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ABSTRACT

While the boreal summer Madden–Julian oscillation (MJO) is commonly defined as a planetary-scale

disturbance, the convective elements that constitute its cloud dipole exhibit pronounced variability in their

morphology. We therefore investigate the relationship between the intraseasonal cloud anomaly of the

MJO and the convective elements that populate its interior by simulating a boreal summer MJO event over

the Maritime Continent using a cloud-resolving model. A progressive relationship between convective cell

morphology and the MJO within the convectively enhanced region of the MJO was identified and charac-

terized as follows: anomalously long-lasting cells in the initial phases, followed by an increased number of cells

in the intermediate phases, progressing into more expansive cells in the terminal phases. A progressive re-

lationship does not seem to exist within the convectively suppressed region of the MJO within the simulated

domain, however. Within the convectively enhanced region of the MJO, the progressive relationship is

partially explained by the evolution of bulk atmospheric characteristics, such as instability and wind shear.

Positive midlevel moisture anomalies coincide with anomalously long-lasting convective cells, which is hy-

pothesized to further cascade into an increase in convective cell volume, although variability in the number of

convective cells seems to be related to an unidentified variable. This intraseasonal relationship between

convective cell morphology and the boreal summer MJO within the Maritime Continent may have broader

implications for the large-scale structure and evolution of theMJO, related to both convectivemoistening and

cloud-radiative feedbacks.

1. Introduction

Deep convective structures populate the tropics,

provide the energetics that drive the large-scale tropical

circulation, and interact with superimposed atmospheric

waves (Riehl and Malkus 1957; Lorenz 1969; Hendon

and Liebmann 1991; Kiladis and Weickmann 1992;

Chang 1995; Lane et al. 2001; Fierro et al. 2009). The

Madden–Julian oscillation (MJO; Madden and Julian

1971, 1972, 1994; Zhang 2005) is one such disturbance,

and while the MJO is commonly defined according to

its convective anomaly, its intraseasonal temporal

scale and global spatial scale are substantially greater

than that of typical mesoscale convective anomalies.

How important are mesoscale deep convective struc-

tures to the description of the MJO? Do mesoscale

convective structures interact cross scale with the

planetary-scale structure of the MJO? These ques-

tions have been topics of research for decades, and as

computational and observational capabilities have

improved over recent years, the ability to directly

investigate them has similarly improved in tandem.

The MJO is an episodic disturbance within the equa-

torial tropics with a period of 30–80 days and can be

defined by two distinct modes of variability, one during

boreal summer and another during boreal wintertime

(Madden 1986; Zhang and Dong 2004; Zhang 2005;

Wu et al. 2006; Kikuchi et al. 2012). Historically, a

plethora of research has focused on the characteristics

of the wintertime form of the MJO or has considered

the MJO to have consistent characteristics through-

out the entire year (Hendon and Salby 1994; Wheeler

and Hendon 2004). However, it has been shown that the

consideration of the seasonality of theMJO is important

both for developing real-time proxies for its location and
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magnitude and for process-based studies (Kikuchi et al.

2012; Kiladis et al. 2014; Jiang et al. 2018). Within this

study, we focus on cross-scale interactions within the

boreal summer MJO, which has been labeled with an

assortment of identities, including the boreal summer

intraseasonal oscillation (BSISO; e.g., Wang and Xie

1997; Kikuchi et al. 2012), summer MJO mode (Zhang

and Dong 2004), or Indo-Pacific intraseasonal oscilla-

tion (Waliser et al. 2004).

While the MJO is commonly defined as a planetary-

scale disturbance (Adames and Kim 2016), it is com-

posed of a broad range of atmospheric phenomenon

with scales ranging from individual convective cells

(Riley et al. 2011; Zuluaga and Houze 2013; Barnes

and Houze 2013; Riley Dellaripa et al. 2018) to ex-

pansive subtropical Rossby gyres (Kiladis et al. 2005).

The convective mode of the MJO can itself be sepa-

rated into various constituents. On the largest scale, a

convective dipole exists, each pole of which can

span thousands of kilometers longitudinally (Wheeler

and Hendon 2004) (Fig. 1). The convective dipole

gradually propagates eastward throughout the life

cycle of the MJO, originating within the western

Indian Ocean and decaying within the central Pacific

Ocean. Within this dipole, synoptic convective anom-

alies generate and decay, sometimes taking the form

of tropical cyclones (Maloney and Dickinson 2003;

Li and Zhou 2013) or eastward-propagating inertia–

Rossby waves (Yang and Ingersoll 2011) and Kelvin

waves (Kikuchi et al. 2018). The mesoscales are also

prominent (Barnes and Houze 2013; Vincent and Lane

2018; Riley Dellaripa et al. 2018), with convective el-

ements ranging in scale from isolated convective ele-

ments to expansive mesoscale convective systems that

generate their own subsynoptic circulations (Johnson

and Kriete 1982; Hendon and Liebmann 1994). These

convective elements meander within the planetary

scale convective envelope, partially driven by the

large-scale circulation and partially excited, main-

tained, and propagated by interactions with sur-

rounding convective elements. In particular, the

impact of vertical shear and convection-generated

horizontal pressure gradients on mesoscale systems in

the tropics can be of comparable magnitude to con-

vective available potential energy (Moncrieff 2010).

Such upscale effects of organized convection on

the distribution of tropical precipitation and the in-

tensity and multiscale structure of the MJO has

been demonstrated by parameterizations of meso-

scale convective systems implemented within both

simple and complex climate models (Moncrieff

et al. 2017; Yang et al. 2019). It is therefore apparent

that mesoscale convective organization is important

for understanding the role of moist convection in climate

in general, and particularly as it relates to the MJO.

When defined as a convective disturbance, the MJO

is at its core an amalgamation of convective elements,

each with its own lifespan and identifying characteris-

tics. The life cycle of each MJO event can therefore

possibly be described as a collection of convective fea-

tures, which interact with each other and any local

or upscale background environments they exist within.

Tropical convection, within the MJO or otherwise, in-

teracts with disturbances on larger scales than itself, al-

though it is unclear to what extent convection acts

as a conduit for upscale interactions (Mapes et al.

2006; Dias et al. 2012). Especially in vertically sheared

environments, dynamical processes control the upscale

FIG. 1. Pentad OLR anomalies for the simulated MJO event

based on OMI, reconstructed using the OMI principal components

for each pentad. The anomalies shown are only for the 20–96-day

anomalies represented by OMI and therefore do not directly

consider the mesoscale convective structure of the MJO. Positive

(negative) OLR anomalies correspond to suppressed (enhanced)

convection.
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interaction of mesoscale convective systems (Lafore and

Moncrieff 1989; Moncrieff 2010). We therefore ask,

What information can be gleaned when such a bottom-

up approach is taken to interrogating the structure of the

MJO? What insights can be made by equivalently con-

sidering both the mesoscale convective elements and the

planetary-scale, intraseasonal convective anomalies? In

particular, we focus our attention on the Maritime

Continent, wherein the evolution of the MJO is partic-

ularly complicated.We ask whether there exists a robust

relationship between the mesoscale characteristics of

convection within the core of the Maritime Continent

and the intraseasonal structure of the MJO convective

anomalies.

Cloud-resolving models (CRMs) offer the unique ca-

pability of capturing the cross-scale interactions within the

MJO. By permitting the direct representation of cloud

formation, the environments within which clouds form

can be analyzed according to the governing physics of the

atmosphere, rather than via convective parameterizations

as is typically the case in global circulationmodels (Zhang

and Mu 2005; Jiang et al. 2015; Moncrieff et al. 2012). We

therefore simulate a boreal summer MJO event propa-

gating over the Maritime Continent using a CRM to

investigate whether any relationships exist between the

mesoscales and intraseasonal-scale convective struc-

tures of the boreal summer MJO, in particular over the

Maritime Continent. Within the simulation, the lateral

boundaries are constrained with reanalysis, but meso-

scale disturbances are permitted to freely develop

within the interior of the domain. We then use spectral

analysis to examine the low-frequency relationship

between convective characteristics and the MJO, tying

the relationship back to atmospheric state variables

in a hypothesis for the relationship between convective

morphology and the boreal summer MJO.

We first detail the CRM used to conduct the simulation

along with characteristics of the simulated MJO event.

The relationship between mesoscale convective mor-

phology and the intraseasonal character of the MJO is

then considered using both spectral analysis and phase

compositing. Finally, we connect the relationship between

the MJO and convective cell morphology across the

Maritime Continent back to atmospheric state variables,

and propose causal mechanisms for how intraseasonal

anomalies in atmospheric thermodynamic and kinematic

conditions relate to the convective structure of the MJO.

2. Simulation details

CRMs can directly represent the mesoscale charac-

teristics of clouds without convective parameterizations,

which permits an evaluation of how the state of the

atmosphere influences the development and evolution

of cloud structures. The capability of CRMs to capture

the evolution of cloud features on a structured four-

dimensional (x, y, z, t) lattice is unique from that of

observational data, which are typically inhomogeneous

in resolution and sampling frequency. CRMs are

therefore a powerful tool for evaluating the complete

evolution of atmospheric systems across a broad range

of scales, extending toward the smaller scales of atmo-

spheric convection.

Of course, this capability is only of scientific interest if

the model is representative of the real atmosphere and

associated processes. While models should not neces-

sarily be expected to identically reproduce the convec-

tive structure of the atmosphere given the chaotic nature

of convection, a reliable model should produce statistics

similar to observations. The Maritime Continent and

tropics in general have few reliable mesoscale observa-

tional data such as surface observations and radar im-

agery, primarily due to the expansive oceans within the

tropics. CRMs are therefore a critical tool for deter-

mining the structure of atmospheric phenomena within

the tropics, and extend upon the more general infor-

mation offered by satellite-based observations by also

providing information regarding the underlying kine-

matic and thermodynamic state of the atmosphere.

We use the Regional Atmospheric Modeling System

(RAMS; Cotton et al. 2003; Saleeby and van denHeever

2013), a CRM with a bin-emulating double-moment

microphysics scheme, to simulate the entirety of a boreal

summer MJO event. RAMS has previously been used

to simulate the convective details of the boreal winter-

time MJO, and it accurately captures the distribution

of convective cell sizes compared to satellite observa-

tions, which further suggests it is a viable tool for sim-

ulating the convective identity of the MJO (Riley

Dellaripa et al. 2018). Details of the simulation param-

eters are listed in Table 1, including the grid spacing,

microphysical parameterizations, and lateral boundary

conditions.

At the beginning of the simulation, the interior and

lateral boundaries of the domain are initialized using

ERA5 (Copernicus Climate Change Service 2017) and

strongly nudged with a damping time scale of 30min for

the subsequent day. Thereafter, atmospheric state

variables within the 20 grid cells closed to the lateral

boundaries are nudged toward ERA5 data, while the

interior of the domain is permitted to freely evolve

according to the physics of the CRM (see Table 1 for

additional details). This ensures that the synoptic- to

regional-scale pattern of the MJO event is retained by

ERA5 through the lateral boundary conditions, while

the convective elements are permitted to form and
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evolve freely. The dominance of the CRM physics

within the interior of the domain is critical to deriving

conclusions relating convective morphology to the re-

gional pattern of the MJO. The relative independence

of the formation of clouds from the lateral boundary

conditions permits the simulation to directly capture

the evolution of atmospheric physics on scales ranging

from multiple kilometers to hundreds of kilometers.

We can therefore analyze how the convective scales of

the atmosphere interact with the regional-scale

anomalies associated with the MJO.

a. MJO event details

The MJO event was identified using the outgoing

longwave radiation MJO index (OMI; Kiladis et al.

(2014)), which explicitly considers the seasonality of

the MJO and therefore captures the defining structures

of the boreal summer MJO (as was shown in Fig. 1).

OMI is derived using principal component analysis of

eastward-only anomalies in outgoing longwave radia-

tion (OLR) with periods of 30–96 days, which is then

projected back onto a 20–96-day basis that includes

both eastward- and westward-propagating waves. Since

OLR is a proxy for high clouds given that they emit at

lower temperatures, OMI is a proxy for the regional,

low-frequency cloud identity of the MJO [see

Liebmann and Smith (1996) for a description of how

OLR is calculated]. The entirety of the July–August

2016 MJO event was simulated from inception to

demise, which maintained at least a one standard de-

viation OMI principal component magnitude convec-

tive anomaly from 8 July through 17 August and

throughout all eight phases of the OMI phase space

(Fig. 2). The convective anomaly originated within the

Indian Ocean and progressively propagated northward

and eastward across theMaritime Continent and South

China Sea. Within visible satellite imagery, it is ap-

parent that a diverse collection of convective features

formed within the convective dipole, including di-

urnally forced continental convection, maritime me-

soscale convective systems, and even a tropical cyclone

on the fringe of the Philippines archipelago (images

not shown).

b. Simulation domain

The simulation domain is centered over the Mari-

time Continent and South China Sea (Fig. 3), over

which the convective dipole of the boreal summer MJO

TABLE 1. Simulation parameters.

Model aspect Setting

Model Regional Atmospheric Modeling System (RAMS), version 6.2.07

Grid Arakawa C grid

Dx 5 Dy 5 4 km; 3360-km longitudinal extent; 2920-km latitudinal extent

Dz varies with height

Surface Dz 5 100m; domain top Dz 5 1000m

Vertical stretch ratio 5 1.10

42 vertical levels; model top: 25.5 km

Time integration 8-s time step

40-day simulation (8 Jul–17 Aug 2016)

Output every 10min

Initialization ERA5 domain-wide initialization; 0.28 1258 resolution (31 km at the equator)

Central nudging with 4-h damping (t 5 14 400 s) for first day of simulation

Initial time: 0000 UTC 8 Jul 2016

Surface scheme SST constrained by Reynolds SST observational dataset (Reynolds et al. 2002)

Soil moisture nudged to ERA5 with 4-h damping

Climatological NDVI representing continental vegetation

Boundary conditions Open radiative lateral and upper boundaries (Klemp and Wilhelmson 1978)

Lateral- and upper-boundary nudging to ERA5 with 30-min damping (t 5 1800 s) for entirety

of simulation

Lateral: 20 outermost grid cells along lateral boundaries

Upper: From 20 km to upper boundary

Microphysics scheme Two-moment bulk microphysics (Meyers et al. 1997)

Eight hydrometeor classes (Saleeby and Cotton 2004)

Radiation scheme Harrington (1997) two stream, updated every 30min

Aerosol treatment Aerosol species: Sulfates (Saleeby and van den Heever 2013)

No aerosol sources or sinks

Static (nonadvective) aerosol profile

DeMott et al. (2010) ice nucleation parameterization

Turbulence scheme Smagorinsky (1963) subgrid-scale closure
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propagates. The orography within the domain is coars-

ened to the 4-km simulation grid, where the orogra-

phy of each grid point is the average of native 30-arc-s

(;1-km) orographic data. During phase 1 of the simu-

lated MJO event, a majority of the simulation domain is

within the suppressed lobe of the convective dipole

(Fig. 4). As the MJO progresses throughout its phase

space, the convectively enhanced lobe propagates north

and east throughout the domain and is gradually re-

placed by the suppressed lobe, such that the entirety of

the domain is influenced by the convectively enhanced

and suppressed regions of the dipole for at least some

time throughout the evolution of the MJO.

Computing limitations prevent us from employing a

domain that spans both the Indian Ocean and west

Pacific and we acknowledge this as a caveat. We ac-

knowledge that Indian Ocean oceanic precipitation

might have different organization than represented

here. However, we feel that our domain is well suited

for analyzing the complete life cycle of a northward-

propagating ISO event in the MC and west Pacific

since it captures the initiation of northward propa-

gation near the equator and its demise at the northern

edge of the domain. Our analysis of cloud morphology

is thus highly relevant to understanding the initial

stages of northward-propagating BSISO disturbances,

the maintenance of BSISO convective anomalies

through the region of strong northward propagation,

and the reasons for demise of BSISO convection on

the north side of the domain.

3. Comparison between the simulation
and observations

As previously discussed, the unique capability of

CRMs to capture the higher-frequency, or mesoscale,

evolution of the atmosphere is only scientifically via-

ble if the model reproduces the low-order statistics

available from observations. We therefore compare

the simulation to ERA5 and satellite observations to

ensure the simulated large-scale structure of pre-

cipitation and atmospheric state variables such as

temperature and wind are similar to observationally

based analyses.

The regional characteristics of the MJO event, such

as zonal wind and precipitation anomalies, are cap-

tured well by the simulation (Figs. 5 and 6); 850-hPa

zonal wind anomalies (U850) are compared between

the simulation and ERA5 at the locations marked by

the red dots in Fig. 3, which were chosen to compare

locations both nearby and distant from the lateral

boundaries of the simulation domain (Fig. 5). As

should be the case, U850 anomalies deviate most

substantially from ERA5 in the interior of the do-

main, where the lateral boundary conditions have the

least influence and where the influence of mesoscale

and synoptic-scale contributions to the zonal wind are

captured by the CRM (Fig. 5). The intraseasonal

(i.e., .20-day periodicity) U850 variability within

the simulation aligns well with reanalysis, although

the simulation exhibits a slightly dampened ampli-

tude within the interior of the domain. The higher-

frequency variability of the simulation with periods of

less than 20 days deviates more substantially from that

of ERA5, which is also to be expected given that we

have designed the simulation to permit the free evo-

lution of meso- and synoptic-scale disturbances within

the interior of the domain. The capability of the sim-

ulation to capture this higher-frequency variability, in

particular that within the mesoscales, offers an op-

portunity to generate statistics for and deduce mech-

anisms driving the higher-frequency modes associated

with the MJO that are not directly captured by the

reanalysis.

Observational precipitation data from the Global Pre-

cipitation Measurement (GPM; Hou et al. 2014) mission

Integrated Multisatellite Retrievals for GPM (IMERG;

Huffman et al. 2015) product depict intraseasonal anom-

alies in precipitation propagating northward and eastward

FIG. 2. OMI principal component phase space for the July–

August 2016 boreal summer MJO event. Dates that were ana-

lyzed are colored, while dates outside of the analyzed simulation

data are gray. July dates are green and August dates are or-

ange. Note that the principal component ordering has been

changed to ensure this phase-space diagram can be compared

directly to the conventional real-time multivariate MJO index

phase-space diagram as originally developed in Wheeler and

Hendon (2004).
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across the domain throughout the simulation period

(Fig. 6a). The northward-propagating mode is more

well pronounced than the eastward-propagating mode,

progressing from the southern through northern ex-

tents of the domain throughout the simulation period.

The northward-propagating characteristics are captured

well by the simulation, while relatively more differences

exist between the observed and simulated eastward-

propagating intraseasonal component (Fig. 6b). The

spatiotemporal bounds of the intraseasonal precipita-

tion anomalies with greater than 20-day periodicity

align well between the observations and simulation,

FIG. 4. OLR anomalies for each phase of the boreal summerMJO.Anomalies correspond to a 1sMJOevent using theOMIEOFpatterns

for 31 Jul. Green (red) denotes negative (positive) OLR anomalies, which signifies enhanced (suppressed) convection.

FIG. 3. (left) Topographic map of the Indo-Pacific region, with the simulation domain outlined in black. (right)

Topographic map of the simulation domain. The red dots denote the locations where data were extracted for the

comparison between RAMS and ERA5 in Fig. 5. Note that the color scales are different between the regional map

and the simulation domain. Topography is not extracted from the model, but rather shows the topography at 30-s

resolution (approximately 100m at the equator).
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particularly for the northward-propagating mode

(Figs. 6c,d). Perhaps the most notable difference be-

tween the simulation and observations is the tendency

for the simulation to not capture the full westward

extend of intraseasonal anomalies from the Filipino

archipelago (longitudes west of 1208). While westward

propagation of convection does occur within the sim-

ulation, it is apparent from Fig. 6f that the westward

propagation is not as prominent within the simulation

as in observations. It is worth noting that the simula-

tion captures the predominant eastward-propagating

signal during the 15 July through 5 August period, after

which the intraseasonal anomalies appear to revert

back westward toward the Filipino archipelago. Another

prominent difference between the simulation and obser-

vations is the tendency for the simulation to have more

intense precipitation over land. It is unclear why this

discrepancy exists, although it may relate to the usage of

static aerosol profiles and the dependence of rainfall

generation within cloud microphysics schemes on aerosol

concentrations (Saleeby and van den Heever 2013).

The simulation accurately captures the evolution

of the MJO event from a regional perspective based

on the similarities between the simulated and ob-

served intraseasonal structure of zonal winds and

precipitation throughout the simulation period.

FIG. 5. Time series of 850-hPa zonal wind anomalies for the RAMS simulation

and ERA5 across the simulation domain, as labeled by the red dots in Fig. 3. The solid

lines show the unfiltered time series while the dashed lines show only the .20-day

variability.
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FIG. 6. (a) Latitudinal Hovmöller diagrams of precipitation anomalies from the domain-wide, simulation-long mean from GPM ob-

servations. The total precipitation anomalies are filled, while the open contours show the intraseasonal (.20 days) anomalies. (b) As in

(a), but for the simulated precipitation using the RAMS CRM. (c) Comparison between observations (gray) and the simulation (blue) of

the locations of intraseasonal precipitation anomalies, where positive anomalies are shaded and negative anomalies are unshaded. (d)–(f)

As in (a)–(c), but for the longitudinal Hovmöller diagrams.
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We therefore use the CRM simulation to analyze the

convective structure and mesoscale processes of the

MJO event.

4. Convective tracking algorithm

We utilize a convective cloud tracking algorithm to

generate a database of convective events that occur

throughout the simulation. The algorithm is based on

thresholds of cloud condensate, precipitation rates, and

the fraction of grid cells associated with one convective

feature that overlaps other convective cells in sequential

time steps. Briefly, the logic of the algorithm is as

follows:

1) T 5 0: Identify all contiguous regions of cloud (i.e.,

cloud mass mixing ratio greater than 1 g kg21) with a

volume of at least 50 km3 that are also associated

with at least one point with a surface precipitation

rate greater than 5mmh21 within the extent of their

cloudy region.

2) T 5 0 1 Dt: Identify all contiguous regions of cloud

(i.e., cloud condensate greater than 1 g kg21) with a

volume of at least 50 km3 that are also associated

with at least one point with a surface precipitation

rate greater than 5mmh21 within the extent of their

cloudy region.

3) Link the convective cloud elements identified in

steps 1 and 2 by considering clouds that overlap

with a fraction greater than 0.75 to be the same

convective element evolved across time.

4) Repeat steps 2 and 3 for the remainder of the

simulation.

The tracking algorithm is not particularly sensitive

to the selected thresholds if values 625% of those

presented in this paper are used; the qualitative

conclusions we draw at the end of the paper are

therefore independent of the selection of the threshold

values. It is important to note that since all identified

cloud objects must be associated with a minimum

precipitation threshold that is representative of con-

vective cells (Petersen and Rutledge 2001), the sub-

sequent analysis only considers actively precipitating

convective clouds and purposely neglects other

cloud features, such as nonprecipitating cumulus, re-

sidual glaciated clouds, and other general types of

nonprecipitating clouds. Given the different micro-

physical and thermodynamic processes governing the

evolution of convective and stratiform precipitation

(Houze 1997), we focus on the convective aspects of

the MJO, although completing an analysis for solely

stratiform precipitation would be a worthwhile en-

deavor as well.

An example convective cloud structure identified by

the algorithm is shown in Fig. 7. Within this particular

case, multiple cell mergers (t 5 1 and 2 h) and splits

(t 5 4 and 5 h) can be observed, along with a shallow

arcing band of cloud that is likely associated with

the cold pool of the convective cell (t 5 7 and 8 h). In

the case of a cell split, a new cell label is created

for the cell that least overlaps with the cell structure

from the previous time step, while the other cell that

most overlaps with the original cell maintains the

original label. Based on a clustering of cloud features

identified by the convective cloud feature tracking

algorithm, the algorithm captures convective struc-

tures with a broad range of spatial and temporal

characteristics, ranging from isolated, transient con-

vective cells to expansive, persistent mesoscale con-

vective systems (clustering data not shown). In total,

180 000 convective elements were identified within

the simulation.

Figure 8 shows the cloud tracks for each convective

cell identified within the simulation, along with the

maximum size each convective cell achieved. Of note,

the algorithm only tracks convective features that are

at least 100 km away from the lateral boundary of the

domain to limit any potential contamination caused

by the lateral boundary nudging. The spatial pattern

of convective tracks produced by the simulation is

similar to the July and August precipitation clima-

tology of the region (Biasutti et al. 2012).

Two pronounced regions of convective minima

exist: one within the north-central South China Sea and

the other between the southern tip of the Philippines

and Borneo. The minimum within the South China Sea

is associated with a rain shadow induced by winds

flowing down the slope of the elevated topography on

the eastern coast of Indochina (Wang 2002; Xu et al.

2008). Numerous convective maxima are also pres-

ent, the most pronounced of which are atop eastern

Indochina, west of the Philippines archipelago within

the eastern fringes of the South China Sea, east of

the Philippines archipelago within the Philippines

Sea, atop Borneo, and along the southern fringes of

the South China Sea. The maximum west of the

Philippines archipelago is associated with the offshore

propagation of diurnally driven convection (Love

et al. 2011), while the convectively active region over

eastern Indochina is similarly associated with both a

persistent diurnal cycle and monsoonal flow within

the broader Southeast Asian monsoon (Zhang et al.

2002). Within the Philippine sea, easterly waves

propagating toward the Maritime Continent excite

convection of various modes including two tropical

cyclones (not shown), while the banding structure
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along the southern periphery of the South China

Sea results from a tail of convection that forms on

the southwest side of the aforementioned tropi-

cal cyclones. While tropical cyclones can be thought of

as distinct entities from the MJO, they can both modu-

late and be modulated by intraseasonal variability, and

are therefore an important constituent of the overall

convective morphology of the MJO (e.g., Hsu et al.

2008; Kikuchi and Wang 2010; Li and Zhou 2013). In

summary, the simulation accurately captures the clima-

tological convective response of the Maritime Conti-

nent, and therefore provides alucrative opportunity for

FIG. 8. Tracks for all convective events identified within the simulation, showing the centroids of the convective cells at 10-min intervals.

The width of the tracks signifies the maximum volume of the respective convective cell throughout its lifetime: (left) volumes less than

50 000 km3, (center) volumes greater than 50 000 km3 and less than 100 000 km3, and (right) volumes greater than 100 000 km3. A total of

approximately 180 000 tracks are plotted.

FIG. 7. Example convective cell that was identified and tracked by the convective cell tracking algorithm developed for this re-

search. Each frame depicts an hour of convective evolution. The convective cell is centered about its centroid for each time for the

purposes of this visualization, although it is not stationary within the simulation. The lateral extent of the cloud is demarcated by the

gray dashed line.
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investigating the modulation of the background convec-

tive morphology by the MJO.

5. Low-frequency convective evolution

We now analyze the relationship between the bo-

real summer MJO and convective cell longevity, vol-

ume, and cell number using two methods. For the first

method, Fourier-based spectral filtering of time series

of the median values of these three cell characteristics

is used to explicitly remove any patterns not directly

associated with the intraseasonal time scales of the

MJO. The results of the spectral filtering are then

corroborated by compositing unfiltered time series of

the convective characteristics into two-dimensional

histograms according to MJO phase.

We take care to not distinctly separate the impacts

of geography on intraseasonal variability from the

analysis. By not removing the impacts of geography on

the intraseasonal time scales, we capture the relation-

ship between mesoscale convection and the intra-

seasonal structure of the MJO as it exists in an Earth

system with complex geography. It would be interest-

ing to remove the impacts of geography through either

statistical methods or by removing orography from the

simulation domain, although that is not our intention

for this study. It is worth noting that we do remove

some aspects of geographical variability by filtering for

intraseasonal time scales, such as the removal of the

diurnal cycle.

a. Frequency-based analysis

For the frequency-based analysis, we generated time

series of convective characteristics for the enhanced and

suppressed regional convective anomalies of the MJO

prior to spectral filtering. For example, for the enhanced

convective anomaly, we identified the regions of nega-

tive OLR anomalies associated with the MJO based on

the daily principal component time series of the obser-

vational OMI. The regions of the negative (convectively

enhanced) and positive (convectively suppressed) OLR

anomalies associated with the MJO may generally be

inferred from Fig. 4, although Fig. 4 shows the pentad-

averaged OLR anomalies and this analysis considers

dailyOLR anomalies.We then calculated the number of

cells, median convective cell longevity, and median

volume for each 10-min period of the simulation.We use

the median rather than the mean since the median does

not assume a Gaussian distribution, and is therefore a

more generalizable statistic. The median convective cell

longevity for each 10-min period was calculated by

finding the median longevity of all cells that existed

during that 10-min period, including their lifespan

before and after the specified 10-min period. This

generated a single time series for each of the three

variables for the convectively enhanced portion of the

MJO’s convective dipole. The mean was then removed

from each time series to generate anomalous time series

for each variable. These anomalous time series were

then spectrally decomposed using a Fourier transform,

and harmonics with periods of less than 20 days were

removed. The predominant signal within the $20-day

periods are those associated with the MJO since the

summertime MJO accounts for approximately 60% of

intraseasonal (.20 days) convective variability within

the tropics (Kiladis et al. 2014).We followed this process

for both the convectively enhanced and suppressed re-

gions of the MJO.

Figure 9 presents the relationship between convective

characteristics and the intraseasonal scales of the bo-

real summer MJO, separately for the convectively en-

hanced and suppressed regions. These figures are

presented in radial space, analogous to the phase

spaces used to represent the principal component

phase space of the MJO (Wheeler and Hendon 2004;

Kiladis et al. 2014). Since we intentionally selected an

MJO event that is representative of canonical MJO

events, the structure of these figures likely represents a

progressive evolution that may be identified within

other canonical MJO events.

Within the convectively active lobe, the relationship

between the boreal summer MJO and convective orga-

nization proceeds sequentially as follows: increased cell

longevity in the initial phases, followed by increased cell

number in the intermediate phases, progressing into

increased cell volume in the terminal phases (Fig. 9a).

The relationship is progressive, whereby one pattern

gradually blends into the next, with the maxima of the

oscillations in each convective characteristic being sep-

arated by approximately 1208 within the phase space.

The convective characteristics within the convectively

active region of the MJO can therefore be distinctly

separated into three distinct regimes. In the first regime

during phases 1 and 2, convective cells gradually de-

crease in size, last longer, and are fewer in number. The

second regime occurs from phase 3 through the earlier

portions of phase 6, wherein more convective cells exist,

but the cells are anomalously small in volume. The third

regime occurs during the latter portions of phase 6

through the demise of the MJO event, and is charac-

terized by anomalously expansive convective cells, but a

lesser number of unique convective features and grad-

ually increasing cell longevity. It is worth noting that the

number of cells within the convectively active region

(green line in Fig. 9a) does not scale directly with the

area of the simulation domain within the convectively
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active region (black dots in Fig. 9a), which implies that a

relationship between convective cell number and the

MJO does exist beyond a simple change in the area

being sampled as the MJO OLR anomalies traverse

the domain.

The consideration of this intraseasonal relationship

in the context of all frequencies of convective vari-

ability is important for justifying its importance for the

overall convective evolution within the tropics. Intra-

seasonal anomalies in cell number account for 22.8%,

size for 7.8%, and longevity for 17.3% of all variability

with periodicities less than or equal to 40 days, which

was the duration of the simulated MJO event. These

percentages represent a lower bound of the impacts of

intraseasonal variability on convective characteristics,

as the intraseasonal modes of variability may also

impact higher-frequency modes of variability (e.g., the

diurnal cycle and synoptic modes such as tropical

cyclones).

Convective cell morphology exhibits a less pro-

nounced progressive relationship within the con-

vectively suppressed regime (Fig. 9b). Generally, only

small anomalies in convective cell size and longevity

occur within the suppressed lobe, although the number

of cells is increased during phases 1 and 2, and again in

phase 8. This relative lack of a cycle can be interpreted

as the convectively suppressed regimes maintaining

their mean-state characteristics regardless of MJO

phase. Additionally, the differences between the con-

vectively enhanced and suppressed regions suggests

that the cycle observed within the convectively en-

hanced regions is not entirely related to geographical

changes as the MJO traverses the Maritime Continent.

If the cycle were caused by geographical changes, then

both the active and suppressed convective regimes

would exhibit a similar but phase-shifted cycle, which

is not the case.

b. Phase composites

For the compositing-based analysis, we considered

convective anomalies of all frequencies but still sepa-

rately considered the convectively enhanced and sup-

pressed regions of the MJO. That is, we use the

unfiltered time series of convective characteristics that

have only had their mean removed, which were con-

structed as discussed in the previous section.

The following procedure describes how two-

dimensional histograms were constructed for both

the convectively active and suppressed regimes. We

first identified all convective features that occurred

within the convectively enhanced regime for each re-

spective phase, as defined by OMI. Two-dimensional

histograms comparing each combination of convective

characteristic were then generated for each phase. We

also calculated the two-dimensional histograms for all

convective features within the convectively enhanced

FIG. 9. Radial time series of low-frequency (.20 days) variability in the number of convective cells (green),

cell volume (orange), and cell longevity (purple) for the (a) convectively enhanced region and

(b) convectively suppressed region of the MJO, as defined by OMI. The black dots denote the fraction of the

domain within the convectively enhanced region, with a normalized amplitude of 21 corresponding to 0% of

the domain and a normalize amplitude of 1 corresponding to the entire domain. The following normalization

factors were used to plot all variables on the same y axis: cell number, 150; cell volume, 6000 km3; and cell

longevity, 60 min.
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region, regardless of MJO phase, which rendered a

singular two-dimensional histogram for the entire

MJO event for the convectively enhanced regime.

Both the phase-specific histograms and the histogram

for the entire MJO event were normalized by the

sum of their respective bins. The anomalous charac-

teristics for each phase were then calculated by

dividing the normalized, phase-specific histograms by

the normalized histogram for the entire MJO event.

These anomalous histograms represent the frac-

tional difference between the convective characteris-

tics of each individual phase and the overall MJO

event. The anomalous histograms were then plotted

on a logarithmic scale with base 10, and show frac-

tional differences from the background state for each

phase, with negative values denoting a reduction in

convective features for a bin and positive values

denoting an increase.

The phase-composited two-dimensional histograms

corroborate the results presented within the frequency-

based analysis. The similarities between the phase-

composited histograms and the spectral analysis

suggests that the relationship within the spectrally fil-

tered time series is not disrupted by higher-frequency

modes of variability. Particularly, this relative lack of

importance of the higher-frequency modes suggests

that if geographic variability is important to the re-

lationship between mesoscale convection and the

intraseasonal time scales of the MJO, the importance

is well captured by the intraseasonal relationship. The

two-dimensional histograms for the cell longevity and

cell expanse are in the online supplemental material

since the information is redundant with the previous

section, although we present the two-dimensional his-

togram between convective cell depth and cell volume

to provide an additional perspective on the convective

morphology (Figs. 10 and 11). Within the convectively

enhanced region of the MJO, the frequency-based

analysis in section 5a suggested that convective cells

are most expansive during the latter phases of the

MJO, namely phases 7 and 8. Figure 10 corroborates

this pattern, with the most expansive convective cells

occurring during phases 7 and 8, as seen by the large

positive fractional difference values along the right

edge of the colored bins. The expansiveness of the

shallow convective mode that extends to the middle

troposphere also increases during the latter phases, as

seen by the increased number of convective clouds

between 5 and 12 km deep during phases 7 and 8.

Within the convectively suppressed region of the

MJO, the relationship between convective cell depth is

opposite to that of the convective enhanced region

(Fig. 11). Specifically, the deepest convective cells occur

during the intermediate phases of the MJO, whereas

relatively shallower convective cells exist during the

early and late phases. Unlike the convectively en-

hanced region, however, the anomalous convective

depth and longevity is not bimodal during the phases

characterized by the deepest convection. The con-

vectively suppressed regime is located across the

northern South China Sea and Philippines archipelago

during the intermediate phases, similar to the location

of the convectively enhanced regime during the later

phases of the MJO. This similar, phase-shifted re-

lationship between the enhanced and suppressed pha-

ses of the MJO suggests that convective depth may be

tied to geographical variability within the Maritime

Continent, which does not seem to be the case for cell

longevity, expanse, or number.

6. Convection evolution and the atmospheric state

We investigate the low-frequency evolution of the

atmospheric state within the simulation in an attempt to

physically explain the relationship derived in section 5a.

The relationship between mesoscale convective mor-

phology and the intraseasonal time scales of the MJO is

much less apparent within the convectively suppressed

regions than within the convectively enhanced re-

gions, based on both the spectral analysis and phase

composites of section 5. So, within this section we only

investigate the low-frequency evolution of the atmo-

spheric state within the convectively enhanced region in

an attempt to explain how the large-scale environment

may be tied to themesoscale–intraseasonal relationship.

The intraseasonal evolution of the atmospheric state is

defined similarly to the rest of the paper, and we only

consider anomalies with periods of greater than 20 days,

which are isolated using a bandpass spectral filter. Fur-

thermore, only the atmospheric state at convective ini-

tiation is considered since the convective life cycle is

much shorter than the periods of atmospheric anomalies

being considered within the spectrally filtered time se-

ries (;6 h for persistent convective systems compared

to .20 days for the atmospheric anomalies). The at-

mospheric state at convective initiation is thereforemost

representative of the atmospheric state throughout the

entire convective life cycle, although convection does

feedback upon its environment, so the atmospheric

state would still likely change throughout the convec-

tive life cycle. The location of convective initiation is

defined as the (x, y) centroid of the convective cells at

the first time step they were identified. Since we define

the atmospheric state for each convective cell accord-

ing to the location of convective initiation, we also

separate the subsequent analysis by convective events
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that occur within the convectively enhanced and sup-

pressed regions of the MJO, similar to the analysis

presented in section 5.

The connection between convective cell morphol-

ogy and intraseasonal variability in the atmospheric

state was considered using the bulk parameters of

vertical wind shear, convective available potential

energy (CAPE), and convective inhibition (CIN). We

calculated the low-frequency evolution of these bulk

parameters according to the following method. First,

low-frequency anomalies in atmospheric state vari-

ables such as temperature, water vapor mixing ratio,

and zonal and meridional wind were calculated. These

low-frequency anomalies were calculated for each grid

cell within the (x, y, z) space. The anomalous time

series for each variable were calculated by removing

the simulation mean value for each grid cell. A band-

pass filter was then applied that removes anomalies

with periods of less than 20 days, which resulted in low-

frequency time series with intraseasonal anomalies

with periods of greater than 20 days. It is important to

note that these anomalies represent anomalies from

the mean state of the simulation. Since the simula-

tion included the full cycle of an MJO event from its

enhanced to suppressed phases, these anomalies are

thereby also anomalies from the background state.

We filter the atmospheric state variables in (x, y, z)

space rather than using the method proposed in section

5, where a representative time series is created for only

regions with ongoing convection prior to filtering and

then subsequently filtered for the intraseasonal band.

This distinction is important. By first intraseasonally

FIG. 10. Two-dimensional histograms of cell top (y axis) and cell volume (x axis) for convectively enhanced

regions during each phase of the MJO. Regions that are included within the convectively enhanced portion of

the MJO are defined as regions with negative OLR anomalies, as shown in Fig. 4. The histograms show the

anomalous fractional occurrence for each bin relative to the histogram for the entire domain and entire sim-

ulation. Red regions denote an increase in occurrences in the respective phase relative to the simulation mean,

while blue regions denote a relative decrease. Gray patches indicate regions where all cases are attributed to a

single phase. The number of convective cells included in each phase is listed in the bottom-right corner of each

histogram.
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filtering the atmospheric state variables separately for

each (x, y, z) location, we ensure that high-frequency

impacts of convection on the atmospheric state are

removed and only intraseasonal variability is re-

tained. But, if a singular time series were generated

that represented the atmospheric state at convective

initiation and then subsequently filtered for the in-

traseasonal band, this time series would be selectively

contaminated by high-frequency variability associ-

ated with convection and thereby not representative

of intraseasonal anomalies associated with the re-

gional character of the MJO. Therefore, after careful

consideration we first filter each (x, y, z) location for

the intraseasonal time scales prior to sampling from

the regions in which convection occurs.

Vertical wind shear anomalies were then calculated

via a second-order finite difference approximation to the

vertical gradient in the low-frequency wind anomalies

for the zonal and meridional wind components.

Surface-based CAPE and CIN anomalies were calcu-

lated according to a more complicated procedure. The

base-state CAPE and CIN were first calculated from

the mean temperature and water vapor mixing ratio

profiles throughout the entire duration of the simula-

tion for each grid point. Then, the low-frequency

anomalies in temperature and water vapor mixing ra-

tio for each (x, y, z) grid cell were added to the

simulation-mean temperature and water vapor mixing

ratio profiles, and the CAPE and CIN values for these

perturbed profiles were calculated. The low-frequency

CAPE and CIN anomalies were then estimated to be

the difference between the CAPE and CIN values for

the perturbed profiles and the base-state, simulation

mean profiles. This procedure rendered anomalous

vertical wind shear, CAPE, and CIN profiles at each

location in (x, y) space for all time steps within the

simulation.

Figure 12 shows the intraseasonal anomalies in vari-

ous wind shear parameters, CAPE, and CIN at con-

vective initiation throughout the simulation, within the

convectively enhanced region of the MJO as defined

by OMI. The total wind shear is defined as the shear of

the wind magnitude, and the wind magnitude is cal-

culated before taking the vertical gradient. Note that

FIG. 11. As in Fig. 10, but for the convectively suppressed region of the MJO.
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Fig. 12a defines low-level vertical wind shear as the

magnitude of the difference between the 1000- and

800-hPa wind vectors and the midlevel vertical wind

shear as the difference between the 800- and 400-hPa

wind vectors. These pressure levels are as defined by

LeMone et al. (1998), which found a robust relation-

ship between these definitions of low- and midlevel

shear, CAPE, and CIN, and convective evolution

within the tropics. While the climatological values of

shear and bulk tropospheric instability may change

across the domain depending on orography and lati-

tude, this analysis considers intraseasonal anomalies

from the simulation mean and therefore ignores any

higher-frequency geographical dependences of the

climatologies of these quantities. For example, the

intraseasonal filtering removes impacts of the diurnal

cycle, or any other mode of variability with periods of

less than 20 days. It is worth noting that the climato-

logical upper-tropospheric winds are easterly and

lower-tropospheric winds are westerly across the en-

tire domain (not shown).

The evolution of the atmospheric state at convective

initiation may partially explain the relationships be-

tween convective morphology and the MJO presented

in section 5. As a reminder, the intraseasonal time scale

of convective morphology within the convectively en-

hanced portion of the dipole proceeds as follows: in-

creased cell longevity in the initial phases, followed by

increased cell number in the intermediate phases,

progressing into increased cell volume in the terminal

phases (Fig. 9a). Within the tropics, atmospheric ther-

modynamics govern convective longevity and depth,

while kinematics govern cell structure (LeMone et al.

1998). For a uniform background environment, de-

creased low- and midlevel shear encourages isolated

convective elements, while a relative increase in either

low- or midlevel shear encourages upscale growth

(LeMone et al. 1998). The anomalously expansive con-

vection that occurs during the latter phases of the MJO is

therefore likely supported by the relative increase in both

low- and midlevel shear during these phases (Fig. 12a). It

is also possible that the relative reduction in low- and

midlevel shear during phases 4–6 supports the greater

number of convective cells during these intermediate

phases, although this relationship is somewhat muddled

by the increase in wind shear during phase 3.

The relationship between the evolution of the atmo-

spheric thermodynamic state and convective organiza-

tion is more robust. Generally, an increase in mid- to

upper-level moisture supports longer-lasting convec-

tion, and reduced stability encourages deeper convec-

tive cells that repopulate more readily through cold pool

interactions, as suggested by Barnes and Houze (2013)

and LeMone et al. (1998). The increased instability in

the latter phases of the MJO may support the deeper

convective cells depicted in Fig. 10, although during

the intermediate phases the change is stability is more

complicated, as both CAPE and CIN decrease. It seems

that an increase in low- to midtropospheric moisture in

the early and late phases of the MJO is predominantly

responsible for the increased cell longevity during these

phases (Fig. 13). The increased longevity supported by

the anomalously high values of low- to midtropospheric

moisture content may be related to the increased cell

volume during these periods. Should convective cells be

maintained for a longer period of time, there is an in-

creased likelihood that the cells can interact with sur-

rounding convective elements and grow upscale. It is also

possible that as cells grow in expanse, they become more

immune to entrainment of ambient dry air, and can

FIG. 12. Low-frequency (.20 days) anomalies in the atmospheric state at convective initi-

ation within the convectively enhanced lobe of the boreal summer MJO for (a) low- and

midlevel shear and (b) CAPE and CIN. Low- and midlevel shear are defined as the shear

magnitude from 1000 to 800 hPa and 800 to 400 hPa, respectively. The anomalies are com-

posited by day. Refer to section 6 for further details regarding how these values are calculated.
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therefore persist for a longer period of time. From a

broader perspective, the relationship between the bulk

thermodynamic and kinematic characteristics of the at-

mosphere seem to best explain the evolution of convec-

tive cell volume and longevity, but do not seem to be

strongly tied to the number of cells.

7. Summary and conclusions

The MJO exhibits pronounced multiscale structure,

spanning from regional convective anomalies with scales

of thousands of kilometers to mesoscale convective

features that are best defined by their individual

convective updrafts. A plethora of research questions

remain unanswered regarding the importance of spa-

tial and temporal scales within the MJO, including

how the regional intraseasonal anomalies and indi-

vidual convective features interact. CRMs offer a

unique opportunity to capture much of the breadth of

scales within the MJO, as they permit the develop-

ment of cloud structures and therefore the direct in-

terpretation of interactions between the meso- and

regional-scale structures of the MJO. We therefore

used a CRM to investigate the relationship between

convective cell morphology and regional anomalies

associated with the MJO.

A boreal summer MJO event was simulated, which

spanned from 10 July through 17 August 2016 and

persisted throughout the entire MJO phase space as a

strong convective anomaly (Fig. 2). The simulation

domain was centered over the Maritime Continent and

South China Sea, since these regions experience the

peak intensity of convective anomalies throughout the

MJO life cycle (Figs. 1 and 3). The lateral boundaries of

the simulation were constrained by ERA5, while the

interior of the domain was allowed to freely evolve

according to the physics of the CRM. This ensured that

while the synoptic- and regional-scale structure of the

MJO was maintained by ERA5 through the lateral

boundary conditions, the mesoscale identity of the

MJO was captured directly by the CRM. In doing so,

we permitted the direct investigation of how deep

convective structures interact with the regional con-

vective anomalies associated with the MJO.

The implications of this work are most focused on the

evolution of the boreal summer MJO over the chosen

simulation domain, which encompasses a majority of the

Maritime Continent. There are, however, possibilities

that the relationship discovered is exclusive to the sim-

ulation domain, and may change farther east toward the

tropical Pacific or west within the Indian Ocean. We

focus on the Maritime Continent since the evolution of

the MJO is particularly complicated over this region,

although it would bemeritorious to repeat the presented

simulation over different domains of the Indo-Pacific

region. With that said, our results do broadly suggest

that the mesoscales and intraseasonal scales of the MJO

are closely related, and that the mesoscales undergo a

distinct series of transitions as the MJO passes over the

core of the Maritime Continent.

The convective population was sampled using a con-

vective cloud tracking algorithm and then analyzed

for its relationship with the intraseasonal character of

the MJO. We focus on the convective aspects of the

MJO because of the different microphysical and ther-

modynamic processes that govern the evolution of

convective and stratiform precipitation (Houze 1997),

although completing an analysis for solely stratiform

precipitation would be a worthwhile endeavor as well.

Using the convective cloud tracking algorithm, ap-

proximately 180 000 convective cells were identified

throughout the simulation, whereby a convective cell

was defined as a contiguous expanse of convectively

generated cloud that was actively precipitating. We

considered the evolution of the convective populations

within the MJO convective anomalies according to

three characteristics: the number of convective cells,

convective cell volume, and convective cell longevity.

Time series of these three variables were generated for

FIG. 13. Intraseasonal (.20 days) anomalies in water vapor

mixing ratio at convective initiation within the convectively

enhanced lobe of the MJO for eachMJO phase. Refer to section

6 for further details regarding how these values are calculated.
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both the convectively enhanced and suppressed lobes

of the MJO, and filtered to include only variability

with periods greater than 20 days. In doing so, the re-

lationship between convective morphology and intra-

seasonal variability, and therefore likely the MJO, was

isolated. We do not separate the analysis by land and

ocean, since we feel it artificial to distinguish between

the two given that the boreal summer MJO convective

envelope is broad and captures both land and ocean

points. Convective morphology changes induced by

interactions with land are likely important for BSISO

maintenance and propagation, however, and this would

therefore be an interesting avenue for future research.

We found that a pronounced progressive relation-

ship in convective morphology occurs within the con-

vectively enhanced lobe of theMJO across theMaritime

Continent, as follows: increased cell longevity in the

initial phases, followed by increased cell number in the

intermediate phases, progressing into increased cell

volume in the terminal phases (Fig. 9a). Furthermore,

the depth of convective cells tends to be greatest during

the latter phases of the MJO (Fig. 10). This evolution is

depicted schematically in Fig. 14. The cell morphology is

less variable within the convectively suppressed lobe of

the MJO, wherein the population of convective cells

generally maintains a singular identity throughout the

entire life cycle of the MJO. These relationships are

apparent within both spectrally filtered time series of

convective number, volume, and longevity, and within

two-dimensional histograms composited byMJO phase.

By filtering for intraseasonal time scales, these relation-

ships are not separable from the impacts of geography on

intraseasonal variability within the Maritime Continent,

but are separable from higher-frequency modes of vari-

ability tied to geography such as the diurnal cycle. How-

ever, the similarities between the phase composited

histograms and the spectral analysis suggests that the re-

lationship within the spectrally filtered time series is not

disrupted by higher-frequency modes of variability. Par-

ticularly, this relative lack of importance of the higher-

frequency modes suggests that if geographic variability is

important to the relationship between mesoscale convec-

tion and the intraseasonal time scales of the MJO, the im-

portance is well captured by the intraseasonal relationship.

The relationship between the progressivemorphology

of the convective population and the low-frequency at-

mospheric response to the MJO is complicated. Bulk

atmospheric characteristics such as vertical wind shear

and CAPE have previously been used to separate envi-

ronments most conducive for varying types of convective

FIG. 14. Schematic depicting the intraseasonal character of convective morphology within the convectively active region of the MJO.

This schematic summarizes the findings detailed in section 5. The raindrops do not have physical meaning aside from indicating that only

precipitating convective clouds were included within the analysis.
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morphology. For example, increased vertical wind shear

is favorable for upscale growth, while reduced vertical

wind shear and increased convective instability favors a

greater number of convective cells (LeMone et al. 1998).

We therefore investigated whether intraseasonal anom-

alies in wind shear and convective instability dictate

the progressive convective morphology within the con-

vectively enhanced lobe of the MJO. In essence, the

evolution of intraseasonal anomalies in water vapor

mixing ratio seem to most influence convective cell vol-

ume and longevity, whereas the number of convective

cells appears to be tied to another source of variability not

identified within this study. The predominant influence of

water vapor is consistent with an extensive body of lit-

erature on the modulation of convection by the MJO via

low-frequency variability in atmospheric water vapor

(e.g., Adames and Kim 2016; Raymond and Fuchs 2009;

Sobel and Maloney 2013).

The intraseasonal relationship between the MJO and

the evolution of convective cells within its enhanced and

suppressed regions across the Maritime Continent may

have broader implications for the large-scale structure and

evolution for the MJO. For example, the distribution of

cloud within the dipole of the MJO is related to the re-

distribution of water vapor from the boundary layer into

the free troposphere, which has been found to be an im-

portant factor in the overall evolution of the MJO and

other convectively coupled equatorial waves (Peters

andBretherton 2006; Benedict andRandall 2007;Adames

and Kim 2016). It would therefore be interesting to ex-

pand upon the existing literature citing the importance of

convective features in the upscale redistribution of water

vapor using methods such as spectral flux, as detailed in

Arbic et al. (2012) and Hayashi (1980), to identify the

scales most important for driving the aggregation of water

vapor anomalies. Another interesting avenue for future

research could be to expand or shift the simulation do-

main to test whether a similar relationship holds across the

rest of the Indo-Pacific region.

Additional upscale influences may arise from cloud-

radiative feedbacks, since changes in the distribution of

cloud have been shown to impact the propagation and

intensity of the intraseasonal structure of theMJO (Flatau

et al. 1997; Arnold and Randall 2015; Kim et al. 2015;

Wolding et al. 2016; Adames and Kim 2016). While not

directly investigated within this study, it is plausible that

the aggregation of mesoscale convective clouds with dif-

ferent morphologies could impact the radiative feedbacks

of clouds onto the larger-scale structure of theMJOwhen

integrated across space and time. Regardless of the di-

rection of influence that causes the relationship, this work

is generally supportive of the idea that themesoscales and

intraseasonal scales are closely related within the tropics.
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