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ABSTRACT

Previous observational analysis and modeling studies indicate that air–sea coupling plays an essential

role in improving MJO simulations and extending MJO forecasting skills. However, whether the SST

feedback plays an indispensable role for the existence of the MJO remains controversial, and the precise

physical processes through which the SST feedback may lead to better MJO simulations and forecasts

remain elusive.

The DYNAMO/Cooperative Indian Ocean Experiment on Intraseasonal Variability in the Year 2011

(CINDY) field campaign recently completed over the Indian Ocean reveals a new perspective and provides

better data to improve understanding of the MJO. It is found that among the five MJO events that occurred

during the DYNAMO/CINDY field campaign, only two MJO events (the November and March ones) have

robust SST anomalies associated with them. For the other three MJO events (the October, December, and

January ones), no coherent SST anomalies are observed. This observational scenario suggests that the roles of

air–sea coupling on the MJO vary greatly from event to event.

To elucidate the varying roles of air–sea coupling on different MJO events, a suite of hindcast experiments

was conducted with a particular focus on the October and November MJO events. The numerical results

confirm that the October MJO is largely controlled by atmospheric internal dynamics, while the November

MJO is strongly coupled with underlying ocean. For the November MJO event, the positive SST anomalies

significantly improve MJO forecasting by enhancing the response of a Kelvin–Rossby wave couplet, which

prolongs the feedback between convection and large-scale circulations, and thus favors the development of

stratiform rainfall, in turn, facilitating the production of eddy available potential energy and significantly

amplifying the intensity of the model November MJO.

1. Introduction

The Madden–Julian oscillation (MJO) is a dominant

mode of tropical convection variability on intraseasonal

time scales (Madden and Julian 1971; Zhang 2005; Lau

and Waliser 2011). The MJO convective envelope usu-

ally initiates over equatorial Africa and the western

equatorial Indian Ocean (Wang and Rui 1990a). The

associated circulation systems propagate eastward as a

Kelvin–Rossby wave couplet (Wang 1988a; Wang and Rui
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1990b; Hendon and Salby 1994; Roundy 2012). Through

upscale/downscale impacts and tropical–extratropical tele-

connections, the MJO modulates the weather and climate

activities over the globe (Donald et al. 2006; Zhang 2013).

The recurrent nature of the MJO with a period of 30–

60 days also offers an opportunity to bridge the forecasting

gap between medium-range weather forecast (;1 week)

and seasonal prediction (;1 month and longer) (e.g.,

Waliser 2005; Fu et al. 2008a; Brunet et al. 2010; Hoskins

2013). However, most global research models and

operational weather/climate models still face various

challenges to realistically simulate and accurately pre-

dict the MJO (Lin et al. 2006; Vitart et al. 2007; Wang

and Seo 2009; Rashid et al. 2011; Fu et al. 2011; Weaver

et al. 2011; Matsueda and Endo 2011; Hung et al. 2013),

therefore, severely hindering the prediction of MJO’s

global impacts (Vitart and Molteni 2010).

Before the launch of the TOGA COARE field cam-

paign over the western equatorial Pacific (Webster and

Lukas 1992), almost all theoretical and modeling studies

treated the MJO as an atmospheric internal phenome-

non; for example, the wave-CISK (conditional in-

stability of the second kind) (e.g., Lau and Peng 1987;

Chang and Lim 1988; Lau et al. 1988) and frictional

convergence-CISK theories (Wang 1988a). The wind-

induced surface heat exchange (WISHE) hypothesis

raised by Emanuel (1987) and Neelin et al. (1987) aimed

to advocate the essential role of oceanic surface evap-

oration on maintaining the MJO cycle. The assumption

of mean easterly winds over Indo-western Pacific sector

in their original framework, however, is at odds with

the observations (Wang 1988b; Jones and Weare 1996)

although follow-up studies suggest that nonlinearWISHE

might play a certain role on MJO dynamics (e.g.,

Araligidad and Maloney 2008; Sobel et al. 2010).

Utilizing daily SST and surface wind datasets col-

lected during the First Global Atmospheric Research

Program (GARP)Global Experiment (FGGE) campaign

(in 1979), Krishnamurti et al. (1988) documented the first

observational evidence of atmosphere–ocean interactions

on intraseasonal time scales: significant fluctuations of

sea surface temperature (SST) and surface heat fluxes

on 30–50 days present over the Indo-western Pacific

warm-pool oceans. This pioneering work raises the po-

tential importance of air–sea coupling on MJO dynam-

ics, which motivated Krishnamurti to propose that ‘‘a

combination of atmospheric internal instabilities and

external SST forcing on intra-seasonal time scales may

enhance the atmospheric responses toward an eventual

satisfactory simulation of intra-seasonal oscillation.’’

Two MJO events along with coherent upper-ocean

variability were first documented by the TOGACOARE

field campaign from November 1992 to February 1993

(Yanai et al. 2000; Richards et al. 1995; Weller and

Anderson 1996), although this program was geared to

advance the understanding and prediction of El Niño–
Southern Oscillation (ENSO;Webster and Lukas 1992).

Using TOGACOARE in situ measurements, Anderson

et al. (1996) and Stephens et al. (2004) showed that,

during the MJO suppressed phase, the associated clear

sky and weak surface winds enhance downward solar

radiation, reduce surface evaporation, and shoal the

upper-ocean mixed layer depth, thus resulting in a

steady warm up of the western Pacific. In addition to

the gradual warming on intraseasonal time scales, the

sea surface temperature also rapidly fluctuates with

amplitude of 18–28C on the diurnal time scale. The

gradual warming on the intraseasonal time scale along

with the rapid daytime warming of the sea surface de-

stabilizes the atmospheric boundary layer and pro-

motes the developments of shallow and congestus clouds

(Johnson et al. 1999; Kikuchi and Takayabu 2004). The

lower-tropospheric moistening and boundary layer con-

vergence induced by these clouds (Wu 2003) precondition

the outbreaks of organized deep convection, leading to the

MJO active phase (Fu et al. 2006; Tao et al. 2009). The

associated widespread clouds and westerly wind bursts, on

the other hand, significantly reduce downward solar radi-

ation and intensify surface evaporation (Shinoda et al.

1998) and upper-ocean entrainment (Fu et al. 2003; Han

et al. 2007).All these processes work to cool the underlying

sea surface and inhibit the SST diurnal cycle, eventually

leading to the suppressed phase of the MJO again

(Anderson et al. 1996). The above observational evidence

shows that sea surface temperature and the upper ocean

systematically responds toMJO atmospheric forcing, and

simultaneously may also feed back to the atmosphere to

regulate MJO evolutions (Stephens et al. 2004).

Using a hierarchy of models, most previous studies

have shown that air–sea coupling significantly improves

various aspects of the major observedMJO features; for

example, its organization, strength, and propagation, as

well as the quadrature precipitation–SST phase relation-

ship (e.g., Krishnamurti et al. 1992; Flatau et al. 1997;

Wang andXie 1998;Waliser et al. 1999;Woolnough et al.

2000; Fu and Wang 2004; Maloney and Sobel 2004; Fu

et al. 2007, 2008b; Pegion and Kirtman 2008; Marshall

et al. 2008), with few suggesting otherwise (e.g., Hendon

2000; Chou and Hsueh 2010). Does the SST feedback

play an indispensable role for the existence of the MJO?

It is difficult to draw a definite answer from the existing

observational, theoretical, and modeling studies. In fact,

the MJO may largely owe its origin to atmospheric in-

ternal dynamics: primarily the coupling between orga-

nized convection and equatorial waves (Lau and Peng

1987; Chang and Lim 1988; Wang 1988a; Wang and Rui
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1990b; Wang and Li 1994; Kikuchi and Wang 2010;

Roundy 2012). A global cloud-system-resolving model

also shows that the atmosphere-alone approach is able

to largely reproduce an MJO event (Miura et al. 2007;

Liu et al. 2009). Although substantial observational and

modeling evidence points out the importance of interactive

air–sea coupling on MJO dynamics, our knowledge of

the degree of impacts of ocean coupling (Watterson 2002;

Zhang et al. 2006; Hsu and Li 2012), and on the feedback

processes from the ocean to the atmosphere (Waliser et al.

1999; Wang and Xie 1998; Johnson et al. 1999; Fu et al.

2006; Marshall et al. 2008; Fu et al. 2008b) and our capa-

bility of representing these processes in the state-of-the-art

coupled general circulation models (GCMs) are still very

limited (Lin et al. 2006; Wu et al. 2008; Hung et al. 2013).

One grand challenge faced by the weather and climate

communities is to advance seamless forecasts (Palmer

et al. 2008; Shukla et al. 2009), in which the primary

forecast gap is on the intraseasonal time scale (Brunet

et al. 2010). Recently, several internationally collabo-

rative programs have been launched to address this is-

sue; for example, the Year of Tropical Convection

(YOTC) virtual field campaign (Moncrieff et al. 2012)

and the DYNAMO/Cooperative Indian Ocean Experi-

ment on Intraseasonal Variability in the Year 2011

(CINDY) in situ field campaign (Yoneyama et al. 2013).

These programs not only obtain unprecedented high-

quality atmospheric and oceanic datasets in the tropics,

but also renew our interests in further investigating the

role of atmosphere–ocean coupling on the MJO (Zhang

et al. 2013). Different from most previous studies that

carried out long-term free simulations (Waliser et al. 1999;

Fu et al. 2003; Pegion and Kirtman 2008; Marshall et al.

2008), we take an alternative approach to study the impacts

of air–sea coupling by carrying out initialized intraseasonal

forecasting as some have done before (Vitart et al. 2007;

Woolnough et al. 2007; Fu et al. 2008a; Kim et al. 2008; Seo

et al. 2009; Kim et al. 2010; de Boisseson et al. 2012). This

approach will take advantage of the latest-generation

NCEP Climate Forecast System Reanalysis (CFSR; Saha

et al. 2010), which has much better quality in terms of the

representation of tropical intraseasonal variability (Wang

et al. 2012) and potentially a better way to utilize the in situ

measurements obtained from short-term field campaign,

such as the DYNAMO/CINDY, to pinpoint the specific

misrepresented model physical processes (Fu et al. 2013a;

Williams et al. 2013).

In a recent study (Fu et al. 2013b), a series of intra-

seasonal hindcast experiments under different SST set-

tings (Table 1) have been conducted for the extended

DYNAMO/CINDY period (September 2011–March

2012).We have found that interactive air–sea coupling is

able to improve the overall MJO forecasting skill by at

least a week, when compared to the runs forced with

persistent SST. The degree of skill advancement is similar

to what we found for boreal summer monsoon intra-

seasonal predictability (Fu et al. 2007, 2008b). In the

present study,more in-depth analysiswill be carried out to

(i) better understand the impacts of air–sea coupling on

the initiation and propagation of the October and No-

vember MJO events (Fu et al. 2013b) and (ii) reveal the

SST feedback processes by comparing the coupled and

uncoupled forecasts. In particular, we will analyze the

variations of the roles of air–sea coupling among theMJO

events during the DYNAMO/CINDY field campaign.

The remaining part of this paper is organized as follows.

In section 2, we introduce the University of Hawaii (UH)

coupled model and numerical experiments. Section 3

briefly documents the interactions between the MJO and

underlying ocean during the DYNAMO/CINDY period

and demonstrates that different air–sea coupling strengths

are associated with the October and November MJO

events. In a qualitative sense, the ‘‘coupling strength’’ is

defined as the degree that the evolution of an individual

MJO event relies on the coupling with underlying ocean.

Quantitatively, the coupling strength can be measured as

the difference of theMJO that is forcedwith observed SST

forcing and that with persistent (or climatological) SST

forcing.1 In section 4, the major feedback processes from

SST to November MJO evolutions in the UH model are

revealed by comparing the coupled and uncoupled fore-

casts. Discussions and conclusions are given in section 5.

2. The model and experiments

This study primarily analyzes a series of intra-

seasonal forecasts carried out with the UH model

during the DYNAMO/CINDY period. The UH model

is an atmosphere–ocean coupled model (Fu et al. 2003)

TABLE 1.Hindcast experiments with theUHmodel under different

SST settings. Initial conditions are the same for all the runs.

Names of experiments SST settings

CSST Atmosphere–ocean coupled

forecasts

Fcst_SST (or fsst) Atmosphere-only forecasts

driven by daily SST derived

from the ‘‘csst’’ forecasts

Pers_SST (or psst) Atmosphere-only forecasts

driven by persistent SST

TMI_SST (or osst) Atmosphere-only forecasts

driven by observed daily

TMI SST

1 Like the ‘‘predictability,’’ the ‘‘coupling strength’’ defined in

this way is model dependent.
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developed at International Pacific Research Center/

School of Ocean and Earth Science and Technology

(IPRC/SOEST), University of Hawai‘i at M�anoa. The

atmospheric component is a general circulation model

(ECHAM4) with T106 (about 125 km) resolution that

was originally developed at the Max Planck Institute

for Meteorology, Germany (Roeckner et al. 1996).

The Tiedtke–Nordeng mass flux scheme (Tiedtke 1989;

Nordeng 1994) is used to represent the shallow, mid-

level, and deep convections. The ocean component is

an intermediate upper-ocean model developed at the

University of Hawaii (Wang et al. 1995). It comprises

a mixed layer and a thermocline layer with a horizontal

resolution of 0.58 3 0.58. The UH model carried out

45-day forecasts with 10 ensembles during the extended

DYNAMO/CINDYperiod (September 2011–March 2012)

every week initialized with final operational global analysis

on 18 3 18 grid that was produced by NCEP, also known

as FNL (available online at http://rda.ucar.edu/datasets/

ds083.2/), which is almost the same as GDAS analysis

(Kleist et al. 2009) but generated 1h later. The perturbed

initial conditions of the ensembles were generated by

adding day-to-day root-mean-square differences of four

prognostic variables (u, y, t, q) within the specific month

onto the original initial conditions as inWaliser et al. (2003)

and Fu et al. (2007). All modeling results presented in the

following sections are from 10 ensemble means.

To quantify the degree that interactive air–sea coupling

can contribute to the MJO fidelity, a suite of intraseasonal

hindcast experiments was carried out. In addition to the set

with interactive air–sea coupling, three more sets of

atmosphere-only runs forced by different sea surface tem-

perature settings are also carried out. The three SST sets

include the persistent SST, daily SST generated from the

air–sea coupled run, and daily SST from the observations.

Detailed experimental design is given in Table 1. Since all

four sets of forecasts have used the same initial conditions,

the skill differences among them are attributed to the dif-

ferences of the underlying SST settings. When measured

with the Wheeler–Hendon index (Wheeler and Hendon

2004), the MJO forecast skill in the coupled run and the

atmosphere-only run forced by forecasted daily SST are

systematically higher (;1 week) than that forced with

persistent SST. The run forced with observed daily SST has

the highest forecast skill, which is about three weeks longer

than that forced with persistent SST (Fu et al. 2013b). This

result implies that the contribution of interactive air–sea

coupling on MJO forecasting is between one and three

weeks for the DYNAMO/CINDY period. In following

sections, the impacts of air–sea coupling on the initiation

and propagation of the October and November MJO

events as well as the oceanic feedback processes will be

investigated with the above hindcast outputs.

3. Varying air–sea coupling strength for different
MJO events

a. DYNAMO/CINDY observations

The DYNAMO/CINDY2 field campaign has been

conducted in Indian Ocean from 1 October 2011 to 31

March 2012 with an intensive observing period (IOP)

from 1 October 2011 to 15 January 2012. During the

entire DYNAMO period, fiveMJO events are observed

(Fig. 1) with the associated convective envelope over

IndianOcean, respectively, in the lateOctober (MJO-I),

FIG. 1. Hovmöller diagram of the observed 30–90-day bandpass-
filtered TMI SST (shading, 8C) and MJO-projected NOAA OLR

(contours of 2, 5, 10, 20, 30, and 40Wm22) anomalies averaged

between 108S and 108N during the DYNAMO/CINDY period.

Solid (dashed) lines represent positive (negative) values. The

method used to extract the MJO is from Wheeler and Kiladis

(1999).

2More details on the DYNAMO and CINDY field campaigns

can be found at http://www.eol.ucar.edu/projects/dynamo/ and

http://www.jamstec.go.jp/iorgc/cindy/.
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late November (MJO-II), late December (MJO-III),

late January (MJO-IV),3 and late February–earlyMarch

(MJO-V). The first three MJO events occur during the

DYNAMO IOP (Yoneyama et al. 2013). The definition

of MJO initiation is still an open issue (e.g., Straub 2013)

and the Indian Ocean is also not the only place MJO ini-

tiation can occur (Wang and Rui 1990a; Matthews 2008).

Nevertheless, following the classic schematics of a MJO

cycle depicted in Fig. 16 of Madden and Julian (1972), we

take the definition of MJO initiation as the development

of the convective envelope in the IndianOcean associated

with an eastward-propagating MJO cycle.

The MJOs-I, II, IV, and V are successive MJO events

as defined by Matthews (2008), which are reinitiated

over Indian Ocean by the circumglobal circulations as-

sociated with a preceding MJO event. The MJO-III is

not well defined and also the weakest among the five

MJOs. The MJO-III, initiated over the central Indian

Ocean, was likely triggered by the westward-propagating

mixed Rossby–gravity waves emanating from the Mari-

time Continent, which in turn were excited by the rem-

nants of a tropical cyclone in the South China Sea

(Kubota et al. 2012). Since coherent and robust SST

fluctuations were observed in association with the two

MJO events during the TOGA COARE field campaign

(Anderson et al. 1996), it is interesting to see whether this

is also the case during the DYNAMO/CINDY field

campaign. The situation during recent campaign period

seems rather complicated (Fig. 1). The active phase of the

September MJO causes significant cooling over the

eastern Indian Ocean, Maritime Continent, and western

Pacific. The subsequent dry phase, however, does not

produce coherent large-scale positive SST anomalies on

its course eastward (Gottschalck et al. 2013; Johnson and

Ciesielski 2013). This observational scenario suggests that

the SST feedback has little impact on the evolution of the

October MJO (MJO-I). It is also true for the late-

December MJO (MJO-III) and late-January MJO

(MJO-IV). On the other hand, for the November MJO

(MJO-II) and late-February MJO (MJO-V), large-scale

coherent positive SST anomalies systematically lead the

onset and eastward propagation of the MJO convective

envelopes as observed during the TOGA COARE pe-

riod (Stephens et al. 2004) and illustrated in many pre-

vious modeling studies (e.g., Flatau et al. 1997; Wang and

Xie 1998; Waliser et al. 1999; Marshall et al. 2008). The

aforementioned observations and in situ measurements

from the DYNAMO/CINDY field campaign (e.g.,

Johnson and Ciesielski 2013) actually suggest that the

coupling strength between the MJO and underlying

ocean varies event by event. This hypothesis will be

examined in section 3b with our hindcast experiment

outputs.

FIG. 2. Phase diagrams of the observed and forecastedWheeler–

Hendon index initialized on (a) 7 Oct and (b) 4 Nov 2011. The

forecasts are carried out with UH model under different SST set-

tings: the ‘‘OBS’’ for the observations, the ‘‘cpl,’’ ‘‘fsst,’’ ‘‘psst,’’

and ‘‘osst’’ for the hindcasts from the coupled run, atmosphere-

only runs forced by forecasted SST, persistent SST, and observed

TMI daily SST (Table 1), respectively.

3 This event is not classified as a significant MJO in some studies

(e.g., Yoneyama et al. 2013).
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FIG. 3. Hovmöller diagrams of the observed NOAAOLR (Wm22) and corresponding forecasts by the UHmodel

coupled runs (CSST in Table 1) and atmosphere-only run driven by forecasted daily SST (FSST in Table 1), observed

daily TMI SST (OSST in Table 1), and persistent SST (PSST in Table 1) averaged between 108S and 108N. The period

from (left) 7 Oct to 7 Nov 2011 and (right) from 4 Nov to 4 Dec 2011.
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b. Numerical modeling results

The overall MJO forecast skill during the DYNAMO/

CINDY period measured with the Wheeler–Hendon

Real-time Multivariate MJO (RMM) index (Wheeler

and Hendon 2004; Lin et al. 2008) in the active air–sea

coupled runs is about one week longer (Fu et al. 2013b)

than that forced with persistent SST. The observed

changes in SST from event to event suggest the possibility

that this skill advancement due to air–sea coupling is not

uniformly distributed among all five MJO events. The

impacts of SST feedback are expected to be larger for the

November and February MJO events than that for the

October, December, and January MJO events (Fig. 1).

To demonstrate this possibility, we take the forecasts

initialized on 7 October and 4 November 2011 as two

contrasting examples. Figures 2a and 2b show the phase

diagrams of the observations and forecasts under dif-

ferent SST settings (Table 1) for a period of one month

with two different initial conditions. For the case ini-

tialized on 7 October (Fig. 2a), the observed initial MJO

is in phase 7 with a convective center in western Pacific

(Figs. 3a and 4a). Regardless of what SST boundary

conditions were used, all four forecasts capture the

FIG. 4. Hovmöller diagrams of OLR anomalies from (a) the observations and two 11th day forecasts by a modified version of NCEP GFS
atmosphere-only model forced with (b) climatological SST and (c) observed daily TMI SST.
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eastward propagation and the reinitiation of the Octo-

ber MJO in the Indian Ocean. The MJO convective

centers in all four runs reach phase 2 (Indian Ocean)

after 14 days as in the observations (Fig. 2a).

For the case initialized on 4 November 2011, the MJO

intensity in all four runs is weaker than that of the ob-

servations (Fig. 2b). During the first week, all four runs

have very similar trajectory. After that, the MJO signal

in the atmosphere-only run forced by persistent SST

decays rapidly. The other three runs follow each other

very well and all have similar propagation speed as in the

observations. At the end of the 1-month forecasts, all

three forecasts reach the Maritime Continent as in the

observations (near the transition zone from phases 4 to

5). The much worse forecast in the persistent SST run

than the other runs suggests that air–sea coupling is an

indispensable factor for the initiation and propagation

of the November MJO. The contrast between Figs. 2a

and 2b does support that air–sea coupling plays a much

more important role for the November MJO than for

the October MJO.

The Wheeler–Hendon RMM index may be largely

controlled by the large-scale baroclinic circulations

rather than the MJO-related convection (e.g., Straub

2013). To examine the explicit impacts of air–sea cou-

pling on MJO-related convection, the forecasted OLR

evolution with initial conditions on 7 October and 4

November 2011 along with the corresponding observa-

tions are given in Figs. 3. For the October case, the ob-

served MJO convection prevails over the DYNAMO/

CINDY array from 21 October to 1 November 2011

(Fig. 3a) then steadily propagates to the western Pacific.

All four runs (Figs. 3c,e,g,i) reproduce the MJO-

associated rainy period over the array and subsequent

eastward propagation. The run driven by persistent SST

(Fig. 3i) tends to prolong the rainy period over the array

with a slightly weaker eastward-propagating component

than the other three runs. For the November case, the

observed MJO convection reaches the DYNAMO/

CINDY array around 21 November 2011 (Fig. 3b) then

steadily propagates to the western Pacific. The three

runs with intraseasonal SST variability in the boundary

FIG. 5. The differences of SST (shading) and OLR (contours) between the forecasts driven with observed daily

TMI SST (OSST in Table 1) and persistent SST (PSST in Table 1) at four different lead days: (a) 10, (b) 15, (c) 20, and

(d) 25 days. Both forecasts are initialized on 4 Nov 2011.
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conditions (Figs. 3d,f,h) capture the initiation of No-

vember MJO in the Indian Ocean and the subsequent

eastward propagation. The run forced with persistent

SST (Fig. 3j), however, fails to reproduce the rainy pe-

riod over the array and the subsequent eastward prop-

agation. The obviously better reproducibility of the

October MJO-related OLR (Fig. 3i) than that of the

NovemberMJO (Fig. 3j) under persistent SST condition

also supports the fact that the SST feedback is more

important for the November MJO than that for the

October MJO.

Additional experiments with amodified version of the

NCEP GFS atmosphere-only model4 have also been

carried out. Two sets of month-long forecasts initialized

from each day of theDYNAMO-IOP period (1 October

2011–15 January 2012) are conducted. The only differ-

ence between these two sets of experiments is the un-

derlying SST conditions: one with climatological SST

and the other with observed daily Tropical Rainfall

Measuring Mission (TRMM) Microwave Imager (TMI)

SST. Both sets of experiments used the atmospheric

initial conditions directly taken from NCEP CFSR

(Saha et al. 2010). For each set of the experiments, four

forecast runs are produced for each day at 0000, 0600,

1200, and 1800 UTC. The ensemble average based on

the four forecast runs from each day is used to assess the

impact of SSTs. Figure 4 compares the forecasted OLR

anomalies at the 11th day of the two runs with the ob-

servations. It clearly shows that both the October and

December MJO events can be largely reproduced even

with climatological SST forcing, while the November

MJO can only be reproduced when observed daily TMI

SST is used as the underlying sea surface condition. This

result further corroborates that the October MJO is

largely controlled by atmospheric internal dynamics,

FIG. 6. The differences of sea level pressure (SLP in shading), OLR (contour of 230Wm22), and 850-hPa winds

between the forecasts drivenwith observed daily TMI SST (OSST in Table 1) and persistent SST (PSST in Table 1) at

four different lead days: (a) 10, (b) 15, (c) 20, and (d) 25 days. Both forecasts are initialized on 4 Nov 2011.

4 The revised Simplified Arakawa–Schubert (SAS2) scheme

(Han and Pan 2011) used in the operational NCEP GFS (the May

2011 version) has been replaced by a Relaxed Arakawa–Schubert

(RAS) scheme (Moorthi and Suarez 1992). The modified version

has much strongerMJO than the operational version (W. Q.Wang

2014, personal communication).

802 MONTHLY WEATHER REV IEW VOLUME 143



whereas the November MJO is strongly coupled to un-

derlying ocean.

4. Processes through which SST feeds back
to the MJO

Since the mean SST over the tropical Indo-Pacific

sector is very high (with a large portion higher than

288C), coherent SST perturbation in this region is ex-

pected to systematically modify the atmosphere above

(Roxy 2014). When a robust positive SST anomaly is

produced during the suppressed phase of the MJO [e.g.,

in front of the November MJO in Fig. 1 of this study and

Fig. 5 in Johnson and Ciesielski (2013)], it tends to in-

crease surface latent and sensible heat fluxes (Shinoda

et al. 1998; Fu et al. 2006) and enhance boundary layer

convergence through the Lindzen–Nigam mechanism

(Lindzen and Nigam 1987; Fu and Wang 1999; Hsu and

Li 2012). All these SST feedback processes are expected

to improve model simulations of the MJO to some

degree (Wang and Xie 1998;Waliser et al. 1999; Fu et al.

2008a; Marshall et al. 2008). However, the exact upward

impact processes through which the aforementioned

surface and boundary layer processes’ changes can lead

to better MJO simulations are still illusive. Since the

successful reproduction of the November MJO in both

the UH and NCEP models largely results from the un-

derlying SST feedback (Figs. 2, 3, and 4), in the following

analysis, we will look into the SST feedback processes in

the UH model by comparing the forecasts initialized on

4November with andwithout intraseasonal SST forcing.

Figure 5 shows the differences of SST and OLR

between the OSST and PSST runs (Table 1) at differ-

ent forecast lead times with initial conditions from

4November 2011. Figure 6 shows the differences of the

corresponding sea level pressure (SLP) and low-level

winds. These differences represent the impacts of air–

sea coupling on the initiation and propagation of the

NovemberMJO. As shown in Figs. 3h and 3j, both runs

have very similar OLR in the first week. On day 10,

FIG. 7. (top part) The vertical structures of the differences of specific humidity (shading), temperature (contours),

and circulations (arrows) between the forecasts drivenwith observed daily TMI SST (OSST in Table 1) and persistent

SST (PSST in Table 1) averaged over 108S and 108N along with (bottom part) the differences of SST (8C), rainfall
(317mmday21), net surface heat flux (3100Wm22), and surface evaporation (365Wm22) at four different lead

days: (a) 10, (b) 15, (c) 20, and (d) 25 days. Both forecasts are initialized on 4 Nov 2011.
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coherent positive SST anomalies appear across the

equatorial Indian Ocean with enhanced convection

(minus OLR anomaly .30Wm22) scattered around

(Fig. 5a). Regional SLP is also systematically reduced

(Fig. 6a). On day 15, the convective anomaly over the

positive SST anomaly continues to enhance and be-

come organized (Fig. 5b).AKelvin–Rossby wave couplet

is excited with two cyclonic Rossby wave–like distur-

bances straddling the equatorial western Indian Ocean

along with the Kelvin wave response manifesting as an

eastward-extended tongue of low SLP and easterly winds

(Fig. 6b). Two anticyclonic circulations along with posi-

tive SLP anomalies are produced in subtropical regions

of the western Pacific: resembling the Kelvin–Rossby

wave couplet of the MJO three-dimensional structure

first documented by Rui and Wang (1990) with avail-

able observations and reanalysis at that time. This result

also supports the theoretical finding of Wang and Xie

(1998) who suggested that air–sea coupling improves

the representation of the MJO through destabilizing

the Kelvin–Rossby wave couplet. Toward day 20, neg-

ative SST anomalies appear over the western Indian

Ocean where enhanced convection gradually moves

off the equator as Rossby wave–like disturbances

(Figs. 5c and 6c). The Kelvin wave response is also en-

hanced and continues moving into western Pacific

(Fig. 6c). On day 25, the equatorial Indian Ocean has

largely cooled down except for the southwestern basin

and a belt just west of Sumatra and Australia (Fig. 5d).

Low SLP centers have also moved into the western

Pacific (Fig. 6d).

To illustrate the upward impact processes of air–sea

coupling on MJO evolution, Figs. 7 and 8 show the dif-

ferences of the equatorial vertical structures of mois-

ture, temperature, apparent heating source (Q1),

apparent moistening source (Q2), and circulations along

with some relevant surface variables between the OSST

and PSST runs over the Indo-western Pacific sector. On

FIG. 8. (top part) The vertical structures of the differences of apparent moistening source Q2 (shading) and ap-

parent heating source Q1 (contours) between the forecasts driven with observed daily TMI SST (OSST in Table 1)

and persistent SST (PSST in Table 1) averaged over 108S and 108N along with (bottom part) the differences of SST

(8C), rainfall (317mmday21), surface convergence (383 1026 s21), and surface pressure (32 hPa) at four different

lead days: (a) 10, (b) 15, (c) 20, and (d) 25 days. Both forecasts are initialized on 4 Nov 2011.
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day 10 (Figs. 7a and 8a), in association with a positive

SST anomaly around 908E, surface evaporation and

convergence are enhanced, which leads to intensified

upward motion and tropospheric moistening (Fig. 7a).

The peak level of the Q2 is much lower than the Q1

(Fig. 8a), which indicates the development of vigorous

deep convection (Luo and Yanai 1984); this is a clear

indication of a positive SST feedback intensifying MJO

convection. The enhanced convection, on the other

hand, reduces surface heat flux (Fig. 7a) by blocking

downward solar radiation and increasing surface evap-

oration. On the eastern side of the enhanced deep con-

vection, although some shallow cumuli pop up (Fig. 8a),

the surface heat flux anomaly remains positive (means

downward) and continues warming up the sea surface

over the Maritime Continent and western Pacific

(Fig. 7a). By day 15 (Figs. 7b and 8b), the convection

near the array intensifies with increased upward motion

and tropospheric moistening (Fig. 7b). The peak level of

the Q2 is gradually lifted upward (Fig. 8b), indicating

that the contribution from stratiform rainfall is in-

creased (Johnson and Young 1983). The covariability of

upper-level heating and warming facilitates the pro-

duction of eddy available potential energy (Fu and

Wang 2009), which is essential to sustain the large-scale

circulations associated with enhanced MJO convection

(Hendon and Salby 1994; Mapes 2000; Kuang 2008).

By day 20, the rainfall anomaly near the DYNAMO/

CINDY array reaches a maximum (Fig. 7c). The in-

tensified upward motion, midtropospheric moistening,

and upper-tropospheric warming are accompanied by

the lower-tropospheric cooling and drying (Fig. 7c)

similar to that of day 15 (Fig. 7b), likely reflecting the

effects of intensified convective downdrafts (Lin and

Johnson 1996). Large Q2 peaks have moved up to the

altitude of the Q1 peaks (Fig. 8c), indicating that strati-

form clouds play a dominant role during this period. An

examination of the two forecasts clearly shows that the

stratiform rainfall fraction (i.e., grid-scale precipitation

in the model) for the OSST run is systematically larger

than that for the PSST run after day-15 forecasts (Fig. 9).

On the eastern side of the enhanced MJO convective

envelope, shallow cumuli and congestus clouds pop up

(Figs. 8a–c) due to the forcing of the positive SST

anomaly and surface convergence originating from the

interaction between the orography over the Maritime

Continent and Kelvin wave–induced easterly winds

[Fig. 6 in this manuscript, and Figs. 4 and 5 in Hsu and

Lee (2005)]. These shallow and congestus clouds will not

immediately develop into organized deep convection

because of the prevalent subsidence induced by the

enhanced convection near the array (Figs. 8a–c). In-

stead, they are largely detrained into the environment to

moisten the boundary layer and lower troposphere

(Figs. 7a–c), which is a process to buildup convective

available potential energy (CAPE) and precondition the

outbreak of deep convection. Toward day 25 (Figs. 7d

and 8d), the enhanced convection over the western-

central Indian Ocean has largely diminished, as does the

associated subsidence on the eastern side. The release of

the accumulated instability, therefore, leads to the out-

break of deep convection over the Maritime Continent

and western Pacific, which is a manifestation of the

eastward-propagating MJO.

A similar situation is found for the differences be-

tween the air–sea coupled run (CSST in Table 1) and the

persistent SST run (PSST in Table 1) as shown in Figs. 10

and 11. Compared to Figs. 7 and 8, the SST anomaly for

the November MJO in our coupled model is much

smaller, as are the atmospheric responses. The associ-

ated subsidence on the eastern side of the enhanced

convection is also weaker. Rainfall differences around

the array reach a maximum on day 15 (Figs. 10b and

11b) rather than day 20 in the (OSST 2 PSST) case

(Figs. 7c and 8c). This is consistent with the time series of

stratiform rainfall fraction differences given in Fig. 9,

which shows that the stratiform rainfall fraction differ-

ences between the CSST run and the PSST run reach the

maximum on 15 days. The weaker upper-level sub-

sidence on the eastern side also shortens the CAPE

accumulation time and allows for the faster outbreak of

deep convection over the Maritime Continent and

western Pacific. On day 20, enhanced convection center

in this case has moved into the Maritime Continent

(Figs. 10c and 11c), but still remains over the central

Indian Ocean for the (OSST2 PSST) case (Figs. 7c and

8c). This result indicates that the underestimated MJO–

SST coupling strength in the CSST run over the Indian

FIG. 9. Differences of stratiform rainfall fractions over (108S–
108N, 608–908E) from three forecasts (OSST 2 PSST and CSST 2
PSST) initialized on 4 Nov 2011.
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Ocean leads to a faster MJO propagation than that with

realistic intraseasonal SST forcing. The OLR evolution

in Fig. 3 also shows that the MJO eastward propagation

in the CSST run (Fig. 3d) is slightly faster than that in the

observations (Fig. 3b) and the OSST run (Fig. 3h). It is

also worth noting that the deep convection over the

Maritime Continent in this case is largely supported by

the surface convergence originating from the interaction

between the orography and easterly winds induced by

the Kelvin wave response (Figs. 11c,d) rather than from

the local positive SST feedback.

5. Discussion and conclusions

a. Discussion

One intriguing finding of the present study is that

some MJO events do not have robust coherent SST

variability associated with them, whereas the others do.

This observational scenario suggests that the contribution

of air–sea coupling to MJO evolution is case dependent.

Why is this? For the two contrasting MJO events (the

October and November MJO) observed during the

DYNAMO/CINDY field campaign, this difference can

be partly attributed to the shifts of background surface

zonal winds (Li et al. 2008; Kanemaru and Masunaga

2014) over the equatorial Indian Ocean and western

Pacific (Fig. 12). During the passage of the October

MJO over the Indo-western Pacific sector (Figs. 12a,c),

background easterly winds prevail in the entire region.

When MJO-related convection reaches the Indian

Ocean, the Kelvin wave response on the eastern side

further intensifies the background winds and upward

latent heat loss, which will offset the increased down-

ward solar radiation. These two surface heat flux

anomalies with opposite signs result in a negligible

SST response in front of the MJO convection. On the

other hand, during the passage of the November MJO,

background zonal winds are changing to westerly

(Figs. 12b,d). The easterly wind anomaly as a Kelvin

FIG. 10. (top part) The vertical structures of the differences of specific humidity (shading), temperature (contours),

and circulations (arrows) between the coupled forecasts (CSST in Table 1) and the forecasts driven with persistent

SST (PSST in Table 1) averaged over 108S and 108N along with (bottom part) the differences of SST (8C), rainfall
(317mmday21), surface evaporation (365Wm22), and net surface heat flux (3100Wm22) at four different lead

days: (a) 10, (b) 15, (c) 20, and (d) 25 days. Both forecasts are initialized on 4 Nov 2011.
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wave response to the MJO convection reduces the

background winds. As a result, coherent positive SST

anomalies are produced by the combination of less up-

ward latent heat loss and increased downward solar ra-

diation. However, why no coherent SST anomalies were

produced for the December and January MJO events

are unclear. It may be due to the intensity of these two

MJOs being tooweak and the previous suppressed phases

being too short. Future research with detailed analysis of

the oceanic mixed layer heat budget is warranted to an-

swer this question.

Which type of the MJO is more reproducible: the one

largely controlled by atmospheric internal dynamics or

the one strongly coupled to the underlying ocean? The

results presented in Figs. 2 and 3 suggest that no clear

predictability difference exists between them. For both

the October and November MJO events, the UH cou-

pled forecasts are able to capture their eastward prop-

agations with reasonable amplitude beyond one month

(Figs. 2 and 3). Future research is needed to examine this

topic with more MJO events.

b. Conclusions

A long-lasting issue faced by the MJO community is

whether the MJO is primarily an atmospheric internal

phenomenon (National Academy of Sciences 2010) or

an atmosphere–ocean coupled system (Lau and Waliser

2011). This controversy originates frommany conflicting

results presented in the literature from a variety of

theories [e.g., the wave-CISK, WISHE, frictional CISK,

cloud–radiation feedback, moisture mode, multiscale

interaction, and air–sea interaction, see a comprehen-

sive review inWang (2011)] to the state-of-the-art global

general circulation model simulations. All theories, with

either atmospheric internal dynamics only (e.g., Sobel

and Maloney 2013) or air–sea coupling (e.g., Lau and

Shen 1988; Hirst and Lau 1990; Wang and Xie 1998) are

able to produce some kind of intraseasonal oscillation

FIG. 11. (top part) The vertical structures of the differences of apparent moistening source Q2 (shading) and

apparent heating sourceQ1 (contours) between the coupled forecasts (CSST in Table 1) and the forecasts drivenwith

persistent SST (PSST in Table 1) averaged over 108S and 108N along with (bottom part) the differences of SST (8C),
rainfall (317mmday21), surface convergence (383 1026 s21), and surface pressure (32 hPa) at four different lead

days: (a) 10, (b) 15, (c) 20, and (d) 25 days. Both forecasts are initialized on 4 Nov 2011.
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that resembles the observed one. The coherent SST

variability in association with twoMJO events observed

during TOGA COARE field campaign (November

1992–March 1993) further suggests the importance of

air–sea coupling on the MJO dynamics. Although many

numerical modeling studies have shown that air–sea

coupling improves the simulations of the MJO, our

overall capability of simulating the MJO in coupled

models (e.g., CMIP3 and CMIP5) is still very poor (e.g.,

Hung et al. 2013). On the other hand, a global cloud-

system-resolving atmosphere-only model without ocean

coupling [i.e., the Nonhydrostatic Icosahedral Atmo-

spheric Model (NICAM); Satoh et al. 2005] is able to

reproduce an MJO event well (Miura et al. 2007; Liu

et al. 2009). This successful case study also suggests that

someMJO events are largely controlled by atmospheric

internal dynamics.

During theDYNAMO/CINDYperiod, the atmosphere–

ocean variations depicted in this study and from in situ

measurements (e.g., Johnson and Ciesielski 2013; Moum

et al. 2014) reveal the complexity in terms of the MJO

interactions with underlying ocean. FiveMJO events are

observed during this period; however, coherent robust

SST anomalies are associated only with two of them

(Fig. 1). The October and November MJO events are

two contrasting cases in this sense. For theOctoberMJO,

little coherent positive SST anomaly was observed in

front of the convection. On the other hand, large-scale

robust SST anomalies are observed to systematically

lead the initiation, development, and propagation of

the November MJO. This observational picture sug-

gests that the October MJO is basically controlled by

atmospheric internal dynamics, whereas the November

MJO is strongly coupled to the underlying ocean.

To test this hypothesis, a series of initialized intra-

seasonal forecasts with different SST settings have

been carried out for these two MJO events. For the

October MJO, all forecasts initialized on 7 October

2011 with interactive air–sea coupling, atmosphere-only

runs forced with persistent SST, and daily SST from the

coupled run and the observations are able to capture

the initiation over the DYNAMO/CINDY array and

subsequent eastward propagation to some degree (Figs. 2a

and 3a,c,e,g,i). One major difference among the fore-

casts is the amplitude. The forecasts with intraseasonal

SST forcing have larger MJO amplitude than those

with persistent SST. For the November MJO, the three

forecasts with intraseasonal SST forcing are apparently

distinguished from the forecast driven with persistent

SST (Figs. 2b and 3b,d,f,h,j). In the persistent SST run,

the MJO signal is similar to the other three runs only

in the first week. After that, the MJO basically disap-

pears in the forecast. These sensitivity experiments

clearly demonstrate that the October MJO event is

largely controlled by atmospheric internal dynamics,

while the November MJO is strongly coupled with

FIG. 12. Hovmöller diagrams of the 850-hPa background zonal wind (shading, m s21) and MJO-related perturbations

(contours, m s21) along the equator (108S–58N) during the DYNAMO/CINDY period from the observations (OBS) for

(a) the October MJO and (b) the November MJO, and from the coupled forecasts (CSST, Table 1) for (c) the October

MJO and (d) the November MJO. The background zonal wind includes all variations with periods longer than 90 days.
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the underlying ocean. Additional experiments with the

NCEP GFS atmosphere-only model also corroborate

the above findings.

Further analysis of the November MJO forecasts with

and without intraseasonal SST forcing (the OSST,

CSST, and PSST runs in Table 1) has been carried out to

reveal the SST feedback processes in the UH model.

The primary path of SST feedback in this model is

through enhancing the Kelvin–Rossby wave couplet

(Fig. 6) as suggested in a previous theoretical study of

Wang and Xie (1998). The more detailed upward im-

pacts from the SST anomaly to the November MJO

evolution are illustrated with the vertical structures of

the moisture, temperature, apparent heating profile

(Q1), and apparent moistening profile (Q2) along with

some relevant surface variables (Figs. 7, 8, 10, and 11).

The positive SST anomaly in the IndianOcean enhances

surface evaporation and convergence, thus the local deep

convection (Figs. 7 and 10). It also prolongs the posi-

tive feedback between the convection and large-scale

circulation, therefore, facilitating the development of

stratiform rainfall that produces large-eddy available

potential energy to maintain the MJO-related large-

scale circulations.

The overturning circulation associated with the major

convection of the MJO in the Indian Ocean intensifies the

upper-level subsidence over the Maritime Continent and

western Pacific. Along with the lower-tropospheric moist-

ening and heating forced by local positive SST anomalies

and surface convergence induced by the interaction be-

tween the orography and easterly winds of theKelvin wave

response, the convectively available potential energy

(CAPE) is accumulated over theMaritimeContinent and

western Pacific. Once the sea surface cools off and the

convection fades away in the Indian Ocean, the associ-

ated weakening of the upper-level subsidence on the

eastern side allows for the outbreak of deep convection

over theMaritime Continent and western Pacific, leading

to the eastward propagation of the November MJO.
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