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Key Points   

  

 Mesoscale convection yields at least as much heat as isolated deep convection  

 Increased stratiform rain primary reason for top heavy heating in active stage  

 Midlevel heating is important to the MJO and its geographical variability   

Abstract  

  

  The Tropical Rainfall Measurement Mission’s Spectral Latent Heating algorithm shows  

the contributions of different forms of convection to the latent heating profiles of the Madden- 

Julian Oscillation over the central Indian and West Pacific Oceans. In both oceanic regions,  

storms containing broad stratiform regions produce increased upper-level heating during active  

MJO phases. The largest differences between the central Indian and West Pacific Ocean heating  

is associated with heating produced by convective elements. Examination of the most extreme  

forms of convection shows that mesoscale organized convection often produces at least as much  

latent heat as young vigorous deep convection. Heating from non-extreme (often midlevel- 

topped) convection is an important component of the MJO heating in both regions in all stages of  

the MJO. Over the central Indian Ocean the heating profile changes from having a maximum at 2  

km due to non-extreme convection to a profile during the active stage that has two maxima: one  

at 3 km due to non-extreme convection and 6 km owing to numerous mature mesoscale storms  

with broad stratiform precipitation components. Over the West Pacific, the maxima at 3 and 6  

km are present in all MJO stages, but the magnitude of the 6 km maximum sharply increases in  

the active MJO stage due to an increase in the number of storms with broad stratiform  

precipitation areas.   



3 
 

Index Terms  

  

AGU: 3329 Mesoscale Meteorology, 3360 Remote Sensing, 3371 Tropical Convection, 3374  

Tropical Meteorology, 3354 Precipitation  

Author: Latent Heat, Madden-Julian Oscillation, TRMM, Convective Heating, Stratiform  

Heating  

  

Text  

  

1. Introduction  

  

The Madden-Julian Oscillation (MJO) is the dominant source of intraseasonal  

(30-60 day) variability within the equatorial belt [Madden and Julian, 1971, 1972].  

Convection directly associated with the MJO initiates in the western equatorial Indian  

Ocean, propagates along the equator, and dissipates near the dateline. This period of  

enhanced convective activity is referred to as the active stage of the MJO and is  

characterized by deep convective systems, some of which are organized on the mesoscale  

with large regions of stratiform precipitation. The suppressed stage of the MJO is  

characterized by shallower, less organized convection. The MJO is also associated with  

upper-level circulation anomalies and teleconnections that impact weather throughout the  

globe [Zhang, 2005, 2013]. Despite over four decades of research, operational models  

that use standard cumulus parameterizations continue to struggle to predict the MJO  
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beyond 15 days [e.g. Waliser et al., 2003; Kerns and Chen, 2014; Ling et al., 2014]. This  

limited predictability is a problem because the MJO’s 30-60 day period significantly  

impacts global weather patterns. Several studies have suggested that a major limitation to  

MJO prediction is inaccurate representation of convection and its multiscale interactions  

by cumulus parameterization schemes [e.g. Tokioka et al., 1988; Maloney and Hartmann,  

2000; Wang, 2005]. Thus, improving model parameterization may enable accurate MJO  

forecasts to help resolve the gap between weather and climate prediction [Waliser, 2005].  

However, studies provide conflicting results regarding which changes in the cumulus  

parameterization schemes elicit the best MJO simulations [e.g. Slingo et al, 1996; Lin et  

al., 2004]. Fu and Wang [2009] suggest that these diverse, and sometimes conflicting  

results, underscore the need for more reliable observations to validate simulations; i.e.,  

the first step toward improving MJO prediction involves the analysis of observational  

data indicating the behavior of the cloud population and its impacts.     

One of the primary ways that convection influences the general circulation is  

through the release of latent heat. Thus, numerous modeling and observational studies  

have investigated the variability of latent heating during the MJO. Stratiform  

precipitation is associated with a top heavy latent heating profile with heating aloft and  

cooling below the melting level and was shown by Hartmann et al. [1984] and  

Schumacher et al. [2004] to significantly impact the atmospheric circulation. However,  

even though stratiform precipitation is one of most variable components of the cloud  

population during the MJO [e.g. Barnes and Houze, 2013], deep stratiform heating alone  

is not capable of producing accurate MJO simulations [e.g. Fu and Wang, 2009; Li et al.,  

2009]. Recently it has been suggested that a transition from shallow heating in the  
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suppressed stage to deep heating in the active stage is an important component in  

accurate MJO simulations [e.g. Zhang and Mu, 2005; Fu and Wang, 2009; Li et al., 2009,  

Jiang et al., 2011]. Additionally, Lappen and Schumacher [2012] showed that skillful  

MJO simulations not only require accurate vertical profiles of latent heating, but accurate  

horizontal distributions of latent heating was also important. As modeling studies  

increasingly indicate that the accuracy of MJO simulations are highly sensitive to the  

distribution of latent heating, increasingly detailed observations of latent heating are  

required.   

The transition from shallow to deep heating is captured in observational studies  

that derive latent heating from rawinsonde networks [e.g. Lin et al., 2004; Haertel et al.,  

2008], International Satellite Cloud Classification Project (ISCCP) data [Jakob and  

Schumacher, 2008; Stachnik et al., 2013], and Tropical Rainfall Measurement Mission  

(TRMM) data [e.g. Morita et al., 2006; Lau and Wu, 2010; Zuluaga et al. 2010]. While  

latent heating is routinely derived using ground-based measurements, the spatial and  

temporal resolution of the data is limited since it must be derived from high-resolution  

thermodynamic data about the cloud population. The TRMM satellite provides a unique  

opportunity to investigate latent heating in the tropics since it provides over 15 years of  

tropics-wide high resolution, three-dimensional data about the precipitating cloud  

population. However, one limitation of the previous TRMM based latent heating studies  

is that they primarily analyze latent heating during the MJO as a function of height  

[Morita et al., 2006; Lau and Wu, 2010; Zuluaga et al. 2010]. Houze [1982, 1989]  

indicated that the convective and stratiform portion of storms produce distinctly different  

latent heating profiles. Hartmann et al. [1984] and Schumacher et al. [2004] found that,  
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as a result of this difference, the net heating profile of a cloud population is sensitive to  

the fraction of convective and stratiform heating. Thus, studies that consider latent  

heating only as a function of height may be unable to fully explore the relationship  

between the cloud population and latent heating. The benefit of the TRMM Precipitation  

Radar (TRMM PR) is that it provides information about the nature of convective  

populations across the tropics. Barnes and Houze [2013] used TRMM PR observations to  

show the composition of the precipitating cloud population during different phases of the  

MJO in terms of isolated shallow convection, deep convection, and mesoscale entities  

including those containing stratiform rain areas. They further showed how the  

composition of the cloud population varied between the central Indian and West Pacific  

Oceans. The current study expands upon Barnes and Houze [2013] by investigating how  

these cloud populations with distinctly different dynamical characteristics contribute to  

the net latent heating observed during the MJO in the central Indian and West Pacific  

Oceans.   

  

2. Methodology  

  

The precipitating cloud systems analyzed in this study occurred from October- 

February 1998-2012 in the central Indian (60°-90°E, 10°S-10°N) and West Pacific (156°- 

170°E, 10°S-0°) Oceans. A smaller geographic region is analyzed in the West Pacific  

Ocean than in the Indian Ocean since Barnes and Houze [2013] showed that the  

variability of the cloud population is consistent across the entire central Indian Ocean  

domain but is distinctly different in three sub-regions of the West Pacific Ocean. The  
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current study only presents results between 156°-170°E and 10°S-0° since the variability  

of the cloud population in this region was found by Barnes and Houze [2013] to have the  

most distinct peaks in deep and mesoscale convection. In this study, we use the criteria  

for defining categories of radar echoes that were used by Barnes and Houze [2013] to  

classify oceanic convection. We have not included the Maritime Continent in this study  

due to the complex juxtaposition of small land and ocean areas. Land-based convection  

tends to be more intense, which requires different reflectivity threshold criteria than those  

used by Barnes and Houze [2013]. Criteria applied to TRMM PR data over continental  

land areas use higher thresholds of intensity, echo height, and echo area [e.g., Houze et  

al., 2007, Romatschke et al., 2010, Romatschke and Houze, 2010; Rasmussen and Houze,  

2011]. When we apply such criteria over the ocean, too much convection is filtered out of  

the analysis. It is unclear at this juncture how to categorize convection occurring over the  

complex of land, sea, and coastal environments of the Maritime Continent. By focusing  

on the two uniform ocean areas, we are able to use a single consistent set of criteria to  

categorize convection in the two regions. These two regions are meaningful to compare  

because the Indian Ocean region represents the upstream region of initiation of the MJO  

disturbance, while the West Pacific region that we have selected represents the MJO  

convective population in its downstream mature eastward propagating stage.   

We focused on boreal fall/winter since that is the climatological peak of the MJO.  

One method used to track and assess the strength of the MJO is the real-time multivariate  

index (RMM) [Wheeler and Hendon, 2004]. To ensure that only robust MJO events are  

analyzed we only consider days whose RMM magnitude is greater than one. Based on  

results from Barnes and Houze [2013], the suppressed stage in the central Indian Ocean  
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is represented by phase 6, the transition to the active stage is represented by phase 8, the  

active stage is described by phase 2, and the transition to the suppressed stage is  

represented by phase 4.  In the West Pacific, the suppressed stage is represented by phase  

2, the transition to the active stage is represented by phase 4, the active stage is described  

by phase 6, and the transition to the suppressed stage is described by phase 8. The RMM  

index has some flaws. For example, Roundy et al. [2009] showed that the RMM index  

can be contaminated by Kelvin wave activity and Straub [2013] demonstrated that the  

index may not adequately capture MJO initiation. However, Straub [2013] also suggests  

that the RMM index may adequately capture mature MJO events. Thus, given that this  

study analyzes long-term trends in robust MJO events in boreal winter, we expect that the  

flaws in the RMM index likely have a minimal impact on our results.    

The current study identifies and classifies radar echoes using the methodology  

introduced by Houze et al. [2007] in the form modified by Barnes and Houze [2013]. We  

first isolate all 3D contiguous non-zero reflectivity echoes using TRMM 2A25 version 7  

data. Each 3D echo is defined as a “storm.” By basing our analysis on coherent 3D echo  

structures rather than individual TRMM pixels, we are able to ensure that all of our  

statistics are directly associated with volumetric elements of storms that have specific  

dynamical characteristics and are representative of one type of member of the overall  

precipitating cloud population. In order to identify and isolate distinct dynamical  

processes within these storms, we separate the storms into their convective and stratiform  

portions. Then, if the stratiform portion of a storm is contiguous over at least 50,000 km2,  

that stratiform portion is referred to as a broad stratiform region (BSR). If the convective  

portion of the storm has a contiguous region of 30 dBZ echo covering at least 800 km2,  
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that convective portion is referred to as a wide convective core (WCC). If the convective  

portion of the storm has a contiguous region of 30 dBZ echo that extends above 8 km and  

covers less than 800 km2 that convective region is called a deep convective core (DCC).  

Convective core that have a contiguous region of 30 dBZ echo that covers more than 800  

km2 and extends above a height of 8 km are classified only as a WCC. Zuluaga and  

Houze [2013] analyzed these same echo features and found that DCC are associated with  

recently formed mesoscale convective systems (MCSs) [Houze, 2004], WCC are  

associated with mature MCSs, and BSR are associated with late stage, dissipating MCSs.   

Schumacher and Houze [2003] and Zuluaga and Houze [2013] identified isolated  

shallow echoes (ISE) to represent the smaller precipitating convective elements in an  

ensemble of clouds. We also identify this category, defined as having echo top heights at  

most 1 km below the melting level and separate from deeper convection. Although the  

identified elements in this category represent a significant part of the population of  

convective elements studied here [e.g., Barnes and Houze, 2013], the full impact of the  

shallow and/or non-precipitating convection on the latent heating variability associated  

with the MJO will likely be underestimated in this study since the TRMM PR has a  

sensitivity of ~17 dBZ.   

It is important to note that echo features labeled BSR, WCC, or DCC are elements  

that are embedded within a three-dimensional echo entity that we label as a storm. (i.e.  

BSRs, WCCs, and DCCs are small features always embedded within a larger storm). In  

the analysis that follows, we will first determine the net latent heating associated only  

with the echo features BSR, WCC, DCC and ISE. Then we will determine the net heating  

by the storms containing these echo features.   
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Storms sometimes contain more than one type of intense echo at the same time.  

To avoid multiple counting of storms with intense elements, it is necessary to classify  

storms containing DCC, WCC, and/or BSR in a hierarchal manner. First, any storm  

containing a BSR is automatically classified as a storm containing a broad stratiform  

region (S-BSR). S-BSRs always contain a BSR and may or may not contain a DCC  

and/or WCC.  Then, any storm lacking a BSR but containing a WCC is classified as a  

storm containing a wide convective core (S-WCC). S-WCC always contain WCC, never  

contain BSR, and may or may not contain DCCs. Finally, any storm containing only a  

DCC is classified as a storm containing a deep convective core (S-DCC). S-DCC always  

contain DCC and never contain WCCs or BSRs. By defining the S-DCCs, S-WCCs, and  

S-BSRs, in this hierarchal manner we ensure that each storm containing at least one  

DCC, WCC, and/or BSR is included in our analysis only once.  While BSR, WCC, and  

DCC entities only contain stratiform or convective echoes, the storms containing these  

echo features (i.e. S-BSR, S-WCC, and S-DCC) can be comprised of a mixture of  

convective and stratiform echoes and lighter precipitation not classified in any of those  

two categories. Any 3D contiguous storm that does not satisfy as S-DCC, S-WCC, or S- 

BSR is referred to as a non-classified storm (S-Non). The term S-All represents all of the  

“storms” combined.   

Latent heating data used in this study is given by the TRMM 2H25 product,  

which provides 19 vertical levels of latent heating data derived using the Spectral Latent  

Heating algorithm (SLH) at each orbital grid point along the TRMM PR’s swath. The  

SLH calculates latent heating from three lookup tables generated from a cloud resolving  

simulation of convection during the Tropical Ocean Global Atmosphere Coupled Ocean  
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Atmosphere Response Experiment (TOGA COARE) [Shige et al., 2004, 2007, 2009].  

Data from the TRMM PR is used to select the appropriate profile from these look-up  

tables. To provide a measure of the net latent heating associated with each storm, the  

2H25 data is mapped onto the same Cartesian grid as the 2A25 reflectivity data and  

summed over all grid points within the storm. The net latent heating is then normalized  

by the number of pixels sensed by the TRMM PR, which accounts for the different  

sample size in each geographic region and MJO phase.   

The SLH algorithm is not the only TRMM-based product that derives latent  

heating profiles. For example, the convective-stratiform heating (CSH) algorithm uses  

TRMM PR and TRMM microwave imager (TRMM TMI) data to derive profiles using  

look-up tables generated from cloud resolving simulations of convection observed during  

numerous field campaigns throughout the globe [Tao et al., 1993, 2006, 2010].  

Additionally, for local short-term field projects, latent heating can be derived from  

rawinsonde data and reanalyses. The lookup tables and ~17 dBZ sensitivity of the  

TRMM PR are the primary shortcomings of the SLH algorithm. Previous studies have  

compared the latent heating derived using the SLH algorithm with heating derived from  

other TRMM based algorithms, reanalyses, and rawinsonde budgets and identified  

differences in the methods, particularly in terms of the structure and magnitude of low- 

level heating [e.g. Tao et al., 2006; Hagos et al., 2010; Zhang et al. 2010; Ling and  

Zhang, 2011; Jiang et al., 2011]. The SLH algorithm tends to produce more shallow  

heating than the other TRMM algorithms. Additionally, while the SLH profile tends peak  

twice, once at low-levels and once at upper-levels, other data sources sometimes only  

contain one peak at mid-upper levels. Given that latent heating is a variable that is  
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derived using numerical simulations and/or look-up tables, the magnitude of low-level  

heating is uncertain [Ling and Zhang, 2011]. For these reasons, the results of the present  

study must be considered with caution when analyzing shallow heating signatures  

derived from the SLH.    

  

3. Latent Heating in Convective Cores, Broad Stratiform Regions, and Shallow, Isolated  

Echoes  

  

Figure 1 shows the net heating profile associated with DCC, WCC, BSR, and ISE  

in the central Indian Ocean during the suppressed, active, and transition phases of MJO.  

Only the magnitude the net heating varies during the MJO. It should be noted that, as  

discussed in Section 2, the profiles designated as DCC, WCC, and BSR are only for the  

embedded subregions of echoes that have been designated as having the extreme  

properties defining these features. The heating profiles of entire storms containing these  

types of embedded entities will be considered in Section 4. The shapes of these profiles  

are unchanged throughout the MJO. BSRs are always associated with heating aloft and  

cooling below. DCCs and WCCs are characterized by deep heating. ISEs have a  

characteristic peak in heating near the surface. These heating structures are consistent  

with the canonical stratiform and convective heating profiles described in Houze [1982,  

1989]. The net heating associated with BSR, DCC, and WCC maximizes in the active  

stage (Figure 1c) and minimizes during the suppressed stage (Figure 1a). While ISEs,  

DCCs, and WCCs produce similar amounts of latent heat as the MJO transitions into its  

active and suppressed stages, BSRs produce more heat when the MJO is transitioning  
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into its active stage (Figure 1b) than when the MJO is transitioning into its suppressed  

stage (Figure 1d). ISEs produce slightly more net heating in the suppressed and transition  

stages than the active stage possibly since these elements are least common during the  

active stage of the MJO [Barnes and Houze, 2013]. During all stages of the MJO, even  

though DCC and WCC are both intense convective features, WCC consistently produce  

more latent heat that DCC because of their larger area coverage. Thus, WCCs indicate  

that mature convection that has aggregated to a more organized state contributes more to  

the total latent heating in the central Indian Ocean than does young, deep convection.  

Among the four types of echo features, BSR heating undergoes the greatest variation as a  

function of MJO phase. These patterns of variability are consistent with the variability of  

the net areal coverage of the echo features, as analyzed by Barnes and Houze [2013], not  

by the current numbers of features of a given type.   

The shape and variability of the latent heating profile from phase to phase of the  

MJO are similar in the West Pacific region to those over the central Indian Ocean (Figure  

2). The only notable differences between the regions is associated with heating from  

BSRs. During all stages of the MJO, BSRs contribute more latent heat above 5 km in the  

West Pacific Ocean than in the central Indian Ocean. Additionally, the BSRs produce  

more heat as the MJO transitions to its suppressed stage than when the MJO transitions to  

its active stage, which is opposite the central Indian Ocean.   

  

4. Contribution from Storms Containing Intense Echoes to Net Observed Latent Heating in  

the Central Indian Ocean  
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More important than the contribution of heating by the embedded entities alone, is  

the contribution by the entire storm containing each echo core. The solid black lines in  

Figures 3a, 3b, 3d, and 3e show the net heating from all storms (S-All) during each stage  

of the MJO in the central Indian Ocean and the total rain rate from S-All is listed in the  

lower right-hand side, both of which are normalized by the total number of TRMM pixels  

detected. The dashed and colored lines in Figure 3 show the net heating from storms  

designated as S-Non, S-BSR, S-WCC, S-DCC, and ISE. Given that S-All includes S- 

DCC, S-WCC, S-BSR, S-Non, and ISE, comparing the solid black line to the dashed and  

colored lines allows us to understand how storms with these different types of convective  

and stratiform elements contribute to the net heating profile of S-All. Unlike the DCCs,  

WCCs, and BSRs discussed above, S-DCCs, S-WCCs, and S-BSRs contain various  

combinations of convective and stratiform echoes and consistent of different mixtures of  

extreme and non-extreme echo sub-features. Therefore, the latent heating profiles of  

DCCs, WCCs, and BSRs in Figure 1 differ from the profiles of S-DCCs, S-WCCs, and S- 

BSRs shown in Figure 3. The largest differences in the vertical profiles of heating are  

observed between BSR (Figure 1) and S-BSR (Figure 3). S-BSRs are characterized by  

substantially less low-level cooling since low-level heating associated with the  

convective portions of S-BSRs will partially offset the low-level cooling observed in the  

BSR region, which only contains stratiform echoes.   

During the suppressed stage of the MJO in the central Indian Ocean, the net  

heating from S-All (black line in Figure 3a) maximizes near 2 km and steadily declines  

with height. Recall that the SLH produces similar amounts of deep heating when  

compared to reanalysis data or other TRMM algorithms, but tends to produce more low- 
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level heating [e.g. Hagos et al., 2010; Zhang et al., 2010; Ling and Zhang, 2011]. Thus,  

we are confident that the minimal upper-level heating during the suppressed stage is a  

robust signature of the MJO, but the amplitude of maximum low-level heating may be  

too large. At all levels, S-Non is the dominant source of latent heating; i.e. non-extreme  

clouds of medium height and intensity dominate the heating profile. The profile for S- 

BSR is almost non-existent. S-WCC and S-DCC contribute relatively little to the net  

latent heating produced by S-All. However, S-WCC contributes more to the net latent  

heating than the other intense echo categories, which emphasizes that even in suppressed  

periods organized mesoscale convection is important in the net latent heating budget. ISE  

convection contributes very little to the net heating; however, the TRMM PR sensitivity  

of ~17 dBZ precludes us from determining the full magnitude of lightly precipitating and  

nonprecipitating convection.  

While latent heating increases at all levels as the MJO transitions into its active  

stage, the greatest increase occurs at upper-levels. Comparing S-All in Figures 3a and 3b  

indicates that heating at 6 km increases by approximately 0.02 K h–1 during this time but  

heating near 2 km only increases by 0.01 K h–1 . S-Non continues to be the dominant  

source of latent heat at all levels. While there is little change in the contribution by ISE  

and S-DCC, S-WCC and S-BSR contribute substantially more latent heat as the MJO  

transitions to its active stage, especially above 4 km. Associated with this increase in  

latent heat is an increase in the normalized rain rates, which indicates that the cloud  

population is beginning to become more disturbed.  

During the active stage, the relative importance of heating from S-BSR and S- 

WCC drastically changes. The black line in Figure 3d shows that the net heating profile  



16 
 

from S-All now has two distinct peaks, near 3 and 6 km. This dual-peak structure is a  

feature commonly observed in the SLH data but is sometimes absent from reanalysis and  

rawinsonde budgets [e.g. Hagos et al., 2010; Zhang et al., 2010]. The lower peak is  

associated with heating contributed by convective elements including ISE, S-DCC, S- 

WCC, and S-Non, which is consistent with Houze [1982, 1989]. While S-Non continues  

to contribute most of the heating below 5 km, the contribution by S-WCC and S-DCC  

substantially increases at these levels. ISEs continue to contribute very little to the net  

heating, although non-precipitating or lightly precipitating convective clouds might be  

contributing significantly but are undetected due to the limited sensitivity of the TRMM  

PR. The upper-level peak occurs primarily because the convection takes on mesoscale  

organization during active phases, and heating from S-BSR and S-WCC therefore  

increases. During active phases S-BSR and S-WCC become the primary components of  

the S-All profile above 5 km. The contribution of heating from S-BSRs increases the  

most, reflecting the significant increase in occurrence of BSRs elements during the active  

phase [Barnes and Houze, 2013]. This drastic increase in stratiform heating during the  

active stage is isolated in Figure 3c, which shows the difference in the heating profile of  

S-All between the active and suppressed stage. The upper-level heating and low-level  

cooling observed in this difference profile is indicative of an increase in stratiform  

heating during the active stage of the MJO. Additionally, given that the difference profile  

is strongly positive between 2-5 km, these results indicate that the MJO also substantially  

increases midlevel heating during the active stage. S-WCC continue to contribute  

significantly more latent heat than S-DCC. While S-BSR, S-WCC, and S-DCC do not  

contain the heating by all members of the cloud population, these categories capture a  
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significant portion of the net heating produced by S-All during the active phase and  

emphasize the increased roles of deep and organized convection in the population in  

active stages of the MJO.   

The reduction in net latent heating that occurs as the MJO transitions into its  

suppressed stage is accompanied by a change in the vertical distribution of heating. The  

upper level heating maximum sharply decreases as the MJO transitions to its suppressed  

stage (Figure 3e), and is all but gone by the suppressed stage (Figure 3a). This decrease at  

upper-levels is mainly attributable to less heating from S-BSRs and S-Non. The S-Non  

cases include mesoscale convective systems with stratiform regions that are not robust  

enough to qualify as BSRs but are nevertheless large enough to have an impact on the net  

heating profiles. While the contribution from S-WCCs is also reduced, heating from S- 

WCCs only decreases by 0.01 K h–1 while heating from S-BSR and S-Non decreased by  

nearly 0.02 K h–1. Significant changes in the contribution by S-DCC and ISE are not  

observed.   

Interestingly, the heating profiles during the two transition periods (Figures 3b  

and 3e) are distinctly different. First, the magnitude of the net heating profile for all  

storms (S-All) is larger as the MJO is transitioning into its active stage (Figure 3b) than  

when the MJO transitions to its suppressed stage (Figure 3e) at all levels. Additionally,  

while S-Non dominates the heating profile below 5 km during both time periods, the  

relative contributions of S-WCC, S-BSR, and S-Non above 5 km are notably different.  

When the MJO transitions into its active stage S-Non heating (non-extreme convection)  

is the dominant source of upper-level heat. This contrasts with the transition to the  

suppressed stage, when S-Non, S-BSR, and S-WCC contribute equally to the upper-level  
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heating. Thus, differences in the composition of the cloud population cause the two  

transitions periods of have dissimilar heating profiles. We conclude that during the  

buildup to the active phase the population has not yet developed a strong capacity for its  

members to have mesoscale organization, whereas during the transition from active to  

suppressed stages the ability of convective elements to be organized on the mesoscale  

remains but the organized elements are diminishing in number.     

  

5. Similarities and Differences between the Central Indian and West Pacific Oceans  

  

The black lines Figures 4a, 4b, 4d, and 4e show the net heating profiles for all  

storms (S-All) as the MJO propagates through the West Pacific Ocean. The colored and  

dashed lines in this figure indicate how ISE, S-DCC, S-WCC, S-BSR, and S-Non  

contribute to the S-All heating profile.  Comparing Figures 3 and 4 allows us to  

investigate how the heating associated with the MJO differs in the central Indian and  

West Pacific Oceans.   

There are a few similarities among the latent heating profiles observed in the  

central Indian and West Pacific Oceans in terms of the overall variability as the MJO  

propagates through these regions. First, both geographic regions are characterized by an  

increase in upper-level heating during the active stage of the MJO. Such an increase is  

expected given that the active stage is characterized by an increase of deep convective  

activity [e.g. Lin et al., 2004]. More importantly, heating associated with mature  

mesoscale convective systems (as indicated by increased S-BSR occurrence) varies the  
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most and maximizes during the active stage in both regions, consistent with the  

maximum occurrence of BSRs during the active stages [Barnes and Houze, 2013].  

During all stages of the MJO, S-Non are the dominant source of heat below 5 km in both  

regions, suggesting that convective clouds of moderate top height are an important source  

of heat. ISEs never contribute a substantial amount of latent heat in either region;  

however, non-precipitating and lightly precipitating clouds are not seen by the TRMM  

PR, and they might contribute significantly to heating at low levels.    

Even though both geographic regions are characterized by an increase in upper- 

level heating during the active stage of the MJO, important differences exist between the  

regions in terms of the shape of the heating profile and its variability during the MJO.  

The heating profile associated with all storms (S-All) contains two peaks, near 3 and 6  

km during most stages of the MJO in the West Pacific Ocean (Figure 4). This dual  

peaked structure is only present during the active stage in the central Indian Ocean  

(Figure 3), which suggests that the convective population in the West Pacific Ocean  

contains a larger amount of deep convection than the central Indian Ocean, especially  

during the suppressed and transition stages of the MJO. This conclusion is further  

supported by the normalized rain rates, which are larger in the West Pacific than central  

Indian Ocean during suppressed and transition stages. Figure 4c shows the difference  

between the S-All profiles during the active and suppressed stages in the West Pacific  

Ocean. Between 2-4 km the difference profile is nearly zero, which suggests that the  

MJO causes only minimal changes in the midlevel heating. On the other hand, the  

difference profile in the central Indian Ocean (Figure 3c) is strongly positive between 2-4  

km, suggesting that the MJO strongly modifies midlevel heating in the central Indian  
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Ocean but not in the West Pacific Ocean. Additionally, while the S-All latent heating  

profile in the central Indian Ocean systematically transitions from bottom-heavy during  

the suppressed stage to top-heavy during the active stage (Figure 3), the S-All heating  

profile in the West Pacific Ocean transitions from middle-heavy during the suppressed  

stage to top-heavy during the active stage (Figure 4). This result is further evidence that  

heating by moderate convection is always an important component of the net heating  

profile during the MJO, but the character of heating at midlevels varies between the  

central Indian Ocean, which is the region of MJO initiation, and the West Pacific, which  

is a throughway for the fully formed MJO. Furthermore, while the S-All profile indicates  

that more upper-level heating occurs in West Pacific Ocean during its transition to the  

suppressed stage than during its transition to its active stage, the opposite trend is  

observed in the central Indian Ocean.   

To gain insight into which aspects of the cloud population are responsible for  

these geographic differences in S-All, we consider the contribution from S-Non, S-BSR,  

S-WCC, and S-DCC in each region. Below 4 km, the magnitude difference between the  

S-Non profile and S-All profile in the central Indian Ocean (Figure 3a, b, d, and e) is  

nearly half as large as the difference in the West Pacific Ocean (Figure 4a, b, d, and e),  

suggesting that nondescript clouds of medium height and intensity have a more dominant  

role in heating the lower atmosphere in the central Indian Ocean, where the MJO  

initiates, than in the West Pacific Ocean, where the fully developed MJO propagates.  

Above 6 km, the S-Non profile in the West Pacific Ocean often has a secondary peak  

(Figure 4a, b, d, and e). This secondary S-Non peak is most notable in the central Indian  

Ocean region during the active stage (Figure 3d) and is nearly absent in suppressed  
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periods, suggesting that smaller regions of stratiform precipitation, which do not satisfy  

our S-BSR thresholds, often contribute more latent heat in the West Pacific Ocean than  

central Indian Ocean. Combined these results suggest that the convective population in  

the West Pacific Ocean is somewhat deeper and more organized than the convective  

population in the central Indian Ocean.   

The contributions by S-BSRs, S-WCCs, and S-DCCs to S-All differ in each  

geographic region. While the latent heating associated with S-BSRs is always the most  

variable component of heating budget analyzed in this study, their contribution relative to  

S-DCC, S-WCC, and S-Non during the active stage in each region is notably different.  

Figure 4d indicates that S-BSRs dominate the latent heating above 4 km over the West  

Pacific Ocean during the active stage. In contrast, Figure 3d indicates that S-BSR, S- 

WCC, and S-Non contribute equally to the heating above 6 km in the central Indian  

Ocean region during the active stage. The primary difference between the central Indian  

and West Pacific Oceans is in the contributions from the intense convective categories S- 

DCC and S-WCC. While S-WCC in the West Pacific Ocean contributes substantially  

more latent heat during the transitions stages than S-DCC, S-DCC and S-WCC contribute  

similar amounts of latent heat during the suppressed and active stages. This changing  

relationship between S-DCC and S-WCC contrasts the central Indian Ocean where  

heating from S-WCC always dominants heating from S-DCC. Additionally, the  

contribution from S-WCC maximizes during the transition stages in the West Pacific  

Ocean but maximizes during the active stage in the central Indian Ocean. The fact that  

the variability in heating from S-BSRs, S-WCCs, and S-DCCs differs in each geographic  

region is expected since Barnes and Houze [2013] demonstrated that the MJO modulates  
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the areal coverage of BSRs, WCCs, and DCCs differently in these regions. Even though  

differences exist between the central Indian and West Pacific Oceans, our results indicate  

that the heating produced by S-BSR, S-WCC, and S-DCC account for a substantial  

amount of the net heating from S-All during the MJO in both regions, especially during  

the active stage.  

    

6. Conclusions  

  

Previous studies have used the TRMM PR to demonstrate that a transition from  

shallow to deep heating occurs as the MJO enters its active stage [e.g. Morita et al., 2006;  

Lin et al., 2004; Lau and Wu, 2010; Zuluaga et al., 2010; Jiang et al., 2011]. However,  

convection takes on different forms, with different heating profiles, in different large- 

scale environments, and the net heating profile affecting the large-scale dynamics  

depends on the particular mixture of types of convection making up the cloud population.  

By classifying individual storms in terms of their radar echo structure, the current study  

indicates how different forms of convection contribute to the latent heating observed  

during the MJO in the central Indian and West Pacific Oceans.   

The classification technique that we have applied to the TRMM data is a proxy  

for the dynamical characteristics that produce different forms of convection, and it  

captures a significant amount of the latent heating variability associated with the variable  

makeup of the convective population of the MJO. Mature mesoscale systems containing  

broad expanses of stratiform precipitation are represented by an echo category referred to  
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as storms with broad stratiform regions (S-BSR storms). Storms that have developed  

wide regions of intense convective echo but have not developed broad stratiform regions  

are identified as storms with wide convective cores (S-WCC storms). These storms are  

convective systems that have begun to organize on the mesoscale but not yet matured.  

Echoes containing deep convective cores but no wide convective regions or broad  

stratiform regions (S-DCC storms) are intense convection in an early stage of  

development. These interpretations of the radar echoes have been validated by ground- 

based radar data [Zuluaga and Houze, 2013].   

TRMM PR echoes that do not meet the criteria of the above-described storm  

types are referred to as S-Non storms. They are often associated with convective echoes  

reaching midlevel top heights. Our analysis indicates that this S-Non convection is  

actually the greatest source of low-level heating during all stages of the MJO in both  

geographic regions—often outweighing heating by the more extreme forms of  

convection. However, it is well known that the SLH algorithm used in this study tends to  

produce more shallow heating than other TRMM algorithms and reanalysis [e.g. Ling and  

Zhang, 2011]. Thus, the magnitude of the S-Non heating may be somewhat exaggerated  

in this study. Additionally, while our results indicate that shallow isolate radar echoes  

(ISEs) contribute relatively little latent heat to the net heating budget, the TRMM PR data  

do not include all of the smaller convection because of the TRMM PR’s rather high  

minimum detectable reflectivity of ~17 dBZ. As a result, the TRMM data do not include  

non-precipitating or lightly precipitating convection, which are likely important  

contributors to low-level heating in the MJO.    
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The greatest overall variability of the MJO heating profile in both geographic  

regions is due to the occurrence of S-BSR storms in active stages of the MJO and their  

relative absence in suppressed stages. This result is consistent with previous work  

showing that large, often merged MCSs are proportionately more prevalent in the active  

MJO stages [Yuan and Houze, 2010] and the tendency of large stratiform rain areas to  

occur mainly in the active stages [Barnes and Houze, 2013]. The more numerous  

occurrence of S-BSR storms during the active MJO stages leads to a top heavy heating  

profile that maximizes in the active stage.   

The MJO heating profile exhibits regional differences, especially in terms of the  

heating from convective precipitation. First, while S-WCC always contribute more latent  

heat than S-DCC over the central Indian Ocean, S-WCC only contribute more heat than  

S-DCC during the transition stages in the West Pacific Ocean. During the suppressed and  

active stages in the West Pacific Ocean, S-WCC and S-DCC contribute approximately  

equal amounts of latent heat. Additionally, the transition to a deep heating profile during  

the active stage occurs differently in the central Indian and West Pacific Oceans. During  

all phases of the MJO there is a peak in heating at the 2-3 km level due mainly to the S- 

Non (non-extreme) convection in both regions. However, the variability in the magnitude  

of this low-level peak differs between the regions. In the central Indian Ocean, the  

suppressed stage of the MJO is characterized by an abundance of shallow heating (due to  

S-Non convection) near 2 km. The heating profile during the active stage has two peaks,  

near 3 and 6 km. The magnitude of the low-level peak is substantially larger than the  

low-level peak observed during the suppressed stage and is likely associated with  

increased heating from convection of moderate depth. The upper-level peak is associated  
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with increased stratiform precipitation. In the West Pacific, the latent heating profile  

peaks at 3 and 6 km during all phases of the MJO. The magnitude of the 3 km peak does  

not vary greatly from one stage to the next. The beginning of the active stage is  

identifiable when the magnitude of the 6 km peak strongly increases, in association with  

an increase in stratiform precipitation. Finally, differences in the convective population  

also causes the heating profile during the two transition periods to differ. In the central  

Indian Ocean, greater heating is observed at all levels during the transition to the active  

stage than the transition to the suppressed stage. In the West Pacific Ocean, the  

magnitude of the low-level heating is similar during both transition periods, but the  

magnitude of the upper-level heating is substantially larger during the transition to the  

suppressed stage than the transition to the active stage.   

 Thus, the regional similarities in the heating profiles during the MJO is  

attributable to the S-BSR storms, but regional differences in the heating profiles are due  

more to differences in how the convective components of the storms vary between the  

central Indian and West Pacific Oceans. This result is consistent with the conclusions of  

Houze [1989], who suggested that despite the rather universal similarity of stratiform  

heating profiles throughout the tropics, the regional variability of the net heating profiles  

is likely determined by differing behavior of the convective components of the heating  

from one region to another. Our results indicate that highly organized, mature convection  

(S-WCC) is often just as important, if not more important, to the latent heat budget as  

young deep convection (S-DCC). The younger deep convection, while impressively  

intense, is associated with heating that is never larger than, and generally smaller in  

comparison with, the more organized mesoscale convection. In addition, the moderate  
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convective entities (S-Non) are found to be important contributors to the heating along  

with the extreme categories. While each of these categories of convective heating is  

important, they manifest differently in the two geographical regions considered here.  

Our results highlight how the latent heating profile during the MJO in the central  

Indian and West Pacific Oceans is determined by the mixture of different types and forms  

of convection making up the cloud population. As global models become ever higher in  

resolution, these different types of convection will be representable, and observations  

such as those analyzed here will have important uses for model verification. The  

numerical simulations’ ability to capture the structure and variability of heating  

associated with midlevel convection and the convective and stratiform portion of deep  

convection can be assessed, and a more detailed assessment of the possible sources of  

error will be possible. As latent heating variability is evaluated regionally, observed  

differences, such as those between the central Indian and West Pacific Oceans analyzed  

here, can be used to determine whether models can obtain these regional differences for  

the right physical reasons.   
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Figure Captions  

  

Figure 1: (a) Net heating (K/ hr-1) from ISE (red), DCC (cyan), WCC (dark blue), and BSR  

(green) during the suppressed stage (Phase 6) in the central Indian Ocean. Net heating is  

normalized by the total number of pixels sensed by the TRMM PR. (b) Same as (a) except for  

the transition to the active stage (Phase 8). (c) Same as (a) except for the active stage (Phase  

2). (d)  Same as (a) except for transition to the suppressed stage (Phase 4).  
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Figure 2: Same as Figure 1 except for the West Pacific with the suppressed stage represented by  

phase 2, the transition to the active stage presented by phase 4, the active stage represented by  

phase 6, and the transition to the suppressed stage by phase 8.   

  

Figure 3: (a) Net heating (K hr-1) from ISE (red), S-DCC (cyan), S-WCC (dark blue), and S- 

BSR (green) during the suppressed stage (Phase 6) in the central Indian Ocean. Net heating is  

normalized by the total number of pixels sensed by the TRMM PR. The rainrate during the  

suppressed stage (Phase 6) is listed in the lower right-hand side is normalized by the number of  

pixels sensed by the TRMM PR. (b) Same as (a) except for the transition to the active stage  

(Phase 8). (c) Difference in S-All between the active stage (Phase 3) and the suppressed stage  

(Phase 6) of the MJO. (d) Same as (a) except for the active stage (Phase 2). (e)  Same as (a)  

except for transition to the suppressed stage (Phase 4).  

  

Figure 4: Same as Figure 3 except for the West Pacific with the suppressed stage represented by  

phase 2, the transition to the active stage presented by phase 4, the active stage represented by  

phase 6, and the transition to the suppressed stage by phase 8.   
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Fig. 1. (a) Net heating (K/ hr-1) from ISE (red), DCC (cyan), WCC (dark blue), and BSR (green) 
during the suppressed stage (Phase 6) in the central Indian Ocean. Net heating is normalized by the 
total number of pixels sensed by the TRMM PR. (b) Same as (a) except for the transition to the 
active stage (Phase 8). (c) Same as (a) except for the active stage (Phase 2). (d) Same as (a) except 
for transition to the suppressed stage (Phase 4).
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Fig. 2. Same as Figure 1 except for the West Pacific with the suppressed stage represented by 
phase 2, the transition to the active stage presented by phase 4, the active stage represented by 
phase 6, and the transition to the suppressed stage by phase 8.
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Fig. 3. (a) Net heating (K hr-1) from ISE (red), S-DCC (cyan), S-WCC (dark blue), and S-BSR 
(green) during the suppressed stage (Phase 6) in the central Indian Ocean. Net heating is 
normalized by the total number of pixels sensed by the TRMM PR. The rainrate during the 
suppressed stage (Phase 6) is listed in the lower right-hand side is normalized by the number of 
pixels sensed by the TRMM PR. (b) Same as (a) except for the transition to the active stage (Phase 
8). (c) Difference in S-All between the active stage (Phase 3) and the suppressed stage (Phase 6) 
of the MJO. (d) Same as (a) except for the active stage (Phase 2). (e) Same as (a) except for 
transition to the suppressed stage (Phase 4).
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Fig. 4. Same as Figure 2 except for the West Pacific with the suppressed stage represented by 
phase 2, the transition to the active stage presented by phase 4, the active stage represented by 
phase 6, and the transition to the suppressed stage by phase 8. 


