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A nonlinear perspective on the dynamics of the MJO 30~

Abstract

The 30-60 day intraseasonal atmospheric oscillation iretheatorial atmosphere, the Madden-Julian os-
cillation (MJO), is most visible in its signature of outggifongwave radiation and associated convective
centers. Diabatic processes related to tropical conveetim two-way atmosphere-ocean interaction are
hence generally believed to be crucial in explaining thgiorof the MJO phenomenon. However, reliable
deterministic forecasting of the MJO in global circulatimodels and understanding its mechanism remains
unsatisfactory. Here a different approach is taken, whegehiypothesis is tested that eastward propagat-
ing MJO-like structures originate fundamentally as a restihonlinear (dry) Rossby wave dynamics. A
laboratory-scale numerical model is constructed, whegegdneration of solitary structures is excited and
maintained via zonally propagating meanders of the marnaliboundaries of a zonally-period&plane.
The large-eddy simulations capture details of the fornmadiosolitary structures and of their impact on the
convective organization. The horizontal structure andptapagation of anomalous streamfunction pat-
terns, a diagnostic typically used in tracing the equatdidO, are similar to archetype solutions of the
Korteweg-deVries equation, which extends the linear shalvater theory — commonly used to explain
equatorial wave motions — to a weakly nonlinear regime foalsRossby numbers. Furthermore, the char-
acteristics of the three-dimensional laboratory-scateenical results compare well with observed features
of the equatorial MJO and thus the study provides indireittesce of the basic principles underlying the
wave-driven eastward propagation of the MJO.

1 Introduction

The Madden-Julian oscillation (MJOM@adden and Julignl971, 1972 is an influential intraseasonal atmo-
spheric fluctuation in the equatorial troposphere, rasyiiti slowly eastward propagating severe weather where
it occurs. Therefore, the MJO is of interest to extended ormadiange numerical weather prediction (NWP)
and climate modellingg CMWF, 2003. It is not strictly an oscillation as its period varies atgldppearance is
episodic Hartmann and Hendor2007). Diabatic processes associated with tropical convectimhtwo-way
atmosphere-ocean interaction are generally believed widrgficant for an explanation of the MJO. Exist-
ing theories stress the importance of the feedback mecharbgtween convection, large-scale dynamics and
surface fluxes; seBhang(2005 for a comprehensive review. However, while a synthesiheftheories and
observations explains important aspects of the MJO liféegyet unifying theory is still elusive for the basic
mechanism that would also explain the ubiquitous modetliiifiiculties with state-of-the-art global NWP and
climate models. The atmospheric processes involved appdarof a complex, multi-scale natutdd@ncrieff,
2004 Biello and Majda 2005, ranging from small-scale turbulence to convectiveli@n meso-scale cloud
clusters in an equatorial environment, where large-sdat@spheric waves prevail.

An intriguing aspect of modelling MJO phenomena has beearteg recently byMiura et al.(2007) and by

Lin et al. (2008. In the former case an MJO-like structure — albeit propagatioo fast — has been simulated
utilizing a “cloud-permitting” model with 7 km global griegesolution. Whereas in the latter case “no convective
parametrization” global circulation model (GCM) simutats produced “one of the most realistic MJO signals
in terms of variance, eastward propagation, and prominehttee spectral peak”. Because both works tend in
effect to de-emphasize the role of moist convection, thegarepaper revisits in detail the theoretical importance
of resolved nonlinear dry dynamics for MJO-like phenomena.

In particular, here the hypothesis is tested that episodi©OMke structures propagate eastward as a result
of nonlinear Rossby wave dynamics in a background flow prditioned with lateral coupling to the extra-
tropics. In the equatorial troposphere a correlation behweastward propagating signals and extratropical
wave activity appears to be in agreement with observatiodgsteeory Mak, 1969 Strauss and Lindze200Q
Hoskins and Yang200Q Straub2003. In Majda and Biello(2003 a reduced set of coupled Korteweg-deVries
(KDV)-like equations is derived under the assumption of kveanlinearity. Their reduced asymptotic model
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describes the fundamental (nonlinear) process of eneaggfer between long-wavelength equatorially trapped
baroclinic Rossby waves and barotropic Rossby waves witfe leneridional wavelengths in the presence of
both meridional and vertical wind sheai¢llo and Majda 20043. Importantly, solitary wave solutions are
admitted by their novel equations, in which a quadratic imelrity AOA/d& and a balancing dispersion term
0°A/d&3 of the waves’ amplitude evolution (as in the classical KD\uatipn @)) occur in different equa-
tions of the coupled set, resulting from the interaction afdtropic (extra-tropical) and baroclinic (equatori-
ally trapped) wave-packets. What makes solitary wave tegavith KDV-like solutions particularly attrac-
tive is that they extend the linear shallow water thedvia(sung 1966, commonly used to explain different
modes of equatorial wave motions, to the weakly nonlineginte. Remarkably, most or all spectral signals of
satellite-observed outgoing long-wave radiation (OLR) -praxy for cloudiness — can be explained via the
linear theory of equatorially trapped wavesxcept for the dominant low-frequency spectral peak oMJ©
(Wheeler and Kiladis1999.

There have been earlier attempts to explore the role of imeyiity for low-frequency equatorial waveBuyl,
1987 Zou and Chp2000), but their findings have been either negative or inconetudin an attempt to explain
the anomalous eastward propagation Batiil (1987 andZou and Chd2000 tried to establish a link between

a locally prescribed large-scale (internal to the tropaigpatic heating and the dynamic evolution governed
by the nonlinear shallow water equations. However, thisisldmentally different to the approach adopted in
the present paper, where episodic eastward propagatiitgrgdtructures emerge as a result of the specified
fluctuations of the meridional boundaries. More recentlgpalinear view of intraseasonal oscillations in the
Earth’'s atmosphere has been offered based on resonaninteagctions of a discrete set of planetary waves
(Kartashova and L'voy2007). Their interpretation of intraseasonal oscillations asirdrinsic atmospheric
wave phenomenon is akin to the KDV theory, as the KDV equatiad triads of interacting planetary waves
adopted inKartashova and L'vo\(2007) are related via the nonlinear Schrodinger equat®oy@l and Chen
2001); the latter may be derived from quartic wave interactidPkil(ips, 1981). Inasmuch as reduced models
elucidate fundamental aspects of the dynamics of MJO-lllenpmena, they guide the design of focused nu-
merical experiments. Herein, numerical evidence is pteseof the realizability of episodic solitary structures
from nonlinear wave dynamics. As such the results substaritie view taken iKartashova and L'voy2007).
Moreover, the results shown offer an explanation for thguitdbus modelling difficulties of GCMs.

The fundamental aspect of MJO dynamics isolated in this psip@vs some parallelism to the investigations
of Jovian vortex dynamics, and the Great Red Spredekopp 1977 Yano et al, 1997 in particular. For
geophysical vortices the notion of weak non-linearity igofcriticized and superseded with more general non-
linear theories of long-lived solitary vortices, namelydoas Elierl, 1987). IndeedDelayen and Yan¢2009
suggest that modon theory may provide a good analog for ctimety-coupled equatorial waves. Notwith-
standing, Rossby solitary waves epitomize the underlyiygachical component relevant to the formation of
episodic, solitary equatorial modes.

To illustrate the formation and subsequent evolution atay waves in a more realistic laboratory-like frame-
work, the authors have extended their virtual laboratornyiriternal wave motionsWedi and Smolarkiewicz
2004 2006 to the case of rotating fluids on an equatoflaplane Wedi and Smolarkiewic22008 hereafter
WSO08b). In large-eddy simulations (LES) utilizing thisrfrawork, an eastward propagating large-scale Rossby
solitary structure emerges after a long time compared ttirtee scale of the external forcing. In the idealized
setting, laterally meandering boundaries provide a tedimg) and pulsating forcing to the equatorial flow in
analogy to the lateral coupling to extratropical motiors, &lateral coupling to the meanderings of the subtrop-
ical jets Charney 1963. The forcing adopted in WS08b is similar to the one usellatanotte-Rizzoli et al.
(1988 for the study of long-lived horizontal structures obserirethe vicinity of the Gulf stream meanders.

1After Wheeler and Kiladig§1999 equatorial wave patterns in the spectral analysis of liatebserved data records have been
termed as “convectively-coupled equatorial waves”.
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The organization of the paper is as follows: the next seqti@sents the theoretical background for the MJO
based on equatorial Rossby solitary waves in a horizontatlgmogeneous background flow. Secti®de-
scribes idealized 3[B-plane simulations, shows numerical evidence of anomadolitary structures and ex-
amines sensitivities leading to the destruction of sglit@aves. Sectiod discusses the results and sectton
concludes the paper.

2 Theoretical background

In order to explain the occurrence of eastward propagatititpsy horizontal structures like the MJO, we
consider near-equatorial motions in a stratified fluid wihd time-scalegr = 1/BLT <« 1 and relatively
large length-scaléss, =U /BL? < 1; whereU L, T denote velocity, length, and time scales respectively,gand
denotes the constant latitudinal gradient of the linedr2eriolis parameter. The assumption< 1 is satisfied
in the equatorial troposphere for> 1000 km andl' 2 10 days, whereag < 1 is satisfied foilL = 2000 km
andU =10 ms.

Before proceeding a few comments on atmospheric scales tibmmio equatorial regions are in order. In
Yano and Bonazzol&2009 the authors identify three main tropical regimes, depegdin the relative impor-
tance of the Coriolis force. Because of their potentialvahee to the MJO, in the following, only the first
two are considered: the synoptic scale, where the Coriotifis in balance with all other terms in the equa-
tions; and the planetary scale, where the Coriolis forcesssimed to dominate over the horizontal advection.
With the absence of latent heating, a vertical scale corbpmta the density scale height of the atmosphere
and a dominating advective time-scdle= L/U, synoptic-scale tropical circulations (10§0L < 3000 km)
are characterized by essentially barotropic, quasi-bota motions with small divergence of the horizontal
wind (Charney 1963 Holton, 1992 chap.11.2). The recent analysis of observational déad et al, 2009
Yano and Bonazzol&2009 confirms and extends the relevance of this synoptic-seaene, indicating the
persistence of quasi non-divergent motions beyond thelitalimits of the scale analysis. The elementary
predictive tool for synoptic-scale tropical circulatiorenvisioned to be primarily driven by lateral coupling
with extratropical and precipitating tropical motions tle barotropic vorticity equation derived I§harney
(1963 for Rossby numbers Re U /BL? > 1, where U denotes a characteristic zonal velocity ladénotes a
characteristic length scafe.

Planetary scalels > 3000 km in the tropics are commonly viewed as dominated talinvaves — described
by the linear shallow-water theory with advective termsleetgd — with characteristic time scale signif-
icantly shorter than that of synoptic-scale systeMsitéung 1966 Gill, 1980 Wheeler and Kiladis1999
Yano and Bonazzo|a2009. Consistently, a substantial part of the observed lacgdestropical variability
is explained by linear equatorial wave motions. This issiitated by the finding iZagar et al (2005 that
convectively-coupled equatorial waves (cf. footnote 1}aha dominant portion of the horizontal structure
of statistical deviations from a linear wave model, whicleisployed instead of a quasi-horizontal “balance”
modef* for optimizing the multivariate use of observations in theNEWF global data assimilation for NWP.
However, low-frequency planetary-scale waves in the é®pivith relatively small meridional-to-zonal wave-
length aspect ratio, can be described by the same barotrogicity equation as obtained yharney(1963

for synoptic-scale motiongv{aicun, 19871).

2The geometric scales have to be sufficiently short, howswemt invalidate thg8-plane assumption.

3A similar equation, for an incompressible fluid with variaklepth, has been used Rpssby(1940 in his model of the midlatitude
barotropic atmospher&(o, 1972).

4In contrast to the geostrophic theory of midlatitudes, aived model valid across a wide range of scales, does notfexiste
tropics Saujani and Shepherg006.
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The multiscale MJO model @iello and Majda2005 bridges synoptic- and planetary-scale regimes discussed
above. In technical terms, the leading idea of their apgrasdo solve the linear equatorial planetary-scale
wave equations, forced by the synoptic-scale heating fiictos coarsened to the planetary scale. Their multi-
scale MJO model has successfully reproduced the vertitaitate of observed MJO events. Most importantly,
the analytic tractability of the underlying quasi-linearrhulation makes it an attractive tool for studying se-
lected aspects of the MJO evolution. The numerical resuéisgmted below, however, support the view taken
in Majda and Biello(2003), Mak (1969 andCharney(1963), stressing the chronological importance of quasi-
horizontal, nondivergent motions at synoptic and playetjuatorial scales, governed by the conservation
of absolute vorticity. The latter view thus offers an expltion for the persistence of MJO-like structures in
the absence of large heating rates — a prerequisite of thitssgale MJO model iBiello and Majda(2005),
thought to be induced by eastward moving cloud superclugtésjda and Biellg 2004).

The MJO possesses a characteristic length scale well &bev@000 km Yano and Bonazzo|2009. Charac-
teristic time- and length-scales of observed equatoriasBpwaves are also large with a dominant wavenumber
6 and periods of 10-15 dayKi{adis and Wheeler1995 Wheeler and Kiladis1999. Motions at such large
characteristic time- and length-scales thus satisfix 1 and Ro= ¢ « 1, and are governed by a barotropic
potential vorticity equation, derived from an asymptotipansion of the nonlinear shallow water equations
for small Rossby number and length scales L (Pedlosky 1987, p. 86), wherd.g = +/gHe/BL denotes
the external Rossby deformation radius, with gravitati@eaeleratiorg and equivalent depth (Gill, 1982,

p. 437). In contrast to the scale assumptions for lineangttay-scale equatorial waves, the nonlinear advec-
tion terms are assumed to be of equal importaResl(osky 1987, p. 88) with a dominant advective time-scale
L/U. In the tropics, the Rossby number of atmospheric motiogpgally larger than in mid-latitudes and
consequently, the nonlinear effect of advection become ingportant Kaicun, 19873.

The quasi-geostrophic potential vorticity equation edtethe shallow-water theory to a rotating, density-
stratified fluid Pedlosky 1987 ch.6.8, p.362).Verkley (2009 recently developed a global version of the
potential vorticity equation, in which replacing the cardtCoriolis parametefy in the equatorial region by the
variable f = By is justified for large-scale atmospheric flows with smallibontal divergence. Consequently,
the nonlinear, quasi-horizontal evolution in a rotatingnsity-stratified fluid with constant Brunt-Vaisallafr
quencyN in the equatoriaB-plane is given as

17}
a—?+f(w,q+ﬁy)=nQ, 1)
wherey(x,y,zt) denotes the streamfunction, and- By is the potential vorticity with
2
a=Py+07 20 Y (0 -1y @

as defined irMalanotte-Rizzoli et al(1988. Hereo andn denote binary switches, with the values of either
1 or O, for a stratified vs. a homogeneous shallow-water flo@itae addition of an external heating function
Q; .72 = (Lp/L)? is the squared ratio of the internal Rossby deformationusatly = NHo/BL with the
characteristic horizontal length scale of the motibf {s the fluid depth);a = 1/L3 is the reciprocal of the
squared external Rossby deformation radius; the Jacopinatr is defined agZ (a,b) = (da/dx)(db/dy)—
(0a/dy)(db/dx) and the Laplacianl?> = d/dx*+ d/dy?. Equations ) and @) are in nondimensional form,
assuming the dimensionless variables such that

(X,y) =L(xy),Z =Hoz, €)
t' = (L/U)t, @ =ULy,B = (U/LA)B,

where primes denote dimensional variablesRe#dekop(1977).
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The authors irMalanotte-Rizzoli et al(1988 solved equation1) numerically, withc = n = 0 and with a
northern boundary forcing of the form

W(X, 1at) = l.onN (Xat)> (4)

using a few distinct space-and-time dependent profii€s,t). In particular, a propagating and pulsating shape
resulted in the emergence of self-advecting solitary aires, their “modon” regimealanotte-Rizzoli et aJ.
1988. The structures obtained in WS08b and in sec88r2 where the fully nonhydrostatic equations of mo-
tion have been employed, are consistent with the numebatisns of (L) presented iMalanotte-Rizzoli et al.
(1988.

Analytic solutions of the linearized form of) with and without topography under a specific northern baumyd
forcing (4) are discussed in detail Malanotte-Rizzoli et al(1987), where particular attention is given to the
transition to the nonlinear regime. The full initial valueoplem of the nonlinear equatiod)(with a north-
ern boundary forcing is analytically intractablsldlanotte-Rizzoli et aJ.1988. Notably, the linear shallow
water theory of equatorially trapped waves is typicallyedl on the equatorig-plane withy vanishing at
the meridional boundaries. Equatiol) (possesses linear plane-wave-form solutions for unifoomag flow

(U = const,V = 0) (Pedlosky 1987, p.108) as well as periodic and solitary solutions in thengstptic limit

of weakly nonlinear dispersive waves. In the absence of adimeally varying background flow the terms
including a ensure the theoretical existence of solitary structuresiie homogeneous shallow-water case
(o0 = n = 0) and for moderate Rossby radBdyd, 1980. The influence of a horizontally inhomogeneous
background flow on the solution has been discussed in thextooit midlatitude flows irHodyss and Nathan
(2002, where it is shown that Rossby solitary waves emerge asiét tfs meridional shear of the background
wind and that these waves can propagate eastward undeinaotalitions, thus resembling a characteristic
feature of the MJO.

Given a time-independent background winfk,y, z) = —d Y (x,y,2) /dy andV (x,y,2) = dP¥ (x,y,2) /dx; the
perturbation streamfunction is
LIJ(Xaya Z’t) = LIJ(X’y’ Z’t) - lrUU (X>y> Z)' (5)

Considering motions with either < 1 or 0 = 1 and insertingX) into (1) allows to write
17} 17} 17}

ZiuZ vz
ot “ax Yy

,0°W

2 _
OVWYW+ovr 02

) (6)

0%
+ (W, 0V 07 Zﬁ)

oV U 02PN
+j<w>ﬁ—a_y+ﬁy+ay 022 >_r’Q>

where the background streamfunction is required to satisfy

u OV U 02 ~
/(W ,E—a—erBeray FE >_nQ, (7)
andQ = Q— Q denotes a perturbation of the external heating with resjeitte background stat®(x,y, z).
Considering relations), the streamfunction solution o) may be interpreted as the evolution of a time-mean
anomaly, that is, the spatio-temporal deviation from tineetiaveraged streamfunction, if (i) the time-mean
field satisfies 7); and (ii) the time-mean of the self-interaction tergi (W, 0?W + 0.7 292W/97%) is smalll.
Notably, it is this self-interaction term that provides @ssential nonlinearity, necessary to obtain solitary wave
solutions. An evolution equation for the amplitude of soljtwaves (i.e. a KDV equation) can be derived from
equation 6) for weakly nonlinear dispersive wavedddyss and Nathar2002 Dodd et al, 1982 chap. 2 and
references therein). Although the derivation of the pasnbrticity equation {) is based on an asymptotic
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Figure 1: Instantaneous temporal anomaly of wind (vectanshhe nonlinear 2D simulation with a propagating and
meridionally pulsating lateral forcing as described by étfl).

expansion for small Rossby number, it has been showvatanotte-Rizzoli(1980 that the permanence of
solitary structures persists beyond the validity of thewitatheory upto Ro— 1, after which a transition from
wave-like to turbulent behavior ensues.

In WS08b the multi-scale anelastic research code EULRfEga et a).2008 was introduced with a pulsating
and zonally propagating meridional boundary meander.aBlyitmodified — by assuming an incompressible
fluid confined between free-slip rigid-lid boundaries andvagability in the vertical — it has been employed
to mimic the nonlinear barotropic shallow water equationg&@onally-periodig3-plane. Using this 2D model
the authors reported a robust low-wavenumber and low-&ecqy anomalous signature in the results, thought
to be induced by the boundary meander. Figushows a snapshot of the instantaneous anomalous flow field
in the 2D simulation with the meridional boundary meandeec#ied later in eq.11). The anomaly has been
calculated with respect to the time-mean field. The anonsadowinter-rotating vortices are pulsating and pro-
gressing eastward. In the 2D simulation, a quadrupole tsirei¢orms first and persists for some time, to later
change into a single pair of anomalous counter-rotatingiogs. With a single-sided forcing smaller anoma-
lous vortices can be seen to merge into a single, larger doasflow vortex that is maintained throughout the
simulation unless the lateral forcing is stopped. In thietatase we find that the vortex propagates for a while
and then dissipates. This is in agreement with the resultsdfin Malanotte-Rizzoli et al{1988, where such a
vortex depending on the nonlinearity of the forcing can igéfer a long time against the effects of dispersion
(numerical or physical).

The horizontal structure found in the 2D simulation coroests to the prototype Rossby soliton (cf. Fig. 2 of
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Figure 2: Instantaneous temporal anomaly of wind (vectotsained from a weakly-nonlinear analytic streamfunction
solution of the KDV equatior8f with time mean coefficienis = —1.51, y = —0.043 and é = +0.05. The solution
utilized the time-mean zonally-averaged background wiff flom the 2D numerical simulation.

Boyd (1980) — a solution of the KDV equation

JA _O0A JA  93A
+057 +HAS; +

T FE; EF; yd—f:))zov (8)

whereA describes the amplitude evolution, in zonal directtoand in timer, of the streamfunction anomaly
Wl = A, 1)YU(y), where YV is a meridional structure function found by solving

Yo + [(B—U)/(U© —co)| YD = 0 and 5, 1, y are non-dimensional coefficients (cEu et al.(2005);

U@ denotes the time-mean zonally-averaged background widdg@a —f/(k?+12) is the linear Rossby
wave’s propagation speed, akd denote zonal and meridional wavenumbers, respectively.e hinizontal
structure of solitary Rossby waves is anisotropic with aierial winds weaker in comparison to the zonal
winds near the equator. An analytic solution of the KDV e@ra(8) is obtained with the time mean coef-
ficients y = —1.51( 0.02), y = —0.043( 0.0001), and d = +0.05( 0.082), where the values in parentheses
indicate the standard deviations. The computation of thedfictents and of the meridional structure func-
tion utilized the time-mean zonally-averaged backgrouriadw) ©) from the 2D numerical simulatiory (1)

is found O Hn(y)e‘yz with Hy(y) denoting thenth Hermite polynomial, characteristic of equatoriallyppad
waves Matsung 1966 Boyd, 1980. The analytic solution using the time mean coefficientg(E) repro-
duces a pair of eastward propagating anomalous countgifngtvortices. While the structure of the anomaly
is comparable to those in the 2D numerical results, the andgliof the zonal velocities and the propagation
speed is much larger in the analytic solution. Furthermibre,anomalous time-variation of the coefficient
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Figure 3: Temporal anomaly of wind (vectors) aftér U /Lpt = 797 in the 3D simulation a0.04 m height (ap-
prox.0.4H,) with a propagating and meridionally pulsating lateral &dmg as described by eqlLl).

is inconsistent with the slow time-scale assumed for the KB&6ry. In conclusion, although a simple KDV
model illustrates some aspects of solitary equatorial ohyos, the discrepancies between the analytic and the
fully nonlinear numerical results are significant. Nevel#iss, Rossby solitary structures are a distinct feature
of the large-eddy simulations presented in the next section

3 Large-eddy simulationson the equatorial B-plane

The laboratory experiment d?lumb and McEwar{1978 and their numerical equivalent®lgmb and Bell
1982 Wedi and Smolarkiewic2005 2006 were shown to be useful tools for understanding geophlyshee:
nomena in a controlled environment. Hence the realizghilitepisodic solitary structures in a fully nonlinear
three-dimensional flow is first established in such an idedliframework before attempting to explain their
occurrences in nature, and before attempting to commerttedifficulty of their simulation in GCMs. The
B-plane model introduced in WS08b serves here as an analtgau®espite its simplification with respect to
natural atmospheric processes the model incorporategciiver motions, externally driven large-scale dynam-
ics and surface boundary layer fluxes due to imposed heatislhdriation. It thus implements and sufficiently
enriches the reduced MJO models of the previous sectionptstantiate the hypothesis that, under certain con-
ditions, eastward propagating solitary structures emanglematch the characteristic dynamics of the equatorial
MJO.
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3.1 Numerical mode

The Boussinesq equations of motion for a rotating, dersdigtified fluid shown in WS08b are cast here
in a time-dependent curvilinear framewoiRr(isa and Smolarkiewic2003 Smolarkiewicz and Prus2005
Wedi and Smolarkiewic22004):

—k
a(p*vs

dp/_ _kape ar

o ke

Here,p* := poG, with G denoting the Jacobian of the transformation between paly&icx, y, z) and compu-
tational (t, X, y, z) space. Indice$,k = 1,2,3 correspond to the y,zcomponents, respectively; summation is
implied by repeated indices, unless stated otherwise. Gtaéderivative isd/dt = 0/0T+W’ (0/9%)), where
V" := %I denotes the contravariant velocity in the transformed é&aork. The solenoidal velocity, satisfying
the mass continuity equation i8)( isV® :=v*' — dx! /dt. The components of physical velociy are related
via VB = Givl, whereGX = (9x/9x)) are the transformation coefficients in the computationacep The
particular mapping employed assumes identity transfaomat = t, X = x andz = z, but
o y— yS(Xv yvt)
Y yOyN (X7y7t) - yS(X7y7t) ’
whereys andyy are the southern and northern domain boundaries, resplgctandyy denotes the domain
size in meridional direction. Numerically, the elementstiué Jacobi matrix are evaluated (fX) leading
to the required subset of (non-trivial) coefficiei® = ¥~ 1dy/dy, G} = ¥ 1dy/d%, G} = ¥ 'dx/dy, and
G3 = 9 1ox/d% with ¥~ = (dy/dydx/dxX — dy/dxdx/dy)~L; cf. Wedi and Smolarkiewic£2004 for de-
tails. Thep’ and 7' denote, respectively, density and normalized-pressurteirpations with respect to the
ambient state characterized by the geostrophic wind coerent and the linearly stratified profilge =
po(1— (N?/g)z); g symbolizes the gravitational acceleratigg,is a constant reference density, &denotes
the Brunt-Vaisalla frequencyds’' is the Kronecker delta. Note that the ambient zonal flgwicf. tablel) is
used together with the boundary meander to mimic an extpaeial anomalous flow between 600hPa-200hPa.
The Coriolis-force terms on the equatorf@dplane are given a6 = +By(v? —V2), €2 = —By(Vt —\2),
and%® = 0. Diabatic and frictional terms emulating boundary layadgacent tar = y,z boundaries are of
the form.Z,(r) := 1,%e"/"(p — pp) and Z 1 (r) := 1,;'e "/N(v) — ), with subscriptb denoting a prescribed
boundary value; the attenuation time scalestgre AZZ/K andrt,; = 0.125r, (assuming diffusivity of heat in
water,k = 1.39x 10~/ nm?s™1) and height scall = 2Az, whereAz is the vertical gridsize. Given the model's
formulation in density, heating is included indirectly ‘fge gradient of density at the lower boundary, which
induces convective vertical motions. Weak, moderate amthgtheating is defined by the boundary value of
the density ratid pp — pp)/Ppb=0.0016,00048 and 096, respectively. The velocity values at the lower and
lateral boundaries are set to zemé £ 0) unless specified otherwise. The upper boundary is fpesith
F(z=Ho) =0and.Z,(z=Hp) =0.

(10)

The governing equation®) are discretized in the transformed space using a secatad-accurate, flux-form
Eulerian, nonoscillatory forward-in-time approach, &molarkiewicz and Szmelt¢2009 for a recent dis-
cussion. All prognostic equations i®)(are integrated consistent with the trapezoidal rule titrgathe in-
viscid adiabatic dynamics on the rhs implicitly. Frictibrzand heating terms are computed explicitly, to the

5The shallow atmosphere (or “traditional” approximatiomstbeen applied here for consistency with simulations usiagnte-
grated Forecasting System (IFS), the operational glolatfst model at ECMWEF; see aldéedi and Smolarkiewic2009).
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first order. Together with the curvilinearity of the coordlies, 9) leads to a complicated elliptic problem for
pressure (see Appendix A rusa and Smolarkiewic2003 for the complete description) solved iteratively
using the preconditioned generalized conjugate-residppitoach — a nonsymmetric Krylov-subspace solver
(Smolarkiewicz et a).2004).

The simulations described here broadly fit into the classnplicit large-eddy simulations (ILES). ILES dis-
penses with explicit subgrid-scale models and exploitscation properties of high resolution (non-oscillatory)
finite-volume methods to mimic the spectral viscosity ohg@d LES Domaradzki et a] 2003 Margolin et al,
2006 Piotrowski et al. 2009).

The experiment is set in a zonally-periodic, equatofigblane. The simulations are represented by %28
128x 64 gridpoints and the experimental parameters and theiegponding atmospheric values (discussed in
the text) are summarized in tallle The characteristic scaleésU, B’, Hg are used in the non-dimensionalization
(3) to equivalence laboratory-scale and atmospheric-scat®ns in terms of the Rossby (Ro) and Richardson
(Ri = N?HZ/U? = ¢(10)) numbers and flow Froude number {Fr U2/gHo < 1). All times, as well as zonal
and meridional lengths are normalized in the followingTyandLp, respectively.

Table 1: Experimental parameters.

Symbol Laboratory Scale Atmospheric Scale Description

L 2m 4000 km length-scale

U 0.05ms* 500 mst velocity-scale

B’ 0.093nTls?t 23x 10 ¥m1s?t Coriolis B

N 1.566s ! 0.01st? Brunt-Vaisalla frequency

Ue, (Ve = 0,We = 0) 0.05ms? 50.0ms?! ambient flow

X0 43m 8600 km zonal domain length

Yo 40m 8000 km meridional domain width

Ho 0.11m 17000 m vertical domain height

T, T 120s100s 27 days 2.3 days forcing periods

a 0.2m 400 km forcing amplitude

A =Xo/s(s=6) 0.717m 1430 km forcing wavelength

Lp = NHy/BL 0.926 m 1850 km equatorial deformation radius
To=Lp/U 185s 10 hours equatorial deformation time

The model uses a timesté&p = 0.1 sand is run for up to eight hours 6t =t/Tp ~ 1555. Given an equatorial
deformation timeTp = 10 hours in the Earth tropics, the simulations represenbargdory-scale ‘climate’
realization.

The meridional boundaries are specified by the superpogitidwo waves with frequencies, = 2m/T; and
wp =211/ Ty,

_Y
2

— wlt) sin (kxx— a&%z—wzt> ,

andyn(x,y,t) = —ys(x,Y,t), whereyp denotes the domain size in meridional direction (and armmaisly xo spec-
ifies the domain size in zonal direction) akd= 2717/A with zonal wavelengtiA . Such a forcing prescribes a

ys(X,y,t) = (11)

+ acos( 2
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Figure 4: Vertical cross section of vertical velocity (nmaidnally averaged over the near equatorial regit0.844Lp from
the mid-channel (y= 0)) at t* = 797for the simulation of a stably stratified flow with uniform twsh heating &, # 0)
and boundary layer friction. 1 # 0) included. Contours arex( 107> ms™1).

boundary meander (a similar forcing is provided in case dlat1 inMalanotte-Rizzoli et a].1988 propagat-
ing eastward with the mean phase velo¢iy + w;) /2ky and pulsating with the frequen€w, — ;) /2. Unless
specified otherwise the boundary forcing is active in théoget08< t* < 1555 and the forcing amplitudeis
one tenth of the meridional extent of the domain. Equatidd3} together with 9) allow for a time-dependent
meridional boundary forcing free of small-amplitude apgmeations.

3.2 Results

The principal result is that the meridional undulatioid)(generate a long-lived, anomalous structure that
corresponds to a robust low-wavenumber and low-frequeigtyatire in the wave-spectra obtained.

In the 3D simulations that include stratification and thdrfoecing, the flow field is more complex than in the
2D results alluded to earlier. FiguBshows the instantaneous eastward propagating anomalodgweictors)
at~ 0.4H, (0.04 m height) aftet* = 797. The velocity vectors ar€(ue) as in the 2D numerical results in
Fig. 1. Similar to the 2D simulations both a single pair of vortiesswell as a quadrupole structure persists at
different times. The near-equatorial easterly anomaln ge€ig. 3 prevails uptox 0.6H,. At levels below, the
equatorial wind is flanked by two counter-rotating vortitesated nearer to the equator. Higher up a broader
quadrupole structure spanning the whole meridional exietite domain is more evident (not shown). Overall
the 3D organization is reminiscent of Fig. 6a Moncrieff (2004). The corresponding anomalous vertical
structure is displayed in Fig. Broad areas of dark and light shading denote upward anddawavertical
motions, respectively. The upper panel in FBghows the corresponding Hovmoller diagram of the eastward
moving temporal anomaly of velocity potenfiat 0.4H, height. The dark contours indicate negative velocity
potential and light contours denote positive velocity ptisd. The latter corresponds to the center-left of the
Rossby solitary wave structure, F§j.and is associated with upward vertical motions, 4ig.

Deep convection — here defined as the dry, buoyancy-driveticaemotions resulting from the prescribed
near-surface density gradient — develops randomly tintd 108 in the simulation, before starting the oscilla-

6velocity potential anomalies are a common tracer of the Md@vever, it has been shown @hen and Che(i.997) that velocity
potential and streamfunction may be used equivalentlyptis firopagate eastward coherently for the equatorial MJO.

Technical Memorandum No. 602 11



0

A nonlinear perspective on the dynamics of the MJO

dimensionless time

0.0010

0.0008 — -

0.0006 — -

0.0004 — —

Frequency

0.0002 — -

0.0000 -

L | L L L | L L L | L L L | L L L | L L L
-6 -4 -2 0 2 4 6
Westward Modes Wavenumber Eastward Modes

Figure 5: Hovnller diagrams of the temporal anomaly of velocity potelntia 10~ m?s™1) at 0.4H, for the simulation

of a stably stratified flow with uniform bottom heating{ # 0) and boundary layer friction.¢ I £ 0) at the bottom
and the lateral walls included. The upper panel shows thailsition with a continuous lateral boundary oscillation
(after t* = 108). The Hovriller data has been averaged over the near equatorial regifr844Lp from the mid-channel
(y=0) and lowpass filtered, to attenuate all frequencies largett aqual to the beat frequency of the boundary oscillation
(ap — an)/2. The lower panel shows the wavenumber-frequency anallisesfrequency displayed is the inverse period
w/2m. The spectral analysis as well as the computation of the teahpnean involved the full simulation peri@dk t* <
1555 Both time and the zonal length are nondimensionalizedyusia internal Rossby radius of deformatiog. L
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Figure 6: Hovnbller diagram of the temporal anomaly of velocity potential 10~° n?s 1) at 0.4H, same as in Fig5
but for the simulation where the lateral boundary osciltetis stopped at't= 762

tion of the lateral boundaries. This initial stage can bartjedistinguished by the regime change in Bgvith
the onset of zero or negative velocity potential. JudgignfiFig.5 it takes approximately 140 dimensionless
time units after the start of the boundary oscillationspbethe first solitary structure emerges. Initially higher
wavenumber modes are present. The wavenumber-frequeagsadi of velocity potential in the lower panel
of Fig. 5 confirms a dominant eastward propagating wavenumber one imdtde 3D simulation with periods

of approximatelyT* = 194. This period is significantly longer than the periodaisged with the beat fre-
quency and the individual forcing frequencies of the boupdand longer than the period obtained from the
linear dispersion relationship for a wavenumber one Rossbie. After the solitary wave has fully developed
in the 3D simulation the eastward propagating Rossby spl#ucture persists untit = 1555 dimensionless
time units, at which the simulation was stopped (Big.When the meridional boundary meander was stopped
att* = 762, the solitary wave equally continued to propagate eastwntil approximately* = 1300, showing
an extraordinary persistence (F&).

A series of simulations — summarized in tale— has been run to explore parametric sensitivities. Both
the specified boundary forcing and the meridional variatibthe Coriolis force are found to be necessary
for attaining long-lived, large-scale solitary structur&@ here are, however, other sensitivities that prevent the
development of an anomalous solitary structure despiterwibe favorable conditions. First, if the fluid is
neutrally stratified no dominant low-frequency eastwarwvestward propagation (Fig) is observed. Instead

a broad range of frequencies is found, unless the meridetaht of the domain is decreasedygo= 1.6Lp or
below, in which case the boundary forcing frequéhiobgcomes dominant.

In simulations with stable stratification but in the abseotall frictional and heating terms% | = Fp=0)a
propagating wavenumber one signal is not observed. Whilgrigeor friction imposed at the lateral boundaries
has little effect on the formation of solitary structurasitifier experiments show that the occurrence of solitary
wave solutions is quite sensitive to imposed variationdhétioundary conditions at= 0,Hy. For example,
noslip upper boundary conditions weaken the eastward gedipey signal. More importantly, if eithe#! 0

or .#, # 0 or both are different from zero at the lower boundary, eastvpropagating solitary waves are ob-

“Given the periodicity of the domain, period refers to theetirquired for an anomalous solitary structure to propagaséward
and return to the same longitudinal position.

8The spectral signal of the boundary forcing (with period8,1dnd 120 seconds) cannot be seen in the figures even if thésdat
unfiltered, since the postprocessing interval for the 3@ datunderlying the spectral analysis — is $0
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Table 2: Summary of parametric sensitivity studies dised&s the text; the symbols and their units are defined in téble
and sectior83.1

Sensitivity N?/g (Po—pPu)/pp  F! a A Wy, W B Figure
Control Q25 00016 #0 0.2 0.717 100120 Q093 34,5,6,11
No Coriolis Q25 00016 #0 0.2 0.717 100120 0 —

No stratification 0 D016 #£0 0.2 0.717 100120 Q093 711

No stratification 0 0 0 @ 0.717 100120 Q093 -
Stratification 1x10% 0 0 02 0.717 100120 Q093 —
Stratification 1x102 0 0 02 0.717 100120 Q093 -

No bottom friction 025 0 0 02 0.717 100120 Q093 11

No bottom friction 025 00016 0 02 0.717 100120 Q093 -

No bottom friction 025 00048 0 02 0.717 100120 Q093 89,11
No bottom heating 25 0 #0 0.2 0.717 100120 Q093 1&,10b
Bottom heating @5 00048 #0 0.2 0.717 100120 Q093 1@, 10d
Bottom heating @5 00096 #0 0.2 0.717 100120 Q093 1@ 10f,11
Forcing amplitude @5 00016 #0 0 0717 100120 Q093 -
Forcing amplitude @5 00016 #0 0.4 0717 100120 Q093 -
Forcing amplitude @5 00016 #0 005 0717 100120 Q093 -—
Forcing amplitude @5 00016 #0 0.005 Q717 100120 Q093 -
Forcing wavelength 25 00016 #0 0.2 0926 100120 Q093 -
Forcing wavelength 25 00016 #0 0.2 0.0926 100120 Q093 -
Forcing frequency @5 00016 #0 0.2 0717 100— 0.093 -
Forcing frequency @5 00016 #0 0.2 0.717 random 0.093 -
Forcing frequency @5 00016 #0 0.2 0.717 ys# —Yn 0.093 -
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Figure 7: Hovnbller diagram of the temporal anomaly of velocity potential10~* m?s~1) at 0.4H, as in Fig.5 but for
the neutrally stratified case. Velocity potential is reschk 10 for plotting.

served in the 3D simulations, cf. Figdand 10 a-b. If the reference simulation (cf. Figsand5) is simplified

by eliminating just the frictional bottom boundary layenetsimulation still develops a dominant eastward
wavenumber one mode (Fi§). Notably, if the oscillating boundary meander is stoppiedra™ = 762 in this
simulation, the solitary structure continues to persidtl ufi = 1555 (not shown), when the simulation was
stopped. Figur® shows a typical cross section of vertical velocityt'at= 849, averaged betweeh0.844Lp.
One can identify deep upward and downward vertical motioitkinvthe eastward propagating envelope be-
tween 04— 1.68Lp, but suppressed otherwise. This particular region is ciariaed by an anomalous positive
velocity potential that is part of a solitary wave structaimilar to the one depicted in Fig.

In the absence of bottom heating (Fif) a-b) the eastward propagation speed of the flow anomaly isatime
compared to the simulation with bottom heating depictedigm3- but the amplitude is weaker. In Fig0,
panels c-f the same frictios?! # 0 as in the simulation of Figb is applied. With moderate bottom heat-
ing the solitary structure is retained (Fij0 panels c-d) but it propagates faster. When the magnitude of
the imposed bottom boundary layer heating is increasefidyrthe signature of the anomalous flow pattern
weakens (Figl0, panels e-f) and becomes more episodic, while convectivtecaemotions and higher hor-
izontal wavenumbers dominate. With strong heating theesponding vertical mixing is enhanced leading
to zero static stability, as in the neutrally stratified ¢ceamed the disappearance of the dominant propagating
low-frequency signal.

Figurellillustrates the zonal mean zonal wind shear in meridiongpén panel) and in vertical (lower panel)
direction for selected simulations. Both the strongly tffteal simulation with no bottom friction or heating
(Z1 = Z, = 0) and the neutrally stratified simulation are characterizg the absence of a vertical shear of
the zonal mean wind and do not show a significant wavenumbesigmal. In addition, there is no significant
meridional shear of the zonal mean wind in the neutrallytified case but there is a meridional shear in the
case with no bottom friction or heating. The simulation wstrong bottom heating has a vertical as well as a
meridional shear of zonal mean zonal wind but no significamtemumber one signal (cf. Fi0f). Further,

the simulation with bottom heatingA, # 0) but no frictional bottom boundary layer imposed (= 0) does
not show a significant vertical shear, yet develops a stroagemumber one signal. In summary, neither a
meridional nor a vertical shear of the zonal mean wind arécseriit for the occurrence of a low-frequency
wavenumber one signal. However, a meridional shear of thalznean zonal wind appears to be a necessary
condition for the occurrence of a low frequency signal in sinmulations.
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Figure 8: Hovnbller diagram of the temporal anomaly of velocity potengial10-°> m?s~1) at 0.4H, as in Fig.5 but for
the simulation of a stably stratified flow with bottom heatfi, # 0) and no frictional bottom boundary layer imposed
(#1=0)

0.82
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Figure 9: Vertical cross section of vertical velocity (nidnally averaged as in Figh) at t* = 849for the simulation of a
stably stratified flow with bottom heating?,  0) and no frictional bottom boundary layer impose# { = 0). Contours
shown are & 104 ms™1).
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Figure 10: Hovniller diagram of the temporal anomaly of velocity potenfial 10~° ns™1) at 0.4H, and the corre-
sponding wavenumber-frequency diagram of velocity pateat the same height as in Fig. but for the simulation of
a stably stratifed flow with (a-b) no bottom boundary layeatiey (%, = 0), (c-d) moderate Jx) bottom boundary
layer heating, and (e-f) stron@) bottom boundary layer heating, respectively. The sinmtatvith weak {x) bottom

boundary layer heating is shown in Fig.
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Figure 11: Characteristic zonally averaged zonal flow (uppanel) for selected simulations. The lower panel shows a
meridionally averaged vertical profileH0.844L from the mid-channel s 0) of the zonally averaged zonal flow.
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Altering the forcing described irlQ) by applying a frequency shift in the translation of only dwndary —
such that the boundary meander is no longer phase-lockebeupes a propagating eastward anomaly that is
more episodic, thus indicating the strengthening effeth@&ignal when a coherent pulsation and translation at
both boundaries exists. Increasing the amplitude of thedaty meandera/L = 0.2) leads to a more episodic
appearance of solitary structures with a weaker amplitundeaafaster propagation speed. Ultimately it leads
to the disappearance of the wavenumber one signal withrlémgeng amplitudea. Decreasing the amplitude
(a/L = 0.025) produces a marked solitary structure with a slower agapion speedT(* ~ 300), whereas at
smaller amplituded/L = 0.005) several Rossby waves but no coherent wavenumber dtesstructure is
observed. The solution dependence on the forcing amplisuistantiates the nonlinear perspective on the
dynamics of the MJO, advocated in this paper. Interestirthlyse sensitivities are consistent with eastward
propagating convective anomalies found in aquaplanet lations with the IFS — used in the operational
global NWP applications at ECMWF — conducted by the first authsing sea surface temperature (SST)
gradients further away and closer to the equaltgale and Hoskins2000, respectively. Furthermore, it is
found that a boundary forcing wavelength closer to the im#eRossby radius of deformatidty is the most
effective way to obtain long-lived coherent structures.tHe above simulationsg /s~ 0.77Lp; simulations
with xo/s= Lp similarly produce persistent solitary waves. In contragipundary forcing wavelengty /s =
0.1Lp did not lead to solitary structures even after long time. sTeisult suggests a resonance effect of the
system with respect to length-scat@sLp ), which is consistent with weakly nonlinear theory of Rossbltary
waves; cf.Boyd (1980.

4 Discussion

Section3 presents evidence how episodic solitary structures enaag@ropagate in an idealized setting on the
equatorial3-plane. The sensitivity experiments indicate the esdawlia of the propagating meridional bound-
ary meander to precondition the background flow in such a Watyit supports the occurrence and persistence
of a solitary wave. Given the extraordinary persistencehefdolitary wave structure in the laboratory-scale
simulations, even when the meander was stopped and despifasence of the frictional bottom boundary
layer, suggests the alternative possibility that in th@ital atmosphere, perhaps only initially extratropical
influences play a decisive role in the formation of an MJO &ven

The effect of stratification is measured by the ra#6 = (Lp/L)? = SHRA? /Fr? with S= N2/g. For a given
Rossby and flow Froude number strong stratification is foorigetan essential pre-requisite for the nonlinear
evolution of slow moving solitary Rossby waves in three disiens. However, for either neutr&4< 0 m™1),
weak S= 1. x 104 m~1) or even moderateS(= 1. x 10-2 m~1) stratification and#’ = .%, = 0 a fairly fast
eastward propagating anomaly is observed, similar (aldwiizontal structure) to the 2D case. In contrast,
with heating or boundary layer friction included, only thenslations with strong stratification result in a
slow moving Rossby solitary wave, whereas all other sinmuiat are dominated by short-scale, convective
patterns without any coherent propagation. Interestjrfglystrong stratification, which implied > f (Gill,
1982 p.449), the mechanism of vortex stretching is essentlltyinated and the motions are governed by
a conservation equation for absolute vorticitgy + f (Pedlosky 1987, p.360). The dependence on strong
vertical stratification thus provides a reason why Rossliyasp waves have so far not been clearly identified
in the well-mixed upper layer of tropical oceans, eitherestzationally or in general circulation modeBdyd,
2002.

In the absence of both heating and boundary layer frictién & Zp = 0), and despite stable stratification
S=0.25 m ! (discussed earlier) the solitary wave appears unstableariitially formed lower frequency
signal (just after the boundary meander started) dies daokigu Despite a strong meridional shear, the simu-
lation shows no vertical zonal mean wind shear, a prergquisi the energy transfer between barotropic and
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baroclinic equatorial wave-packets describedviajda and Biello(2003. The inclusion of bottom friction is
found to significantly effect the vertical shear of zonal meand potentially aiding the formation of solitary
structures. However, the boundary conditions imposex=a0, Hy appear to pre-condition the vertical mode
selection such that it may also weaken the amplitude or eéiteithe occurrence of solitary waves.

The reduced equations dflajda and Biello(2003 and Biello and Majda(20043 have been extended in
Biello and Majda(2004h to include the effect of boundary layer friction by considg the dynamics of the
Ekman layer (cf. Pedlosky(1987 p.185) and thermal dissipation. They conclude that theggnwansfer
between (extratropical) barotropic and (equatoriallypped) baroclinic wave packets is not significantly al-
tered by dissipation. In particular, “strong coherentaites which form are less effected by dissipation of
mean flows since their energy transfer tends to be througittdivave-wave interaction’Bfello and Majda
2004h. This finding is broadly in agreement with the laboratocgle 3-plane simulations that exhibit ex-
traordinary persistence and no diminishing of the initiapditude in the presence of bottom boundary layer
friction. Notably, in the simulations the time-scale of tiscous boundary layer friction is shorter than the
Ekman time-scale.

The enhanced upward and downward motions within the splavelope are particularly strong in the absence
of the bottom boundary layer friction, cf. Fif. The idealized numerical experiments in sectthus address
both the dry and the convectively active phase of an MJO evEhé vertical motions are clearly organized
within the solitary envelope and also outside of it, cf. Figsand 9, whereas in the absence of a solitary
wave random convective patterns prevail. The 3D equafipin(section2 entails a strongly two-dimensional
character and thus does not explain this enforcement ofetiezal motions in the way seen in the simulations.
However, the behavior is consistent with the observatidribeostructure of individual equatorial MJO events,
and it is a robust result of our 3D nonlinear numerical siriofes. Theoretical investigationdpncrieff,
2004 Majda and Biellg 2004 Biello et al, 2007) suggest the importance of a vertically tilted structurd an
associated upscale momentum flux towards larger scaleeddvldO maintenance. Observations of the MJO
appear to support a westward vertical tilt of zonal wind foe Pacific region but not for the Indian Ocean
region Kiladis et al, 2005. In the ILES experiments described in this paper we notstndt westward tilt of
the zonal wind anomalies associated with the fully devalogmitary structure in the simulations with heating
and no bottom boundary layer friction. However, in the siatiohs with boundary layer friction included, the
zonal wind anomalies show no significant vertical tilt.

The laboratory-scale results may be extrapolated to thatedqal atmosphere (cf. Tablg. The effect of strat-
ification is measured by the ratitp /L)? which is &(1) for both the solitary structures in the laboratory-scale
simulations and for the typical length-scale of the equatorial MJO. BothCharney (1963 and
Yano and Bonazzol§2009 stress the strongly stratified character of the largeestalpical environment,
which favors the evolution of nonlinear equatorial Rosskaves in the way discussed earlier. Quasi-non-
divergent flow, driven primarily by coupling with e.g. exmgpical motions Charney 1963, can co-exist
with the commonly accepted view of planetary-scale trdpivations, with linear equatorial waves modulated
by diabatic heatingMlatsung 1966 Wheeler and Kiladis1999 Yano and Bonazzo|2009 Biello and Majda
2005. In this sense, the MJO may be understood as a quasi-htaizom quasi-non-divergent, synoptic-scale
tropical motion that persists at planetary scale due toineatity, and that is governed by a particular solution
of the conservation equation for absolute vorticit§y + f.

The period in our simulations is a function of the domain sigavell as the propagation speed and the relative
size of the solitary structure and its amplitude. Incidiyt# the nondimensionalized perio@* = 194 — as
typically obtained from the laboratory-scale simulatierds rescaled for the tropical atmosphere one obtains
a propagation speed of the solitary structure af s, which agrees well with the observational record
of the MJO Zhang 2005. An analysis of the power spectra of re-analysis data fré?d\& (Uppala et al.
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2005 zonal mean zonal wirfdat 200hPa or at 500hPa shows a statistically robust dewifition an artificially
created red noise spectrum in the range 20-60 dakesl{ 2004). Altogether this suggests that the MJO period
is variable and not uniquely defined by its propagation speed

5 Conclusions

The hypothesis has been tested that eastward propagati@glikéIstructures originate fundamentally as a
result of nonlinear (dry) Rossby wave dynamics. The seriggimerical experiments vindicate the nonlinear
perspective on the dynamics of the MJO. In particular, @hglane model in sectio3.1 reproduces eastward
propagating solitary structures in 2D and 3D simulatiomggpropagating meanders are applied at the merid-
ional boundaries. The reductionisiiizplane model stresses the importance of fheffect for the eastward
propagation and the importance of strong stratificatiorha firesence of boundary layer heating or friction
for the occurrences of solitary structures that subsetpudatermine the organization of convection. Neutral
stratification is found to be a sufficient condition for thdiegtion of a solitary structure. Vertical and merid-
ional shear of the zonal mean zonal wind are not sufficientitiems for the occurrence of a low frequency
signal. However, a meridional shear of the zonal mean zoiral appears to be a necessary condition for a
solitary structure to occur. The boundary conditions ingobatz = 0,Hg are found to substantially influence
the vertical mode selection and can contribute to the sgpjme of the solitary wave itself. Furthermore, ex-
cessive heating or boundary layer friction may eliminateohetent low-frequency signal. Interestingly, the
permanence of solitary structures has been shown to pbesishd the validity of the quasi-geostrophic theory
based on an expansion for small Rossby number, upte-Ro which thus includes the synoptic-scale regime
developed in the scale analysis@fiarney(1963).

The main goal of this paper was to demonstrate the fundamr@heeof resonant nonlinear wave dynamics for
the origin and evolution of periodically reoccuring anoma flow patterns in the equatorial troposphere. As a
result, the MJO may be understood as a quasi-horizontal aasi-qon-divergent synoptic-scale motion that is
driven, or rather preconditioned, by coupling with exiaical weather, and that persists at planetary scale due
to nonlinearity. This motion is governed by a particularusioin of the conservation law for absolute vorticity
0%y + f (Charney1963. Consequently, the process of convection is found to beitapt but chronologically
secondary to the MJO evolution. A case study of an individdd0 event Hsu et al, 1990 supports this view.
However, given the study iMatthews(2008 there may exist more than one MJO mechanism in the tropical
atmosphere.

The authors found further numerical evidence for a robusti@venumber and low-frequency signature in
the equatorial wave spectra at 600 hPa and 200 hPa of idé&liglel-Suarez global climatéleld and Suarez
1994 experiments on the sphere. Notably, these results weainelot from the dynamical core simulations of
two entirely different GCMs, IFS and EULAG. The results carpalso well with analyzed ERA40 data of
individual MJO events, where velocity potential anomatiesfound to exist long before substantial convection
develops. Case studies of individual MJO events reportedsinet al.(1990 and more recently iRay et al.
(2009 support the view that the MJO initiation and maintenancetdeast for some MJO events — is a global
problem. These findings corroborate the results of thispape
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