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ABSTRACT

Four Tropical Rainfall Measuring Mission (TRMM) datasets of latent heating were diagnosed for signals in

the Madden–Julian oscillation (MJO). In all four datasets, vertical structures of latent heating are dominated

by two components, one deep with its peak above the melting level and one shallow with its peak below.

Profiles of the two components are nearly ubiquitous in longitude, allowing a separation of the vertical and

zonal/temporal variations when the latitudinal dependence is not considered. All four datasets exhibit robust

MJO spectral signals in the deep component as eastward propagating spectral peaks centered at a period of

50 days and zonal wavenumber 1, well distinguished from lower- and higher-frequency power and much

stronger than the corresponding westward power. The shallow component shows similar but slightly less

robust MJO spectral peaks. MJO signals were further extracted from a combination of bandpass (30–90 day)

filtered deep and shallow components. Largest amplitudes of both deep and shallow components of the MJO

are confined to the Indian and western Pacific Oceans. There is a local minimum in the deep components over

the Maritime Continent. The shallow components of the MJO differ substantially among the four TRMM

datasets in their detailed zonal distributions in the Eastern Hemisphere. In composites of the heating evo-

lution through the life cycle of the MJO, the shallow components lead the deep ones in some datasets and at

certain longitudes. In many respects, the four TRMM datasets agree well in their deep components, but not in

their shallow components and in the phase relations between the deep and shallow components. These results

indicate that caution must be exercised in applications of these latent heating data.

1. Introduction

The Madden–Julian oscillation (MJO; Madden and

Julian 1971, 1972) is commonly viewed as driven by

convection–circulation coupling or interaction. Such a

perception comes mainly from observed coherence be-

tween winds and convective signals, such as outgoing

longwave radiation (OLR) and precipitation [see Madden

and Julian (1994), Lau and Waliser (2005), and Zhang

(2005) for summaries of MJO observations]. This per-

ception has been a basis for the development of simple

models for understanding certain aspects of MJO dy-

namics. It has often been assumed, explicitly or other-

wise, that diabatic heating associated with the MJO takes

a simple profile with its peak in the midtroposphere and

becomes zero at the surface and tropopause. The cor-

responding atmospheric circulation is of the first baro-

clinic structure, with winds of the opposite directions in

the lower and upper troposphere. Under this assump-

tion, the atmosphere is often treated as a single level (or

layer) in the study of the MJO [see summaries of theo-

retical studies on the MJO by Wang (2005), Zhang (2005),

and Raymond and Fuchs (2009)].
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This simple conventional approach of representing the

diabatic heating profile of the MJO has, however, been

challenged. Since the very early stage of MJO research,

efforts have been made to explain the slow eastward

propagating speed (;5 m s21) of the MJO in observa-

tions in contrast to the unrealistically fast speeds of

intraseasonal oscillations in numerical simulations by

simple as well as complex numerical models. For ex-

ample, Chang (1977) showed that the phase speed of the

equatorial Kelvin wave is reduced when friction is ex-

plicitly included in the linear wave theory (Matsuno 1966).

According to such linear theory of the equatorial waves,

the phase speed c of the Kelvin wave is directly related

to the equivalent depth h as c 5 (gh)1/2. It was pointed

out that if tropical diabatic heating, mainly convective

latent heating, had its peak in the lower troposphere,

rather than the mid- or upper troposphere, the vertical

scales of the perturbations, measured by the equivalent

depth, would be reduced, and so would the phase speed

of the MJO (Chang and Lim 1988; Sui and Lau 1989).

This idea was not further pursued, largely because trop-

ical convective latent heating has long been perceived

as dominated by heating related to deep convective and

stratiform precipitation from mature mesoscale convec-

tive systems with its peak in the upper troposphere (Houze

1997).

The recent development of theoretical understand-

ing of tropical convectively related perturbations has

considered the MJO a ‘‘moisture mode’’ (Raymond and

Fuchs 2009). Such a moisture mode would become un-

stable and grow when the gross moist stability (GMS;

Neelin and Held 1987) is negative. Low-level mass flux

and moisture convergence associated with shallow dia-

batic heating can effectively yield negative GMS (Sobel

2007; Raymond et al. 2009). It has also been suggested

that low-level heating is more efficient in inducing large-

scale moisture convergence in the boundary layer and

lower troposphere as the main energy supply for the

MJO (Wu 2003). These ideas have roused new interest

in shallow heating associated with the MJO.

Conditions that lead to negative GMS indeed exist in

the tropical region with prominent MJO signals. Field

observations during the Tropical Ocean–Global Atmo-

sphere Coupled Ocean–Atmosphere Response Experi-

ment (TOGA COARE, November 1992–February 1993;

Webster and Lukas 1992) indicated that, in addition to

deep convection, the western Pacific warm pool is full of

shallow precipitating convection that would supply the

atmosphere with heating in the lower troposphere (e.g.,

Johnson et al. 1999), resulting in negative GMS (López

Carrillo and Raymond 2005). Observations have sug-

gested that shallow precipitating clouds might become

more prominent during the transition from convectively

inactive to active phases of the MJO (e.g., Kikuchi and

Takayabu 2004). This and the trailing stratiform-like

upper-level heating west of the convection center yield

a westward tilt of diabatic heating profiles associated

with the eastward propagating MJO. This has been

shown in some observational studies (Lin et al. 2004;

Kiladis et al. 2005). Other studies, however, failed to

detect without ambiguity this tilt in latent or diabatic

heating based on satellite observations, global reanalysis

products, and sounding observations (Morita et al. 2006;

Jiang et al. 2009; Katsumata et al. 2009).

Modeling studies also produced inconsistent results

in this regard. Some numerical simulations that exhibit

certain observed features of the MJO produced shallow

heating immediately preceding deep heating (Zhang and

Mu 2005; Benedict and Randall 2007), whereas others

did not (Masunaga et al. 2008; Maloney 2009). In some

numerical models, shallow heating appears to play an

essential role in MJO simulations (Li et al. 2009; Zhang

and Song 2009). In others, top-heavy, stratiform-like heat-

ing is critical to reproduction of the MJO (Fu and Wang

2009). Nonetheless, the uncertainties in observations, nu-

merical simulations, and theoretical studies (Khouider and

Majda 2006, 2008) have emphasized the importance of

the shallow to deep structural evolution of latent heating

in the MJO. Further investigations on issues related to the

vertical structure and evolution of latent heating are

needed to advance our understanding of MJO dynamics.

This serves as the main motivation of this study.

MJO signals in latent heating and their structural

evolution estimated from satellite observations are ex-

plored in this study. A common practice of diagnosing

MJO signals is making a composite using an MJO index

based on dynamical and thermodynamical variables (e.g.,

wind and OLR). This method would help demonstrate

the vertical structure of latent heating associated with

known MJO dynamical and thermodynamical fields (Lin

et al. 2004; Morita et al. 2006; Lau and Wu 2010). In this

study, we pose an alternative question: What would the

vertical structure of latent heating associated with the

MJO be without any reference to its dynamical and

thermodynamical fields? If latent heating is truly an es-

sential component of the MJO, then its MJO signals

should be identifiable independently of other fields. Ef-

forts of seeking coherence between latent heating and

other MJO measures (e.g., wind and OLR) are justifiable

only if MJO signals in latent heating can be indepen-

dently detected. If we fail to identify MJO signals in

latent heating without the help of other dynamical and

thermodynamical variables, we have to ponder why. This

would lead to questions regarding the physical meaning of

its coherence with other variables and our current per-

ception of its role in the MJO.
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Empirical orthogonal function (EOF) analysis is com-

monly used to define the MJO. This method, however,

usually fails to identify without ambiguity MJO signals

in precipitation (or OLR) alone without reference to

wind. A single EOF mode represents a stationary pat-

tern. Propagating signals are represented by a pair of

EOF modes with their phase in quadrature, with their

eigenvalues very close to each other but separated from

their neighboring modes according to a given criterion

(e.g., North et al. 1982). The EOF analysis applied to

tropical precipitation (or OLR) often yields a single

leading mode well separated from the second mode,

which may or may not be separated from the third mode.

Such leading EOF modes represent an intraseasonal sta-

tionary oscillation in tropical precipitation (or OLR) over

land or over warm water, which can be comparable to

or stronger than the eastward propagating component

that defines the MJO. The zonal propagating MJO sig-

nals in precipitation (or OLR) can be better detected

by combining either one with a dynamical variable (e.g.,

zonal wind) in a multivariate EOF analysis (e.g., Wheeler

and Hendon 2004) or by using different versions of EOF

that filter out the stationary component, such as ex-

tended EOF (Weare and Nasstrom 1982), complex EOF

(Maloney et al. 2008), or Hilbert singular value decom-

position (HSVD; Zhang and Hendon 1997). None of

these methods has been applied to latent heating on the

global scale. Whether MJO signals in latent heating can

be independently and objectively identified has yet to be

determined.

In this study, we will present diagnostics of MJO sig-

nals in latent heating based on satellite observations

of the Tropical Rainfall Measuring Mission (TRMM;

Kummerow et al. 2000). We focus on two topics: (i) the

vertical structure and its evolution in latent heating as-

sociated with the MJO detected independently of other

dynamical and thermodynamical fields and (ii) the simi-

larities and discrepancies of the MJO signals in latent

heating based on four TRMM retrieval algorithms. Spe-

cial attention is paid to the evolution of vertical struc-

ture of latent heating during the life cycle of the MJO,

which may help address the controversial issue of the

relative importance of shallow versus deep heating to

the MJO discussed earlier. The comparison among four

TRMM retrievals will demonstrate the utility and un-

certainty of these satellite remote sensing products. To-

ward the end of this study, we will relax the constraint and

use an independent MJO index to construct the latent

heating field associated with the MJO.

The reliability of TRMM retrievals of latent heating

profiles is a subject under debate. As with all satellite

remote sensing products, there are assumptions and sim-

plifications made in the processes of retrieving latent

heating profiles. TRMM retrievals offer an alternative

source of information of the latent heating field that

provides much better coverage in time and space than

what is available from field observations, and they are

not affected by the notorious cumulus parameterization

problems plaguing numerical models that produce global

reanalysis data. Most of them, however, are not immune

from problems in parameterization of cloud microphysics

because (with one exception) they use look-up tables

generated by cloud-system-resolving models (CSRMs)

validated against field observations. In general, the latent

heating retrievals based on TRMM satellite remote sens-

ing data are no less ‘‘observational’’ than global rean-

alyses. Both are proxies for observations and their fidelity

in representing reality must not be taken for granted.

This study has no intention of providing a compre-

hensive comparison among the TRMM latent heating

datasets, which was done by Tao et al. (2006), or between

the TRMM data and observations, which was done by

Hagos et al. (2010). Our discussions will be limited to the

topic of interest: the MJO. We will focus on the vertical

and zonal structures of the MJO signals in latent heat-

ing and ignore their meridional dependence. Whether

and how the vertical structure of latent heating may vary

as the MJO migrates seasonally in latitude (Zhang and

Dong 2004) or propagates northward during the summer

Asian monsoon season (Waliser 2006) should be dis-

cussed in separate studies.

Latent heating data derived from four TRMM re-

trievals are introduced in section 2a. An unconventional

method was applied to extract MJO signals in latent

heating, which is described in sections 2b–e. Results are

presented in section 3 in terms of spectra, variance, and

vertical, zonal, and temporal variability. A summary and

discussion are given in section 4.

2. Data and method

a. Latent heating

Four latent heating estimates derived from TRMM

observations (Table 1) were used in this study: spec-

tral latent heating (SLH), convective–stratiform heating

(CSH), precipitation radar heating (PRH), and the

trained radiometer algorithm (TRN). These datasets pro-

vide different quantities: latent heating (LH), total diabatic

heating Q1, and latent heating equivalence (Q1 2 QR,

where QR is radiative heating). The main difference be-

tween LH and Q1 2 QR is the flux of vertical eddy trans-

port of sensible heat (Yanai et al. 1973), which is small,

except at the melting level and near the tropopause

(Mapes 2001; Shie et al. 2003). In this study, we did not

distinguish LH from Q1 2 QR. In this sense, all four

TRMM datasets provide LH, while two (CSH and TRN)
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provide Q1. For direct comparisons, we used LH from

all four datasets and will make a comment in section 4 on

results based on Q1.

In the SLH algorithm (Shige et al. 2004, 2007, 2008,

2009), a lookup table (LUT) generated by a CSRM

includes vertical profiles of latent heating that vary

continuously with precipitation top height (PTH) and

precipitation rates at the surface for convective and shal-

low stratiform rain and with the melting-level rain rate

for anvil (deep stratiform) rain. TRMM Precipitation

Radar (PR) information of the PTH, precipitation rates,

and rain types is used to select vertical profiles of latent

heating from the LUT.

Data from a new CSH algorithm (Tao et al. 2010) was

used in this study, which is an updated version of the

previous one (Tao et al. 1993, 2000). Based on PR in-

formation of surface rain rates and stratiform rain frac-

tion, it also uses an LUT generated by a CSRM to select

vertical profiles of latent heating for convective and

stratiform rain over the ocean and land, respectively,

and for shallow rain.

The PRH algorithm (Kodama et al. 2009) estimates

latent heating from the growth/evaporation of raindrops

during their vertical displacement based on the vertical

gradient of the precipitating water with respect to the

motion of the precipitating particles. Condensation and

deposition (evaporation) are regarded as the cause of

observed increases (decreases) in precipitation water

amount with respect to the direction of the motion of

the precipitating particles. This algorithm does not use

information from any numerical model.

In the TRN algorithm (Grecu and Olson 2006; Grecu

et al. 2009), PR-based latent heating profiles, coincident

TRMM Microwave Imager (TMI) brightness tempera-

ture observations, and a CSRM-generated LUT are used

to assemble a large database, which is queried to find

brightness temperatures consistent with TMI-observed

values at a given location. Latent heating profiles, among

other parameters, in the database associated with the

consistent brightness temperatures are composited us-

ing a Bayesian method to find their corresponding

‘‘expected values.’’ Total diabatic heating was estimated

by combining latent heating with an ancillary atmospheric

radiative heating climatology derived on an identical ver-

tical and horizontal grid from an approach known as the

Hydrologic Cycle and Earth’s Radiation Budget (HERB)

algorithm (L’Ecuyer and Stephens 2003, 2007). TRN data

are available only over the oceans.

TABLE 1. TRMM heating data.

Datasets SLH CSH PRH TRN

Variable Q1 2 QR, LH Q1, LH LH Q1, Q1 2 QR (’LH)

Temporal resolution Daily Daily Pentadal Orbital

Horizontal resolution 0.58 3 0.58 0.58 3 0.58 2.58 3 2.58 0.58 3 0.58

Vertical levels 19 19 41 29

Algorithm input

data

PR (2A25): rain type,

surface and melting-

level rain rates, PTH

PR 1 TMI (3G68): rain

type, surface rain rate,

stratiform rain fraction,

rain location (land vs

ocean), PTH

PR (2A25): rain type,

surface rain rate,

rainwater profiles,

bright brand height

PR (2A25): rain type,

surface rain rate,

PTH; TMI: radiance

Lookup table [rain type, PTH, melting-

level rain rate] / LH(z)

[rain type, surface rain rate,

stratiform rain fraction,

rain location, PTH] /
LH(z)

— [TMI radiance] /
LH(z)

Main strength Nonzero heating for anvil

rain with zero surface

rain

Larger sample sizes than

PR-only estimate

Independent of CSRMs Larger sample sizes than

PR-only estimate

Main weakness Depend on CSRM-

generated lookup tables;

limited PR sampling

Depend on CSRM-

generated lookup tables;

zero LH in regions with

zero surface rain

Uncertainty in vertical

velocity profiles;

limited PR sampling;

assuming steady-state

and vertically 1D

Depend on CSRM-

generated lookup

tables; no data over

land; zero LH in

regions with zero

surface rain

Known biases Underestimated heating in

upper troposphere

Underestimated

(overestimated) heating

above (below) 9 km

Underestimated

(overestimated) LH

above (below)

melting level

Overestimated shallow

convective heating;

accounting of

boundary-layer

sensible heating

References Shige et al. (2004, 2007,

2008, 2009)

Tao et al. (1993, 2000, 2010) Kodama et al. (2009) Grecu and Olson (2006);

Grecu et al. (2009)
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A common known problem of PR-based latent heat

retrievals is the inherent sensitivity of the PR that can

detect only precipitation-sized particles. This leads to an

underestimate of the contribution of nonprecipitating

shallow clouds, which should have low-level total heat-

ing (e.g., Nitta and Esbensen 1974; Johnson and Lin 1997).

An LUT sensitively depends on the CSRM that gen-

erates it (e.g., Shige et al. 2009).

Table 1 lists major differences in the four algorithms

and their known strengths, weaknesses, and biases. A

detailed comparison among them and with other TRMM

latent heating datasets was made by Tao et al. (2006).

Morita et al. (2006) examined statistical structures of

latent heating associated with the MJO using an early

version of SLH. Jiang et al. (2009) compared TRN and

an early version of CSH to two global data assimilation

products for MJO events in boreal winter of 1998/99.

Lau and Wu (2010) used multiyear data of TRMM, in-

cluding an early version of CSH latent heating, to ex-

amine the evolution of cloud structure and associated

latent heating through the life cycle of the MJO over the

western Pacific. Hagos et al. (2010) compared the four

TRMM datasets to diabatic heating estimated from

sounding observations and global reanalysis products in

several tropical regions. The present study focuses on

statistical signals of the MJO from the four TRMM la-

tent heating datasets and their longitudinal and tempo-

ral variability.

All four datasets cover 10 years (1 January 1998–

31 December 2007). The daily data of CSH and SLH and

orbital data of TRN were made into pentadal time se-

ries. All data were interpolated onto common 2.58 3 2.58

grids and 17 height levels (0.5 and 1–16 km). Latitudinal

variability was ignored by taking averages over 158S–158N.

Zonal mean profiles and variability (mean 1 1 standard

deviation) of the resulting four TRMM heating datasets

are obviously different (Fig. 1, left panels). The mean

profiles (solid lines) of SLH and CSH show unique

double peaks, one above and one below the melting

level (;5.5 km). The double-peak structure is subtle in

the mean of TRN and hardly discernable in PRH. The

mean profiles of the four TRMM latent heating data-

sets differ more in the lower than the upper troposphere.

This is the first sign of potential large uncertainties in

retrievals of latent heating due to shallow convection that

produces warm rain and low-level heating.

b. Separation of variables

Two general steps were taken to diagnose the data.

The first separated the vertical dependence of heating

profiles from their zonal and temporal dependence. The

second isolated MJO signals in the vertically independent

components of the heating field. Each step involved an

analysis of EOF or the like that produced two leading

modes of its own. To avoid confusion in terminology,

these two steps are described in detail.

First, as mentioned earlier, with the latitudinal vari-

ability within the tropics ignored for simplicity, a three-

dimensional heating field Q(x, z, t) was generated by

averaging over 158S–158N, where x is longitude, z is

height, and t is time. The latitudinal mean did not com-

pletely remove equatorially asymmetric signals such as

those in the eastern Pacific, as will be seen later. The time

mean Q(x, z) was then removed to create its anomalies

Q*(x, z, t). At each given longitude x0, Q*(x0, z, t) was

subject to a rotated EOF (REOF) analysis. We used raw

VARIMAX REOF in this study. The results cannot be

completely reproduced by normal VARIMAX REOF

(Kaiser 1958). In normal REOF, heating at each level

carries an equal weight in rotation. But heating at the

FIG. 1. (left) Zonal means (solid) and means 1 1 std dev

(dashed). (right) Zonal mean eigenvectors of the first (fRdg, solid)

and second (fRsg, dashed) REOF modes.
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lowest and highest levels is near zero (Fig. 1), which

should not be weighted equally as heating at levels with

large amplitudes. Raw VARIMAX REOF is thus more

appropriate for this study.

With few exceptions, each REOF analysis yielded two

leading components. The first is deep, with its peak

above the melting level (see details below), denoted

Qd(x0, z, t) 5 Rd(x0, z)Pd(x0, t), where Rd(x0, z) is its

eigenvector and Pd(x0, t) its time series or principal com-

ponent (PC). The second component is shallow, with its

peak below the melting level, denoted Qs(x0, z, t) 5

Rs(x0, z)Ps(x0, t). A list of symbols used in this study

is given in Table 2. At all longitudes, total heating

can be approximated by these first two leading REOF

components:

Q(x, z, t) 5 Q(x, z) 1 Q*(x, z, t)

’ Q(x, z) 1 Q
d
(x, z, t) 1 Q

s
(x, z, t). (1)

The approximation of Q*(x, z, t) in terms of the first two

leading REOF components can be written as Q*(x, z, t) ’

R(x, z)P(x, t), with R 5 [Rd(x, z), Rs(x, z)] being their

eigenvector matrix and P 5 [Pd(x, t), Ps(x, t)]T their

PC matrix. The right panels in Fig. 1 show the vertical

structures of these two components for the four TRMM

datasets. Despite the distinct mean profiles of the four

TRMM latent heating datasets (e.g., with or without

double peaks), their zonally averaged first REOF com-

ponents are all deep (with peaks above the melting

level) and second modes are all shallow (peaks below

the melting level). There are discernable discrepancies

in the two leading REOF components of the four latent

heat datasets: the amplitude of the deep component is

not close to zero in the lower troposphere only in PRH;

the deep components exhibit two peaks only in SLH and

CSH; the amplitudes of the shallow components are not

close to zero above the melting level only in CSH and

PRH; and the peak level of the shallow component is the

lowest in CSH among the four, possibly due to a unique

rain type (warm rain) in its retrieval algorithm, and

highest in PRH, possibly because of reduced sampling of

low-level heating by its treatment of surface clutter of PR

signals. The deep versus shallow structures in the leading

REOF components are, however, the same for all four

datasets. They exist also in diabatic heating derived from

in situ sounding observations and global reanalysis prod-

ucts (Hagos et al. 2010).

TABLE 2. Definitions of symbols.

Symbol Definition

Y Time mean of Y

Y* Deviation of Y from its time mean

Y9 Intraseasonally filtered Y

fYg Zonal mean of Y

Yd First REOF model (deep component) of Y

Ys Second REOF model (shallow component) of Y

YMJO MJO in Y

Ŷ Composite of Y

AH Amplitude of H
H Principal components (PCs) of HSVD

Q Latent heating

P PCs of REOF

R Eigenvectors of REOF

X Eigenvectors of HSVD

sY Variance of Y

FIG. 2. Eigenvector of Rd(x, z) (REOF 1, left) and Rs(x, z) (REOF 2, right).

Fig(s). 2 live 4/C
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Another interesting feature of the two leading REOF

components is that their vertical structure is nearly

ubiquitous in longitude (Fig. 2). There are a few excep-

tions. The zonal variation of the deep component of CSH

is more obvious than the other three. The slightly elevated

peak level of the shallow component of TRN over the

Maritime Continent might be related to its sampling

issues (no data over land). Nevertheless, zonal ubiquity

roughly exists for the deep components and, to a lesser

degree, the shallow components. The spatial ubiquity of

the deep and shallow components also exists in total

diabatic heating derived from sounding observations

and global reanalysis products (Zhang and Hagos 2009;

Hagos et al. 2010). The reason for this ubiquity is un-

clear, given the large spatial variability in tropical pre-

cipitation composition, such as the convective–stratiform

rain rate ratio (Schumacher and Houze 2003). It may be

related to the two distinct rain formation processes

(liquid versus ice) or the two large-scale stability regimes

separated by the minimum equivalent potential tem-

perature in the midtroposphere. In any case, this ubiquity

leads to a convenient simplification of our diagnostic

procedure.

Figure 3 shows that because R(x, z) does not vary

much zonally (i.e., zonal ubiquity), the variance of

R(x, z)P(x, t) is very close to that of fRg(z)P(x, t), that is,

sRP ’ sfRgP, where f�g represents zonal mean. This

validates an approach of replacing R(x, z) with fRg(z)

in representing the heating anomalies, Q*(x, z, t) ’

fRg(z)P(x, t). When the vertical dependence of the three-

dimensional field Q* is separable from its zonal and

temporal dependence this way, the conventional ap-

proach of extracting MJO signals from variables at

a single level (e.g., precipitation, zonal winds at 850 or

200 hPa) can be directly applied to P(x, t). We adapted

this approach of separation of variables and extracted

MJO signals in Q* from P(x, t). The variability in the

vertical structure in Q* was recovered later by combining

the MJO signals in P(x, t) with the vertical component

fRg(z), which will be described next in more detail.

c. MJO identification

To isolate MJO signals, the PC [i.e., P(x, t)] was sub-

jected to an intraseasonal (30–90 day) bandpass filter-

ing, which yielded its intraseasonal anomaly P9. This

bandpass filtering is justified by the intraseasonal peaks

shown in the time–space spectra (section 3a). We ap-

plied an EOF analysis to extract MJO signals from the

intraseasonal anomalies of latent heating P9. No pair of

EOF modes could, however, be identified for Pd and Ps

individually, or their combination P9 for any of the four

TRMM datasets. Only the first EOF mode is outstand-

ing or separated from the neighboring mode, suggesting

that a stationary component in latent heating in Pd,

Ps, and P9 dominates any propagating component. The

EOF method thus fails to objectively identify and isolate

MJO signals in latent heating for the reason discussed in

section 1.

We then applied an HSVD method. It is an SVD

analysis of a field and its Hilbert transform. In contrast

to EOF, for which a single mode defines a stationary

oscillation, HSVD modes appear only in pairs; each pair

represents propagating oscillations, such as the MJO

(Zhang and Hendon 1997), if they satisfy a separation

criterion. No stationary oscillation exists in individual

HSVD modes. Unless one insists that stationary oscil-

lations are part of the MJO, this exclusive identification

of propagating signals by HSVD might be its most ob-

vious advantage over EOF as a method of extracting the

MJO. Based on the HSVD method, the first pair of

leading modes separated from the rest was identified for

both Pd and Ps individually and for their combination P9

from all four TRMM datasets, confirming the existence

of MJO signals in all these variables. Under the as-

sumption that deep (Pd) and shallow (Ps) heating should

be treated not as independent but as closely related

variables in the context of the MJO, P9, rather than Pd

and Ps separately, was diagnosed in this study to extract

MJO signals (section 3b).

d. MJO reconstruction

The two leading HSVD modes in pair for P9 were

taken to represent the MJO in the equatorial domain

(longitude):

FIG. 3. Zonal and temporal variance of Q (solid line), recon-

structed heating using the two leading REOF modes R(x, z)P(x, t)

(sRP, dashed), and reconstructed heating using the two leading

REOF modes with zonally averaged eigenvectors fRg(z)P(x, t)

(sfRgP, circles).
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where Xkn(x) represents the HSVD eigenvectors and

Hn(t) its PCs, with k 5 d, s being the index of the deep

and shallow REOF components and n 5 1, 2 the index

for the first two (first pair) HSVD modes. The vertical

structure of the MJO can be recovered by combining

PMJO with fRg:
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where Qd
MJO(x, z, t) and Qs

MJO(x, z, t) represent MJO

signals in latent heating associated with the deep and

shallow components, Qd and Qs, respectively.

e. MJO composite

Composites (indicated by a caret) can be made for

each of the MJO phases (m 5 1, 2, . . .) using recon-

structed heating of the deep component,

Q̂MJO
d (x, z, m) 5 �

t2m
QMJO

d (x, z, t) 5 R
d

� �
(z)P̂MJO

d (x, m),

(4a)

the shallow component,

Q̂MJO
s (x, z, m) 5 �

t2m
QMJO

s (x, z, t) 5 R
s

� �
(z)P̂MJO

s (x, m),

(4b)

or their combination,

Q̂MJO
ds (x, z, m) 5 Q̂MJO

d (x, z, m) 1 Q̂MJO
s (x, z, m). (4c)

Without the deep and shallow decomposition, compos-

ites can be made using total heating Q,

Q̂MJO
total (x, z, m) 5 �

t2m
Q(x, z, t), (4d)

or its intraseasonal anomalies,

Q̂MJO
intra (x, z, m) 5 �

t2m
Q9(x, z, t). (4e)

MJO phases can be defined using any MJO index. In this

study, we first used the HSVD time series H1(t) and

H2(t) to define MJO phases. To reduce uncertainties due

to small amplitudes of H1(t) and H2(t), defined as AH(t) 5

[H1(t)2 1 H2(t)2]1/2, composites were made only when

AH(t) . AH0, where AH0 is a threshold. The Real-Time

Multivariate MJO (RMM) index of Wheeler and Hendon

(2004) was also used (section 3d).

3. Results

Before applying any diagnostic tool, we first demon-

strate that MJO signals can be seen in the latent heat-

ing data of TRMM without any statistical manipulation.

Figure 4 shows time–longitude diagrams of vertically

averaged latent heating in the tropics (158S–158N) for an

arbitrarily chosen period. Eastward propagation of con-

centrated heating at a speed of roughly 5 m s21 (black

straight lines) can be seen over the Indian and western

Pacific Oceans and sometimes farther eastward with

smaller amplitudes. This is no surprise. The spatial dis-

tribution and temporal variability of vertically averaged

latent heating must match those of surface precipitation.

MJO signals can be seen in precipitation without any

statistical assistance (Zhang 2005). The most obvious

differences among the four datasets are in their ampli-

tudes. This results partially from different surface pre-

cipitation estimates (PR based for SLH, CSH, and PRH

versus TMI based for TRN) used to determine the am-

plitudes of latent heating, and partially from details in

the latent heating algorithms (e.g., underestimation of

convective heating in the lower troposphere by PRH).

Despite these discrepancies, the visible MJO signals in

unfiltered latent heating data of TRMM assure that the

results shown in the rest of this section are not statistical

artifacts.
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FIG. 4. Time–longitude diagrams of vertically averaged tropical (158S–158N) Q (K day21) for an arbitrary period.

The black straight lines mark eastward propagation of 5 m s21.

Fig(s). 4 live 4/C
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a. Spectrum

The MJO is such a prominent intraseasonal phenom-

enon that without any filtering its signal can be easily

identified from total time–space spectra of zonal wind and

precipitation (or OLR) as eastward spectral peaks that

are well distinguished from lower- and higher-frequency

power and much stronger than their westward counter-

parts (Zhang 2005). This is the case for TRMM latent

heating datasets as well. Figures 5 and 6 show time–

space spectra of the PCs of the deep and shallow com-

ponents of heating anomalies [i.e., Pd(x, t) and Ps(x, t)]

without any filtering except smoothing of the contours.

For the deep component (Fig. 5), all four TRMM da-

tasets exhibit robust MJO spectral peaks centered at an

eastward (positive) period of 50 days and zonal wave-

number 1, as seen in precipitation. The MJO spectral

signals for the shallow component (Fig. 6) are less prom-

inent. There is stronger westward intraseasonal power in

SLH and TRN. The eastward intraseasonal power

in PRH is weak but still discernable. Nevertheless, sim-

ilar to the deep component, the spectral peaks of the

shallow component are all centered near 50 days and

zonal wavenumber 1. These spectra unambiguously in-

dicate the existence of MJO signals in the deep and

shallow components of the TRMM latent heating data-

sets and therefore justify the application of intraseasonal

filtering to further isolate the MJO signals as described in

section 2c.

There are spectral peaks at higher frequencies (pe-

riod ’ 23 days) at zonal wavenumbers 2–4 for the shal-

low components, which are particularly strong in SLH

and PRH. They also exist in the spectrum for the deep

component of CSH. They have comparable amplitudes

at the positive and negative frequencies, implying a pos-

sible stationary nature. These spectral peaks are likely to

be unphysical, caused by the aliasing of the diurnal cycle

onto the 23-day repeat cycle of TRMM’s precessing or-

bit (Negri et al. 2002). Their existence, however, does

not affect the diagnosis of the MJO. They are not in-

cluded in the intraseasonally band-passed (30–90 days)

anomalous time series used in the rest of the study. In

fact, similar results were obtained from 20–90-day band-

pass filtered time series.

FIG. 5. Time–space spectra of Pd(x, t) (REOF PC1). Amplitudes are scaled for best visual effects.
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b. HSVD modes

As described in section 2c, MJO signals were ex-

tracted from total intraseasonal heating using an HSVD

analysis applied to the deep and shallow components

combined. The first two HSVD modes are well sepa-

rated from their neighboring modes according to the

North et al. (1982) criterion. Their zonal scale (zonal

wavenumber 1–2) matches well that of the known MJO

scales, and their fractional variances are 74% (SLH),

73% (CSH), 76% (PRH), and 79% (TRN), respec-

tively. These two modes together are taken to represent

the MJO.

The third and fourth HSVD modes are also well

separated from their neighboring higher modes. Their

fractional variance is at most 12%. Their zonal scales

(zonal wavenumber 4) are smaller than those of the first

two modes and the MJO. Reconstructed heating based

on the third and fourth modes propagate eastward in

SLH and CSH, but westward in PRH and TRN. These

two modes are not included in the MJO representation

of this study. The physical interpretations for the third

and fourth HSVD modes, if they are not artifacts, should

be reported in a separate study.

For all four TRMM datasets, correlation between the

PCs of the first two HSVD leading modes reaches

maximum at a lag of about 2–3 pentads (not shown).

This indicates a period of 40–60 days, consistent with the

known MJO time scales and the spectra in Figs. 5 and 6.

The eigenvectors of the two leading HSVD modes [see

Eq. (2)] are shown in Fig. 7. In all four TRMM datasets,

the eigenvectors for the deep component (Xd1 and Xd2)

have significant amplitudes only over the Indian and

western Pacific Oceans and the phases of the first and

second HSVD modes are in quadrature with each other

(Fig. 7, left panels). These are typical features in the ei-

genvectors of the leading modes for the MJO that can

also be derived from other variables (e.g., Wheeler and

Hendon 2004). The eigenvectors for the shallow com-

ponent (Xs1 and Xs2) show less consistent structures

and phase relationships across the four TRMM data-

sets (Fig. 7, right panels). Their quadrature phase re-

lations are less obvious in some datasets (e.g., PRH)

than others (e.g., CSH and TRN). This is another example

FIG. 6. As in Fig. 5, but for Ps(x, t) (REOF PC2).
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that the retrievals of heating due to shallow convection

and warm rain by the four TRMM algorithms are not in

complete agreement.

c. Variance

Zonal distributions of variance in the deep and shal-

low components of unfiltered latent heating are shown

in Fig. 8, which was calculated using their REOF PCs

(Pd and Ps). The variability in the deep components is

at least an order of magnitude greater than the shallow

components. Whereas the vertical structures of the deep

and shallow components of latent heating exhibit zonal

ubiquity, as seen in Fig. 2, the amplitudes of their tem-

poral fluctuations vary substantially in longitude. Three

convective centers over the Indian Ocean–Maritime

Continent–western Pacific, South America, and Africa

are clearly seen in both deep and shallow components

of latent heating. Three local minima are over the west-

ern Indian, eastern Pacific, and eastern Atlantic Oceans,

all characterized with relatively low sea surface temper-

ature (SST). This zonal distribution is expected from that

of mean precipitation. The almost identical zonal distri-

butions of the variance in the deep and shallow compo-

nents, different amplitudes notwithstanding, suggest that

they are both modulated by the same factors: zonal dis-

tributions of the land–sea contrast and SST.

Zonal distributions of variance in the deep and shal-

low components of MJO latent heating (e.g., Pd
MJO and

Ps
MJO) are shown in Fig. 9. As for the total heating, the

variability of the deep components is an order of mag-

nitude greater than the shallow components. For all four

TRMM datasets, the strongest MJO heating, including

both its deep and shallow components, is confined to the

Indian and western/central Pacific Oceans. There is an

obvious local minimum in the deep components over

the Maritime Continent in all four datasets. The exact

longitude of this minimum varies only slightly. The

strength of MJO latent heating is comparable over the

eastern Indian and western Pacific Oceans. The Mari-

time Continent minimum is a unique feature of the MJO,

also seen in its precipitation (Waliser et al. 2009). No such

minimum over the Maritime Continent in the variance

of total latent heating can be clearly identified (Fig. 8).

MJO heating in other equatorial regions is much weaker,

despite strong total latent heating there, especially over

tropical South America and Africa (Fig. 8). Robust MJO

signals in wind and OLR along the intertropical conver-

gence zone (ITCZ) have been detected over the eastern

Pacific (Maloney and Esbensen 2003), but these signals

are very local and relatively weak in the global MJO

derived from the HSVD analysis. They are visible, how-

ever, as a secondary peak over the eastern Pacific in the

variance of the deep component of total intraseasonal

latent heating (P9d, not shown) and in the composite of

total heating (section 3d).

Among the four TRMM datasets, the zonal distribu-

tions of the deep components of MJO latent heating

FIG. 7. Eigenvectors of the first (n 5 1, solid) and second (n 5 2,

dashed) HSVD modes of the (left) Xdn and (right) Xsn. Amplitudes

are scaled for better comparison of the phases.

FIG. 8. Variance (K2 day22) of Pd (solid) and Ps (dashed). The

amplitudes of the shallow components are amplified 10 times (20

for SLH).
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agree well. In contrast, distributions of the shallow com-

ponents of MJO latent heating differ substantially, ex-

cept for relatively large variability over eastern Indian

and western Pacific Oceans. The peaks of their variance

are located at different longitudes, with a single peak for

SLH and TRN and double peaks for CSH and PRH.

Figures 8 and 9 together imply, again, that uncertainties

in the shallow components of the four TRMM datasets

are larger than those in the deep components.

d. Composite

Reconstructed heating profiles of both deep and shal-

low components exhibit a systematic eastward propaga-

tion, as expected from their spectra (Figs. 5 and 6), from

the Indian to central Pacific Oceans. Their phase rela-

tionships can be examined through composites of the

REOF PCs, namely P̂MJO
d (x; m) and P̂MJO

s (x, m) for

MJO phases (m 5 1, . . . , 8), based on Eqs. (4a) and (4b).

These composites are shown in Fig. 10. MJO phases

were defined using the HSVD PCs (H1 and H2) in

a similar way as using the RMM index in Wheeler and

Hendon (2004). The amplitude threshold for the com-

posite AH0 (section 2d) was set to 1.5 standard de-

viations of AH. For each dataset, H1 and H2 are unique.

No effort was made to define the phase based on the

longitudes of the maxima or minima of the composites.

The continuous eastward propagation in both deep

and shallow components of all TRMM datasets starts

over the Indian Ocean with amplitudes maintained

through the western Pacific. As seen before, outside the

Indian and western Pacific Ocean region, the deep com-

ponents are very weak, but the shallow components

exhibit visible variability over the eastern Pacific and

Atlantic Oceans.

The relative phases of the shallow and deep compo-

nents vary substantially among the four latent heating

datasets. In three of them (SLH, CSH, and PRH), the

shallow and deep components are almost completely out

of phase over the Indian and western Pacific Oceans.

One may get an impression that the shallow components

lead (to the east of) the deep components. But this phase

relationship is not nearly as clear as that observed for

the MJO events during TOGA COARE and recon-

structed using a multiyear global reanalysis time series

(Lin et al. 2004; Kiladis et al. 2005), in which shallow

heating immediately precedes (or is located east of)

deep heating. This can be clearly seen only in TRN

(Fig. 10d).

The phase relationship between the deep and shallow

components can be further examined through compos-

ites at a given longitude following a different approach.

First, ‘‘major’’ MJO events, defined as those with AH

greater than the standard deviation for at least 30 con-

secutive days, were selected. Those events were then

made into composites over 50 days centered at the day

of the heating peak at a given longitude reference point.

Figures 11 and 12 show such composites at 908 and

1508E, respectively. They are very similar. The shallow

components (contours) lead the deep ones (colors, left

panels) by 15–20 days in all datasets but TRN, in which

the lead is about 5 days. The maximum shallow cooling

5 days behind the deep heating maximum in SLH, CSH,

and PRH may imply trailing stratiform precipitation. In

the deep and shallow combined MJO heating field

[Q̂MJO
ds in Eq. (4c), right panels of Figs. 11 and 12], there

is a sign of low-level heating preceding the main heating

centers of the MJO but no visible indication of trailing

stratiform-like upper-level heating following the main

deep heating maxima. The level of the low-level heating

varies among the datasets. It is the highest in PRH and

lowest in CSH, as seen earlier. The subtle phase change

related to low-level heating is more visible following the

zero contours than following the amplitude (colors),

mainly because the shallow component is much weaker

than the deep one.

The composites in Figs. 10–12 are all based on the

TRMM latent heating data alone. The purpose of this

has been stated in section 1, which is to determine the

MJO signals in latent heating independent of other var-

iables. One might be concerned about information de-

generation in such practice: the definition of the MJO and

FIG. 9. As in Fig. 8, but for Pd
MJO (solid) and Ps

MJO (dashed). The

amplitudes of the shallow components are amplified 20 times.
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the quantity made into the MJO composite are the same.

Next, we relaxed our constraint in two ways: we used

an independent MJO index, the RMM of Wheeler and

Hendon (2004), to define the MJO phases and we used

intraseasonal anomalous time series of the deep and

shallow components combined (Q9d 1 Q9s) instead of the

leading modes from the HSVD analysis. The only re-

maining constraint in the composites is the REOF de-

composition of the deep and shallow components. The

results are given in Fig. 13. The eastward propagation

FIG. 10. Composite Pd
MJO (solid) and Ps

MJO (dashed) as functions of longitude and MJO phases (indicated in the

upper right corners) defined by H1 and H2. Each curve was scaled by its standard deviation for a better visual effect of

phase relationships.
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and the deep heating structures of the four datasets agree

well with each other in general. Interestingly, the local

minimum over the Maritime Continent seen in the vari-

ance of the deep components (Fig. 9) is manifested here

as a temporary weakening of the deep heating peak in

phase 4. There are secondary deep heating peaks over

the eastern Pacific, likely related to the MJO activity

there (Maloney and Esbensen 2003), which propagate

into the Atlantic. This eastern Pacific MJO coexists with

the MJO over the western Pacific and the two propagate

eastward simultaneously in a semi-synchronized fashion

in phases 6, 7, 8, and 1. The eastern Pacific MJO is thus

distinguished from the western Pacific MJO but may be

triggered by the latter (Small et al. 2010).

FIG. 11. Composite latent heating profiles (K day21) as functions of time at 908E for (left) the deep (colors) and

shallow (contour interval 5 0.05 K day21) components and (right) deep and shallow components combined. Zeros

are marked by white contours.

Fig(s). 11 live 4/C
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Shallow heating preceding deep heating seen from

the previous composites is also shown in Fig. 13. Again,

it is easier to see by following the zero contours than the

colors (amplitude) because of the weak shallow com-

ponents. This structural evolution is more visible in SLH

and TRN than the other two and exists only over the

Indian and western Pacific Oceans. There is no such

structural evolution over the eastern Pacific Ocean even

though eastward propagating signals representing the

MJO are evident there.

4. Summary and discussion

Motivated by the potential importance of structural

evolution of latent heating to MJO dynamics (section 1),

we examined and compared MJO signals in four latent

FIG. 12. As in Fig. 11, but at 1508E.

Fig(s). 12 live 4/C
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heating datasets derived from TRMM observations.

Similarities in these datasets may lend us confidence in

their credibility. Their discrepancies, due to differences

in their algorithms, point to the uncertainties and need

for improvement in the datasets and the caution that

must be exercised in their applications.

The gross vertical structure of latent heating in the

tropics (averaged between 158S and 158N) and its vari-

ability can be well represented by the eigenvectors of

the two leading REOF components, one deep with its

peak above the melting level and one shallow with its

peak below (Fig. 1). The eigenvectors of the two leading

FIG. 13. Composites of intraseasonal anomalous latent heating (K day21) with the deep and shallow components

combined as functions of longitude and MJO phases (indicated in the upper right corners) defined by the RMM index

(Wheeler and Hendon 2004). Zeros are marked by white contours.

Fig(s). 13 live 4/C
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REOF components are nearly ubiquitous in longitude

(Fig. 2). Almost all zonal and temporal variability in

tropical latent heating resides in the principal compo-

nents (PCs) (Fig. 3). This allows a separation of vari-

ables that decomposes the latent heating field in the

tropics into two independent parts: its vertical structures

represented by the deep and shallow components, and

its longitudinal and temporal variability represented by

the PCs. Latent heating associated with the MJO can be

diagnosed by first extracting MJO signals from its zonal

and temporal variability and then recovering its vertical

structures using the REOF eigenvectors (i.e., the deep

and shallow components).

Following this approach, we have focused on the struc-

tural variability in latent heating of the MJO in longi-

tude and time. The main results are as follows:

1) There are clear spectral signals of the MJO in both

deep and shallow components of latent heating. The

intraseasonal (50 days), planetary-scale (zonal wave-

number 1), and eastward moving spectral peaks are

well distinct from spectral power at lower and higher

frequencies. The spectral signal of the MJO is much

more robust (much stronger than the corresponding

westward power) in the deep component than the

shallow one (Figs. 5 and 6). MJO signals in deep and

shallow components of latent heating were success-

fully extracted from their intraseasonal anomalies by

an HSVD analysis.

2) The strongest MJO signals in both deep and shallow

components of latent heating are confined to the

Indian and western Pacific Oceans. Deep components

exhibit an obvious local minimum over the Mari-

time Continent. Detailed zonal distributions of the

MJO shallow components of the four TRMM da-

tasets, however, disagree substantially (Fig. 9).

3) There are signs of the shallow component immedi-

ately leading (to the east of) the deep component.

However, this is obvious only in certain datasets at

certain longitudes (Figs. 10 and 13).

4) MJO signals propagating from the eastern Pacific to

the Atlantic coexist in synchronization with those

over the western Pacific (Fig. 13).

These results lead to several implications. The strong

evidence of MJO signals in latent heating provides jus-

tification for using it in combination with other variables

to seek their coherence in the context of the MJO (e.g.,

Morita et al. 2006; Lau and Wu 2010). The synchronized

coexistence of the western and eastern Pacific MJO

during a half of the life cycle of the global MJO may

explain the extension of the MJO spectral peak from

zonal wavenumber 1 to 2 (Fig. 5) and also suggests that

the former may act to trigger the latter. The consistent

behaviors of the MJO signal in the deep component in

all four latent heating datasets, compatible with the ex-

pectation based on known MJO signatures in precipita-

tion, suggest the reliability of these datasets in detecting

latent heating due to deep convective cloud systems. In

contrast, the disagreements among the four datasets in

the shallow components in general (their mean vertical

profiles in Figs. 1 and 2), in their zonal distributions (Fig. 8),

and in their MJO signals (the eigenvectors in Fig. 7 and

the variance distributions in Fig. 9) indicate that the

challenge of retrieving latent heating by shallow, warm-

rain cloud systems has yet to be met.

The previously reported vertical tilt in MJO latent

heating (Lin et al. 2004; Kiladis et al. 2005) is not con-

firmed without ambiguity in this study. Such tilt consists

of two features: shallow heating preceding (to the east

of) main deep heating in the MJO convection center,

and trailing stratiform-like heating in the upper tropo-

sphere behind (to the west of) the MJO convection cen-

ter. Shallow heating leading deep heating can indeed be

found but only in some TRMM datasets and at certain

longitudes. No trailing stratiform-like heating behind

(west of) the main heating center of the MJO is de-

tected in this study. There are several possible expla-

nations for this. First, the westward tilt was previously

reported in total diabatic heating. Radiative heating could

contribute significantly to the total diabatic heating when

the precipitation rate is low and latent heating is rela-

tively weak during the transition period from convec-

tively inactive to active phases of the MJO. If so, latent

heating alone may not yield the tilt. Two TRMM data-

sets (CSH and TRN) provide both latent heating and

total diabatic heating. We applied the same diagnosis

to their total diabatic heating and the results are not

visibly distinguishable from those of latent heating.

MJO signals from the radiative heating component QR

cannot be diagnosed using the same approach. It does

not have any zonally ubiquitous deep or shallow com-

ponents.

Second, the westward tilt in latent heating may occur

only to a subset of MJO events, which happened to in-

clude those observed by the TOGA COARE data used

in the previous reports (Lin et al. 2004; Kiladis et al.

2005). This possibility is implied by recent case studies

using two TRMM latent heating datasets (TRN and an

earlier version of CSH), two data assimilation products

over a season with multiple MJO events (Jiang et al.

2009), and in situ sounding observations from the Indian

Ocean for a particular MJO event (Katsumata et al.

2009). These studies did not find any obvious shallow

leading deep heating in latent or total diabatic heating

profiles during individual MJO events. If this is the case,
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we should not expect a strong signal of the tilt in our

composites.

Third, as discussed before, deficiencies in retrieving

shallow heating from TRMM observations may make

them unsuitable for detecting the structural evolution

through the life cycle of the MJO. Other TRMM ob-

servations have, however, shown clearly that shallow

convection tends to lead deep convection in the MJO

life cycle (Kikuchi and Takayabu 2004; Masunaga et al.

2005; Lau and Wu 2010). This strongly suggests a sys-

tematic structural change in the latent heating field that

is consistent with the westward tilt. More careful com-

parisons between TRMM retrievals of latent heating and

other measures of convective cloud properties may yield

useful information on this.

Finally, the decomposition into the deep and shallow

components may not be adequate to fully resolve the

structural evolution in latent heating. Higher modes may

be needed to represent stratiform-like heating in the

upper troposphere. When the same REOF decomposi-

tion of deep and shallow heating was applied to total

diabatic heating profiles based on sounding observations,

a shallow–deep stratiform heating structural sequence

was clearly resolved, but not specifically for the MJO

(Zhang and Hagos 2009).

To further address some of these issues, we are cur-

rently examining the latent heating structure and evolu-

tion associated with the MJO using a different approach:

comparing latent and total diabatic heating fields (no

deep versus shallow decomposition) from TRMM and

global reanalysis products, scrutinizing latent heating

structures in individual MJO events in detail during

and outside the TOGA COARE period, and combin-

ing latent heating with other variables deemed im-

portant to MJO dynamics. Results will be reported

separately.

This article demonstrates the utility and uncertainty

of TRMM latent heating retrievals in the study of the

MJO and calls for further scrutiny of the issue regarding

the structural evolution of latent heating through the life

cycle of the MJO. In our view, whether shallow heat-

ing immediately preceding MJO convection centers and

stratiform-like heating immediately following them are

essential features of the MJO and whether they play

indispensible roles in MJO dynamics remain as open

questions.
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