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ABSTRACT

This study investigates the atmospheric overturning of the October 2011 MJO event observed during the Co-

operative Indian Ocean Experiment on Intraseasonal Variability in the Year 2011 (CINDY)/DYNAMO field ex-

periment using a cloud-permitting numericalmodel. The isentropic analysis is used to sort the verticalmass transport

in terms of the equivalent potential temperature of the air parcels, which naturally decomposes the atmospheric

overturning between ascending air with high entropy and subsiding air with low entropy. The circulation is further

decomposed into contributions of four main scales: basinwide ascent, meridional overturning, regional overturning,

and convection. Results show that the convective scale dominates the upwardmass transport while larger scales play

an important role both by allowing a deeper overturning andbymodulating convective activity. There are substantial

changes in the atmospheric overturning during different phases of this MJO event. Increased convective activity at

low levels precedes the onset of the MJO by several days. The initiation of the MJO itself is associated with a

substantial increase in the atmospheric overturning over the Indian Ocean. The subsequent eastward propagation

of the MJO event can be clearly captured by the evolutions of convective-scale vertical mass fluxes at different

altitudes. The equivalent potential temperatures of the rising and subsiding air parcels in the convective-scale

overturning are also increased in the troposphere during the active phase of the MJO.

1. Introduction

TheMadden–Julian oscillation (MJO;Madden and Julian

1971), with a period of 20–100 days, is the dominant com-

ponent of intraseasonal variability in the tropical atmosphere

(Majda and Biello 2004; Zhang 2005). Atmospheric over-

turning in theMJO is organized over a broad range of spatial

and temporal scales within a large-scale envelope (pre-

dominantly of zonal wavenumber 2) that propagates east-

ward at an average speed of 5ms21 across the warm waters

of the Indian Ocean and the Western Pacific (Hendon and

Liebmann 1994; Majda et al. 2007; Chen et al. 2014).

The MJO exerts pronounced influences on monsoon

systems, tropical cyclogenesis, El Niño, and the Southern

Oscillation and has broad impacts on global climate and

weather systems around the globe (Tyrrell et al. 1996;

Bergman et al. 2001; Maloney and Hartmann 2001; Zhang

2005; Lorenz and Hartmann 2006; He et al. 2011; Pai et al.

2011; Klotzbach 2014; Chi et al. 2015). Though the MJO

is a major source of intraseasonal predictability and has

prominent impacts on climate, it is still an unmet challenge

for global climate models to simulate and predict accurately

(Slingoet al. 1996;Lin et al. 2006;Hunget al. 2013; Jiang et al.

2015). This difficulty exposes a gaping hole in our knowledge

of tropical dynamics and, in particular, of the interactions

between convection and atmosphericmotions at larger scales

(Zhang 2005; Zhang et al. 2013). The purpose of this paper is

to diagnose the atmospheric overturning associated with

aMJO event, to assess the contributions of the various scales

ofmotions, andultimately to seekbetterunderstandingof the

multiscale interactions that are driving the MJO.Corresponding author: Xingchao Chen, xc18@nyu.edu
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The international field campaign Cooperative Indian

Ocean Experiment on Intraseasonal Variability in the

Year 2011 (CINDY)/Dynamics of the Madden–Julian

Oscillation (DYNAMO) was conducted in and around

the tropical Indian Ocean from October 2011 to March

2012. Three MJO events (the October, November, and

December MJO events) were captured by the sounding,

ground-based radar, ship/mooring, and airborne (aircraft

did not sample theOctober event) observational networks

during the field campaign (Yoneyama et al. 2013; Zhang

et al. 2013). A number of studies documented various as-

pects of these MJO events based on the collected in situ

observations. For example, Johnson and Ciesielski (2013)

diagnosed the large-scale kinematic and thermodynamic

properties of the October and November MJO events

based on the sounding array observations.Using shipborne

radar, Xu and Rutledge (2014) investigated the convective

population and atmospheric conditions over the central

Indian Ocean in the three MJO events. Rowe and Houze

(2014) compared the microphysical characteristics of

convective systems observed by the dual-polarimetric

Doppler S-band radar between the MJO active and in-

active phases during October, November, and December.

Using the same dual-polarimetric radar observations,

Barnes and Houze (2014) also studied the microphysical

characteristics of mature near-equatorial oceanic meso-

scale convective systems during the MJO active phases.

Moum et al. (2014) analyzed the air–ocean interactions

from westerly wind burst in the November MJO event

based on research vessel observations. The budget ofmoist

static energy of the three MJO events was analyzed by

Sobel et al. (2014) with the sounding array data.

Besides these observational studies, forecasting and

simulating skills of global and regional models on the MJO

events observedduringCINDY/DYNAMOhavealso been

examined in a variety of research works (Fu et al. 2013;

Kerns and Chen 2014; Ling et al. 2014; Takemi 2015;

S. Wang et al. 2015, hereinafter W15; W. Wang et al. 2015;

Xiang et al. 2015; Hagos et al. 2016; Janiga andZhang 2016;

Pilon et al. 2016; Powell 2016). W15 simulated the October

and November MJO events using a convection-permitting

regional model with 9-km grid spacing. The authors

compared the simulated atmospheric circulation, rainfall

intensity andpropagation, precipitablewater,wavenumber-

frequency distributions of surface precipitation, radiative

fluxes, and the budget of moist static energy with multiple

observational datasets. It is shown that the model success-

fully captured many aspects of the two simulated MJO

events, especially for theOctoberMJO event. In particular,

the evolutions of large-scale circulation, the convec-

tive activity, and the cloud–radiative feedback, which are

important to the MJO dynamics (Wang et al. 2016), are

faithfully reproduced in the simulation.

The main objective of this study is to assess the vari-

ations in the atmospheric overturning of the MJO using

convection-permitting simulations as in W15. While the

convective mass transport can be easily obtained in a

general circulation model owing to its reliance on con-

vective parameterization, a particular challenge in

using a high-resolution model lies in assessing the mass

transport and the contribution of individual scales as the

model simulates a broad range of motions. In this study,

we apply the isentropic analysis framework introduced

by Pauluis and Mrowiec (2013) in which the vertical

mass transport is sorted out in terms of the equivalent

potential temperature of the air parcels. This technique

has the advantages of 1) identifying the atmospheric

overturning associated with upward transport of warm

moist air and downward transport of colder dryer air and

2) systematically filtering gravity waves. Vertical mass

transport contributed by different scales of motions can

thus be more easily identified (Slawinska et al. 2016). In

this study, we systematically apply the isentropic anal-

ysis to investigate the evolution of the atmospheric

overturning during the October MJO event using the

same simulations as inW15. The experimental setup and

analysis methodology are described in section 2. Section 3

analyzes the atmospheric mass transport associated with

multiple scales. As mentioned above, the actual behav-

ior of MJO is complex owing to a wide range of scales

involved. Time filtering is usually needed to be applied

to precipitation or OLR observations to capture the

eastward propagation of the MJO. In this study, the

eastward propagation of the MJO as an envelope of

the convective-scale overturning characterized by isen-

tropic analysis will be discussed in section 4 to see if this

technique can capture the propagation of the MJO with-

out any time filtering. This approach allows us not only to

assess the evolution of convective mass transport over

different subregions but also to assess the changes in the

thermodynamic properties of the updrafts and down-

drafts. Section 5 gives the concluding remarks of the study.

2. Experimental setup and methodology

a. WRF Model setup

The model configuration here is the same as the one

used in W15. The Advanced Research version of WRF

(Skamarock et al. 2008), version 3.4.1, is used to simulate

the atmosphere over thewhole equatorial IndianOcean,

from 208S to 208N and from 488 to 1208E (Fig. 1). The

horizontal grid spacing is 9 km and there are 45 vertical

levels with 9 levels in the lowest 1 km and a nominal top

at 20 hPa. Vertically propagating gravity waves have

been suppressed in the top 5km of the model with
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the implicit damping scheme (Klemp et al. 2008). The

6-hourly ERA-Interim (Dee et al. 2011) is used as the

initial and boundary conditions for theWRF simulation,

and SST is updated every 6 h using the ERA-Interim

SST data. The simulation employs the unified Noah land

surface physical scheme (Tewari et al. 2004), the Yonsei

University (YSU) boundary layer scheme (Hong et al.

2006), theGCMversion of theRapidRadiative Transfer

Model (RRTMG) longwave radiation scheme (Iacono

et al. 2008), and the updated Goddard shortwave

scheme (Shi et al. 2010). The WRF double-moment

(WDM) microphysics scheme (Lim and Hong 2010)

fromWRF3.5.1 with an update on the limit of the shape

parameters and terminal speed of snow is used in this

simulation. No cumulus scheme has been used. The model

integration starts from 0000 UTC 1 October 2011. For the

first 3 days, a spectral nudging is used to relax the horizontal

wind with a zonal wavenumber 0–4 and a meridional

wavenumber 0–2, which constrains the large-scale flow and

convergence in the domain and allows the mesoscale to

saturate in the spectral space. More details on the model

configurations and descriptions can be found in W15.

The simulation is integrated until 14 November 2011

without any further nudging after the first 3 days. The

analysis focuses on the free run period from 4October to

14 November. Figure 2 shows the Hovmöller diagrams

of the 3-hourly rainfall averaged between the equator

and 4.58N from the WRF simulation and the TRMM

observation. The WRF simulation reproduces both the

intensity and the propagation of the surface rainfall,

as previously discussed in W15. The observation and

simulation clearly show that the October MJO event is

initiated in the western Indian Ocean (;608E) around

14 October (shown by the red dashed line) and propa-

gates eastward with a speed around 5ms21. The east-

ward propagation is disrupted near the Maritime

Continent (;1008E) around 6 November (disrupted

date herein). We also observe a westward propagation

for each rainfall episode within the MJO envelope,

which may be related to the propagations of equato-

rial Rossby waves and mixed Rossby–gravity waves

(Wheeler and Kiladis 1999; Zuluaga and Houze 2013).

The simulated surface rainfall intensity of several epi-

sodes is slightly stronger than that in the TRMM ob-

servations, while theWRF simulation captures themean

strength of these westward-propagating episodes. Pre-

cipitation over the Maritime Continent is little influ-

enced by the MJO event, and a prominent diurnal cycle

of precipitation is evident over Indonesia and Borneo.

More details on the atmospheric environment and en-

ergy budgets of this MJO event can be found in W15.

b. Isentropic analysis

The isentropic analysis technique developed by

Pauluis and Mrowiec (2013) is applied in this study to

investigate the mean properties of atmospheric over-

turning across multiple scales during this MJO event.

The isentropic analysis relies on sorting the vertical mass

transport in terms of the equivalent potential tempera-

ture ue of air parcels and computes the atmospheric

overturning in isentropic coordinates (z, ue). Compared

with the Eulerian analysis, isentropic analysis filters out

reversible oscillatory motions associated with gravity

waves and emphasizes the fact that the vertical mass

transport in convection (Pauluis and Mrowiec 2013;

Pauluis 2016; Slawinska et al. 2016), mesoscale systems

FIG. 1. Spatial distribution of the accumulated rainfall in theWRF simulation (color shading;

from 4Oct to 14 Nov 2011). Different subregions (450 km3 450 km) are indicated by the black

rectangles. Coastlines are shown by the gray lines.
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(Mrowiec et al. 2012, 2015, 2016), and global atmo-

spheric circulations (Pauluis et al. 2008, 2010; Yamada

and Pauluis 2016) are all due to the combinations of

ascending air parcels with high entropy and descending

air parcels with low entropy.

The isentropic distribution of vertical mass transport

on a given isentropic slice is defined as
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Here, r is themass perunit volume,W is the vertical velocity,

P is the time period over which the averaging is performed,

Lx andLy are the spatial extent of the averagingdomain, and
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the integral in (1) amounts to summing the vertical mass flux

of air parcels at each constant height in finite ue bins on an

interval of widthDue. In addition, ue0 is the mean equivalent

potential temperature of the finite bin and the isentropic
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Pauluis (2016)’s Eq. (2):
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where ri, rl, ry, and rT represent the mixing ratios for ice,

liquid water, water vapor, and total water;Ci,Cl andCpd

are the specific heat capacities at constant pressure of

ice, liquid water and dry air; Ry and Rd stand for the

specific gas constants for water vapor and dry air; Lf and

Ly are the latent heat of freezing and vaporization; H is

the relative humidity; P0 (51000hPa) and Pd are the

reference pressure and partial pressure of dry air; and

Tf (5273.1K) and T are the freezing temperature for water

under atmospheric pressure and temperature. From a physi-

cal point of view, this definition of ue would be the tempera-

ture of an air parcel that has been first expanded adiabatically

to 0hPa, then compressed back to the reference pressure of

1000hPa while imposing that all the water remains in the ice

phase. It is typically warmer by a few degrees than the defi-

nition of Emanuel (1994) and its primary advantage lies in

that freezing of liquid water is not a source of ue, and, when

used in the isentropic analysis, makes it easier to capture the

deep convective overturningmotions above the freezing level

because its inclusion of the latent heat of freezing.

The isentropic distribution of vertical mass transport

defined by Eq. (1) can be further integrated to obtain the

following isentropic streamfunction:

C(z, u
e0
)5

ðue0
0

hrWi(z, u0e) du0e. (3)

The isentropic streamfunction is equal to the net vertical

mass flux of all air parcels with an equivalent poten-

tial temperature less than ue0 at each height level z. Physi-

cally, it shows the averaged trajectory of all air parcels with

similar equivalent potential temperature. Interested readers

can also refer to Pauluis and Mrowiec (2013) for a more

detailed physical interpretation of the isentropic

streamfunction.

c. Multiscale decomposition of mass flux

In this study, we separate the atmospheric overturning

into different scales. First, we divide theWRF domain into

120 subregions (shown by the black rectangles in Fig. 1; 15

subregions in zonal and 8 subregions in meridional di-

rections). The size of each subregion is 503 50 grid points,

which is approximately 450km 3 450km (we use here a

Mercator grid, with a spatial spacing proportional to the

cosine of the latitude). Isentropic analyses using different

subregion sizes have been compared with each other and

the results are shown to be not sensitive to the small

changes of the subregion size (not shown here). At each

model output time (hourly) and in each subregion, the

vertical mass flux is decomposed into a convective com-

ponent (rWC) and a large-scale component (rWLS):

rw5 rW
C
1 rW

LS
(i, j). (4)

The latter is calculated by averaging the vertical mass

flux of all grid points in the subregion:

rW
LS
(i, j)5

1

A(i, j)

ðð
rwa2 cosf df dl . (5)

Here,A(i, j) is the areaof the corresponding subregion, r is

the horizontal-mean mass per unit volume for each subre-

gion, a is Earth’s radius (6371km), f is the latitude, and l is

the longitude. The large-scale mass flux is further decom-

posed intoabasinwideascent (rWB),meridionaloverturning

(rWM), and regional overturning (rWR) defined below:
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In the equations, NX 5 15 and NY 5 8 represent the

number of subregions in the zonal and meridional di-

rections. With these definitions, rWB is the mean verti-

cal mass flux over the whole model domain and accounts

for basinwide ascending or descendingmotion, and rWM

shows the zonally averaged vertical mass transport be-

yond the basinwide overturning and accounts for the

atmospheric overturning across different latitudes in

this MJO event. Because the size of each subregion is

close to the spatial scale of organized convective systems

(like squall lines), rWR represents the characteristics of

vertical mass transports associated mesoscale processes

(regional scale). Additionally, rWC is the mass flux at

each grid point after subtracting atmospheric over-

turning associated with basin, meridional, and regional

scales; it stands for the vertical mass transport produced

by the convective-scale activity. Using definitions in

section 2b, the isentropic streamfunctions associated

with basin (CB), meridional (CM), regional (CR), and

convective (CC) scales are determined by Eq. (3). Thus,

the total streamfunction C is decomposed into

C(z, u
e0
)5C

B
(z, u

e0
)1C

M
(z, u

e0
)

1C
R
(z, u

e0
)1C

C
(z, u

e0
). (9)

3. Atmospheric overturning across multiple scales

This section studies the multiscale atmospheric over-

turning in the October MJO event as described by

the isentropic analysis. Figure 3 shows the isentropic

FIG. 2. Hovmöller diagrams of 3-hourly surface precipitation from (a) the WRF simulation and (b) TRMM

observations averaged over latitudes 08–4.58N. The onset (14Oct) and disrupted (6 Nov) date of theMJO event are

shown by the red dashed lines. The black dashed lines are longitude grid lines.

FEBRUARY 2018 CHEN ET AL . 385



streamfunctions associated with multiple scales av-

eraged over all 120 subregions from 4 October to 14

November 2011. Figure 3a shows the convective-scale

isentropic streamfunction. The solid black line is the

horizontal-mean profile of equivalent potential tem-

perature. Because air parcels with low ue are on average

subsiding in convection, given the definition of Eq. (3),

the convective-scale streamfunction at each given height

are first decreasing with ue. The vertical mass flux

changes from negative to positive when the stream-

function reaches its minimum value at each level. The

streamfunction is negative throughout the troposphere,

indicating that the rising air parcels have higher ue than

the subsiding air parcels on average which leads to a net

upward transport of ue for the summed convective-scale

circulation. In the streamfunction, isolines associated

with deep convective drafts connect the surface with the

upper troposphere (shown by the black dashed contour

in Fig. 3a). The equivalent potential temperature ue of

air parcels being lifted by deep convection drops from

near the surface to the melting level (around 6km),

which is due to the entrainment of drier air in the up-

drafts. Above the melting level, the streamlines are al-

most vertical, reflecting that deep convective updraft

can transport mass and energy upward without signifi-

cant dilution above the freezing level. From the upper

troposphere to the surface, the averaged potential

temperature of the subsiding air parcels surrounding

deep convective updrafts (shown by the left part of the

black dashed contour in Fig. 3a) first decrease by 25K

from 14 to 1.5 km, which is induced by the radiative

cooling effect, then increase by 15K in the lowest 1.5-km

level, which is closely related to the mixing between the

subsiding environmental air and the detrained cloudy air

that has a higher ue (Pauluis and Mrowiec 2013). When

compared with the deep convective overturning that can

transport mass from the surface to the upper tropo-

sphere, shallow convective-scale overturning is much

more prominent (around one order magnitude greater)

in the convective-scale streamfunction with a center

located around 1–3 km and a top below 5km (or melting

level). It corresponds to the fact that shallow convective

overturning dominates the mass transport in lower tro-

posphere and produces the most precipitation over the

tropical Indian Ocean (Liu et al. 2008). In shallow con-

vective overturning, the ue of the air parcels is much

higher than the mean profile of ue (;10K), which shows

air parcels in shallow cumulus are much warmer and

moister than the environment [refer to Pauluis and

Mrowiec (2013)].

The regional-scale isentropic streamfunction is pre-

sented in Fig. 3b, which indicates the collective contri-

bution of organized mesoscale convective systems to

the whole atmospheric overturning in this MJO event.

When compared with the convective-scale stream-

function, the regional-scale streamfunction is shallower

in the vertical and wider in the lower troposphere, which

corresponds to weaker vertical motions at this scale. The

isolines of the regional-scale streamfunction are closely

aligned with the horizontal-mean profile of ue, showing

the bulk of the regional-scale descendingmotions occurs

at ue closer to the horizontal-mean atmospheric state

than that of the convective-scale overturning. In the

subsiding part of the regional-scale streamfunction, with

slower vertical motions, both the reduction of ue above

1.5 km induced by the radiative cooling and the increase

of ue in the lowest 1.5 km due to the mixing with de-

trained cloudy air are more prominent than those in the

convective-scale streamfunction, which are 32 and 26K,

respectively. The regional-scale streamfunction peaks at

around 4–9 km, which might correspond to the distinc-

tive overturning in the anvil clouds that usually exist

at the rear of mesoscale systems extending hundreds

of kilometers (DePasquale et al. 2014; Slawinska

et al. 2016).

Figure 3c shows the isentropic streamfunction asso-

ciated with the meridional overturning over the Indian

Ocean. The Hadley circulation is associated with as-

cending motions over the equatorial ITCZ and de-

scending motion in the subtropics. When diagnosed

through the isentropic streamfunction, the Hadley cir-

culation shows up as rising motion of warm, moist air

and subsiding motion of colder dryer air. Compared to

the regional-scale counterpart, the streamfunction as-

sociated with the meridional scale is 1–2 km shallower,

which reflects that the averaged depth of the meridional

circulation is shallower than that of the organized

mesoscale convective systems. The tilt of the stream-

function in the lower troposphere is also more prom-

inent in themeridional-scale circulation, which indicates

that the impacts of entrainment are stronger within the

meridional circulation, which may be related to weaker

vertical motions at this scale. The minimum of the

meridional-scale streamfunction is located around 6km,

showing that the vertical mass transport of the meridi-

onal circulation is strongest in the middle troposphere.

Figure 3d shows the isentropic streamfunction asso-

ciated with the basin scale. The dashed black line is the

lowest ue above which the streamfunction is constant for

each height level. The basin-scale streamfunction differs

from those associated with other scales in that it does not

vanish at high ue and therefore does not have a closed

contour. This arises from the fact that the large-scale

boundary conditions used in the simulations impose

large-scale ascent over the entire basin, which is com-

pensated by subsidence outside of the simulated domain.
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Similar to the meridional scale, the basin-scale stream-

function also peaks around 6km.

To further elucidate the temporal evolutions of the

vertical mass transports across multiple scales, an isen-

tropic upward mass transport is defined below following

Slawinska et al. (2016)’s Eq. (10):

M(z)5 max
ue

[C(z, u
e0
)]2 min

ue

[C(z, u
e0
)]. (10)

Themaximum andminimum in Eq. (10) are taken for all

values of ue at a fixed height. The evolution of the is-

entropic mass transport associated with different scales

is shown in Fig. 4. Black dashed lines show the active

phase of the October MJO event (14 October–

6 November), which corresponds to a substantial en-

hancement of the atmospheric overturning over the entire

region (Fig. 4a). This increase in overturning is primarily

associated with an increase in the contribution by the

convective overturning (Fig. 4b), albeit contributions

from themeridional and basinwide overturning (Figs. 4d

and 4e) are important in the middle to upper tropo-

sphere. In contrast, contribution from the regional-scale

circulation is relatively small (Fig. 4c) while an en-

hancement can still be found at the end of the MJO

event, which can be largely attributed to overturning in

anvil clouds. This is because extensive stratiform regions

are more common at the end of MJO events over the

central Indian Ocean (Lin et al. 2004).

The convective mass transport peaks in the lower

troposphere, indicative of the preponderance of shallow

convective-scale overturning (Fig. 4b). During the sup-

pressed phase, the convective activity is comparatively

FIG. 3. Isentropic streamfunctions (color shading; kgm22 s21) associated with the (a) convective scale,

(b) regional scale, (c) meridional scale, and (d) basin scale averaged over 120 subregions from 4Oct to 14 Nov 2011.

The x axis is equivalent potential temperature (K) and the y axis is height (km). The black solid line shows the

horizontal-mean profile of equivalent potential temperature averaged over 120 subregions. Isolines of stream-

function are shown as red contours with a 20.001 kgm22 s21 interval in (a) and a 20.0002 kgm22 s21 interval in

(b)–(d). The black dashed lines in (a)–(c) show the isolines of 0 kgm22 s21. The black dashed line in (d) shows the

lowest ue above which the basin-scale streamfunction is constant for each height level.
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weak, especially above the freezing level. During the

MJO active phase, the convective-scale overturning is

reinforced considerably and becomesmuch deeper, with

the strength of convective upward mass transport in-

creases more than 50% in lower troposphere and rea-

ches the strength around 0.5 kgm22 s21 between 5- and

10-km altitude (Fig. 4b), which is consistent with Del

Genio et al. (2012) and many other studies that found an

enhancement of the tropical convective activity during

the MJO. However, the convective overturning is still

more prominent in the lower troposphere during the

active phase, which indicates that both shallow and

deep convection increase during the MJO active phase.

The statistical significance of the differences in the

convective-scale overturning for the active and sup-

pressed MJO phases is tested using the t test. Results

show that the increase in convective-scale overturning

during the MJO active phase is statistically significant at

the 99% confidence level.

The mass transports associated with the regional,

meridional, and basin scales (Figs. 4c, 4d, and 4e) are

one order of magnitude smaller than that associated

with the mass transport by convective scale (Fig. 4b).

The meridional and basinwide overturning also increase

significantly during the MJO active phase (Figs. 4d and

4e; around 3 times stronger than the suppressed phase,

statistically significant at the 99% confidence level), re-

flecting that the Hadley circulation is reinforced by the

MJO heating; stronger basin-scale updraft is imposed by

the lateral boundary (Fig. 4e). Similar to the analysis of

the streamfunctions in Figs. 3c and 3d, both the merid-

ional and basinwide upward mass transports peak at

around 6km, which considerably enhances the total

upward mass transport in the middle troposphere

(;34%) during the active phase of theMJO (Fig. 4a). In

contrast, the contribution from the regional overturning

to the mass transport shows a weak enhancement near

the end of theMJO active phase but it is otherwise small

(Fig. 4c). Several studies (e.g., Tromeur and Rossow

2010; Virts and Houze 2015) have pointed out the fact

that the MJO corresponds to increased activity at the

synoptic and mesoscales. However, such increases in

FIG. 4. Evolution of isentropic upwardmass transports (color shading; kgm22 s21) associated

with (a) all scales, (b) convective scale, (c) regional scale, (d) meridional scale, and (e) basin

scale averaged over 120 subregions. The black dashed lines show the onset and disrupted dates

of the MJO event.
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synoptic and mesoscale activity do not correspond to an

increase in the atmospheric overturning. A possible

explanation is that the isentropic analysis filters out the

reversible oscillatory motions like gravity waves. For

gravity waves, the ascending and subsiding motions are

out of phase with the perturbations in both temperature

and ue, so that their net contribution to the isentropic

mass transport is small when averaged over the entire

basin. Thus, if the mesoscale and synoptic-scale struc-

tures in the tropics fit the broader concept of con-

vectively coupled gravity waves (Emanuel et al. 1994;

Wheeler and Kiladis 1999), a majority of their contri-

bution to the isentropic overturning will be filtered out

and should be small when compared to other scales of

motions, though the contribution from the nonlinear

convectively coupled gravity waves with significant ir-

reversible diabatic process cannot be purely removed by

the isentropic analysis.

Figure 5 shows the scatterplots of total upward versus

downward isentropic mass fluxes at different altitudes

over all 120 subregions. The total upward (downward)

mass fluxes shown here is the average of ascending (sub-

siding) air parcels at all equivalent potential temperatures

on different altitudes. We observe a strong correlation

between the upward and downward mass fluxes, meaning

that regions of strong updrafts are typically associated

with stronger downdrafts. Note that the boundary condi-

tions impose a large-scale ascent over the entire basin in

the simulation (Fig. 3d), so that the upward mass flux is

typically larger than the downward mass flux at all alti-

tudes, and the linear regression coefficient between the

two fluxes is smaller than 1.0 for the entire troposphere

(Fig. 5). From a physical point of view, the ratio of the

downwardmass flux to the upwardmass fluxes account for

the ability of convective updrafts to generate convective

downdrafts.

Figure 5 also shows that the ratio between the

downward and upward mass fluxes decreases sub-

stantially with height. The linear regression coefficient

between the downward and upward mass fluxes is high

under the melting layer (0.545 at 3 km, with a 95%

confidence interval from 0.544 to 0.547), showing that

convective updrafts can generate a substantial amount

of downdraft. The regression coefficient however de-

creases substantially above the freezing level, (0.374

at 9 km, with a 95% confidence interval from 0.373

FIG. 5. Scatterplots of total upward vs downward mass fluxes (kgm22 s21) at different altitudes over

120 subregions [from (a) 3 to (d) 9 km]. The black solid line in each panel represents the linear fit of the scatterplot.

The linear regression coefficient and its 95% confidence interval are shown in the upper-right corner of each panel.

The black dashed line in each panel shows a straight line with a slope of 1.0.
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to 0.375). This is consistent with the analysis of Fig. 4,

which shows that convective mass transport peaks below

themelting layer. The linear regression coefficient between

the downward to upward mass flux can be physically in-

terpreted in terms of the evaporation efficiency of the at-

mospheric overturning (Mrowiec et al. 2012). Thus, the

isentropic analysis in our simulation is consistent with an

evaporation efficiency of about 54% in the lower tropo-

sphere that gradually decreases to 37% in the upper tro-

posphere. When compared to the tropic inland regions, for

example sub-Saharan Africa (the evaporation efficiency is

close to 1.0; Geerts and Dejene 2005), the evaporation ef-

ficiency in the MJO is much lower because of the moister

large-scale environment over the tropic oceans.

As mentioned above, the direct contribution from the

large scales (basin, meridional, and regional scales) to the

total atmospheric overturning is one order of magnitude

smaller than that from the convective activity. However,

the large-scale flow can still essentially influence the total

atmospheric overturning indirectly, since it provides the

environment for the initiation and development of con-

vection. To assess the convective-scale overturning under

different large-scale regimes, we divide all convective-

scale vertical mass transports into nine regimes based on

the strength of rWLS at 6-km altitude. The related isen-

tropic streamfunctions of convective overturning in dif-

ferent regimes are shown in Fig. 6. The net large-scale

vertical mass flux at 6km is negative (subsiding regimes)

for five cases (Figs. 6a–e) and positive (ascending re-

gimes) for the last four cases (Figs. 6f–i).

In the subsiding regimes (Figs. 6a–e), the average

strength of the convective overturning is weak. Convec-

tion is shallower and is dominated by warm-rain processes

with its vertical circulation limited under themelting level.

Though deep convective-scale ascent can still be found

over the subsiding regimes, the strength is weak, reflecting

that the large-scale subsidence suppresses the develop-

ment of deep convective overturning. As mentioned

above, the tilt of the streamfunction in the lower tropo-

sphere is closely related to the mixing between rising

clouds and the environmental air, which results both in a

reduction of ue inside clouds and in an increase of the ue in

the environment. The tilt of the streamlines increases with

the strength of the large-scale subsidence, which indicates

that entrainment has a strong impact on the behavior of

rising plumes (from Fig. 6e to Fig. 6a). Equivalent po-

tential temperature ue of descending air parcels is also low

in the subsidence regimes, with the lowest ue at about

317K located at around 1.5km. It should be noted that the

spatial resolution of 9km in our simulation is insufficient

to accurately resolve the entrainment process. More pro-

nounced entrainment should be expected in simulations

with even higher spatial resolution.

In the ascending regimes (Figs. 6f–i), the convective

overturning intensifies (5 times stronger than the convective

overturning in the subsiding regimes on average). Shallow

convective overturning is still prominent and anoverturning

mass transport peaks at around 1–4km. Regions of large-

scale ascent typically correspond to a moister (and slightly

warmer) environment, which reduces the negative impacts

of entrainment. This appears in the isentropic analysis as a

reduction of the tilt of streamlines in the ascending regimes.

The isentropic mass transport increases with the strength of

the large-scale upward mass transport, which confirms that

convective overturning is enhanced in regions of large-scale

ascent. The isentropic mass transport is however systemat-

ically larger than the magnitude of the large-scale mass

transport itself, which implies that convective motions tend

to amplify the large-scale ascent.

To sum up, in comparison with the convective-scale

circulation, the direct contribution from the large-scale

circulations to the atmospheric overturning is relatively

weak during theMJO event (Figs. 3 and 4). However, the

large-scale circulations modulate the convective activity

(Fig. 6). The large-scale upwardmotion and the associated

low-level convergence and high-level divergence provide

favorable atmospheric environment for the initiation and

development of convective overturning. Similar results

can also be found in the previous literatures (e.g., Johnson

and Ciesielski 2013; Powell andHouze 2015; Ruppert and

Johnson 2015). For example, in Powell andHouze (2015),

they found that the large-scale circulation is instrumental

to the onset of MJO events. In addition, large-scale mo-

tions appear to play a more substantial role in the isen-

tropic mass transport in the middle to upper troposphere

and may, thus, play a substantial role in increasing the

depth of the atmospheric overturning.

4. Propagation of MJO as a convective envelope

As mentioned in the introduction, the MJO event is

characterized as a large-scale envelope of enhanced

convective activity which propagates eastward across the

equatorial Indian and west Pacific Oceans at an average

speed of 5ms21. In this section, the detailed spatial,

vertical, and temporal variations of the convective-scale

atmospheric overturning in the October MJO event will

be investigated in the context of isentropic analysis, with a

special emphasis on features associated with the MJO’s

eastward propagation.

a. Mass transport at different altitudes

Figure 7 shows the Hovmöller diagrams of the

convective-scale isentropic upward mass transport (color

shadings) and the mean vertical mass fluxes (black con-

tours) averaged over subregions 61–75 at 2-, 5-, and 10-km
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altitudes, respectively. The x axis is the longitude (from

the western equatorial Indian Ocean to the island of

Borneo) and the y axis shows the dates. The onset and

disrupted dates of the October MJO event are shown by

the two white dashed lines. Both the convective-scale

upward mass transports and the mean vertical mass fluxes

are enhanced considerably after the onset of the MJO,

indicating that the convective activity and the atmospheric

overturning are enhanced during the active phase of this

MJO event. The eastward propagation of the MJO is

clearly captured by the convective-scale upward mass

transports and the mean vertical mass fluxes at different

levels. As for the surface rainfall field (Fig. 2), the east-

ward propagation of enhanced convective-scale upward

mass transport is also disrupted near the Maritime

Continent (;1008E). During the active phase of the MJO

event, the mean vertical mass flux is enhanced on the

middle and upper troposphere (Figs. 7b and 7c), which is

closely related to the strengthening of the basin- and

meridional-scale atmospheric overturning during this pe-

riod (Figs. 4d and 4e). Both shallow and deep convective-

scale upward mass transports are enhanced during the

MJO active phase (more than 50%, statistically significant

at the 99% confidence level) while the mass transport in

the lower troposphere is more prominent than that in

the middle and upper troposphere (Figs. 7a–c). The en-

hancement of the deep convective-scale upward mass

transport occurs simultaneously with the onset of the

MJO, while the reinforcement of the shallow convective-

scale upward mass transport occurs a few days earlier

FIG. 6. Isentropic streamfunction (kgm22 s21) of convective-scale overturning in different regimes of rWLS strength (kgm22 s21) at

6-km altitude [sorted by the strength of rWLS at 6-km altitude; the mean strength of the 6-km rWLS of the regime is shown in the upper-

right corner of each panel]. The black solid line shows themean profile of equivalent potential temperature in different regimes. Isolines of

the streamfunctions are shown as red contours starting from20.001 kgm22 s21 and with a20.003 kgm22 s21 interval. The black dashed

lines show the isolines of 0 kgm22 s21.
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(Figs. 7a and 7c). This strongly suggests that pre-

conditioning by shallow congestus clouds might play an

important role in the initial development of the MJO

over the Indian Ocean. Previous studies show that

preceding shallow or moderately deep convective ac-

tivity can enhance the low-level mass convergence,

moisten the lower troposphere, and produce a favor-

able environment for the initiation of deep convection

(Zhang and Song 2009; Powell and Houze 2013;

Chikira 2014; Xu and Rutledge 2014; Bellenger et al.

2015; Powell and Houze 2015; Ruppert and Johnson

2015; Takemi 2015; Powell 2016).

b. Mass flux in different subregions

The temporal and spatial evolutions of the vertical

structure of convective-scale mass fluxes are further

investigated. Figure 8 presents the isentropic distri-

butions of the convective-scale vertical mass fluxes

averaged over different periods and subregions. As

mentioned in section 3, the convective-scale atmo-

spheric overturning is a combination of ascending air

parcels with high potential temperature and descending

air parcels at low potential temperature. For each subregion

over the equatorial Indian Ocean (subregions 61–68), the

convective-scale mass flux is weak (with the maximum

vertical mass flux weaker than 0.003kgm22 s21K21) and

shallow (below melting level) during the suppressed phase

of the MJO event. While, during the active phase of the

MJO event, it becomes much stronger (with the maximum

vertical mass flux stronger than 0.008kgm22 s21K21)

and deeper that connects the air from near the surface

to the upper troposphere. The enhancements of the

FIG. 7. Hovmöller diagrams of isentropic upward mass transport (kgm22 s21) associated with the convective-scale (color shading) and

mean mass flux (black contours; solid contours represent upward mean mass flux and dashed ones are downward mean mass flux; the

interval is 1 kgm22 s21) at (a) 2-, (b) 5-, and (c) 10-km altitudes. The white dashed lines show the onset and disrupted dates of the MJO

event. The reinforcement of shallow upward mass transport is highlighted by the red arrow in (a).

392 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 75



convective-scalemass flux in all subregions during the active

phase of the MJO are statistically significant at the 99%

confidence level (the statistical significances are tested using

the t test). Strong convective-scale mass fluxes are mainly

concentrated in the lower tropospherewhich corresponds to

the analysis of Figs. 3 and 4, indicating that shallow con-

vective overturning dominates the mass transport in lower

troposphere over the tropical Indian Ocean. The eastward

propagation of the MJO event can be clearly captured by

the strongest value of the convective-scale vertical mass flux

in each equatorial subregion: from subregions 61–62 (15–

19 October), to subregions 64–65 (20–24 October), to

subregions 67–68 (25–29 October), and to subregions 70–71

(30 October–3 November), which corresponds to the east-

ward propagation of the convective-scale upward mass

transports shown in Fig. 7. Because of the stronger con-

vective heating, the environmental equivalent potential

temperature also becomes higher in the lower and middle

troposphere (shown by the black solid lines in Fig. 8) during

the active phase of the MJO event. Over the Maritime

Continent (subregions 74–75), the convective-scale mass

flux, however, has been influenced little by the MJO event.

The average rainfall rate in each subregion during different

periods has also been given in Fig. 8, showing that the

rainfall rate varies directly with the vertical convective-scale

mass flux: a stronger convective activity produces stronger

surface precipitation during the active phase of the MJO.

c. Vertical entropy transport

The isentropic analysis can also be used to assess the

vertical transports of energy and entropy. As shown in

Fig. 3a, on average, the potential temperature of as-

cending air parcels is higher than that of descending air

parcels in the convective-scale overturning, which leads

to an upward entropy transportation for the whole con-

vective overturning.

One advantage of the isentropic analysis is it offers an

efficient way to characterize the thermodynamic prop-

erties of the atmospheric overturningwith the two-stream

approximation (Pauluis and Mrowiec 2013). First, based

on the convective-scale streamfunction averaged over

the subregions 61–75, the convective-scale atmospheric

overturning is divided into a mean updraft and a mean

downdraft at each model output time. The upward M1

and downward M2 mass transports are defined as

M1(z, t)5

ð‘
2‘

hrW
C
iH(hrW

C
i) du

e
and (11)

M2(z, t)5

ð‘
2‘

hrW
C
iH(2hrWi

C
) du

e
, (12)

where z is altitude, t is the model integration time

(output every hour), andH is a Heaviside step function.

In the convective-scale atmospheric overturning, M1

and M2 cancel each other out in the absence of mean

vertical motion. The isentropic-mean equivalent po-

tential temperatures in the mean updraft u1e and in the

mean downdraft u2e are defined as

u1e (z, t)5
1

M1

ð‘
2‘

hrW
C
u
e
iH(hrW

C
i) du0e and (13)

u2e (z, t)5
1

M2

ð‘
2‘

hrW
C
u
e
iH(2hrW

C
i) du0e . (14)

The temporal evolutions of the isentropic-mean equiv-

alent potential temperature perturbation in the mean

convective-scale updraft [u1e (z, t)2 u1e (z)] and down-

draft [u2e (z, t)2 u2e (z)] are shown in the Figs. 9a and 9b.

Over the equatorial Indian Ocean, the equivalent po-

tential temperature in the convective updraft becomes

;4K higher in the troposphere during the active phase

of the MJO (statistically significant at the 99% confi-

dence level), which corresponds to greater latent heat

released by the anomalous convective activity during

this period (Fig. 9a). The equivalent potential temper-

ature perturbation in the mean convective-scale updraft

is fairly uniform with height below the tropopause dur-

ing the active phase of the MJO (0.5;1.0K). This in-

dicates that the updrafts transmit fairly efficiently and

uniformly the variations of equivalent potential tem-

perature from the surface to the entire troposphere.

Above the tropopause, the equivalent potential tem-

perature decreases during the active phase of the MJO.

One possible explanation is that it pointing to the

presence of stronger convective overshooting, which is

associated with a weak downward entropy transport as

rising air mixes with air parcels of higher equivalent

potential temperature before subsiding. Another possi-

ble reason is that it is induced by the vertically propa-

gating Kelvin waves excited by the MJO convective

envelope (Johnson and Ciesielski 2013). The exact

mechanisms still need future investigations.

The evolution of equivalent potential temperature of

the mean downdraft u2e shows a different structure than

that of the mean updraft. First, u2e decreases in the

boundary layer during the active phase of the MJO

(statistically significant at the 99% confidence level),

which is likely due to stronger convective downdrafts

bringing more air parcels with low equivalent potential

temperature from the free atmosphere into the bound-

ary layer. The stronger cold pools (Feng et al. 2015; Rowe

and Houze 2015; Skyllingstad and de Szoeke 2015) may

also play a role in the formation of the boundary layer

negative equivalent potential temperature anomaly dur-

ing the active phase of the MJO. Second, in the lower

troposphere (but above the mixed layer), u2e is increased
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by 5K at the onset of the MJO (statistically significant at

the 99% confidence level), corresponding to amoistening

of the lower troposphere. Though the equivalent poten-

tial temperature increased both in the convective up-

draft and downdraft during the transition from the MJO

suppressed phase to active phase, this change is much

less significant when compared with the variation of

other strong tropic atmospheric systems, like hurricane

(Mrowiec et al. 2016).

The evolution of isentropic-mean equivalent potential

temperature differences between the mean convective-

scale updraft and downdraft is shown in Fig. 9c. As

mentioned before, rising air parcels have higher equiv-

alent potential temperature than the subsiding air par-

cels on average, indicating that there has an upward

entropy transport in the convective-scale atmospheric

overturning. The equivalent potential temperature

differences between the mean updraft and downdraft

decreases with the height and changes sign near the

tropopause. The entropy transport by convection is

upward through the troposphere and reverses direction

near the tropopause. The equivalent potential temper-

ature differences between the mean updraft and down-

draft become smaller in the lower troposphere during

the active phase of the MJO event, which reflects a

moister environment. The largest difference in equiva-

lent potential temperature between updraft and down-

draft is about 15K which occurs between 5 and

10 October. This difference gradually decreases before

the onset reaching its lowest value of about 10K

FIG. 8. Isentropic distributions of convective-scale vertical mass flux (kgm22 s21 K21; color shading) averaged over different subregions

(columns) and different periods (rows). For each panel, the x axis is equivalent potential temperature (K) and the y axis is height (km). The

black solid line shows the mean profile of equivalent potential temperature. The mean surface rain rate over the subregion is shown in the

upper-right corner of each panel. The number of subregions and their longitude ranges are shown at the top of each column. Time period

(month day–month day) is shown in each panel of the first column.
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between 20 and 25 October. The active phase of the

MJO thus corresponds to a period of reduced thermo-

dynamic difference between updraft and downdraft.

This means that convection is less efficient at reducing

the equivalent potential temperature of the lower tro-

posphere, so that more convective mass transport is

necessary to compensate for a given surface heating.

5. Summary and discussion

In this study, we analyze the atmospheric overturning

across multiple scales during the October MJO event

observed by the CINDY/DYNAMO campaign. The

MJO event is simulated with the WRFModel under the

same configuration asW15. Isentropic analysis proposed

by Pauluis and Mrowiec (2013) is applied in this study,

for the first time for such a purpose, to investigate the

contributions of individual scales to the total atmo-

spheric overturning of the MJO. The framework of is-

entropic analysis analyzes the atmospheric overturning

by conditionally averaging vertical mass transport in

terms of the equivalent potential temperature and de-

scribes the flow in a height–entropy (z–ue) coordinate.

This approach makes it possible to unambiguously ex-

tract the mass transport associated with different scales

in the high-resolution simulation.

The overturning circulation of the MJO event is

decomposed into four contributions: a basinwide ascent

(basin scale), a zonally symmetric meridional over-

turning (meridional scale), zonal asymmetries on scales

larger than 450 km (regional scale), and a convective

contribution associated with all scales less than 450 km

(convective scale). Our analysis shows that the atmo-

spheric overturning over the Indian Ocean is dominated

by the contribution from the convective scale. The

overturning associated with other scales of motion is at

least one order magnitude smaller than that owing to

convection. However, the vertical mass transport by the

convective scale peaks in the lower troposphere, while

the transport by the larger scales reaches its maximum in

the midtroposphere. This indicates that while the at-

mospheric overturning is dominated by the smaller

scales, the larger scales enable the atmospheric over-

turning to reach a higher altitude than it would owing to

the influence of convection alone.

We also analyze the evolution of the upward mass

transport. During the active phase of the MJO, the at-

mospheric overturning associated with all scales be-

comes significantly stronger. This increase of mass

transport is most pronounced for the contributions from

the convective scales. The large-scale overturning is also

important because it can significantly enhance the

FIG. 9. (a) Evolution of perturbation isentropic-mean equivalent potential temperature

(K) in the mean convective-scale updraft. (b) As in (a), but for the mean convective-scale

downdraft. (c) Evolution of the isentropic-mean equivalent potential temperature difference

(K) between the mean convective-scale updraft and downdraft [u1e (z, t)2 u2e (z, t)]. The onset

and disrupted dates of the MJO event are shown by the black dashed lines.
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vertical mass transport in the middle to upper tropo-

sphere and modulate the convective activity. Notably,

the convective mass transport intensifies in the lower

troposphere a few days before the initiation of the MJO

event. This strongly indicates that preconditioning by

shallow congestus clouds plays an important role in the

development of the MJO over the Indian Ocean.

In contrast to the previous studies based on coarse-

resolution models or large-scale atmospheric datasets

that do not resolve the convective scale and only capture

the atmospheric overturning by the large-scale atmo-

spheric motion (e.g., Kiladis et al. 2005; Johnson and

Ciesielski 2013), the isentropic analysis based on cloud-

permitting simulation shows that convective scale

dominates the atmospheric overturning of the MJO and

strongly interacts with the large scales. The contribution

of convective scale to the total atmospheric overturning

is much larger in the isentropic analysis than that in

the traditional Eulerian averaging, because the condi-

tional averaging based on equivalent temperature can

better extract the vertical mass flux associated with

convective scale.

The eastward propagation of the MJO is clearly cap-

tured by the eastward propagation of the convective-

scale vertical mass transport. Prior to initiation of the

MJO, there is a noticeable increase in shallow convec-

tive overturning in the equatorial Indian Ocean. The

initiation itself corresponds to the intensification and

deepening of convection which then slowly propagates

eastward. The convective-scale vertical mass trans-

port over the Maritime Continent, however, has been

influenced little by the MJO event. In our simulation,

the MJO propagation can be unequivocally identified

from the propagation of the convective mass transport,

without applying any additional filtering which is

usually needed to be done for the precipitation or

OLR fields.

Isentropic analysis also offers an efficient way to di-

vide the upward and downward mass transports in the

convective-scale overturning and characterize the ther-

modynamic properties of convective-scale updraft and

downdraft separately. The convective-scale vertical en-

tropy transport in the MJO event has been studied in

this paper. In the mean convective-scale updraft, the

averaged equivalent potential temperature becomes

higher in the troposphere while lower above the tropo-

pause during the active phase of the MJO, which is re-

lated to stronger and deeper convective activity during

this period. Similar evolution can also be found in

the mean convective-scale downdraft. In the boundary

layer, the averaged equivalent potential temperature is

decreased in the mean convective-scale downdraft

during the active phase of the MJO, which is related to

the stronger convective downdraft and cold pools. In

general, the increase of equivalent potential tempera-

ture of convective-scale overturning during the MJO

active phase is not significant, especially when compared

to the variations of other strong tropic atmospheric

systems like hurricane (Mrowiec et al. 2016).

With the isentropic analysis technique, detailed ther-

modynamic cycles and energy transport of multiscale

atmospheric overturning in the MJO can also be in-

vestigated based on the mean airflow as Lagrangian

dynamics approximation (Pauluis 2016), which would be

interesting to study in the future. Using cloud-resolving

models with parameterized large-scale dynamics, sev-

eral recent studies have investigated the interactions

between convection development and large-scale over-

turning in the tropics (e.g., Wang et al. 2013, 2016).

These modeling results are also deserving of further

analysis using the isentropic analysis technique.
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