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ABSTRACT

This study investigates modulation of El NifiobSouthern Oscillation (ENSO) on the MaddenbJulian os-
cillation (MJO) propagation during boreal winter. Results show that the spatiotemporal evolution of MJO
manifests as a fast equatorially symmetric propagation from the Indian Ocean to the equatorial western
Pacibc (EWP) during El Ni fio, whereas the MJO during La Nifia is very slow and tends to frequently OOdetour®0
via the southern Maritime Continent (MC). The westward group velocity of the MJO is also more signibcant
during El Ni flo. Based on the dynamics-oriented diagnostics, it is found that, during El Niio, the much
stronger leading suppressed convection over the EWP excites a signibcant front Walker cell, which further
triggers a larger Kelvin wave easterly wind anomaly and premoistening and heating effects to the east.
However, the equatorial Rossby wave to the west tends to decouple with the MJO convection. Both effects
canresultin fast MJO propagation. The opposite holds during La Nifia. A column-integrated moisture budget
analysis reveals that the sea surface temperature anomaly driving both the eastward and equatorward gra-
dients of the low-frequency moisture anomaly during El Nifio, as opposed to the westward and poleward
gradients during La Nifia, induces moist advection over the equatorial eastern MCBEWP region due to the
intraseasonal wind anomaly and therefore enhances the zonal asymmetry of the moisture tendency, sup-
porting fast propagation. The role of nonlinear advection by synoptic-scale Kelvin waves is also nonnegligible
in distinguishing fast and slow MJO modes. This study emphasizes the crucial roles of dynamical wave
feedback and moisturebconvection feedback in modulating the MJO propagation by ENSO.

1. Introduction progress has been frequently reported with respect to

The MaddenbJulian oscillation (MJO) (Madden and :An;dedr:;agig%LTiZgyanE;jI;Sr\Z:d F;%f’;i;:gg dM\‘/]V(;IE:é?"
Julian 1971, 1972 is the dominant mode of tropical in- 9

traseasonal variability (20D100 days)Zhang 2005 and 2012 Li2014; DeMott et a!. 201§;Wang etal. 2019, mogt

- . . state-of-the-art general circulation models (GCMs) still
exerts signibcant impacts on the global weather and cli- struggle to satisfactorily simulate some fundamental
mate (Zhang 2013, including tropical cyclones (Maloney 99 y

and Hartmann 2000), westerly wind events (Hao et al, characteristics of_the MJO, esp_eC|aIIy its systematic
. . eastward propagation from the Indian Ocean (lO) to the
2019, convectively coupled equatorial waves Roundy

2008 Kiladis et al. 2009), extreme rainfall (Ren and Ren equatorial western .Paanc (EWP) (e.g.,Kim et al. 200.9;

Neena et al. 2014 Jiang et al. 2015Ahn et al. 2017). This
2017 Ren et al. 2019, monsoons (Lau and Chan 1986a strongly suggests the necessity of advancing our under-
Lorenz and Hartmann 2006), and El NifioBSouthern gy sugg vy 9

Oscillation (ENSO) ( McPhaden 1999 Hendon et al. standing of the MJO propagation mechanism.

f the numer heori hree representative kin
2007. Over the past several decades, even though large Ofthe nu goust eories, t e.e epresentative kinds
have been widely used to explain the eastward propa-

gation of the MJO. The brst theory emphasizes the brst-
Corresponding author. Hong-Li Ren, renhi@cma.gov.cn order importance of the tropical atmospheric humidity
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under the weak temperature gradient approximation
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The third theory, namely the frictionally coupled dy-

(Sobel et al. 2003, that is, the OOmoisture modeOO theonamic moisture mode theory (Wang and Chen 2016Liu

(Sobel and Maloney 20122013 Adames and Kim 2016).
Based on diagnostic results from GCMs (Maloney 2009,
Andersen and Kuang 2013, reanalysis (Kiranmayi and
Maloney 2011), and observations Sobel et al. 2014, the

and Wang 20173, has been put forward as a coupling of
the brst two theories. The eastward propagation of the
MJO can be well reproduced by the three-way interac-
tion among convective heating, moisture, and wavebBL

intraseasonal variation of the anomalous moisture is dynamics. In fact, Liu and Wang (2017b) have pointed
assumed to be determined by a linear combination of out that both dynamical wave feedback and moistureb
the frictionally driven boundary layer (BL) moisture convection feedback are essential to shape the MJO.
convergence, the horizontal moisture advection, and the They showed that the former is helpful to slow down the
net moistening of evaporation and precipitation. This eastward propagation and increase the growth rate of
theory can appropriately simulate not only the eastward the planetary waves, while the latter is responsible for
propagation phase speed but also the westward-moving producing dispersive MJO modes. On the basis of pre-
group velocity of the MJO, both of which arise primarily  vious work, in this study, we try to explain the distinctive
from the meridional advection of the low-frequency propagation characteristics of the MJO under different
background moisture due to the MJO-related wind ENSO background states by examining both dynamical
anomalies (Adames and Kim 2016). wave feedback and moisturebconvection feedback.
The second theory highlights the key role of dynamical Studies of the modulation of the ENSO on the MJO

wave feedbacks, such as the frictionally coupled KelvinD can be traced back toLau and Chan (1986b) who re-
Rossby wave theory Wang 1988 Wang and Rui 1990. In  vealed that El Nifio might reduce the frequency of the
this theory, the moisture tendency is neglected. This means MJO via the airDsea interactions. Subsequently, a large

that the diabatic precipitation heating is directly parame-

number of studies tried to understand the MJO variation

terized as a function of the moisture convergence, which under ENSO (e.g., Weickmann 1991, Li and Smith 1995,

is essentially a Kuo-type cumulus scheme Kuo 1965).
Therefore, unlike the so-called moisture mode theory,

Slingo et al. 1999 Zhang and Gottschalck 2002 Hendon
et al. 2007 Moon et al. 2011; Pillai and Chowdary 2016,

which retains the two-way interaction of moisture and Wu and Song 2018. Even though some uncertainties
convection, this theory can only resolve the wave feed- still exist, the preferred Pnding may be summarized as
back, regardless of the key role of moisturebconvection follows: the MJO intensity should vary with the different
feedback (Wang et al. 2016 Liu and Wang 2017bH. The ENSO phases. Typically, the MJO activity over the
simulated eastward propagation of the MJO is completely EWP is enhanced in the developing phase of El Nfio
determined by the dynamical wave feedbacks, which in- and reduced in and after the mature and decaying pha-
volve both the equatorially eastward-propagating Kelvin  ses. Recently, with the recognition of non-canonical-
waves and westward-moving Rossby waves. For example, type El Nifio events in the 1990s, namely El Niio
the easterly wind anomaly of a Kelvin wave can drive Modoki ( Ashok etal. 2007), central Pacibc (CP) El Nifio
large-scale moisture convergence and therefore destabili- (Kao and Yu 2009), or the warm-pool ENSO (Kug et al.
zation to the east of the convective center, contributing 2009 Ren and Jin 201)), the above bPndings have been
to the further eastward propagation of the MJO. This argued to only be true during canonical eastern Pacibc
mechanism associated with Kelvin wave dynamics appears (EP) El Ni fio years (Yuan et al. 2015 Chen et al. 201§.
to be agreed upon (e.g.Wang et al. 2017 Chen and Wang However, the MJO activity is always enhanced during
20183. However, there are still contrasting views con- CP El Nifio years regardless of the phaseWang et al.
cerning the impact of Rossby wave, one of which (called 20183 Hsu and Xiao 2017).

the OOdrag effectOO), as derived from observational di-As seen from the above studies, a large amount of
agnostics Wang and Lee 2017 Chen and Wang 2018%  effort has been made to explore the modulations of the
aquaplanet GCM experiments (Kang et al. 2013, and ENSO on the MJO intensity. However, there are only a
theoretical studies (Wang and Chen 2016 Wang et al. few studies mentioning variations in the MJO propa-
2016, suggests that the tight coupling of the equatorially gation under the ENSO background state. For example,
westward-propagating Rossby waves will naturally slow Pohl and Matthews (2007) found signibcantly shorter
down the eastward-propagating phase speed of the MJO. (longer) lifetimes of the MJO during warm (cold) con-
However, the other view (called the OOacceleration effectO@ljtions in the EP, consistent with Gray (1988) and
argues that a stronger Rossby wave to the west can en- Goulet and Duvel (2000). Therefore, they concluded
hance the eastbwest zonal asymmetry of the moisture that the phase speed of the MJO is signibcantly higher
tendency and therefore favors eastward propagation (e.g., during El Nifio years. In an observational analysis
Hsu and Li 2012, Wang et al. 2017 2018h. combined with a theoretical validation, Liu et al. (2016)
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Fic. 1. Hovmoller diagrams of equatorial (158D18N) OLR anomalies (W m 22) during the (a) 1997/98 and
(b) 2007/08 boreal winters. The thick black contours denote the MJO-bltered OLR anomalies. The contours are
drawn from 2 8 W m? 2 with intervals of 2 10 W m? 2. The thin magenta (blue) contours of 2 5 W m? 2 represent the
equatorial Kelvin wave (Rossby wave) bltered OLR anomalies.

demonstrated that the boreal summer intraseasonal os-
cillation over the western North Pacibc is dominated
by a relatively high-frequency (low-frequency) oscilla-
tion during EI Ni fio (La Ni fia) summers. More recently,
Suematsu and Miura (2018) showed that the low-
frequency (LF; period . 60 days) basic-state sea sur-
face temperature (SST) anomaly pattern has a robust
connection with the eastward propagation of the MJO.
Composites of the LF SST anomalies showed contrast-
ing patterns for the eastward propagating MJO from the
10 to the EWP and those short-lived, stagnant, and
convective events, which were associated with positive
and negative SST anomalies over the EWP, respectively.
Enlightened by these studies, we conjecture that the
MJO propagation tends to be faster during El Nifio
years and slower during La Nifia years. As an example,
Figs. 1a and 1bprovide a comparison of timeblongitude
sections of the equatorial (15SD18N), MJO-bltered
(Wheeler and Kiladis 1999 Kiladis et al. 2009) out-
going longwave radiation (OLR) anomalies during the
1997/98 EI Nifio and 2007/08 La Nia winters, re-
spectively. We can see that the eastward propagation of
the MJO convection is very fast during the entire winter
season of 1997/98. Meanwhile, during the boreal winter
of 2007/08, especially prior to around 30 January, the

eastward movement is very slow, even though the con-
vection becomes fast again after early February. How
does the complexity of the ENSO (Timmermann et al.
2018 modulate the phase speed of the MJO? How do the
moisturebconvection feedback and the dynamical wave
feedback work under different ENSO background states?
These questions are the primary focus of this study. The
rest of this paper is arranged as follows. Insection 2 we
introduce the data and methodology. The basic charac-
teristics under different ENSO background states are
shown in section 3 In section 4 we explore the mecha-
nisms through which the ENSO modulates the fast and
slow MJO modes. Section 5 discusses possible roles of
other LF variabilities over the Indo-Pacibc warm pool,
tropicalbextratropical interactions, and dynamically and
thermodynamically intraseasonal airbsea interactions in
modulating the MJO eastward propagation. A summary
and concluding remarks are given insection 6

2. Data and methodology

a. Data

The daily Advanced Very High Resolution Radi-
ometer (AVHRR) interpolated OLR data from the
National Oceanic and Atmospheric Administration
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