispersion, thereby
having a great in uence on vertical modes (Knippertz et al., 2022).

Figure 1.2. Theoretical MRG wave eld wittD = 400m andk = 1. Arrows and shaded contours
denote the horizontal wind and geopential height perturbation eld. Grey contours stand for the
divergence eld.

Generally, the Kelvin, the MRG, and the Rossby and IG waves of the lowest meridional
modes belong to the species of EWSs, although most of them have a large non-equatorial wave
component when a larde is considered. The horizontal structure of spherical MRG waves of
zonal wavenumbek] 1 can be followed in Figure 1.2. MRG waves are divergent and they are
associated with asymmetric height and zonal wind eld, and symmetric meridional wind eld
with large cross-equatorial ow. When a non-zero background ow is considered (i.e. the effect
of Doppler shift), Zhang and Webster (1989) showed in a westerly mean ow the frequency and
the meridional extent of MRG waves increase, whereas their phase speed decreases, which is



only apparent towards low-frequency solutions (i.e. towards lgggeln an easterly mean state,
the opposite was found.

Multiple methods have been proposed to diagnose EWs from real data, which diverge
into two directions: space-time and spatial Itering (Knippertz et al., 2022). As one of the rst
attempts Hayashi (1971) introduced space-time power spectral analysis, which was utilized by
Takayabu (1994) to isolate CCEWSs from satellite infrared data. Wheeler and Kiladis (1999)
extended this approach by considering outgoing longwave radiation (OLR) as a proxy for
tropical convection. This method considers narrow Iter windows for individual EWs that are
de ned based on peaks in wavenumber-frequency spectra. These peaks are associated with
different EWSs provided that they are signi cantly larger than a red background spectrum. In
the method of Wheeler and Kiladis (1999) the wavenumber-frequency Itering is done by Fast
Fourier Transform (FFT), which can be replaced by wavelet transform that allows localization in
longitudinal direction and time (Wong, 2009). As Gehne and Kleeman (2012) show, wavenumber-
frequency ltering can be performed on coef cients of parabolic cylinder functions (PCF) that
describe the meridional structurelofplane EWs. Since PCFs form a basis in the meridional
direction, the meteorological data considered for EW ltering is projected onto PCFs at every
longitudinal grid, which is followed by computing the wavenumber-frequency spectra for PCF
coef cients.

Apart from space-time Itering, spatial projection methods are also common to identify
EWs. Zagar et al. (2015) developed an algorithm based on Kasahara and Puri (1981), which
projects instantaneous 3D global zonal wind, meridional wind and geopotential height elds
onto 3D normal modes of the adiabatic frictionless primitive equations on the sphere, whose
horizontal components are composed of the Hough harmonics. In contrast to space-time ltering,
3D normal mode decomposition is independent of time and no parameter related to convection
enters into the computations meaning that convectively coupled and dry EWs are also Itered
simultaneously. Note that time information can also be Itered if time series of Hough spectral
coef cients are decomposed via FFT, howeverZagar et al. (2022) demonstrated, this approach
is sensitive to the uctuations of wave amplitudes and phases, which is more relevant in the
troposphere than in the stratosphere where EWs behave more like free dry waves. Other spatial
projecting methods involve 2D projection of univariate elds onto PCFs (Yang et al., 2003) or
onto EOFs derived by convection-related elds (Roundy et al., 2009). As PCHs-plane
solutions, they are not global, thus the method of Yang et al. (2003) can be applied only to
the tropical belt. Furthermore, since no vertical structure functions are involved, an optimal
equivalent depth needs to be assumed, which then gives the trapping scale of EWSs.

All the listed methods rely on various assumptions and are sensitive to several dynamical



phenomena such as Doppler shift of the mean ow, vertical and horizontal shear, static stability
variations with height, off-equatorial disturbances, non-Gaussian nature of tropical convection,
which is highlighted by Knippertz et al. (2022) in their intercomparison study of EW diagnostics.
In this thesis MRG waves were studied by idealised model simulations with a shallow
water model (TIGAR) (Vasylkevych andagar, 2021), therefore a similar methodzzgar
et al. (2015) relying on Hough harmonics was applied for MRG wave diagnostics. Using
Hough harmonics as basis functions enables MRG waves to be prognostic variables of shallow
water models, thus the MRG wave tendencies modi ed by various dynamical processes can be
quanti ed straightforwardly from the model output, which is a distinct advantage over other EW
Itering methods.

1.3 Role of mixed Rossby-gravity waves in shaping tropical
dynamics

MRG waves contribute substantially to large-scale tropical circulation variability, which
was proved by several EW Itering methods (Hendon and Liebmann, 1991; Wheeler et al.,
2000;Zagar et al., 2009; Yang et al., 2023). For example, Stephan et al. (2021) showed that
tropospheric MRG waves, as part of the unbalanced circulation, exert the largest impact on
tropical subseasonal variability in synoptic scales (Figure 6b therein). Regarding the stratosphere,
free MRG wave signals are also found by spectral analysis of observations (e.g. Yanai and
Maruyama, 1966; Randel et al., 1990; Ern et al., 2008; Alexander and Ortland, 2010).

In terms of predictability, the role of MRG waves is also critical. For instance, by studying
global forecast uncertaintiedagar (2017) demonstrated that there is signi cant ensemble spread
associated with MRG waves at synoptic scales, which is comparable with spreads associated
with individual balanced Rossby modes.

The role of MRG waves in affecting tropical convection is also well-documented. Here
it is important to mention convectively coupled MRG waves, which are prominent features
of the asymmetric space-time OLR spectrum (Wheeler and Kiladis, 1999). There is also
numerical evidence suggesting that MRG waves interacting with an MJO-like heat source
excites off-equatorial vortical disturbances that resemble tropical depression-type waves (Aiyyer
and Molinari, 2003), which can serve as a precursor for tropical cyclones (Feng et al., 2023).
MRG waves can also in uence convection over the Paci ¢ thereby impacting tropical rainfall
variability as shown by e.g., Zangvil and Yanai (1980); M@@and Yanai (1995); Yokoyama
and Takayabu (2012). Their role in the MJO initiation as well as the termination has been a focus
of recent studies (Takasuka and Satoh, 2020; Chrisler and Stachnik, 2023). Regarding the MJO



initiation, Takasuka and Satoh (2020) showed through a statistical analysis that MRG waves play
a signi cant role in mid-troposphere moistening in the Indian Ocean.

There are other phenomena of the tropical atmosphere in which MRG waves are proposed
to play a role, although it is often subject of debate. For example, Hoskins and Yang (2021)
suggested that MRG waves in uence the Hadley cell dynamics in the upper troposphere in the
equatorial east Paci ¢ and Atlantic, however, Pikovnik et al. (2022) showed that the inclusion
of MRG waves into their Hough function-based Hadley cell metric has a negligible impact.
In a traditional view, MRG waves are important for the forcing of the easterly phase of the
guasi-biennial oscillation (QBO) in the stratosphere (Holton and Lindzen, 1972), nevertheless
recent modelling and observation-based studies suggest little in uence (Alexander and Ortland,
2010; Kawatani et al., 2010; Holt et al., 2016) in contrast to Kelvin waves, which are important
for forcing the westerly phase (Garcia and Richter, 2019).

Overall, MRG waves are vital ingredients for the spatio-temporal spectrum of tropical
variability, therefore they are required for establishing any conceptual models for the tropics
(Stephan et al., 2021).

1.4 Observations of MRG waves in the equatorial atmo-
sphere

MRG waves are observed throughout the troposphere and the stratosphere with varying
spatial scales. Observational studies agree on the prevalence of synoptic-scale (zonal wavenum-
bers 4-5) MRG waves in the upper troposphere (e.g., Stephan et al., 2021) with periods of about
5 days (e.g., Yanai and Hayashi, 1969; Zangvil and Yanai, 1980). MRG waves with similar
properties have been detected in the lower stratosphere implying that tropospheric MRG waves
may propagate vertically (Yanai and Hayashi, 1969; Ricciardulli and Garcia, 2000; Alexander
et al., 2008). There is also evidence that upper tropospheric MRG waves can transition into the
lower troposphere, which was shown by Zhou and Wang (2007). The strongest MRG wave signal,
on the other hand, is associated with the upper stratosphere, where MRG waves obtain planetary
scales (zonal wavenumbers 1-3) and have a somewhat shorter period (2-3 days) compared to the
troposphere (Randel et al., 1990; Hayashi, 1994).

The different zonal scales of the upper tropospheric and upper stratospheric transient
MRG waves are illustrated in Figure 1.3 that shows climatological kinetic energy (KE) spectra
of MRG waves derived from ERAS reanalysis data (Hersbach et al., 2020) at 1 hPa and 200
hPa. The KE spectra are computed by the 3-dimensional wave ltering by the MODES software
packageZagar et al., 2015) followed by the level-by-level computation of the MRG wave KE.



Figure 1.3. MRG wave ltering of ERA5 data (2005-2019) in different seasons. Mean kinetic
energy spectra of MRG wave variability of 200 hPa (a) and 1 hPa (b) levels.

Details of the computation can be found in Section B15.1 of Appendix B. The upper tropospheric
spectra have a distinct energy maximunk at 6 in all seasons with the peak amplitude in boreal
winter (DJF) (Figure 1.3a). This is a new nding, since most observational studies agree on
the MRG wave maximum in boreal summer and early autumn (Hendon and Liebmann, 1991;
Magdia and Yanai, 1995; Roundy and Frank, 2004; Suhas et al., 2020). In boreal summer, the
KE spectra at planetary scales are enhanced compared to other seasons. The upper stratospheric
spectra are characterised by a much greater difference between the seasons with 4-5 times
more energetic solstice seasons (DJF and JJA) than the transitional seasons (MAM and SON)
(Figure 1.3b). In DJF, the MRG wave KE has a distinct maximum at zonal wavenlwbay
whereas in other seasons the planetary-scale KE spectra are more at, with less pronounced
maximaak=1 2 (JJA)ank= 1andk= 3 (MAM and SON).

Horizontal maps (Figure 1.4 and 1.5) representing the MRG wave variability across
different seasons reveal the more equatorially bounded upper tropospheric MRG waves, which is
consistent with linear wave theory, since tropospheric MRG waves obtain smaller mean depths
than their stratospheric counterparts. The level of equatorial trapping shows a strong seasonality
in the troposphere, where the average trapping scal8ds35 with more meridionally extended
MRG waves (up to 59 during the solstice seasons (JJA and DJF). The stratospheric MRG
waves extend in the meridional up to approximately 5548ith less pronounced seasonality in
equatorial trapping compared to the upper troposphere.
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