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If you want the rainbow, you gotta put up with the rain.  

Dolly Parton 
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Abstract 

The high-resolution data of the Tropical Rainfall Measuring Mission (TRMM) 

Precipitation Radar (PR) allow detailed studies of tropical and subtropical convective 

systems. Data from the premonsoon and monsoon seasons of South Asia and the summer 

months of South America were used to classify convective systems in different 

subcategories according to their size and convective/stratiform nature and to study the 

occurrence, physical properties, and rain productivity of systems in these subcategories. 

National Centers for Environmental Prediction/National Center for Atmospheric Research 

(NCEP/NCAR) reanalysis data provide the large scale synoptic background and were used 

to investigate the mechanisms involved in the development of convective systems.  

In the South Asian and South American regimes, the main oceanic regions where 

convective systems form with high frequency are the eastern Arabian Sea, the eastern Bay 

of Bengal, and the western South Atlantic off the coast of Brazil and Argentina. Systems in 

these ocean areas frequently are mesoscale convective systems (MCSs), which grow to 

extremely large sizes and can contain large horizontal regions of strong convective 

precipitation in the early stages of their life cycles and large regions of stratiform 

precipitation in the late stages of their life cycles. The oceanic MCSs in these regions 

develop in the early morning and are associated with a daytime precipitation maximum 

before they dissipate in the late evening as large scale weakening of the generally 

prevailing convergence or even divergence is observed as a response to the diurnal heating 

over the continent. The oceanic MCSs are strongly associated with synoptic-scale lows in 

the regions where they occur. 

Along the South Asian and South American coastlines, precipitating systems are 

associated with a land-breeze/sea-breeze pattern. Nocturnal cooling of the continents leads 

to offshore winds which converge with the prevailing flow over the ocean leading to the 

triggering of convection at night. The nighttime triggered convection may grow into large 

systems later in the day. Daytime heating over land leads to oceanic inflow, which is lifted 

over the coastal mountains to trigger convection diurnally. The convection over the coastal 

mountains takes on extreme forms over the Eastern Ghats of India during the premonsoon 

months and over the eastern Brazilian highlands. In both locations, the oceanic moist low-

level flow is capped by dry westerlies aloft. Instability is released when the flow is 

sufficiently lifted over these mountain ranges, resulting in extremely deep convection and 

associated severe weather. 

Systems over continental regions of South Asia and South America are generally 

smaller and more convective than oceanic systems. Only in regions with underlying 

moisture sources do they grow to large sizes. Large continental systems are observed over 

the Ganges and Brahmaputra at the central and eastern Himalayan foothills and the 

Amazon and La Plata river basins of South America. Over the Amazon basin, systems 

often take the form of large squall-line MCSs moving in from the northeast, where they 

tend to be triggered by diurnal sea-breeze lifting near the coast. They merge over the basin 

with systems that have been initiated over elevated terrain at the south-western edge of the 

basin. The merged systems develop extremely large stratiform areas during the night.  

Over the La Plata basin, convective systems are triggered at its western edge by a 

capping mechanism similar to the one described above. Moist low-level flow from the 

Amazon basin and the Atlantic is capped by dry westerlies aloft. Instability is released 

when the low-level flow is lifted over the Sierras de Cordoba (in western Argentina) and 

systems containing extremely deep convective cores are triggered in the evening. This 

effect is further enhanced in an environment of synoptic-scale lows passing over the Andes 

from the west. As the synoptic disturbance moves farther east over the La Plata basin, 
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systems merge and grow into MCSs containing large areas with extreme convection. As 

they age, these MCSs develop horizontally extensive areas with stratiform rain. These 

large MCSs are associated with a nocturnal precipitation maximum over the La Plata basin. 

A somewhat similar process occurs in the western Himalayan region of South Asia. Here 

dry air flowing from the west off the Afghan Plateau caps moist low-level flow from the 

Arabian Sea before it is lifted over the foothills and extremely deep convection is 

triggered.  

The deep convective systems in the western Himalayan terrain indentation are among 

the most extreme forms of afternoon convection observed over the slopes of both the 

Himalayas and Andes. Smaller-scale non-extreme convective systems also form at higher 

elevations when air is forced upwards in association with convergence associated with 

heating over the plateaus of Tibet and the Altiplano. Nighttime cooling of the plateaus 

leads to divergence and downslope flow, and convection is triggered where the downslope 

flow converges with the moist monsoon flow at the base of the Himalayas and moist flow 

from the Amazon basin at the Andes foothills. The nocturnal convective systems at the 

foothills are larger than the diurnal ones at higher elevations and develop into MCSs 

containing wide areas of strong convection in early stages of their life cycle and large 

stratiform regions later on, and they produce nocturnal precipitation maxima. The 

occurrence of systems at the slopes and foothills is modulated by the large-scale synoptic 

situation. In the Himalayan region, systems are associated with synoptic lows passing from 

west to east in the location where the systems occur. The synoptic influence is stronger 

during the premonsoon than the monsoon in this region. Over the north-eastern foothills of 

the Central Andes, systems occur when southerly flow associated with a low which is 

located over the east coast of Argentina prevents the transport of moist air from the tropical 

north to the subtropical south, and moisture is therefore retained over the north-eastern 

foothills. 

The two leading physical properties of systems that are associated with high rain 

productivity are size and convective nature. A few large systems produce the same amount 

of rain as many small ones. Embedded convective cores extending either over large 

horizontal areas or deep into the atmosphere further increase rain rates.  

The characteristics of precipitating systems are further examined during the seasonal 

buildup to the monsoon of South Asia. The general pattern of precipitation looks very 

similar in the premonsoon and the monsoon season with increased values during the latter, 

however, there is a significant change in the distribution of moisture. During the 

premonsoon a zone of strong moisture gradients is found along the coast whereas during 

the monsoon this gradient zone shifts north to the Himalayan foothills. The premonsoon 

structures of precipitating convective systems indicated by the TRMM PR are similar to 

those in the monsoon, but their pattern of occurrences changes with the shift of the 

moisture gradient zone. Most notably, the occurrence of extremely deep convective cores 

shifts from the Indian east coast to the western Himalayan terrain indentation as the season 

changes from premonsoon to monsoon. 
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Kurzfassung 

Die hochaufgelösten Daten des Tropical Rainfall Measuring Mission (TRMM) 

Precipitation Radar (PR) ermöglichen das detaillierte Studium tropischer und subtropischer 

konvektiver Systeme. Daten von den Monsun- und Prämonsunmonaten Südasiens, sowie 

der Sommermonate Südamerikas wurden verwendet, um konvektive Systeme nach Größe 

und konvektiven/stratiformen Charakteristiken in verschiedene Unterkategorien zu 

klassifizieren und die Verteilung, physikalischen Eigenschaften und Niederschlagsrate der 

Systeme in diesen Unterkategorien zu untersuchen. National Centers for Environmental 

Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysedaten 

liefern den synoptischen Hintergrund und wurden verwendet, um die Mechanismen, die in 

der Entwicklung von konvektiven Systemen eine Rolle spielen, zu studieren. 

Die maritimen Regionen in Südasien und Südamerika, in welchen sich häufig 

konvektive Systeme entwickeln, sind das Arabische Meer, der östliche Golf von Bengalen 

und der westliche Südatlantik vor den Küsten Brasiliens und Argentiniens. Systeme in 

diesen maritimen Gebieten sind häufig Mesoscale Convective Systems (MCSs), die 

extreme Ausmaße annehmen und große horizontale Regionen mit starkem konvektiven 

Niederschlag in frühen Stadien ihrer Entwicklung und großen Regionen mit stratiformem 

Niederschlag in späten Stadien ihrer Entwicklung enthalten können. Die maritimen MCSs 

in diesen Gebieten entstehen am frühen Morgen und stehen in Verbindung mit einem 

Niederschlagsmaximum am Tage. Sie lösen sich am späten Abend auf, wenn eine 

großräumige Abschwächung der generell vorherrschenden Konvergenz, oder sogar 

Divergenz, eintritt, als Folge der Aufheizung des Kontinentes am Tage. Die maritimen 

MCSs stehen in engem Zusammenhang mit großräumigen Tiefs in den jeweiligen 

Gebieten ihres Auftretens. 

An den Küsten Südasiens und Südamerikas stehen Niederschlagssysteme in 

Verbindung mit Land- und Seebriseeffekten. Nächtliches Abkühlen der Kontinente führt 

zu Landwinden, welche über dem Meer mit den vorherrschenden maritimen Winden 

konvergieren und dadurch nächtliche Konvektion auslösen. Diese nächtlichen konvektiven 

Systeme können sich wiederum später am Tag über große Regionen ausbreiten. Das 

Aufheizen der Kontinente am Tag führt zu Seewinden, welche über den Küstenbergen 

gehoben werden, was wiederum Konvektion am Tag auslöst. Die Konvektion über den 

Küstenerhebungen nimmt über den östlichen Gaths Indiens während des Prämonsuns und 

über dem östlichen brasilianischen Hochland extreme Formen an. In diesen beiden 

Gebieten werden feuchte, maritime Winde in den unteren Schichten der Atmosphäre von 

trockenen Westwinden in der Höhe überlagert und es entsteht ein Capping-Effekt. Die 

aufgebaute Instabilität wird freigesetzt, wenn die bodennahen Winde über den 

Küstenbergen gehoben werden: extrem tiefe Konvektion und Unwetter entstehen. 

Systeme über dem südasiatischen und dem südamerikanischen Kontinent sind 

tendenziell kleiner und konvektiver als Systeme über den Ozeanen. Große Systeme bilden 

sich nur in Gegenden mit darunterliegenden Feuchtequellen. Sie entstehen über Ganges 

und Brahmaputra am mittleren und östlichen Fuße des Himalayas und über den Amazonas 

und La Plata Becken Südamerikas. Die Systeme über dem Amazonasbecken haben häufig 

die Form von ausgedehnten „squall line“ artigen MCSs, die sich von der Nordostküste 

Brasiliens, wo sie durch die Hebung der Seebrise über der Küste entstanden sind, über das 

Becken ausbreiten. In der Mitte des Beckens vereinigen sie sich mit Systemen, die an 

dessen südwestlichem Rand entstanden sind, und es bilden sich nächtliche Systeme mit 

außergewöhnlich großen Gebieten stratiformen Niederschlages. 

Konvektive Systeme über dem westlichen Rand des La Plata Beckens werden durch 

einen ähnlichen Capping-Mechanismus ausgelöst wie oben beschrieben. Vom 
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Amazonasbecken und dem Atlantik kommende feuchte Winde in niederen Schichten 

werden von trockenen Westwinden in der Höhe überlagert. Werden nun die unteren 

Schichten über den Sierras de Cordoba im westlichen Argentinien gehoben, so entstehen 

meist abends in dieser stark instabilen Schichtung Systeme, welche extrem tiefe 

konvektive Zellen enthalten. Synoptische Tiefs, die von Westen her die Anden überqueren, 

verstärken den Capping-Effekt noch zusätzlich. Wenn diese Tiefs weiter nach Osten über 

das La Plata Becken ziehen, verschmelzen die einzelnen Systeme zu MCSs, welche weite 

Gebiete mit extremer Konvektion enthalten, ehe sich in späten Stadien ihres Lebenszyklus 

in diesen MCSs große Gebiete mit stratiformem Niederschlag bilden. Diese großen MCSs 

stehen in Zusammenhang mit einem nächtlichen Niederschlagsmaximum über dem La 

Plata Becken. Ein ähnlicher Capping-Effekt wird auch am westlichen Fuße des Himalayas 

beobachtet. Trockene Luft, aus Westen vom afghanischen Plateau kommend, überlagert 

feuchte Luft vom Arabischen Meer, welche über dem Fuße des Himalayas gehoben wird, 

was zu extrem tiefer Konvektion führt. 

Die tiefen konvektiven Systeme am Fuße des westlichen Himalayas gehören zu den 

extremsten Formen von Konvektion in Südasien und Südamerika. Kleinere, weniger 

extreme Systeme entstehen in höher gelegenen Regionen des Himalayas und der Anden, 

wenn Luft über den Bergflanken gehoben wird, welche aufgrund der Konvergenz über der 

Tibetischen Hochebene und dem Altiplano Plateau, die durch Aufheizung des gehobenen 

Terrains am Tage entstanden ist, am Fuße der Berge anströmt. Nächtliche Abkühlung der 

Hochebenen führt zu Divergenz und katabatischen Winden, welche am Fuße der Gebirge 

mit den feuchten Luftmassen des asiatischen Monsuns und feuchter Luft vom 

Amazonasbecken kollidieren, was konvektive Systeme auslöst. Diese nächtlichen Systeme 

am Fuße der Gebirge sind größer als die höher gelegenen Systeme am Tage und wachsen 

zu MCSs heran, welche in frühen Stadien ihres Lebenszyklus große Gebiete mit extremer 

Konvektion und in späteren Stadien große Gebiete mit stratiformem Regen enthalten. Sie 

stehen in Zusammenhang mit nächtlichen Niederschlagsmaxima. Das Auftreten der 

Systeme an den Flanken und am Fuße der Gebirge wird durch die großräumige 

synoptische Lage beeinflusst. In der Himalayaregion entstehen Systeme bevorzugt im 

Zusammenhang mit dort durchziehenden synoptischen Tiefs. Dieser synoptische Einfluss 

ist im Prämonsun stärker als im Monsun. Am nordöstlichen Fuße der Zentralanden treten 

Systeme vermehrt auf, wenn Südwinde, ausgelöst durch ein Tief über der Westküste 

Argentiniens, den Transport von Feuchte vom tropischen Norden in den subtropischen 

Süden verhindern und sich die Feuchte daher am nordöstlichen Fuße der Anden staut. 

Die beiden Charakteristiken von konvektiven Systemen, die deren 

Niederschlagsproduktivität am stärksten beeinflussen, sind Größe und Konvektivität. 

Wenige große Systeme produzieren dieselbe Menge an Niederschlag wie viele kleine. 

Integrierte konvektive Zellen, die entweder über große horizontale Gebiete oder tief in die 

Atmosphäre reichen, erhöhen die Regenrate noch zusätzlich. 

Die Charakteristiken konvektiver Systeme werden weiters im saisonalen Aufbau des 

südasiatischen Monsuns untersucht. Die Niederschlagsmuster des Prämonsuns und des 

Monsuns ähneln einander im Allgemeinen stark, wobei die Niederschlagswerte in 

Letzterem erhöht sind, jedoch ändert sich die Verteilung der Feuchte. Im Prämonsun 

erstreckt sich eine Zone mit starken Feuchtegradienten entlang der Küste, welche sich im 

Monsun nach Norden an den Fuß des Himalayas verschiebt. Die Strukturen der 

konvektiven Systeme im Prämonsun, wie sie vom TRMM PR angezeigt werden, ähneln 

denen des Monsuns, aber die Regionen ihres Auftretens verschieben sich mit der 

Feuchtegradientzone. Besonders auffallend ist dabei die Verschiebung von extrem tiefen 

Konvektionszellen von der indischen Ostküste im Prämonsun an den westlichen Fuß des 

Himalayas im Monsun. 
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1. Introduction 

1.1. Motivation 

In tropical and subtropical regions most of the precipitation comes from convective 

systems. They are the major drivers of the hydrologic cycle and are therefore essential for 

the survival of millions of people living in these regions. In contrast to their role as life-

giving water providers, convective systems are also associated with sometimes deadly 

severe weather events like thunderstorms, tornadoes, and flooding. In addition, the rainfall 

and cloud cover of these systems have important influences on the distribution of latent 

and radiative heating in the atmosphere, and hence on the global climate system.  

To improve our knowledge of convective systems, the fundamental questions that need 

to be answered are: Why do convective systems occur and what factors determine the 

times and places of their occurrence? 

Trying to answer these question leads to a list of other questions which are addressed in 

this dissertation and answered in Chapter 4: 

• What types of convective systems exist and what are their physical properties, i.e., 

what is their 

o horizontal and vertical size spectrum 

o convective or stratiform nature 

o rain rate? 

• What are the mechanisms involved in the initiation and development of different 

types of convective systems, i.e., which role play 

o the synoptic background 

o the seasonal and diurnal changes in solar heating 

o the availability of moisture 

o the local geography such as terrain height, shape, orientation, and gradient or 

land coverage? 

The complex topographies of South Asia and South America with their respective 

surrounding oceans provide an ideal setting to study the distribution and structure of 

convective systems in order to find answers to these questions – answers that will 

ultimately improve modeling of convective systems and hence predictability of severe 

weather and precipitation and understanding of their impact on the climate system. 

1.2. Regions and climatology 

Although far apart, from a geographical point of view, the regions of this study – South 

Asia and South America – have some striking similarities: They extend over similar 

latitude ranges, and the domains feature the two highest mountain ranges of the world. The 

Himalayas reach 8850 m in South Asia and the Andes 6962 m in South America. 

Secondary mountain ranges and high plateaus in South Asia are the Eastern and Western 

Ghats, and the Chota Nagppur Plateau in India and the Arakan Yoma and Bilauktaung 

mountains of Myanmar, and in South America the Brazilian Highlands in eastern Brazil. 

Major rivers with associated basins and wetlands are the Indus, Ganges, Brahmaputra, and 

Irrawaddy Rivers in South Asia and the Amazon and Paraná Rivers in South America. 

These geographic similarities are associated with similar meteorological mechanisms in the 

development and structure of precipitating systems. These mechanisms will be discussed in 

the following sections and summarized in the Conclusions (Chapter 4). 
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From a climatological point of view, South Asian and South American regions 

examined in this study both lie within the transition zone between tropical easterlies and 

mid-latitude westerlies. This zone shifts poleward in fall and equatorward in spring, 

leading to a change in wind direction over significant portions of the regions. In the case of 

South Asia, these shifts are connected with the monsoon climate of that region. In both 

regions, poleward extents of the tropical climates in summer are accompanied by moisture 

penetrating poleward – from the Indian Ocean in Asia and from the Amazon region in the 

case of South America. 

The geographical differences between the regions are as important as the similarities 

and have a strong influence on weather and climate: The Indian Ocean bordering South 

Asia is the only one of the major oceans which does not extend from pole to pole as do the 

Pacific and Atlantic Oceans bordering South America. Heating of the massive Asian 

continent in summer leads to a reversal in low-level wind directions which is the main 

characteristic of its monsoon climate. In South America only the anomalies of the low-

level wind change direction (Zhou and Lau 1998) leaving the question whether South 

America has a monsoon climate open for discussion (Webster et al. 1998). 

Other important differences in the geography of South Asia and South America are the 

orientation and shape of the major mountain ranges. The Himalayas are oriented roughly in 

west east direction, blocking the southern tropical weather regime from the mid-latitudes to 

the north, and limiting the influence of mid-latitude frontal systems on the weather in the 

subtropics and tropics. The eastern and western ends of the Himalayas are bordered by 

other mountain ranges extending farther south, and concave terrain indentations exist at the 

intersections of the Himalayas with these other mountain ranges, at both eastern and 

western ends of the Himalayan range. The Andes in contrast are oriented from north to 

south forming a huge barrier for both tropical easterlies and mid-latitude westerlies. They 

are not bordered by other mountains at either end, leaving the South American continent 

open for the influence of mid-latitude disturbances from the south. The shape of the Andes 

is characterized by a bend which is convex to the east and concave to the west. 

Climatological differences are manifested in the different character of the seasons. 

South Asia is dominated by the summer monsoon which lasts from June to September and 

is bracketed by the premonsoon (March to May) and postmonsoon (October, November) 

seasons. The premonsoon is of special interest since it brings the first precipitation after the 

dry winter monsoon (December to February). In South America, the seasons are different 

in the northern tropical part of the continent and the southern subtropical part. In the north, 

the seasonal cycle is weak whereas in the south seasonal changes are significant because of 

the effects of westerlies and moisture shifting south in summer. Precipitation falls 

throughout the year in South America but the location changes on seasonal and even 

monthly scales. Averaged over the continent however, summer (December to February) is 

the wettest season; therefore it was the first choice for detailed investigation. 

1.3. Data 

The study of tropical and subtropical precipitating systems gained a completely new 

perspective by the launch of the Tropical Rainfall Measuring Mission (TRMM) satellite 

(Kummerow et al. 2000, 1998) which carries the first spaceborne precipitation radar, the 

TRMM Precipitation Radar (PR). The TRMM satellite was launched in 1997 and is still 

collecting data. To increase its life time the satellite was boosted from its original height of 

350 km to 403 km in August 2001. The TRMM PR operates at 13.8 GHz (Ku band, ~2 cm 

wavelength) and samples data over the whole tropics and subtropics from 37˚N to 37˚S. 

The orbit is especially designed to not to be sun-synchronous in order to sample the diurnal 

cycle of precipitation. The radar samples data in three dimensions (3D) with a horizontal 
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resolution of 4.3 km (5 km
1
) pre- (post-) boost and a vertical resolution of 0.25 km at nadir. 

The swath width is 215 km and 247 km pre- and post-boost, respectively. This high-

resolution 3D dataset provides the unique opportunity to study both the vertical and 

horizontal structures of individual convective systems as well as the spatial and temporal 

distribution of storms throughout the tropics and subtropics (even in remote regions where 

ground-based observations are scarce). By combining the detailed 3D structural 

information provided by the PR with the spatial and temporal distribution of storms, new 

insights can be gained into convective mechanisms. That is the approach of this 

dissertation.  

Specifically, the data used in this dissertation are from TRMM levels 2 and 3. The 

main dataset is the 3D attenuation corrected reflectivity level 2 product 2A25 (Iguchi et al. 

2009, 2000). It is complemented by the level 2 product 2A23 which classifies each vertical 

reflectivity pixel column in “convective”, “stratiform”, or “other” based on an automated 

identification algorithm (Awaka et al. 1997). The level 3 products used are composites of 

level 2 products over different time periods which are provided on a latitude longitude grid 

(Meneghini et al. 2001). These products are used for climatological reference, and the 

counts of total TRMM pixels provided by these data sets are used for data-processing 

purposes. A detailed description of the methodology is given in Chapter 2. 

National Centers for Environmental Prediction/National Center for Atmospheric 

Research (NCEP/NCAR) reanalysis data (Kalnay et al. 1996) provide the synoptic data. 

They are used to create seasonal means, daily and four times daily means and composites, 

composite anomalies, and composite soundings. 

1.4. Publications, organization, and authors’ contribution 

This dissertation is based on four publications: 

• Romatschke, U., S. Medina, and R. A. Houze, Jr., 2010: Regional, seasonal, and 

diurnal variations of extreme convection in the South Asian region. J. Climate, 23, 

419-439. 

• Romatschke, U., and R. A. Houze, Jr., 2010: Extreme summer convection in South 

America. J. Climate, 23, 3761-3791. 

• Romatschke, U., and R. A. Houze, Jr., 2010: Characteristics of precipitating 

convective systems in the South Asian monsoon. J. Hydrometeorol., in press. 

• Romatschke, U., and R. A. Houze, Jr., 2010: Characteristics of precipitating 

convective systems in the premonsoon season of South Asia. J. Hydrometeorol., 

submitted. (Revised in September 2010, minor revisions.) 

 In the first two publications (Chapter 2) the focus is on extreme forms of convection. 

Convective events which feature extreme vertically or horizontally extensive 

characteristics are identified and the conditions associated with their occurrence are 

investigated in the settings of the South Asian premonsoon and monsoon and the South 

American summer season. Extreme convective events are by definition outliers which 

contribute only a portion of the total precipitation. They are, however, the most robust 

manifestations of convective systems and therefore the conditions under which these 

systems occur are likely similar to those that facilitate the development of convective 

systems in general. 

To investigate the physical properties of not only subsamples of convective systems but 

also convective systems that are less extreme, and the conditions under which they 

                                                 
1
 The distance between the native TRMM pixels only increases in across track direction after the boost. 

Because of the higher altitude and the associated longer time required for one orbit, the distance between 

pixels in along track direction actually decreases to 4.25 km after the boost. 
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develop, a general assessment of all convective systems is given in the other two 

publications (Chapter 3). Not only are the characteristics and physical properties of 

convective systems investigated as well as the conditions under which they occur: the 

contribution of different types of convective systems to the overall precipitation is 

calculated in order to link convective systems to their hydrological impact. This 

investigation was carried out for the South Asian monsoon and premonsoon. A similar 

publication for systems in South America is currently in preparation but is not included in 

this dissertation since it has not been submitted at the time of this writing. 

In all four publications the ideas and goals were developed by me, under the 

mentorship of Professor Houze, with increasing independence for the later publications. 

The data processing methodology was developed and entirely carried out by me, although 

the methodology used in the first two publications is partly based on the methodology 

described by Houze et al. 2007. First drafts of all publications were written by me. 

Professor Houze (all publications) and Dr. Socorro Medina (first publication) collaborated 

on the interpretation of the results and assisted with the editing of the final versions of the 

publications. The degree of collaboration decreased with increasing number of publication.  

2. Extreme convection 

In South Asia and South America extreme forms of convection are observed. Zipser et 

al. (2006) show clustering of extremely deep convective systems in both regions, which are 

most likely associated with severe thunderstorms. Extremely deep convection and 

convection covering large areas are observed in both South Asia (e. g., Houze et al. 2007) 

and South America (e.g., Garstang et al. 1994). Extreme forms of convection in both, 

vertical and horizontal dimension are thus seen to have an important impact on the local 

weather and climate of these regions. This dissertation quantifies the occurrence of and 

investigates the mechanisms involved in the development of extreme forms of convection 

by identifying three types of radar echo structure in the TRMM PR dataset: 

• Deep convective cores are contiguous 3D radar echoes with reflectivity values ≥ 40 

dBZ, which have been classified as convective by the TRMM algorithm, reaching ≥ 

10 km in height. 

• Wide convective cores are contiguous 3D radar echoes with reflectivity values ≥ 40 

dBZ, which have been classified as convective by the TRMM algorithm, extending ≥ 

1.000 km
2
 in horizontal area. 

• Broad stratiform regions are contiguous 3D radar echoes, which have been classified 

as stratiform by the TRMM algorithm, extending ≥ 50.000 km
2
 in horizontal area. 

• The first category is likely associated with severe weather whereas the second and 

third categories include the convective and stratiform parts of mesoscale convective 

systems (MCSs), respectively (Houze 2004). MCSs are known to be major rain 

producers (Houze 1993) and therefore interesting from a severe weather as well as a 

hydrological point of view. 

2.1. Regional, seasonal, and diurnal variations of extreme 

convection in the South Asian region (first publication)
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ABSTRACT

Temporal and spatial variations of convection in South Asia are analyzed using eight years of Tropical

Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) data and NCEP reanalysis fields. To identify

the most extreme convective features, three types of radar echo structures are defined: deep convective cores

(contiguous 3D convective echo $40 dBZ extending $10 km in height) represent the most vertically pen-

etrative convection, wide convective cores (contiguous convective $40 dBZ echo over a horizontal area

$1000 km2) indicate wide regions of intense multicellular convection, and broad stratiform regions (strati-

form echo contiguous over an area $50 000 km2) mark the mesoscale convective systems that have de-

veloped the most robust stratiform regions.

The preferred locations of deep convective cores change markedly from India’s east coast in the pre-

monsoon to the western Himalayan foothills in the monsoon. They form preferentially in the evening and

over land as near-surface moist flow is capped by dry air aloft. Continental wide convective cores show

a similar behavior with an additional nocturnal peak during the monsoon along the Himalayan foothills that is

associated with convergence of downslope flow from the Himalayas with moist monsoonal winds at the

foothills. The oceanic wide convective cores have a relatively weak diurnal cycle with a midday maximum.

Convective systems exhibiting broad stratiform regions occur primarily in the rainiest season and regions—

during the monsoon, over the ocean upstream of coastal mountains. Their diurnal patterns are similar to those

of the wide convective cores.

1. Introduction

During the boreal late spring and summer, deep con-

vection occurs over South Asia (Fig. 1) in connection

with the premonsoon and monsoon seasons (Webster

et al. 1998). Some of the deepest intense convection in

the world occurs near the mountains of the arid north-

western part of the Subcontinent (Zipser et al. 2006).

This deep intense convection may occur as isolated cells

or as part of large mesoscale convective systems (MCSs).

Well-developed MCSs have both intense convective el-

ements and large stratiform components (Houze 2004).

Houze et al. (2007) found that the MCSs in South Asia

can develop extremely large stratiform regions, espe-

cially in the moist eastern part of the region where MCSs

are embedded in Bay of Bengal depressions (Houze and

Churchill 1987; Johnson and Houze 1987), which occur

as part of the intraseasonal oscillation (Webster 2006;

Hoyos and Webster 2007). Thus, the South Asian region

exhibits a range of extreme convective behaviors, from

deep convective towers to MCSs with extremely large

stratiform regions. This study examines the factors as-

sociated with the occurrence of the extreme forms of

convection in this region, with a particular focus on how

the spatial and temporal patterns of the extreme con-

vection relate to the complex terrain.

Knowledge of the details of the convection over the

South Asian region has been revolutionized by analysis

of data from the Tropical Rainfall Measuring Mission

(TRMM) satellite’s Precipitation Radar (PR). Using these

and other data, Barros et al. (2004), Hirose and Nakamura
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(2005), Kodama et al. (2005), Xie et al. (2006), Zipser

et al. (2006), and Houze et al. (2007) have analyzed

convection in this region. Zipser et al. (2006) docu-

mented the top heights of radar echoes, while Hirose

and Nakamura (2005) documented the horizontal radar

echo structures of convective storms in the region. Houze

et al. (2007) analyzed both vertical and horizontal struc-

tures of extreme convective entities and determined the

geographical locations of radar echo features containing

the deepest and widest intense convective cells and of

mesoscale systems developing the broadest stratiform

echo regions. These studies all suggest that mountainous

terrain has strong effects on the occurrence of the most

extreme forms of convection.

The precipitation of South Asia is highly convective,

and knowledge of the convective processes of the region

will aid in understanding climatological patterns of rain in

the region. However, understanding extreme convective

processes in the atmosphere is distinct from explaining

patterns and amounts of precipitation. For example, the

results of Zipser et al. (2006) show that the intense con-

vective elements reach their greatest heights in regions of

notably low overall rain accumulation. Our purpose in this

study is therefore not to explain precipitation amounts but

rather seek insight into the physical mechanisms lead-

ing to extreme forms of convection in the presence of

mountainous terrain. This insight will lead to better un-

derstanding of the physical processes that determine the

precipitation of the region. This paper builds upon the

studies of Hirose and Nakamura (2005) and Houze et al.

(2007) in relating the extreme convection in South Asia to

the detailed topography of the region. These studies did

not fully explore temporal variability, that is, the seasonal

transition from premonsoon to monsoon conditions or the

diurnal variability of specific forms of convection. The

objective of the present study is to determine how the

seasonal (premonsoon versus monsoon) and diurnal var-

iations of the large-scale flow combine with the complex

terrain to determine the structure and geographical pat-

terns of extreme forms of convection in South Asia. We

use and refine the methods of Houze et al. (2007) to

classify the three-dimensional (3D) morphology of the

convective radar echoes observed over South Asia by the

TRMM PR, and we composite global model reanalysis

data in relation to the patterns of different categories of

convective structure over the region.

2. Data and methods of analysis

a. Synoptic data

We employed National Centers for Environmental

Prediction (NCEP) reanalyses on a 2.58 3 2.58 grid

FIG. 1. Topography of the region of interest and relevant topographical features mentioned in the text.
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(Kalnay et al. 1996) to document the meteorological and

climatological conditions over the area of interest. Long-

term monthly data (1968–96) were used to create long-

term seasonal means. Daily and 4-times daily data were

used to create composite patterns. Vertical profiles ex-

tracted from the composite fields were used to create

composite soundings and vertical cross sections.

b. TRMM datasets

In this study, we use TRMM data (Kummerow et al.

1998, 2000) from March to September from 1999 to 2006

(i.e., 56 months) over the domain of interest (58–408N

and 608–1008E; Fig. 1). All products are from version 6.

Data from before and after the satellite boost, which

took place between 7 and 24 August 2001 and raised the

satellite from 350 to 403 km, are treated the same way.

The specific products used are

d level 2 PR product 2A25 (rainfall rate and profile;

Iguchi et al. 2000a,b), which provides the gridded, 3D,

and attenuation-corrected reflectivity factor;
d level 2 PR product 2A23 (rain characteristics; Awaka

et al. 1997), which provides the categorization of the

echo as convective, stratiform, or other—this product

is two-dimensional (2D) and does not have a vertical

dimension;
d level 3 product 3A25 (spaceborne radar rainfall;

Meneghini et al. 2001), which provides surface pre-

cipitation, number of radar gates with precipitation,

and total number of radar gates on a 0.58 3 0.58 hor-

izontal grid on a monthly basis. This product was used

to calculate monthly rainfall climatologies and to nor-

malize the number of radar echoes (see appendix A).

c. Processing of TRMM PR data

The 3D TRMM PR reflectivity data were inter-

polated, using the technique described in Houze et al.

(2007), from an irregular to a 3D geographic grid [lati-

tude, longitude, and height above mean sea level

(MSL)] of 0.058 3 0.058 (;5 km 3 5 km) resolution in

the horizontal and 0.25-km resolution in the vertical.

This interpolation allows us to easily view the data with

interactive visualization and analysis tools and to pro-

cess the 3D reflectivity data to extract individual radar

echo structures (i.e., radar echoes that satisfy specific

conditions). A detailed description of the processing of

TRMM PR data is given in appendix B. Different cat-

egories of echo structures were identified, as described

in the next subsection. The 3D TRMM echo database

presented in this study is similar to the one used in

Houze et al. (2007); however, this study covers a larger

geographical domain that extends over the Arabian Sea

and Bay of Bengal (Fig. 1), a greater number of years,

and includes the premonsoon season. An important

difference from Houze et al. (2007) is that in this study we

normalized the frequency of occurrence of echo struc-

tures to account for the fact that the TRMM sampling is

a function of latitude (see appendix A).

d. Definition of deep convective cores, wide
convective cores, and broad stratiform regions

A convective system typically contains a stratiform

and a convective component (Houze 1982, 1997, 2004).

In this study, we are interested in studying the extreme

occurrences of the convective and stratiform parts of

convective systems. Figure 2 illustrates the logical path-

way for identifying three types of echo structures that

characterize convective systems exhibiting extreme be-

havior. We use the TRMM PR product 2A23 to separate

radar echoes into convective and stratiform compo-

nents. Within the convective component, we focus on

the most extreme echo structures by identifying con-

vective cores, which are contiguous 3D echo volumes in

which all the grid points are classified as convective and

have reflectivity values $40 dBZ. Within the stratiform

component we identify contiguous 3D echo volumes

with all the grid points classified as stratiform but with-

out a reflectivity threshold applied. The three extreme

echo structure categories of interest are then defined as

follows:

d Deep convective cores are radar echo structures for

which the top heights of a contiguous convective

$40 dBZ echo volume equals or exceed 10 km (unless

otherwise stated, all heights are MSL). This category

captures the tallest convective cores, which are pro-

duced by young, vigorous convection with extremely

strong updrafts. Figure 3a shows the PR reflectivity of

FIG. 2. Logical pathway for identifying deep convective cores,

wide convective cores, and broad stratiform regions from TRMM

PR reflectivity data.
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a radar echo feature that contains a typical deep

convective core. The complete echo feature consists of

mostly convective pixels and a few stratiform ones

(yellow and green pixels, respectively, in Fig. 3b).

However, only the contiguous grid points that are

classified as convective and have reflectivity values

$40 dBZ are considered part of the convective core

echo structure. A vertical cross section along the red

line in Fig. 3a illustrates how narrow (;20 km) and

deep (;17 km) this core is (Fig. 3c).
d Wide convective cores are radar echo structures with

contiguous regions of convective $40 dBZ echo ex-

ceeding 1000 km2 when projected on a horizontal

plane. This category captures the most horizontally

expansive convective cores. Echo structures of this

category are often located within MCSs with large

convective areas. Figure 3d shows the PR reflectivity

of a radar echo feature that contains a wide convective

core. A cross section along the red line in Fig. 3d il-

lustrates the vertical structure of the wide convective

core, which consists of vertically erect echoes inter-

connected by high reflectivity echo (Fig. 3f). Given the

previously stated definitions, a core can potentially be

classified as both deep and wide. In our dataset this was

the case for 302 convective cores, which are conse-

quently included in both the deep and wide convective

core categories (see section 3 for total numbers of

radar echo structures in each category).
d Broad stratiform regions are contiguous stratiform

radar echoes exceeding 50 000 km2 in horizontal area

(Fig. 2). These features are usually located within MCSs

(Houze 2004). Figure 3g shows the PR reflectivity of

an echo feature that contains a broad stratiform re-

gion. This particular broad stratiform region was so

big that it was likely the result of the merging of sev-

eral MCSs (Williams and Houze 1987; Mapes and

Houze 1993). The complete feature consists of mostly

stratiform pixels and a few convective ones (green and

yellow pixels, respectively, in Fig. 3h). However, only

the contiguous grid points that are classified as strati-

form are considered part of the broad stratiform re-

gion echo structure. The vertical cross section in Fig. 3i

FIG. 3. TRMM PR fields containing (top) a deep convective core observed at 0941 UTC 7 Jun 2005, (middle) a wide convective core

observed at 0613 UTC 13 May 2006, and (bottom) a broad stratiform region observed at 1025 UTC 16 Jun 2002. (left) Horizontal cross

sections of reflectivity at (a) 3, (d) 3, and (g) 4.5 km. (middle) The rain type from the TRMM 2A23 algorithm where yellow indicates

convective and green depicts stratiform. (right) Vertical cross sections of reflectivity through the red lines shown in the corresponding left

column panels. Gray and blue shading in the left and middle columns indicate land and ocean, respectively. Note that widely different

horizontal scales were used in each panel.
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is taken along the red line in Fig. 3g. This line crosses

mostly stratiform radar echo (green in Fig. 3h) and

a few weak convective pixels (yellow in Fig. 3h). In the

cross section of Fig. 3i, these pixels have the character

of embedded vertically oriented cells, but they are

small, weak, and not very tall and do not qualify as

deep convective cores. Oceanic tropical convection off

the coast of West Africa has been seen to have a sim-

ilar structure (Schumacher and Houze 2006). As they

concluded, the weaker cells similar to those seen in the

cross section Fig. 3i have the appearance of having

been more active earlier and weakened to become

more stratiform in character, in the manner discussed

by Houze (1997). In a companion modeling study,

Medina et al. (2009, manuscript submitted to Quart.

J. Roy. Meteor. Soc.) discuss a model simulation of a

broad stratiform region that shows that the stratiform

precipitation does form from weakening convection.

3. Overall frequency of occurrence of radar
echo structures

Table 1 shows the total number of radar echo struc-

tures in each category defined in section 2d and sampled

by TRMM PR for the entire period of analysis, during

the premonsoon and monsoon seasons, and during each

calendar month. The statistics are given for the whole

domain (Fig. 1) and are also divided according to type of

underlying surface (i.e., ocean or land). Deep and wide

convective cores reach a maximum in May (i.e., at the

end of the premonsoon season). Broad stratiform re-

gions occur primarily during the monsoon months, par-

ticularly in June and July. The maximum occurrence

of broad stratiform regions during the earlier part of

the monsoon season is consistent with the findings by

Zuidema (2003), who analyzed satellite infrared imag-

ery and found the largest cloud clusters at the onset of

the monsoon. Deep convective cores occur almost ex-

clusively over land. Wide convective cores also have a

preference for land regions, whereas mesoscale systems

with broad stratiform regions occur most frequently over

the ocean.

4. Premonsoon season

a. Synoptic climatology

The premonsoon season in South Asia is generally

considered to be the March–May time period. The

surface specific humidity is very low over most of the

Indian Subcontinent (Fig. 4a), the exception being near

Bangladesh (Fig. 1), where near-surface specific humidity

values reach ;12 g kg21. A region of strong specific

humidity gradient approximately follows the coast, sep-

arating moist maritime air to the south from dry conti-

nental air to the north (Fig. 4a). The surface moisture

content is low over the Hindu Kush Mountains and

the Tibetan Plateau (Figs. 4a and 1). At 700 mb the area

of maximum moisture extends across the southeastern

Indian Peninsula (Fig. 4c). At 500 mb strong west-

northwesterlies bring low moisture content air from the

elevated terrain of Iran and Afghanistan (Fig. 1) over

the northern parts of the Indian Peninsula (Fig. 4e). At

upper levels, there is a strong westerly jet extending

northward of ;208N (Fig. 4g).

b. Deep convective cores

Figure 5 shows the geographical distribution of the

probability of occurrence of radar echo structures in each

of the categories defined in section 2d for the premonsoon

and the monsoon seasons. The specific details of the

probability calculation used in this and subsequent fig-

ures are given in appendix A. In the premonsoon deep

convective core, echoes form preferentially along the

east coast of the Indian Peninsula (Fig. 5a), both over

the high terrain of the Chota Nagpur Plateau and north-

ern Eastern Ghats and over the flat and moist Ganges

Delta (Fig. 1). These regions are also characterized by

TABLE 1. Number of echo structures observed in each category using 8 years of TRMM data.

Deep convective cores Wide convective cores Broad stratiform regions

Total Land Ocean Total Land Ocean Total Land Ocean

Total 2077 2003 74 2380 1469 911 578 211 367

Premonsoon 847 795 52 889 597 292 102 46 56

Monsoon 1230 1208 22 1491 872 619 476 165 311

March 49 49 0 89 69 20 9 7 2

April 248 242 6 248 205 43 15 11 4

May 550 504 46 552 323 229 78 28 50

June 360 348 12 522 287 235 141 36 105

July 404 400 4 420 258 162 141 59 82

August 272 268 4 262 145 117 106 38 68

September 194 192 2 287 182 105 88 32 56
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FIG. 4. NCEP climatology of specific humidity (g kg21) and winds (m s21) at (a),(b) surface level; (c),(d)

700 mb; (e),(f) 500 mb; and (g),(h) 200 mb (the specific humidity is not available at this level). (left) The

premonsoon months (March–May); (right) the monsoon months (June–September). The orography is

shown in gray shading, as in Fig. 1. Data points intersecting the terrain are excluded.
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a maximum in lightning activity during the premonsoon

(Kodama et al. 2005).

The deep convection over the region of the Ganges

Delta has been the subject of several previous studies.

Weston (1972) pointed out that the premonsoon storms

in this region are among the tallest and most severe

anywhere in the world, with cumulonimbus tops reach-

ing 20 km. Weston (1972) suggested that premonsoon

deep convection is favored near the region of low-level

moisture gradients (Fig. 4a), which he referred to as a

dryline, analogous to the dryline associated with severe

storm outbreaks in the United States (Carlson et al.

1983; Bluestein 1993, p. 282). He further suggested that

the dry warm continental air caps the low-level moist

air. Yamane and Hayashi (2006) further found that the

premonsoonal South Asian dryline region is characterized

by large static instability and vertical wind shear of the

type that favors severe thunderstorms (Weisman and

FIG. 5. Geographical distribution of the probability of finding (a),(b) a deep convective core; (c),(d) a wide convective core; and (e),(f)

a broad stratiform region during the (left) premonsoon and (right) monsoon. Orographic contours of 0.3, 1.5, and 3 km are shown in black.

Note the different color scales.
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Klemp 1984) and/or squall lines (Rotunno et al. 1988).

Indeed, Rafiuddin et al. (2009) frequently found arc-

shaped MCS over Bangladesh during the premonsoon in

ground-based radar data.

In this section, we examine the climatology of extreme

convection seen by the TRMM PR in the premonsoon.

We analyzed individual occurrences of deep convective

cores over the Ganges Delta and found that the associ-

ated soundings (not shown) confirm high values of con-

vective available potential energy (CAPE), strong 500-mb

flow, and shear during most of the cases. However, the

radar echoes tend to be vertically erect and do not show

a large degree of mesoscale organization, as only some

of the cases exhibit line organization.

Similar to the Ganges deep convective cores, the cores

over the high terrain of the Chota Nagpur Plateau and

northern Eastern Ghats show amorphous convection

and vertically erect cores without tilt. The shear ob-

served around the times when deep convective cores are

seen over the elevated terrain is weak. Often there is a

strong 500-mb jet, as seen in the climatology (Fig. 4e),

but this jet is located to the north of the area of interest.

A composite analysis of NCEP reanalysis daily data for

the 54 premonsoon days when deep convective cores

occurred within box 1 of Fig. 1 between noon and

midnight (the time period with their maximum occur-

rence; section 6a) shows strong similarities to the sea-

sonal climatology (Fig. 4) and therefore is not shown. It

suggests that the synoptic conditions that favor the

occurrence of deep convective cores over the high

terrain of the Chota Nagpur Plateau and northern

Eastern Ghats are high CAPE (Fig. 3a of Roy Bhowmik

et al. 2008) and large moisture amount at 700 mb

(exceeding the climatological values shown in Fig. 4c

by ;1 g kg21 over the Chota Nagpur Plateau). Diurnal

heating also plays an important role in triggering deep

convective cores, as will be shown in section 6a. In

previous studies of premonsoon convection, Webster

et al. (2002, their Fig. 4), Zuidema (2003, her Fig. 12),1

and Houze (2004, his Fig. 34) have shown that intense

convection tends to form during the afternoon over the

Eastern Ghats and subsequently evolve into larger long-

lived mesoscale systems that propagate out over the Bay

of Bengal. Heating over land likely drives a strong sea

breeze that provides moisture and causes convergence

over the Chota Nagpur Plateau and the northern East-

ern Ghats.

To understand how convection is triggered over the

high terrain, we extracted data from a composite at

1200 UTC [;1730 mean solar time (MST)] (left column

of Fig. 6) for the same days with deep convective cores

observed in box 1 mentioned above. Figure 6a contains

a sounding at the location of the white diamond in Fig. 1.

Figures 6c,e show cross sections along line 1 in Fig. 1.

Figure 6a shows relatively moist and conditionally un-

stable flow below 700 mb overlaid by very dry and ab-

solutely stable air above. The dry continental upper-level

air is also seen clearly in the premonsoon climatological

mean (Fig. 4e). The moist flow is concentrated offshore

the eastern Indian coast (Fig. 6c), in the region of south-

erly flow (Fig. 6e), with drier air immediately to the west

and overrunning the moist low-level air. The near-surface

air would reach saturation and become buoyant if lifted

to ;820 mb (Fig. 6a). We speculate that convergence

and orographic lifting over the Eastern Ghats and the

Chota Nagpur Plateau are enough to release the po-

tential instability of the flow.

c. Wide convective cores

During the premonsoon season, wide convective core

echoes are primarily found over the Khasi Hills, the

Ganges Delta, and the Bay of Bengal (Figs. 5c and 1).

Some of the systems over the Bay of Bengal may have

their origins as convection forced diurnally over the

Eastern Ghats, as noted in the preceding subsection. A

composite of the daily mean geopotential height at 700 mb

for the days when wide convective cores occurred over

the Bay of Bengal shows that there is an anomalous low

pressure center located over the Bay (not shown), sug-

gesting that some oceanic wide convective cores may

form in connection with Bay of Bengal depressions

(Houze and Churchill 1987).

d. Broad stratiform regions

During the premonsoon the total number of broad

stratiform region echoes is small compared to the number

of deep and wide convective cores (Table 1). However,

because the broad stratiform regions are so extensive,

their ranges of probability exceed those of the deep and

wide convective cores (Fig. 5). The maximum proba-

bility of broad stratiform regions occurrence is seen over

the Bay of Bengal, the Arabian Sea, and the eastern side

of the Himalayan foothills (Fig. 5e). A composite anal-

ysis of the meteorological conditions on the days when

broad stratiform regions are observed over the Bay of

Bengal shows results similar to those obtained for the

wide convective cores, namely, that there is an anoma-

lous low pressure center located over the Bay of Bengal

(not shown). Hence (as in the monsoon season, section

5d below), the broad stratiform regions tend to form in

association with Bay of Bengal depressions.

1 Zuidema (2003) covers the months of May to September and

hence contains a mixture of premonsoon and monsoon systems.
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FIG. 6. (a),(b) Soundings and vertical cross sections of (c),(d) specific humidity (g kg21) and (e),(f) meridional wind (m s21) extracted

from NCEP reanalysis 1200 UTC (;1730 MST) composites. The composites were constructed for days when deep convective cores

occurred from 0630 to 1830 UTC (;1200 to ;0000 MST) within (left) box 1 during the premonsoon and (right) box 2 during the monsoon.

See Fig. 1 for locations of boxes, soundings, and cross sections. Soundings are extracted at (a) 858E and 208N (diamond) and (b) 72.58E and

308N (circle). Cross sections are taken along (c),(e) line 1 and (d),(f) line 2. Gray lines in (a) and (b) show temperature (thick solid),

potential temperature (thin solid), saturation mixing ratio (dashed), and saturation equivalent potential temperature (dotted). Data points

intersecting the terrain are excluded from the cross sections (c)–(f).
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5. Monsoon season

a. Synoptic climatology

During the transition from the premonsoon to the

monsoon, sharp changes occur in the moisture and flow

patterns. When the monsoon is established, low-level

moisture originating from both the Arabian Sea and the

Bay of Bengal penetrates into central India and to the

Himalayan foothills (Fig. 4b). The region of strong near-

surface moisture gradients located along the coastal re-

gions of the subcontinent during the premonsoon moves

northward during the monsoon, becoming aligned with

the Himalayan foothills (cf. Figs. 4a,b). The low-level

moisture increases over the Tibetan Plateau but remains

relatively low over the Hindu Kush Mountains (cf. Figs.

4a,b and 1). At 700 mb, the moisture content increases

over the whole domain and westerly winds are estab-

lished to the south of the Arabian Sea and the Bay of

Bengal (cf. Figs. 4c,d). The strong west-northwesterly

500-mb level winds that brought low moisture content

air over the Indian Peninsula during the premonsoon

weaken during the monsoon and become northerly over

southern Pakistan and the northern Arabian Sea (cf.

Figs. 4e,f). At upper levels, the westerly jet stream

moves northward, placing its southernmost edge at

;308N (cf. Figs. 4g,h).

b. Deep convective cores

Consistent with Houze et al. (2007), we find that deep

convective core echoes during the monsoon season form

preferentially in what we will call the western Himalayan

indentation (Fig. 5b), which is the terrain indentation

between the Karakoram and Hindu Kush Mountains

(Fig. 1). This region is also characterized by a maximum

in lightning activity during the monsoon months (Barros

et al. 2004; Kodama et al. 2005). The global study by

Zipser et al. (2006) shows that the echo cores observed

in the western terrain indentation of the Indian Sub-

continent are among the deepest anywhere in the world.

The location of maximum occurrence of deep convec-

tive cores in the western Himalayan indentation marks

a radical change from the premonsoon, when these deep

cores occur primarily on the east coast of the Indian

Peninsula (cf. Figs. 5a,b). Again, the area of maximum

occurrence of deep convective cores is located in a re-

gion of large near-surface moisture gradients; however,

during the monsoon the strong moisture gradients are

located much farther inland, along the foothills of the

Himalayas, Karakoram, and Hindu Kush Mountains

(Fig. 4b). As was the case during the premonsoon sea-

son, the region of frequent occurrence of deep convec-

tive cores coincides with the southernmost extension of

the upper-level westerly jet, which migrates northward

in the transition from premonsoon to monsoon seasons

(cf. Figs. 4g,h). Sawyer (1947) and Houze et al. (2007)

have suggested that the deep convective cores in the

western Himalayan region occur when moist low-level

flow from the Arabian Sea is capped by dry westerly or

northwesterly midlevel flow coming down from higher

terrain. As the low-level flow impinges on foothills of

the mountain ranges, it is orographically lifted to break

through the stable layer and release its instability, form-

ing deep convection. As during the premonsoon, the

conditions are similar to those leading to deep convec-

tion over the U.S. Great Plains (Carlson et al. 1983).

As mentioned in section 4b, deep convective cores

mainly occur between noon and midnight (section 6a),

suggesting that diurnal heating is key in their trigger-

ing. Houze et al. (2007) suggested that, as the low-level

flow moves over the Thar Desert, it acquires additional

buoyancy via sensible heat fluxes. During the monsoon,

the diurnal cycle of surface flux of sensible heat has a

very large amplitude over this area (Medina et al. 2009,

manuscript submitted to Quart. J. Roy. Meteor. Soc.). We

performed a composite of the 1200 UTC (;1730 MST)

NCEP analyses fields for the 137 monsoon days when

deep convective cores were observed within the domain

indicated by box 2 in Fig. 1 between noon and midnight.

The composite fields are very similar to the monsoon

climatology in Fig. 4b and therefore not shown. The

right column of Fig. 6 shows the vertical structure of data

extracted from the composite fields. Figure 6b contains

a sounding at the location of the white circle in Fig. 1.

Figures 6d,f show cross sections along line 2 in Fig. 1.

Figure 6b indicates that there is relatively moist and

conditionally unstable air below 600 mb overlain by drier

and absolutely stable air above. Moist low-level south-

erly flow, originating from the Arabian Sea, is overrun

by dry northwesterly winds above ;600 mb (Fig. 6b),

which apparently descended from the Afghan mountains,

in accordance with what was found by Sawyer (1947) and

Houze et al. (2007). The near-surface air would reach sat-

uration and become buoyant if lifted to ;800 mb (Fig. 6b).

The terrain in the region of the western Himalayan in-

dentation, where deep convective cores are most fre-

quent (Fig. 5b), has peaks that are high enough to

orographically lift the low-level flow to this level.

In contrast to the premonsoon (Fig. 5a), a few isolated

deep convective cores are observed over the Tibetan

Plateau during the monsoon (Fig. 5b). Although in both

seasons the low-level flow is convergent over the plateau

(especially during the daytime), the moisture content of

the atmosphere is extremely low during the premonsoon

(Figs. 4a,b). The total depth of the monsoonal deep con-

vective cores over the Tibetan Plateau, whose elevation is

;5 km, is smaller than that of the cores observed over

428 J O U R N A L O F C L I M A T E VOLUME 23



lower terrain. However, it is nonetheless notable that

cores of $40 dBZ echo can reach up to 10 km in height

in this region of relatively low moisture. The deep con-

vective cores near the Chota Nagpur Plateau (Figs. 5b

and 1) occur almost exclusively in June and are therefore

most likely associated with conditions similar to those

observed during the premonsoon season (section 4b).

c. Wide convective cores

During the monsoon season, wide convective core

echoes occur with high frequency along the Himalayan

foothills, over the Khasi Hills, and over the Bay of

Bengal (Figs. 5d and 1). A local maximum occurs in the

region of the western indentation of the Himalayan re-

gion. However, the maximum in the western indentation

region is not as prominent as suggested by Houze et al.

(2007), possibly because their dataset was not normal-

ized to account for the latitude-dependent sampling

frequency of TRMM (see appendix A).

Houze et al. (2007) suggested that wide convective

cores in the western Himalayan indentation form under

similar conditions as deep convective cores. Medina

et al. (2009, manuscript submitted to Quart. J. Roy.

Meteor. Soc.) analyzed a mesoscale simulation of a typ-

ical monsoon mesoscale convective system containing

a wide convective core observed by TRMM PR on

3 September 2003 in the western Himalayan indentation.

The simulation confirms the hypotheses of Houze et al.

(2007) regarding the important role that the terrain and

land surface play in the formation of intense convection

in this region. Medina et al. (2009, manuscript submitted

to Quart. J. Roy. Meteor. Soc.) show that the wide con-

vective cores form as moist low-level flow originating

from the Arabian Sea makes landfall and moves over

the hot Thar Desert, increasing further the instability

of the flow because of high surface fluxes of sensible

heat. The western indentation of the terrain prevents the

low-level flow from continuing to move northward and

allows low-level moisture and buoyancy to build up. As

suggested by Sawyer (1947) and Houze et al. (2007), an

elevated layer of dry and warm air from the Afghan

mountains caps the low-level flow and prevents the re-

lease of convection upstream of the Himalayas. The

model results described by Medina et al. (2009, manu-

script submitted to Quart. J. Roy. Meteor. Soc.) show that

the convection is triggered as the low-level flow is forced

over small peaks of the foothill terrain (,0.5 km).

Outside the western indentation region, there are two

additional zones favoring wide convective core occur-

rence (Fig. 5d). One is an elongated maximum of wide

convective core occurrence along the central portion of

the Himalayan foothills. The other zone is the Bay of

Bengal. These additional maxima of wide convective

core occurrence are due to processes distinct from those

occurring in the western indentation region. The elon-

gated maximum along the central Himalayas is associ-

ated with nocturnal triggering of convection, which will

be discussed in section 6b. The occurrence of wide con-

vective cores over the Bay of Bengal appears to be closely

related to the occurrence of mesoscale convective sys-

tems with broad stratiform regions, as will be discussed in

the next subsection.

d. Broad stratiform regions

During the monsoon, broad stratiform region echoes

occur more frequently than in the premonsoon season

(Table 1). The frequency of occurrence of convective

systems containing broad stratiform regions during the

monsoon months is maximum over the eastern side of

the Bay of Bengal (Fig. 5f). Broad stratiform regions are

also observed, although with less frequency, over the

eastern part of the Arabian Sea. This result is consistent

with the findings of Hirose and Nakamura (2005), which

showed that the horizontal dimensions of the precip-

itating systems observed over the Arabian Sea tend to be

smaller than those of the systems observed over the Bay

of Bengal. Another region where broad stratiform re-

gions are observed is the northern part of the Eastern

Ghats (Figs. 5f and 1).

A composite analysis of the 184 days when broad

stratiform regions occurred over the Bay of Bengal (box

3 in Fig. 1) indicates that there is a low pressure system

centered near the Chota Nagpur Plateau (Fig. 7a). Com-

paring this composite field with the monsoon climatol-

ogy reveals that the 700-mb geopotential heights are

anomalously low over the Bay of Bengal (Fig. 7b),

indicating that the broad stratiform regions occur in

association with transient Bay of Bengal depressions.

Radar echoes of broad stratiform regions of this type were

observed by aircraft flying through the mesoscale rain

areas of a Bay of Bengal depression during the Summer

Monsoon Experiment (MONEX) of 1979 (Houze and

Churchill 1987; Johnson and Houze 1987). Houze et al.

(2007) found that the broad stratiform regions seen by

the TRMM PR were consistently associated with Bay of

Bengal depressions. Medina et al. (2009, manuscript

submitted to Quart. J. Roy. Meteor. Soc.) conducted

a detailed numerical study of a convective system pro-

ducing a broad stratiform region observed on 11 August

2002 in connection with a Bay of Bengal depression.

They found that the Bay of Bengal depression provided

stronger-than-average low-level flow that extracted

moisture from the Bay of Bengal. When the flow made

landfall and moved over the Ganges Delta (Fig. 1), ad-

ditional moisture was extracted from the underlying

land. The eastern Himalayan indentation prevented the
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low-level flow from continuing to move northward and

allowed the moisture to build up upstream of the terrain.

Convection was triggered as the conditionally unstable

low-level flow was lifted upstream and over the Hima-

layan foothills and Khasi Hills. As the convective system

aged, the echoes weakened, merged, became more

widespread and stratiform, and evolved into MCSs with

convective and very large stratiform areas. The MCSs

were advected downstream, farther into the eastern Hi-

malayan indentation, where orographic lifting enhanced

the stratiform component of the MCS.

6. Diurnal cycle

Figure 8 shows the diurnal cycles of frequency of oc-

currence of the radar echo structures defined in section

2d during both the premonsoon and the monsoon sea-

son. The TRMM PR dataset used, extending over a pe-

riod of 8 years, provides a well-sampled diurnal cycle

over the region of interest (Hirose et al. 2008). As rec-

ommended by Negri et al. (2002), we applied a 4-hour

running mean to the diurnal cycle of frequency of oc-

currence of echo structures to minimize noise. The fre-

quencies of occurrence of echo structures in Fig. 8 were

not normalized to account for the latitude-dependent

TRMM sampling since, for the most part, we were not

interested in the spatial differences in the diurnal cycle.

One exception was the separation into land and ocean

echo structures (sections 6b and 6c).

a. Deep convective cores

Deep convective core echoes over land occur almost

exclusively between noon and midnight (Fig. 8a) in as-

sociation with solar heating of the land surface. A similar

diurnal cycle has been documented over Tibet (Barros

et al. 2004; Hirose and Nakamura 2005; Kurosaki and

Kimura 2002), over land areas in South Asia (Gambheer

and Bhat 2001; Nesbitt and Zipser 2003; Liu and Zipser

2008), and generally over the landmasses of the tropics

(Zipser et al. 2006). The number of deep convective cores

over the ocean is too small to provide meaningful in-

formation regarding the diurnal cycle (Fig. 8b).

b. Wide convective cores and broad stratiform
regions over land

The diurnal cycle of frequency of occurrence of wide

convective core echoes over land experiences changes

from premonsoon to monsoon seasons. During the pre-

monsoon, it has an evening peak (Fig. 8c), similar to that

of the deep convective cores (Fig. 8a) but weaker. During

the monsoon, the occurrence of wide convective cores

over land has a bimodal distribution with one maximum

in the evening and a second peak between midnight and

early morning (Fig. 8c). Both the premonsoon and the

monsoon broad stratiform region echoes observed over

land have a bimodal diurnal cycle (Fig. 8e); however, the

evening peak is much weaker and not statistically sig-

nificant. Note also that the number of broad stratiform

regions in the premonsoon is too small for a serious in-

terpretation. Again, the wide convective cores and broad

stratiform regions, especially during the late night and

early morning of the monsoon season, appear to vary

together, suggesting they are both part of large MCSs,

which exhibit similar spatial and temporal variability.

To try to understand the bimodal diurnal cycle observed

during the monsoon, we analyze further the most robust

dataset that displays this signal: the wide convective cores

over land (Fig. 8c). Figure 9 shows that there are marked

differences in the geographical distribution of wide con-

vective cores observed between midnight and noon

FIG. 7. (a) Composite of NCEP reanalysis 700-mb geopotential

height (m) for days when monsoon broad stratiform regions oc-

curred over the Bay of Bengal (box 3 in Fig. 1). (b) Anomaly (m)

[i.e., composite in (a) minus monsoon climatology].
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(0000–1200 MST; Fig. 9a) from those observed between

noon and midnight (1200–0000 MST; Fig. 9b). While

wide convective cores cluster along the Himalayan foot-

hills in the 0000–1200 MST period, in the 1200–0000 MST

period they are more evenly distributed over the whole

subcontinent (Figs. 9a and 9b, respectively). The mid-

night-to-morning peak in the occurrence of the wide

convective cores (as opposed to other types of radar echo

FIG. 8. Diurnal cycles of the frequency of occurrence of premonsoon (dashed lines with triangles) and monsoon (solid lines with circles)

(a),(b) deep convective cores; (c),(d) wide convective cores; and (e),(f) broad stratiform regions (left) over land and (right) over ocean. The

number of radar echo structures observed in each category is shown in parentheses. The frequency was calculated separately for each category.
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structure) indicates a specific phenomenon to explain

Kikuchi and Wang’s (2008) recent finding of a nighttime

precipitation maximum along the Himalayan foothills.

To understand the clustering of the wide convective

cores in the midnight to morning hours, we conducted

a composite analysis of the NCEP reanalysis fields for

the 150 days when wide convective cores were observed

between 0000 and 1200 MST along the Himalayan foot-

hills (box 4 in Fig. 1). Figure 10 shows the composite near-

surface winds at 6-h intervals. The near-surface winds

along the Himalayan foothills switch from upslope during

the day (Figs. 10a,b) to downslope around midnight and

early morning (Figs. 10c,d). This change in wind direction

has been observed in field experiments conducted at the

Himalayan foothills (e.g., Egger et al. 2000; Barros and

Lang 2003). The downslope flow during the night is

driven by radiative cooling of the elevated terrain. We

suggest that extreme convection in these cases is triggered

over the Gangetic Plain along the Himalayan foothills as

the downslope flow generated by cooling over high ter-

rain converges with the monsoon flow. Density-current

outflow from precipitating systems may strengthen this

effect by also converging with the downslope flow and/or

the monsoon flow. Although this type of downslope flow

also occurs during the premonsoon season (not shown),

the prevailing winds over the Indian Subcontinent are

dry and far from saturation; hence, there is no wide

convective core maximum observed during this season

between midnight and early morning. These findings sug-

gest that MCSs similar to those whose most extreme forms

contain wide convective cores play an important role in

the monsoon nighttime precipitation maximum along

the foothills of the Himalayas that has been documented

in several monsoon studies (Barros et al. 2000; Barros

and Lang 2003; Bhatt and Nakamura 2005, 2006; Hirose

and Nakamura 2005; Hirose et al. 2008; Kikuchi and

Wang 2008).

c. Wide convective cores and broad stratiform
regions over ocean

The oceanic wide convective cores and broad strati-

form regions both exhibit a broad midday maximum

(Figs. 8d and 8f, respectively). Their diurnal cycles are

similar to each other, suggesting again that there is a

close relationship between wide convective cores and

broad stratiform regions, in this case over the ocean, both

probably being components of large MCSs. The midday

maximum of broad stratiform regions over oceans is con-

sistent with the midday maximum of large cold cloud

tops seen over tropical oceans in infrared satellite im-

agery (e.g., Williams and Houze 1987; Chen et al. 1994;

Zuidema 2003; Liu and Zipser 2008).

7. Relationship of extreme convection to
precipitation

This paper aims to understand the factors controlling

the occurrence of extreme forms of convection in the

South Asian region. The categories of radar echo de-

fined in section 2d identify convection characterized by

rare but significant convective and/or stratiform radar

echo structure. As infrequent outliers in the overall spec-

trum of convective clouds they do not contribute signifi-

cantly to the rainfall climatology. However, by comparing

the spatial and temporal patterns of occurrence of ex-

treme convective forms to the climatology of rainfall in

South Asia we can determine which of the extreme forms

of convection occur in rainy regions and which occur in

relatively dry regions. Zipser et al. (2006) showed that

vertically extensive convective cells (corresponding to

our deep convective cores) tend to occur in dry regions.

Since we have defined three very different categories of

extreme convective behaviors, we are able to further

infer whether extreme convective systems defined by

FIG. 9. As in Fig. 5 but for land wide convective cores observed

during the monsoon from (a) 1830 to 0630 UTC (;0000 to ;1200

MST) and (b) 0630 to 1830 UTC (;1200 to 0000 MST).
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extreme characteristics in the horizontal sense (wide

convective cores and broad stratiform regions) occur in

rainy or dry regions. The spatial correspondence or non-

correspondence of extreme convective phenomena to

climatological precipitation patterns should deepen un-

derstanding of the conditions leading both the extreme

convection and to precipitation.

a. Premonsoon extreme convection

Figure 11 shows the monthly climatological precipi-

tation over South Asia from April to September. In the

premonsoon season (March–May) the precipitation is

generally weak. In March it is almost nonexistent and

therefore not shown in Fig. 11. Precipitation in the

premonsoon occurs over the land areas near Bangladesh

(Fig. 1) and northeast India in March–April (Fig. 11a)

and over oceanic regions in May (Fig. 11b). Zipser et al.

(2006) pointed out that often the occurrence of high

climatological rainfall is uncorrelated with the maxi-

mum frequency of intense or severe convection. How-

ever, when it does rain, the instantaneous rain rates are

very high in these regions. As found by Zipser et al.

(2006), the spatial pattern of deep convective cores

(Fig. 5a) does not correspond strongly to the precipitation

pattern. The spatial distribution of wide convective cores

(Fig. 5c), however, corresponds roughly to the clima-

tological rainfall of the premonsoon season shown in

Figs. 11a,b. The absolute maximum in the frequency of

occurrence of wide convective cores (Fig. 5c) is over the

southern slope of the Khasi Hills (Fig. 1) and coincides

with a precipitation maximum (Figs. 11a,b). The spatial

distribution of broad stratiform regions (Fig. 5e) corre-

sponds well to the overall premonsoon precipitation

pattern (Figs. 11a,b). The broad stratiform regions, as

well as the wide convective cores, are probably both

symptomatic of the occurrence of robust MCSs, which are

known to be major rain producers (Houze and Cheng

1977; Fritsch et al. 1986; Houze 1993, p. 337; Ashley et al.

2003). As we only analyze the wide convective cores and

broad stratiform regions associated with the most ex-

treme MCSs, a quantitative connection with the observed

precipitation is not suitable. However, the similarity of

FIG. 10. Composite NCEP reanalysis fields for days when monsoon wide convective cores occurred along the

Himalayan foothills (box 4 in Fig. 1) from 1830 to 0630 UTC (;0000 to ;1200 MST). The panels show 6-hourly

composites of surface winds at (a) 0600 UTC (;1130 MST), (b) 1200 UTC (;1730 MST), (c) 1800 UTC (;2330 MST),

and (d) 0000 UTC (;0530 MST).
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their distribution with the precipitation pattern indicates

that the conditions investigated in this study under which

these extreme MCSs develop favor the development of

major, but less extreme, rain-producing MCSs, which

likely are quantitatively associated with the observed

precipitation.

b. Monsoonal extreme convection

With the monsoon onset in June, the precipitation

increases sharply and exhibits clear maxima upstream of

the Western Ghats of India and the mountains of

Myanmar (Fig. 1) where the strong southwesterly

FIG. 11. Monthly precipitation climatology constructed using TRMM 3A25 monthly means from 1999 to 2006 on a 0.58 3 0.58 grid for

(a) April, (b) May, (c) June, (d) July, (e) August, and (f) September. Orographic contours as in Fig. 5.
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monsoonal surface winds impinge on the near coastal

ranges (Figs. 11c–e; Xie et al. 2006; Hoyos and Webster

2007). The precipitation decreases slightly in August

(Fig. 11e), followed by a sharp decrease in September as

the end of the monsoon approaches (Fig. 11f). The

southern slopes of the Khasi Hills, where one of the

wettest places on earth is found (Cherrapunji at 25.38N,

91.78E; Xie et al. 2006), are characterized by a local

maximum of precipitation throughout April–September

(Fig. 11).

As in the premonsoon, the area of peak occurrence of

deep convective cores (Fig. 5b) coincides with a region

of low climatological precipitation (Figs. 11c–f). This

behavior is expected from the analyses of Zipser et al.

(2006) and Hirose and Nakamura (2002). However, as

has been pointed out by the latter authors, the western

indentation of the Himalayas (identified as ‘‘Punjab’’ in

their Fig. 2c) is characterized by extremely high condi-

tional rainfall rates; that is, when it does rain, the rainfall

rates tend to be very high. Again the areas of frequent

occurrence of wide convective cores (Fig. 5d) coincide

with maxima of climatological rainfall, especially over

land in July and August (Figs. 11d,e; see also Anders

et al. 2006). The spatial distribution of broad stratiform

regions (Fig. 5f) is in general very similar to the monsoon

rainfall distribution (Figs. 11c–e). The minimum in pre-

cipitation observed to the north and west of Sri Lanka

(Figs. 11c–f) coincides with a minimum in the occurrence

of broad stratiform regions (Fig. 5f).

The specific broad stratiform regions included in the

present study cannot, by themselves, account for a large

proportion of the total rain over South Asia, since they

are by definition extreme outlier cases. However, the

spatial correspondence between their distribution and

the maximum of rain accumulation plus the juxtaposi-

tion of the maxima with the mountains suggest that

orographically influenced large MCSs are the primary

producers of precipitation in the Bay of Bengal, Arabian

Sea, and surrounding areas during the monsoon.

Explaining precipitation accumulation by storm type

is a problem beyond the scope of the present study. A

more comprehensive census that identifies categories of

moderate and weaker forms of convection, in addition

to the extreme outliers considered here, would be re-

quired to provide an accounting of all the precipitation

in South Asia by storm type. The analysis of ground-

based radar data by Rafiuddin et al. (2009) suggests that

a considerable percentage of the long-lasting (.3 h)

MCSs that form over Bangladesh during the monsoon

are ‘‘scattered-type precipitation systems with wide ar-

eal coverage’’ (SWACs). These systems are so large that

they extend outside the radar range. Rafiuddin et al.

(2009) state that SWACs have low rain rates but ‘‘con-

tribute a large amount of the accumulated rain during

the monsoon period’’ because of their large extent, slow

propagation speed, and long life time. Their results in-

dicate that the more moderate systems indeed are im-

portant contributors to the overall rain amount. Together

with our study of extreme systems, their results suggest

that a census of the full spectrum of radar echo types is

a worthy subject of further investigation. We are pres-

ently undertaking such a comprehensive census to be

able to account for the precipitation accumulation.

8. Conclusions

This study has revealed the temporal and spatial

variability of the extreme forms of convection that occur

over South Asia. Using 8 years of the TRMM PR data,

we have identified three different metrics of extreme

convective behavior:

d deep convective cores (contiguous volume of convec-

tive radar echo $40 dBZ in intensity extending up-

ward to a height $10 km), which indicate convection

of extreme vertical dimension;
d wide convective cores (contiguous convective radar

echo $40 dBZ covering a horizontal area $1000 km2),

which indicate mesoscale groupings of very intense con-

vective cells; and
d broad stratiform regions (contiguous stratiform radar

echo covering a horizontal area $50 000 km2), which

identify where mesoscale convective systems have de-

veloped extremely large stratiform components.

Only those convective systems that exhibit one or more of

these structural features are included in this study. Thus,

we isolate the situations in which the most extreme forms

of convection occur. The TRMM satellite has allowed us

to map and analyze the locations and times of occurrence

of each type of extreme echo structure with respect to

winds, thermodynamic fields, orography, and solar cycle

in the South Asian region.

Cumulonimbus systems characterized by deep con-

vective core echo structures occur almost exclusively

over land, where extreme buoyancy is produced through

sensible heat flux from heated land surfaces. Their

geographical distribution changes markedly from the

premonsoon, when they cluster along the Indian Sub-

continent east coast, to the monsoon season, when they

occur preferentially in the western Himalayan indenta-

tion region. In both seasons, deep convective cores tend

to form in regions characterized by strong surface spe-

cific humidity gradients, where near-surface moist flow

is capped by dry air aloft. The intense convection is

triggered as the low-level flow is orographically lifted to

a level where it can break through the capping stable
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layer. The locations of these systems also coincide with

the southernmost extension of the 200-mb jet, in the

transition zone between westerlies and easterlies. Deep

convective cores can also be found over the Tibetan Pla-

teau during the monsoon season. The occurrence of the

deep convective cores has a very strong diurnal cycle in

both seasons, with maximum occurrence in the evening.

Convective systems containing wide convective core

structures occur during the premonsoon and monsoon

seasons over both land and ocean. Over land, the loca-

tions of systems with wide convective cores undergo sim-

ilar changes from the premonsoon to monsoon season as

the deep convective cores, suggesting that the extremes

of vertical and horizontal structure of intense convection

are determined by similar meteorological conditions.

Similar to the deep convective cores, the wide convec-

tive cores over land exhibit an evening maximum fre-

quency of occurrence. Additionally, during the monsoon,

the wide convective cores over land show a midnight-to-

early morning maximum along the Himalayan foothills,

which is associated with convergence of moist south-

westerly monsoonal air with diurnally cooled downslope

flow. During the premonsoon season, there is no moist

southwesterly flow to converge with the downslope flow,

so this nighttime–morning maximum does not occur.

Mesoscale convective systems with broad stratiform

regions have spatial distributions, climatological char-

acteristics, and diurnal cycles very similar to those of

oceanic wide convective cores. Both types of echo struc-

ture occur in the premonsoon and monsoon seasons,

primarily in association with Bay of Bengal depressions.

The centers of action of the broad stratiform regions are

mainly located over the oceans, but these regions are so

large that they often extend over land. Apparently,

broad stratiform regions and oceanic wide convective

cores are both associated with robust MCSs, which

contain areas of intense convection (especially in their

earlier stages of development) and produce large areas

of stratiform radar echo as the convective regions

weaken (Houze 1997). It has been found previously that

MCSs produce more stratiform precipitation over the

ocean than over land (Schumacher and Houze 2003),

consistent with the greater frequency of broad strati-

form regions over the oceanic regions bordering the

South Asian subcontinent, in regions of large latent heat

and moisture flux from the underlying surface. The

oceanic broad stratiform regions and wide convective

cores have a broad midday maximum, which is often the

case for oceanic precipitation in coastal regions (Houze

et al. 1981; Kikuchi and Wang 2008).

The extreme forms of convection identified in this

study are of interest because of their implications for

local severe weather and flooding. By definition, ex-

treme convective events are outliers that are infrequent

and as such cannot account for a large fraction of the

overall rainfall in South Asia. However, extreme forms

of convection are particularly well-defined manifesta-

tions of more common phenomena, and the extreme

forms likely represent clear prototypes of more frequent

nonextreme convective events. The timing and location

of the extreme events seen in this study suggest differ-

ences in convective processes in rainy versus arid regions.

We have shown that, as expected, the deep convective

cores tend to occur in arid zones, and, while important in

producing locally intense rainfall (and probably hail),

they do not account for large accumulations over sea-

sonal time periods in these dry regions. On the other

hand, the spatial distributions of wide convective cores

partially, and broad stratiform regions in general, co-

incide with maxima in the climatological precipitation

pattern. Thus, the conditions leading to the occurrence of

MCSs with these horizontally extensive properties appear

to coincide with those favorable for major precipitation

accumulation upstream of the South Asian mountains.

This result suggests that mesoscale organization of con-

vection is important in producing copious rainfall. In a

follow up study, TRMM PR data will be further exploited

to characterize the full spectrum of convective structures,

including the less vertically and horizontally extensive

radar echo structures as well as the extremes considered

here, to quantify the role of different storm types in the

rainfall climatology of the South Asian region.
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APPENDIX A

Normalization and Mapping of the Frequency of
Occurrence of TRMM PR Radar Echo Structures

The TRMM satellite collects data over the tropics;

however, the frequency with which a region is observed
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depends strongly on its latitude (Negri et al. 2002).

Figure A1a illustrates the frequency with which TRMM

PR scans the domain of interest. Averaging over all

the longitudes in the domain demonstrates that the

sampling frequency is relatively even from 58 to 308N

but changes rapidly at higher latitudes, reaching a

maximum at ;348N and decreasing to zero at ;378N

(Fig. A1b). Therefore, the frequency of occurrence of a

particular radar echo structure (as defined in section 2d)

needs to be normalized according to the sampling fre-

quency.

In this study, we have normalized by considering

the number of near-surface TRMM PR pixels collected

by the radar, regardless of whether they were pre-

cipitating, in each 0.58 3 0.58 grid box. This information

is provided by TRMM PR product 3A25 on a monthly

basis as variable NT(i, j),2 where i denotes the gridbox

index and j denotes the monthly index. For each 0.58 3

0.58 grid box, we accumulated NT over X3 months,

obtaining a variable that we will call N(i). Separately,

we analyzed the 3D geographic grid data of echo

structures (as defined in section 2d) projected on a

horizontal plane. For each 0.58 3 0.58 grid box and

during the same X months, we calculated the number of

pixels in the geographic grid that are part of a particular

type of echo structure. We will call this count n(i). The

probability P(i) of finding a particular type of echo

structure within grid box i during time period X is

calculated as the ratio

P(i) 5
n(i)a

N(i)A(i)
,

where a is the area of the pixels in the geographic grid

(discussed in section 2c), which is 0.058 3 0.058. The

variable A is the area of each radar pixel, as given in

product 3A25, which is 4.3 3 4.3 km2 preboost (5 3

5 km2 postboost). Here A and a are comparable in size,

but they are not exactly the same and they have different

units. To calculate the ratio, we have chosen to convert

the units of A from km2 to degrees 3 degrees. Therefore

A(i) will actually depend on the latitude and hence on

the gridbox index i. The probability P(i) is the variable

plotted in Figs. 5 and 9.

APPENDIX B

Processing of TRMM PR Data and Identification
of Cores and Regions

The first step in our analysis of 3D reflectivity data in

TRMM product 2A25 was to apply a small angular

offset correction associated with the geolocation of the

data, as described in Houze et al. (2007). The reflectivity

data were then interpolated from the irregular TRMM

grid to a 3D geographic grid with 0.058 3 0.058 hori-

zontal and 0.25-km vertical resolution (as discussed in

Houze et al. 2007). The 2D rain characteristic TRMM

2A23 product, which flags each grid point within a PR

echo as being convective, stratiform, or other, was re-

mapped onto the geographic grid described above using

the nearest neighbor method. As the rain characteristic

product is 2D, all the 3D reflectivity grid points in the

FIG. A1. (a) Mean number of near-surface TRMM PR pixels

collected by the radar in each 0.58 3 0.58 box during the monsoon

months (obtained from TRMM product 3A25). (b) As in (a) but

averaging in longitude from 608 to 1008E.

2 The actual name of this variable in product 3A25 is ‘‘total pixel

number 2.’’
3 For the data shown in the left column of Fig. 5, X 5 8 3 3 5 24,

representing 8 years (1999–2006) of data for the months of March

to May, while, for the data in the right column of Fig. 5 and in Fig. 9,

X 5 8 3 4 5 32, representing 8 years of data for the months of June

to September.
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same vertical column are automatically assigned the

same rain-type classification. Two different subsets of

data were extracted from the 3D reflectivity dataset

(Fig. 2): the first subset included only the pixels that

were classified as convective and had reflectivity values

$40 dBZ, and the second subdataset included all pixels

classified as stratiform.

Within the first data subset we searched for contigu-

ous volumes, which we called convective cores. We

further identified two subcategories of convective cores:

deep and wide. The convective cores that reached or

exceeded 10 km in height are called deep convective

cores. The convective cores that extended $1000 km2 in

area when projected on a horizontal plane are called

wide convective cores.

Within the second (stratiform) data subset, we looked

for contiguous volumes of pixels. We extracted the pixel

volumes that extended over an area of $50 000 km2

when projected on a horizontal plane and called them

broad stratiform regions. No reflectivity threshold was

applied to this subdataset.
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ABSTRACT

Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) and National Centers for Envi-

ronmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) reanalysis data are

used to indicate mechanisms responsible for extreme summer convection over South America. The three-

dimensional reflectivity field is analyzed to define three types of extreme echo, deep convective cores, wide

convective cores, and broad stratiform regions. The location and timing of these echoes are sensitive to

midlatitude synoptic disturbances crossing the Andes. At the leading edges of these disturbances the noc-

turnal South American low-level jet (SALLJ) transports moisture along the eastern edge of the Andes from

the tropical to the subtropical part of the continent. Where the SALLJ rises over lower but steep mountains on

the east side of the southern central Andes, deep and wide convective cores are triggered in the evening.

When the SALLJ withdraws to the north as the disturbance passes, nocturnal triggering occurs in the

northeastern foothills of the central Andes. Extreme convection over the Amazon basin takes the form of

broad stratiform regions that evolve from systems with wide convective cores moving into the center of the

region from both the southwest and northeast. The systems from the northeast form at the northeast coast

and are likely squall lines. Along the coast of the Brazilian Highlands, diurnal/topographic forcing leads to

daytime maxima of deep convective cores followed a few hours later by wide convective cores. Wide con-

vective cores and broad stratiform regions form in the South Atlantic convergence zone (SACZ) with a di-

urnal cycle related to continental heating.

1. Introduction

South America features some of the most extreme

convective cloud systems on the planet. Zipser et al.

(2006) have pointed out that some of the deepest con-

vective systems on Earth occur in Argentina near the

Andes. Garstang et al. (1994) showed that some of the

largest squall lines in the world occur over the Amazon

region. These extreme vertical and horizontal structures

occur in a region where massive topography and com-

plex land surface characteristics affect the convection.

The 3- to almost 7-km-high north–south-oriented Andes

are effectively a wall separating the low-level suppressed

flow of the southeast Pacific from the unstable low-level

flow dominating weather over the tropical and subtrop-

ical portions of the continent (Fig. 1). The Brazilian

Highlands in the eastern part of the continent, though

not as vertically extensive, cover a broad area and fur-

ther constrain the airflow and heating patterns. In be-

tween and around these elevated areas, the lowlands are

characterized by the two main river basins—the La Plata

basin (PLB) in the subtropics and the massive Amazon

basin (AMZ) in the tropics (Fig. 1a), with the tropical

rain forests of the latter providing a large amount of

moisture.

Knowledge of the details of convection throughout

the tropics and subtropics has been revolutionized by

analysis of data from the Tropical Rainfall Measuring

Mission (TRMM) satellite’s Precipitation Radar [PR; see

Kummerow et al. (1998) for a description of the TRMM

instruments]. Zipser et al. (2006) have shown the over-

all distribution of extreme convection, and Houze et al.

(2007) and Romatschke et al. (2010) have analyzed the
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extreme convection over South Asia using PR data to

define specific types of extreme convective structure.

They related the occurrence of extreme convection to

the synoptic-scale flow, the complex topography, and the

diurnal cycle of the region. In this study, we will apply

similar techniques to determine the characteristics of ex-

treme convection over South America. The methodology,

described in detail in Romatschke et al. (2010), used the

PR’s uniformly excellent vertical resolution and its abil-

ity to separate convective and stratiform precipitation

(Awaka et al. 1997) to identify echo elements indicative

of convective cloud systems containing extremely intense

convection and extremely robust stratiform precipitation.

Figure 2 shows the summer precipitation and extreme

convection climatology compiled from TRMM data for

South America (see section 2 for a detailed description

of the datasets used). The red frame in Fig. 2a encloses

the area of this study, which includes all of the areas of

significant summer precipitation and extremely intense

convection (as identified by Zipser et al. 2006; Fig. 2b)

over the continent. Comparison of the two figure panels

shows that in the subtropical zone of the continent the

extremely deep and intense convection is located in a

climatological minimum of precipitation. On the other

hand, the studies of Garstang et al. (1994) and Machado

et al. (1998) indicate that robust mesoscale convective

FIG. 1. Region of this study: (a) relevant topographical features, (b) regions studied in detail:

PLB, FHS, FHN, AMZ, NEC, BHL, and ATL. The white circle and diamond mark the lo-

cations of the soundings shown in Figs. 12 and 16, respectively.
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FIG. 2. (a) DJF precipitation climatology from TRMM product 3B43. The studied region

(red square) is shown. (b) Location of intense convective precipitation features (PFs; Liu et al.

2008) as identified by the maximum height of the 40-dBZ TRMM PR radar echo (km). Dif-

ferent colors show the frequency of the PFs in different intensity bins. The summer months of

9 yr (1998–2006) are used. Modified from Zipser et al. (2006).
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systems (MCSs) occur in the tropical Amazonian area of

maximum rain. This comparison illustrates that the

problem of understanding extreme convective processes

in the atmosphere is distinct from explaining patterns and

amounts of precipitation. The rainfall pattern and oc-

currence of severe weather events overlap but do not

coincide. Understanding the convective mechanisms will

likely help to understand the precipitation mechanisms

leading to the precipitation climatology. However, our

focus in this paper is not on estimating or explaining

precipitation amounts, but rather on seeking insight into

the mechanisms leading to the extreme forms of summer

convection in South America. Understanding the well-

defined extreme forms of convection, characterized by

both their vertical extent [associated with severe weather

(Zipser et al. 2006) but little precipitation] and hori-

zontal extent [associated with severe weather (Garstang

et al. 1994) and heavy precipitation], is a first step toward

a comprehensive understanding of all of the convective

processes contributing to severe weather and rainfall in

South America.

Previous studies of convection over South America

have emphasized the importance of certain large-scale

flow patterns (Vera et al. 2006). In the northern tropical

region of the continent, large-scale easterlies prevail as a

westward extension of the South Atlantic subtropical high.

The massive squall-line systems described by Garstang

et al. (1994) occur in that environment. Nogués-Paegle

and Mo (1997), Garreaud and Wallace (1998), Liebmann

et al. (1999), and Garreaud (2000) have noted the im-

portance of the passage of baroclinic troughs across the

Andes and the associated low-level flow pattern during

the passages. Ahead of the troughs, the South American

low-level jet (SALLJ) extends southward along the east-

ern foothills of the Andes toward the portion of the La

Plata basin noted for severe convection (Fig. 2b; see also

Saulo et al. 2000). These strong synoptic forcings must

be considered to fully understand the extreme convec-

tion over South America. Studies of the diurnal cycle

show daytime maxima of convection and precipitation

over most of the continental areas (Garreaud and Wallace

1997; Kikuchi and Wang 2008). Important exceptions are

nocturnal maxima over the La Plata basin and along

the eastern Andes foothills (Kikuchi and Wang 2008),

emphasizing the important role of the terrain in the

development (Lenters and Cook 1995) and timing of

convection.

This paper therefore examines the frequency of oc-

currence of extreme radar echoes and determines how

the occurrence of these echoes relates to synoptic forc-

ing, complex topography, and the diurnal heating cycle

over and near South America. To gain insight into the

mechanisms leading to extreme convection in different

regions, we use data from the TRMM PR to document

the spatial and temporal variability of extreme convec-

tion and large-scale reanalysis data to document the syn-

optic situations in which the convection occurs. We follow

the methodology of Houze et al. (2007) and Romatschke

et al. (2010) in using the three-dimensional structure of

TRMM PR echoes to determine metrics of convective

intensity. Then, we analyze the frequency of occurrence

of these extreme radar echo metrics for the summer sea-

son in relationship to varying synoptic conditions, moun-

tains, and the solar cycle.

2. Data and methods of analysis

a. NCEP–NCAR reanalysis data for synoptic-scale
background

National Centers for Environmental Prediction–

National Center for Atmospheric Research (NCEP–

NCAR) reanalysis data (Kalnay et al. 1996) were used

to study the synoptic conditions associated with enhanced

convection. Long-term monthly mean data (1968–96)

show the seasonal mean fields. Composites of daily and

4-times-daily data were generated to explore the syn-

optic anomalies and the diurnal cycle. Soundings were

extracted from the composites. Because of the lack of

observations in the Southern Hemisphere and its coarse

resolution, the dataset, and especially the diurnal vari-

ations, should be used with caution. However, the re-

analysis is known to capture the general characteristics

of the atmosphere even in the vicinity of the steep and

narrow Andes Mountains (Marengo et al. 2004), and the

results from analyzing the data make sense physically.

b. TRMM data for identifying extreme convective
types

The austral summer months [December–February

(DJF)] for 10 yr (from December 1998 to February 2008)

of various types of TRMM data (Kummerow et al. 2000,

1998) in our region of interest (08–408S, 308–858W, Fig. 1)

are used. All data are version 6. Data from before and

after the satellite boost from 350 to 403 km, which took

place from 7 to 24 August 2001, are processed the same

way. Specifically, we use the following:

d Level 2 PR products 2A23 [rain characteristics; see

Awaka et al. (1997)] and 2A25 [rainfall rate and pro-

file; see Kozu et al. (2000) and Iguchi et al. (2000)]

provide the rain-type classification (i.e., convective–

stratiform) and the three-dimensional (3D) attenuation-

corrected reflectivity field, respectively. These products

are the datasets we use to identify categories of ex-

treme convection. To facilitate the analysis, we first re-

process the data products by remapping the reflectivity
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and rain-type classification onto a latitude–longitude

grid with 0.058 3 0.058 (;5 km 3 5 km) horizontal and

0.25-km vertical resolution using the technique de-

scribed in Houze et al. (2007) and Romatschke et al.

(2010).
d Level 3 product 3A25 [spaceborne radar rainfall; see

Meneghini et al. (2001)] provides monthly rainfall,

which is used to calculate a seasonal precipitation

climatology, and the number of radar gates on a 0.58 3

0.58 grid. The latter is used to normalize the reflectivity

data according to the strongly latitude-dependent sam-

pling frequency (Romatschke et al. 2010).
d Level 3 products 3B42 (TRMM and other GPCP cali-

bration rainfall) and 3B43 [TRMM and other sources

rainfall (Huffman et al. 2007)] provide 3-hourly and

monthly rainfall estimates on a 0.258 3 0.258 grid, re-

spectively. They are used to calculate 3-hourly and sea-

sonal precipitation climatologies.

c. Definition of deep convective cores, wide
convective cores, and broad stratiform regions

To identify convective echoes that develop extreme

characteristics of intensity, height, or horizontal extent,

we extract three types of radar echo structures from the

TRMM PR 2A25 reflectivity. Details about the exact

identification and classification process are described in

Romatschke et al. (2010). Briefly, we first separate the

data into convective and stratiform echoes, as defined by

the 2A23 product. Within the convective echo category,

we identify the most intense echoes by extracting all 3D

echo volumes that consist entirely of reflectivity values

of 40 dBZ or greater. Any such echo is called a ‘‘convec-

tive core.’’ Within the convective core dataset, we identify

the following two subcategories:

d Deep convective cores are convective cores whose max-

imum heights are $10 km above mean sea level (MSL).

They are most likely young and vigorous convective

cells with strong updrafts of the type that are often as-

sociated with severe weather.
d Wide convective cores are convective cores that extend

over an area of $1000 km2 when projected onto a

horizontal plane. They are often parts of large MCSs

in an early, strongly convective stage of their life cycle

(Houze 2004).

Within the stratiform echo category we identify one sub-

category, as follows:

d Broad stratiform regions are said to exist whenever a

contiguous stratiform 3D echo volume extends over an

area of $50 000 km2 when projected on a horizontal

plane. They are often parts of extremely large MCSs in

a late, stratiform stage of their life cycle (Houze 2004).

3. Climatological setting

During the summer months, upper-level wind patterns

over the region of study (Fig. 1, red frame in Fig. 2a) are

characterized by a 200-mb anticyclone centered just east

of the central Andes (the Bolivian high) and the western

edge of the South Atlantic low to the east (Fig. 3a). At

500 mb (Fig. 3b), the easterly and westerly winds to the

north and south respectively are pronounced, illustrat-

ing that the South American continent is characterized

by a tropical climate with easterlies in its northern lati-

tudes and a midlatitude/subtropical climate with strong

midlevel westerlies in its southern reaches. A transport

of air from south to north with low moisture content

occurs along the eastern side of the Bolivian high. Two

regions of higher moisture are found over the Altiplano

and the Amazon basin. The influence of the continent

and the Andes become pronounced at the 700-mb level

(Fig. 3c). The easterly winds to the north turn north-

westerly along the Andes, probably influenced by the

channeling effect of the Andes, although Lenters and

Cook (1995) attribute this circular wind pattern primarily

to the effect of the continental low rather than to the

effect of the Andes. Over the Brazilian Highlands and

the eastern part of the South Atlantic the northwesterly

winds merge with the midlatitude westerlies to form the

South Atlantic convergence zone (SACZ), which is as-

sociated with strong precipitation (Fig. 2b).

The summertime mean surface wind pattern contains

several features that are key to understanding the occur-

rence of extreme convection in South America (Fig. 3d).

Along the west coast of South America, winds have an

anticyclonic curvature and a strong south–north compo-

nent associated with the subtropical high over the South

Pacific. However, these winds do not cross the Andes and

do not have any direct effect on the convection over the

continent east of the Andes. On the east coast, the surface

winds have a generally easterly component, which makes

them important in understanding convective occurrence

over the continent. In the southern (subtropical) lati-

tudes, the surface winds penetrate landward, bringing

moist oceanic air into the La Plata basin and the south-

ern region of the central Andes. In the northern (tropi-

cal) latitudes, the surface winds penetrate inland for

some distance, but weaken abruptly so that the interior

Amazon region is characterized broadly by light surface

winds and low-level convergence. On the western side

of the Amazon basin, along the eastern foothills of the

Andes, northerly component winds parallel the moun-

tains and advect moisture from the Amazon to the south-

ern part of the continent. This feature is the climatological

manifestation of the SALLJ. The strength of these north-

erlies, which is connected to the passage of synoptic-scale
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disturbances, has a profound influence on the location of

extreme convection over the whole continent as will be

presented in section 5.

In the seasonal mean, heating over the Andes forces

the low-level wind upslope, which converges over the

mountains (Fig. 3d). Figure 4 shows that the just-described

surface wind pattern is not observed during all times of

the day. Although the heating of the terrain during the

afternoon and evening hours leads to upslope flow and

convergence over the mountains (Figs. 4c,d) in the sea-

sonal mean (Fig. 3d), these conditions are actually re-

versed at night and in the morning (Figs. 4a,b). Radiative

cooling leads to divergence at high elevations and down-

slope flow. Also, the SALLJ, which is weakened during

the daytime by the convergence over the mountains and

the resulting upslope flow, and probably by turbulent

mixing, is strongest during the night (Fig. 4a). This cli-

matology suggests that the diurnal cycle plays an im-

portant role in the mechanisms leading to convection

and precipitation. We examine the diurnal cycle in detail

in section 6.

4. Overall frequency of occurrence of extreme
radar echo structures

Figure 5 shows the spatial distribution of the three

categories of radar echo structures defined in section 2c.

Plotted is the probability of finding an echo structure in

each 0.58 3 0.58 grid box. The probability is normalized

to the sampling frequency of the TRMM satellite as de-

scribed in Romatschke et al. (2010).

a. Deep convective cores

Deep convective cores (Fig. 5a) are found most fre-

quently in the subtropical part of the continent, con-

sistent with Zipser et al. (2006; see also Fig. 2b). These

echo structures occur with maximum frequency in the

western La Plata basin and the southeastern foothills

of the central Andes, and extend into the northeast to

the southern part of the Brazilian Highlands (BHL;

Fig. 1a) and to the South American east coast. This re-

gion of intense convection lies near the climatological

intersection of the SALLJ and the upper-level strong

FIG. 3. DJF NCEP–NCAR climatology of specific humidity (g kg21) and winds (m s21) at (a) 200 mb (the specific humidity is not available

at this level), (b) 500 mb, (c) 700 mb, and (d) surface level. Data points intersecting the terrain are excluded.

3766 J O U R N A L O F C L I M A T E VOLUME 23



westerlies seen in the wind climatology at 200 mb in

Fig. 3a.

Despite the dryness of the area (Fig. 3d), deep con-

vective cores also occur over the Altiplano, although

their total vertical extent is less, owing to the high ele-

vation of the underlying terrain. A similar occurrence of

deep convective cores was observed over the Tibetan

Plateau during the South Asian monsoon by Houze et al.

(2007) and Romatschke et al. (2010).

b. Wide convective cores

Wide convective cores occur with maximum frequency

in the La Plata basin in a region that overlaps with the

maximum occurrence of deep convective cores (Fig. 5b).

An additional subtropical maximum frequency of wide

convective cores is observed over the Atlantic Ocean in

association with the SACZ. Deep convective cores are

extremely rare in this oceanic region (Fig. 5a), just as they

are rare in the oceanic regions surrounding the South

Asian subcontinent (Romatschke et al. 2010). A minimum

in the frequency of wide convective cores is observed

just offshore from the Brazilian Highlands, probably as

a result of downslope flow suppressing convection in the

lee of the highlands (Fig. 3c). In tropical regions, sec-

ondary maxima in the frequency of wide convective cores

are observed along the northeastern foothills of the cen-

tral Andes and over the broad expanse of the Amazon

basin.

c. Broad stratiform regions

The locations of the maxima in broad stratiform re-

gions (Fig. 5c) are very similar to those in wide con-

vective cores, although their intensity is very different.

They occur over 1) the northeastern foothills of the cen-

tral Andes and the Amazon basin, 2) the SACZ and the

Brazilian Highlands, and 3) the La Plata basin. The cen-

troid of the latter maximum is shifted to the east of the

center of the maximum frequency of wide convective

cores (cf. Figs. 5b,c). This farther shift eastward suggests

that the broad stratiform regions reflect eastward-moving

FIG. 4. DJF NCEP–NCAR surface winds (m s21) and divergence (s21) at (a) 0600 UTC (;0200 MST), (b) 1200 UTC (;0800 MST),

(c) 1800 UTC (;1400 MST), and (d) 0000 UTC (;2000 MST).
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MCSs in later stages of development. It is especially

apparent that, unlike deep and wide convective cores,

which do not correlate with rainfall, the frequency pat-

tern of broad stratiform regions coincides closely with

the pattern of rain accumulation over the entire region

of interest (Fig. 5d), suggesting that the broad stratiform

regions are parts of the large MCSs that are the major

rain producers over the continent (Ashley et al. 2003;

Fritsch et al. 1986; Garstang et al. 1994).

d. Selection of subregions

Based on the patterns of occurrence of deep convec-

tive cores, wide convective cores, and broad stratiform

regions, as well as the precipitation climatology (Figs.

5a–d), we select the seven regions shown in Fig. 1b to

investigate the synoptic, topographic, and diurnal pro-

cesses that affect the occurrence of different types of

extreme convective systems. These regions enclose max-

imum occurrence of one or more types of radar echo

structures and/or precipitation. They are the PLB, the

southern and northern foothills of the central Andes

(FHS and FHN, respectively), the AMZ, the north-

eastern coast (NEC), the BHL, and the Atlantic Ocean

region just off the coast of Brazil (ATL). The NEC was

chosen because a precipitation maximum in the 3B43

combined precipitation product occurs along this coast

(Fig. 2a). This maximum may be overestimated by this

product, because it does not show nearly so strongly in

the 3A25 product (Fig. 5d), which is based solely on the

PR. In any case, none of the categories of extreme radar

echo structures tend to occur in the NEC, so this maxi-

mum must be due to generally less intense convection.

This region is also of interest because of the tendency

of squall lines to form in this zone. Often the precipi-

tation maxima over the northern half of the continent,

that is, in the AMZ and BHL regions, are considered to

be an extension of the SACZ. However, the precipita-

tion mechanisms over land are substantially different

than those over the ocean, and we consider them sep-

arately from the oceanic SACZ in the ATL region, as

FIG. 5. Geographical distribution of the probability of finding (a) a deep convective core, (b) a wide convective core, and (c) a broad

stratiform region. Note the different color scales. (d) DJF precipitation climatology from the TRMM PR product 3A25. Topographic

contours of 0.3, 1.5, and 3 km are shown (black).
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has been done previously, for example, by Carvalho et al.

(2004). The numbers of echo structures in each region

and category are shown in Table 1. The echo structures

in the categories and regions whose numbers are printed

in bold are considered to occur frequently enough to be

further investigated.

5. Synoptic forcing

To investigate the influence of the synoptic conditions

on the occurrence of the different types of radar echo

structures defined in section 2c, composites of NCEP–

NCAR reanalysis fields for the regions and echo struc-

ture types printed in bold in Table 1 were constructed.

Because some days have several occurrences of the same

echo structure type, the number of days in the composites

is smaller than the number of echo structures (Table 1).

Four-times-daily surface wind composites were produced

to study the influence of different wind regimes and their

diurnal variation. Daily 500-mb geopotential height

anomalies (i.e., composite minus seasonal mean) and sur-

face pressure anomalies show the position of mid- and low-

level disturbances.

Our examination of the data in this study suggests that

the presence or absence of the SALLJ, in connection

with a midlatitude low passing through, has an impor-

tant influence on the occurrence of convection in South

America, especially in the FHS and PLB regions (sec-

tion 5a). Figure 6 therefore shows composites of NCEP–

NCAR surface reanalysis data for the time of day when

the SALLJ is strongest, that is, ;0200 Mean Solar Time

(MST;1 Marengo et al. 2004). Although some previous

studies have tended to focus on the 850-mb winds to

characterize the SALLJ, we chose to analyze surface

wind data (from the sigma 0.995 reanalysis level) because

the 850-mb level intersects with the terrain at the loca-

tion of the Andes.

According to Table 1, our analysis encompasses 21

separate combinations of echo structure type and re-

gion, 15 of which are further investigated because of

their higher frequency. Figures 6 and 7 show the surface

wind, geopotential height, and surface pressure anomaly

composites for four of these combinations. The four panels

in Fig. 6 and the corresponding four lines in Fig. 7 repre-

sent situations when systems with wide convective cores,

which have the largest samples (Table 1), were occurring

in the FHS, PLB, FHN, and ATL regions. We do not

show all 15 such patterns because these examples repre-

sent four canonical patterns, and each of the 15 combi-

nations of echo structure type and region occurred in one

of these canonical pattern types or variations thereof,

which are described in the following subsections.

a. Trough, SALLJ, and extreme convection over
the subtropical continent (FHS and PLB)

Figures 6a,b and 7a–d show ;0200 MST and daily

composites respectively, for days when wide convective

cores were observed in the FHS and PLB regions. The

composite wind patterns for the deep convective cores in

the FHS and deep convective cores and broad stratiform

regions in the PLB are very similar to those for the wide

convective cores and are therefore not shown. The fol-

lowing discussion of the composites for the wide con-

vective cores is therefore considered representative for

all three categories of radar echo structures in the FHS

and PLB regions.

In the FHS composite (Fig. 6a), the SALLJ is pro-

nounced along the eastern slopes of the central Andes

foothills and is stronger than that in the climatological

mean (cf. Figs. 4a and 6a). The corresponding 500-mb

geopotential height anomaly (Fig. 7a) shows anoma-

lously low geopotential heights centered over the south-

ern Andes and extending over the Altiplano to the north.

At the surface (Fig. 7b), anomalously low pressure is

TABLE 1. Numbers of echo structures in each category and region and corresponding numbers of days in composites. Bold numbers

represent the categories and regions further investigated in this study.

Number of radar echo structures

Total PLB FHS FHN AMZ NEC BHL ATL

Deep convective 1237 328 518 35 18 12 114 2

Wide convective 2898 707 502 126 245 112 173 330
Broad stratiform 902 123 17 46 128 34 43 290

Number of days in composites

Deep convective 180 227 83

Wide convective 313 254 98 182 96 130 178

Broad stratiform 95 44 119 40 200

1 The local time used in this study is Mean Solar Time, which is

solely a function of longitude [MST (min) 5 UTC (min) 1 longi-

tude 3 4 (min)], where longitude east is positive and longitude west

is negative; UTC times are converted to ;MST by subtracting 4 h.
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found over the La Plata basin and along the eastern

Andes foothills just ahead of the midlevel trough. Be-

cause of the position of the anomalous geopotential low

at 500 mb in Fig. 7a, we call this synoptic setting the

‘‘west coast trough regime.’’ Reading Fig. 7 down the page,

one gains the impression that the anomaly patterns show

the stages of a trough passage across South America,

even though these composites were drawn from differ-

ent cases. In Figs. 7c,d, the anomalous midlevel and sur-

face lows are shifted eastward, centered over the southern

and eastern La Plata basin, respectively. We call this

synoptic setting the ‘‘La Plata basin trough regime.’’

The west coast and La Plata basin trough regimes,

representing the first two stages of a trough passage, are

consistent with findings by Garreaud and Wallace (1998),

which show that the west coast and La Plata basin trough

regimes resemble the early stages (i.e., their days 22,

21.5, and 21, where day 0 represents the most intense

convection located at the northeastern edge of the La

Plata basin and the southwestern edge of the Brazilian

Highlands) of a summertime incursion of colder mid-

latitude air into tropical regions in association with a

midlatitude trough passing through [see also the con-

ceptual model in Fig. 10 of Garreaud (2000)]. They show

an enhancement of the convective index (CI) over the

La Plata basin and stronger northerly low-level winds

(i.e., the SALLJ) along the eastern foothills of the cen-

tral Andes on day 21.5. Liebmann et al. (1999) draw a

similar picture, linking the trough passage to a Rossby

wave originating in the Southern Hemisphere west-

erlies, which turns equatorward as it crosses the Andes

(Liebmann et al. 2004).

The SALLJ, which is strengthened ahead of troughs

in synoptic settings like the west coast and the La Plata

basin trough regimes (Figs. 6a,b and 7a–d), is known to

advect moisture from the tropics to the subtropical plains

and to increase the convergence over the La Plata basin

(Salio et al. 2007). These mechanisms, together with

FIG. 6. Composite of NCEP–NCAR reanalysis 0600 UTC (;0200 MST) surface winds for days when wide convective cores occurred

within the (a) FHS, (b) PLB, (c) FHN, and (d) ATL regions.
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FIG. 7. Composite of NCEP–NCAR reanalysis geopotential height anomalies at (left) 500 mb and (right) surface

pressure anomalies for days when wide convective cores occurred within the (a),(b) FHS, (c),(d) PLB, (e),(f) FHN,

and (g),(h) ATL regions. Contour intervals are (left) 4 m and (right) 4 mb, with negative contours dashed and the

zero contour dash–dotted.
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baroclinic zones associated with the trough passages, are

linked to the occurrence of our extreme convection cat-

egories. Others have noted the association of the SALLJ

with enhanced development of MCSs (Salio et al. 2007),

mesoscale convective complexes (MCCs) (Velasco and

Fritsch 1987), ‘‘large, long-lived convective cloud sys-

tems (LLCSs)’’ (Nieto Ferreira et al. 2003), positive rain-

fall anomalies (Liebmann et al. 2004), negative outgoing

longwave radiation (OLR) anomalies (Marengo et al.

2004), and convection, represented by infrared (IR)

brightness temperature thresholds, moving from west

to east (Salio et al. 2007) over the southern part of the

continent. The extreme convection categories identified

in this study (Fig. 5) statistically quantify the timing, lo-

cation, size, and intensity of extreme convection phe-

nomena in this region so that they can be related more

precisely to the SALLJ and other synoptic, topographic,

and diurnal features.

The shear in wind speed and direction between the

SALLJ and the upper-level westerlies is evident in the

climatology (Fig. 3) and is enhanced when the SALLJ is

strengthened. Westerly flow passing over high terrain

overrides low-level unstable moist flow until lifting of

the low-level flow over the topography of the Sierras de

Córdoba (Fig. 1a) releases the instability. This sheared

environment favors extreme convection (Rosenfeld

et al. 2006), severe storms and tornadoes (Altinger de

Schwarzkopf and Rosso 1982), and the development

of eastward-propagating mesoscale squall-line systems

(Anabor et al. 2008), and will be further discussed in

section 6a(2). These conditions are somewhat analogous

to severe storm environments over the United States

(Carlson et al. 1983) and South Asia (Houze et al. 2007;

Medina et al. 2010; Romatschke et al. 2010).

b. Trough moves eastward and extreme convection
occurs in northern latitudes (FHN, AMZ, NEC,
and BHL)

A very different synoptic setting is found when ex-

treme convection occurs in the FHN region (Figs. 6c and

7e,f). The SALLJ exists only along the northern foothills

of the central Andes and is completely absent in the

subtropics (Fig. 6c). The negative geopotential height

anomaly at the 500-mb level is located over the east coast,

that is, farther east than in the La Plata basin trough

regime (cf. Figs. 7c,e). At the surface, anomalous low

pressure extends from the western part of the South

Atlantic northwestward to the northern foothills of the

central Andes (Fig. 7f). The low pressure anomalies over

the La Plata basin found in the west coast and La Plata

basin trough regimes (Figs. 7b,d) are replaced by strong

anomalous high pressure whose anticyclonic wind anom-

alies counteract the SALLJ. This pattern shuts down the

moisture flow from the Amazon basin to the La Plata

basin, and mass and moisture pile up instead along the

northern foothills of the central Andes. Convection in the

FHN is probably triggered as the SALLJ, which is now

restricted to the tropics, is lifted over the foothills. We call

this synoptic setting the ‘‘east coast trough regime.’’ It is

consistent with the synoptic conditions at a later stage of

a trough passage (Garreaud 2000; Garreaud and Wallace

1998; Liebmann et al. 1999). Enhancement of extreme

convection in the northern latitudes in this type of syn-

optic setting agrees with Nieto Ferreira et al. (2003),

who observed more LLCSs in the northern latitudes in

connection with weak SALLJs.

The composite wind patterns for situations in which

wide convective cores and broad stratiform regions are

present in the AMZ and NEC regions have synoptic-

scale characteristics similar to those of the east coast

trough regime (Figs. 6c and 7e,f) and are therefore not

shown. However, in the AMZ and NEC composites the

SALLJ extends a little farther south, and the surface

pressure and 500-mb height anomalies are somewhat

weaker. These differences might be due to the fact that

some days with conditions similar to the mean climatol-

ogy or even the west coast or the La Plata basin trough

regimes described in the previous subsection are part of

the composites. This suggests that the synoptic situation

and especially the SALLJ play a less important role in

the occurrence of extreme convection over the AMZ

and NEC than in the FHN. This inference is further

strengthened by the fact that there is little difference in

the surface wind fields over the AMZ and NEC regions

between the west coast, the La Plata basin, and the east

coast trough regimes (cf. Figs. 6a,b and 6c).

Over the BHL, the composites for the broad strati-

form regions are also similar to those for the east coast

trough regime (Figs. 6d and 7e,f). However, the anom-

alous lows at 500 mb and the surface are stronger and

centered over the southern part of the Brazilian High-

lands, that is, farther north than in the east coast trough

regime. This difference suggests that the exact location

of the extreme convection is sensitive to the position of

the synoptic-scale low. Local cyclogenesis, as observed

by Gan and Rao (1991), might also play a role in this

region. Consistent with our east coast trough regime,

Garreaud and Wallace (1998) found positive CI anomalies

over the southwestern Amazon basin and the Brazilian

Highlands on their days 0 and 1 of a trough passage. The

composites for the wide convective cores over the BHL

are also comparable to those for the east coast trough re-

gime, but with weaker anomalies and the SALLJ extend-

ing farther south. The same is true for the BHL deep

convective core composites, which, in addition, do not

show the high surface pressure anomaly over the La Plata

3772 J O U R N A L O F C L I M A T E VOLUME 23



basin. These results suggest that the synoptic regime and

the location of the midlevel trough, while important for

the formation of systems containing broad stratiform re-

gions, have limited influence on the formation of wide

and especially of deep convective cores in the BHL.

As a final comment, we note that analyses of the ex-

tensive datasets collected during the TRMM Large-Scale

Biosphere–Atmosphere (TRMM-LBA) field campaign,

which was conducted in the southern Amazon basin in

January and February 1999 (Silva Dias et al. 2002), also

show the influence of the synoptic conditions on the lo-

cation of convection. Remote sensing data (Carvalho et al.

2002; Gan et al. 2004; Jones and Carvalho 2002; Laurent

et al. 2002; Petersen et al. 2002) as well as various in situ

measurements (Cifelli et al. 2002; Halverson et al. 2002;

Pereira and Rutledge 2006; Rickenbach et al. 2002) un-

derline the importance of different wind regimes on the

formation of convection in different regions. However,

these studies classify the synoptic patterns into westerly

and easterly wind regimes resulting from the prevailing

local zonal wind or wind anomaly direction at low levels

over the TRMM-LBA domain (;118S, ;628W) rather

than according to larger synoptic patterns. Because of

the fact that the TRMM-LBA domain is in the northern

part of the SALLJ region, this definition does not dif-

ferentiate between the existence or absence or different

directions of the southern part of the SALLJ, which are

likely sensitive to the exact location of the midlatitude

disturbance. Therefore, the westerly and easterly wind

regime categories of TRMM-LBA are not directly com-

parable to our west coast/La Plata basin and east coast

trough regimes.

c. Offshore convection excited when trough moves
beyond the coast (ATL)

Figure 6d shows the wind composite for the wide con-

vective cores in the ATL region. Because of the absence

of the SALLJ it resembles the east coast trough regime.

However, there is a converging wind pattern over the

eastern part of the South Atlantic in a northwest-to-

southeast direction that is not evident in the east coast

trough regime composite (Fig. 6c). The geopotential

height (Fig. 7g) and pressure anomalies (Fig. 7h) show

a strong low in mid- and low levels at the same location

as the wind convergence (i.e., the oceanic part of the

SACZ). We call this synoptic setting the ‘‘Atlantic trough

regime.’’ Again, the composite fields for the broad strat-

iform regions are very similar to the composites for the

wide convective cores and therefore are not shown.

The Atlantic trough regime compares to the latest stage

of a trough passage [e.g., days 1 and 1.5 in Garreaud and

Wallace (1998)]. Liebmann et al. (2004) link the strength-

ening of the SACZ not only to a midlatitude wave train

but also to the Madden–Julian oscillation (MJO; Madden

and Julian 1994).

6. Topographic and diurnal effects

This section explores how the diurnal heating and the

effect of the topography combine with the synoptic con-

ditions described in the previous section to favor or dis-

favor extreme convection. Even when looking only at

the surface winds and their divergence (Fig. 4) it is evi-

dent that the diurnal heating, especially over mountain-

ous areas, must have a profound effect on the occurrence

of convection. This impression is confirmed by plotting

the diurnal cycle of the TRMM 3B42 precipitation data

(Fig. 8), which shows precipitation maxima in different

regions at different times of the day. To study the effects

of the diurnal heating on the occurrence of extreme

convection and precipitation, Figs. 9–11 show the oc-

currence of deep and wide convective cores and broad

stratiform regions, respectively, in 6-h intervals centered

on the synoptic times of ;2000, 0200, 0800, and 1400 MST.

For reference, the subregions defined in section 4d are

outlined in red in these figures. Because the diurnal be-

havior of extreme convection varies regionally, the fol-

lowing subsections examine the diurnal behavior of each

type of extreme convection in each of the subregions in

detail.

a. Diurnal triggering of deep convection over
the Sierras de Córdoba and FHS, followed
by the development and progression
of mesoscale systems across the PLB

Extreme convection occurs in the FHS and PLB re-

gions in the synoptic settings of the west coast and La

Plata basin trough regimes (section 5a). The timing and

form of this convection is tightly controlled by the to-

pography and solar cycle.

1) REGIONAL VARIABILITY OF THE DIURNAL

CYCLE OF EXTREME CONVECTION

In the early afternoon deep and wide convective cores

are evenly distributed over both the PLB and the FHS

regions, probably as a result of daytime solar heating

(Figs. 9c and 10c). A strong maximum in occurrence of

deep and wide convective cores is observed in the 6 h

centered on ;2000 MST over the Sierras de Córdoba

(Figs. 1, 9d, and 10d). This maximum extends to the

north over the Andes foothills and east over the entire

La Plata basin within the next several hours (Figs. 9a and

10a,b). The maximum in deep convective cores is gone in

the morning, although a few deep convective cores still

appear over the central La Plata basin (Fig. 9b). The

maximum in wide convective cores is more persistent and
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extends farther east during the morning hours (Fig. 10b).

Broad stratiform regions are rare in the FHS but show a

strong maximum in the morning to early afternoon hours

in the southeastern PLB (Figs. 11b,c). This maximum

coincides with the maximum of wide convective cores at

this time of day in this region.

The patterns just described suggest a phenomenolog-

ical sequence in which the deep convective cores occur

FIG. 8. DJF precipitation climatology from TRMM product 3B42 for (a) 0600 UTC (;0200 MST), (b) 0900 UTC

(;0500 MST), (c) 1200 UTC (;0800 MST), (d) 1500 UTC (;1100 MST), (e) 1800 UTC (;1400 MST), (f) 2100 UTC

(;1700 MST), (g) 0000 UTC (;2000 MST), and (h) 0300 UTC (;2300 MST). Topographic contours as in Fig. 5.
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in the vicinity of the Sierras de Córdoba as part of the

early triggering phase of convective systems, some of

which develop into eastward-moving MCSs that manifest

wide convective cores during their mature phase over the

La Plata basin. The eastward movement of MCSs would

be expected in light of the strong westerlies at 500 mb

in this region (Fig. 3b). A similar evolution is observed

in the precipitation climatology. A precipitation max-

imum found in the evening over the Sierras de Córdoba

(Figs. 8g,h) extends to the north and east during the sev-

eral next hours (Figs. 8a,b) and extends over the eastern

La Plata basin in the morning (Figs. 8c,d) before it dissi-

pates in the afternoon (Figs. 8e,f).

Analysis of infrared satellite data by Anabor et al.

(2008) is consistent with the different categories of ex-

treme convection observed in our study representing

different stages in the life cycle of MCSs and shows via

case study analysis how the convective evolution relates

to the synoptic-scale forcing. The storms that evolve into

the MCSs studied by Anabor et al. (2008) were fre-

quently triggered near the Sierras de Córdoba around

2100 Local Time (LT) in connection with a surface low

pressure system located east of the Andes. We also find

the maximum occurrence of the deep convective cores

in the late evening over the Sierras de Córdoba and the

subsequent maximum occurrence of wide convective

cores and broad stratiform regions over the La Plata

basin to coincide with a synoptic-scale low east of the

Andes (section 5a and Fig. 7d). Anabor et al. (2008) also

found northerly surface winds advecting moist air along

the eastern foothills of the Andes, as we have seen in the

composite wind analysis (Fig. 6b). They observe ‘‘in-

dividual systems moving to the east or southeast, yet the

region of convective development as a whole shifts to

the north or northwest . . . ,’’ which agrees with our ob-

servations. They found the maximum extent of the MCSs

to occur around 0800 LT to the east of the location of

the triggering, consistent with the maximum occurrence

of broad stratiform regions seen in our statistical results

(Fig. 11b). At this stage they find that the surface low

had become less intense and moved eastward. The MCSs

dissipated to the northeast, already outside of our PLB

region, as the surface low in the La Plata basin is replaced

by a high, corresponding to our east coast trough regime

FIG. 9. Geographical distribution of the probability of finding a deep convective core between 3 h prior to and 3 h after (a) 0600 UTC

(;0200 MST), (b) 1200 UTC (;0800 MST), (c) 1800 UTC (;1400 MST), and (d) 0000 UTC (;2000 MST). Topographic contours as in

Fig. 5.
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(section 5b and Fig. 7c). The synoptic evolution char-

acterized by Anabor et al. (2008) thus closely resembles

the stages of a passing trough discussed in sections 5a

and 5b.

North of the Sierras de Córdoba is an interesting fea-

ture seen as a precipitation maximum along the Andes

foothills in the northern FHS area (Figs. 8a,f–h). This

precipitation maximum coincides with a maximum in

deep and wide convective cores in the evening (Figs. 9d

and 10d, respectively) and wide convective cores and

possibly broad stratiform regions at night (Figs. 10a and

11a, respectively). We are cautious about the latter be-

cause the number of broad stratiform regions in the FHS

is small (Table 1). However, the time sequence of events

suggests triggering and subsequent mesoscale develop-

ment locally, without eastward propagation, possibly

because this region is sufficiently equatorward of the

westerlies.

2) DEEP CONVECTIVE CORES IN THE FHS
AND PLB

Analysis of the diurnal cycle of the different echo

categories in higher time resolution further clarifies the

connection between the different radar echo structure

types and the evolution of MCSs. Figure 12 shows the

diurnal cycles for all three extreme echo structure cat-

egories determined from the TRMM PR for the FHS

and PLB regions. To minimize possible sampling errors

we applied a 4-h running mean to the diurnal cycle, as

suggested by Negri et al. (2002a).

Deep convective cores in the FHS region occur most

frequently in the late afternoon and evening hours (Fig.

12a). This peak is clearly related to the echoes in the

Sierras de Córdoba (Fig. 9d). This region is where Zipser

et al. (2006) found some of the deepest convection on

Earth (Fig. 2b), and where severe storms and tornadoes

are known to occur primarily from early afternoon to

midnight (Altinger de Schwarzkopf and Rosso 1982). The

diurnal cycle of the deep convective cores in the PLB

region is similar to that in the FHS, except that the peak

occurrence time is somewhat noisy (Fig. 12b). Deep con-

vective cores in the PLB in the early afternoon are scat-

tered over the whole region (Fig. 9c), probably as a result

of diurnal heating. In the evening and early night they

occur in the western part of the PLB region (Figs. 9a,d),

likely associated with systems triggered in the FHS (over

FIG. 10. As in Fig. 9, but for wide convective cores.
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the Sierras de Córdoba in the FHS; see Fig. 5d) and

subsequently advected eastward by the midlevel west-

erlies (Fig. 3b) into the PLB region. Both the scattered

afternoon and orographically triggered evening deep

convective cores contribute to the peak in Fig. 12b.

As noted in section 5a, synoptic-scale low-level mois-

ture transport favors extremely deep convection in the

FHS. The diurnal timing of the convection is related to

the diurnal heating of the high terrain of the Andes and

is determined by mechanisms that are responsible for

lifting the low-level air to saturation to release its in-

stability. Figure 13 shows the composite diurnal cycle

of surface winds and divergence for days when deep con-

vective cores occur in the FHS. The Andes are char-

acterized by extreme divergence in the late night and

morning (Figs. 13a,b) and pronounced convergence over

the extremely high terrain from midday through evening

(Figs. 13c,d). In the late afternoon and evening, this con-

vergence over the high terrain draws low-level air from

the east and northeast toward the Andes in the southern

part of the continent. Some of this low-level air must pass

over the sharply rising Sierras de Córdoba just upstream

of the Andes, lifting the air over this range. A composite

sounding for ;2000 MST at 358S, 658W (Fig. 12e) shows

that the lower layer, below the strong westerlies, is con-

ditionally unstable and rather dry. It requires ;2 km of

lifting to release the instability. The Sierras de Córdoba

comprise a continuous ridge that is just over 2 km in

height, just enough to bring the low-level air to saturation

and release intense convection in the late afternoon to

early evening hours over the Sierras, upstream of the

Andes.

3) WIDE CONVECTIVE CORES AND BROAD

STRATIFORM REGIONS IN THE FHS

Wide convective cores in the FHS have a diurnal cycle

of occurrence that is similar to that for the deep con-

vective cores, but with a broader peak occurring about

4 h later (Fig. 12c). This similarity suggests that these

two echo categories occur under similar conditions. In-

deed, in the FHS area, there is an overlap of deep and

wide convective cores of close to 20% of both categories

combined, and the composites of wind and divergence

data for these two echo categories in this region were

almost identical. Therefore, we consider Fig. 13 as being

representative for the wide convective cores as well. The

FIG. 11. As in Fig. 9, but for broad stratiform regions.
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maximum occurrence of wide convective cores in the

FHS region is from around midnight to 0100 MST. The

composite wind pattern at about this time (Fig. 13a) in-

dicates that the low-level flow into the FHS–PLB region

at the time of maximum occurrence of wide convective

cores has a more northerly component than in the early

evening (Fig. 13c). It can thus be suggested that the

convective systems that develop upscale to contain wide

convective cores are more strongly fed moisture by the

SALLJ. Broad stratiform regions represent a still later

FIG. 12. Diurnal cycle of the frequency of occurrence of (a),(b) deep convective cores, (c),(d) wide convective

cores, and (f) broad stratiform regions in the (left) FHS and (right) PLB regions. The RMS error is shown (black

bars). (e) Sounding from NCEP–NCAR reanalysis composite fields for days when deep convective cores occurred in

the FHS region extracted at 358S, 658W (white circle in Fig. 1b) at 0000 UTC (;2000 MST).
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stage of MCS development, and the few broad strati-

form regions that are observed in the FHS are consistent

with this view in that they all occur in the late night to

morning hours (not shown). However, the number of

broad stratiform regions in the FHS (Table 1) is clearly

too small to hold up for conclusions.

4) WIDE CONVECTIVE CORES AND BROAD

STRATIFORM REGIONS IN THE PLB

Although the wind and divergence composites for the

PLB echo structures (not shown) closely resemble those

for the FHS region (Fig. 13), wide convective cores and

broad stratiform regions in the PLB exhibit a diurnal

cycle distinct from the deep and wide convective cores

over the FHS (cf. left and right panels of Fig. 12). The

wide convective cores in the PLB have a weak diurnal

cycle, but nonetheless have a weak maximum frequency

of occurrence at about 0600–1000 MST. The broad strat-

iform regions have a strong maximum frequency slightly

later, beginning at about 0800 MST and cutting off sharply

around 1200–1300 MST. This sequence is consistent with

the further development of convective systems originating

upstream over the FHS and evolving into broad MCSs

out over the flat terrain of the PLB. Studies of MCSs

(Salio et al. 2007) and MCCs (Velasco and Fritsch 1987)

over southeast South America using IR satellite imagery

show a maximum in the initiation of MCSs and MCCs in

the afternoon and evening and the mature stage mainly

during the night and early morning. Nogués-Paegle and

Mo (1997) found a maximum in vertically integrated

moisture flux for wet periods in this area between 0200

and 0800 LT, providing the necessary moisture to keep

the convective systems growing at this time of day.

The upscale maximization of the broad stratiform re-

gion echoes at this time of day is further aided by the

powerful diurnal cycle of heating and cooling over the

Andes to the west. In the morning hours strong down-

slope flow associated with the strong nighttime diver-

gence at the top of the Andes converges with the SALLJ

(which is strongest at night) and other northeasterly and

easterly surface flow over the PLB (almost identical to

the patterns shown in Fig. 13b). This convergence aids in

the development of broad stratiform regions in the later

stages of the MCSs triggered in the late evening or

FIG. 13. NCEP–NCAR reanalysis surface winds (m s21) and divergence (s21) composites at (a) 0600 UTC

(;0200 MST), (b) 1200 UTC (;0800 MST), (c) 1800 UTC (;1400 MST), and (d) 0000 UTC (;2000 MST) for days

when deep convective cores were observed in the FHS region.
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nighttime in the FHS or PLB regions. This inference agrees

with conclusions of Nicolini and Saulo (2006), who found

that stronger-than-normal wind convergence over the

La Plata basin leads to the observed nocturnal precipita-

tion maximum. The convergence sharply cuts off at mid-

day, when heating over the Andes begins to draw the

surface flow upward again (as in Fig. 13c). MCSs con-

taining wide convective cores and broad stratiform regions

in middle and late stages of their life cycle, respectively,

are probably responsible for the nighttime–morning

precipitation maximum seen over the La Plata basin in

Figs. 8a–c,h, and described for this region by Kikuchi

and Wang (2008).

b. Control of extreme convection in the FHN
by the diurnal heating cycle of the Andes

The occurrence of extreme convection becomes more

probable in the northern (tropical) portion of the Andes

in the synoptic setting of the east coast trough regime

(section 5b). In these conditions some extreme convec-

tion is closely tied to the Andes foothills in the FHN

region (Figs. 5b,d). In this region, deep convective cores

are rare (Fig. 9). However, wide convective cores and

broad stratiform region echoes are observed, with peak

frequency during the late night and morning (Figs. 10a,b,

11a,b, and 14a). During the afternoon and evening they

occur farther off the mountains in the southwestern part

of the Amazon basin. The peak in wide convective cores

in the early afternoon (Fig. 14a) probably represents

convection triggered by daytime solar heating (Figs. 10c,d).

The larger peak in late night and early morning is due

to echo structures that form along the Andes foothills,

probably as the nocturnal low-level flow is lifted over the

foothill ridges such as the Cordilleras Vilcabamba and

Azul (Figs. 1a and 10a,b).

The diurnal cycle for the broad stratiform regions has

one pronounced peak in the late morning (Fig. 14c). It

corresponds partly to echo structures over the foothills

and partly to echo structures located over the Amazon

basin (Fig. 11c). The peak is observed after the peak in

wide convective cores, again suggesting that they are

part of similar MCSs in either an early, more convective,

or later, more stratiform, stage of their life cycle. Note,

however, that the number of broad stratiform regions in

this region is relatively small (Table 1). It is interesting

that although the afternoon and evening cold cloud frac-

tion observed in IR data over the crest of the Andes is

larger than that during the late night and morning at the

foothills (Garreaud and Wallace 1997), the late night

and morning convective systems produce a much larger

amount of precipitation (cf. Figs. 8b,f).

As mentioned above, we suggest that orographic lift-

ing of the north-northwesterly low-level flow (Fig. 3d) at

the foothills accounts for increased convective activity

and precipitation as proposed by Lenters and Cook (1995).

The question remains as to why this mechanism is only

effective during the night. A diurnal composite analysis

of the surface winds and divergence for days when wide

convective cores are observed in the FHN (Fig. 15) re-

veals massive daytime heating over the mountain crests

and plateaus, especially the Altiplano, leading to ex-

treme convergence of the surface winds at mountaintop

level (Figs. 15c,d). Upslope winds in response to the

heating probably transport moisture to high elevations,

leading to the observed afternoon and evening convec-

tion and precipitation over the Altiplano (Figs. 9c,d and

8f,g, respectively). While the mountaintop heating forces

surface winds upslope, it also creates a strong divergence

zone along the foothills, preventing convection there.

During the night and morning, cooling over the moun-

tain tops reverses these mechanisms, and convergence is

restored at the base of the Andes (Figs. 15a,b).

Romatschke et al. (2010) found a similar late night to

early morning maximum in wide convective cores along

the Himalayan foothills during the South Asian mon-

soon. The mechanisms leading to this maximum were

similar to those described here; however, because of the

extreme nocturnal cooling of the Tibetan Plateau they

even found nocturnal downslope flow converging with

the prevailing moist monsoon flow over the plains. We

speculate that such downslope winds converging with

the moist flow from the Amazon basin might be present

along the Andes foothills, as suggested by Giovannettone

and Barros (2009), although they are not clearly resolved

in the NCEP–NCAR reanalysis data.

c. Extreme convection over the AMZ comes
from two directions, merges, and takes
the form of nocturnal broad stratiform regions

Extreme convection in the AMZ region generally oc-

curs in the synoptic setting of the east coast trough re-

gime (section 5b), although, as discussed in section 5b,

the synoptic forcing seems to play a less important role

than in other regions, for example, the FHN. The AMZ

and NEC regions exhibit a much different form of ex-

treme convection than that which occurs in the FHN. In

particular, the extreme convection over the AMZ region

is not as strongly controlled by mountainous topography.

Convection in the AMZ region, as represented by the

diurnal precipitation climatology, starts in the early af-

ternoon as two northwest–southeast-oriented lines of

maximum rainfall (Fig. 8e). Convection in these two

bands produces maxima in cold cloud coverage in IR

imagery (Garreaud and Wallace 1997) and is therefore

likely deeper than convection at later times. However, the

convective cells are not deep enough to be captured by
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the deep convective core category (Fig. 9c). The early

afternoon northwest–southeast-oriented precipitation

bands do, however, coincide with the occurrence of sys-

tems with wide convective cores (Fig. 10c). In the late

afternoon, the two lines merge and the convection spreads

out to cover the Amazon basin (Fig. 8f). Wide convective

cores occur with roughly similar frequency throughout

the day, but the late afternoon merger of precipitation

bands seen in Fig. 8f corresponds to the slight uptick in

occurrence of wide convective cores in the late afternoon

(Fig. 14b). Negri et al. (2000, on their page 52) describe

this phenomenon as analogous to waves in a string that is

FIG. 14. Diurnal cycle of the frequency of occurrence of (a),(b),(e) wide convective cores and (c),(d) broad stratiform

regions in the (a),(c) FHN and (b),(d) AMZ and (e) NEC regions. Black bars show the RMS error.
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fixed at both ends, the ends in this case being the Andes

in the southwest and the northeastern coast (see section

6d). They describe that ‘‘Both ends generate convection

that propagates into the Amazon Basin, initiating new

convection, and interacting with convection initiated

within the basin itself, all apparently complicated by the

effects of the rivers.’’

At the location where the two northwest–southeast

lines of precipitation merge, a line of maximum precipi-

tation forms and persists throughout the night (Fig. 8a–c,

g,h). The frequency of broad stratiform regions reaches a

maximum for several hours, around 0300 MST (Fig. 14d).

This sequence, in which the maximum occurrence of broad

stratiform regions comes several hours after the maximum

of wide convective cores, again points to a likely evolution

of MCSs with embedded wide convective cores evolving

into systems containing broad stratiform regions at later

times. The time of maximum occurrence of broad strati-

form regions is consistent with results of Machado et al.

(2004), who found the maximum total cloud cover during

the night over Brazil. Negri et al. (2002b) showed a lag of

2 h between the maxima in convective and stratiform rain

rates.

The maximum of occurrence of broad stratiform region

echoes at ;0200 MST falls along a northwest–southeast

line in the AMZ region (Fig. 11a). This line coincides with

the northwest–southeast line of maximum precipita-

tion persisting throughout the night (from ;2000 to

;0800 MST in Fig. 8), which formed from the merger

of the two lines of precipitation existing earlier in the day,

and which was most pronounced at about 0200 MST

(Fig. 8a). This line also coincides with the northwest–

southeast band that constitutes the maximum overall

seasonal precipitation across northern South America

(Fig. 2a). This three-way coincidence of northwest–

southeast lines indicates that the MCSs that develop

broad stratiform regions over the AMZ are important

contributors to the overall summer season precipitation

in the Amazon region.

By applying an empirical orthogonal function analysis

to TRMM data, Kikuchi and Wang (2008) found an area-

wide daytime precipitation maximum over the Amazon

region. Figures 8e,f show that the daytime precipitation

is generally widespread over the region, but actually has

a relative minimum in a northwest–southeast zone lo-

cated between the two bands discussed above. However,

this minimum is where Fig. 2a shows the seasonal ac-

cumulation to be greatest. We infer, therefore, that the

nocturnal systems with broad stratiform regions, which

maximize along the northwest–southeast line seen in

FIG. 15. As in Fig. 13, but for wide convective cores in the FHN region.
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Fig. 11a, account for the northwest–southeast-oriented

seasonal maximum in Fig. 2a, when added to the day-

time maximum convective systems. Some individual lo-

cations along the nocturnal precipitation band actually

have an overall nocturnal precipitation maximum; for

example, the city of Humaitá, Brazil, located along the

nocturnal precipitation band at 7.58S, 63.08W on the

bank of the Rio Madeira has a clear precipitation max-

imum after midnight (Angelis et al. 2004). Negri et al.

(2002b) conducted a high temporal and spatial resolu-

tion analysis of the diurnal cycle of precipitation in the

Amazon basin. Close inspection of their maps also re-

veals nighttime maxima along the Amazon and neigh-

boring rivers and daytime maxima in the surrounding

areas. The highly local role of the rivers in favoring the

nighttime maxima associated with broad stratiform re-

gions is curious and a topic for further study.

The northwest–southeast-elongated precipitation area

over the AMZ, which persists throughout the night, is

associated with larger-scale wind convergence. Easterly

winds from the Atlantic turn south at the Andes and

become the northwesterlies observed at the 700-mb level

along the eastern Andes foothills (Fig. 3c), converging

with the easterly flow from the Atlantic. The conver-

gence seen in the NCEP–NCAR winds is increased in

the evening hours (not shown) at the time of the evening

merger (Fig. 8g) of the two lines of convection, which

were observed in the early afternoon (Fig. 8e), into one

single line of convection. The increase of wide convec-

tive cores in the evening (Fig. 14b) and the maximization

of broad stratiform regions during the night (Figs. 11a

and 14d) might be related to this peak of convergence in

the region.

The TRMM data indicate further details of the com-

plex diurnal variability in the AMZ region. Comparison

of Figs. 8e,1 indicates that the first afternoon convection

in the southeastern Amazon basin is triggered over the

lower terrain (above 250 m) of the Brazilian Highlands.

Laurent et al. (2002) show triggering over the terrain

around the location of the TRMM-LBA field campaign

region (;68 to ;168S, ;568 to ;668W), which is located

within the southern line of early convection (Fig. 8e).

Most of their observed MCSs were initiated over terrain

between 200 and 300 m. Diurnal heating over the slightly

elevated terrain plus the moisture supply of the Amazon

rain forests probably combine to set ideal conditions for

the triggering of convection in this region. One excep-

tion to the early triggering over elevated terrain is the

early afternoon precipitation maximum observed at ;48S,

618W (Fig. 8e), which is located over the lowlands. It

corresponds to a maximum in broad stratiform regions

(Fig. 11c) and occurs over a region with a strong un-

derlying moisture source, where the Rio Negro joins the

Amazon River. Wide convective cores and a correspond-

ing precipitation maximum are observed in the preceding

hours moving in from the northeast (Figs. 10b and 8a–d,h)

as discussed further in section 6d. The MCSs containing

these wide convective cores probably form large strati-

form regions later in their life cycle, which are observed as

broad stratiform regions in the early afternoon (Fig. 11c).

We speculate that the presence of these daytime-maturing

MCSs together with the solar heating and underlying

moisture source contribute to the observed precipitation

maximum in the early afternoon (Fig. 8e).

The spreading out of precipitation to the northwest in

the afternoon (Figs. 8e–f) is likely at least in part due to

convection triggered by solar heating, which takes lon-

ger to form without the enhanced heating over elevated

terrain. It might also be convection triggered by cold out-

flow from previous convective cells. Cifelli et al. (2002)

studied two MCSs from the TRMM-LBA campaign data

during different synoptic conditions. One formed as a

squall line and was triggered by cold outflow from pre-

vious convection to the northwest (Amazon squall lines

are discussed further in section 6d). The other MCS

formed by convective cells merging together after they

were probably triggered by solar heating, suggesting that

both mechanisms play a role in the spreading of the con-

vection to the northwest.

Machado et al. (2002), who studied IR data over the

core of the TRMM-LBA region (9.88–12.18S, 61.08–

63.38W), found high cloud fractions for lower brightness

temperature thresholds, associated with deeper convec-

tion, in the late afternoon and for higher thresholds

during the late night and early morning hours, consistent

with the evolution of MCSs. They also show the evolu-

tion of the typical sizes of the convective systems as

increasing during the afternoon, with maximum extent

during the evening, and slightly smaller scales persist-

ing through the night. When generalized over a larger

area, IR data with temperatures below a certain threshold

show the largest area expansions of convective systems

over the Brazilian Highlands in the early afternoon and

over the northwestern Amazon basin in the later after-

noon (Machado and Laurent 2004). This result agrees

with our findings of convection starting first in the south-

east and then spreading to the northwest. The broad

stratiform regions observed during the night, which cor-

respond to a maximum in overall precipitation (Fig. 2a),

however, are not evident in IR brightness temperature

data (Machado and Laurent 2004).

d. Squall lines form in the NEC and move into
the Amazon region

It is known from earlier work (Garstang et al. 1994;

Kousky and Molion 1981; Molion 1987) that intense and
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areally extensive squall-line MCSs form in the northeast

coastal zone of South America, in response to daytime

maximum of convergence, where the easterlies com-

ing from the Atlantic slow down over the continent.

This profound coastal convergence zone is evident in the

NCEP–NCAR winds in Figs. 4c,d. Garstang et al. (1994)

analyzed three mesoscale to synoptic-scale squall-line

systems, which they describe (on their page 608) to be

‘‘among the most important rain producers in the rain

forests of the central Amazon Basin.’’ The systems were

composed of merged convective cells triggered during

the afternoon in a sea-breeze convergence zone along

the northeast coast of South America. The line-shaped

areas of convection, reaching total lengths of over

3000 km, moved southwest at speeds of 14–17 m s21

with the low- to midlevel winds. The squall lines weak-

ened during the night but were reinforced during the time

of maximum diurnal heating near the location of the

northern line of early convection described above. Some

of these squall lines are persistent enough to reach the

western boundaries of the Amazon basin. Rickenbach

(2004) observed squall lines originating from the north-

east coast in the TRMM-LBA campaign region that

caused a secondary nocturnal precipitation maximum.

Salio et al. (2007) found nocturnal MCSs associated with

squall lines originating at the Brazilian coast in the

southern parts of tropical South America.

The diurnal statistics of TRMM PR radar echo struc-

tures and precipitation are consistent with these earlier

studies of squall lines generated diurnally in the north-

eastern coastal convergence zone. The location of the

first extreme convection in the afternoon is along the

eastern sides of the mouths of the Amazon River and

the Rio Tocantins (Figs. 1, 9d, 10c–d, and 8e–f). The time

of day of the triggering suggests that heating of the land-

masses and a local sea breeze combine with the synoptic-

scale convergence in the coastal region, and with moisture

supplies of the river deltas to initiate convection as sug-

gested by Negri et al. (2000). Note that very little con-

vection is found over the eastern end of the continent

where the wind convergence at the surface (Figs. 4c,d)

is counteracted by divergence at the 700-mb level (not

shown) and the air is drier, unlike the saturated condi-

tions over the mouth of the Amazon.

The extreme convective storms that form in the coastal

convergence zone within the zone of maximum after-

noon precipitation (Figs. 8e,f) move inland during the

night. This southwestward movement is evident in the

diurnal precipitation pattern [Figs. 8a–d,g,h; see also Negri

et al. (2002b)]. This line-shaped zone of maximum pre-

cipitation loosely coincides with extreme convection in

the form of wide convective cores moving farther inland

(Figs. 10a,c,d). The diurnal cycle of the wide convective

cores (Fig. 14e) reflects the afternoon triggering and

southwest movement of the line of extreme convection

by showing an increase in wide convective cores in the

NEC during the afternoon, a maximum in the evening,

a decrease in the early morning, and a minimum around

noon, when the line of convection has weakened and

moved out of the NEC region.

e. Deep and wide convective cores are released
when Atlantic air is diurnally forced upward
over the BHL

The diurnal cycles of the occurrence of deep and

wide convective cores in the BHL region peak strongly

in the afternoon. The peak in deep convective cores

is stronger than in any other region (Fig. 16a). The peak

in wide convective cores is similar but it extends until

midnight (Fig. 16c), suggesting that early convective

systems containing deep convective cores merge and

form systems containing wide convective cores, as was

seen to occur also in the FHS (section 6a). In this re-

gion, though, there is less of a tendency for the systems

to develop further upscale, as evidenced by the occur-

rence of broad stratiform regions being relatively in-

frequent with no particular diurnal preference (Figs. 11

and 16e; Table 1). Divergence anomaly composites

for days with broad stratiform regions observed in the

BHL show stronger-than-average convergence during

all times of the day (Fig. 17), suggesting that—unlike

the strongly diurnally forced deep and wide convective

cores—synoptic forcing is more important than diurnal/

topographic forcing for the formation of broad strati-

form regions in this region (see also section 5b). How-

ever, this inference is tentative because the total number

of observed broad stratiform regions is relatively small

(Table 1).

The strongly diurnally forced extreme convection in

the form of deep and wide convective cores in the BHL

occurs mainly along the coast of the southern Brazilian

Highlands (Figs. 9c,d and 10c,d) in a region of strong

surface wind convergence. Figure 18c shows the com-

posite wind and divergence for days with deep con-

vective cores in the BHL; composites (not shown) for

days with wide convective cores occurring in the BHL

show similar results. This convergence is likely a re-

sult of the strong diurnal heating over the Brazilian

Highlands, which not only leads to a sea-breeze effect

on the eastern side but also to westerly winds on the

western side of the Brazilian Highlands. A sounding for

;1400 MST at 22.58S, 47.58W extracted from the com-

posites for the deep convective cores (Fig. 16b) shows

that the easterly winds at the coast are only present in the

lowest levels. Westerlies occur at and above 700 mb. This
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strong directional wind shear produces similar conditions

to those over the FHS region [sections 5a and 6a(2)] with

moist low-level air, in this case from the Atlantic, being

overridden by dry upper-level air from the continent.

This allows strong instability to build up, which is released

either by sea-breeze convergence or when the moist low-

level flow is lifted over the coastal mountains and over the

Brazilian Highlands.

FIG. 16. Diurnal cycle of the (a) frequency of occurrence of deep convective cores, (c),(d) wide convective cores,

and (e),(f) broad stratiform regions in the (left) BHL and (right) ATL regions. The RMS error is shown (black bars).

Note the different scale in (a). (b) Sounding from NCEP–NCAR reanalysis composite fields for days when deep

convective cores occurred in the BHL region extracted at 22.58S, 47.58W (white diamond in Fig. 1b) at 1800 UTC

(;1400 MST).
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f. Wide convective cores and broad stratiform regions
form over the ATL with a diurnal cycle related to
heating over the continent

Convection in the oceanic part of the SACZ is en-

hanced in the synoptic setting of the Atlantic trough re-

gime (section 5c). However, the intensity of the oceanic

SACZ is not only influenced by the synoptic regime but

also by the diurnal heating over the South American

continent. Diurnal composites of surface wind and di-

vergence patterns for days when wide convective cores

(Fig. 19) occur do not indicate any significant diurnal

variation in the amount of low-level convergence over

the ATL, except at ;2000 MST, when the convergence

is somewhat weaker. Composite maps for days when

broad stratiform regions are observed are similar to those

in Fig. 19 and are not shown. The weakening occurs at the

time of day when the pronounced diurnal convergence

over the high Andes terrain is strongly drawing Atlantic

air landward toward the mountains (Fig. 19d). The east-

erly landward component of the surface wind weakens

the convergence over the Atlantic. The time of this effect

(;2000 MST) coincides with a minimum in wide con-

vective cores (Fig. 16d) and a decrease in broad stratiform

regions (Fig. 16f). During the night, the undisturbed wind

pattern is slowly rebuilt leading to a strengthening of the

convergence over the Atlantic and an increase in wide

convective cores in the morning (Figs. 9c and 16d). The

broad diurnal peak of occurrence of wide convective

core echoes at ;0700–1300 MST (Figs. 10b,c and 16d) is

followed by a maximum occurrence of broad stratiform

regions a few hours later, at ;1300–1900 MST (Figs. 11c,d

and 16f). This time lag indicates that extreme convec-

tion over the ATL takes the form of MCSs with wide

convective cores in their earlier stages and developing

broad stratiform regions in their later stages. As already

mentioned (section 4b), deep convective cores rarely oc-

cur over the ATL (Fig. 9).

FIG. 17. NCEP–NCAR reanalysis surface divergence anomaly (s21) composites at (a) 0600 UTC (;0200 MST),

(b) 1200 UTC (;0800 MST), (c) 1800 UTC (;1400 MST), and (d) 0000 UTC (;2000 MST) for days when broad

stratiform regions were observed in the BHL region.
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Another process may be involved in determining the

peak of occurrence of MCSs, with wide convective core

echoes in the morning over the ATL. Mapes et al. (2003)

noted that the extreme daytime heating over the ele-

vated Andes terrain can generate a mesoscale gravity

wave that propagates away from the mountains and

triggers MCSs at a distance from the Andes during the

morning. They noted this process over the Pacific west of

the tropical Andes. We wonder if it is not possible that

a similar wave could propagate eastward from the sub-

tropical Andes and excite convection over the ATL in

the morning hours.

7. Conclusions

Analysis of the summer months of 10 yr of TRMM PR

data has shown how the effects of daytime solar heating

and forcing by the topography combine with different

synoptic scenarios to trigger and develop a variety of

particularly intense convective systems over the South

American continent and the neighboring Atlantic Ocean.

Three types of radar echo structures have been classified

according to their 3D properties and convective/stratiform

nature: deep convective cores (contiguous convective re-

flectivity values $40 dBZ, extending $10 km in height),

wide convective cores (contiguous convective reflectivity

values $40 dBZ, extending over an area of $1000 km2

when projected on a horizontal plane), and broad strati-

form regions (contiguous stratiform radar echoes, ex-

tending over an area of $50 000 km2 when projected on

a horizontal plane).

South America extends meridionally across many lat-

itudes, and the climatology in our region of interest varies

from tropical in the north, centered on the Amazon basin,

to subtropical in the south, centered on the La Plata ba-

sin. Both climatological regimes are bounded on the

west by the Andes. The South American low-level jet

(SALLJ) connects the two regimes by advecting tropical

air into the southern subtropical region. The strength of

the SALLJ waxes and wanes with the passage of synoptic-

scale waves in the westerlies. When a wave trough is

over the Andes or the La Plata basin (i.e., the west

FIG. 18. As in Fig. 13, but for deep convective cores in the BHL region.
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coast or La Plata basin trough regime), the SALLJ in-

trudes into the south and contributes to the formation of

extreme convection over the southern foothills of the

central Andes and over the La Plata basin. As the trough

moves eastward (i.e., the east coast trough regime), sur-

face high pressure builds over the La Plata basin and the

SALLJ withdraws to the north, and extreme convection

occurs on the tropical northern foothills of the central

Andes. Extreme convection over the greater Amazon

region, east of the Andes, is also associated with the east

coast trough regime. However, because there is little

synoptic variability in this region with different synoptic

regimes, we conclude that the influence of the synoptic

environment on the convection in this region is limited.

When the trough moves over the ocean and deepens (i.e.,

the Atlantic trough regime), extreme convection occurs

over the ocean, offshore from the Brazilian Highlands.

The frequency of occurrence of and form taken by

extreme convection within the broader synoptic envi-

ronments of both the northern tropical and southern

subtropical/midlatitude zones is strongly modulated re-

gionally by topography and the diurnal heating cycle.

In the FHS and PLB regions, all three types of ex-

treme radar echo structures have strong maxima in their

frequency of occurrence. Deep and wide convective

cores have a maximum frequency in the FHS in the af-

ternoon and evening in an environment of strong di-

rectional wind shear, in which moist easterly low-level

flow is overridden by dry westerlies aloft. This sheared,

moisture-stratified environment builds up strong instabil-

ity, which is released as the low-level flow is lifted over

the lower slopes and foothills of the Andes. The TRMM

statistics indicate that the convective systems containing

deep and wide convective cores propagate to the north

and east over the wider La Plata basin during the night

where they evolve to contain broad stratiform regions in

the morning. This enhanced convective activity over the

La Plata basin during the night and morning hours leads

to a morning precipitation maximum in the PLB. The

nocturnal convection is reinforced as downslope flow from

the Andes (a result of nocturnal cooling over the moun-

tains) converges with northerly low-level flow along the

eastern Andes foothills, that is, the stronger-than-normal

SALLJ ahead of a midlatitude wave passage.

In the FHN, extreme convection is associated with the

later stages of midlatitude wave passages. The SALLJ

does not extend to the subtropics in these synoptic con-

ditions, shutting down the moisture transport to the sub-

tropics. Instead, the tropical part of the nocturnal SALLJ

impinges on the northeastern foothills of the central

Andes, leading to maximum occurrence of wide con-

vective cores at night, broad stratiform regions in the

morning, and maximum precipitation from midnight to

noon. Strong daytime convergence over the crests of the

Andes, a result of daytime solar heating, leads to di-

vergence along the foothills in the afternoon, preventing

convection and precipitation at the base of the foothills

during that time of the day.

FIG. 19. As in Fig. 13, but for wide convective cores in the ATL region.
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In the AMZ region, precipitation is first observed in

the early afternoon in two parallel bands extending from

the northwest to the southeast. It is mostly triggered

over elevated terrain in the eastern parts of the Amazon

basin and partially in the western Brazilian Highlands.

The precipitation bands are loosely associated with max-

ima in extreme echoes in the form of wide convective

cores. Deep convective cores are rare in the AMZ. As

a result of large-scale wind convergence, the two bands

merge in the evening forming one broader band of pre-

cipitation right between the two original bands. This

merger band persists throughout the night and coincides

with a strong maximum in broad stratiform regions and

also with the overall precipitation maximum in this re-

gion. Thus, although precipitation tends to peak in the

afternoon over the Amazon basin as a whole (Kikuchi

and Wang 2008), the nocturnal broad stratiform regions

are implicated here in determining the exact location of

the precipitation accumulation maximum.

In the NEC region, a climatological band of maximum

precipitation forms along the coast, probably as a re-

sponse to diurnal heating and a sea-breeze effect in com-

bination with the moisture supply by major river deltas.

This precipitation band moves farther inland with the

prevailing northeasterly winds, weakens during the night,

and becomes reinforced by solar heating at the location

of the northern band of early precipitation in the AMZ

region mentioned above. This precipitation band loosely

corresponds to a maximum in wide convective core ech-

oes and is likely associated with robust coastal squall lines

described by Garstang et al. (1994).

In the BHL region, deep and wide convective cores

are observed in the afternoon in a similar environment

of strong directional wind shear as the daytime radar

echo structures in the FHS region. The afternoon low-

level sea breeze is overridden aloft by dry westerlies,

which again lead to a build up of instability that is re-

leased as the low-level flow drawn inward by heating over

the continent is lifted over the coastal mountains. The

occurrence of systems with broad stratiform regions in

the BHL did not show a strong diurnal cycle and thus did

not have any preferred temporal relationship to the times

of peak occurrence of deep and wide convective cores.

In the ATL region, deep convective cores are ex-

tremely rare if not completely absent. This behavior is

consistent with other oceanic regions (e.g., Romatschke

et al. 2010). Wide convective cores and broad stratiform

regions do occur frequently and are associated with

the passage of midlatitude waves off the continent. Low

pressure over the eastern South Atlantic then leads to

convergence enhancing the oceanic part of the SACZ.

Large-scale convergence weakens in the evening, as a

result of heating over the Andes drawing surface winds

landward. A minimum of wide convective core forma-

tion occurs at this time, and broad stratiform regions

shut off. As the convergence builds back up over the

ocean in the ensuing hours, wide convective cores reach

a maximum occurrence in the morning followed by a

midday maximum of broad stratiform region occurrence.

When the convergence weakens again later in the day, the

cycle repeats.

The fact that wide convective cores peak after the

deep convective cores in the FHS and BHL regions, and

the broad stratiform regions peak after the wide con-

vective cores in all regions but the BHL, suggests that

the convective systems containing the different types of

radar echo structures are not independent of each other.

Systems containing deep convective cores likely orga-

nize upscale to contain wide convective cores at a later

time in regions where both are present. The close re-

lation of wide convective cores and broad stratiform re-

gions, at a time lag of a few hours, indicates that they are

both part of the same type of extremely large MCSs at

different stages of development. These MCSs are known

to be main producers of precipitation; therefore, it is not

surprising that regions with maximum occurrence of wide

convective cores and broad stratiform regions coincide

with regions of maximum precipitation.

While the TRMM PR data provide a strong statistical

dataset that allows the construction of a climatology such

as that presented here, they remain limited by the orbital

geometry that provides a limited number of snapshots

per day at a given location. Moreover, the overpass tim-

ing is different over the northern and southern portions of

the longitudinally extensive continent of South America.

To further understand the behavior of extreme convec-

tion over this continent, we suggest that case studies of

temporally continuous datasets documenting events in

the different regions identified here would provide life

history information that can only be surmised from the

TRMM data. These case studies, moreover, should be

supported by high-resolution model simulations of the

events, such as have been done by Medina et al. (2010)

for the South Asian region.
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3. Convective systems and precipitation 

The previous chapter identified and examined convective systems with extreme 

characteristics. Studying their occurrence has provided insight into the mechanisms 

contributing to the formation of intense convection. However, questions regarding their 

importance remain to be answered: Are they relevant contributors to the overall 

precipitation? Can the mechanisms involved in their formation be translated to other, non 

extreme convective systems? How often compared to other convective systems do they 

occur? These lead to even more general questions: What types of convective systems 

contribute which amount to the total precipitation? What physical properties are 

characteristic for systems that produce a lot of precipitation? What are the roles played by 

the size and the frequency of occurrence for the precipitation production of a specific type 

of system? Do similar systems occur in regions of different mountain ranges? The 

following two papers try to answer these questions for systems in the South Asian 

monsoon and premonsoon.  

Considering the annual cycle it might be natural to start the discussion with the 

premonsoon and continue with the monsoon. However, the papers were written the other 

way around, and the methodologies used are described in the monsoon paper. Therefore 

they are kept in the order they were written, i.e. the monsoon is discussed before the 

premonsoon. 

3.1. Characteristics of precipitating convective systems in the 

South Asian monsoon (third publication) 
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Abstract

Eight years of Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar 

(PR) data show how convective systems of different types contribute to precipitation of 

the South Asian Monsoon. The main factor determining the amount of precipitation 

coming from a specific system is its horizontal size. Convective intensity and/or number 

of embedded convective cells further enhance its precipitation production. 

The precipitation of the monsoon is concentrated in three mountainous regions: the 

Himalayas and coastal ranges of western India and Myanmar. Along the western 

Himalayas, precipitation falls mainly from small but highly convective systems. Farther 

east along the foothills systems are more stratiform. These small and medium systems 

form during the day, as the monsoon flow is forced upslope. Nighttime cooling leads to 

downslope flow and triggers medium-sized systems at lower elevations. 

At the mountainous western coasts of India and Myanmar, small and medium systems 

are present throughout the day, as an orographic response to the southwesterly flow, with 

a slight superimposed diurnal cycle. Medium systems are favored over the eastern parts 

of the Arabian Sea and large systems are favored over the Bay of Bengal when an 

enhanced midlevel cyclonic circulation occurs over the northern parts of these regions. 

The systems forming upstream of coastal mountains over the Bay of Bengal are larger 

than those over the Arabian Sea, probably because of the moister conditions over the 

Bay. The large systems over the Bay exhibit a pronounced diurnal cycle, with systems 

forming near midnight and maximizing in midday. 
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1. Introduction

Precipitation of the South Asian monsoon is critical to the agriculture and well-being 

of a large portion of the world’s population. The monsoon rainfall moreover is highly 

irregular in time and space, and its prediction is therefore of utmost importance. Not only 

does the rainfall undergo intraseasonal oscillations on the order of weeks (Hoyos and 

Webster 2007; Webster et al. 1998; Webster 2006), but the rain falls from transient 

convective and mesoscale systems in highly localized patterns tightly connected with the 

topography of the region (Anders et al. 2006; Barros et al. 2000, 2004; Barros and Lang 

2003; Hirose and Nakamura 2005; Xie et al. 2006). The rain is of convective origin, but 

varies in its characteristics from one part of the region to another. Using three-

dimensional reflectivity data from the Tropical Rainfall Measuring Mission (TRMM)

satellite’s Precipitation Radar (PR), Zipser et al. (2006), Houze et al. (2007), and 

Romatschke et al. (2010) have examined the most extreme manifestations of the 

convection in the region. These studies show that some of the most intense convection in 

the world occurs in the arid western Himalayan region, while convective systems with 

enormous stratiform precipitation regions occur in the eastern Himalayan region and over 

the Bay of Bengal (Fig. 1a). Medina et al. (2010) have used a high-resolution model to 

examine these two types of extreme convection and have associated the western 

Himalayan convection with orographic release of instability associated with low-level 

moisture from the Arabian Sea being capped by dry midlevel flow from the Afghan 

Plateau, as suggested by Sawyer (1947). They further show that the more stratiform Bay 

of Bengal convective systems were favored in the synoptic environment of Bay of Bengal 
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depressions, enhanced by flow over the moist wetlands of Bangladesh and intensified by 

orographic lifting by the coastal and inland mountains. 

The above-mentioned studies fall into two broad categories. One set of studies 

focuses on the accumulated rainfall in the South Asian region and its variations in time 

and space. The other type of study focuses on the most extreme convective systems. 

Heretofore the entire spectrum of convective systems has not been addressed. 

Furthermore, the two types of studies have not been connected; that is, no study has

determined how much different types of convective system contribute to the overall 

climatological rainfall. 

The present study aims to fill this knowledge gap by examining the full spectrum of 

convective systems seen by the TRMM PR and determining their nature and how much 

each type of system contributes to precipitation totals in South Asia. We note, however, 

that our focus is not on the absolute amounts of precipitation, but rather on the relative 

contributions of different types of convective systems to the total precipitation. Although, 

as noted above, monsoon rain patterns and the frequency of occurrence of extreme 

convective events over South Asia have been documented in previous studies, the 

specific types of systems accounting for the rain as a function of time and location within 

the region have not been heretofore determined. System type can be determined from 

radar by identifying contiguous precipitation radar echoes, and determining their rain 

amounts, heights, widths, and their relative makeup in terms of convective and stratiform 

precipitation. By determining these observable radar echo features for each contiguous 

radar echo seen by the TRMM PR in South Asia, we are able to calculate statistically 

how much rain is due to different types of convective storm system. The variation of 
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these statistics can be examined in relation to topographic, diurnal, and synoptic factors. 

In this way, this paper achieves insight into the mechanisms that lead to the development 

of convective systems in the South Asian monsoon and thus into the types of physics and 

dynamics that must ultimately be accounted for in representations of the convection in 

high-resolution models designed for weather forecasting and climate projections.

2. Data and methodology

2.1 Datasets

We used the National Centers for Environmental Prediction (NCEP) reanalysis data 

on a 2.5° x 2.5° grid (Kalnay et al. 1996) to indicate synoptic conditions. Daily data were 

used to compute anomaly patterns [composites minus long-term (1968-1996) seasonal 

mean]. Six-hourly data were used to show the climatology of the diurnal cycle.

For rainfall patterns, we used TRMM Precipitation Radar (PR) data (Kummerow et 

al. 2000, 1998) for eight years (1999-2006) of the monsoon months (June-September) 

over the region of study (5°N to 40°N and 60°E to 100°E, Fig. 1). All PR data are from 

Version 6. Data from before and after the satellite boost in August 20011 are processed 

the same way. The data products used are:

• 2A23 – Rain Characteristics (Awaka et al. 1997): Classifies rain into three categories: 

“convective,” “stratiform” and “other.” All references to convective and stratiform 

precipitation in this paper are based on these classifications.

• 2A25 – Rainfall Rate and Profile (Iguchi et al. 2000): Provides the three-dimensional 

reflectivity data.

  
1 The TRMM satellite was boosted in altitude from 350 to 403 km in August 2001.
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• 3A25 – Spaceborne Radar Rainfall (Meneghini et al. 2001): Provides the near-surface 

rain rate and the total number of TRMM pixels observed on a 0.5° x 0.5° grid.

2.2 Processing of TRMM data

Houze et al. (2007) and Romatschke et al. (2010) have described the data processing

methods used in this study. We project the PR data onto a three-dimensional grid 

(latitude, longitude, height) to facilitate analysis with specialized radar analysis tools. We 

first correct the TRMM 2A25 three-dimensional reflectivity data for angular offset and 

then interpolate them onto a three-dimensional latitude-longitude-height grid with 0.05° x 

0.05° horizontal and 0.25 km vertical resolution (hereafter the “fine grid”). Within this 

new grid contiguous three-dimensional echo volumes (“convective systems”) are 

identified. We exclude convective systems covering only one horizontal pixel since they 

do not contribute much to the overall precipitation (Sec. 3b), and some of them are likely 

artifacts. The 2D TRMM 2A23 (“rain characteristics”) product was remapped onto the 

fine grid using a nearest neighbor approach (see Romatschke et al. (2010). Data 

remapped onto the fine grid have approximately the same resolution as the original 

TRMM data [2A23 and 2A25 have a resolution of 4.3 km x 4.3 km (5 km x 5 km) pre-

(post-) boost]. Using such a high-resolution grid may introduce some sampling errors 

(Nesbitt and Anders 2009). However, we expect the benefits of having such a high-

resolution dataset to outweigh the disadvantage of some statistical fluctuations since the 

horizontal gradients in precipitation are probably much larger than the sampling errors 

(Anders et al. 2006).

We calculate rain rates on the fine grid by applying relations of the form

Rij = (Zij a)1 b ,
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where Zij is the interpolated reflectivity ( mm 6 mm −3 ) at the fine grid point i within a 

particular convective system denoted by the index j , Rij is the rain rate ( mm h −1 ), and 

a and b are constants. We chose this method instead of doing a separate interpolation of 

the 2A25 near-surface rain product. Since the 2A25 rain fields are computed by a non-

transparent method, which is difficult to reproduce, calculation of the rain rate using the 

above equation makes it easier to recalculate rain fields under different assumptions (by 

simply adjusting values of a and b ). As will be shown below, the maps derived by our 

more flexible method are consistent with the 2A25 rain fields. The latter are used in the 

hierarchy of TRMM products to produce Product 3A25 rain maps, which are presented 

on a 0.5° x 0.5° grid (hereafter the “coarse grid”). We test our fine grid rain maps by 

degrading their resolution and comparing with the 3A25 maps (see below). The closest 

match with the 3A25  near-surface rain rate was obtained using a = 100 and b = 1.7 for 

grid boxes classified as convective, a = 200 and b = 1.49 for grid boxes classified as 

stratiform, and a = 140 and b = 1.6 for grid boxes classified as neither convective nor 

stratiform. The rain rates in grid boxes where the distance between the lowest level with a 

positive reflectivity value and the underlying surface was >2.5 km were set to zero as we 

do not expect precipitation from these altitudes to reach the surface. In each 2D fine grid 

element i , rain rates were averaged over either all or a subset of convective systems to 

obtain the mean rain rate Ri
in that element

Ri = Pi Nri
−1 Rij

j
∑ , 
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where Nri is the number of samples for which the PR detected rain in fine grid element i , 

and Pi
is the probability that rain is occurring in that element. This probability is given 

by

Pi = N ri N Ti

where NTi
is the total number of times the PR looks at fine grid element i (i.e. the total 

number of observational samples at point i ). This number is estimated by a downscaling 

assumption

NTi = ( Ai A)NT ,

where Ai
refers to the area of a 0.05° x 0.05° fine grid element, A refers to the area of a 

0.5° x 0.5° coarse grid box, and NT
is the total number of times that the PR looks at fine 

grid elements anywhere within the coarse grid box. The assumption is that the ratio of the 

total number of samples of one grid box i of the fine grid to the total number of samples 

obtained in the coarse box is the same as the ratio of the area of the fine grid element to 

the area of the coarse grid box. Because the fine grid elements that we use are for the 

latitude-longitude grid onto which we have interpolated the native PR data, we must 

estimate NT
based on the number of native grid elements observed by the PR in the 

coarse grid box. We refer to this number as N Tn
, which is provided by the TRMM 

Product 3A25 on a monthly basis for each coarse grid box, and NT
is estimated by
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where An
is the area of the native PR grid element (4.3 km x 4.3 km for PR data 

collected before the TRMM boost, and 5 km x 4.25 km2 after the boost). 

Figure 2 compares the  near-surface seasonal mean rain rate field given by the 

TRMM coarse-grid Product 3A25 (Fig. 2a) with the field of Ri
calculated on the fine 

grid by our method and then further averaged onto the coarse grid (Fig. 2b). Overall, the 

patterns of accumulated rain agree reasonably well. However, the rain rates derived from 

the fine grid are slightly larger than the 3A25 values, especially over continental regions 

with high precipitation values, i.e., along the Himalayan foothills and over the Western 

Ghats (Fig. 1a). These differences are probably within the overall uncertainty of 

estimating rain rate from radar reflectivity, and, in any case, are not a major concern for 

this study since our focus is on relative rather than absolute precipitation values. In 

addition, the 3A25  near-surface rain rate from Version 6 is known to underestimate 

precipitation, especially over land (Iguchi et al. 2009). For these reasons, we did not 

attempt to further adjust our calculations. 

3. Precipitation and convective systems

3.1 Overall precipitation pattern of the monsoon

Figure 3a shows the mean rain rate Ri
on the fine grid for the monsoon season (June-

September). As noted in other studies (e.g. (Hoyos and Webster 2007; Xie et al. 2006), 

the overall monsoon rain pattern is concentrated in three areas, all upstream of and over 

the lower slopes of mountain ranges: over land on the southern side of the Himalayas; 
  

2 After the boost, the swath became wider with the result that the pixel is wider in the cross scan 
direction. However, along track, the distance between the pixels decreases because of the 
sampling rate staying the same but an increasing time required for one orbit. 
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along and just upstream of the mountainous coastal region of western India; and covering 

the Bay of Bengal, increasing in magnitude toward the coast of Myanmar, where an 

elongated zone of maximum rain occurs along the mountainous coastal zone on the 

eastern side of the Bay of Bengal. In the remainder of the paper, we will treat the 

Himalayan precipitation region separately, since it is over land. We will discuss the two 

oceanic/coastal zones together since they have common features. 

Over the whole region of study the precipitation is 44% convective and 46% 

stratiform. The remaining 10% are classified neither as convective nor stratiform. The 

patterns of convective and stratiform rain are generally similar (Fig. 3b and c). 

Exceptions are that rain in the western Himalayan indentation is almost exclusively 

convective, while rain in the eastern Himalayan indentation is heavily stratiform. This 

difference is more apparent in the percentages of convective and stratiform rain (Figs. 3d 

and e). In general the higher percentages of convective rain are found in regions of low 

overall precipitation (compare Figs. 3a and d) and stratiform rain coincides with higher 

total precipitation values (compare Figs. 3a and e). The tendency of the climatological 

precipitation maxima to occur in regions where large stratiform regions develop in 

association with extreme convection has been noted previously (Romatschke and Houze 

2010; Romatschke et al. 2010). An exception is that the precipitation maximum over the 

Western Ghats is mostly convective. This region evidently has a great amount of non-

extreme convection, which does not develop large stratiform regions. 

3.2 Precipitation system size

To investigate the contribution of different types of convective systems (defined as 

elements of three-dimensionally contiguous radar echo) to the overall precipitation we 
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subdivide systems according to size. The size thresholds were defined such that the 

systems in the size bin with the smallest systems contribute 10% to the total rainfall, 

averaged over the whole region, and the remaining size categories each contribute 30%. 

This subdivision results in the following size categories: smallest (<600 km"), small (600-

10 000 km"), medium (10 000-44 000 km"), and large (>44 000 km") (Fig. 4b). Since the 

small, medium, and large systems each contribute 30% to the total accumulated rainfall, 

they are all equally important from a hydrological viewpoint. The number of systems in 

these three categories strongly decreases with increasing system size (Fig. 4a). Although 

averaged over all systems, the amounts of convective and stratiform precipitation are 

almost equal (as discussed in Sec. 3.1), the percentage of convective (stratiform) 

precipitation decreases (increases) with increasing system size (Fig. 4b). Since the 

systems with areas <600 km" contribute only 10% to the total precipitation, they are 

neglected in this study. Very small systems apparently produce extremely little 

precipitation. Therefore, we consider it justified to also exclude systems covering only 

one pixel horizontally (Sec. 2b).

Figure 5 shows the accumulated rain and rain percentages of the small, medium, and 

large systems. In the Himalayan region, most systems are small and medium (Figs. 5a-d). 

The small systems (Figs. 5a, b) closely follow the gradients in the topography. The 

medium systems are also related to the topography; however, their maxima in the 

frequency field are wider than the maxima in small systems. Over the coastal and oceanic 

regions, medium and large systems dominate the precipitation (Figs 5e-f). Over the open 

water of the Bay of Bengal region, large systems dominate. The distribution of 
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precipitation systems by size in Fig. 5 is similar to that inferred by Hirose and Nakamura 

(2005), although their small, medium, and large systems have different thresholds.

3.3 Strong and weak precipitating systems within each category and region

By definition, the small, medium, and large system categories contribute equally to 

overall monsoon rain. To investigate the characteristics that make a system an important 

rain contributor within a given size category in a particular region, we make two further 

subdivisions of the data.

First, we identify eight geographical regions that have common topography and that 

tend to have similar convective systems (Fig. 1b). For the Himalayan region, these 

include the Sulaiman Range (SUR); the western, central, and eastern Himalayan foothills 

(WHF, CHF, and EHF, respectively); and the Meghalaya Plateau (MEP). The sub-

regions of the coastal/ocean regions are the Indian and Myanmar west coasts (IWC and 

MWC, respectively; and the Bay of Bengal (BOB). Note that the BOB region is defined 

such that it includes the MWC region. 

Second, we rank all systems in a given size category and sub-region according to 

their rainfall productivity (i.e. rain rate [kg m-2 s-1] x area [m2]). We then split the ranking 

such that the higher-ranking systems, referred to as “strong” systems, account for half the 

rain. The lower ranking systems, accounting for the other half of the rain, are referred to 

as “weak” systems. For a given system size category and geographic region, this ranking 

results in a small number of strong systems and a large number of weak systems (Table 

1). The strong systems are of special interest because they account for a large amount of 

precipitation in a single event. 
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4. Himalayan zone

4.1 Physical properties of the convective systems

For each sub-region and system category, properties of the convective systems were 

calculated to determine the convective and stratiform characteristics (Tables 2-4). Since 

small and medium systems dominate the rainfall in all areas except BOB, Tables 2 and 3 

do not include BOB. Conversely, since large systems dominate over the BOB, Table 4 

includes only that region. The mean total area of systems indicates their horizontal size. 

The mean area of the convective 40 and 30 dBZ echo in their horizontal projection 

divided by the total mean horizontal area of a system was calculated as an indicator of the 

horizontal area fraction of strong convection in a given system. Note that these fractions 

of strong convection do not necessarily come from contiguous areas of strong convection 

within a system. The mean height above Mean Sea Level (MSL) of the deepest 

convective 40 and 30 dBZ echo within each system indicates the depth of strong 

convection. The mean stratiform rain indicates the degree to which the systems in a given 

category and region develop stratiform precipitation.

In SUR, most precipitation comes from small systems (Fig. 5a, b, Table 1). Extremely 

deep convective systems occur in this region (Houze et al. 2007; Romatschke et al. 2010; 

Zipser et al. 2006), conditional rain rates are higher than in any other monsoon region 

(Hirose and Nakamura 2002), and lightning activity is at a maximum (Barros et al. 2004). 

In our analysis, this region has the largest convective rain fraction (0.62), and largest 

fractions of convective 40 dBZ and 30 dBZ echo (Table 2). It also has the highest 

percentage of precipitation coming from one single category of systems, i.e. 58.6% of the 

precipitation comes from small systems (Table 1). These systems are deeper than small 
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systems in other regions. Differences between the strong and weak systems in SUR are 

large compared to other sub-regions and categories, suggesting that the extremely 

convective nature of the strong systems (e.g., the mean height of the convective 40 dBZ 

echo reaching 9.9 km) is a key factor for their high productivity of precipitation. 

In the WHF region, small systems show characteristics similar to those in the SUR 

region; however, their convective nature is not as extreme. The mean tops of the 

convective 40 dBZ echo of the strong systems reach 7.9 km compared to 9.9 km for 

strong systems in SUR. The convective nature of the small systems becomes less 

pronounced with distance east along the Himalayan foothills. 

In the CHF and EHF regions, the convective rain fraction of small systems decreases 

to 0.33 and 0.23, respectively from 0.62 in the SUR region. The mean fraction of 

convective 40 and 30 dBZ area coverage decreases significantly, as does the mean 

convective 40 and 30 dBZ echo height. The less convective nature of the eastern systems 

agrees with the known tendency for systems with very large stratiform regions to occur 

along the eastern Himalayan foothills (Fig. 5; Houze et al. 2007). The differences 

between the strong and weak systems are smaller in the eastern regions, indicating that 

convective intensity is less important for distinguishing heavily and weakly precipitating 

systems in the eastern regions. Horizontal size thus appears to play a more important role 

in producing precipitation in regions where stratiform precipitation dominates.

In WHF, CHF, and EHF, a significant amount of precipitation not only comes from 

small but also from medium systems (Table 1). The west-east decrease in convective 

intensity of the medium systems is similar to that of the small systems. Also the 

difference between strong and weak systems decreases to the east. However, unlike the 
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small systems, the difference in size between the strong and weak systems does not 

increase to the east for medium systems. In general, the tops of the mean convective 40 

and 30dBZ echoes of the medium systems are higher than those of the small systems. For 

example, the mean 40 dBZ echo top is 7.6 km for the medium systems in the WHF 

region compared to 5.4 km for the small systems. The greater depths of the medium 

systems are observed in all sub-regions. Area and height of convective systems is thus 

apparently correlated. The weak medium systems are significantly deeper than the weak 

small systems. Since the depths of the strong medium and strong small systems are very 

similar, the total difference between the strong and weak medium systems is smaller than 

that between the strong and weak small systems. The fractions of the mean convective 40 

and 30 dBZ areas are similar for the medium and small systems in WHF, CHF, and EHF; 

however, the difference between the strong and weak systems is bigger for the small than 

for the medium systems in the more convective WHF region, compared to the CHF and 

EHF regions.

The characteristics of the medium systems in the MEP region are similar to those in 

the adjacent CHF region although the convective rain fraction is slightly larger as are the 

differences between the strong and weak systems, indicating a slightly more convective 

nature.

4.2 Synoptic conditions

To investigate the role of synoptic conditions on days when strong systems of any 

category were observed in the selected sub-regions, geopotential height anomalies at 500 

mb and surface pressure anomalies were calculated by subtracting the monsoonal mean 

from daily composites of reanalysis data (Sec. 2a). The surface pressure anomalies are 
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generally similar to the 500 mb geopotential height anomalies, but due to the steep terrain 

gradients they are hard to interpret and therefore not shown.

The geopotential height anomalies of strong small systems in the Himalayan region 

are generally weak and mostly positive over South Asia (not shown). The only notable 

exception is the region of low anomalies in SUR, indicating strong trough conditions just 

upstream of the northwestern mountains and plateaus and weaker trough conditions 

extending over the northeastern Indian coast (Fig. 6a). These conditions are similar to 

those under which strong medium systems occur in the WHF region except that the 

northwestern low extends farther east and the trough condition over the coast is stronger 

(Fig. 6b). This pattern suggests that synoptic-scale trough conditions upstream of and 

over the Himalayan region favor small systems in the SUR region and medium systems 

in the WHF region as the troughs move eastward. The development of strong small 

systems in the WHF and other foothill regions (CHF and EHF) is not significantly related 

to the synoptic conditions, which suggests that the convective systems favored by passing 

troughs quickly reach medium size in these regions, while systems in the SUR are intense 

but truncated in their growth to larger size. The patterns for the SUR and WHF regions 

are similar to those described by Sawyer (1947) for Pakistan and northwestern India. He 

suggested that moist low-level monsoon flow from the Arabian Sea is capped by dry air 

aloft coming from the Afghan plateau, and that instability is released as the low-level 

flow is lifted over the foothills leading to extremely deep convection. His inferences are 

consistent with the TRMM PR data analyses (Houze et al. 2007; Medina et al. 2010; 

Romatschke et al. 2010)
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The anomalies associated with the strong medium systems in CHF and EHF (Fig. 6c, 

d, respectively) also show the northwestern low anomaly at 500 mb, but with smaller 

amplitude and extending east, over the Tibetan Plateau (Fig. 1a). The low over the coast 

is absent, and the whole southern part of the domain is characterized by slightly positive 

anomalies. The trough conditions over the Tibetan Plateau apparently favor medium 

systems in CHF and EHF. 

The anomaly pattern for the MEP region is distinct from the other Himalayan regions 

(Fig. 6e). The northwestern low is much stronger and extends over the whole Himalayas 

and south over a significant portion of the Indian lowlands. This is consistent with 

findings by Murata et al. (2007) who noted that enhanced precipitation in this region was 

favored by a trough at the foothills of the Himalayas favoring enhanced lifting of 

southerly flow over the steep southern side of the plateau. Two anomalous highs are 

located over the Arabian Sea and over the Bay of Bengal which, together with the low at 

the foothills, leads to a strong gradient in the anomalies over the MEP region.

4.3 Diurnal cycle in Himalayan regions

In SUR, both the strong and weak small systems show a single robust peak in the 

afternoon (Fig. 7a), consistent with findings of Hirose and Nakamura (2005). 

Precipitation from these systems falls between 12 and 18 Mean Solar Time (MST3) (Fig. 

8c, far left). 

  
3 The local time used in this study is Mean Solar Time which is solely a function of longitude 
(MST[min]=UTC[min]+longitude*4[min]), where longitude east is positive and longitude west is negative. 
UTC times are converted to ~MST by adding 5.5 hours.
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In WHF, weak small systems also peak only in the afternoon; however, strong small 

systems show an additional peak in the early morning (Fig. 7c). The weak medium 

systems have an even weaker afternoon peak at the same time as the weak small systems 

(Fig. 7d), and the strong medium systems have an evening peak a few hours later 

suggesting that the afternoon systems form earlier and grow stronger in time. Spatially, 

the small and some of the medium systems appear in the WHF region in the afternoon in 

a tight line along the steep flank of the Himalayas (Figs. 8c and 9c). These systems 

become wider and the frequency of heavy medium systems increases with time (Figs. 9d 

and 7d), again suggesting some growth of the medium systems from afternoon to 

evening. In the late night and early morning, the frequency of medium and strong small 

systems reaches a peak (Fig. 7c), with the systems having shifted slightly toward lower 

elevations (Fig. 9a). These increases are followed by a spatial maximum of medium 

systems over the plains in the late morning (Fig. 9b). These patterns in space and time are 

consistent with the findings by Romatschke et al. (2010), who examined only either 

extremely deep or horizontally extensive convective cores. The results of the present 

study indicate that the full range of convective systems in this region, represented by our 

small and medium systems, behaves in relation to the topography and diurnal cycle, 

similar to the extreme convective systems considered in the previous study.

The winds and divergence in Fig. 10 show the seasonal mean of the monsoon season 

of winds and divergence at the four synoptic times. Composite plots for selected 

categories and sub-regions (not shown) were similar to the seasonal mean. Convergence 

and upslope flow due to daytime heating over elevated terrain is consistent with 

triggering convection over the windward slopes during the afternoon in the WHF region 
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(Fig. 8c). The narrowness of the afternoon band of convection in the WHF region is 

likely a result of the steepness of the terrain combined with the decrease of temperature 

and saturation vapor pressure with height (Anders et al. 2006). At night, cooling over 

high terrain leads to an opposite pattern with divergence over the mountains, convergence 

in the plains and downslope winds. This downslope wind converges with the moist 

monsoon flow in lower elevations which leads to triggering of convection first over the 

foothills (Fig. 9a) and later over the plain (Fig. 9b). Other studies have noted this 

mechanism (Barros and Lang 2003; Bhatt and Nakamura 2005, 2006; Hirose and 

Nakamura 2005; Kikuchi and Wang 2008; Romatschke et al. 2010). The absence of 

nocturnal convection at the foothills and plains of the SUR region is likely related to a 

lack of moisture in this very arid region (Chiao and Barros 2007; Medina et al. 2010). 

Similar diurnal cycles occur in CHF. At high elevations a tight line of small systems 

forms, especially in the western part of the region, yet it does not peak in the afternoon as 

in the WHF region but rather in the evening (Figs. 7e and 8d), and it merges almost 

directly into a late night/early morning maximum of strong small systems and medium 

systems (Fig. 7e and f). The systems that form the late night/early morning maximum 

occur at lower elevations and in the eastern part of CHF (Figs. 8a and 9a). The cycle we 

see in CHF is consistent with that noted by Barros et al. (2000) and Barros and Lang 

(2003) in Nepal rain gauge data. The mechanisms that lead to the diurnal behavior in 

CHF are likely the same as in WHF, i.e. daytime upslope wind and nighttime downslope 

wind. The two-peak structure of precipitation in CHF (afternoon peak formed by smaller 

systems and morning peak by larger systems) has been previously noted by Hirose and 

Nakamura (2005). The later onset of the afternoon convection in the CHF region needs 
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further investigation. The earlier onset of the convection in the plain—early morning in 

the CHF (Fig. 9b) compared to late morning in the WHF (Fig. 9a)—might be a result of 

increased moisture inflow from the Bay of Bengal.

Diurnal cycles in EHF are mostly similar to those just discussed. However, the 

afternoon peak in small systems is only associated with weak small systems, which are 

evenly distributed over the whole region (Figs. (7g and 8c). As discussed in Sec. 4a, 

systems in this region have a more stratiform nature. Afternoon convection is evident

only in the systems contributing very little to precipitation. The spatial distribution of 

small systems in EHF reveals that there is some clustering of systems in a line at high 

elevations in the evening similar to that in the CHF region (Fig. 8d). However, it does not 

show as a maximum in Fig. 7g since there is a much stronger cluster of systems in the 

upper valley of the Irrawaddy River in the eastern Himalayan terrain indentation (Fig. 8d 

and a) leading to a late night/early morning maximum in strong small systems (Fig. 7g). 

This maximum is followed by an early morning peak in strong medium systems (Fig. 7h), 

which is located over the valley of the Irrawaddy River at lower elevations, indicating 

that a nocturnal down-valley flow combined with the moisture source of the river and 

moisture transport from the Bay of Bengal are likely primary mechanisms in the 

development of convective systems there. The late night/early morning peak in the strong 

small and medium systems in EHF might also be related to weakened divergence in this 

region during this time of day (Fig. 10a).

The strong nocturnal peak of the medium systems on the southern slopes of the 

Meghalaya Plateau in MEP (Figs. 7b and 9a) is likely related to the strong heating cycle 

over the Tibetan Plateau. The very moist flow from the Bay of Bengal impinges on the 
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southern slopes of the Meghalaya Plateau leading to convection. However, during the day 

this mechanism is suppressed by the divergence along the Himalayan foothills, in 

association with convergence over the Tibetan Plateau, which extends south across the 

MEP (Fig. 10b, c). At night, divergence weakens and even becomes negative, allowing 

the convection to develop (Fig. 10d and a). The coarse resolution of the NCEP dataset is 

insufficient to resolve the local effects that are likely involved.

5. Coastal and oceanic regions

5.1 Physical properties

In the coastal regions (IWC and MWC), small and medium convective systems are 

relatively shallow [only systems in the EHF region, where precipitation is mostly 

stratiform (Sec. 4a) have lower tops of 40 and 30 dBZ echoes] and variations in the 

characteristics of these systems are slight (Tables 2 and 3, respectively). Therefore, it is 

difficult to identify characteristics that might make these systems produce more or less 

precipitation. Slight but notable variations are that the systems in MWC are slightly 

deeper than those in IWC, but the stratiform rain fraction is less in the latter. 

The most robust features of the coastal and oceanic regions are the large systems of 

the BOB region. These systems are deeper than the medium systems, with mean 

convective 40 dBZ echo tops reaching up to 6 km. The stratiform rain fraction of the 

large systems is greater than that of the medium systems in the MWC region. However, 

the strong large systems have a slightly larger convective rain fraction than the weak 

large systems, indicating that, although the large systems are generally rather stratiform 

in nature, it helps their precipitation productivity to have embedded convective cores.
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5.2 Synoptic conditions

The strongest synoptic-scale signals associated with convective systems are 500 mb 

low anomalies over the northern Arabian Sea (Figure 11a) and the northern Bay of 

Bengal (Figure 11c). These lows promote anomalous southwesterly flow perpendicular to 

the mountainous west coasts of India and Myanmar, respectively. The consequent 

orographic lifting helps generate medium precipitation systems in IWC and large systems 

in the BOB/MWC region. It is well known that mean 500 mb flow over the Arabian Sea, 

northern India, and BOB consists of an approximately east-west elongated trough, with a 

tendency toward closed cyclonic circulations over the northern Arabian Sea and northern 

Bay of Bengal [see Fig. 2 of Krishnamurti and Hawkins (1970)]. The composites in Figs. 

11a and c indicate that the medium convective systems of the IWC and the large 

convective systems of the BOB/MWC region are favored when the 500 mb cyclonic 

circulations over the two northern oceanic regions become enhanced. This enhancement 

likely occurs during “active” periods of the monsoon. As discussed by Webster (2006), 

Webster et al. (1998), and Hoyos and Webster (2007), the active precipitation periods in 

both the IWC and BOB/MWC regions are associated with the monsoon intraseasonal 

oscillation, which is a basin-wide circulation anomaly generated over the equatorial 

Indian Ocean, akin (or possibly identical) to the initiation of the Madden-Julian 

Oscillation (Madden and Julian 1971, 1972, 1994). This circulation anomaly propagates 

northward, leading to transient enhanced cyclonic circulation in the northern regions of 

both the Arabian Sea and Bay of Bengal. In the latter region, they are sometimes referred 

to as Bay of Bengal depressions, and they favor the formation of large precipitating 

mesoscale systems over the BOB during the monsoon (Houze et al. 2007; Houze and 
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Churchill 1987; Romatschke et al. 2010). Hoyos and Webster (2007) suggest that 

processes are similar over the Arabian Sea. 

The anomalous midtropospheric trough conditions favor systems with the maximum 

size observed in the BOB/MWC and IWC regions. However, in the BOB/MWC region 

these maximum-sized systems reach the dimensions of our large system category 

whereas the systems in the IWC region only reach medium size. We suggest that the 

humidity is insufficient to favor growth of systems to a large size over the Arabian Sea. 

The composite precipitable water (not shown) for strong medium systems in the IWC and 

MWC regions and strong large systems over the BOB are similar to the seasonal 

climatology (Fig. 12) which shows high values over the entire BOB and especially high 

values in the northern part of the region where the large systems occurred over the BOB. 

In contrast, the precipitable water over the Arabian Sea is notably less. Systems smaller 

than the maximum size observed in these regions are not associated with synoptic 

conditions characterized by a pronounced 500 mb cyclonic anomaly over the northern 

seas of either region; in the MWC, medium systems are not associated with a cyclonic 

anomaly (Fig. 11b), and in the IWC small systems are not associated with a significant 

cyclonic anomaly (not shown). 

5.3 Diurnal cycle over coastal and oceanic regions

Figure 13 shows the diurnal cycles for systems in the coastal/oceanic regions. Small 

systems in the IWC and MWC regions form along a tight line on the windward sides of 

the coastal mountains at all times of the day (Fig. 14). They are primarily an orographic 

response to the prevailing southwesterly monsoon flow from the upstream ocean regions. 
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Superimposed on this pattern is a slight but clearly evident diurnal cycle, mainly apparent 

in the strong systems produced by afternoon heating (Fig. 13a, c). 

Medium systems in the IWC and MWC are also present throughout the day, also 

hugging the coastal mountains (Fig. 15); however, probably because of their greater size, 

they also extend slightly upstream of the coastlines. Their diurnal cycles are barely 

perceptible, although the strong ones have a tendency toward a double-peaked cycle, with 

slight nocturnal and afternoon-evening maxima. This double maximum might be 

physical. The peak in the afternoon is certainly related to systems over land while the 

morning peak is likely associated with the behavior of systems over the ocean (Hirose 

and Nakamura 2005); the diurnal cycle of the divergence shows the strongest 

convergence over ocean during the morning (Fig. 10a), when the inland progression of 

air along the coast is slowed down by the cooling over the continent. The spreading over 

the ocean at night could also be a gravity-wave response to the daytime heating over the 

high coastal terrain (Mapes et al. 2003), but the amplitude of the daytime peak in medium 

system occurrence is so slight that this possibility seems unlikely.

Large systems in the BOB region have a strong diurnal cycle (Figs. 13e, 16). A clear 

minimum of occurrence of large systems occurs over the BOB during the evening and the 

maximum is reached midday. A pronounced minimum frequency occurs in the late 

evening, just before midnight. This cycle is consistent with rainfall observations in the 

central Bay of Bengal, which show preferred hours for rainfall during morning to 

afternoon and least preferred hours around midnight (Gambheer and Bhat (2001). The 

diurnal cycle of large systems reported here is consistent with the diurnal cycle of 

infrared satellite data analyzed by Zuidema (2003). However, the strong evening signal 
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over the Indian east coast in her study is absent in our data since it is most likely related 

to convective clouds in the premonsoon season (Romatschke et al. 2010).

The pronounced diurnal cycle of large systems over the BOB (Fig. 13) is consistent 

with the fact that over other tropical oceans, the largest mesoscale convective systems 

exhibit the greatest diurnal variation (Chen et al. 1996; Mapes and Houze 1993). The 

diurnal cycle of large systems in the BOB region (Fig. 13e) is especially similar to the 

diurnal cycle of large mesoscale convective systems that form off the coast of Borneo in 

the winter monsoon (Churchill and Houze 1984; Houze et al. 1981; Williams and Houze 

1987). In the Borneo case, the initial convection of the mesoscale system is triggered over 

the ocean during the late night or early morning. Since mesoscale systems have intrinsic 

lifetimes ~12 h or more, the nocturnally-formed systems off the Borneo coast grow until 

about midday, with their stratiform rain areas (and upper-level cloud) expanding and 

reaching maximum extent until the mesoscale systems reach the end of their lifetimes. 

A similar process may be occurring over the BOB. Conditions favorable for 

formation of new systems over the BOB do not reappear until about midnight. Such 

mesoscale system behavior (either over the BOB or off the coast of Borneo) may be 

related to the diurnal cycle of the winds driven by land-sea differences. As noted by

Hirose and Nakamura (2005), the large systems form over the BOB in the late night and 

early morning in a zone of strong convergence (Fig. 10a). As mentioned above, however, 

Mapes et al (2003) have suggested alternatively that the nocturnal formation of systems 

over the water may be a gravity-wave response to the daytime heating over the high near-

coastal terrain. 
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6. Conclusions

Eight years of data were used to study the physical properties of the convective 

systems that account for the rainfall of the South Asian monsoon. Precipitating 

convective systems are identified and characterized in terms of contiguous three-

dimensional echo volumes observed by the TRMM PR. Convective systems thus 

identified were divided into categories of small (600-10 000 km2), medium (10 000-44 

000 km2), and large (>44 000 km2) sizes, each of which contribute 30% to the total 

accumulated rainfall of the monsoon. Within these categories, systems were subdivided 

into heavily precipitating (strong) and weakly precipitating (weak) systems, according to 

their rain productivity. The mechanisms involved in the development of these categories 

of size and strength were investigated to determine the characteristics that separate the 

strong from the weak systems, the aim being to determine what makes a convective 

system contribute a lot of rain.

The numbers of systems in the small, medium, and large categories make it very clear 

that size is the main factor determining how much an individual convective system 

contributes to total precipitation. However, the generally more convective nature of the 

strong systems compared to the weak systems shows that convective characteristics also 

help to increase the productivity, especially where stratiform rain fraction is less. In most 

areas of the monsoon, the rain falls primarily from small and medium systems. Only over 

the Bay of Bengal and Myanmar regions do large systems dominate. 

Monsoon rainfall is concentrated in three zones—over land along the Himalayas, and 

near the mountainous west coasts of India and Myanmar. The characteristics of the 
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convective systems producing the rain along the Himalayas are distinct from those of the 

precipitating systems of the coastal and oceanic regions.

In the arid region of the western foothills of the Himalayas and adjacent mountains, 

most precipitation comes from small to medium systems, which are primarily convective 

in nature. These are characterized by low stratiform rain fractions, high reflectivity 

values, and high convective echo tops. The differences between the strong and weak 

systems are large, with all the convective metrics suggesting that convective nature is the 

main factor for increasing rain productivity in this region. Small systems form in the 

afternoon where instability associated with low-level moist air from the Arabian Sea 

capped by dry westerly flow aloft is released as the low-level flow is lifted over the 

foothills (Medina et al. 2010).

Along the whole of the Himalayan foothills, small systems form in the afternoon at 

moderate elevations when the monsoon flow is forced upslope as a result of strong 

convergence over the Tibetan Plateau driven by daytime solar heating. During the night 

this pattern reverses and divergence over the Tibetan Plateau associated with nocturnal 

cooling leads to downslope flow, which triggers convection at lower elevations and 

ultimately over the plain where it converges with moist monsoonal flow. The 

nocturnal/morning convection is composed primarily of medium-sized systems, which 

produce a nocturnal precipitation maximum over the lower Himalayan foothills.

The small and medium convective systems along the Himalayan foothills become 

more stratiform the farther east they occur. The convective echo-top heights and 

occurrence of high convective reflectivity values decrease to the east as the stratiform 

rain fraction increases. Also, the decreasing difference between the strong and weak 
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systems indicates that size rather than convective nature is the main contributor to 

precipitation production. In the Irrawaddy River valley in the eastern Himalayan terrain 

indentation, small systems form at higher elevations after midnight followed by medium 

systems at lower elevations a few hours later, suggesting a nocturnal triggering by down-

valley flow [which may include cold pools from earlier convection at higher elevations, 

as described by Medina et al. (2010)].

At the southern slopes of the Meghalaya Plateau, one of the rainiest places on earth, 

medium systems are triggered, mostly at night, as moist flow from the Bay of Bengal is 

lifted over the foothills. Daytime convection is likely inhibited by large-scale divergence 

associated with uphill flow along the Himalayan foothills. The systems in this region are 

more convective in nature than the systems in the adjacent Himalayan foothills.

Along the west coasts of India and Myanmar, small and medium systems occur 

around the clock, tightly connected to the terrain as an orographic response to the 

persistent southwesterly low-to-mid level monsoon flow. A slight diurnal cycle is 

superimposed on this regime, with a daytime maximum over the mountains, and, in the 

case of the medium systems, a barely perceptible nocturnal maximum over the water just 

upstream of the coastal mountains. 

The coastal regions of western India and western Myanmar are the regions of greatest 

monsoon precipitation, with much of the rain falling over the ocean upwind of the 

coastlines (Hoyos and Webster 2007; Xie et al. 2006). The largest and most productive 

precipitation systems on the west coast of India tend to be medium systems, while on the 

Myanmar coast and over the Bay of Bengal they tend to be large systems. The medium 

systems on the west coast of India and the large systems of the BOB/MWC region are 
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both modulated by the large-scale dynamics of the monsoon. In connection with 

intraseasonal oscillations of the South Asian monsoon (Webster et al. 1998; Webster 

2006), the midlevel cyclonic vorticity over the northern Arabian Sea and northern Bay of 

Bengal undergo anomalous intensifications associated with “active” periods of the 

monsoon. When these midlevel synoptic-scale cyclonic anomalies are present, medium 

systems are favored over the west coastal zone of India and large systems are favored 

over the Bay of Bengal and Myanmar west coast. The cyclonic circulation anomalies 

during these periods drive southwesterly low- to mid-level flow directly across the 

mountainous coastlines, triggering new convection and enhancing stratiform precipitation 

areas that are advected over the coastlines (Medina et al. 2010). The reason that larger 

convective systems are favored over the Bay of Bengal/Myanmar west coast region than 

over the Arabian Sea/western Indian coast region is likely because of the climatologically 

more humid conditions over the Bay of Bengal.

The large systems over the Bay of Bengal exhibit a pronounced diurnal cycle, with 

oceanic precipitation being triggered around midnight, growing until midday, and then 

dissipating in the afternoon. This behavior is similar to the diurnal cycle of mesoscale 

convective systems that form off the coast of Borneo in the winter monsoon and reach 

their maximum extent in midday before the mesoscale systems reach the end of their 

lifecycles in the afternoon. The nocturnal triggering and afternoon dissipation is likely 

related to the diurnal heating cycle over land and its effect on the wind field offshore, 

either directly by land-sea breeze effects or indirectly via gravity wave response to the 

daytime heating over the land. 
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From this study it is evident that the convective systems contributing to the observed 

precipitation in the South Asian monsoon occur in a broad spectrum of sizes, intensity, 

and convective/stratiform proportions, with locally controlled diurnal cycles. Smaller and 

larger systems both contribute a significant amount of rain since the former occur much 

more frequently than the latter. The diurnal cycles depend in part on the sizes of the 

systems. For these reasons, it would appear to be insufficient to consider only one type of 

system when modeling or evaluating the precipitation of the monsoon region. However, 

with sufficient resolution it is possible to identify the characteristics of the systems that 

contribute the majority of rain in a specific sub-region. Ultimately, high-resolution 

models with highly responsive synoptic, mesoscale, convective, radiative, and 

microphysical representations will be necessary to model the precipitation processes in 

this complex region.
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Table 1 Percent of total accumulated rain by system category and sub-region. Total 

number of systems and number of strong and weak systems in each category and sub-

region.

SUR WHF CHF EHF MEP IWC MWC BOB

Small rain % 58.6 38.4 35.6 34.6 30.2 21.6

total # 993 3763 5520 5043 4787 7351

strong # 143 471 746 722 757 1030

weak # 850 3292 4774 4321 4030 6321

Medium rain % 41.2 33.7 38.7 40.2 32.3 36.4

total # 325 448 521 118 437 1035

strong # 85 113 144 30 123 291

weak # 240 335 377 88 314 744

Large rain % 43.0

total # 715

strong # 212

weak # 503
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Table 2 Means of physical properties of small systems.

SUR WHF CHF EHF IWC MWC

Total area [km2] All 2150 2121 2069 2170 1959 2139

Strong 5304 5479 5444 5682 5085 5659

Weak 1619 1640 1541 1583 1372 1559

Convective 40 dBZ area/total area All 0.11 0.07 0.03 0.02 0.02 0.02

Strong 0.20 0.16 0.09 0.04 0.05 0.06

Weak 0.10 0.05 0.03 0.01 0.02 0.02

Convective 30 dBZ area/total area All 0.21 0.15 0.12 0.07 0.15 0.13

Strong 0.31 0.27 0.21 0.13 0.20 0.20

Weak 0.19 0.13 0.10 0.07 0.14 0.11

Convective 40 dBZ height [km] All 5.4 3.4 2.1 1.3 1.2 1.5

Strong 9.9 7.9 5.5 3.9 3.4 4.2

Weak 4.6 2.8 1.6 0.8 0.8 1.0

Convective 30 dBZ height [km] All 8.1 6.4 4.9 3.9 3.9 4.0

Strong 12.2 10.6 8.7 7.1 6.0 7.0

Weak 7.4 5.8 4.4 3.4 3.5 3.6

Convective rain fraction All 0.62 0.44 0.33 0.23 0.44 0.38

Strong 0.85 0.75 0.55 0.39 0.55 0.55

Weak 0.58 0.40 0.30 0.20 0.42 0.35

Stratiform rain fraction All 0.25 0.37 0.45 0.53 0.36 0.43

Strong 0.11 0.19 0.35 0.49 0.32 0.35

Weak 0.27 0.40 0.47 0.54 0.37 0.44
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Table 3 Means of physical properties of medium systems.

WHF CHF EHF MEP IWC MWC

Total area [km2] All 20385 19926 19477 19355 20314 21372

Strong 29815 29959 28549 30237 31680 30527

Weak 17045 16542 16012 15645 15861 17792

Convective 40 dBZ area/total 

area

All 0.09 0.05 0.02 0.05 0.04 0.04

Strong 0.14 0.09 0.04 0.07 0.05 0.06

Weak 0.08 0.03 0.02 0.03 0.03 0.03

Convective 30 dBZ area/total 

area

All 0.16 0.11 0.07 0.12 0.13 0.12

Strong 0.21 0.17 0.09 0.14 0.13 0.14

Weak 0.15 0.07 0.06 0.11 0.13 0.11

Convective 40 dBZ height 

[km]

All 7.6 5.5 4.3 5.7 4.4 4.8

Strong 9.6 7.2 5.8 6.8 5.4 5.8

Weak 6.9 5.0 3.4 5.3 4.0 4.7

Convective 30 dBZ height 

[km]

All 10.3 8.6 7.2 9.1 6.8 7.3

Strong 12.2 10.6 8.4 10.6 7.6 8.3

Weak 9.6 7.9 6.7 8.6 6.5 6.8

Convective rain fraction All 0.56 0.38 0.25 0.42 0.43 0.40

Strong 0.67 0.51 0.31 0.45 0.43 0.46
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Weak 0.52 0.33 0.23 0.40 0.44 0.38

Stratiform rain fraction All 0.38 0.55 0.65 0.52 0.48 0.53

Strong 0.30 0.45 0.63 0.51 0.52 0.50

Weak 0.41 0.58 0.66 0.52 0.47 0.54
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Table 4 Means of physical properties of large systems.

BOB

Total area [km2] All 76464

Strong 108248

Weak 63067

Convective 40 dBZ area/total area All 0.05

Strong 0.07

Weak 0.04

Convective 30 dBZ area/total area All 0.11

Strong 0.13

Weak 0.10

Convective 40 dBZ height [km] All 6.0

Strong 6.6

Weak 5.8

Convective 30 dBZ height [km] All 8.7

Strong 9.8

Weak 8.3

Convective rain fraction All 0.39

Strong 0.42

Weak 0.37

Stratiform rain fraction All 0.58

Strong 0.56

Weak 0.59
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Figure captions

Fig. 1. Topography of the region of interest and (a) topographical features mentioned in 

the text (b) sub-regions: Sulaiman Range (SUR), western, central, and eastern Himalayan 

foothills (WHF, CHF, and EHF, respectively), Meghalaya Plateau (MEP), Indian and 

Myanmar west coast (IWC and MWC, respectively), and Bay of Bengal (BOB). Note 

that the BOB region includes the MWC region.

Fig. 2. Monsoon precipitation climatology: (a) Obtained from TRMM product 3A25. (b) 

Calculated from TRMM product 2A25. Orographic contours of 0.3 km, 1.5 km and 3 km 

are shown in black.

Fig. 3. Monsoon precipitation climatology. (a) Total, (b) convective, (c) stratiform, (d) 

convective percentage, and (e) stratiform percentage. Pixels where the total precipitation 

is < 0.15 mm h-1 are deleted from these and all following percentage plots. Orographic 

contours as in Fig. 2.

Fig. 4. (a) Total number of smallest, small, medium, and large systems. (b) Percentage 

each type of system contributes to the total monsoon precipitation.

Fig. 5. Precipitation patterns for the monsoon season from small, medium, and large 

systems. Left column shows total rain and right column shows percentage. Orographic 

contours as in Fig. 2.
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Fig. 6. Composite of NCEP reanalysis geopotential height anomalies at 500 mb (m) for 

days with occurrence of strong small systems in the (a) SUR, and strong medium systems 

in the (b) WHF, (c) CHF, (d) EHF, and (e) MEP region.

Fig. 7. Diurnal cycles of strong (solid line with black dots) and weak (dashed line with 

open triangles) small (left column) and medium (right column) systems occurring in the 

(a) SUR, (b) MEP, (c, d) WHF, (e, f) CHF, and (g, h) EHF regions.

Fig. 8. Precipitation from small systems occurring (a) between 00 and 06 MST, (b) 

between 06 and 12 MST, (c) between 12 and 18 MST, and (d) between 18 and 00 MST in 

the Himalayan zone. Orographic contours as in Fig. 2.

Fig 9. As Fig. 8 but for medium systems in the Himalayan zone.

Fig. 10. NCEP surface winds (m s-1) and divergence (s-1) monsoon climatology at (a) 00 

UTC (~05.30 MST), (b) 06 UTC (~11.30 MST), (c) 12 UTC (~17.30 MST), and (d) 18 

UTC (~23.30 MST).

Fig. 11. As Fig. 6 but for strong medium systems in the (a) IWC, and (b) MWC and 

strong large systems in the (c) BOB region.

Fig. 12. Precipitable water from NCEP reanalysis data.
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Fig. 13. As Fig. 7 but for small systems in the (a) IWC and (c) MWC, medium systems 

in the (b) IWC and (d) MWC, and large systems in the (e) BOB region.

Fig. 14. As Fig. 8 but for small systems in the coastal/oceanic zone.

Fig. 15. As Fig. 8 but for medium systems in the coastal/oceanic zone.

Fig. 16. As Fig. 8 but for large systems in the coastal/oceanic zone.
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Fig. 1. Topography of the region of interest and (a) topographical features mentioned in 
the text (b) subregions: Sulaiman Range (SUR), western, central, and eastern Himalayan 
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Fig 9. As Fig. 8 but for medium systems in the Himalayan zone. 
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Fig. 10.  NCEP surface winds (m s 1) and divergence (s 1) monsoon climatology at (a) 00 
UTC (~05.30 MST), (b) 06 UTC (~11.30 MST), (c) 12 UTC (~17.30 MST), and (d) 18 
UTC (~23.30 MST). 
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Fig.  11. As  Fig.  6  but  for  strong medium  systems  in  the  (a)  IWC,  and  (b) MWC  and 
strong large systems in the (c) BOB region. 
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Fig. 12. Precipitable water from NCEP reanalysis data. 
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Fig. 13.  As Fig. 7 but for small systems in the (a) IWC and (c) MWC, medium systems 
in the (b) IWC and (d) MWC, and large systems in the (e) BOB region.
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Fig. 14. As Fig. 8 but for small systems in the coastal/oceanic zone.
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Fig. 15. As Fig. 8 but for medium systems in the coastal/oceanic zone. 
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Fig. 16. As Fig. 8 but for large systems in the coastal/oceanic zone. 
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3.2. Characteristics of precipitating convective systems in the 

premonsoon season of South Asia (fourth publication)



Characteristics of Precipitating Convective Systems in the 

Premonsoon Season of South Asia 

 

 

Ulrike Romatschke, ¹, ² and Robert A. Houze, Jr. ∗¹ 

 

¹ University of Washington, Seattle, USA 

² University of Vienna, Vienna, Austria 

 

 

 

Submitted to Journal of Hydrometeorology 

April 2010 

REVISED  

September 2010 

 

                                                
∗ Corresponding Author: Robert Houze, Box 351640, Atmospheric Sciences, University of Washington, Seattle, 
WA, 98195-1640. houze@washington.edu 

 



 2 

Abstract 

 

Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) data obtained over 

South Asia during eight premonsoon seasons (March-May) show that the precipitation is more 

convective in nature and more sensitive to synoptic forcing than during the monsoon. Over land 

areas, most rain falls from medium-sized systems (8,500-35,000 km2 in horizontal area). In 

continental regions near the Himalayas, these medium-sized systems are favored by 500 mb 

trough conditions and are of two main types: 1) systems triggered by daytime heating over high 

terrain and growing to reach maximum size a few hours later; 2) systems triggered at night, as 

moist upstream flow is lifted over cold downslope flow from the mountains, and reaching 

maximum development upstream of the central and eastern Himalayas in the early morning 

hours. Systems triggered by similar mechanisms also account for the precipitation maxima in 

mountainous coastal regions, where the diurnal cycles are dominated by systems triggered in 

daytime over the higher coastal terrain. Medium-sized nocturnal systems are also found upstream 

of coastal mountain ranges. West-coastal precipitation systems over India and Myanmar are 

favored when low-pressure systems occur over the upstream oceans, whereas Indian east-coastal 

systems occur when high pressure dominates over Bangladesh. Over the Bay of Bengal, the 

dominant systems are larger (>35,000 km2), and have large stratiform components. They occur in 

connection with depressions over the Bay and exhibit a weaker diurnal cycle. 
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1. Introduction 

Most of the precipitation in South Asia falls during the monsoon season. However, studying 

convective systems during the premonsoon period (March-May) is important for two reasons: 1) 

The premonsoon systems bring the first rains after the dry winter season. 2) Premonsoonal 

precipitation systems are more convective, owing to strong instability over land (Weston 1972; 

Roy Bhowmik et al. 2008; Yamane and Hayashi 2006). The storms are sometimes extremely 

deep and intense (Hirose and Nakamura 2002; Islam and Uyeda 2008; Romatschke et al. 2010), 

with a maximum in lightning activity (Lal and Pawar 2009; Ranalkar and Chaudhari 2009), high 

conditional rainfall rates (Hirose and Nakamura 2002), and severe weather (Laing and Fritsch 

1993; Yamane and Hayashi 2006), especially along the Indian east coast and over Bangladesh. 

Previous studies comparing premonsoon convective systems to monsoon systems have 

focused primarily on storm structure and relatively little on their precipitation producing 

capacity. Romatschke et al. (2010) compared extreme convection in the premonsoon and 

monsoon, and Laing and Fritsch (1993) and Rafiuddin et al. (2009) investigated the tendency for 

precipitating systems to take on mesoscale structure and organization in the two seasons. While 

these previous studies provide important qualitative understanding of the structure and dynamics 

of the convective systems affecting South Asia, they do not establish the connection between 

storm structure and quantitative precipitation amount. In this paper, we provide this connection 

by using TRMM PR data to relate precipitation amount to the spatial distribution of different 

sizes and structures of storms. The synoptic conditions, topographic factors, and diurnal cycle 

characteristics, which produce the convective system that account for the overall precipitation in 

the premonsoon season, are investigated. This paper on premonsoon systems is a companion to a 
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previous study (Romatschke and Houze 2010a) which showed how different sizes and structures 

of storms contribute to the overall rainfall of the monsoon season. 

2. Data and methodology 

The methods of analysis used in this study are described by Romatschke and Houze (2010a). 

As in that study, we use data from the Tropical Rainfall Measuring Mission (TRMM) satellite's 

Precipitation Radar (PR, see Kummerow et al. 1998, 2000). The 3D reflectivity data and 2D rain 

characteristics shown by the PR are remapped onto a latitude longitude height grid with 0.05˚ 

horizontal and 0.25 km vertical resolution. Within this new grid, we search for contiguous 3D 

echoes ("convective systems"). Surface rain rate is calculated from the reflectivity at the lowest-

altitude grid point. Rain rates are then summed over all or a subset of convective systems. 

Systems extending over only one horizontal pixel are excluded. 

The premonsoon dataset consists of Version 6 PR data for March-May 1999-2006 over the 

region 5˚N to 40˚N and 60˚E to 100˚E. All data are from Version 6 of the TRMM archive. The 

specific products used are: 

• 2A23 Rain Characteristics, Awaka et al. (1997), which classifies rain into three categories: 

“convective,” “stratiform” and “other.” 

• 2A25 Rainfall Rate and Profile, Iguchi et al. (2000), which provides the three-dimensional 

reflectivity data. 

• 3A25 Spaceborne Radar Rainfall, Meneghini et al. (2001), which provides the near surface 

rain rate and the total number of TRMM pixels observed on a 0.5° x 0.5° grid on a monthly 

basis. 
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To relate the precipitation structures, patterns, and amounts to synoptic conditions, we use 

NCEP reanalysis data on a 2.5˚ x 2.5˚ grid (Kalnay et al. 1996). Anomalies are computed by first 

compositing certain days and then subtracting the long-term climatological mean (1968-1996) 

for the same days. This method of constructing composites takes into account changes within the 

season. 

3. Geographical distribution of precipitation and convective systems 

a. Overall precipitation pattern of the premonsoon 

 Figure 1 shows the region of study, geographical features, and specific analysis areas. In 

general, premonsoon precipitation is concentrated upstream of the mountain ranges (Fig. 2a). 

The most rainfall at this time of year occurs over the eastern Himalayan region and the 

Bangladesh wetlands. Rainfall maxima also occur along the foothills of the Himalayas, over 

mountainous coastal regions of India and Myanmar, and over the Bay of Bengal. This 

premonsoon precipitation pattern qualitatively resembles that of the monsoon but the maxima are 

not as prominent over coastal regions, and the oceanic precipitation is concentrated farther south 

(compare to Fig. 3 of Romatschke and Houze 2010a), consistent with the fact that the monsoon 

is not fully developed and episodes of monsoonal precipitation are not yet propagating northward 

into the region (Hoyos and Webster 2007; Webster 2006; Webster et al. 1998).  

Averaged over the entire area of study the precipitation is 55% convective and 36% 

stratiform, which is considerably more convective than during the monsoon, when the respective 

percentages are 44% and 46% (Romatschke and Houze 2010a). In general, the convective and 

stratiform rain patterns are similar to each other and to the overall precipitation pattern (Fig. 2b, 

c, and a, respectively). Convective precipitation dominates everywhere except in the far eastern 

part of the domain. Figure 2e shows that over the eastern Bay of Bengal the percentages of 
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stratiform rain tend to be over 50%, and along the higher elevations of the eastern Himalayan 

terrain indentation, the rain is almost entirely stratiform. Finally, we note the small area of ~50% 

stratiform rain in the WHF region. This feature is located over the higher terrain of the 

Himalayas. We speculate that this feature is formed from the blow-off of anvils from deep 

convective cells over the lower terrain. Houze et al. (2007) found that extreme deep convective 

cells in this region do not form over the higher terrain and that the TRMM radar echoes seen 

over the higher mountains "were composed predominantly of stratiform echo, probably advected 

from the tops of the lowland and foothill convection”.  

b. Precipitating systems by size 

Following Romatschke and Houze (2010a), we divide precipitating systems into four size 

categories:  

 

• Smallest <600 km2  

• Small 600-8500 km2  

• Medium 8,500-35,000 km2  

• Large >35,000 km2.  

 

The smallest systems contribute 10% to the total precipitation. The other categories each account 

for 30%. Romatschke and Houze (2010a) obtained higher thresholds for the three larger 

categories, indicating monsoon systems have a greater tendency to become individually 

extensive. Figure 3 summarizes the characteristics of each size category, and Fig. 4 shows their 

regional distribution and contribution to the total precipitation. In summary:  
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• Size is the dominant factor for precipitation production.  

• The smallest systems contribute very little to the total rainfall—so they are not further 

investigated. 

• The fraction of convective (stratiform) rain decreases (increases) with system size.  

• Small systems have more than double the convective rain of large systems.  

• The number of pixels classified as neither convective nor stratiform decreases with 

system size (large systems have comparably fewer pixels at the borders of systems, 

which are harder to classify). 

• Small and medium systems occur roughly equally over land and ocean, while large 

systems occur preferentially over the ocean (Fig. 4).  

• Small systems are scattered over all regions with precipitation, especially over land 

(cf. Figs. 2a and 4a).  

• Medium systems concentrate in regions with precipitation maxima, especially in the 

eastern Himalayan terrain indentation and the Meghalaya plateau (cf. Figs. 2a and 

4c).  

• Large systems occur primarily, and contribute the majority of precipitation, over the 

southern parts of the oceans.  

• Large systems also occur over the region of maximum precipitation around 

Bangladesh, where the wetland conditions are essentially an extension of the ocean 

(Fig. 4e, f).  

 

 The relationship of the occurrence of the different-sized systems to land, ocean, and 

mountains is generally similar to that in the monsoon season; however, the relationship to the 
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geography is not as sharp and pronounced (compare Fig. 4 to Fig. 5 of Romatschke and Houze 

2010a). Also, the overall pattern is south of that seen in the monsoon. The large systems coincide 

with systems having extremely large stratiform areas observed by Romatschke et al. (2010). The 

fact that oceanic convective systems occur farther south than during the monsoon has also been 

noted by Gambheer and Bhat (2000) and is consistent with the onset of the monsoon being 

associated with a northward migration of convection originating over the Indian Ocean (Hoyos 

and Webster 2007; Webster 2006; Webster et al. 1998). 

c. Precipitating systems in different regions 

To determine the role of small, medium, and large systems in premonsoon rainfall (Fig. 2), 

we identify certain subregions (Fig. 1b). The eastern Himalayan foothills (EHF), the eastern 

portion of the central Himalayan foothills (CHF), and Meghalaya Plateau region (MEP) 

represent the regions of maximum rainfall in the northeast. The western Himalayan foothills 

(WHF), CHF and EHF represent precipitation along the foothills of the Himalayas. The 

mountainous coastal regions of India, Myanmar, and Sri Lanka are represented by the Indian east 

and west coast (IEC, IWC), northern and southern Myanmar coast (NMC, SMC), and Sri Lanka 

(SRL). The maximum rainfall region of the southern Bay of Bengal is represented by region 

BOB (which is defined such that it overlaps with and includes SMC).  

To determine the characteristics which make a specific system a strong precipitation 

producer, we rank the small systems in each subregion according to their rainfall productivity 

(volumetric rain rate) [rain rate (kg m-2 s-1) x area (m2)]. Then we use the median to subdivide 

the ranking into strong and weak systems, each accounting for half of the rainfall in a given 

subregion. Division of the medium and large systems into strong and weak subcategories is not 

possible for the premonsoon season because of their small sample size. However, for systems 
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observed during the monsoon (Romatschke and Houze 2010a), we found that differences 

between strong and weak systems are greatest for small systems; the larger the systems, the more 

dominant is the system size over other factors in making a system produce a large amount of 

rain. 

Table 1 shows the number of total systems for all categories and the percentage contribution 

of each size category to the overall precipitation in each region. Only categories that contribute 

>20% of the precipitation in a specific region are listed.  

4. Physical properties of convective systems 

a. Convective and stratiform precipitation metrics 

The precipitation of convective cloud systems can be subdivided into convective and 

stratiform components (Churchill and Houze 1984; Houze 1997, 2004; Steiner et al. 1995). 

Tables 2-4 list several metrics of the relative importance of convective and stratiform 

precipitation in the premonsoon convective systems as indicated by TRMM product 2A23. We 

include only the convective echo pixels above thresholds of 30 and 40 dBZ to identify the most 

intense of the convective echoes. The mean area of convective echo is taken to be its horizontal 

projection with reflectivities exceeding these thresholds divided by the total mean area, 

expressing the convective intensity as an area fraction. Note that these intense convective areas 

do not necessarily come from a single convective cell within a specific system. The vertical 

penetration of the convection is indicated by the height of the highest convective 30 and 40 dBZ 

pixel within each system. The convective and stratiform rain fractions indicate the relative 

importance of the convective or stratiform subregions in producing the total rainfall of a system.  



 10 

b. Overall convective and stratiform characteristics 

In general, compared to medium systems, small systems have smaller or equal convective 

area fractions, extend to lesser maximum heights, and have smaller convective rain fractions 

(Tables 2 and 3). Closer examination of the strong and weak small systems, however, reveals 

that the lesser mean convective character of small systems is mostly due to the large number of 

weak small systems. The strong small systems have larger total areas, greater extreme convective 

area fractions, much deeper echo cores, and larger convective rain fractions, indicating that, in 

addition to system size, the convective nature of a small system is a significant factor in making 

it produce a large amount of rain.  

The convective natures of medium and large systems are not consistently different from each 

other, and their differences vary with the geographical region. Since the number of large systems 

is generally small in all regions except the BOB, the characteristics of large systems should be 

viewed with caution. 

c. Continental regions 

Over land (WHF, CHF, EHF, and MEP), precipitating systems exhibit the greatest 

convective nature in the MEP region, where they have the largest area fractions of 30 and 40 

dBZ convective echo (e.g. 0.13 for the 40 dBZ fraction of medium systems), the deepest 

convection (e.g. 7.9 km for the 40 dBZ height of medium systems), and the largest convective 

rain fraction (e.g. 0.63 for medium systems). These results agree with Romatschke et al. (2010), 

who found a maximum of extremely deep and extremely horizontally expansive convective cores 

around this region.  

Systems in the CHF region, just north and west of MEP, show similar convective 

characteristics but not quite as pronounced (e.g. convective 40 dBZ area fraction of medium 
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systems is 0.09 in CHF compared to 0.13 in MEP). CHF also has most of its precipitation from 

medium systems (41%, Table 1), but a larger percentage than in MEP comes from small systems 

(38% compared to 27%), consistent with the absence of large systems. Systems east of MEP in 

EHF are completely different: they are dominated by large stratiform rain fractions (averaging 

0.65 for large systems), convection is not as deep, and the extreme convection area fraction is 

smaller. Additionally, most of the precipitation in this region falls from medium systems (38%, 

Table 1); however, their contribution is less than in the MEP and CHF regions. Systems in the 

WHF region are more convective in nature than in EHF but less convective than in CHF. 

Although the dominant systems in WHF are of medium size, it is also the continental region with 

the largest proportion of precipitation from large systems (33%, Table 1). 

Systems along the Himalayan foothills are different from those in the same region during the 

monsoon (Romatschke and Houze 2010a), especially in the west. (The regions examined by 

Romatschke and Houze (2010a) are similar to but not exactly the same as in this study.) Systems 

in the MEP region tend to be more convective during the premonsoon than during the monsoon. 

Moreover, monsoon systems have their greatest convective nature in WHF and systematically 

become more stratiform to the east, whereas premonsoon systems are most convective in the 

central foothills, slightly less convective in the west and mostly stratiform in the east, i.e., only 

the systems in the east have similar characteristics in both premonsoon and monsoon seasons. 

The more convective nature of systems in CHF is consistent with Bhatt and Nakamura’s (2006) 

finding of higher storm heights at the southern flanks of the Himalayas during the premonsoon 

than during the monsoon. The shift of peak convective nature of medium systems from the 

central to western Himalayan foothills as the season progresses from premonsoon to monsoon is 

undoubtedly related to the westward migration of the moisture boundary, manifested as a dryline 
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in the eastern subcontinent during the premonsoon, to the far western region of the subcontinent 

during the monsoon (Romatschke et al. 2010).  

d. Coastal and oceanic regions 

The coastal and oceanic regions (IEC, IWC, NMC, SMC, BOB, SRL) all show strongly 

convective characteristics, with IEC showing the strongest convective nature. The convection in 

IEC is extremely deep (e.g. strong small convective 40 dBZ echoes reach 9.2 km in the mean, 

Table 2), and the extreme convective area fraction and the convective rain fraction are large. 

These findings are consistent with Romatschke et al. (2010), who found a maximum of 

extremely deep convective echo cores along the Indian east coast in the premonsoon. 

Precipitation in IEC falls mostly from small (34%, Table 1) and medium systems (36%). In IWC, 

about one-third of rain falls from small systems (34 %, Table 1). Although large systems are rare 

in this region, they contribute about the same percentage of total rain (29%) as do the medium 

systems (27%). Systems of all three size categories in IWC region are highly convective 

although not as extreme as in IEC. 

In the NMC region 60% of the precipitation comes from large systems. This contribution is 

the greatest associated with any single system-size category of any of the regions. The 

convective rain fraction within large systems is relatively high (0.52, Table 4), although not as 

high as in IEC (0.60). Convective echo tops in NMC are high and extreme convective area 

fractions large. This very convective nature of systems in NMC contrasts strongly with systems 

in SMC, where a high percentage of rain comes from small systems (36%, Table 1) and medium 

systems (33%). The small and medium systems in SMC as well as the large systems in the BOB 

region, which includes SMC, are less convective than the systems in other coastal/oceanic 
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regions (Tables 2-4). Also, the stratiform rain fraction is larger than along other coasts (e.g. 0.43 

for medium systems in SMC compared to 0.37 in the IWC region, Table 3). 

An even higher stratiform rain fraction is observed in SRL (0.45 for medium systems, Table 

3), where most of the precipitation comes from medium systems (49.8%, Table 1). The 

characteristics of SRL systems are generally comparable to those in SMC, but less convective 

than systems in IWC. 

5. Synoptic conditions 

To investigate synoptic conditions related to the development of major premonsoon rainfall 

systems, we have plotted 500 mb geopotential height and surface pressure anomalies (Sec. 2) for 

days when large, medium, and strong-small systems occurred in each region. The number of 

large systems is too small to yield conclusive results for continental and coastal regions, and, in 

general, the patterns for the strong small and medium systems resemble each other. The rainfall 

in the Bay of Bengal region is dominated by large systems (Table 1). Therefore, we show mean 

synoptic patterns only for medium systems for the continental and coastal regions (Figs. 5, 6) 

and large systems for the Bay of Bengal (Fig. 7).  

a. Continental regions 

The left-hand panels of Fig. 5 show that when medium-sized systems occur in a given 

continental subregion, the 500 mb geopotential height tends to be anomalously low over that 

subregion. Surface pressure anomalies are generally negative over the western Himalayan terrain 

indentation but extend systematically eastward over the region with the location of the area of 

system activity. Reading Fig. 5 from top to bottom suggests that the formation of convective 

systems, especially of medium size, follows the west-to-east passage of a midlevel trough. The 

location of convective systems is sensitive to the location of this disturbance. Composites for the 
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premonsoon season show slightly different patterns and stronger anomalies than similar plots for 

the monsoon season (Romatschke and Houze 2010a), indicating that premonsoon convection is 

more sensitive to synoptic forcing. 

Strong-medium systems in the WHF region are specifically associated with an anomalous 

500 mb low over Afghanistan (Fig. 5a) and strong negative surface pressure anomalies in the 

western Himalayan terrain indentation (Fig. 5b). The 500 mb geopotential height anomalies for 

strong-small systems (not shown) are weaker and centered farther south, indicating that synoptic 

forcing is less important for the formation of small systems.  

Medium systems in the CHF region occur with anomalous 500 mb heights over that region 

(Fig. 5c). Southwesterly wind anomalies associated with this low-anomaly likely increase 

orographic lifting at the central Himalayan foothills. The surface-pressure anomaly (Fig. 5d) also 

extends farther east. Again, anomalies for strong-small systems are weaker than for medium 

systems. Systems in EHF are associated with anomalous lows even farther east (Fig. 5e, f); 

however, for this region, the anomalies are stronger for the strong-small systems than for the 

medium systems.  

In the MEP region, medium systems are associated with strong negative anomalies (Fig. 5g, 

h). Surface pressure anomalies are especially strong and extend over the whole northern part of 

India along the Himalayan foothills to the Bay of Bengal. In contrast, the low associated with 

strong-small systems is extremely weak (not shown). 

b. Coastal and oceanic regions 

Reading the columns of Fig. 6 down the page, we again see that the locations where the 

medium systems are favored are related to shifting synoptic-scale pressure patterns.  
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i. East coast regions 

East coast regions include IEC and SRL. When the medium systems are most active in these 

zones (top four panels of Fig. 6), a strong surface high pressure anomaly is located over 

Bangladesh, which favors low-level flow toward the Indian coast (Figs. 6b, d). In addition, 

anomalously low 500 mb geopotential heights are centered directly over the IEC region (Fig. 6a, 

c). When systems occur in the more southward location of the SRL region, the synoptic patterns 

resemble those associated with the IEC systems, but the 500 mb trough anomaly is weaker and 

does not extend as far westward as in the case of the IEC systems; instead, the northwestern 

subcontinent is strongly dominated by a ridge anomaly (cf. Figs. 6a and c). In addition, the 

surface high pressure anomaly pattern is stronger over Bangladesh than when the systems are 

further north in the IEC, and the negative pressure anomaly in the southern Bay of Bengal is 

more pronounced (cf. Figs. 6b and d). These two surface pressure features strongly favor low-

level flow directly onto the eastern coast of SRL. 

ii. West coast regions 

When medium systems are most active in west coastal regions (IWC and SMC, see Fig. 6), 

the synoptic environment differs markedly from that of the east coast systems. Notably, a strong 

low surface-pressure anomaly exists over the Arabian Sea and extends eastward along the base 

of the Himalayas and over the Bay of Bengal (Figs. 6f, h). These oceanic-centered surface lows 

promote stronger low-level flow toward the western coasts and hence greater orographic lifting 

over the coastal terrain. When the west-coastal medium systems are concentrated over SMC, the 

surface-pressure anomaly over the Bay of Bengal takes the form of a closed low (Fig. 6h).  

When medium systems occur in the IWC region, the 500 mb trough anomaly has two oceanic 

centers, over the Arabian Sea and the northern Bay of Bengal (Fig. 6e). When the medium 
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systems occur over SMC, the 500 mb pattern is not closed over the Arabian Sea, and the center 

over the Bay of Bengal is stronger and extends farther east and south (Fig. 6g). 

iii. Bay of Bengal 

Over the BOB, the surface-pressure pattern (Fig. 7b) is dominated by a closed low anomaly, 

similar to that seen in the case of SMC systems (Fig. 6h), but more pronounced. These 

premonsoonal pressure patterns when medium and large systems occur in the SMC and BOB 

regions are not unlike those of the monsoon season itself. Romatschke and Houze (2010a) 

concluded that lows over these regions favor the growth of systems to their respective maximum 

size.  

6. Topographic and diurnal effects 

a. Mean convergence and divergence patterns and diurnal cycles 

Figure 8 shows the average surface wind and divergence for the premonsoon season at six-

hour intervals. Separate composites for the different system categories and regions showed no 

significant differences from this mean pattern. During the afternoon, continental regions are 

dominated by heating over high terrain. The largest heating convergence occurs over the 

Himalayan ridge and Tibetan Plateau; however, strong secondary peaks occur over the Afghan 

Plateau, Western Ghats, and Eastern Ghats (Fig. 8c). These convergence maxima in the 

afternoon form dipoles with strong divergence along the base of the Himalayas and just off the 

western and eastern coasts of the subcontinent. During nighttime and early morning, cooling on 

the Himalayan ridge and Tibetan Plateau drives strong downslope flow, which converges with 

the moist monsoon flow to form a zone of convergence along the foot of the Himalayas (Fig. 8a). 

The zone of convergence contains two maxima, one at each end of the Himalayas, where the 
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flows of moist air from the Arabian Sea and Bay of Bengal meet the downslope flow. These 

zones favor the formation of nocturnal convection (Sec. 6b).  

To investigate how these strong convergence/divergence patterns affect the occurrence of 

precipitating systems of each of the categories we have identified, we have calculated the mean 

diurnal cycles for each system category (Sec. 3b) within each geographical subregion (Fig. 1). 

To smooth the cycles, we have used a four-hour running mean as suggested by Negri et al. 

(2002). We show results only for system categories with at least 40 systems. 

b. Himalayan region 

i. Small systems 

Small systems are driven almost exclusively by solar heating. They peak in the afternoon in 

all continental regions (Fig. 9)1. In the WHF and CHF regions, small systems form in a relatively 

tight line at high elevations, probably as a result of the daytime upslope winds mentioned above 

(Sec. 6a, Fig. 10c).  

ii. Medium and large systems 

Medium and large systems in the continental regions have more complex diurnal cycles for 

two reasons: 

 

• Lifecycle effect: Because medium and large systems have lifetimes that are not short 

compared to the length of a day, their maximum effect on rainfall tends to lag the diurnal 

mechanisms that may initially trigger them.  
                                                
1 To simplify the figures we do not include error bars in this and the following diurnal cycle plots. However, the 
sample size of all but sometimes the large system categories are big enough to have error bars that are smaller than 
the diurnal variations discussed (compare e.g. with Table 1 and Figs. 12, 14, and 16 of Romatschke and Houze 
2010b). 
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• Nocturnal downslope triggering effect: The powerful heating/cooling cycle over the 

Tibetan Plateau and Himalayan ridgeline (Fig. 8) combines with the rich moisture flows 

from the Arabian Sea and Bay of Bengal to favor larger systems in the late night to early 

morning. The dryness over the Himalayas and Tibetan plateau disfavors the growth of 

daytime convective systems over the mountains to large size, while the lower-elevation 

systems triggered by the downslope converging with the oceanic flows at night are able 

to take advantage of the moist flows to grow to larger size. In the monsoon season, this 

downslope effect leads to large nocturnal systems along the base of the Himalayas 

(Romatschke and Houze 2010a; Romatschke et al. 2010). 

 

The diurnal cycles for medium and large systems in the Himalayan subregions (Fig. 9) are a 

combination of the lifecycle effect and downslope effects. In the WHF region, large systems 

exhibit peak occurrence around midnight, several hours after the maximum occurrence of small 

systems (Fig. 9a). The large systems occur at low elevations (Fig. 12d), consistent with being 

produced by the downslope effect.  

In CHF, the peak occurrence of medium systems shortly follows the heating-driven peak in 

small systems (Fig. 9b). Medium systems occur mostly at the same locations as the earlier small 

systems (cf. Figs. 10c, d and 11c, d), consistent with the medium system arising via the lifecycle 

effect.  

Medium and large systems in EHF exhibit only a weak diurnal signal. They occur at all hours 

and elevations (Fig. 9c) and are probably produced by a mixture of lifecycle and downslope 

effects. Thus, the diurnal cycle is important, but not necessarily obvious in a graph that includes 

both effects. When the data are examined in more detail in both space and time the two effects 
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become separately evident. Close examination of Fig. 9c shows that the diurnal curves for the 

small and large systems cross over such that small systems are more frequent in the afternoon, 

and large systems are more frequent in the morning. The small ones occurring at the peak of the 

heating cycle are over the mountains (Fig. 10c). The large systems occurring in the morning are 

mostly over the lower elevations (Fig. 12a), consistent with the downslope effect.  

Medium systems in MEP behave similarly to those in EHF (the sample of large systems is 

not large enough to be conclusive), but with much clearer peaks in the diurnal cycle (Fig. 9d). 

The small systems have a sharp peak at ~1500 MST, while the medium systems peak at ~0700 

MST. The peak occurrence of medium systems in the morning is certainly enhanced by the 

downslope effect. Many of these morning systems occur over the lowlands upstream of the 

mountains, but many of them also occur over the mountains, indicating that both downslope and 

lifecycle effects may be contributing to the occurrence of medium systems at this time of day.  

The occurrence of medium-to-large systems triggered by the downslope effect is more 

common in the monsoon (Romatschke and Houze 2010a; Romatschke et al. 2010) than during 

the premonsoon, despite the occurrence of strong downslope winds at night (Fig. 8d, a). The fact 

that nocturnal systems at lower elevations are only commonly seen during the premonsoon in 

WHF and eastern part of CHF might be related to the lower water vapor content in the region 

between these areas during the premonsoon (Fig. 13). Large systems show a preference for the 

hours from ~0300 MST to 1500 MST (Fig. 9c) but there number is too small to be conclusive 

(Fig. 12).  

c. Coastal terrain—oceanic side 

In coastal regions, only small and medium systems occur in large enough numbers for us to 

analyze their diurnal cycles (Table 1). 
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i. Small systems 

As in continental regions (Sec. 6a), the occurrence of small systems in coastal regions peaks 

in the afternoon, at the time of maximum diurnal heating (Fig. 14a-d). The NMC region is not 

included in the figure because neither small or medium systems accounted for 20% of the total 

rainfall, and, as noted, the large systems were not numerous enough to constitute a meaningful 

sample. Nonetheless, the small systems in the NMC regions exhibited a diurnal cycle (not 

shown) qualitatively consistent with those in the other coastal regions. The afternoon small 

systems in all the regions concentrate over the higher terrain along the coasts, the western Ghats 

in IWC, the eastern Ghats in IEC, the high terrain of SRL, and the Arakan mountains of the west 

coast of Myanmar in the SMC (Fig. 15c). The daytime portion of the heating cycle is pronounced 

in these regions because the upslope flow induced by the heating over the higher terrain is 

reinforced by the onshore flow driven by the land/ocean heating contrast.  

Although small systems are most frequent during the maximum of daytime heating, they also 

occur at night, evidently in association with nocturnal downslope flow converging with upstream 

flow. The nighttime systems occur at the base of the mountains rather that at the tops, especially 

on the ocean sides of the high coastal terrain. Small systems occurring offshore in the early 

morning are seen in Fig. 15a for all the coastal regions. This effect is most pronounced on the 

west coasts (IWC, NMC, SMC, and the west coast of SRL). The west coast preference is seen in 

microcosm in the SRL region, where the early morning systems surround the island but are most 

frequent off the western shore. The west coast is probably favored since the low-level flow tends 

to have a westerly component, and the regime to the west is moister (Fig. 13).  
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ii. Medium systems 

The medium systems behave similarly in all the coastal regions (Fig. 14a-d). In each region, 

the peak occurrence of medium systems slightly lags the occurrence of small systems, indicating 

that the lifecycle effect determines the timing of the maximum manifestation of medium systems.  

The diurnal cycle of both small and medium systems is most pronounced in the IEC. In this 

region, medium systems occur preferentially on the southeastern slopes and over the elevated 

terrain of the Eastern Ghats (Fig. 15c). The afternoon peak is consistent with findings by 

Romatschke et al. (2010) who found an afternoon maximum occurrence of extremely deep 

convective radar-echo cores along the Indian east coast during the premonsoon. Afternoon 

systems in IEC occur in an environment of strong convergence (Fig. 8c) as strong heating of the 

elevated terrain of the Eastern Ghats draws in moist air from the Bay of Bengal as well as air 

from inland. In previous studies of the premonsoon season, Weston (1972) and Romatschke et al. 

(2010) have connected the most extreme convection in the IEC region with a synoptic 

environment in which strong moisture gradients and moist southerly low-level winds are capped 

by dry continental westerlies aloft. The strong sea breeze in this region reinforces this effect on 

the ocean side of the range. Sadhukhan et al. (2000) concluded that this sea breeze is important 

for moisture transport into the region since deforestation has led to a decreased moisture supply 

inland. 

As for small systems, the diurnal heating/cooling cycle also leads to medium systems 

occurring in the early morning just offshore in all of the coastal regions (Fig. 14). Again, this 

effect is most pronounced in the west-coastal regions (IWC, NMC, SMC, and west side of SRL), 

for the same reasons given for the small systems. In the case of IEC, which has an extremely 

strong afternoon diurnal peak (Fig. 14a), the systems triggered offshore in the morning 
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sometimes propagate southward and produce a strong diurnal signal over the central Bay of 

Bengal (Webster et al. 2002). These offshore systems may form simply as a result of the 

combined nocturnal downslope and land-breeze effect. However, their long lifetimes and 

propagating aspect has led to speculation (Houze 2004) that these particular offshore systems 

may be a gravity wave response, of the type described by Mapes et al. (2003), to the daytime 

systems over the high terrain.   

d. Coastal terrain—continental side 

The high terrain of the coastal regions affects precipitation systems differently on their 

landward compared to their oceanic sides. In IWC, many small systems peaking in the afternoon 

(Fig. 14b) are located inland from the ridge of the Western Ghats (Figs. 15c). Medium systems 

occur at the same locations in the evening (Fig. 15d), suggesting a lifecycle effect, probably 

combined with a nocturnal downslope effect since inland systems are found over the lowlands 

between the Eastern and Western Ghats in the evening. They are located within the general zones 

of strong convergence associated with heating of the IEC and IWC regions (Fig. 8c, d), however, 

nocturnal cooling of the mountain ranges probably leads to divergence at high elevations and 

convergence between the mountain ranges, which is not resolved in the NCEP model. 

An additional effect likely influences the occurrence of medium systems in the late night to 

early morning period in the inland northeastern part of the IEC region (Fig. 16d). They are likely 

to occur when a nocturnal low level jet (Patra et al. 1999) is lifted over the terrain, and 

instability, retained by the capping effect mentioned above (Sec. 6c), is released. 

e. Bay of Bengal region 

Over the open water of the Bay of Bengal, only large systems contribute significantly to 

rainfall (Table 1). The diurnal cycle of large systems over the BOB (which includes the SMC 
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region) is largely flat (Fig. 18). Since the large precipitation systems are associated with 

mesoscale convective systems, which have longer lifetimes (~10 hours or more, e.g., Chen et al. 

1996; Chen and Houze 1997; Houze 2004; Houze et al. 1981; Mapes and Houze 1993; Williams 

and Houze 1987), the occurrence of rain from these systems occurs at all hours. The diurnal 

maxima and minima therefore tend to be broad and difficult to discern. In addition, the large 

precipitation systems in the BOB region are driven by favorable synoptic conditions; i.e., when 

anomalous low pressure is centered over the BOB region (Sec. 5b, Fig. 7). Despite these factors, 

the large systems over the BOB exhibit a discernible minimum in their diurnal cycle around 

0400 MST and a broad maximum during the daylight hours.  

This behavior is consistent with the mean low-level divergence cycle over the Bay of Bengal 

(Fig. 8). Strong divergence occurs in the late afternoon along the Indian coast as a result of 

diurnal heating over the continent (Fig. 8c). This divergence does not immediately affect the 

development of the large systems over the BOB, which are located farther south (Fig. 17). Later 

at night, however, the divergence spreads southward (Figs. 8d-a), possibly as a late response to 

continental heating, and likely contributes to the minimum frequency of large system 

precipitation over the BOB at ~0400 MST. During the monsoon season, the diurnal minimum in 

precipitation falling from large systems over the Bay occurs about four hours earlier probably 

due to the monsoon large systems being located farther north and closer to the continent, so that 

it does not take as long for the divergence effect to set in.  

7. Conclusions 

a. General characteristics of the premonsoon rainfall pattern 

In general, the precipitation pattern over South Asia during the premonsoon season 

foreshadows that of the monsoon season (Romatschke and Houze 2010a). The strong land-sea 
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contrasts and extreme topography of the region determine broad aspects of the rainfall pattern 

much as they do during the monsoon. Nonetheless, details of the premonsoon rainfall pattern are 

different from those of the monsoon itself.  

Overall, the premonsoon rain is more convective; the convective rain fraction is 55% 

compared to 44% in the monsoon. Only in the far eastern part of the South Asian domain does 

the stratiform rain component exceed the convective (Fig. 2). These statistics are consistent with 

the previous general impression that premonsoonal precipitation is more convective (see 

references mentioned in Sec. 1). The premonsoon precipitation is more sensitive to synoptic 

conditions than is monsoon precipitation, as can be seen by the fact that the synoptic anomalies 

in Figs. 5 and 6 are of greater amplitude than their counterparts in the monsoon (Figs. 6, 11 from 

Romatschke and Houze 2010a).   

Precipitation processes are obscured by mean patterns. We have therefore employed a 

scheme in which we identify the individual precipitation systems producing the climatological 

rainfall. By subdividing the total precipitation according to the contribution by systems with 

different physical characteristics and determining the frequency of occurrence of these individual 

systems in time and space, we determine the relative importance of different types and sizes of 

systems in accounting for the climatological total precipitation pattern. Small-sized systems are 

scattered over all continental (and oceanic) regions with a slight tendency to be more numerous 

in the climatologically rainier regions. Medium systems occur in all rainy regions but are 

concentrated in zones of maximum rainfall. They account for most of the precipitation over 

continental regions. Larger-sized systems are the primary producers of precipitation, especially 

over oceans and the wetlands of Bangladesh. Romatschke and Houze (2010a) made a similar 

subdivision by size of precipitation systems in the monsoon. Comparison with their results shows 
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that the relationship of small, medium, and large precipitation systems to land, ocean, and 

mountains is similar to but not nearly as distinct as in the monsoon. In addition, the patterns for 

all size categories are shifted generally southward in the premonsoon compared to the monsoon, 

since the monsoon has not yet fully developed. Also, precipitation is largely absent in the 

northwestern portion of South Asia since the dryline separating the dry air of the desert 

northwest part of South Asia from the moist oceanic regime of the monsoon (Romatschke et al. 

2010; Weston 1972) has not yet retreated westward. 

We have examined the physical characteristics of the precipitation systems in each size 

category in relation to their rain production. The rain production of medium and large systems is 

determined primarily by their areal extent. For small systems, however, in addition to size, the 

convective nature of the systems is found to be a significant factor in making them effective rain 

producers.  

b. Continental regions near the Himalayas 

Topography is a primary factor in determining the locations and frequencies of precipitation 

throughout South Asia. Moreover, precipitation processes over the continent, away from the 

oceans and near the Himalayas are distinct from processes near coastlines or over the water. In 

this continental region, small systems are ubiquitous and occur in synch with the diurnal heating 

cycle. Medium systems, however, have a more complex behavior, and they account for most of 

the rain. Large systems are rare over land.  

The precipitation-producing medium-sized systems over the continental region near the 

Himalayas are favored by anomalously low 500 mb heights. Examination of the systems in 

separate subregions further suggests that the locations of productive systems follow the west-to-

east passage of midlevel troughs. In addition, diurnal processes are critical to understanding the 



 26 

occurrence of the medium systems. They result from certain combinations of synoptic, 

topographic, and diurnal heating conditions. While small systems occur in synch with the 

heating, medium systems take time to grow, and as a result of their lifecycle, they occur in 

maximum numbers several hours after the peak heating over the high terrain. A different type of 

medium system occurs in the early morning hours at the base of the Himalayas in conjunction 

with nocturnal downslope winds converging with moist large-scale flow of oceanic origin. While 

both effects are important, the diurnal cycle is best seen by examining it in high-resolution 

spatial detail as well as in time since the daytime systems occur over higher elevation, while the 

nocturnal (downslope-driven) systems occur at the foot of the mountains. Compared to the 

monsoon season, when nocturnal medium systems occur all along the base of the Himalayas, in 

the premonsoon they are generally less likely and nearly nonexistent west of the dryline; i.e., 

they are seen primarily in the CHF and EHF regions and not in the WHF.  

Of special note is the MEP region, the location of Cherrapunji—one of the rainiest places in 

the world. This region contains a small plateau lying upstream of the main Himalayan range and 

in direct exposure to the moist low-level flow from the Bay of Bengal. It is well known that this 

plateau provides an orographic boost to the lifting of the moist air to which it is exposed. We 

find further that synoptic-scale processes are important. The synoptic-scale low pressure 

anomaly maximizes over this region. In addition, we find, in conjunction with our previous 

studies (Romatschke and Houze 2010a; Romatschke et al. 2010), that precipitation in this region 

changes character as the season progresses and is of a more convective nature in the premonsoon 

than in the monsoon.  
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c. Coastal regions 

Much of the precipitation in South Asia is concentrated near the mountainous coastlines of 

India and Myanmar, in both premonsoon and monsoon seasons. The rain is greatest over the 

peak of the coastal terrain but also is heavy in the regions just offshore. The important 

precipitation-producing medium systems are favored again when a 500 mb low anomaly is 

located over central India. West coast systems are associated with surface low anomalies over 

the upstream oceans (Arabian Sea for the IWC and Bay of Bengal for the SMC), which 

strengthens the southwesterly flow toward the coast. East coast systems occur in conjunction 

with surface high pressure anomalies over Bangladesh, which promote surface flow toward the 

Indian east coast.    

The daily heating cycle over the mountainous coastal regions is a strong combination of 

diurnal heating and cooling over higher terrain and a land-sea heating contrast. These processes 

favor medium systems likely produced both by the lifecycle effect of systems triggered during 

the daytime heating over the higher terrain and by nocturnal downslope/land-breeze winds 

converging offshore with moist onshore flow. Nocturnal offshore medium systems are more 

prevalent on west coasts than east coasts due to prevailing wind direction offshore. The nocturnal 

systems largely account for the precipitation maximum offshore, but overall the afternoon-

generated medium systems over the higher terrain dominate the diurnal cycle of medium systems 

in all the coastal regions. The most extreme manifestation of these processes occurs over the IEC 

region, which is consistent with findings by Romatschke et al. (2010), who noted a maximum of 

extremely deep convective radar echo cores along the Indian east coast, peaking in the afternoon 

during the premonsoon. It has been suggested that a gravity wave response to the daytime 

heating over the IEC may affect the formation of the nocturnally-generated systems that grow to 
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large size and subsequently propagate southward over the Bay of Bengal during the premonsoon 

(Houze 2004). Nocturnally-generated downslope systems in the northeastern inland IEC region 

are likely affected by a low-level jet capped by dry westerlies with the nocturnal downslope flow 

helping the convection break through the cap. 

d. Bay of Bengal 

The open ocean of the Bay of Bengal is the only location in the South Asian premonsoon 

domain where large convective systems dominate the precipitation. They occur when surface 

low pressure systems are present over the Bay. The large convective systems in this region 

contain large proportions of stratiform rain. Their diurnal cycle is relatively flat, both because of 

the dominant synoptic influence over their existence and because the large systems have long 

lifetimes that are not separable in time scale from the diurnal cycle. Nonetheless, they are 

slightly diminished in the late night to early morning period, when the mean surface divergence 

is at a minimum over the Bay.  
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Table 1 Percent of total accumulated rain by system category and region. Total number of 

systems and number of strong and weak systems in each category and region. 

 

 

 

  WHF CHF EHF MEP IEC IWC NMC SMC BOB SRL 

rain % 22 37 29 27 34 34  36  30 

total # 1697 1474 1946 523 692 663  1363  396 

strong # 161 176 260 73 92 106  201  71 

Small 

weak # 1536 1298 1686 450 600 557  1162  325 

rain % 38 41 38 42 36 27  33  49 Medium 

total # 241 168 258 92 89 66  152  67 

rain % 33  24 27 26 29 60  38  Large 

total # 42  41 24 18 17 35  198  
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Table 2 Means of physical properties of small systems. 

 

  WHF CHF EHF MEP IEC IWC SMC SRL 

All 2174 1974 2040 2223 2111 1850 2050 1769 

Strong 5518 4970 4640 5064 5160 4165 4890 3712 

Total area 

[km2] 

Weak 1823 1567 1639 1762 1643 1404 1555 1339 

All 0.02 0.06 0.03 0.12 0.10 0.09 0.06 0.07 

Strong 0.08 0.16 0.08 0.24 0.20 0.17 0.12 0.14 

Convective 40 

dBZ area/total 

area Weak 0.01 0.04 0.02 0.11 0.09 0.08 0.05 0.05 

All 0.05 0.13 0.07 0.23 0.20 0.22 0.18 0.20 

Strong 0.16 0.26 0.18 0.36 0.30 0.30 0.26 0.29 

Convective 30 

dBZ area/total 

area Weak 0.04 0.11 0.06 0.21 0.19 0.20 0.17 0.18 

All 1.2 2.8 1.4 4.4 4.3 3.6 2.7 2.8 

Strong 5.6 7.7 4.6 9.1 9.2 6.9 5.9 5.6 

Convective 40 

dBZ height 

[km] Weak 0.7 2.2 0.9 3.7 3.5 3.0 2.2 2.1 

All 3.7 5.3 3.4 6.5 6.8 6.3 5.5 5.8 

Strong 8.3 10.0 6.7 11.6 12.0 10.7 9.1 9.4 

Convective 30 

dBZ height 

[km] Weak 3.3 4.7 2.9 5.7 6.0 5.5 4.8 5.0 

All 0.21 0.4 0.24 0.57 0.58 0.56 0.48 0.55 

Strong 0.61 0.75 0.55 0.83 0.84 0.76 0.68 0.72 

Convective rain 

fraction 

Weak 0.16 0.35 0.2 0.53 0.54 0.53 0.45 0.51 

All 0.54 0.39 0.5 0.29 0.28 0.28 0.35 0.29 

Strong 0.31 0.18 0.35 0.13 0.12 0.16 0.23 0.19 

Stratiform rain 

fraction 

Weak 0.56 0.42 0.53 0.31 0.31 0.30 0.36 0.31 
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Table 3 Means of physical properties of medium systems. 

 

 WHF CHF EHF MEP IEC IWC SMC SRL 

Total area [km2] 17266 15514 16374 17975 18011 16590 16582 16479 

Convective 40 dBZ 

area/total area 

0.04 0.09 0.03 0.13 0.10 0.08 0.06 0.07 

Convective 30 dBZ 

area/total area 

0.08 0.16 0.08 0.20 0.15 0.17 0.15 0.15 

Convective 40 dBZ 

height [km] 

5.0 6.7 4.0 7.9 7.3 6.8 5.4 5.8 

Convective 30 dBZ 

height [km] 

8.1 9.3 6.3 10.3 9.9 10.2 8.4 9.5 

Convective rain 

fraction 

0.40 0.56 0.32 0.63 0.58 0.57 0.50 0.50 

Stratiform rain 

fraction 

0.51 0.37 0.57 0.33 0.37 0.37 0.43 0.45 
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Table 4 Means of physical properties of large systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 WHF EHF MEP IEC IWC NMC BOB 

Total area [km2] 50826 55355 51892 53232 64540 63157 62040 

Convective 40 

dBZ area/total 

area 

0.07 0.04 0.08 0.11 0.05 0.09 0.05 

Convective 30 

dBZ area/total 

area 

0.10 0.07 0.13 0.16 0.11 0.15 0.12 

Convective 40 

dBZ height [km] 

6.9 5.2 7.0 9.9 6.2 7.7 6.3 

Convective 30 

dBZ height [km] 

9.5 7.4 9.5 12.8 9.4 11.7 9.6 

Convective rain 

fraction 

0.44 0.29 0.46 0.60 0.42 0.52 0.43 

Stratiform rain 

fraction 

0.51 0.65 0.52 0.37 0.55 0.46 0.54 
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Figure captions 

 

Fig. 1. Topography of the region of interest and (a) topographical features mentioned in 

the text (b) sub-regions: western, central, and eastern Himalayan foothills (WHF, CHF, and EHF, 

respectively), Meghalaya Plateau (MEP), Indian west and east coast (IWC and IEC, 

respectively), northern and southern coast of Myanmar (NMC and SMC, respectively), Sri Lanka 

(SRL), and Bay of Bengal (BOB). Note that the BOB region includes the SMC region. 

 

Fig. 2. Premonsoon precipitation climatology. (a) Total, (b) convective, (c) stratiform, (d) 

convective percentage, and (e) stratiform percentage. Pixels where the total precipitation is < 

0.15 mm h-1
 are deleted from these and all following percentage plots. Orographic contours of 

0.3 km, 1.5 km and 3 km are shown in black. 

 

Fig. 3. (a) Total number of smallest, small, medium, and large systems. (b) percentage each type 

of system contributes to the total premonsoon precipitation. 

 

Fig. 4. Precipitation patterns for the premonsoon season from small, medium, and large systems. 

Left column shows total rain and right column shows percentage. Orographic contours as in Fig. 

2. 

 

Fig. 5. Composite of NCEP reanalysis geopotential height anomalies at 500 mb (m, left column) 

and surface pressure anomalies (mb, right column) for days with occurrence of medium systems 

in the (a, b) WHF, (c, d) CHF, (e, f) EHF, and (g, h) MEP region. 
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Fig. 6. As in Fig. 5 but for the (a, b) IEC, (c, d) SRL, (e, f) IWC, and (g, h) SMC region. 

 

Fig. 7. As in Fig. 5 but for the BOB region. 

 

Fig. 8. NCEP surface winds (m s-1) and divergence (s-1) premonsoon climatology at (a) 00 UTC 

(~05.30 MST), (b) 06 UTC (~11.30 MST), (c) 12 UTC (~17.30 MST), and (d) 18 

UTC (~23.30 MST). 

 

Fig. 9. Diurnal cycles of small (triangles), medium (circles), and large (crosses) systems 

occurring in the (a) WHF, (b) CHF, (c) EHF, and (d) MEP region. 

 

Fig. 10. Precipitation from small systems occurring (a) between 00 and 06 MST, (b) between 06 

and 12 MST, (c) between 12 and 18 MST, and (d) between 18 and 00 MST in 

the continental regions. Orographic contours as in Fig. 2. 

 

Fig. 11. As in Fig. 10 but for medium systems. 

 

Fig. 12. As in Fig. 10 but for large systems. 

 

Fig. 13. NCEP premonsoon climatology of surface specific humidity (g kg-1) and winds (m s-1). 

 

Fig. 14. As in Fig. 9 but for the (a) IEC, (b) IWC, (c) SRL, and (d) SMC region. 
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Fig. 15. As in Fig. 10 but for small systems in the coastal and oceanic regions. 

 

Fig. 16. As in Fig. 10 but for medium systems in the coastal and oceanic regions. 

 

Fig. 17. As in Fig. 10 but for large systems in the coastal and oceanic regions. 

 

Fig. 18. Diurnal cycle of large systems in the BOB region. 
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Fig. 1. Topography of the region of interest and (a) topographical features mentioned in 
the text (b) sub-regions: western, central, and eastern Himalayan foothills (WHF, CHF, 
and EHF, respectively), Meghalaya Plateau (MEP), Indian west and east coast (IWC and 
IEC, respectively), northern and southern coast of Myanmar (NMC and SMC, 
respectively), Sri Lanka (SRL), and Bay of Bengal (BOB). Note that the BOB region 
includes the SMC region. 



Fig. 2. Premonsoon precipitation climatology. (a) Total, (b) convective, (c) stratiform, (d) 
convective percentage, and (e) stratiform percentage. Pixels where the total precipitation 
is < 0.15 mm h-1 are deleted from these and all following percentage plots. Orographic 
contours of 0.3 km, 1.5 km and 3 km are shown in black. 
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Fig. 3. (a) Total number of smallest, small, medium, and large systems. (b) percentage 
each type of system contributes to the total premonsoon precipitation. 
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Fig. 4. Precipitation patterns for the premonsoon season from small, medium, and large 
systems. Left column shows total rain and right column shows percentage. Orographic 
contours as in Fig. 2.  
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Fig. 5. Composite of NCEP reanalysis geopotential height anomalies at 500 mb (m, left 
column) and surface pressure anomalies (mb, right column) for days with occurrence of 
medium systems in the (a, b) WHF, (c, d) CHF, (e, f) EHF, and (g, h) MEP region. 
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Fig. 6. As in Fig. 5 but for the (a, b) IEC, (c, d) SRL, (e, f) IWC, and (g, h) SMC region. 
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Fig. 7. As in Fig. 5 but for the BOB region. 
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Fig. 8. NCEP surface winds (m s-1) and divergence (s-1) premonsoon climatology at (a) 
00 UTC (~05.30 MST), (b) 06 UTC (~11.30 MST), (c) 12 UTC (~17.30 MST), and (d) 
18 UTC (~23.30 MST).
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Fig. 9. Diurnal cycles of small (triangles), medium (circles), and large (crosses) systems 
occurring in the (a) WHF, (b) CHF, (c) EHF, and (d) MEP region. 
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Fig. 10. Precipitation from small systems occurring (a) between 00 and 06 MST, (b) 
between 06 and 12 MST, (c) between 12 and 18 MST, and (d) between 18 and 00 MST in 
the continental regions. Orographic contours as in Fig. 2.  
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Fig. 11. As in Fig. 10 but for medium systems. 
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Fig. 12. As in Fig. 10 but for large systems. 
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Fig. 13. NCEP premonsoon climatology of surface specific humidity (g kg-1) and winds 
(m s-1). 
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Fig. 14. As in Fig. 9 but for the (a) IEC, (b) IWC, (c) SRL, and (d) SMC region. 
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Fig. 15. As in Fig. 10 but for small systems in the coastal and oceanic regions. 
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Fig. 16. As in Fig. 10 but for medium systems in the coastal and oceanic regions. 
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Fig. 17. As in Fig. 10 but for large systems in the coastal and oceanic regions. 
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Fig. 18. Diurnal cycle of large systems in the BOB region. 
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4. Conclusions 

Several years – eight for South Asia and ten for South America – of TRMM PR data 

have been used to study convective systems in tropical and subtropical regions. Convective 

systems have been categorized by different physical properties such as size or 

convective/stratiform nature. The structure of the systems in each subset and the 

mechanisms involved in their development have been investigated by statistical analysis 

and in connection with synoptic datasets provided by NCEP/NCAR. These investigations 

provide answers to essential questions about the nature and development of convective 

systems (Sec. 1.1). 

4.1. What types of convective systems exist and what are their 

physical properties? (Size, convective and stratiform nature, and 

rain rate) 

Convective systems captured by the TRMM satellite cover a size spectrum reaching 

from one pixel (~18 km
2
) to over a hundred thousand square kilometers in horizontal area 

and up to the highest altitude sampled by the TRMM PR (20 km above mean sea level) in 

their vertical extent. The results from Chapter 3 tell us that, in general, larger systems are 

associated with more rain than smaller ones, which is especially true for their horizontal 

extent: a few systems covering a large horizontal area are associated with the same amount 

of precipitation as many small ones. The size of a convective system is thus its most 

important characteristic for its precipitation productivity. 

The second most important characteristic for rain productivity is the convective (as 

opposed to stratiform) nature of a system's precipitation. In every size category, the 

systems that have higher convective rain fractions or deeper convective cores than other 

systems within the same size category are stronger rain producers. In that sense, vertical 

size also plays a role in rain productivity since deep systems are generally more 

convective. Even in the category of very large systems, where systems generally have wide 

stratiform areas, the systems with embedded convective cores or larger convective rain 

fractions are greater rain producers. 

Since size and the convective nature of rain are the main characteristics for rain 

production in the regions of this study it makes sense to examine the most extreme forms 

of convection, as has been done in Chapter 2.  

In general, systems over the ocean are found to grow to larger sizes than continental 

systems. Oceanic systems are likely to contain wide convective cores and broad stratiform 

regions which are associated with greater precipitation production. However, systems with 

deep convective cores, which are associated with severe weather, occur almost exclusively 

over land. Continental systems grow to large sizes only in regions with an underlying 

moisture source such as major rivers like the Amazon or Ganges. E.g., systems at the 

western Himalayan foothills are smaller and more convective than those at the eastern 

Himalayan foothills where the Ganges, Brahmaputra, and winds from the Bay of Bengal 

provide moister air. The deepest convection, counterintuitively, is found over more arid 

regions such as the Eastern Ghats, the western Himalayan terrain indentation, the Sierras 

de Cordoba, and the Brazilian Highlands. This latter result is associated with capping of 

moist layers in these regions, as will be discussed below (Sec. 4.2.3). 
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4.2. What are the mechanisms involved in the initiation and 

development of different types of convective systems? 

4.2.1. Synoptic background 

The influence of the large-scale synoptic situation on the development of convective 

systems varies greatly with the location and type of convective system. A strong synoptic 

influence is observed over the oceans around South Asia and South America, where wide 

convective cores and broad stratiform regions as well as large systems are strongly 

associated with large-scale lows. This influence is observed over the Arabian Sea, 

extending over the coastal mountains of western India, even more strongly in the Bay of 

Bengal (Bay of Bengal depressions), and also in the South Atlantic convergence zone 

(SACZ, Atlantic Trough Regime in Sec. 2.2) off the South American east coast. 

Over land, the La Plata basin is a region where the synoptic influence of midlatitude 

baroclinic systems has a major effect. Mid-latitude disturbances cross the Andes and the 

continent from west to east, and thus present a situation in which intense convective 

systems can be triggered. Deep and wide convective cores then occur at the southern 

foothills of the Central Andes and subsequently develop to contain broad stratiform regions 

as they move east over the La Plata basin along with the synoptic disturbance (West Coast 

and La Plata Basin Trough Regime in Sec. 2.2). Farther north, along the northern foothills 

of the Central Andes, an indirect synoptic influence is observed: As the mid-latitude 

disturbances just described move even farther east (East Coast Trough Regime in Sec. 2.2), 

the South American low-level jet (SALLJ) is blocked from penetrating south into the 

subtropics and moisture is retained at the northern foothills which leads to increased 

formation of convective systems there. 

In South Asia, especially during the premonsoon, but also during the monsoon, 

convective systems over land are associated with lows in the regions where they occur. As 

in South America, synoptic disturbances passing from west to east, in this case along the 

Himalayas, are associated with increased occurrence of convective systems. In the 

premonsoon this influence is observed for all types of systems whereas in the monsoon it is 

only observed for larger systems. 

A strong synoptic influence on larger systems is also found over the Brazilian 

Highlands in South America, where systems developing broad stratiform regions form in a 

synoptic-scale trough environment, whereas systems containing deep convective cores 

which are generally smaller in their horizontal extent, have no preference of synoptic 

situation. 

Convective systems in the Amazon Basin experience very little synoptic influence. 

Moisture content is so high and solar heating so strong that probably no additional forcing 

for the formation of systems is required. They are, however, strongly influenced by the 

diurnal heating cycle as will be discussed in Sec. 4.2.3. 

4.2.2. Seasonal changes and moisture 

Seasonal changes were investigated in the South Asian region, specifically the 

premonsoon to monsoon transition. The mechanisms involved in the formation of 

convective systems are similar in the premonsoon and monsoon seasons. However, the 

seasonally changing wind and moisture patterns alter locations at which systems occur. 

During the premonsoon, westerlies dominate over almost the whole Indian continent at all 

levels bringing dry air from the Afghan mountains over continental regions. As a result, 

strong moisture gradients are located along the coastlines, separating dry continental air 

from moist oceanic air. During the monsoon the combined effect of westerlies shifting 

north and increased solar heating result in moist air from the oceans penetrating over the 



 192 

southern parts of the continent. The moisture gradient zone shifts north to become located 

along the Himalayan foothills.  

This change in location of the moisture gradient zone has a significant effect on the 

location of extreme convective systems over land. Systems with extreme convective 

characteristics, especially systems containing extremely deep convective cores, are 

observed along the Indian east coast during the premonsoon and in the western Himalayan 

indentation during the monsoon. The moisture gradient zone, together with the dry 

westerlies, provide ideal conditions for the formation of extremely deep convection, as will 

be discussed in Sec. 4.2.3, and the changing location of these environmental conditions 

changes the location where extreme convective storms occur. 

The increased moisture content of the continental air during the monsoon is likely also 

associated with the decreased influence of the synoptic conditions on the formation of 

convection (discussed above, Sec. 4.2.1). In the premonsoon, when the air over continental 

regions is drier, extra forcing for the formation of convection is needed. During the 

monsoon, the moisture content over land is high and solar heating is increased which leads 

to formation of convection even without further synoptic forcing. 

In air with lower moisture content more instability is needed for the triggering of 

convection. Therefore, the convection that does occur in drier conditions is more vigorous 

as is manifested by the fact that systems in the drier premonsoon are more convective than 

during the moist monsoon season. In contrast, systems during the monsoon can grow larger 

in their horizontal extent because of the increased moisture supply. 

In this dissertation, seasonal changes in South America were not investigated. A first 

glance at the distribution of precipitation and moisture, however, shows that moisture 

penetrates farther south in summer which is probably associated with the higher 

precipitation values in the subtropics in this season (not shown).  

4.2.3. Diurnal changes and geography 

The effect of the diurnal change in solar heating on the formation of convective 

systems is strongly linked to the local geography. Most notably, diurnal heating and 

nocturnal cooling over the major mountain ranges, the Himalayas and Andes, affects the 

development of convection on a large scale. Diurnal heating of the elevated plateaus, the 

Tibetan Plateau and the Altiplano, leads to convergence and convection over the upper 

slopes and plateaus, and extreme divergence at the foothills of the Himalayas and Andes 

and over the La Plata Basin. The diurnal divergence prevents convection at low elevations 

during the day. During the night the pattern is reversed. Divergence over the crests leads to 

nocturnal downslope flow which converges at the foothills with the moist flow from the 

Bay of Bengal and Arabian Sea in South Asia and from the Amazon Basin (i.e. the SALLJ) 

and South Atlantic in South America initiating nocturnal convection at the mountain bases. 

Analysis of the high resolution TRMM data reveals the detailed structure of the convective 

systems triggered by these mechanisms. The diurnal convection over high altitudes is 

mostly of smaller horizontal scale but can contain deep convective cores, especially over 

the plateaus. Because of their limited horizontal extent, these systems do not produce a 

large amount of rain in a climatological sense but since their most extreme manifestations, 

i.e., systems containing deep convective cores, likely are associated with thunderstorms 

and hail, they are important from a severe weather point of view. In contrast, nocturnal 

convective systems at the foothills are larger in horizontal scale. Most of them reach 

medium size but some grow to contain wide convective cores in the early stages of their 

life cycle and broad stratiform regions at later stages. Because of their larger size nocturnal 

systems at the mountain bases are associated with nocturnal precipitation maxima. The 

convective nature of the systems which contain extremely large areas of embedded strong 

convective cells, i.e. wide convective cores, helps to further increase precipitation 
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production. The nocturnal convection and precipitation maxima at the foothills of the 

Himalayas and Andes as well as over the La Plata basin are significant anomalies for 

continental regions, where away from mountains daytime precipitation maxima generally 

prevail (Kikuchi and Wang 2008). 

A similar effect where diurnal heating over the terrain leads to convergence and 

convection and nocturnal cooling leads to divergence is found along the coast lines of 

South Asia and eastern South America. Daytime heating over the continent draws in 

oceanic air which is lifted over the coastal mountains. This sea breeze effect is associated 

with daytime convection over coastal mountain ranges, viz. the Eastern and Western 

Ghats, the coastal mountains of Myanmar and Sri Lanka, the eastern Brazilian Highlands, 

and the northeastern coast of South America. Nocturnal divergence over land leads to 

convergence over the ocean and nighttime convection off the coasts. In the case of South 

Asia, this nocturnal effect is strongest off the west coasts of continents, i.e. off the west 

coasts of India and Myanmar, where the land breeze converges with the prevailing low-

level westerlies.  

A special phenomenon is observed over the northeast coast of South America and the 

Amazon Basin. Convection is triggered at the coast during the day and takes the form of 

squall lines, loosely associated with systems containing wide convective cores, which 

move as a large band of convection in southwest direction over the Amazon Basin. During 

the night, this band of convection merges with another line of convection triggered in the 

afternoon by solar heating over elevated terrain at the southwestern edge of the Amazon 

Basin and has moved northeast over the basin. At the location of the merging of the bands 

of convection, systems grow to contain broad stratiform regions during the night. The 

location of this merging coincides with the location of the total precipitation maximum in 

the Amazon basin. Apparently the additional precipitation from the nocturnal systems 

containing broad stratiform regions is enough to determine the location of the maximum 

precipitation of the Amazon basin even though daytime precipitation caused by solar 

heating dominates in this region (Kikuchi and Wang 2008). 

Continental heating and cooling also affect convection over the ocean farther off land. 

Over the eastern South Atlantic in the SACZ and over the Bay of Bengal daytime 

convergence over land leads to decreased convergence or even divergence over the ocean 

which is delayed until the evening because of the great distance. This divergence causes 

dissipation of the oceanic systems and a minimum of convective activity. After midnight, 

when the convergence strengthens, convective activity restarts and increases into the 

morning, leading to a daytime maximum of convection and precipitation in these regions. 

This sequence is common for oceanic precipitation in coastal regions (Kikuchi and Wang 

2008). Oceanic systems are often extremely large and first take the form of systems 

containing wide convective cores and later of systems containing broad stratiform regions.  

Another phenomenon dominated by the diurnal cycle and the local geography is a 

capping effect, observed at different locations and in different seasons. This effect is 

similar to the dryline phenomenon described by Carlson et al. (1983) for North America. 

Moist low-level flow is capped by dry westerlies aloft leading to extremely unstable 

conditions as the atmosphere is heated by diurnal radiation. When the low level flow is 

lifted over the terrain, afternoon/evening convection is triggered which often takes the 

form of systems of smaller horizontal scale but containing deep convective cores 

associated with severe weather. This capping effect is observed at the east coast of the 

Brazilian Highlands and during the premonsoon at the east coast of India where the moist 

diurnal sea breeze is capped by dry continental westerlies aloft. Convection is triggered as 

instability is released when the moist low level flow is lifted over the coastal mountains. A 

rather similar effect is observed in continental regions in the western Himalayan 

indentation and over the Sierras de Cordoba; however, in these regions the moist low-level 
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flow comes from the Arabian Sea, and the Atlantic and Amazon basin, respectively. An 

afternoon/evening maximum of deep convective cores is found in all of these locations. In 

the two continental regions synoptic lows further favor the initiation of convection. 

Although the TRMM satellite only provides snapshots of convective systems, the 

evolution of MCSs can be inferred through statistical analysis. Some diurnal variations of 

precipitation can only be accurately understood in terms of the mesoscale system 

evolution. In the southern foothills of the Central Andes, during the evening, systems 

containing deep convective cores are triggered by the capping effect mentioned above in 

the environment of large-scale synoptic disturbances (Sec. 4.2.1). As the disturbances 

move eastward over the La Plata basin, systems develop upscale to contain wide 

convective cores during the early morning. As the trough moves even farther eastward the 

systems contain broad stratiform regions in midday. Over the Amazon basins squall lines 

loosely associated with wide convective cores are followed by nocturnal broad stratiform 

regions in time. In the northern foothills of the Central Andes wide convective cores 

triggered by nocturnal downslope flow are observed ahead of a maximum in broad 

stratiform regions in the late morning. Also in the SACZ wide convective cores and broad 

stratiform regions are observed in consecutive order. In South Asia small systems are 

followed by medium ones in many different locations along the Himalayan foothills as 

well as at the coasts. These sequences suggest the following evolution of convective 

systems, which is observed either in whole or in parts in different locations: Newly 

triggered systems have small scales but are highly convective and can contain extremely 

deep convective cores. At later stages they grow either individually or merge with other 

systems and form large systems that may contain horizontally extensive strongly 

convective regions, e.g., wide convective cores. As the systems age they become even 

bigger, the precipitation becomes more stratiform and they may grow to contain broad 

stratiform regions. Often in continental regions the early convective phase takes place in 

the late afternoon or evening whereas the large stages are observed during the night and 

morning hours. Over the ocean systems containing wide convective cores form in the early 

morning and develop to systems containing broad stratiform regions in midday. 

5. Future Work 

This thesis can be expanded in several directions. The next obvious step is a study of 

all convective systems in South America which is currently in preparation. In addition, 

similar studies need to be done in other seasons. Of course there are also many more 

locations that would be interesting (e.g. Africa, Australia, etc.). The launch of the Global 

Precipitation Measurement (GPM) satellite, which is planned for 2013/2014, will allow 

investigation of radar data of precipitating systems over the whole globe. 

Data from CloudSat (Stephens et al., 2002), the first satellite-based millimeter-

wavelength radar launched in 2006, allows the study of non precipitating cloud structures 

associated with convective systems, especially anvil clouds. This dataset complements the 

TRMM PR dataset and investigating them separately or together allows an even more 

detailed analysis of the distribution and structure of precipitating and non-precipitating 

systems. 

Since the TRMM PR only provides snapshots of convective systems the use of 

temporally contiguous datasets would greatly improve the knowledge of the life cycle of 

convective systems which can be only analyzed in a statistical sense from TRMM PR data. 

As mentioned in Sec. 1.1, the ultimate goal of this dissertation is to improve modeling 

and forecasting of convective systems. Investigation of the mechanisms that determine 

their evolution, as has been done here, is only the first step to this goal. The next step 
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would be to test the hypotheses of this study and further improve our knowledge of 

convective systems with the help of mesoscale models. First steps in this direction have 

already been done by Medina et al. (2010) for South Asia. The results of this thesis and the 

modeling studies then need to be implemented in weather forecasting and climate models. 
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