N
N

N

HAL

open science

Excitation of the Madden—Julian Oscillation in
Atmospheric Adjustment to Equatorial Heating
Yu Liang, Alexey V. Fedorov, Vladimir Zeitlin, Patrick Haertel

» To cite this version:

Yu Liang, Alexey V. Fedorov, Vladimir Zeitlin, Patrick Haertel. Excitation of the Madden—Julian
Oscillation in Atmospheric Adjustment to Equatorial Heating. Journal of the Atmospheric Sciences,

2021, 78 (12), pp-3933-3950. 10.1175/jas-d-21-0092.1 . hal-03646665

HAL Id: hal-03646665
https://hal.science/hal-03646665v1
Submitted on 23 Feb 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03646665v1
https://hal.archives-ouvertes.fr

DECEMBER 2021 LIANG ET AL. 3933

Excitation of the Madden-Julian Oscillation in Atmospheric Adjustment to Equatorial Heating?

YU LIANG,* ALEXEY V. FEDOROV,*” VLADIMIR ZEITLIN, AND PATRICK HAERTEL?

@ Department of Earth and Planetary Sciences, Yale University, New Haven, Connecticut
bLOCEAN/IPSL, Sorbonne University, Paris, France
¢ Laboratoire de Météorologie Dynamique, Sorbonne University/Ecole Normale Supérieure/CNRS, Paris, France

(Manuscript received 2 April 2021, in final form 7 September 2021)

ABSTRACT: We study the adjustment of the tropical atmosphere to localized surface heating using a Lagrangian
atmospheric model (LAM) that simulates a realistic Madden—Julian oscillation (MJO)—the dominant, eastward-
propagating mode of tropical intraseasonal variability modulating atmospheric convection. Idealized warm sea surface
temperature (SST) anomalies of different aspect ratios and magnitudes are imposed in the equatorial Indian Ocean
during MJO-neutral conditions and then maintained for 15 days. The experiments then continue for several more
months. Throughout these experiments, we observe a robust generation of an MJO event, evident in precipitation,
velocity, temperature, and moisture fields, which becomes a key element of atmospheric adjustment along with the
expected Kelvin and Rossby waves. The MJO circulation pattern gradually builds up during the first week, and then
starts to propagate eastward at a speed of 5-7m s~ '. The upper-level quadrupole circulation characteristic of the MJO
becomes evident around day 14, with two anticyclonic gyres generated by the Gill-type response to convective heating
and two cyclonic gyres forced by the excited Kelvin waves and extratropical Rossby wave trains. A moisture budget
analysis shows that the eastward propagation of the MJO is controlled largely by the anomalous advection of moisture
and by the residual between anomalous moisture accumulation due to converging winds and precipitation. The initial
MJO event is followed by successive secondary events, maintaining the MJO for several more cycles. Thus, this study
highlights the fundamental role that the MJO can play in the adjustment of the moist equatorial atmosphere to localized
surface heating.

KEYWORDS: Convection; Kelvin waves; Rossby waves; Madden-Julian oscillation; General circulation models

1. Introduction wave trains can also be generated in response to tropical heating.
These Rossby wave trains propagate into middle and high lati-
tudes (Hoskins and Karoly 1981; Webster 1981; Lau and Lim
1984; Jin and Hoskins 1995), giving rise to tropical-extratropical
teleconnections such as the Pacific-North American (PNA)
pattern (Wallace and Gutzler 1981).

Although the aforementioned and subsequent studies in-
vestigated many critical aspects of the atmospheric response to
tropical heating, and the heating prescribed in the models
represented latent heat release, most of those shallow-water
studies used in effect ““dry’”’ models that did not have water
vapor and moist convection. A question then arises of how
the solution of the classical ““dry” Matsuno—Gill problem
would change in the presence of active moist convective dy-
namics. Addressing this question is one of the main goals of
the present study.

Recently, within a two-layer shallow-water model of the
tropical atmosphere which incorporates in a simple way the
transport of moisture, its condensation, and latent heat release,
it has been shown (Rostami and Zeitlin 2020) that the adjust-
ment of localized large-scale pressure anomalies leads to the
appearance of transient structures resembling to some degree
the Madden—Julian oscillation (MJO), in addition to the long
equatorial waves produced by the “dry” adjustment of the

& Supplemental information related to this paper is available at  same anomalies (Le Sommer et al. 2004). Such response is
the Journals Online website: https//d010rg/101175/JAS—D—21— absent in the “dry” Matsuno-Gill problem. ‘While a conj ecture
0092.s1. was made by Rostami and Zeitlin (2020) that the MJO could be
induced by the moist-convective equatorial adjustment, rep-
resenting the MJO in “‘moist” shallow-water models remains a

Tropical heating, caused by latent heat release in deep con-
vective clouds (Yanai et al. 1973), is an important driver of at-
mospheric general circulation in the tropics and beyond. Using
linear shallow-water models on the equatorial beta plane, the
classical papers of Matsuno (1966) and Gill (1980) and subse-
quent studies (e.g., Heckley and Gill 1984) demonstrated that
as a resting atmosphere responds to a localized heating, a low-
level easterly flow builds up to the east of the heating through
the eastward propagation of equatorial Kelvin waves, while a
westerly flow develops to the west of the heating due to
westward-propagating Rossby waves. The generation of prop-
agating Kelvin and Rossby waves is a fundamental feature of
the equatorial atmospheric and oceanic adjustments (e.g.,
Fedorov and Brown 2009). Likewise, the steady-state response
to a heating, or the so-called Gill response combining stationary
Rossby and Kevin wave patterns, provides a primary framework
for understanding tropical circulations such as the Walker and
Hadley cells and the South Asian monsoon. Further studies using
barotropic or multilevel baroclinic models find that in the pres-
ence of upper-level mean westerly flow, quasi-barotropic Rossby
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big challenge. General circulation models (GCMs) have also
failed so far to generate primary MJO events in response to
imposed warm sea surface temperature (SST) anomalies and
the corresponding convective heating of the atmosphere (e.g.,
Nakajima et al. 2004; Maloney and Sobel 2007). Accordingly,
our objective is to investigate whether indeed the MJO can be
generated as part of atmospheric adjustment to localized sur-
face heating in a full-scale Lagrangian general circulation
model (Haertel et al. 2014, 2017), which is known to realisti-
cally reproduce the MJO. Our choice of surface heating per-
turbations is motivated by observations as discussed later.

The MJO is the dominant mode of intraseasonal atmo-
spheric variability in the Indo-Pacific (Madden and Julian
1972; Rui and Wang 1990; Wheeler and Kiladis 1999; Kiladis
et al. 2005; Zhang 2005, 2013). Interactions between moist
thermodynamics, convection, radiation, and large-scale circu-
lation are believed to be vital for its mechanisms (Majda and
Stechmann 2009, 2011; Sobel and Maloney 2012,2013; Adames
and Kim 2016; Senti¢ et al. 2020; Wang and Rui 1990; Haertel
et al. 2014, 2017; Haertel 2018; Rostami and Zeitlin 2020;
Khairoutdinov and Emanuel 2019; Zhang et al. 2020, and ref-
erences therein).

Considering a similar cloud morphology between the
MIJO and convectively coupled Kelvin and Rossby waves
(Kiladis et al. 2009; Mapes et al. 2006), and the potential role
of Kelvin and Rossby waves in the MJO multiscale structure
(Majda and Stechmann 2009, 2011), one could ask, If the
model resolves moist convection, can the MJO be excited by
tropical heating? In fact, during the Dynamics of the MJO
(DYNAMO) field campaign (Yoneyama et al. 2013), for
about 2 weeks before the initiation of one of the detected
MIJO events, the equatorial Indian Ocean experienced
anomalous SST warming (Fig. 1) up to 3°C (Moum et al.
2014), suggesting a potential role of warm SST anomalies in
generating the MJO. Previous studies have also shown that
introducing temporal and/or spatial variability in SST bound-
ary conditions can increase MJO activity (e.g., Pegion and
Kirtman 2008; Stan 2018; Kim et al. 2008). In particular, Stan
(2018) examined the MJO response to adding or removing SST
variability at time scales ranging from diurnal to 5-day to in-
traseasonal to interannual.

The MJO is characterized by an eastward-propagating,
planetary-scale envelope of clouds and precipitation modu-
lating the wind field (e.g., Madden and Julian 1972; Zhang
2005). MJO events usually originate in the Indian Ocean,
mature over the Maritime Continent, and dissipate soon after
crossing the date line in the Pacific (Rui and Wang 1990), al-
though some events may emerge over the Maritime Continent
or decay before reaching the western Pacific (Matthews 2008;
Zhang and Ling 2017). The slow eastward-propagation speed
(~5ms 1), planetary scales, and distinct upper-level quadru-
pole circulation distinguish the MJO from convectively cou-
pled equatorial waves (Kiladis et al. 2005, 2009). The MJO
affects a number of global climate and weather phenomena
(see a review by Zhang 2013), including the onset and demise
of Asian and Australian monsoons (Hendon and Liebmann
1990; Lau and Chan 1986), extreme rainfall and temperature
anomalies (Jones et al. 2004; Chang et al. 2005), tropical
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cyclogenesis (Liebmann et al. 1994; Liang and Fedorov 2021),
and El Nifio-Southern Oscillation (McPhaden 1999; Kessler
and Kleeman 2000; Liang et al. 2021).

Due to its oscillatory nature and global impacts, the MJO
serves as a source of predictability for medium-range weather
forecasts (Zhang 2013). However, GCMs still struggle to
properly simulate the MJO, and even state-of-the-art models
do not necessarily capture the full amplitude, vertical struc-
ture, and eastward propagation of the MJO (Hung et al. 2013;
Jiang et al. 2015). The prediction skill of the MJO remains
limited in climate and weather forecasting models (Janiga
etal. 2018; Kim et al. 2019), especially for the primary (initial)
MJO events that are not preceded by an active MJO
(Matthews 2008). This calls for a better understanding of the
MJO physics, including its initiation mechanisms.

Here, using the Lagrangian atmospheric model (LAM)
that realistically simulates the MJO, for the first time to our
knowledge we show that in addition to Kelvin and Rossby
waves, the excitation of the MJO is indeed an essential
component of the moist atmospheric adjustment to equato-
rial heating, which has important implications for the mech-
anisms of MJO generation and for MJO prediction. Our
numerical experiments and analysis, including a column-
integrated moisture budget analysis, clearly illustrate the
physical processes involved in the initiation and evolution of
the primary MJO event, complementing observational and
other modeling studies which are usually based on composites
of multiple MJO events (e.g., Rui and Wang 1990; Kiladis
et al. 2005; Adames and Kim 2016; Adames and Wallace
2015). Finally, in line with previous studies (e.g., Kiladis et al.
2005; Sobel and Maloney 2013; Adames and Kim 2016), we
show that the upper-level quadrupole circulation, a salient
feature of the MJO, is closely related to the equatorial Rossby
and Kelvin waves and extratropical Rossby wave trains ex-
cited by convective heating associated with the MJO.

2. Numerical model and methods
a. Lagrangian atmospheric model

The numerical model used for the current study is the
LAM, which simulates a robust and realistic MJO (Fig. 2;
also see Haertel et al. 2014, 2017). The LAM represents at-
mospheric circulation by tracking a collection of conforming
air parcels whose horizontal motions are predicted by
Newtonian mechanics:

dx
= 1
i M
ﬂ+fk><v:A +A )
dt 14 m?’

where x is the horizontal location, ¢ is time, v is the horizontal
velocity, fis the Coriolis parameter, k is the vertical unit vector,
A, is the horizontal acceleration of the parcel caused by
pressure, and A, is the horizontal acceleration from parame-
terized turbulent mixing of momentum. Nonconvective verti-
cal motions are implicitly determined by mass continuity.
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FIG. 1. (a) The MJO phase-space diagram for 1 Oct to 31 Dec 2011 during the DYNAMO experiment. RMM1 and RMM?2 are indices based
on the outgoing longwave radiation (OLR) and zonal winds at upper and lower levels of the atmosphere, which indicate the location and
amplitude of the MJO event (Wheeler and Hendon 2004). When the phase-space trajectory of the system defined by the two indices stays within
the black circle, the MJO is considered to be in the neutral phase; otherwise, the MJO is in the active phase. Note that in our study we actually use
asslightly different definition of the MJO phase based on the standard deviation of precipitation anomalies (section 2). The diagram is from http://
www.bom.gov.au/climate/mjo/. (b) Intraseasonal SST anomalies in the equatorial Indian Ocean averaged between 7 and 21 Nov 2011, when the
MIJO was close to the neutral phase [see the green line along the black circle in (a)]. The second MJO observed in the DYNAMO experiment
initiated in the Indian Ocean on 21 Nov 2011, according to the phase-space diagram. Intraseasonal SST anomalies are calculated relative to the
90-day running-mean value. The SST data are from NOAA Optimum Interpolation SST v2 product (www.esrl.noaa.gov/psd/data).
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FIG. 2. Hovmoller diagrams for (a) raw precipitation and (b) MJO-filtered precipitation
along the equator (colors) averaged between 15°N and 15°S for the Control experiment (day
200 to day 480). The space-time filtering is used to retain the eastward-propagating MJO
signals with zonal wavenumbers 1-5 and periods of 30-95 days (Wheeler and Kiladis 1999).

The standard deviation of the filtered rainfall between 60°E and 180° is 0.8 mm day

. Note

that 20 ensemble members are used for the perturbation experiments. They are initiated using
atmospheric conditions of the Control experiment on days 260 to 269.5, when the MJO is in

the neutral phase.

The LAM and its oceanic counterpart, the Lagrangian ocean
model (LOM), have been developed over the past decade and
have been successfully applied to a variety of weather, climate,
and ocean phenomena (Haertel and Fedorov 2012; Haertel
et al. 2014, 2017; Haertel 2018, 2019).

The LAM is a global atmospheric GCM with a realistic land
configuration and topography (Haertel et al. 2017). It utilizes a
Lagrangian overturning representation of convection: con-
vection is triggered (i.e., parcels exchange vertical positions) if
an air parcel is warmer than the surrounding parcels. By re-
arranging the vertical positions of Lagrangian parcels and
mixing them with the environment in convective regions, the
model captures the observed net effects of vertical transports
and mixing by convective plumes, as measured by mean pro-
files of temperature and moisture, as well as the mean patterns
of tropical precipitation and convective organization (Haertel
et al. 2014). The entrainment/mixing parameter in the model
has been tuned to simulate a realistic MJO and atmospheric
mean vertical temperature profiles.

The Lagrangian approach has advantages over Eulerian
methods for the simulation of the MJO because 1) it captures
the observed sensitivity of convective divergence profiles to
atmospheric moisture and stratification, which is an impor-
tant factor for the MJO to build up moisture on its leading
edge (Haertel et al. 2008); 2) the moisture transport in the
Lagrangian model can be calculated without numerical dif-
fusion, maintaining the tight moisture gradient in the MJO,
which is important for modeling the eastward moisture
transport by the low-level equatorial westerly wind anomalies
associated with the MJO; and 3) the LAM reproduces a fairly
realistic mean state (Haertel et al. 2017), especially the back-
ground westerly winds in the western equatorial Pacific and the
mean precipitation field (Fig. 2), which may be important for the
MIJO simulation (Kim et al. 2011).

The LAM configuration in this study has an equivalent
Eulerian horizontal resolution of approximately 1° on the
equator; the radius of the parcels (in kilometers) does not
change with latitude. The robust simulation of the MJO at this
relatively coarse horizontal resolution is another advantage of
the LAM. The vertical resolution of the model is approxi-
mately 31 hPa and the time step of integration is 15 min with
the output saved every 6 h. Last, the land surface temperature
in the LAM is computed using a simple land surface model,
with a single layer of ground whose water-holding capacity is
25 mm. The land surface model has a heat capacity equivalent
to that of 0.1 m of water and uses observed albedo values
(Haertel et al. 2017).

For the convenience of analysis, we postprocess the model
output by averaging the dynamical and precipitation fields
on 6° longitude X 6° latitude Eulerian grids, and for dy-
namical fields, they are further averaged vertically at an in-
terval of 50hPa. This relatively coarse resolution helps to
filter out small-scale spatial variability while retaining large-
scale features. Most of the analysis in the paper is based on
this 6° Eulerian grid data.

b. Experimental setup

One Control and three main perturbation experiments
have been conducted. The Control experiment is forced by
the observed March climatological SST averaged for years
1990-2010; insolation is fixed for 15 March with a diurnal
cycle. The Control experiment is integrated for 2 years to
obtain a sufficient number of MJO events. March is chosen
because it is when the MJO is the most symmetric about the
equator and active in the LAM.

For the perturbation experiments we impose idealized SST
perturbations with a Gaussian shape centered at the equator at
75°E and computed as follows:
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FI1G. 3. The SST perturbations (colors, °C) used in the (a) Aspect 1, (b) Aspect3, and (c) Aspect5 experiments with a
2°C maximum amplitude.

SST

pert

for r=1,3,5.

The meridional decay scale of the Gaussian function is set to
10° of latitude. In the main suite of experiments the amplitude of
the SST perturbation Ampsgr is set to 2°C but the aspect ratio r
is varied (r = 1, 3, 5). Perturbation experiments with different
aspect ratios of the imposed SST perturbation are referred to as
Aspectl, Aspect3, and Aspect5 (Fig. 3). In addition, to explore
the sensitivity of the results, we conduct two other sets of per-
turbation experiments wherein we set the magnitude of the SST
perturbation to 1° and 5°C. Such warm SST perturbations are
similar to the persistent SST anomaly observed in the Indian
Ocean during the DYNAMO campaign (Fig. 1).

c. Ensemble approach

Like conventional GCMs, the LAM generates synoptic vari-
ability that may affect MJO generation. To reduce the effect of
this variability on the results, we apply an ensemble approach
using a 20-member ensemble for each perturbation experiment.
New ensemble members are obtained by shifting the imposed
temperature perturbation progressively by 12h, i.e., the SST
perturbation is added starting on day 260, 260.5, ... , 269.5 of the
Control experiment. For all these slightly different initial condi-
tions, the MJO remains in the neutral phase (see Fig. 2b; the MJO
neutral phase is defined below). The SST perturbation is main-
tained for 15 days, after which the climatological March SST is used
to force the experiments. All perturbation experiments are inte-
grated until day 350. After integration, for the analysis presented in
Figs. 4-10, we shift the time origin for each ensemble member,
defining day O as the first day when the SST perturbation is applied.

Because ensemble experiments have different initial con-
ditions, each generates distinct synoptic variability, leading to
slight differences in the MJO evolution, which allows us to

= Ampg, exp[—(longitude — 75°E)*/2/(r X 10°)*] exp(—latitude?/2/10°%)

®)

achieve statistically significant results by averaging between
different ensemble members. The results presented in the next
sections are based on such ensemble averages.

As we are generally interested in large-scale features of the at-
mospheric response to tropical convective heating, the ensemble-
mean anomalous fields are further smoothed by applying 1-2-1
filters five times zonally and three times meridionally. The sig-
nificance level of anomalies between the perturbation experi-
ments and the Control experiment is calculated using the two-
sample Student’s 7 test whose sample sizes are 20.

d. Bandpass space—time filtering of the MJO signal

A bandpass filter (retaining zonal wavenumbers 1-5 and
periods of 30-95 days) is applied when necessary to isolate the
eastward-propagating MJO signals (Wheeler and Kiladis 1999).
An example of filtered precipitation along the equator averaged
between 15°N and 15°S in the Control experiment is shown in
Fig. 2b where three consecutive MJO events can be seen.

Using the model precipitation field, we define the convec-
tive phase of the MJO when the MJO-filtered precipitation
anomalies averaged between 15°N and 15°S are positive and
exceed one standard deviation of the Control experiment in the
region between 60°E and 180°, where the MJO rainfall is most
pronounced. Similarly, the suppressed phase of the MJO is de-
fined when MJO-filtered precipitation anomalies, again aver-
aged between 15°N and 15°S, are negative and their magnitude
exceeds one standard deviation. Otherwise, the MJO is said
to be in the neutral phase. The standard deviation of filtered
precipitation in this region of the Control experiment is
0.88mm day ™ '. We can further calculate the MJO propagation
speed by estimating the slope of the precipitation-weighted
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FIG. 4. Hovmoller diagrams of ensemble-mean precipitation (colors, mm day ') along the equator averaged between 15°N and 15°S for
the (a) Control and for (b) Aspectl, (c) Aspect3, and (d) Aspect5 experiments. The maximum amplitude of the imposed SST anomaly is
2°C. (e)—(h) The same precipitation field but with a bandpass space—time filter applied to isolate the eastward-propagating MJO signal
with zonal wavenumbers 1-5 and periods of 30-95 days (following Wheeler and Kiladis 1999). The Aspect5 experiment corresponds to the
SST perturbation with the largest zonal scale. Date 0 corresponds to when the SST perturbation is first added. The dashed magenta lines
indicate the 15-day interval when the SST perturbation is applied. In (e)—(h), positive values beyond one standard deviation of the filtered
precipitation calculated for 60°E—~180° (~0.9 mm day ') indicate the convective phase of the MJO; negative values indicate the suppressed
phase. The inclined black lines indicate the precipitation-weighted linear least squares fit for the convective MJO path. Here and in the
subsequent figures, ensemble-mean results averaged over 20 ensemble members are shown, and dates are relative to the time when the

SST perturbation is first added.

linear least squares fit for the convective MJO path on a
Hovmoller diagram. The amplitude of the MJO is defined as the
maximum filtered precipitation averaged in the region of 15°S—
15°N, 90°-150°E.

e. Moisture budget analysis

Next, we use a moisture budget analysis to diagnose mech-
anisms of the MJO eastward propagation in the perturbation
experiments. The column-integrated moisture tendency in the
perturbation and Control experiments can be calculated as
follows:

(9,9)=—(qV-w) — (uVg) + E- P, 4)
where ¢q is specific humidity, u is horizontal velocity, E is
evaporation, P is precipitation, V indicates the horizontal
gradient operator (a vector), and V - indicates the horizontal
divergence. Here, (x) is a mass-weighted column integral of
variable x between the model top and surface pressure levels:

() = jpx dpl(sp.). 5)

Piop

where p,, is the density of water, p is pressure, and g is the
acceleration of gravity.

Let C= —(gV -u) and A = —(uVq), which are the accumu-
lation of moisture due to converging winds and the advection
of moisture, respectively. We can rewrite Eq. (4) as

(9,9)=C+A+E—-P. (6)

Calculating the anomalous moisture tendency in the per-
turbation experiments relative to the Control experiment
yields

(0,)=C+A'+E — P, ™
where primes indicate anomalies relative to the Control ex-
periment. Later we will use the anomalous precipitation and
moisture fields to isolate and describe the excited MJO in the
perturbation experiments. Note that the terms in Eq. (7) are
first calculated for each ensemble member of the perturba-
tion experiments relative to the Control experiment, in ref-
erence to the date when the SST perturbation is first added;
they are then averaged among the ensemble members and
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smoothed applying a simple 1-2-1 average to obtain the
ensemble-mean results (as discussed in section 2c).

One can further decompose C’' and A’ given that u = ucopy + W'
and ¢ = Geontr + ¢', and get

C = Vou) = (qg'Veug, )~ (V) (8

= (u..Vqg) — (W'Vq), ©)

where the subscript contr indicates variables in the Control ex-
periment. Here, the —(gcontrV - W) term, for example, represents
the contribution from the accumulation of the control moisture
due to anomalous converging winds. Finally, the column-
integrated anomalous moisture tendency can also be calcu-
lated explicitly from the temporal evolution of the anomalous
moisture field.

- <qcumr
A'=—('Vq

COntl’>

3. Results
a. The excitation of the MJO

As the system responds to the imposed 2°C SST perturbation, a
clear convective MJO-like signal develops in the composites of
the precipitation field during the first 30 days of the perturbation
experiments (Figs. 4b—d). The excited MJO originates in the
central equatorial Indian Ocean, propagates eastward and decays
near the date line. It is not preceded by active MJO events but is
followed by successive MJO events absent in the Control exper-
iment. A bandpass space-time filtering, retaining the eastward-
propagating intraseasonal signals (Figs. 4f-h), further highlights
the MJO excitation (note that the weak MJO signals between
days —20 and 0 is an artifact of the filtering).

Among the three perturbation experiments with different
aspect ratios of the imposed SST perturbation, the amplitude
of the excited MJO is the largest in the Aspect5 experiment,
and the eastward-propagation speed is also the fastest
(~5.5ms ). That the newly generated primary MJO event
is followed by another one is especially clear in the Aspect5
experiment (Figs. 4d,h), even though the bandpass filter ar-
tificially smooths the MJO spatial features. This secondary
event, although not as strong as the primary one, develops on
around day 40. Similar results are seen in the 1°C and 5°C
experiments (Figs. S1 and S2 in the online supplement),
confirming that the excitation of the MJO is an essential
component of the moist atmospheric adjustment to localized
tropical heating regardless of the magnitude or aspect ratio
of the SST perturbation. The newly generated MJO event,
followed by the succeeding events, alters the entire MJO
evolution with implications for the MJO prediction.

b. The evolution and dynamical structures of the
excited MJO

To take a closer look at the excited MJO, we examine
several snapshots of the composite precipitation, winds and
the corresponding streamfunction for the 2°C-Aspect3 per-
turbation experiment (Fig. 5); anomalous fields are used to
describe the excited MJO, and hereafter no bandpass filtering
is used unless noted. We note that some of these anomalous
fields may have contributions both from the excited MJO and
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from the stationary response to the heating due to the im-
posed SST perturbation. However, as we shall see in Figs. 5
and 6, most of this anomalous precipitation propagates
eastward in a coherent manner. The propagation continues
even when the SST anomaly is switched off. These factors
suggest the dominant role of the excited MJO event in gen-
erating the aforesaid anomalies. On day 6, a basinwide posi-
tive precipitation anomaly has already developed in the
equatorial Indian Ocean. It is centered around 75°E (near the
middle of the SST perturbation), suggesting the newly gen-
erated MJO is gradually developing in the first week yet
without much eastward propagation. In the meantime, a
relatively weak dry signal is observed in the western equa-
torial Pacific, similar to the pattern observed in previous
studies (Rui and Wang 1990; Wheeler and Hendon 2004). The
anomalous winds in the lower troposphere (850 hPa) exhibit
the classical Gill-type response (Fig. S3a), while the wind
reversal at the upper level (200 hPa) (Fig. 5a) indicates the
first baroclinic structure in the vertical. Two well-defined
Rossby gyres, centered around 15°-20°N/S, develop to the
north and south of the positive precipitation anomaly.

By day 10, both positive and negative precipitation anoma-
lies have propagated eastward with slightly strengthened sig-
nals. The two Rossby gyres have also intensified in terms of
their sizes and wind speeds (Fig. 5b). The MJO upper-level
quadrupole circulation starts to form at this time but is still not
well defined. Compared to the MJO precipitation anomalies,
the upper-level westerly (Kelvin) front travels significantly
faster (also see Fig. 6). On day 10, it has already reached the
west coast of South America while the MJO precipitation
center is still in the eastern equatorial Indian Ocean.

On day 14, when the MJO precipitation center reaches the
Maritime Continent, the positive precipitation anomaly has
its maximum amplitude, and the dry precipitation signal over
the western-central equatorial Pacific disappears. In the
meantime, a new dry region starts to form in the southwestern
Indian Ocean (Fig. 5c). The Kelvin wave front by this time has
almost traveled across the entire circumference of the globe
and started to interact with the easterly winds of the Rossby
wave front. The two Rossby gyres to the west of the positive
precipitation anomaly continue to strengthen and expand
poleward. Most importantly, two cyclonic gyres to the east of
the positive precipitation anomaly are now clearly observed,
composing the MJO upper-level quadrupole circulation. This
quadrupole circulation has a global scale (zonal wavenumber
1) and resembles the observed horizontal structure of the
MJO (Kiladis et al. 2005). In the lower troposphere, the two
cyclonic Rossby gyres (Fig. S3c) are more confined to the
tropics, and no anticyclonic gyre circulation is observed to the
east of the positive precipitation center, which is also con-
sistent with the observations (Kiladis et al. 2005).

On day 18, the positive precipitation anomaly continues to
propagate eastward but after reaching the western Pacific
starts to weaken. Dry regions in the equatorial Indian Ocean
and over east Africa expand, similar to the observations (Rui
and Wang 1990). The upper-level quadrupole circulation is still
evident, but off-equatorial positive precipitation anomalies
start to detach from the positive precipitation center. On day
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(a) Day 6 composite perturbation 200hPa wind, stream function and precipitation fields
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(c) Day 14 composite perturbation 200hPa wind, stream function and precipitation fields
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(e) Day 22 composite perturbation 200hPa wind, stream function and precipitation fields
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FI1G. 5. Longitude-latitude snapshots of anomalous winds at 200 hPa and the corresponding anomalous
streamfunction and anomalous precipitation fields on days (top to bottom) 6, 10, 14, 18, and 22 in the Aspect3
experiment using the 2°C SST perturbation. The anomalous fields are smoothed using 1-2-1 filters (section 2c).
Anomalous wind vectors are shown as black arrows, based on which the streamfunction (magenta contours) is
calculated. Note the zonal average of the streamfunction is removed to highlight the MJO structure. The contour
interval is 2 X 10°m?s ™!, with solid and dashed contour lines starting at 1 X 10° and —1 X 10°m?s™!, respectively.
Cyan and yellow shading indicates anomalous precipitation exceeding 1.5 and —1.5 mm day ', respectively. Only
statistically significant wind vectors and precipitation at the 95% level are shown. The significance level is calculated
using the two-sample Student’s ¢ test. Note the eastward propagation of positive precipitation anomalies and the
quadrupole structure of the MJO flow (especially pronounced after day 10).
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FIG. 6. Hovmoller diagrams of anomalous zonal winds at 200 hPa as a function of time and longitude along 3°N for the (a) Aspectl,
(b) Aspect3, and (c) Aspect5 experiments with a 2°C SST perturbation magnitude. The contour interval is 2ms ! with solid and dashed
contour lines starting at 1 and —1 ms ™', respectively. Gray shading indicates values that are locally statistically significant at the 95% level.
Blue, red, and magenta lines indicate the propagation of the Rossby wave front, the Kelvin wave front, and the MJO, respectively. (d) The
phase speed and (e) the amplitude of the MJO in the 1°, 2°, and 5°C perturbation experiments for different aspect ratios of the SST
perturbation. The speed of the MJO is estimated from the slope of the precipitation-weighted linear least squares fit for the convective
MIJO path (see Figs. 4f-h). The amplitude of the MJO is defined as the maximum filtered precipitation averaged for the region 15°S-15°N,

90°~150°E. One standard deviation is around 0.9 mm day ..

22, the two western Rossby gyres detach from the positive
equatorial precipitation anomaly, and two new Rossby gyres
start to form, maintaining the MJO quadrupole circulation.
This emanation of Rossby waves has been used to explain the
mechanisms of the boreal summer intraseasonal oscillation
(Wang and Xie 1997). After day 22, large-scale synoptic vari-
ability generated at midlatitudes appears to dominate the
anomalous flow; thereafter perturbation fields are not shown.

The propagation of Rossby and Kelvin waves, and the MJO,
can be easily inferred from Hovmoller diagrams showing upper-
level winds for example at 3°N (Fig. 6 and Figs. S4, S5). The
westward propagation (about 5° longitude day ™!, or 6ms ™) of
the Rossby wave front and the eastward propagation (about
23° longitude day !, or 30ms™') of the Kelvin wave front,
indicated by the blue and red lines, respectively, in Fig. 6b, are
clearly observed. The two fronts establish westerly and easterly
wind anomalies, respectively, in the upper troposphere. The
speeds of the two fronts are significantly lower than the reported
speeds in similar experiments with a dry model, which were
about 10° longitude day ' and 34° longitude day ', respectively
(Jin and Hoskins 1995). The coupling between circulation and
moist convection slows down the speed of fronts’ propagation,
making it closer to the speed of convectively coupled equatorial
Rossby and Kelvin waves (Kiladis et al. 2009).

The MJO, as indicated by the magenta line between solid
and dashed contours (Fig. 6b), propagates eastward at a
speed of 5-6ms ™! from the equatorial Indian Ocean to the
central Pacific. It accelerates a little when reaching the western
Pacific, possibly due to the detachment of the two Rossby
gyres. This acceleration is also reported in previous observa-
tional studies (Jiang et al. 2015). Note that both the MJO event
and the Kelvin wave front have larger amplitudes and travel
faster when stronger SST perturbations are imposed (Fig. 6),
which is indicative of nonlinear effects on the wave dynamics.
Nonlinear Kelvin wave fronts are known to travel faster than the
linear ones, and the nonlinear correction to the speed is pro-
portional to the wave amplitude (Fedorov and Melville 2000).

The vertical structure of the atmospheric adjustment is ex-
amined in Fig. 7 where longitude-height cross sections of
composite perturbation zonal wind, temperature and specific
humidity along the equator averaged between 9°N and 9°S are
shown for the 2°C-Aspect3 experiment on day 6 and 14. The
first baroclinic structure of the planetary-scale zonal wind
anomalies is evident in Figs. 7a and 7b, with the node located
around 400 hPa, in agreement with the modal structure of the
observed MJO (Adames and Kim 2016; Haertel 2021). In re-
sponse to the imposed heating, the entire equatorial tropo-
sphere experiences warming with a maximum temperature
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(a) Day 6 zonal wind perturbation (9N-9S)
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FIG. 7. Snapshots of the longitude-height cross section of anomalies in (a),(b) zonal wind, (c),(d) temperature,
and (e),(f) specific humidity along the equator averaged between 9°N and 9°S on (left) day 6 and (right) day 14 for
the Aspect3 experiment with a 2°C SST perturbation magnitude. The days are relative to the date when the SST
perturbation is first added. The solid magenta line in (d) indicates the eastward and upward propagation of Kelvin
waves. Blue stars indicate the center of positive rainfall anomalies, which is calculated by the weighted average of

positive rainfall anomalies between 9°N and 9°S.

increase around 250 hPa, above which a strong cooling signal
develops (Figs. 7c,d). This cooling signal may be caused in part
by the adiabatic lifting of air above deep convection (Sherwood
et al. 2003). To the east of the positive precipitation anomaly
center there exists a region of warming in the lower and middle
troposphere, spanning nearly 100° of longitude, which is par-
ticularly clear in Figs. S6c and S6d. This effect has been at-
tributed to shallow and congestus convection in the observed
MJO, which destabilizes the atmospheric column and favors
the eastward propagation of the MJO (Kiladis et al. 2005). In
Fig. 7d, the eastward and upward propagation of Kelvin
waves indicated by the magenta solid line is especially clear.
Marked by the maximum temperature perturbation, the
temperature signal of the MJO also slowly propagates east-
ward. Note a low-level warm anomaly centered above

75°E—it does not propagate and is directly related to the
imposed SST perturbation.

The planetary scale and eastward propagation of the MJO
are also clear in the anomalous moisture field, where the
midlevel moisture anomaly collocates with the upper-level
warm temperature anomaly, providing the moisture source
for precipitation (Bretherton et al. 2004). A long equatorial
band (up to 150° of longitude in Fig. 7f) of positive anoma-
lous moisture in the boundary layer, above which the air is
dry, extends to the east of the MJO precipitation, similar to
the observations (Kiladis et al. 2005). This can be caused by
enhanced evaporation due to anomalous surface easterlies
(Sperber 2003) associated with the excited MJO and in part by
the direct effect of the warm SST perturbation on the bound-
ary layer, given that prevailing winds in the central-eastern
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tropical Pacific are easterly. Shallow convection ahead of the
MJO can also contribute to the moistening of the boundary
layer, and we will discuss the anomalous moisture field in more
detail later in section 3c. A strong dry signal is also observed at
the trailing edge of the MJO precipitation, consistent with the
reduced precipitation in Fig. Sc.

Note that the magnitude of temperature anomalies asso-
ciated with the excited MJO event is several times stronger
than the observed composites of MJO anomalies (e.g., Kiladis
et al. 2005). In part, this is because by construction observa-
tional composite analyses average events that have different
structures, magnitudes, and locations, thus diluting the signal,
while here we focus on one strong primary MJO event. Other
factors include 1) the SST perturbation itself exerts a mean
heating effect on the troposphere and 2) the calculated per-
turbation field includes other intraseasonal signals, especially
the strong Kelvin waves. In Fig. S6, where the bandpass fil-
tering is used to isolate the MJO signal, the magnitude and
structure of the composite MJO-filtered perturbation fields
are generally comparable to the observations.

¢. Mechanisms for the eastward propagation of the
excited MJO

Moisture buildup to the east of the MJO convective center is
essential for the MJO’s eastward propagation (Maloney 2009;
Majda and Stechmann 2009, 2011; Andersen and Kuang 2012;
Sobel and Maloney 2013; Sobel et al. 2014; Adames and
Wallace 2015; Kim et al. 2019). To investigate mechanisms of
the eastward propagation of the excited MJO in the pertur-
bation experiments, we conduct a column-integrated anoma-
lous moisture budget analysis for the 2°C-Aspect3 experiment
on day 10, when the MJO convective anomaly is still in the
eastern equatorial Indian Ocean but is about to cross into the
Maritime Continent. The terms of the moisture budget aver-
aged between 30°N and 30°S are shown in Fig. 8a [cf. Eq. (7)].

Anomalous accumulation of moisture due to converging winds
(C) is found to be positively correlated with rainfall anomalies,
with the two terms almost canceling each other. Nevertheless, as
the anomalous moisture accumulation leads rainfall anomalies
by a few degrees of longitude (Fig. 8a), their residual, referred to
as a “column process” in several studies (e.g., Chikira 2014;
Wolding and Maloney 2015), is nearly in quadrature with positive
rainfall anomalies (Fig. 8b). Centered on the equator, the residual
moistens the atmosphere to the east of the positive rainfall
anomalies and dries the atmosphere to the west, contributing to
the eastward propagation of the excited MJO, in agreement with
the previous analysis based on observational and reanalysis data
(Adames and Wallace 2015). As the column-integrated anoma-
lous moisture is only about 10% of the background moisture field,
C' is dominated by the —{qconV - W) term: the anomalous accu-
mulation of the control moisture due to converging anomalous
winds [cf. Eq. (8)]. Examining the vertical structure of C’ further
reveals that its leading component is mostly confined below
850 hPa (Fig. S7), pointing to the importance of the atmospheric
boundary layer for the eastward propagation of the MJO.

The anomalous advection of moisture averaged over the
tropical band (A’) also moistens the air to the east of the positive
rainfall anomalies and dries to the west (Figs. 8a,c), which

LIANG ET AL.

3943

therefore strongly contributes to the eastward propagation of
the excited MJO. The moistening to the east and poleward of
the positive rainfall anomalies is especially prominent in the
Southern Hemisphere, which can explain the enhanced precip-
itation over Australia later on day 18 (cf. Fig. 5d).

In addition, we have conducted moisture budget analyses
for the Control and perturbation experiments, respectively, in
Fig. S8 [see Eq. (6)]. They show that the advection term dries the
tropical atmospheric column in both experiments, but in the per-
turbation experiments the drying effect is weaker to the east of the
positive precipitation anomalies and stronger to the west. This may
be related to suppressed eddy activity to the east of the precip-
itation anomalies due to the Kelvin wave response and enhanced
eddy activity to the west due to the Rossby wave response (e.g.,
Andersen and Kuang 2012; Sobel and Maloney 2013).

Returning to the analysis in Fig. 8, we observe that the anom-
alous evaporation term, centered around 75°E and mainly forced
by the warm SST perturbation and westerly wind anomalies, has
some contribution to the moisture buildup to the east. However,
as it is mostly located to the west of the positive precipitation
anomalies, it would retard the eastward propagation of the excited
MJO event. We find that the evaporation term is only important
during the first week when it contributes strongly to the growth of
the MJO amplitude. The sum of the four key terms shown in
Fig. 8a is in quadrature with the positive rainfall anomalies and
agrees with the explicitly calculated moisture tendency term rela-
tively well, while the difference between the two should be mainly
due to the horizontal and vertical averaging of data (section 2a)
and the relatively low sampling rate (i.e., 6-hourly data).

Notice the strong zonal asymmetry of the anomalous moisture
advection in Fig. 8c: the drying of the atmosphere to the west is
centered on the equator while the moistening to the east is off the
equator and much weaker. To understand the cause of this
asymmetry, we further decompose the anomalous horizontal
moisture advection into three terms following Eq. (9) (Fig. 9a), as
was done in Jiang (2017) and references therein. Among the three
terms, the advection of background (control) moisture by the
anomalous flow (—(w'Vgcont)) and the advection of anomalous
moisture by the anomalous flow (—(w'Vg')) are the most impor-
tant. As there is a strong meridional gradient in column-integrated
moisture in the tropics, in the lower troposphere the anomalous
equatorward flow of the Rossby gyres to the west of the positive
rainfall anomalies causes drying on the poleward and western
flanks of the positive rainfall anomalies while the poleward flow to
the east causes moistening on the poleward and eastern flanks
(Fig. 9b). The horizontal structure of the —(w'Vgeony) term is
generally symmetric about the positive rainfall center, exhibiting
the quadrupole structure. The —(w'Vq’) term on the other hand is
mostly located to the west of the positive rainfall anomalies and
centered at the equator (Fig. 9c), which is the main cause of the
zonal asymmetry of the anomalous moisture advection. This is
mainly because the zonal gradient of anomalous moisture to the
west of the positive rainfall anomalies is much tighter than that to
the east, therefore the drying effect is also stronger to the west.

As the anomalous accumulation of moisture due to con-
verging winds has a strong contribution from the Kelvin wave
component, while the anomalous moisture advection is domi-
nated by the Rossby wave component, these results indicate
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(a) Column intergrated anomalous moisture budget for 30N-30S for day 10
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FIG. 8. (a) Key terms of the column-integrated anomalous moisture budget of the gener-
ated primary MJO event averaged between 30°N and 30°S on day 10 for the 2°C-Aspect3
perturbation experiment [Eq. (7)]. The convergence term (red line) represents the anomalous
moisture accumulation due to converging winds (C'); the advection term (magenta line)
represents the anomalous advection of moisture (A’). (b) The horizontal structure of the
residual of column-integrated anomalous moisture accumulation due to converging winds
minus anomalous precipitation. (c) The horizontal structure of anomalous column-integrated
moisture advection. Yellow contours indicate moistening of the atmosphere with a contour
interval of 0.5 mm day ' starting at 0.5 mm day ™ '; purple contours indicate otherwise. The
cyan contour indicates the positive precipitation anomaly exceeding 1.5 mm day~'. Wind
arrows indicate lower-level wind anomalies relative to the Control experiment averaged
between 600 and 1000 hPa. Gray shading indicates the background column-integrated specific
humidity (in mm) on day 10 from the Control experiment.

that the Kelvin and Rossby components of the MJO both
contribute to the MJO eastward propagation.

We note that the anomalous winds in the lower troposphere
can be driven not only by the MJO convective heating but also
to some extent by the zonal pressure gradient associated with
the stationary SST perturbation itself (e.g., Lindzen and Nigam
1987). Therefore, one should use caution when interpreting
each term and comparing these results with previous MJO
budget analyses where anomalous fields were attributed solely

to the MJO (e.g., Andersen and Kuang 2012; Adames and
Wallace 2015; Kim et al. 2019). Nevertheless, similar analyses
as in Fig. 8 conducted for days 14 and 18 (Figs. S9, S10) have
reached the same conclusions, which suggests that the im-
posed SST perturbation has only limited direct effect on the
moisture budget.

Previous studies have also analyzed the moist static energy
(MSE) budget to diagnose mechanisms of the MJO eastward
propagation (e.g., Andersen and Kuang 2012; Maloney 2009),

Unauthenticated | Downloaded 02/23/23 03:40 PM UTC



DECEMBER 2021 LIANG ET AL. 3945

(a) Column intergrated anomalous moisture advection for 30N-30S for day 10
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(¢) Advection of anomalous moisture by the anomalous flow
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FIG. 9. (a) As in Fig. 8a, but showing the anomalous horizontal moisture advection term A’
and its three components [see Eq. (9)]. The horizontal structures of (b) the advection of
background (Control) moisture by the anomalous flow and (c) the advection of anomalous
moisture by the anomalous flow are shown in yellow and purple contours as in Figs. 8b and 8c.
The color shading in (c) is the column-integrated anomalous moisture in the perturbation

experiments relative to the Control experiment.

which allowed highlighting the role of longwave radiation.
Here we analyze moisture budget rather than MSE budget
because we identify the MJO using the precipitation field,
which is directly related to the column-integrated moisture. An
MSE budget analysis is planned for a follow-up paper.

d. Linkage between extratropical Rossby wave trains and
the MJO quadruple circulation

An important salient feature of the MJO—the upper-
level quadruple circulation—distinguishes the MJO from
convectively coupled intraseasonal oscillations like Kelvin
and Rossby waves. Here we explore the causes of this cir-
culation in the excited primary MJO event. It has been
noted that the quadruple circulation can develop in response
to stationary heating and is associated with the extratropical

Rossby wave trains (Jin and Hoskins 1995; Monteiro et al.
2014; Hu and Fedorov 2019). Indeed, on day 14 when the MJO
quadruple circulation is apparent, two extratropical Rossby
wave trains, one in each hemisphere, are seen to emanate from
two anticyclonic Rossby gyres to the west of the positive
precipitation anomalies as indicated by the meridional wind
anomalies at 200 hPa (Fig. 10a). The wave trains have a zonal
wavenumber of around 6 and, while propagating eastward,
seem to be reflected equatorward by the poleward flank
of the subtropical jets, in agreement with previous studies
(Hoskins and Karoly 1981; Jin and Hoskins 1995). The equa-
torward flank of the extratropical Rossby waves (easterlies)
and equatorial Kelvin waves (westerlies) act in tandem to
form the two MJO cyclonic gyres above the Pacific in both
hemispheres (cf. Fig. 5¢).
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F1G. 10. (a) The longitude-latitude snapshot of composite meridional wind speed anomalies at
200 hPa (red contours) on day 14 for the 2°C-Aspect3 experiment. The contour interval is 1ms
with solid and dashed contour lines starting at 0.5 and —0.5ms ™, respectively. Anomalous full wind
vectors at 200 hPa are also shown (black arrows). In addition, cyan and yellow shadings indicate
anomalous precipitation exceeding 1.5 and —1.5mm day !, respectively. Only locally statistically
significant wind vectors and precipitation at the 95% level are shown. (b) Anomalous meridional
wind speeds as a function of pressure and longitude at 33°N (black contours) on the same day. The
contour interval is 1 ms ™! with solid and dashed contour lines starting at 0.5 and —0.5ms ", re-
spectively. Gray shading marks the wind speed anomalies that are locally statistically significant at the
95% level. (c) The longitude-latitude snapshot of anomalous tropospheric temperature averaged
between 200 and 850 hPa (contours and colors), which is an indication of the perturbation geo-
potential height at the 200-hPa level. The contour interval is 0.4 K with solid and dashed contour lines
starting at 0.4 and —0.4 K, respectively. Dotted black contours indicate zero lines. Color shading
indicates temperature anomalies (in K) that are locally statistically significant at the 95% level.

Note that the zonal wavenumber here (close to 6) is some-
what greater than that generated by observed MJO events
(e.g., Mori and Watanabe 2008; Adames and Wallace 2014).
This may be due to the fact that the subtropical jet has a slower

speed and is displaced slightly more poleward in the LAM
compared to observations.

A longitude—pressure cross section of anomalous meridi-
onal winds at 33°N shows the vertical structure of the Rossby
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wave train in the Northern Hemisphere (Fig. 10b). For the
Rossby gyre to the west of positive precipitation anomalies,
the first baroclinic feature is clear between 45° and 120°E. To
the east of 135°E, however, the Rossby wave train is seen to
be mostly quasi barotropic: the meridional wind perturba-
tion is of the same sign across the entire troposphere. The
quasi-barotropic Rossby wave train structure lasts for about
three weeks before being deformed by baroclinic eddies in
the midlatitudes. It appears that anticyclonic anomalies
(relative to the Control experiment) dominate the atmo-
spheric circulation within the Rossby wave trains (composed
mostly of easterly wind anomalies at 30°N/S). This feature is
also evident in the anomalous tropospheric temperature
averaged between 200 and 850 hPa (Fig. 10c), which is in-
dicative of geopotential height anomalies at 200 hPa. Like
the initial warm Rossby gyres to the west of the positive
precipitation anomalies, the excited Rossby wave trains are
also dominated by the warm (high pressure) anticyclonic
gyres, which leads to the prevalent easterlies in the sub-
tropical Pacific (around 30°N/S) to the east of the positive
precipitation anomalies. Similar results are also observed in
the 1° and 5°C experiments.

4. Summary and discussion

Motivated by the observed anomalously warm sea surface
temperature preceding the development of an MJO event
detected during the DYNAMO campaign (Moum et al. 2014),
we investigate the role of the MJO in the atmospheric adjust-
ment to localized tropical surface heating, using an atmo-
spheric GCM that simulates a realistic MJO. In a suite of
experiments wherein we impose idealized SST anomalies in
the equatorial Indian Ocean, in addition to the excitation of
Kelvin and Rossby waves in response to the heating, a robust
MJO event is generated as indicated by precipitation, zonal
wind, temperature, and moisture fields. The primary MJO
event is followed by consecutive, albeit weaker events. These
results demonstrate that the MJO can indeed be an essential
component of the equatorial atmospheric adjustment to lo-
calized heating, which has important implications for MJO
modeling and prediction. Our results also indicate that in the
presence of active moist convective dynamics the classical
Matsuno—Gill problem, when describing transient atmospheric
adjustment, should be modified to include MJO generation in
addition to equatorial Kelvin and Rossby waves.

The amplitude of the excited MJO in the perturbation ex-
periments ranges from 1 to 4 times the average MJO amplitude
in the Control experiment, and the eastward-propagation
speed varies from 4.4 to 6.3ms ™' (Figs. 6d.e), depending on
the size and magnitude of the imposed SST perturbation. In
general, a stronger SST perturbation excites a stronger MJO
propagating at a faster speed. The corresponding Kelvin waves
also propagate faster, which may be dynamically related (Chen
and Wang 2020).

Whereas many observational studies use composites of
multiple MJO events including both primary and successive
ones, in this study we are able to focus on primary MJO events
(not preceded by other active MJO events) and hence analyze
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the primary MJO excitation. At first, in response to the im-
posed SST perturbation, a basinwide precipitation anomaly
develops in the Indian Ocean as the troposphere is being
convectively heated. During the first week, as atmospheric
circulation and precipitation adjust to this heating, the gen-
erated MJO-like convective anomalies do not propagate
eastward; negative precipitation (dry) anomalies develop in
the western equatorial Pacific due to a lower-level diver-
gence. Then the MJO starts to propagate eastward, reaching
the speed of about 5.5ms™', and continues propagating
even after the SST perturbation is turned off on day 15. The
MIJO amplitude peaks when the convective anomalies reach
the Maritime Continent and gradually decays over the
western Pacific, in agreement with previous observational
studies (Rui and Wang 1990; Wheeler and Hendon 2004).
Convection in the Indian Ocean weakens by day 20
(Figs. 5d,e), which may be related to the 40-day periodicity of
the excited MJO in the model.

The mechanisms of the eastward propagation of the ex-
cited MJO events are investigated using a column-integrated
anomalous moisture budget analysis. The anomalous accu-
mulation of moisture due to converging winds and the
anomalous advection of moisture are found to play the major
role, similar to the analysis of Adames and Wallace (2015)
and Andersen and Kuang (2012), the latter of which is based
on the moist static energy budget. The anomalous accumu-
lation of moisture due to converging winds is found to largely
balance positive rainfall anomalies, but the residual, espe-
cially in the boundary layer, leads the MJO positive rainfall
anomaly by a quarter phase, which favors the eastward
propagation. Note that using the mass continuity equation
and column integrated variables (e.g., Raymond et al. 2009),
one can show that the anomalous accumulation of moisture
due to converging winds is equivalent to the anomalous ver-
tical advection of moisture, whose adiabatic component has
been suggested to be important for convective growth in the
MJO (Adames et al. 2021).

Additionally, the anomalous horizontal moisture advection
moistens the eastern poleward flanks of the positive rainfall
anomalies and dries the western poleward flanks. The meridi-
onal advection of the background moisture by the anomalous
flow dominates the anomalous horizontal moisture advection,
which is mainly forced by the cyclonic Rossby gyres in the
lower troposphere. As the anomalous accumulation of mois-
ture due to converging winds has a strong contribution from
the Kelvin waves, these results indicate that the Kelvin and
Rossby components of the MJO both contribute to the east-
ward propagation of the MJO.

We have also investigated the origin of the upper-level
quadrupole circulation of the excited MJO. The two anticy-
clonic gyres to the west of the MJO precipitation, usually re-
ferred to as the Rossby gyres, develop as a direct Rossby wave
response to the convective heating. The two cyclonic gyres to
the east, however, appear to be formed mainly by the Kelvin
waves (westerlies) and the equatorward flanks of extratropical
Rossby wave trains (easterlies) emanating from the two anti-
cyclonic Rossby gyres (Fig. 10c). This result contrasts previ-
ous composite studies suggesting that the two cyclonic gyres
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to the east of the MJO precipitation are caused by the
equatorial Rossby wave response (Adames and Wallace
2014). However, this could be because their MJO composites
consist of both primary and subsequent MJO events, and the
latter are preceded by negative heating anomalies forcing
cyclonic equatorial Rossby gyres. We also note that there is
some negative tropospheric temperature signal in the MJO cy-
clonic gyre in the Southern Hemisphere, which may directly
contribute to the formation of this cyclonic gyre. This negative
temperature signal has been suggested to originate from the
Rossby wave train trapped by the subtropical jet (cf. Fig. 2c of
Monteiro et al. 2014), whose effect should be minor in this study.
Ultimately, our results highlight the important role of the
MJO in the moist atmospheric adjustment to localized
equatorial heating, with implications for the predictability of
MJO events. Previous studies suggested that primary MJO
events could be thermodynamically triggered by preceding
dry conditions with a midtropospheric temperature anomaly
destabilizing the atmosphere in the absence of coherent SST
signals (Matthews 2008). In our study we show that an
anomalous surface warming in the equatorial Indian Ocean
can also act as a precursor of a primary MJO event, providing
an important mechanism for MJO generation. The anoma-
lous warming might arise from the ocean—atmosphere ther-
modynamic coupling during the dry period (Wang and Xie
1998) or can be caused by other factors. Accordingly, surface
warming should be monitored closely for MJO prediction.
Finally, further studies are needed to compare atmospheric
response to equatorial heating across other models.
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