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Abstract The difficulty for global atmospheric models to

reproduce the Madden–Julian oscillation (MJO) is a long-

lasting problem. In an attempt to understand this difficulty,

simple numerical experiments are conducted using a global

climate model. This model, in its full paramterization

package (control run), is capable of producing the gross

features of the MJO, namely, its planetary-scale, intrasea-

sonal, eastward slow propagation. When latent heating

profiles in the model are artificially modified, the charac-

teristics of the simulated MJO changed drastically.

Intraseasonal perturbations are dominated by stationary

component over the Indian and western Pacific Oceans

when heating profiles are top heavy (maximum in the upper

troposphere). In contrast, when diabatic heating is bottom

heavy (maximum in the lower troposphere), planetary-

scale, intraseasonal, eastward propagating perturbations are

reproduced with a phase speed similar to that of the MJO.

The difference appears to come from surface and low-level

moisture convergence, which is much stronger and more

coherent in space when the heating profile is bottom heavy

than when it is top heavy. These sensitivity experiments,

along with other theoretical, numerical, and observational

results, have led to a hypothesis that the difficulty for

global models to produce the MJO partially is rooted in a

lack of sufficient diabatic heating in the lower troposphere,

presumably from shallow convection.

1 Introduction

The tropical intraseasonal oscillation is an important

element of the atmospheric climate system. One of its

dominant components is the eastward moving Madden–

Julian oscillation (MJO, Madden and Julian 1971, 1972).

A related component is the northward moving intrasea-

sonal variation associated with the Asian summer

monsoon (e.g., Krishinamurti and Subrahmanyam 1982;

Li 1985; Wang and Rui 1990; Li et al. 2001). The

importance of the MJO to tropical and global weather and

climate has been increasingly appreciated. The MJO

influences onset and breaks of the summer monsoons over

Asia (Lau and Chan 1986; Mu and Li 2000; Lawrence

and Webster 2002), Australia (Hendon and Liebmann

1990; Wheeler and McBride 2005), Americas (Paegle

et al. 2000; Higgins and Shi 2001), and Africa (Matthews

2004). It has been suggested that the evolution of the

ENSO can be affected by the MJO (e.g., Lau and Shen

1988; Li and Zhou 1994; Kessler et al. 1995; Li and Long

C. Li � X. Jia � J. Ling

Laboratory for Numerical Modeling for Atmospheric Sciences

and Geophysical Fluid Dynamics, Institute of Atmospheric

Physics, Chinese Academy of Sciences, Beijing, China

C. Li

Institute of Meteorology, PLA University of Science

and Technology, Nanjing, China

X. Jia

National Climate Center, China Meteorological Administration,

Beijing, China

J. Ling � W. Zhou

City U-IAP Laboratory for Atmospheric Sciences, Department

of Physics and Materials Science, City University of Hong Kong,

Hong Kong, China

C. Zhang (&)

University of Miami, 4600 Rickenbacker Causeway,

MPO, Miami, FL 33149, USA

e-mail: czhang@rsmas.miami.edu

123

Clim Dyn (2009) 32:167–187

DOI 10.1007/s00382-008-0455-x



2002; Zhang and Gottschalck 2002). Tropical extreme

events, such as cyclogenesis, can be modulated by the

MJO (Liebmann et al. 1994; Maloney and Hartmann

2000; Mo 2000; Bessafi and Wheeler 2006; Frank and

Roundy 2006). Many weather and climate phenomena

outside the tropics are also related to the MJO (e.g., Li

and Li 1997; Bond and Vecchi 2003).

There is no doubt that accurate simulations and pre-

diction of the MJO would lead to tremendous societal

benefit. However, current numerical prediction skill of

the MJO becomes useless after 15 days (e.g., Waliser

et al. 2003), which is far shorter than the dominant

timescales of the MJO (30–60 days). Most global climate

models (GCMs) fail to reproduce the most salient fea-

tures of the MJO, such as its intraseasonal timescales

and eastward propagation (Slingo et al. 1996; Lin et al.

2006). Our inability of explaining the difficulty of sim-

ulating the MJO by current state-of-art GCMs in terms

of existing MJO theories reflects our lack of under-

standing of its fundamental dynamics. The purpose of

this study is to explore a particular physical process that

might be important to the dynamics and numerical

simulations of the MJO: the vertical structure of diabatic

heating.

Several mechanisms have been proposed for the MJO

(see summaries in Wang 2005 and Zhang 2005). Deep

convection has always been taken as the central factor

for the MJO. Its roles in the MJO may come in play

through interactions with boundary-layer moisture con-

vergence (e.g., Li 1985; Lau and Peng 1987; Wang

1988), tropospheric water vapor (e.g., Grabowski and

Moncrieff 2005), cloud radiation (Hu and Randall 1994;

Raymond 2001), and sea surface temperature (SST) (e.g.,

Flatau et al. 1997; Waliser et al. 1999). It is commonly

thought that deficiencies in parameterizations of deep

convection in GCMs are responsible for model incapa-

bility of reproducing the MJO (Li and Smith 1995;

Slingo et al. 1996). The sensibility of MJO simulations to

convective parameterizations has been well demonstrated

(Wang and Schlesinger 1999). However, it is uncertain

exactly what inadequacy in convective parameterizations

contributes most to the deterioration in MJO simulations.

This study investigates the dependence of numerical

simulations of the MJO on the vertical structure of dia-

batic heating.

It has been documented that diabatic heating profiles

in GCMs are typically deep, with peaks in the mid to

upper troposphere (Lin et al. 2004), in contrast to the

observed top-heavy profile typical for tropical convective

systems dominated by stratiform rain (e.g., Houze 1989).

This poses an intriguing question: Is the lack of top-

heavy heating profiles in GCMs responsible for their

inability of reproducing a realistic MJO? The modeling

experiments in this study indicate the opposite: it is

bottom-heavy heating profile with its maximum in the

lower to mid troposphere that might play a crucial role

in simulating a realistic MJO, especially its eastward

propagation.

The importance of diabatic heating in the lower tro-

posphere to the MJO was first suggested by Li (1983). He

showed that characteristics of tropical unstable modes

were sensitively related to the vertical structure of dia-

batic heating (see more discussion in Sect. 5). The linear

theory of the equatorial waves (Matsuno 1966) predicts

that the phase speed of the eastward-propagating Kelvin

wave is c = (gh)1/2, where g is gravity and h the equiv-

alent depth, a measure of the vertical scale. In this theory,

h is determined by the vertical scale of diabatic heating,

the source of energy for the tropospheric Kelvin wave. A

smaller h due to a shallow heating profile leads to a

slower phase speed. It has been shown that slow wave-

CISK modes can indeed be produced by heating profiles

peaking in the lower troposphere, namely, between 500

and 700 hPa (Lau and Peng 1987; Chang and Lim 1988;

and Sui and Lau 1989).

Low-level heating may come from shallow precipitat-

ing clouds that are abundant in the western equatorial

Pacific prior to the deep convective phase of the MJO

(e.g., Johnson et al. 1999). It has been hypothesized that

these shallow convective clouds may be instrumental to

moistening the lower troposphere and set a stage favor-

able to the following deep convective phase of the MJO

(e.g., Slingo et al. 2003). This current study provides new

modeling evidence that lower-tropospheric heating is in

favor of the MJO and points out a possible role of

shallow convective clouds in the MJO through their

diabatic heating structure in addition to their moistening

effects.

A comparison of three simulations by two GCMs with

different cumulus parameterization schemes (Sect. 2)

indicates that the one with stronger diabatic heating in the

lower troposphere produced a more realistic MJO (Sect. 3).

In simple numerical experiments, vertical heating profiles

in a GCM were artificially modified to be top heavy

(maximum in the upper troposphere) or bottom heavy

(maximum in the lower troposphere). Slow eastward

propagating intraseasonal perturbations with a deep, first

baroclinic mode structure, interpreted as of the MJO, were

produced only when diabatic heating is bottom heavy.

When diabatic heating is top heavy, the dominant intra-

seasonal perturbations became stationary (Sect. 4). These

results, together with their diagnoses and other numerical,

theoretical and observations results (Sect. 5), lay the

foundation for a hypothesis that a lack of diabatic heating

in the lower troposphere is a reason for many GCMs to fail

in reproducing a realistic MJO (Sect. 6).

168 C. Li et al.: Sensitivity of MJO simulations to diabatic heating profiles

123



2 Model and methodology

2.1 Models

Two global atmospheric models were used in this study.

One is the atmospheric component of the Flexible Global

Ocean–Atmosphere–Land System model (FGOALS),

which was originally from the version of Simmonds (1985)

and developed at the Institute of Atmospheric Physics

(IAP) Laboratory for Numerical Modeling for Atmospheric

Sciences and Geophysical Fluid Dynamics (LASG) (Wu

et al. 1996). This is a global spectral model of R42

(128 9 108 Gaussian grid points, equivalent resolution of

2.8125� longitude 9 1.66� latitude) and nine sigma levels

with the top level at 17 hPa (R42L9). It employs a unique

dynamic core that removes a reference atmosphere to

reduce systematic errors due to truncation and topography

(Wu 1997). The parameterization package includes the

Slingo et al. (1996) scheme for radiation, the Slingo (1980,

1987) scheme for cloud diagnosis, the Holtslag and Boville

(1993) scheme for the boundary layer, and the moisture

convective adjustment scheme of Manabe et al. (1965). A

simplified version of the Simple Biosphere model (SIB) of

Sellers et al. (1986) is used for the land surface processes

(Xue et al. 1991). A semi-implicit scheme with a time step

of 15 min was used. This model will be referred to as

SAMIL. Further details on the formulation of SAMIL are

available in Wu et al. (1996), Wu (1997) and Wang et al.

(2005).

The other model used is the NCAR Community Atmo-

sphere Model (CAM2.0.2) with the Euler dynamic core of

T42 (128 9 64 Guassian grid points), 26 vertical levels

(top level at 2.917 hPa). The integration scheme is semi-

implicit with a time step of 20 min. Standard parameteri-

zation package (Collins et al. 2006) was used, except in one

simulation where the Zhang and McFarlane (1995) scheme

(ZM scheme) in the CAM original package was replaced

by the Tiedtke (1989) scheme (T scheme). The original

version of CAM with the ZM scheme will be referred to as

CAM2?ZM. The modified version using the T scheme will

be referred to as CAM2?T.

2.2 Experiment and analysis

Both models were integrated for January 1, 1978–Decem-

ber 31, 1989. Initial conditions were based on the NCAR/

NCEP reanalysis (Kalney et al. 1996) for SAMIL and a

previous simulation up to January 1, 1987 for CAM2.

Time-evolving monthly mean sea surface temperature

(SST) and sea ice from Program for Climate Model

Diagnostic and Intercomparison (PCMDI) were used in

both models. The first year of integration was ignored for

diagnostics, thus the model data sets cover 11 years for

January 1979–December 1989. The NCAR/NCEP reanal-

ysis and Xie and Arkin (1997) precipitation data (hereafter

referred to as XA precipitation) were used to validate the

model simulations.

Main diagnostic variables include zonal wind at the

850 hPa level (U850) and 200 hPa level (U200), velocity

potential at the 200 hPa level (X200), and precipitation.

Anomalous time series were first created by removing the

respective 11-year climatology from daily mean data. Then

a 30–60 day band-pass filter was applied to isolate the

intraseasonal variability. Power spectra, empirical orthog-

onal function (EOF), and linear regression were used to

analyze simulated MJO features.

3 Simulations of the MJO

Detailed descriptions of the mean and MJO simulated by

SAMIL and the two CAM models are given by Jia (2006).

Here, only the main features of the simulated MJO are

discussed. The most prominent feature of the MJO,

namely, its slow eastward propagation, is captured by

SAMIL. Figure 1 compares lag regression of band-pass

(30–60 day) filtered U200, X200, and U850 based on the

NCEP reanalysis (left column) and SAMIL (right). The

eastward propagation of the MJO reproduced by SAMIL is

evident, although the phase speed is slightly higher than in

the reanalysis, especially in the western hemisphere. The

ability of SAMIL to reproduce the MJO is further dem-

onstrated by an EOF analysis. The first two leading EOF

modes of band-pass (30–60 day) filtered U850 is in quad-

rature with each other, as expected for the MJO in the

reanalysis (Fig. 2). Their lag correlation reaches the max-

imum at 9 days, suggesting a period of 36 days. This is

shorter than the 44 day period indicated by the maximum

lag correlation at 11 days between the first two leading

EOF modes in the reanalysis U850. This has been a com-

mon problem in MJO simulations for many years (e.g.,

Slingo et al. 1996). Only few GCMs are able to reproduce

the realistic MJO phase speed (e.g., Maloney and Hart-

mann 1998; Sperber et al. 2005; Zhang et al. 2006).

The agreement and discrepancy between the MJO in

SAMIL and the reanalysis can be further seen from their

time-space spectra (Fig. 3). An intraseasonal spectral peak

near 50–60 days and well separated from the lower fre-

quency power exists clearly for both NCEP U850 and XA

precipitation. In the simulation of SAMIL, such spectral

peaks can be discerned, if weaker than in the reanalysis and

observations. Meanwhile, there are additional spectral

peaks near 30 days in SAMIL U850 and precipitation with

roughly equal strength as the intraseasonal peaks. This

exaggeration of the spectral power near 30 days is another

common problem in GCMs (e.g., Zhang et al. 2006). They
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are partially responsible for the shorter period and faster

eastward phase speed of the simulated MJO. Another

problem in the simulation is the lack of eastward moving

spectral power at zonal wavenumber two (k = 2) in pre-

cipitation. In observations, such spectral power exist with

the same amplitude as at k = 1. These problems in the

simulation notwithstanding, the most important feature for

the MJO in the spectra of NCEP U850 and XA

precipitation is well reproduced by SAMIL: the eastward

moving power at the planetary scale (k = 1) and intra-

seasonal period (30–60 days) is much greater that its

westward moving counterpart. Most current GCMs fail to

reproduce this salient property of the MJO (e.g., Lin et al.

2006). There is hardly any GCM that can produce much

more realistic MJO spectrum than SAMIL (Zhang et al.

2006).

Fig. 1 Lag regression of band-pass (30–60 day) filtered U200

(m s-1, upper panels), 200 hPa velocity potential (106 m2 s-2,

middle), and U850 (m s-1, lower) with the reference point at

150�E, all averaged over 10�S–10�N based on the NCEP reanalysis

(left column) and SAMIL (right). Positive values are shaded. The

straight lines indicate 5 m s-1 phase speed
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The ability of CAM?ZM and CAM?T to reproduce

observed features of the MJO is much limited than that of

SAMIL. While there is a faint hint of eastward propagation

in band-pass filtered U200, such hint disappears for X200

and U850 (Fig. 4). There are even strong signs of westward

propagation in U850 of CAM?ZM. The time-space spectra

of CAM?ZM indeed show stronger westward moving

power than eastward moving one for U850 (Fig. 5).

Replacing the ZM cumulus scheme by the T scheme

apparently increased the eastward moving power. But the

resulting spectra remain highly unrealistic. One example is

the lack of eastward moving power at k = 1 for precipi-

tation. It is interesting to notice that other GCMs with the T

scheme are able to produce much more realistic MJOs than

CAM?T (Zhang et al. 2006). This suggests that, while

cumulus scheme is a critical component of a model for its

ability of reproducing the MJO, it alone is not always the

determining factor.

These simulations exemplify the intriguing puzzle:

What is the most critical factor determining the success and

failure of a model to reproduce the MJO and why MJO

simulations are so sensitive to cumulus parameterizations?

In the next section, we will present simple numerical

experiments to demonstrate that the vertical structure of

diabatic heating might be one piece of the puzzle.

4 Sensitivity to heating profiles

There might be various reasons for the SAMIL and CAM2

simulations to be different. Here, we consider their different

vertical structures of diabatic heating. The mean diabatic

heating profiles over the western Pacific (140–160�E,

10�N–10�S) during periods with strong precipitation from

the three simulations introduced previously are compared in

Fig. 6. They indeed exhibit different characteristics. The

heating profile had a peak near the 600 hPa level in SAMIL,

near the 400–450 hPa levels in CAM2?ZM, and near the

550 hPa level in CAM2?T. The maximum heating is the

strongest in CAM2?T (10 K/day) and much weaker in

Fig. 2 PCs of the first two leading EOF for band-pass (30–60 day) filtered U850 (left column) and their lag correlation (right column) based on

the NCEP reanalysis (top row) and SAMIL (bottom)
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SAMIL and CAM2?ZM (5 K/day). While the heating

profiles of CAM2 are typical of GCMs, the heating profile

of SAMIL is unusual in that there is a minimum near the

450 hPa level. All the three, meanwhile, miss the top-heavy

structure (peak at and above the 200 hPa level) found in

observation during the convective peak phase of the MJO

(Lin et al. 2004). Another interesting difference among the

three heating profiles is that there is a smaller fraction of

total heating concentrated in the lower troposphere in

CAM2?T and CAM2?ZM than in SAMIL which pro-

duced much more realistic MJO signals.

The distinctions among the three heating profiles led to a

speculation that, among other things, it was the larger

fraction of lower-tropospheric diabatic heating in SAMIL

that made its simulation of the MJO more realistic than the

other two. This speculation was examined by a set of

simulations using SAMIL in which latent heating profiles

in the tropics were artificially modified to make them top

heavy or bottom heavy. This was done in the following

way: to make a given latent heating profile (e.g., solid line

in Fig. 7a) top heavy, for example, its amplitude is reduced

by 90% at all levels except at levels six and seven, which

correspond roughly to 300 and 250 hPa. The modified

profile is the dashed line in Fig.7a. Then the amplitude of

the new profile is amplified at the two peak levels (dashed

line in Fig. 7b) so that the vertically integrated latent

heating is the same as the original one. In this procedure,

cooling at any level in the original profile remains intact.

This was done to all latent heating profiles within 20�S and

20�N. Between 20 and 30 degree latitudes, the reduction in

amplitude of original latent heating profiles was tapered

from 90% gradually to zero and beyond 30 degree latitudes

no latent heating profile was modified. The same procedure

was followed to create bottom-heavy latent heating profiles

except the peak levels are four and five (600 and 500 hPa).

Once a latent heating profile was modified, it was added to

other diabative heating terms before total diabatic heating

was introduced into the thermodynamic equation. As will

be seen below, this procedure effectively changes the

vertical structure of total diabatic heating. Notice that when

latent heating profiles are modified this way, the moisten-

ing effect of clouds is not directly changed.

Fig. 3 Time–space spectra of a NCEP U850 (m2 s-2), b XA

precipitation (mm2 day-2), c U850 from SAMIL (m2 s-2), and d
precipitation from SAMIL (mm2 day-2). The U850 contour interval

is 2 m2 s-2 for values smaller than and equal to 20 and contours of

24, 30, 70, 100, 700, 1200 are given for values exceed 20, starting at

2 m2 s-2. The precipitation contour interval is 1 mm2 day-2 for

values smaller than and equal to 10 and, contours of 12, 16, 20, 24,

30, 70, 100, 700 are given for values exceed 10
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Two numerical experiments were made in addition to

the control run (CT) in which latent heating profiles gen-

erated by the model were not modified. In one experiment,

latent heating profiles are modified at each time step and

each grid to be top heavy as described above. This run will

hereafter be referred to as TH (top heavy). The other

experiment is the bottom-heavy counterpart of TH, which

will be referred to as BH. Each simulation lasts for

11 years and diagnostics were made for the last 10 years.

The mean tropical (15�N–15�S) total diabatic heating

profiles from the three simulations are shown in Fig. 8. The

artificial modification of the latent heating profile appears

to be highly unrealistic. It may have exaggerated the

heating peaks and associated vertical heating gradient for

individual profiles (Fig. 7) but not in the mean diabatic

heating profiles (Fig. 8). The profiles of CT and BH appear

to be similar but one is original without any modification

and the other is modified to be bottom heavy in its latent

heating component. Realistically, a bottom-heavy heating

profile, due to shallow convection, should have a smaller

amplitude than a top-heavy profile due to stratiform rain.

But this is not necessarily the case in BH, where bottom-

heavy profiles can be as strong as top-heavy ones. The

mean profile is even stronger in BH than in TH. The

modified profiles in TH and BH, however, form a sharp

contract between extreme cases in which the role of

vertical heating profiles in simulations of the MJO can

be cleanly isolated and clearly demonstrated, even if

exaggerated.

The time evolution of intraseasonal diabatic heating

profiles from the three simulations along with their asso-

ciated zonal-vertical circulations are compared in terms of

lag regression in Fig. 9. There is an obvious eastward

propagation in diabatic heating and cooling in CT and its

associated circulation, with a phase speed about 5.5 m s-1.

The associated circulation is of a typical deep, first bara-

clinic mode extending up to 150 hPa, with mid-level

upward motions, low-level convergence and upper-level

Fig. 4 Lag regression for band-

pass (30–60 day) filtered U200

(upper row), X200 (middle), and

U850 (bottom), all averaged

over 10�S–10�N, from

CAM?ZM (left column) and

CAM?T (right). The reference

point is at 150�E
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divergence in region of heating, and mid-level downward

motions, low-level divergence and upper-level conver-

gence in regions of cooling. The zonal scale of this deep

over-turning circulation is about 13,000 km. The time scale

of this apparently convection–circulation coupled pattern is

clearly 40 days. In the same lag regression but with the

reference point at 90�E, there is a visible westward tilt of

the upward motion in the heating region (not shown),

which as been reported before (e.g., Lin et al. 2006; Kiladis

et al. 2005). There is little doubt that these features rep-

resent the MJO.

The manifestation of the MJO in diabatic heating and its

associated circulation is completely lost in TH (Fig. 9,

middle column). The heating and cooling are weaker and

their zonal scales are smaller than in CT. The vertical

motion in the mid-troposphere are prominent only in iso-

lated regions. Strong zonal wind is confined to the lower

troposphere. The overturning circulation is not only weaker

Fig. 5 Time-space spectra of U200 (upper row), U850 (middle), and precipitation (bottom), all averaged over 10�S–10�N, from CAM?ZM (left
column) and CAM?T (right). Contour intervals same as in Fig. 3
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but also shallower than in CT and the large-scale, deep,

first mode baroclinic circulation seen in CT is missing here.

In a sense, the low-level and upper-level winds are almost

decoupled. Furthermore, there is no obvious eastward

propagation in either diabatic heating or the circulation.

Evidently, no MJO is produced in TH.

Results from BH (Fig. 9, right column) are very similar

to those from CT. Especially, the characteristics of the

MJO in diabatic heating and wind, namely, the eastward

slow propagating large-scale, deep over-turning circulation

coupled to diabatic heating, are well reproduced in BH. It is

interesting to notice that in BH, even though latent heating

profiles in the tropics were modified to be bottom heavy,

diabatic heating manages to penetrate into the upper tro-

posphere occasionally, in particular, near the reference

point (150�E). This presumably is due to the tendency of

the model cumulus parameteriation to produce extraordi-

narily strong upper-tropospheric latent heating, as seen in

CT, that survived somewhat the artificial reduction. The

heating maximum is however in the lower troposphere and

is much stronger than the maximum in TH. In conse-

quence, strong upward motions are forged and the deep

overturning circulation generated. This is in sharp contrast

to TH, where latent heating profiles were modified to be

top heavy, lower-tropospheric diabatic heating is always

very weak. It is therefore justifiable to say that the dis-

crepancies in the circulation and zonal propagation

between TH and BH seen in Fig. 9 are mainly due to the

Fig. 6 Mean diabatic heating profile in the western Pacific (140–

160�E, 10�S–10�N) during the peak of TIO precipitation from

SAMIL (dotted line), CAM2?ZM scheme (dashed), and CAM2?T

(solid)

Fig. 7 Example for the

procedure of modifying a

diabatic heating profile (K/day).

a An original profile (solid) and

a new profile (dashed) whose

amplitude is reduced by 90%

except at the peak levels (6 and

7 in this case). b The final new

profile (dashed) whose

vertically integrated heating is

the same as the original one

(solid)

Fig. 8 Mean diabatic heating profiles (K/day) for CT (solid), TH

(dashed) and BH (dotted) averaged over 15�N and 15�S
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difference in lower-tropospheric heating, not in upper-tro-

pospheric heating.

In a more conventional manner, the eastward propaga-

tions of intraseasonal U850 along in the three simulations

are demonstrated in Fig. 10 in terms of lag regression. In

CT, U850 propagates eastward with a phase speed slightly

greater than 5 m s-1 over the Indian Ocean but accelerates

east of the dateline (Fig. 10a). The fast propagating

Fig. 9 Lag regression of intraseasonal (30–60 days) diabatic heating (colors, K/day) and zonal-vertical wind vectors in the tropics (15�S–15�N)

upon maximum heating at 150�E (0 day) from CT (left column), TH (middle) and BH (right)
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(*15 m s-1) perturbations are likely to be free Kelvin

waves, which have been seen in the reanalysis wind

(Fig. 1c). In TH (Fig. 10b), the slow eastward propagation

in U850 over the Indian Ocean seen in CT is almost gone.

The intraseasonal perturbations over the western Pacific are

more stationary than eastward propagating. The fast east-

ward propagating Kelvin wave signals east of the dateline

remain prominent. In BH (Fig. 10c), the slow eastward

propagation over the Indian Ocean is regained with a more

realistic phase speed (5 m s-1). Again, the fast propagating

Kelvin wave signals east of the dateline are evident.

Among the three simulations, BH is the most realistic in

comparison to the global reanalysis (Fig. 1c).

The contrast between the intraseasonal eastward prop-

agating perturbations in TH and BH is further

demonstrated in Fig. 11, where ratios of eastward versus

westward power on intraseasonal (30–60 days) and plan-

etary (zonal wavenumber 1–5) scales are shown for

tropical zonal wind and diabatic heating at each level. The

large ratios (indicating dominant eastward power and

therefore eastward propagation) in zonal wind in the upper

(300–200 hPa) and lower (850 hPa) troposphere from CT

and BH (Fig. 11a) are obviously associated with the first

mode baroclinic structure of the MJO seen in Fig. 9. In TH,

eastward power in zonal wind does not dominate westward

power at any level. The strong eastward propagating sig-

nals in CT and BH is also evident in their diabatic heating

fields, but is much stronger in BH than in CT (Fig. 11b). It

is interesting that in BH the strongest eastward propagating

signal in diabatic heating is confined in the lower tropo-

sphere because of the modification whereas the strongest

eastward propagating signal in zonal wind is in the upper

troposphere. Large-scale dynamics, especially the interac-

tion between the circulation and diabatic heating must play

critical roles in establishing the deep vertical structure of

zonal wind when diabatic heating is strongest in the lower

troposphere. It is striking but consistent to Fig. 9b that

there is no dominance of eastward power in diabatic

heating in TH at all.

Figure 12 shows time-space spectra of for equatorially

symmetric and antisymmetric U850 in a broad range, fol-

lowing Wheeler and Kiladis (1999), to examine the signals

of the MJO in the context of other equatorial perturbations.

For symmetric perturbations, stronger westward power and

weaker eastward power on the MJO scales is evident in TH

(Fig. 12c) in comparison to CT (Fig. 12a) and BH

(Fig. 12e). They contribute to the lack of dominant east-

ward power (Fig. 11) and therefore the lack of eastward

propagation (Figs. 9b, 10b) in TH. The power for the

Kelvin waves is weaker too in TH than in CT and BH. For

the Rossby waves, in contrast, the power appears to be

slightly stronger in TH than in the other two simulations.

Differences in antisymmetric power among the three

simulations are marginal. It can be said that the modifica-

tions of latent heating profiles in TH and BH did not

qualitatively change other equatorial perturbations as they

did for the MJO.

In summary, these three experiments clearly demonstrate

that intraseasonal eastward propagating perturbations, i.e.,

the MJO, cannot be produced by the model if its latent

heating is always top heavy, but can if its latent heating is

Fig. 10 Lag correlation of band-pass (30–60 day) filtered U850 in

the tropics (15�S–15�N) with reference point at 150�E from a CT, b
TH, and c BH. Shading indicates significance at the 99% confidence

level. The straight lines indicate 5 m s-1 phase speed. Contour

interval is 0.2
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always bottom heavy or is allowed to vary but peaks more

often in the lower troposphere than otherwise. This suggests

that if a model fails to produce sufficient lower-tropospheric

heating, it may not be able to produce a realistic MJO.

Possible reasons for the critical role of bottom-heavy

heating profile in the MJO are discussed next.

5 Discussion

There could be different reasons for the simulated MJO to

be sensitive to diabatic heating profiles. But first, we can

rule out the possibility that the difference in the intrasea-

sonal eastward propagation in TH and BH is due to

changes in the mean state. The important of the mean state

in a model to its MJO has been suggested (Slingo et al.

1996; Hendon 2000; Slingo et al. (2003); Sperber et al.

2005; Zhang et al. 2006), even though our understanding of

this issue remains qualitative and speculative. Mean U850

and precipitation from TH and BH are shown in Fig. 13.

Subtle differences in the tropics indeed exist between the

two. The most interesting one is an obvious double ITCZ in

mean precipitation over the central Pacific in TH (Fig. 13a)

but not in BH (Fig. 13b). More investigations on this are

certainly warranted because of the large systematic biases

in most climate models in this regard. But this is out of the

scope of this study. An erroneous double ITCZ may dete-

riorate the horizontal structure and distribution of a

simulated MJO but may not necessarily affect much its

eastward propagation (Zhang et al. 2006). Westerly U850

appears to be stronger over the Bay of Bengal in BH than in

TH. But both simulations suffer from the biases of too

strong easterlies over the equatorial Indian and western

Pacific Ocean, a common problem in GCMs (e.g., Zhang

et al. 2006). In short, based on our current knowledge of the

possible role of the mean state in MJO simulations, there is

no obvious reason to expect the difference in the mean state

to cause the distinct zonal propagating behaviors of the

intraseasonal perturbations in the two simulations as seen

in the previous section.

We suggest that the distinct zonal propagating behaviors

are caused by the different diabiatic heating profiles in the

two simulations. To support our suggestion, we fist present

a simple dynamic argument that may help understand the

simulated sensitivity to heating profiles. This argument is

based on a study by Li (1983) on tropical wave instability

in relation to vertical profiles of convective heating.

Results from this study, published in a non-English peer

reviewed journal, are unavailable to most readers of this

article. The essence of this study is therefore introduced

here in the context of the simulated sensitivity described in

the previous section.

Without losing generality, tropical wave instability can

be studied for a linear atmosphere in an axisymmetric

cylinder coordinate system. For the sake of argument,

it is assumed that the vertical profile of latent heating

rate (Q) can be prescribed, while its amplitude and

occurrence are determined by a simple cumulus param-

eterization, similar to what we have done in our GCM

experiments. In this parameterization, Q depends on

vertical mass flux due to Ekman pumping and cumulus

momentum mixing. When the model atmosphere is

divided into a number of pressure layers, an eigenvalue

problem can be defined under proper boundary condi-

tions. The solutions to the eigenvalue problem describe

the growth rate and vertical structure of corresponding

unstable modes.

Four vertical profiles of Q were considered. Three of

them have maximum heating rates at certain levels, one is

of barotropic structure (Fig. 14). Notice the profiles with

Fig. 11 Ratio of eastward vs. westward power on intraseasonal (30–

60 days) and planetary (k = 1–5) scales from CT (solid), TH

(dashed), and BH (dotted) for a zonal wind and b diabatic heating,

both averaged over 15�S–15�N
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maximum heating rates in the upper and lower troposphere

are very similar to those in TH and BH of this study

(Fig. 8). These vertical profiles of Q lead to distinct char-

acteristics in resulting unstable modes.

The growth rate of unstable modes sensitively depends

on the vertical profile of Q, as shown in Fig. 15 where

dashed curves represent oscillatory unstable modes, which

are relevant to the MJO. A maximum of Q in the mid

Fig. 12 Space-time spectra for U850 (averaged over 15�S–15�N)

from CT (a and b), TH (c and d), and BH (e and f), with the equatorial

symmetric components in the left column and asymmetric

components in the right column. Dispersion relation curves of

equatorial waves were calculated using equivalent depth h = 50, 100,

400 m
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troposphere gives rise to overall the fastest growth rate at

almost all horizontal scales (labeled with 2) but only for

non-oscillatory modes. Oscillatory unstable modes occur at

very large horizontal scales (C4,500 km) regardless of the

heating profile. But the growth rate is the largest for

heating with its maximum in the lower troposphere (dashed

curve labeled with ‘‘1’’ with peak at 4,500 km). At inter-

mediate scales (\1,000 km), oscillatory unstable modes are

generated only by low-level heating (curve 1) and baro-

tropic heating (curve 4). Most interestingly, however, the

instability catastrophe, namely, the maximum growth rate

occurring at the smallest scales (Crum and Dunkerton

1992), is avoided only when the peak of Q is in the lower

troposphere (labeled with 1). This wavelength selection of

instability is due to convective mixing (friction) in this

linear model.

The vertical structures in the vertical and horizontal

motions and in temperature also vary with the vertical

profiles of Q. The peaks of Q roughly coincide with levels

of maximum ascents, reversal levels of horizontal winds,

and warm anomalies (not shown). From an energetic point

of view, the maxima of both generation of perturbation

available potential energy (G) and conversion from per-

turbation available potential energy to perturbation kinetic

energy (K) are roughly in the same layers of maximum Q,

as anticipated (Fig. 16). While K is the largest for Q with

its peak in the upper troposphere (Fig. 16a), G is the largest

when maximum Q is in the lower troposphere (Fig. 16c).

These results, as all analytical solutions, critically

depend on the assumptions and simplifications applied to

the linear atmospheric model. In particular, the cumulus

parameterization used in this model may play a dictating

role in the solutions. The results from this simple model do

not provide any information regarding the propagation

direction of the unstable modes. Nevertheless, the solutions

to the simple linear atmospheric model suggest that the

vertical structure of convective heating rate is important

factor to large-scale atmospheric disturbances in response

to and interacting with diabatic heating.

Several other studies also explored the role of heating

profiles in the intraseasonal oscillation using dynamic

framework under wave-CISK assumptions. In a simple

dynamical model, Lau and Peng (1987) and Sui and Lau

(1989) found that a fast eastward propagating (*20 m s-1)

wave-CISK mode is produced by heating maximized in the

upper troposphere (500–200 hPa), while a slow mode with

an eastward propagation (7.6 m s-1) close to the observed

MJO phase speed is produced by heating maximized in the

lower troposphere (700–500 hPa). Chang and Lim (1988)

obtained quite different results. They found that while

Fig. 13 Mean precipitation from a TH and b BH and mean U850 from TH (c) and BH (d)
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mid-tropospheric heating generates a fast eastward propa-

gating CISK mode, lower-tropospheric heating generates a

stationary instead of a slow eastward propagating mode.

They interpreted the slow MJO phase speed as a result of the

interaction between the two modes. It is unclear whether

these wave-CISK dynamics may explain what observed in

our GCM simulations. In our model, when heating profiles

are top heavy, there is no fast eastward propagating per-

turbation as in the three studies using wave-CISK models,

and when the heating profile is bottom heavy, there is no

stationary perturbations as in Chang and Lim (1988).

In a recent study of GCM simulations, Zhang and Mu

(2005) found that an improvement of MJO simulation due to

modifications in a cumulus parameterization is apparently

related to changes in the behavior of simulated convective

heating profiles. In their improved MJO simulation, there is

clearly more abundant low-level (shallow) heating during

the MJO transition periods that lead to convectively active

phases. Their interpretation is that the modified cumulus

parameterization makes deep convection more difficult to

occur, leaving more chances for shallow convection, which

is parameterized by a separated scheme. The improvement

of the simulated MJO might have come from the promoted

low-level heating. A major difference between their and our

simulations is that the overall amount of shallow heating in

their simulations remains roughly the same, no matter what

cumulus parameterization was used. Shallow heating is only

better ‘‘organized’’ into the MJO scale in their improved

simulation. Regardless of whether the heating profiles were

changed by careful tuning of cumulus parameterizations as

in Zhang and Mu (2005) or were brutally forced upon the

calculated convective heating term in the model as in this

current study, results from both point to the potential role of

bottom-heavy (low-level) heating in the dynamics of the

MJO and in interpreting the difficulty many GCMs are

facing in simulating a realistic MJO.

The importance of bottom-heavy heating to the MJO

may come through its effect on low-level moisture

convergence. The atmospheric large-scale divergent cir-

culation in the tropics is sensitive to the vertical structure

(or more specifically, the vertical gradient) of diabatic

heating (e.g., Hartmann et al. 1984). It has been shown that

the lower branch of the atmospheric circulation directly

responding to the top-heavy heating profile is significant

only in the lower troposphere away from the surface

(Schneider and Lindzen 1977; Wu et al. 2000, 2001). Only

if the heating profile peaks in the lower troposphere, can

the atmospheric circulation respond with significant

amplitude near the surface (Bergman and Hendon 2000;

Schumacker et al. 2004). Such a low-level heating maxi-

mum is needed for the MJO if the feedback from its surface

winds (through either its moisture convergence or evapo-

ration) is crucial (Wu 2003).

Fig. 14 Heating profiles (normalized by maximum) used in the

solution to the eigenvalue problem described in the text (Sect. 5).

(From 20)

Fig. 15 Growth rates for unstable modes, with labels corresponding

to those for the heating profiles in Fig. 11. Dashed curves represent

oscillatory modes. (From 20)
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Low-level large-scale responses in the circulation to

diabatic heating profiles indeed appear to be a reason for

the difference between TH and BH. When bottom-heavy

heating dominates in CT and BH, low-level moisture

convergence is strong, deep coherent relative to heating

regions, and exhibits large zonal scales (Fig. 17a, c). In

contrast, when top-heavy heating dominates in TH, low-

level moisture convergence becomes weak, shallow, and

fragmental in its zonal scale (Fig. 17b). There is a per-

ceptible sign of weak and shallow low-level moisture

convergence immediately east of the main heating centers

in CT and BH. This, consistent with one MJO theory in

terms of boundary-layer frictional convergence (Wang

1988; Wang and Rui 1990), might be the reason for the

eastward propagation promoted by bottom-heavy heating

profiles.

If bottom-heavy heating profiles are crucial to MJO

simulations, an inevitable question would be whether they

exist in the real world. It is known that tropical convective

heating is dominated by top-heavy profiles due to strati-

form precipitation (Houze 1989). The early studies on the

role of heating profile in the MJO struggled to justify the

low-level heating maximum because of a lack of observed

evidence for it. In fact, bottom-heavy heating profiles

indeed exist in the tropics. Over the western Pacific, for

example, apparent heating profiles (Q1, Yanai et al. 1973)

derived from sounding observations are dominated by the

top-heavy structure as manifested by the leading EOF

mode (Fig. 18). But, the second leading EOF mode is

bottom heavy. Even though this second, bottom-heavy

EOF mode only explains 10% of the total variance of the

Q1 time series, in comparison to 74% variance explained

by the first, top-heavy mode, this EOF analysis clearly

shows that bottom-heavy heating profiles indeed exist and

their importance might not be negligible. It is ensuring that

such second, bottom-heavy EOF mode can be derived also

from sounding observations taken in other tropical regions.

A full report on this will be given separately. In short, the

existence of bottom-heavy diabatic heating in the tropics is

beyond doubt.

6 Summary

The most intriguing result from this study is that slow

eastward propagation of intraseasonal perturbations

resembling the MJO in a GCM can be produced only when

there is sufficient bottom heavy (maximum in the lower

troposphere) diabatic heating; when diabatic heating is top

heavy (maximum in the upper troposphere) only, a sta-

tionary component dominated intraseasonal perturbations

over the Indian and western Pacific Oceans. This result

provides new modeling evidence for the importance of

lower-tropospheric heating to the MJO, supporting similar

results from previous studies (Li 1983; Lau and Peng 1987;

Chang and Lim 1988; Sui and Lau 1989). But there are

Fig. 16 Generation of

perturbation available potential

energy (G) and conversion from

perturbation available potential

energy to perturbation kinetic

energy (K) for unstable modes

corresponding to the heating

profiles in Fig. 11. The unit for

the energy variable is m2 s-3.

(From 20)
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important distinctions between this and the previous stud-

ies using wave-CISK framework. First, there is no wave-

CISK assumption made in our study. Second, the stationary

intraseasonal perturbations are produced by top-heavy

heating profile only in our model, not in any of the wave-

CISK models. It would be desirable, therefore, to repro-

duce and interpret our results using simple dynamical

framework without any wave-CISK assumption. Third, the

Fig. 17 Lag regression of intraseasonal (30–60 days) diabatic heating (contours, interval of 0.2 K/day) and moisture convergence (color,

10-6 g kg-1 s-1) upon maximum heating at 150�E (0 day) from CT (left column), TH (middle) and BH (right)
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previous studies mainly emphasized the dependence of the

phase speed on the vertical scale in their interpretation of

the sensitivity to the heating profile; an alternative inter-

pretation has been presented in this study in terms of

surface and low-level moisture convergence that is

enhanced by bottom-heavy heating but weakened by top-

heavy heating. Forth, we provide observational evidence

for the bottom-heavy heating profile that is missing in the

previous studies.

Possible reasons for bottom-heavy diabatic heating to

play a critical role in our simulations to produce the MJO

appear to come from its efficiency in promoting low-level

moisture convergence, which in turn feeds back to deep

convection. Such feedback has been suggested crucial to

the MJO in theories (e.g., Wang 1988; Wang and Rui

1990). In consequence, a large-scale, deep, first-mode

baroclinic circulation emerges, which is one of the funda-

mental signatures of the MJO. Low-level moisture

convergence might have also been instrumental to the slow

eastward propagation of the MJO. When heating profiles

are top heavy, low-level moisture convergence is much

weaker, moist convection also weaker and less organized

on the large scale, the low- and upper-level circulations

decoupled, and the signature of the MJO in the first-mode

baroclinic structure lost. Some of these details might have

been consequences of the particular way by which latent

heating profiles were artificially modified or have been

related to the particular cumulus parameterization used.

Numerical experiments with less stringent test of the role

of diabatic heating profiles in the MJO are needed to

confirm the results from this study. The biggest remaining

uncertainty is why bottom-heavy heating profile would

promote eastward propagation in our simulation. This

uncertainty is inherently related to the lack of under-

standing of why the MJO propagates eastward at all. Based

on the only observationally validated theory that provides

an explanation for this zonal asymmetry in the MJO,

namely, the frictional convergence theory (Wang 1988;

Wang and Rui 1990), the promotion of the eastward

propagation of the MJO in our simulation is through a

stronger boundary-layer easterly wind response when dia-

batic heating is bottom heavy.

Based on the results from this study and discussion in

Sect. 5, we propose the following hypothesis: The failure

of global models to produce a realistic MJO is partially

rooted in their insufficient diabatic heating in the lower

troposphere. This hypothesis by no means dismisses the

importance of deep convective heating, including its

observed top-heavy structure, to the MJO (Lin et al. 2004).

For example, the observed vertical structure of the MJO

(e.g., Sperber 2003) is likely to be closely related to deep

convective heating. A typical top-heavy heating profile

would generate strong convergence in the mid troposphere

(Bergman and Hendon 2000; Wu 2003), which tends to

bring relatively dry air into convective region of the MJO.

Dry air into convection regions is known to be detrimental

to deep convection (e.g., Tompkins 2001). Taking con-

vectively inactive and active phases as equally important

components of the MJO, one can argue that top-heavy

heating during active phases of the MJO might be neces-

sary to the transition from active to inactive phases. The

evolution from bottom-heavy to top-heavy heating profiles

through the life cycle of the MJO in observations (e.g., Lin

et al. 2006) and model simulations (Zhang and Mu 2005)

might be an essential ingredient in the MJO dynamics.

Such an evolution in the heating profile must have been

distorted by the brute-force method used in our simula-

tions. Nonetheless, the sensitivity demonstrated by the

simulations with modified heating profile has exposed

bluntly the possible role of bottom-heavy heating in the

MJO. To completely understand the sensitivity of the

simulated MJO to the vertical structure of convective

heating, we need to consider more carefully designed

numerical experiments and more advanced observations.
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