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ABSTRACT

A  new  local  kinetic  energy  (KE)  budget  for  the  Madden−Julian  Oscillation  (MJO)  is  constructed  in  a  multi-scale
framework. This energy budget framework allows us to analyze the local energy conversion processes of the MJO with the
high-frequency disturbances and the low-frequency background state. The KE budget analysis is applied to a pronounced
MJO event during the DYNAMO field campaign to investigate the KE transport path of the MJO. The work done by the
pressure gradient force and the conversion of available potential energy at the MJO scale are the two dominant processes
that  affect  the  MJO  KE  tendency.  The  MJO  winds  transport  MJO  KE  into  the  MJO  convection  region  in  the  lower
troposphere  while  it  is  transported  away  from the  MJO convection  region  in  the  upper  troposphere.  The  energy  cascade
process is relatively weak, but the interaction between high-frequency disturbances and the MJO plays an important role in
maintaining the high-frequency disturbances within the MJO convection. The MJO KE mainly converts to interaction KE
between MJO and high-frequency disturbances over the area where the MJO zonal wind is strong. This interaction KE over
the  MJO  convection  region  is  enhanced  through  its  flux  convergence  and  further  transport  KE  to  the  high-frequency
disturbances.  This  process  is  conducive to  maintaining the  MJO convection.  This  study highlights  the  importance of  KE
interaction between the MJO and the high-frequency disturbances in maintaining the MJO convection.
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Article Highlights:

•  A  new  local  kinetic  energy  (KE)  budget  for  the  Madden−Julian  Oscillation  (MJO)  is  constructed  in  a  multi-scale
framework.

•  The dominant processes of the MJO KE budget are related to the pressure gradient force and available potential energy
conversion at the MJO scale.

•  The interaction between MJO and the high-frequency systems helps maintain the high-frequency disturbances within the
MJO convection.

 

 
  

1.    Introduction

The  Madden−Julian  Oscillation  (MJO; Madden  and
Julian,  1971, 1972)  is  the  dominant  component  of  the
intraseasonal  variability  in  the  tropical  atmosphere.  It  usu-
ally initiates over the Indian Ocean featuring planetary-scale

circulation  coupled  with  deep  convection,  propagates  east-
ward at speed around 5 m s−1, and terminates over the cent-
ral  Pacific  (Zhang,  2005; Li  et  al.,  2005; Li  and  Zhou,
2009).  Its  lifetime  ranges  from  20  days  to  100  days  (Lau
and Waliser, 2012; Li et al., 2015) It is considered to be the
bridge  connecting  the  weather  and  climate  and  is  further-
more  a  major  source  of  global  predictability  for  the  exten-
ded weather forecast (Waliser et al., 2012; Zhang, 2013).

A multinational joint field campaign called the Dynam-
ics  of  MJO/Cooperative  Indian  Ocean  Experiment  on
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Intraseasonal  Variability  in  the  Year  2011  (DYNAMO/
CINDY 2011) took place over the equatorial  Indian Ocean
from late  2011 to early 2012 to further  understand the key
physical  processes  related  to  the  MJO  (Yoneyama  et  al.,
2013).  Based on the in-situ observations,  numerous studies
have revealed the importance of low-level moisture and circu-
lation  in  triggering  the  MJO convection. Gottschalck  et  al.
(2013) indicated  that  the  enhanced  convective  phases  of
MJO events  have a close relationship with the activities  of
equatorial  Rossby  waves. Moum et  al.  (2014) documented
intense multi-scale  interactions  within  the  MJO convection
envelope. Oh et al.  (2015) found that the lower-level west-
erly  acceleration  induced  by  the  pressure  gradient  force
accounts  for  the  establishment  of  a  baroclinic  wind  struc-
ture following the MJO convection.

Different  theories  and  mechanisms  have  been  pro-
posed to explain the MJO from various aspects, as summar-
ized  in Li  (2014), Wang  et  al.  (2016), Jiang  et  al.  (2020),
and Zhang et al. (2020). Numerous studies have shown that
the  MJO  exhibits  a  distinctive  multi-scale  structure
(Nakazawa,  1988; Mapes  et  al.,  2006; Moncrieff  et  al.,
2012).  Some  mechanisms  have  been  proposed  to  explain
how the mesoscale and synoptic-scale motions interact with
the MJO and how they contribute to the MJO dynamics. For
example, the MJO skeleton model (Majda and Biello, 2004;
Biello and Majda, 2005; Majda and Stechmann, 2009) con-
siders the upscale momentum, heat, and moisture transports
from  synoptic-scale  systems  as  potential  drivers  for  the
MJO. They noted the westerly and easterly regimes of flows
and  wave  trains  of  tilted  organized  synoptic-scale  circula-
tions are important in modeling the multi-scale for the MJO.
The  MJO-synoptic  wave  interaction  model  also  confirms
the  upscale  momentum  transfer  of  superclusters  can  drive
the  MJO-like  circulation  (Wang  and  Liu,  2011; Liu  et  al.,
2012; Liu and Wang, 2013). This MJO-synoptic wave interac-
tion  model  allows  for  two-way  interaction  between  the
high-frequency  waves  (inertial-gravity  waves,  Kelvin
waves) and the MJO. It indicates that the relative location of
the  synoptic  disturbance  to  the  MJO  convection  center  is
essential  for  the  MJO.  These  theories  have  significantly
advanced our understanding of the MJO. However, the influ-
ence  of  the  MJO multi-scale  structure  on  the  development
and evolution of  the  MJO convection still  needs  to  be  fur-
ther explored.

The budget diagnostic for moisture (Sobel et al., 2014;
Mei et al.,  2015), temperature (Zhao et al.,  2013), and kin-
etic  energy  (Zhou  et  al.,  2012; Krishnamurti  et  al.,  2016)
have  been  used  to  reveal  the  actual  physical  processes
related  to  the  MJO.  Energy  diagnosis  is  one  of  the  most
important ways to understand the physical processes in the
atmosphere. One advantage of the kinetic energy budget ana-
lysis is that it can reveal the energy transformation among dif-
ferent physical processes and the interaction between differ-
ent scales. Several energy diagnostic methods have been pro-
posed to explore the multi-scale interactions of MJO. Hsu et
al.  (2011, 2017)  used  the  eddy  kinetic  energy  budget  ana-

lysis  to investigate interactions between synoptic-scale dis-
turbances  and  the  MJO.  This  eddy  energy  diagnostic
method separates the effects of the MJO and low-frequency
background  state  on  the  eddy,  which  provides  a  way  to
explore  the  interaction  between  different  scales.  Similarly,
the mean kinetic energy budget analysis has been applied to
study  the  interaction  between  the  mean  flow  and
intraseasonal oscillation (Hsu and Yang, 2016). Both meth-
ods  mentioned  above  illustrate  the  interaction  between  the
MJO  and  synoptic-scale  systems/mean  flow  to  a  certain
extent,  but  neither can directly obtain the two-way interac-
tion process between MJO and synoptic-scale systems/mean
flow. Zhou et al. (2012) explored the evolution of the MJO
kinetic energy by decomposing all variables into three com-
ponents based on the spatial scale: the zonal mean, the MJO
scale,  and  the  small  scale.  This  method  provides  a  better
way to explore the related physical process that causes the kin-
etic energy change of the MJO. But it cannot offer the two-
way scale interaction between the MJO and synoptic-scale dis-
turbances. Krishnamurti  et  al.  (2016) used  the  Lorenz  box
energetics on synoptic scales to analyze the effect of synop-
tic-scale systems on the MJO during the active phase of the
MJO. Their results show that the convection is only organ-
ized at the scale of synoptic/mesoscale disturbances but not
at  the  space  and  time  scales  of  the  MJO.  The  results  sug-
gest that the MJO convection is maintained by the synoptic
scale  systems  via  nonlinear  energy  transfers. Hsu  et  al.
(2018) obtained  the  kinetic  energy  equation  at  the  MJO
scale  by  filtering  the  momentum  equation.  Their  results
show  the  low-level  MJO  gains  KE  from  the  background
mean  flow  during  central  Pacific  El  Niño  events  but  loses
KE  to  high-frequency  eddies.  The  advection  terms  that
enable  interactions  between  different  scales  in  the
momentum equation are nonlinear. Thus the direct filtering
of  advection  terms  may  cause  incompleteness  of  nonlinear
multi-scale  interaction  terms.  All  the  methods  mentioned
above  helped  to  advance  our  understanding  of  the  interac-
tions  between  MJO  and  other  scales.  However,  some  of
them focused on kinetic energy sources of other time scale
variabilities  rather  than  the  MJO,  and  some  cannot  fully
explore  the  local  interaction  between  MJO  and  other  time
scale variabilities.

By introducing the local interaction energy and its flux,
Murakami (2011) reconstructed the classical energetics ana-
lysis and provided a diagnostic tool for the local energy ana-
lysis.  This  method  divides  the  basic  variables  into  time-
mean and transient-eddy components and provides each com-
ponent  with  corresponding  energy  equations.  It  is  challen-
ging  to  describe  the  local  features  of  the  Lorenz  energy
cycle. For a local energy cycle, the energy conversion term
from mean flow to eddy in the energy equations derived for
mean  flow  is  different  from  that  derived  in  the  kinetic
energy equation for the eddy. Therefore, it is difficult to inter-
pret which expression should be used for the local energy con-
version  (Holopainen,  1978).  Unlike  a  global  view  of  the
energy  cycle,  the  local  energy  framework  introduces  the
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concept  of  interaction  energy.  Thus,  it  provides  a  feasible
way to interpret the local features of the energy conversion
between  the  mean  and  eddy  fields  (Murakami,  2011).  The
local  energy  framework  also  gives  complete  information
about the three-dimensional structure of the energy interac-
tions between different time scales. Given the advantages of
the local energetics framework, we aim to construct a new kin-
etic energy budget method following Murakami (2011) that
allows us to investigate the local kinetic energy budget and
the  multi-scale  interaction  of  the  MJO.  Unlike Murakami
(2011), the basic variables are decomposed into three compon-
ents:  high-frequency, MJO, and low-frequency background
state (LFBS). In this study, we attempt to reveal the kinetic
energy transport and conversion processes of MJO, high-fre-
quency disturbances,  and LFBS when the MJO convection
propagates  over  the  Indian Ocean at  its  rapidly  developing
stage. Applying this kinetic energy budget for an MJO case
can shed light on understanding the energy transport path of
MJO  and  lays  the  foundation  for  analyzing  the  common
energy budget features of all the MJO events.

The  remaining  part  of  this  paper  is  organized  as  fol-
lows. Section 2 describes the data and the derivation of the
kinetic  energy  diagnostic  equations.  Section  3  introduces
the general information of the DYNAMO MJO cases. Sec-
tion 4 provides the detailed results for each term in the MJO
and  high-frequency  kinetic  energy  diagnostic  scheme  as
well as the interaction between MJO and high-frequency dis-
turbances. Summary and discussions are given in section 5. 

2.    Data and methods
 

2.1.    Data

Daily three-dimensional wind fields (u, v, ω), temperat-
ure (T), and geopotential (Φ) from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Interim reana-
lysis  (ERA-Interim; Dee  et  al.,  2011)  were  used  for  the
energy budget analysis. The horizontal resolution is 0.75° ×
0.75°, and vertical resolutions are 25 hPa for 1000−750 hPa,
50 hPa for 750−250 hPa, and 25 hPa for 250−100 hPa. The
daily satellite-observed outgoing longwave radiation (OLR)
data  with  a  horizontal  resolution  of  2.5°  ×  2.5°  from  the
NOAA/Earth  System  Research  Laboratory  (ESRL; Lieb-
mann and Smith, 1996) was used to represent the deep con-
vection. The rainfall dataset from the Tropical Rainfall Meas-
uring  Mission  (TRMM)  Multi-satellite  Precipitation  Ana-
lysis, version 7 (Huffman et al., 2007) with a horizontal resol-
ution  of  0.25°  ×  0.25°  was  used  for  the  large-scale  over-
view  of  precipitation.  All  the  datasets  mentioned  above
cover the period from 1 January 2011 to 31 December 2012
in this study. 

2.2.    Method

A multi-scale interaction energy diagnostic scheme for
the  local  atmospheric  energy  is  derived  in  this  study.  It  is
impractical to construct an utterly closed energy budget sys-
tem based on reanalysis datasets because of the lack of cer-

tain  variables,  such  as  friction,  convective  heating,  and
other  variables  related  to  unresolved  sub-grid  processes.
Thus, only the terms which can be derived from the reana-
lysis datasets are discussed here. We start from a set of primit-
ive equations in isobaric coordinates:  (

∂

∂t
+u
∂

∂x
+ v
∂

∂y
+ω
∂

∂p

)
u− f v = −∂Φ

∂x
+Fx , (1a)

  (
∂

∂t
+u
∂

∂x
+ v
∂

∂y
+ω
∂

∂p

)
v+ f u = −∂Φ

∂y
+Fy , (1b)

 

0 = −∂Φ
∂p
−α , (1c)

 

∂u
∂x
+
∂v
∂y
+
∂ω

∂p
= 0 , (1d)

where t is time, p is pressure, u, v, and ω are the three-dimen-
sional  wind  speeds,  Ф is  the  geopotential,  f is  the  Coriolis
parameter, α = RT/p is specific volume, with T and R being
the temperature and gas constant, respectively, Fx and Fy are
residuals  denoting  all  unresolved  processes  (e.g.,  friction
force and sub-grid processes).

Different from Murakami (2011), all variables are decom-
posed into three components: the LFBS (period longer than
100 days),  the  MJO (20−100-day),  and  the  high-frequency
(period shorter than 20 days) components. For a given vari-
able X,  it  could  be  decomposed  into  the  following  three
terms: 

X = X+ X̃+X′ , (2)

X̄
X′=X− [X]

X̃ = X− X̄−X′

where  denotes  the LFBS component,  and it  is  treated as
the  100-day  running  mean  of X;  denotes  the
high-frequency component, and it is the residual between X
and its 20-day running mean [X];  denotes the
MJO  component.  By  transformation,  we  can  obtain  the
MJO component  by  subtracting  the  100-day  running  mean
of X to its 20-day running mean. The result is close to that
obtained by the 20−100-day band-pass filtering, and their dif-
ference  is  four  orders  of  magnitude  less  than  their  original
value.

X′ = 0 [X′] = 0 X̃ = 0 [̃X] = X̃
Furthermore, those components also satisfied the follow-

ing assumptions: , , , .
In  this  case,  the  kinetic  energy  (KE) K is  divided  into

six terms as 

K =[(ū+ ũ+u′)2+ (v̄+ ṽ+ v′)2]/2

= (ū2+ v̄2)/2︸      ︷︷      ︸
KL

+ (ũ2+ ṽ2)/2︸      ︷︷      ︸
KM

+ (u′2+ v′2)/2︸        ︷︷        ︸
KH

+

(ūũ+ v̄ṽ)︸    ︷︷    ︸
KIML

+ (ūu′+ v̄v′)︸      ︷︷      ︸
KILH

+ (ũu′+ ṽv′)︸      ︷︷      ︸
KIMH

, (3)

KL KM KHwhere , , and  represent the KE components of the
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KIML KILH

KIMH

LFBS,  MJO,  and  high-frequency,  while , ,  and
 represent  the  interaction  KE  between  the  MJO  and

LFBS,  LFBS  and  high-frequency,  and  MJO  and  high-fre-
quency, respectively. The interaction KE is negligible com-
pared with the KE of LFBS, MJO, and high frequency, but
the introduction of interaction energy and especially its flux
term can better describe the local energy interaction among
systems at different time scales.

Before obtaining the KE equation of the MJO, the equa-
tions  of  motion  for  each  scale  are  firstly  obtained.  For
example,  the  zonal  momentum  equation  of  LFBS  is
obtained by applying 100-day running mean for Eq. (1a), 

∂u
∂t
+V3 · ∇u+Ṽ3 · ∇ũ+V′3 · ∇v′− f v = −∂Φ

∂x
+F x , (4)

V3 = ui+ v j+ωk
∇= (∂/∂x)i+ (∂/∂y) j+ (∂/∂p)k

where  represents  the  three-dimensional
wind  velocity  and  is  the
three-dimensional  gradient  operator.  Similarly,  the  zonal
momentum equation  of  the  high-frequency  component  can
be  obtained  by  subtracting  the  20  days  averaging  the  Eq.
(1a) from the Eq. (1a) itself. 

∂u′

∂t
+V3 · ∇u′+V′3 · ∇u+ Ṽ3 · ∇u′+V′3 · ∇ũ+V′3 · ∇u′−

Ṽ′3 · ∇′u−V′3 · ∇u′− f v′ = −∂Φ
′

∂x
+F′x . (5)

Finally, the zonal momentum equation at the MJO scale
can be obtained by subtracting Eq. (4) and Eq. (5) from Eq.
(1a), 

∂ũ
∂t
+ Ṽ3 · ∇ū+ V̄3 · ∇ũ+ Ṽ3 · ∇ũ− Ṽ3 · ∇ũ+ ˜V′3 · ∇u′− f ṽ

= −∂Φ̃
∂x
+ F̃x . (6)

Ṽ3

Similarly, Eq. (1b) to Eq. (1d) can also be decomposed
into  different  time  scales.  By  applying  the  inner  product
with , the KE equation at the MJO scale is obtained as 

∂KM

∂t
=C(AM,KM)−C(KM,KIML)−C(KM,KIMH)−

B(KM)+P(KM)+D(KM) , (7a)
 

C(AM,KM)=− α̃ω̃ , (7b)
 

C(KM,KIML)=V3 · ∇KM+ũṼ3 · ∇u− ũṼ3 · ∇ũ+ṽṼ3 · ∇v−
ṽṼ3 · ∇ṽ , (7c)

 

C(KM,KIMH)=ũ ˜V′3 · ∇u′+ṽ ˜V′3 · ∇v′ , (7d)
 

B(KM)=Ṽ3 · ∇KM , (7e)
 

P(KM)=− Ṽ3 · ∇Φ̃ . (7f)

C(X, Y)

C(AM,KM)
AM

KM C(KM,KIML)
KM KIML C(KM,KIMH)

KM KIMH

B(KM)
P(KM)

D(KM)

Eq.  (7a)  is  the  MJO KE budget  equation.  The  symbol
 denotes  a  conversion  term,  which  indicates  the

energy  conversion  from  component X to Y.  Therefore,
 indicates the baroclinic energy conversion rates

from the MJO available potential energy  to the MJO KE
,  the  term  denotes  the  energy  conversion

from  to interaction KE , and  denotes
the  energy  conversion  from  to  interaction  KE .

 is  the  KE  flux  term  that  represents  the  flux  diver-
gence  of  MJO  KE  by  MJO  winds.  represents  the
changes of local MJO KE due to the work done by the pres-
sure gradient force (PGF). The residual term  denotes
dissipation  and  sub-grid  processes,  which  cannot  be  dir-
ectly calculated.

V′3Similarly,  by  applying  the  inner  product  with ,  the
KE budget equations of the high-frequency component can
also be obtained as 

∂KH

∂t
=C(AH,KH)−C(KH,KIHL)−C(KH,KIMH)−

B(KH)+P(KH)+D(KH) , (8a)
 

C(AH,KH)=−α′ω′ , (8b)
 

C(KH,KIHL)=V3 · ∇KH+u′V′3 · ∇u−u′V′3 · ∇u′+

v′V′3 · ∇v− v′V′3 · ∇v′ , (8c)
 

C(KH,KIMH)=u′Ṽ3 · ∇u′+u′V′3 · ∇ũ−u′ ˜V′3 · ∇u′+

v′Ṽ3 · ∇v′+ v′V′3 · ∇ṽ− v′ ˜V′3 · ∇v′ , (8d)
 

B(KH)=V′3 · ∇KH , (8e)
 

P(KH)=−V′3 · ∇Φ′ . (8f)

Eq.  (8a)  is  the  budget  equation  for  the  high-frequency
KE. The right-handed terms have a  similar  physical  mean-
ing as Eqs. (7b−f) but for the high-frequency KE.

KL

KIML

There is another term related to the MJO energy in the
KE budget equations of LFBS, the KE conversion from 
to , 

C(KL,KIML)=ūṼ3 · ∇ũ+ v̄Ṽ3 · ∇ṽ . (9)

C(KM,KIMH)+C(KH,KIMH) = 0
C(KM,KH)

C(KH,KM)
C(KM,KIMH) ,C(KH,KIMH)

KM KH

C(KM,KIMH)

The interaction  energy flux  is  an  important  concept  in
this  diagnostic  scheme.  Taking  the  interaction  between
MJO and high-frequency disturbances as an example, when
averaging over the entire global atmosphere, the energy con-
version  terms, ,  these  two
terms  can  be  expressed  simply  as  and

, which are the same as that in the Lorenz energy
cycle. For a local system, , and
both  terms  are  required  to  represent  the  local  feature  of
energy conversion between  and . Based on the concep-
tion  of  interaction  energy,  the  and
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C(KH,KIMH)
KIMH F(KIMH) =C(KM,KIMH)+C(KH,KIMH)

KM KH

KIMH

 are  connected  via  flux  divergence  of
: .  It  vanishes

when  the  wind  field  of  MJO  and  high-frequency  disturb-
ances  are  spatially  uniform.  When  energies  from  different
scales (e.g.  and ) interact in a local network, it is like
putting  energies  from  different  scales  into  an  interaction
energy pool (e.g. ), then the energy of different scales
can  exchange  energy  through  the  interaction  energy  pool.
The introduction of interaction energy helps us better under-
stand the energy interactions in a local system. 

3.    Evolution of MJO during DYNAMO

The Hovmöller diagram of precipitation averaged over
the  tropics  (10°S−10°N)  during  the  DYNAMO  2011  field
campaign is shown in Fig. 1a. Three intraseasonal eastward-
propagating large-scale convective events occurred over the
tropical Indian Ocean during this period (Gottschalck et al.,
2013; Yoneyama et al., 2013). Two prominent MJO events
that  occurred  in  late  October  and  late  November  were
referred to as MJO I and MJO II in this study, respectively.
These  two MJO events  were  accompanied  by  one  or  more
westerly  wind  events  (WWEs)  (Oh  et  al.,  2015),  but  the
lower-level  westerlies  were  much  weaker  for  the  MJO  I
(Fig.  1b).  The  intraseasonal  zonal  wind  in  the  lower  and
upper  troposphere  are  nearly  out  of  phase  for  both  MJO  I
and MJO II (Figs. 1b, c), which is the typical zonal circula-

tion  of  the  MJO  (Knutson  and  Weickmann,  1987; Zhang,
2005).  However,  such  a  relationship  is  not  distinct  for  the
December event (Figs. 1b, c).

The horizontal  distributions of  rainfall  and wind fields
in MJO I and MJO II are obviously different (Johnson and
Ciesielski,  2013).  The  wind  over  the  Indian  Ocean  is
weaker during the evolution of MJO I than that of MJO II.
The main body of MJO I convection is inclined to the north
of the equator, and the precipitation is relatively weak (John-
son  and  Ciesielski,  2013; Oh et  al.,  2015).  This  is  consist-
ent with the lower tropospheric MJO KE evolution of MJO
I.  The  precipitation  is  almost  evenly  distributed  on  both
sides of the equator, and it has a swallowtail pattern during
the MJO II convection active phase (Fig. 2b), which is more
consistent  with  the  typical  horizontal  distribution  of  the
MJO convection (Zhang and Ling, 2012; Adames and Wal-
lace,  2014).  Therefore,  the  kinetic  budget  analysis  was
applied to MJO II when its convection is active over the trop-
ical Indian Ocean (10°S−10°N, 60°−90°E).

The strengthening and weakening stages of the MJO II
are determined based on the time evolution of the observed
intraseasonal  (20−100-day  filtered)  OLR  anomalies  aver-
aged  over  the  tropical  Indian  Ocean  (Fig.  2a).  The
intraseasonal  OLR  anomalies  transitioned  from  positive  to
negative phase on 19 November, reached their minimum on
26 November,  and  returned  to  positive  on  2  December  for
MJO  II.  Therefore,  the  strengthening  stage  of  MJO  II  is

 

 

Fig.  1.  Hovmöller  diagrams of  (a)  TRMM precipitation (units:  mm d−1),  20-100-day filtered (b)  850 hPa and (c)  200 hPa
zonal wind anomalies (units: m s−1) averaged between 10°S−10°N from 1 October 2011 to 14 January 2012. Dashed black
lines mark the west and east boundaries of the sounding arrays (73°−80°E) for the DYNAMO field campaign.
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from  19  November  to  26  November,  and  its  weakening
stage is from 27 November to 2 December. 

4.    Kinetic  energy  budget  of  MJO  and  high-
frequency disturbances

 

4.1.    Kinetic energy analysis

KM

∂KM/∂t

To  understand  the  evolution  of  the  MJO  KE  structure
and its relationship with the MJO convection, the time-longit-
ude  evolution  of  the  mass-weighted  mean  MJO  KE  ( )
and its tendency ( ) over the tropical Indian Ocean is
evaluated  (Figs.  3a, b).  The  MJO  KE  shows  distinct  east-
ward  propagation  over  the  Indian  Ocean  for  MJO  II.  And
the  local  MJO  KE  is  weak  when  the  MJO  convection
reaches its maximum over the Indian Ocean (Figs. 3a, b). Dur-
ing the strengthening stage of the MJO convection over the
Indian  Ocean,  the  MJO  KE  is  weakened,  but  it  increases
after the MJO convection reaches its maximum (Fig. 3b). It
confirms that  the  location of  the  MJO convection center  is
in  phase  with  the  convergence  center  of  the  MJO  winds
(Fig. 2b), that is, the surface westerlies are to the west of the
MJO  convection  center,  and  the  easterlies  are  to  the  east
(Madden and Julian,  1972; Zhang,  2005; Seiki  and Takay-
abu,  2007).  It  is  generally  accepted  that  the  lower-level

MJO  winds  support  the  MJO  convection  by  inducing  sur-
face turbulent flux (Maloney and Sobel, 2004; Sobel et al.,
2008, 2010). Analysis of the lower-level westerlies showed
that the MJO westerly KE exhibits distinct eastward propaga-
tion over the Indian Ocean and reaches its maximum at the
end  of  the  weakening  stage  of  local  MJO  convection  (not
shown). The MJO westerly KE tends to increase throughout
the  whole  local  MJO convection  active  phase  and starts  to
decrease when the MJO convection starts being suppressed.
The relative position between the MJO westerly KE and its
convection suggests that the westerlies are crucial in initiat-
ing and developing the MJO convection.

It is worth noting that the MJO KE is very weak when
the MJO convection reaches its peak over the Indian Ocean,
but  the  high-frequency  disturbances  are  active  during  this
period. The high-frequency KE is strong in the middle and
lower troposphere (Fig. 3c). It can be seen that the high-fre-
quency KE increases rapidly from the initiation to the peak
of the MJO convection over the Indian Ocean (Fig. 3d). The
westward propagation of high-frequency KE within the east-
ward-moving envelope of  the MJO may be related to iner-
tio-gravity waves (Houze, 2004; Zhang, 2005).

When  the  MJO  convection  reached  its  peak  (on  26
November  2011)  over  the  Indian  Ocean,  the  lower  tropo-
spheric  MJO  KE  had  two  maximum  centers  along  the

 

 

Fig. 2. (a) Time series of 20-100-day filtered OLR anomalies (units: W m−2)
averaged  over  the  tropical  Indian  Ocean  (10°S−10°N,  60°−90°E);  (b)
horizontal distributions of 20-100-day filtered anomalous OLR (color; units:
W  m−2)  and  horizontal  wind  at  850  hPa  (vector;  units:  m  s−1)  on  26
November 2011.
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equator  (Fig.  4a).  One  is  located  over  the  western  Indian
Ocean,  dominated  by  the  lower-level  MJO westerlies.  The
MJO KE here will  continue to strengthen that indicated by
the positive MJO KE tendency. The other is located near the
Maritime  Continent  dominated  by  MJO  easterlies  in  the
lower  troposphere,  and  the  MJO KE in  this  region  will  be
weakened.

The MJO KE shows a  prominent  quadrupole  structure
with  a  small  value  near  its  convective  center  in  the  tropo-
sphere  for  the  zonal-vertical  structure  over  the  equatorial

Indian Ocean (Fig. 4b). The wind fields of the MJO are fea-
tured  by  a  baroclinic  vertical  structure:  converging  in  the
lower  troposphere  and  diverging  in  the  upper  troposphere.
Two maximum centers in the lower and middle troposphere
are referred to as the lower tropospheric MJO KE in the fol-
lowing study, while the other two around the tropopause are
treated as the upper-tropospheric MJO KE. Similar to the hori-
zontal distribution (Fig. 4a), the maximum centers of lower
tropospheric MJO KE are located to the west and east sides
of  the  MJO  convection  center,  respectively  (Fig.  4b).  The

 

 

Fig. 3.  Hovmöller diagrams of 1000−400 hPa mass-weighted (a) mean MJO kinetic energy
(color; units: J kg−1) and (b) its tendency (color; units: J kg−1 d−1), (c) high-frequency kinetic
energy (color;  units:  J  kg−1)  and (d) its  tendency (color;  units:  J  kg−1 d−1)  overlaid with the
corresponding 20−100-day filtered OLR anomalies (contours; interval: 10 W m−2) averaged
between 10°S−10°N.  Dashed contours  represent  positive  values;  zero  contours  are  omitted.
Vertical  dashed  black  lines  mark  the  longitudinal  range  of  the  MJO  convection  over  the
Indian Ocean.
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maximum center  related to  the lower-level  MJO westerlies
is between 400−500 hPa. In comparison, the one related to
the  lower-level  easterlies  is  located  around  600  hPa,  much
weaker than the one of the westerlies. The positive MJO KE
tendency evolves from the lower to the middle troposphere,
presenting a westward-tilting structure, consistent with previ-
ous research (Adames and Wallace, 2015). The MJO KE tend-
ency  in  the  upper  and  lower  troposphere  is  positive  to  the
west  side  of  the  MJO  convection,  indicating  the  further
increase of the MJO KE in this region. During the MJO con-
vection initiation, the westerlies gradually strengthen, so the
MJO-related Rossby gyres to the west of the convection cen-
ter are enhanced. The enhancement of Rossby gyres demon-
strates the building up of the MJO circulation, especially to
the west of its convection center.  The KE tendency associ-
ated with easterlies to the east of the MJO convection is negat-
ive  because  the  convective  convergence  center  propagates
eastward.  Such  a  distribution  of  MJO  KE  tendency  indic-

ates that the MJO convection will move eastward.
High-frequency  disturbances  play  an  essential  role  in

maintaining  the  MJO convection  (e.g., Krishnamurti  et  al.,
2016). The strong high-frequency KE is mainly located near
the MJO convection center and will be further enhanced due
to the positive tendency (Fig.  4c).  In  the vertical  direction,
the high-frequency KE is mainly concentrated in the lower tro-
posphere with a maximum center at about 700 hPa (Fig. 4d).
The  high-frequency  KE  shows  an  increasing  trend  over  a
large  area  of  the  Indian  Ocean  below  250  hPa.  Simultan-
eously,  a  relatively  narrow  area  is  dominated  by  strong
high-frequency  KE  around  80°E,  corresponding  to  the
strong  high-frequency  vertical  upward  motion.  Compared
with  MJO  and  high-frequency  KE  components,  the  LFBS
KE  is  much  weaker  in  the  tropics,  and  it  is  dominated  by
upward  motion  and  upper  tropospheric  easterlies  over  the
Indian Ocean (Figs. 4e, f).

To further explore the reasons for the evolution of MJO

 

 

Fig. 4. (Left column) Horizontal distributions of the 1000−400 hPa mass-weighted mean kinetic energy (color; units:
J kg−1) and their tendencies (contour; units: J kg−1 d−1) as well as 850 hPa horizontal wind anomalies (vector; units:
m  s−1),  and  (right)  vertical-zonal  distributions  of  10°S−10°N  mean  kinetic  energy  (color;  units:  J  kg−1)  and  their
tendencies (contour; units: J kg−1 d−1) as well as the zonal wind and vertical velocity anomalies (vector; units: m s−1)
for the (top panel) MJO, (middle) high-frequency, and (bottom) low-frequency background state components on 26
November 2011. The contour interval is 0.5 J kg−1 d−1 for the MJO and low-frequency background state components,
while  1  J  kg−1 d−1 for  the  high-frequency  component.  Dashed  contours  are  for  negative  values;  zero  contours  are
omitted.  The vertical  velocities  are  scaled  by a  factor  of  100 to  make them visible.  The red  box and the  blue  box
represent the MJO kinetic energy strengthened and weakened regions, respectively. The black box denotes the high-
frequency kinetic energy strengthened region.
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and high-frequency KE, the physical processes that induced
the change of MJO and high-frequency KE components are AM

analyzed. One of the dominant energy sources for the MJO
KE  tendency  is  the  energy  converted  from  MJO  APE 

 

 

Fig. 5. Pressure-longitude diagrams of 10°S−10°N mean kinetic energy tendencies (contours; units: J kg−1 d−1) and
their  components  (color)  due  to  (a,  f)  the  conversion from available  potential  energy,  (b,  g)  the  work done by the
pressure  gradient  force,  (c,  h)  kinetic  energy  flux  divergence,  (d,  i)  conversion  from  the  interaction  with  low-
frequency background state,  and conversion from the interaction with (e)  high-frequency and (j)  MJO for  the (left
column) MJO and (right) high-frequency kinetic energy components on 26 November 2011. Dashed contours are for
negative  values;  zero  contours  are  omitted.  The  contour  interval  is  0.5  J  kg−1 d−1 for  the  MJO  component,  while
1  J  kg−1 d−1 for  the  high-frequency  component.  Black  dashed  lines  denote  the  longitudinal  range  of  the  MJO
convection over the Indian Ocean.
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C(AM,KM)

P(KM)

−B(KM)

KIML −C(KM,KIML)
KIML

−C(KM,KIMH)

[ ] (Fig. 5a). The strong latent heat release warms
the air when the MJO convection reaches its peak over the
Indian  Ocean.  Positive  energy  conversion  first  appears  in
the lower troposphere near the front of the MJO convection
and  then  remains  positive  in  the  middle  and  upper  tropo-
sphere. This conversion has large values in the upper tropo-
sphere (500−200 hPa). The latent heat release from the con-
vection  is  strong,  which  indicates  the  warm air  parcels  are
rising  rapidly  when  deep  convection  stays  over  the  Indian
Ocean. Since the conversion mainly occurs in the upper tropo-
sphere (Lau and Lau, 1992; Hsu and Li, 2011), it shows a rel-
atively  small  positive  contribution  in  the  lower  tropo-
spheric MJO KE. The KE converted from MJO APE in the
middle and upper troposphere is canceled by the work done
by the PGF (Fig. 5b). The work done by the PGF [ ]
mainly  increases  the  KE  in  the  MJO  westerly  region  and
weakens the KE in the MJO easterly region in the lower tropo-
sphere.  The  work  done  by  the  PGF  and  the  conversion  of
MJO APE to MJO KE are the two dominant terms that influ-
ence the MJO KE tendency, and their signs are opposite in
most  areas.  Other  physical  processes  also  play  important
roles  in  the  change of  MJO KE.  The MJO winds transport
MJO KE [ ]  into  the  MJO convection region in  the
lower  troposphere  while  transporting  MJO  KE  out  in  the
upper troposphere (Fig. 5c). MJO transfers KE to the interac-
tion energy  pools [ ] in the upper tropo-
sphere, but it gains KE from  in the lower troposphere
(Fig.  5d).  The  energy  conversion  between  the  MJO  and
LFBS plays  a  similar  role  as  the  MJO wind over  the  MJO
KE strengthening region. They both play important roles in
the deceleration of MJO wind in the upper troposphere, balan-
cing the MJO wind acceleration by the PGF and APE dur-
ing the MJO convection development stage. In contrast, the
energy conversion between MJO and high-frequency disturb-
ances  [ ]  tends  to  dissipate  MJO  KE  in  the
lower troposphere but replenishes MJO KE in the upper tropo-
sphere over the Indian Ocean (Fig. 5e). In the lower tropo-
sphere,  the  MJO  loses  KE  to  the  high-frequency  disturb-
ances  and  slows  down  the  MJO  wind.  It  is  interesting  to
note  that  the  upscale  energy  transmission  is  mainly  identi-
fied  in  the  upper  troposphere,  which  means  MJO  KE  can
obtain energy when interacting with high-frequency disturb-
ances. This is consistent with the previous study that indic-
ated upscale energy cascades usually occur in the upper tropo-
sphere  (Fu  et  al.,  2018).  In  general,  the  energy  conversion
terms  in  the  upper  troposphere  are  different  from  those  in
the lower troposphere. Consistent with Oh et al. (2015), the
local  tendency  of  the  MJO  KE  is  weaker  than  the  indi-
vidual  forcing  term  because  of  substantial  cancellation
among the forcing components.

C(AH,KH)

P(KH)

For  the  high-frequency  KE,  the  conversion  of  APE  to
KE [ ] is mainly located in the middle and upper tro-
posphere (500−200 hPa) over the MJO convection (Fig. 5f).
The latent heat release of high-frequency convection contrib-
utes to the MJO convection development and further affects
the MJO circulation. Similar to the budget analysis of MJO
KE, the work done by the PGF [ ] tends to balance the

increase  of  high-frequency  KE  caused  by  the  conversion
from APE in the upper troposphere (Fig. 5g). In the bound-
ary  layer,  the  work  done  by  PGF  increases  the  high-fre-
quency KE, which is conducive to the convergence of the cir-
culation of the high-frequency disturbances.

−B(KH)
The high-frequency winds transport high-frequency KE

[ ] from the east and west edges of MJO convection
into a narrow range near the high-frequency KE maximum
region (Fig. 5h). However, the high-frequency disturbances
gain  KE  in  both  the  east  and  west  edges  of  the  high-fre-
quency  KE  tendency  positive  region  but  lose  KE  near  the
high-frequency KE tendency maximum region when interact-
ing with the LFBS (Fig. 5i). It is worth noting that the high-
frequency  disturbances  can  obtain  energy  through  interac-
tion with the MJO in most places near the MJO convection
center (Fig. 5j). That is, the MJO in this region contributes
KE to the high-frequency disturbances to promote the devel-
opment of high-frequency disturbances. Krishnamurti et al.
(2016) pointed out that convection is only organized on the
scale  of  synoptic  (and  mesoscale)  disturbances  and  not  on
the space-time scales of the MJO. If we treat the MJO convec-
tion as a multi-scale convective envelope that contains vari-
ous  high-frequency  convection  systems,  the  increase  of
high-frequency KE will lead to the enhancement of high-fre-
quency convection systems which helps maintain the convec-
tion envelope of the MJO.

C(AM,KM) P(KM)
B(KM)
−C(KM,KIML)

−C(KM,KIMH)

In  the  MJO  KE  strengthening  region  (10°S−10°N,
50°−80°E),  the  conversion  from  MJO  APE  to  KE
[ ], the work done by PGF [ ], the flux term
[ ],  and  the  interaction  between  MJO  and  LFBS
[  ]  are  all  positive  and  serve  to  accelerate
MJO  westerlies  to  the  west  of  the  MJO  convection  center
(Fig. 6a). Among these terms, the work done by the PGF is
the  dominant  factor  in  the  increase  of  the  KE  related  to
MJO  westerlies.  The  conversion  from  interaction  energy
between  MJO  and  high-frequency  disturbances
[  ]  is  the  only  negative  term except  for  fric-
tion dissipation, indicating that the MJO transfers KE to the
high-frequency disturbances on average in the lower tropo-
sphere.  In  the  MJO  KE  weakening  region  (10°S−10°N,
80°−100°E) east of the MJO convection center, the conver-
sion from MJO APE and the work done by PGF are the two
dominant  terms,  but  they  largely  offset  one  another.  The
flux  term  and  the  interaction  between  MJO  and  the  LFBS
primarily  contribute  to  a  positive  MJO  KE  tendency,  but
their  values  are  very  small.  The  MJO still  loses  KE to  the
high-frequency disturbances in this region, which favors the
growth of high-frequency disturbances. The sum of all these
terms results in the decrease of the MJO easterlies, contribut-
ing to the eastward propagation of the MJO convection and
circulation.

The budget of the high-frequency KE in the lower tropo-
sphere  (1000−400  hPa)  is  also  analyzed  over  the  high-fre-
quency  KE  enhancement  region  (10°S−10°N,  60°−90°E)
where the MJO convection prevails. High-frequency APE is
converted  into  high-frequency  KE,  and  the  work  done  by
PGF also promotes the development of high-frequency dis-
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turbances  over  the  MJO  convection  center.  On  average,
high-frequency  winds  transport  high-frequency  KE  out  of
the MJO convection envelope,  which tends to decrease the
high-frequency  KE  over  this  area.  However,  the  high-fre-
quency  disturbances  gain  KE  when  interacting  with  the
LFBS and get more KE from the interactions with the MJO.
The  two-way  interaction  between  the  MJO  and  high-fre-
quency  disturbances  indicates  a  downscaling  energy  cas-
cade in the lower troposphere. This result is consistent with
the  findings  that  the  synoptic-scale  systems  communicate
with the MJO via a nonlinear energy transfer (Krishnamurti
et  al.  2016).  The  direct  KE  delivery  from  the  MJO  to  the
high-frequency  disturbances  helps  organize  and  maintain
the  high-frequency  disturbances,  contributing  to  the  MJO
multi-scale convective envelope in return. 

4.2.    Multi-scale energy interactions

The KE budget analysis of MJO and high-frequency dis-

F(KIMH)

turbances reveals that the MJO transmits KE to the high-fre-
quency  disturbances  within  the  MJO  convection  envelope.
As mentioned in  section  2,  the  energy conversion  between
two  different  time  scales  does  not  share  the  same  number
and  opposite  signal  in  the  local  energy  interaction  system.
Their  sum  equals  the  divergence  of  the  interaction  energy
flux  [ ].  In  this  section,  the  energy  interaction
between MJO and high-frequency disturbances from the per-
spective of local energy conversion is further discussed.

In  the  early  development  stage  of  MJO II  convection,
the  MJO KE is  very weak (Fig.  7a).  Its  tendency is  negat-
ive  (Fig.  7b),  indicating  that  the  MJO  KE  weakens  during
this  period.  It  is  not  until  the  MJO  convection  began  to
decline  over  the  Indian  Ocean  that  the  MJO  KE  gradually
increased. The high-frequency KE began to grow about two
days  before  the  MJO  convection  was  organized  (Fig.  7b)
and enhanced continuously in the strengthening stage of the
MJO  convection  over  the  Indian  Ocean.  The  tendency  of

 

 

Fig.  6.  The  MJO  kinetic  energy  tendency  budget  over  the  MJO  kinetic  energy  (a)
strengthened  region  (10°S−10°N,  50°−80°E)  and  (b)  weakened  region  (10°S−10°N,
80°−100°E),  and  (c)  the  high-frequency  kinetic  energy  budget  over  the  high-frequency
kinetic  energy  strengthened  region  (10°S−10°N,  60°−90°E)  on  26  November  2011.  All
variables (units: J kg−1 d−1) are mass-weighted averaged from 1000 to 400 hPa.
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high-frequency KE reached its peak on the day of the MJO
convection reached its maximum over the Indian Ocean and
began to decrease in the weakening stage of the MJO convec-
tion.  There  is  a  phase  difference  of  about  ninety  degrees
between  the  time  evolution  of  the  MJO  KE  tendency  and
the  high-frequency  KE  tendency.  To  explore  the  relation-
ship between the variation of MJO KE and high-frequency
KE, the KE conversion between the MJO and the high-fre-
quency disturbances is evaluated. The MJO loses KE when
it interacts with the high-frequency disturbances, that is, the
MJO transfers KE to the interacting energy  (Fig. 7c).
The high-frequency disturbances obtain KE from the interac-
tion  with  the  MJO  (i.e.,  obtain  KE  from  the  interacting
energy ).  This  process  is  conducive  to  maintaining
high-frequency  disturbances  and  further  promotes  the
growth of high-frequency KE in the MJO convection envel-
ope  during  the  development  stage  of  the  MJO  over  the
Indian Ocean.

In the local interaction between the MJO and high-fre-
quency  disturbances,  the  process  of  energy  cascading  not

KIMH

only happens in the same grid,  but  it  can happen in differ-
ent  regions  through the  flux  of  the  interaction  energy.  The
interaction  energy  flux  equals  zero  when  the  wind  field  of
MJO and high-frequency disturbances are spatially uniform
or integrate globally. During the interaction with the high-fre-
quency  disturbances,  the  MJO  loses  KE  over  the  western
Indian  Ocean  and  Maritime  Continent  where  the  MJO
lower-level  zonal  wind  is  strong,  while  it  obtains  energy
through upscale  energy cascades  at  the  eastern edge of  the
positive MJO KE tendency (Fig. 8a). High-frequency disturb-
ances  mainly  obtain  KE  through  interacting  with  the  MJO
over  the  MJO convection center  (Fig.  8b).  The KE lost  by
the MJO over the western Indian Ocean and Maritime Contin-
ent  can  be  transported  into  the  center  of  the  MJO convec-
tion  area  through  the  divergence  of  the  interaction  energy
flux  (Fig. 8c), which helps the growth of the high-fre-
quency  KE  and  maintain  the  high-frequency  disturbances
within  the  MJO  convection  envelope.  This  process  further
helps to maintain the MJO convection and circulation.
 

 

 

Fig. 7. Time series of 1000−400 hPa mass-weighted mean (a) kinetic energy
(units:  J  kg−1),  (b)  their  tendencies  (units:  J  kg−1 d−1),  and  (c)  the  kinetic
energy  conversion  rate  (units:  J  kg−1 d−1)  with  interaction  energy  KIMH for
MJO  (red)  and  high-frequency  (blue)  overlaid  with  the  20−100-day  filtered
OLR  anomalies  (grey  dash  line;  units:  W  m−2)  averaged  over  the  tropical
Indian Ocean (10°S−10°N, 60°−90°E).
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5.    Summary and discussion

In this study, we constructed a new local kinetic energy
(KE)  budget  in  a  three-scale  framework  to  investigate  the
KE  transport  path  of  the  MJO  and  further  explore  the
energy  interaction  among  different  time  scales.  The  KE
budget analysis was applied to a pronounced MJO event in
November 2011 during the DYNAMO field campaign. The
introduction of interaction energy and its flux helps us bet-
ter understand the energy interactions between the MJO and
high-frequency disturbances.

The  physical  processes  related  to  the  KE  tendency  in
the  lower  troposphere  for  this  MJO are  summarized  in  the
sketch in Fig. 9 when its convection prevails over the Indian
Ocean. In this MJO event, the MJO KE tendency is mainly
governed  by  the  work  done  by  the  pressure  gradient  force
(PGF) at the MJO scale and the energy conversion from the
MJO available potential energy (APE). This agrees with the
view  that  the  large-scale  wind  perturbation  related  to  the
MJO can be regarded as a quasi-steady response to a slowly
varying heat source (Sobel and Maloney, 2012; Zhou et al.,
2012). On average, the APE of the MJO is converted to KE
within  the  MJO  convection  envelope  in  the  lower  tropo-
sphere.  The  work  done  by  the  PGF  mainly  increases  the
MJO KE in the westerly region to the west of the MJO con-
vection  and  weakens  the  MJO  KE  in  the  easterly  region.
There  are  still  some  other  processes  that  can  impact  the
MJO KE. The advection of the MJO KE by the MJO scale
winds  enhances  the  MJO  KE  over  the  MJO  convection
region. In interactions with other time scales,  the MJO can
obtain  a  small  amount  of  KE  through  interacting  with  the
low-frequency  background  state  (LFBS),  while  the  MJO
tends to dissipate the KE through interacting with the high-fre-
quency  disturbances  in  the  lower  troposphere.  The  energy
transport  and conversion process related to the MJO in the
upper  troposphere  (400−200  hPa)  are  quite  different  from

 

Fig.  8.  Horizontal  distributions  of  1000−400  hPa  mass-
weighted  mean  kinetic  energy  conversion  rates  (color;  units:
J kg−1 d−1) from (a) MJO and (b) high-frequency to interaction
energy KIMH, and (c) flux divergence of KIMH overlaid by the
20−100-day  filtered  OLR  anomalies  (contour;  units:  W  m−2;
interval:  10  W m−2)  on  26  November  2011.  Dashed  contours
are for positive values; zero contours are omitted.

 

 

Fig. 9. Sketch for the MJO kinetic energy transportation path on 26 November 2011 over the Indian Ocean.
The  cloud  pattern  represents  the  MJO  convection.  The  squares  represent  the  positive  (red)  and  negative
(blue)  energy  tendency  centers.  Correspondingly,  the  thick  arrows  inside  the  squares  indicate  the  increase
(blue)  or  decrease  (red)  of  corresponding  kinetic  energy.  The  orange  and  blue  ellipses  represent  the  flux
convergence and divergence of interaction energies, respectively. The red and blue solid arrows indicate the
inward and outward energy transfer, respectively. The blue gradient arrows indicate the MJO circulations.
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those in the lower troposphere. The release of convective heat-
ing in this  layer creates upward movement inside the MJO
convection, promoting the MJO APE converted into KE in
large quantities, but the work done by the PGF mostly off-
sets  this  effect.  The  MJO  winds  transport  MJO  KE  out  of
the MJO convection area in the upper troposphere. The inter-
action between the MJO and LFBS plays an essential role in
decelerating  MJO  winds  in  the  upper  troposphere.  The
upscale energy transmission is identified in the upper tropo-
sphere, and the energy conversion between MJO and high-fre-
quency disturbances replenishes MJO KE in the upper tropo-
sphere.

C(KM,KIMH) C(KH,KIMH)

KIMH

The  local  three-scale  energy  budget  framework
developed  in  this  study  allows  us  to  reveal  the  complete
energy  transport  path  related  to  the  MJO  and  display  the
energy conversion between the MJO and high-frequency dis-
turbances  and  between  the  MJO  and  LFBS.  The  results
show that the interaction between the MJO and LFBS in the
lower  troposphere  is  relatively  weak,  but  it  contributes  to
the strengthening of the MJO westerlies that enhance conver-
gence  in  the  lower  troposphere.  Because  the  high-fre-
quency  convection  is  usually  located  in  the  lower  tropo-
sphere and its interaction with the MJO is also strong there,
the  interaction  between  MJO  and  high-frequency  disturb-
ances in the lower troposphere (1000−400 hPa) is further dis-
cussed.  According  to  the  analysis  in  section  4,  both

 and  are  required  to  represent
local  features  of  the  energy  conversion  between  MJO  and
high-frequency  disturbances.  In  the  lower  troposphere,  the
MJO  mainly  transports  the  KE  to  the  KE  interaction  pool
between  MJO  and  high-frequency  disturbances  over  the
area  where  the  MJO  zonal  wind  is  strong.  The  interaction
KE between MJO and high-frequency disturbances over the
MJO convection region is enhanced through  flux con-
vergence,  and  it  will  further  transport  KE  to  the  high-fre-
quency disturbances.

The MJO KE is of small amplitude near the MJO convec-
tion center, but the MJO circulation plays an important role
in  organizing  the  high-frequency  convective  complexes
within  the  convection  envelope.  The  intensity  of  convec-
tion  within  the  MJO  envelope  is  directly  affected  by  the
intensity of high-frequency disturbances. This result is consist-
ent  with  the  previous  study  that  the  tropical  intraseasonal
oscillation  strengthens  the  synoptic  disturbances  (Maloney
and  Dickinson,  2003).  The  increase  of  high-frequency  KE
will  lead  to  the  enhancement  of  high-frequency  disturb-
ances.  The  latent  heating  released  from  those  high-fre-
quency disturbances will provide the energy for developing
and  maintaining  the  MJO  circulation.  The  feedback  of  the
high-frequency  disturbances  to  the  MJO  could  be  through
the  scale  interaction  of  available  potential  energy  transfer
between the MJO and high-frequency systems, which is bey-
ond the scope of this study. The interaction between high-fre-
quency disturbances and the MJO plays an important role in
maintaining  the  high-frequency  disturbances  within  the
MJO convection envelope, which is conducive to maintain-

ing MJO convection and then the MJO circulation.
The  KE budget  analysis  in  a  local  multi-scale  interac-

tion framework is attempting to derive the dynamical mechan-
isms of MJO. By applying this framework to a typical MJO
event during DYNAMO, the KE transport path of this MJO
event shares certain common features with the previous stud-
ies (e.g., Zhou et al., 2012), indicating the feasibility of this
method. This approach provides a possible way to investig-
ate the evolution of the energy transport path during the life
cycle of MJO, especially the differences in the energy trans-
port  path  when  MJO convection  is  over  the  Indian  Ocean,
Maritime Continent, and western Pacific. In a future study,
it would be worthwhile to apply this KE budget analysis to
the  multiple  MJO  events  using  high-resolution  reanalysis
data to obtain the general picture of the MJO energy trans-
port path.
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