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ABSTRACT 

 An investigation of the climatology and rainfall from warm-season (October-

May) mesoscale convective complexes (MCCs) for subtropical South America (SSA) 

revealed the unique nature of these systems.  Characteristic changes in MCCs in relation 

to the South Atlantic Convergence Zone (SACZ) were also explored. 

 For the austral warm seasons of 1998-2007, 330 MCCs were documented across 

SSA.  An average of 37 MCCs occurred each season and reached a maximum cloud-

shield size of 256,500 km2, and lasted 14 hours.  The highest frequency and concentration 

of MCCs was centered east of the Andes Mountains between 20°S and 30°S over 

Paraguay, northern Argentina, and southern Brazil.  Compared to the United States, 

MCCs in SSA are significantly larger with longer durations.   

 An analysis of MCC rainfall was conducted with the use of the Tropical Rainfall 

Measuring Mission satellite 3B42 (v.6) three-hourly blended precipitation data.  The 

average MCC produces 15.7 mm of rainfall across 381,000 km2, with a volume of 7.0 

km3.  MCCs accounted for 15-21% of the total rainfall across portions of northern 



 

Argentina and Paraguay during 1998-2007.  MCCs accounted for 20-30% of the total 

rainfall between November-February, and 30-50% in December, primarily across 

northern Argentina and Paraguay.  MCCs also produced 25-66% of the total rainfall in 

portions of west-central Argentina. 

 Results further showed that for October-March, the SACZ occurred during 23% 

of the warm season days, during which 75 MCCs formed, versus 216 on non-SACZ days.  

Most of the interannual variation (89%) in the number of MCCs during periods of SACZ 

was simply due to changes in the frequency of SACZ.  A composite analysis of several 

lower and middle tropospheric data fields show the large-scale atmospheric patterns 

favorable for MCCs in preferred areas of the study region during SACZ and non-SACZ 

periods.  This study is unique in showing a link in a preferred region of MCC activity to 

forms of low-level circulation other than advections of heat and moisture from 

Amazonia.   
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1   Introduction  

 Patterns of South American weather and climate are largely driven by interactions 

between the atmosphere, adjacent oceans, and the continent’s complex physiographic 

landscapes and land cover characteristics (Figs. 1.1 and 1.2).  The Andes are the longest, 

and one of the world’s tallest mountain ranges with very steep elevation gradients.  The 

Amazon region contains the world’s largest rain forest and river basin.  The combination 

of the position of the Andes, the cold Peruvian Humboldt current in the eastern Pacific, 

and the Pacific subtropical high pressure help create the Atacama Desert in northern 

Chile. The Atacama Desert receives < 10 mm of rainfall on average each year, making 

this region one of the most arid in the world (Thompson et al. 2003).  In contrast, the 

Amazon basin provides a continuously rich moisture source for thunderstorms through 

the combination of evapotranspiration and return flow from subtropical Atlantic high 

pressure.  The Andes channel the northeasterly low-level flow of tropical heat and 

moisture south of Amazonia into the La Plata Basin and subtropical Plains where some of 

the world’s most extreme thunderstorms have been documented (Fig. 1.3) (Zipser et al. 

2006). 
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1.2   Literature review  

In subtropical South America (SSA), individual thunderstorms often 

conglomerate into single organized large-scale thunderstorm systems capable of 

producing damaging winds, destructive hail, tornadoes, and flooding rains.  These 

thunderstorm complexes, or mesoscale convective systems (MCSs), are frequently 

observed across SSA during the warm season (October-May), and threaten to disrupt the 

communities that make up this relatively densely populated region of South America.  

The largest, longest-lived subclass of MCS is known as the mesoscale convective 

complex (MCC).  MCCs were originally classified by Maddox (1980) from cloud-top 

characteristics of MCSs over the United States.  These systems were observed by 

Maddox (1980) using infrared (IR) satellite imagery and defined based on explicit 

temperature, size, and duration criteria (Table 1.1).    Since the foundational study 

provided by Maddox (1980), many researchers have adopted his MCC criteria to 

understand the characteristics of MCCs, particularly with respect to rainfall production 

and distribution across the U.S. 

 

a.  Characteristics of MCCs 

 MCCs have been studied all over the world including Africa (Laing and Frisch 

1993a; Laing et al. 1999), India (Laing and Fritsch 1993b), China (Miller and Fritsch 

1981), Australia (James 1992), Europe (Laing and Fritsch 1997), and most extensively in 

North America (Maddox 1980; Rogers et al. 1983; Merritt and Fritsch 1984; Kane et al. 

1987; Tollerud et al. 1987; Cotton et al. 1989; McAnelly and Cotton 1989; Tollerud and 

Rogers 1991; Tollerud and Collander 1993; Anderson and Arritt 1998; Ashley et al. 
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2003, among others).  Laing and Fritsch (1997) provided an analysis of MCC 

characteristics based from a global subset containing 714 MCCs.  In that study, the 

typical MCC developed in the late afternoon, the maximum cloud-shield reached its 

maximum size in the early morning hours of the following day, and the system dissipated 

just after sunrise. MCCs were also identified primarily as a warm-season phenomenon, 

which indicates their connection to the seasonal radiative cycle.  Laing and Fritsch (1987) 

also found that the typical MCC lifecycle lasts 10 hours with a contiguous ≤ -32°C cloud-

shield size of 354,000 km2 at the time of maximum extent. 

 

b.  Characteristics of MCC rainfall 

McAnelly and Cotton (1989) found that MCCs in the U.S. distribute, on average, 

at least 1 mm of rainfall over nearly 500,000 km2.  Much of MCC rainfall is found 

beneath the colder cloud shield (≤ -52°C cloud top temperature), with precipitation 

maxima located within the equatorward flank of the storm system (McAnelly and Cotton 

1989; Kane et al. 1987).  Specifically, Kane et al. (1987) showed that the southeast 

quadrant typically accounts for more than half of the heaviest precipitation area beneath 

the anvil.  The asymmetric rainfall distribution is largely due to the position of the 

southerly low-level jet relative to the storm’s mean eastward motion in the U.S. (Bartels 

and Rockwood 1983; Merritt and Fritsch 1984; Kane et al. 1987; McAnelly and Cotton 

1989; Collander and Tollerud 1993).  Ashley et al. (2003) showed MCC rainfall accounts 

for 8-18% of the annual rainfall across portions of the central U.S. 
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c.  Impacts of MCC rainfall 

 While MCCs have the ability to generate a variety of severe convective weather 

phenomena (e.g., damaging winds, large hail, and tornadoes), torrential rains and 

flooding must also be regarded as a major constituent of the hazards produced from these 

systems (Houze et al. 1990; Maddox 1983).  Previous studies asserted that MCC rainfall 

has considerable social and economic impacts, particularly agricultural, across the Great 

Plains and Midwest of the U.S.  In particular, Rogers et al. (1983) showed that a single 

MCC occurrence can produce detrimental effects in terms of injuries and casualties, and 

property and crop damage.   

Annual MCC summaries for the U.S. (Maddox 1980; Rogers et al. 1983; 

Augustine and Howard 1988; Anderson and Arritt 1998) illustrate the devastating 

societal impacts of heavy persisted rainfall produced from MCCs.  According to Maddox 

(1980), one in five MCCs during 1978 resulted in injury or death.  Rogers et al. (1983) 

found several injuries and fatalities were associated with 27 of the 37 reported flash-

flood-producing MCCs.  Of the 28 MCCs observed during 1993, 18 were associated with 

extensive flooding in the central Plains and Midwest and also resulted in numerous 

casualties (Anderson and Arritt 1998).  These summaries highlight the magnitude of 

caution that must be taken during regarding MCC rainfall. 

Aside from damaging floods, MCCs can produce widespread beneficial 

precipitation during the growing season in the region between the Rocky and 

Appalachian Mountains of the U.S. (Maddox 1979; Fritsch et al. 1986; Tollerud and 

Collander 1993 Ashley et al. 2003).  Because MCC activity dominates this region during 

the warm season, the resultant precipitation can be valuable to the large agricultural 



 

5 
 

community that thrives in this region (Ashley et al. 2003).  Specifically, Kane (1985) 

indicated that MCCs produce crucial July and August precipitation for the corn-growing 

season in Iowa.  Fritsch et al. (1986) also suggested that MCC precipitation could hinder 

the onset of drought for portions of the central U.S. 

 

d.  South American MCCs 

Velasco and Fritsch (1987) provided one of the earliest investigations of South 

American MCCs.  In that study, the highest concentration of MCC activity was found 

between 20°-40°S in the subtropical region.  Results from their two-year analysis also 

showed that MCCs in SSA were predominantly nocturnal events that lasted 11.5 hours, 

and reached maximum cloud-shield extents (≤ -52°C cloud-shield temperature) of 

188,000 km2.  Similar to the hazards associated with North American MCCs, the spatial 

and temporal MCC characteristics found by Velasco and Fritsch (1987) indicates that 

heavy rainfall should also be regarded as one of the primary hazards produced from 

MCCs in South America.  Specifically, Velasco and Fritsch (1987) found 47 of the 78 

MCCs that occurred between November-April during 1981-1983 were associated with 

heavy rains (≥ 25 mm), while 11 MCCs were associated with floods from rainfall totals ≥ 

100 mm.  Four MCCs resulted in three injuries and 13 deaths in association with heavy 

rains from MCCs (Velasco and Fritsch 1987). 

It is clear rainfall from extreme thunderstorms events poses a number of 

hazardous outcomes for humankind and the economy of SSA (IPCC 2007; Jonkman 

2005; Carvalho et al. 2002; Mechoso et al. 2001; Velasco and Fritsch 1987).  One of the 

most prominent hazards that results from heavy rainfall is flooding.  Compared to a wide 



 

6 
 

spectrum of global natural disasters, freshwater flooding events are the most substantial 

in terms of the number of affected people (Jonkman 2005).  Jonkman (2005) found that 

flash floods, which commonly occur in the wake of heavy precipitation events, have the 

highest mortality rate of any flood type.  Lastly, Jonkman (2005) found on average, 100 

people are killed per flooding event across the American continents.    

However, there are beneficial impacts of rainfall produced from large, long-

lasting thunderstorm complexes.  For example, Mechoso et al. (2001) stated that the La 

Plata Basin is one of the largest food-producing regions in the world.  The economy of 

the region is largely supported from agriculture, which is highly dependent on rainfall.  

Many of the waterways inside the region are navigable for the transport of commodities.  

Nearly 80% of the electricity demand inside the basin is met with the use of hydropower 

(Mechoso et al. 2001).   Thus, the precipitation feeds one of the leading natural resources 

of SSA. 

From these assessments, MCCs are potentially one of the most influential weather 

systems for SSA in terms of adverse and/or beneficial outcomes in relation to rainfall 

production and distribution.  However, there is a paucity of research focusing on South 

American MCCs.  Much of our current understanding of MCCs in SSA is based on 

results from a single study by Velasco and Fritsch (1987), which is now two decades old.  

The primary limitation of that study is that it only contains a two-year sample.  While 

much of the MCC characteristics documented in Velasco and Fritsch (1987) are similar 

to previous studies of MCC in other regions around the world, it is possible that under-

sampling may have influenced their findings.  This is especially true given the years of 

investigation: 1981-1983.  Velasco and Fritsch (1987) point out that part of their study 
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period includes one of the strongest El Niño events on record.  The frequency of MCCs 

increased from 22 during 1981-1982 to 56 during the El Niño year of 1982-1983.  

Numerous other studies have demonstrated that the interannual variability in South 

American weather and climate patterns are strongly influenced by the El Niño/Southern 

Oscillation (Curtis 2008; Silva and Ambrizzi 2006; Carvalho et al. 2004 and 2002; Lau 

and Zhou 2003; Nieto-Ferreira et al. 2003; Barros et al. 2002; Berbery and Barros 2002; 

Liebmann and Marengo 2001; Grimm et al. 2000 and 1998; Ropelewski and Halpert 

1987; among others).  Other studies of South American MCCs limited the focus to 

specific events or concentrated on MCC occurrences across relatively smaller areas 

within the continent (e.g., Figueiredo and Scolar 1996; Duquia and Silva Dias 1994; 

Rocha 1992; Scolar and Figueiredo 1990; Silva Dias 1987; Guedes 1985; Guedes and 

Silva Dias 1984).  Therefore, a longer period of record is necessary in order to better 

understand and describe the physical characteristics of MCCs in SSA. 

Another limitation in South American MCC literature is the lack of research 

regarding rainfall from MCCs.  The only known study to explicitly focus on MCC 

rainfall in South America is provided by Viana (2006).  In that study, 31 rain-gauges 

were used to quantify the contribution of MCCs to the total rainfall across the state of Rio 

Grande do Sul, Brazil, between October-December during 2003.  Viana (2006) 

determined that MCCs contributed an average of 63% of the total rainfall across the state 

during that period.  Nevertheless, our knowledge of South American MCC rainfall 

remains limited.   

Perhaps the lack of MCC rainfall studies is due to sparse data availability across 

SSA.  There is no sufficiently dense, quality-controlled rain-gauge or radar network with 
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a long-term period of record to accurately quantify precipitation across all of SSA.  

Furthermore, space and time resolutions of many available gridded precipitation datasets 

are not adequate to examine precipitation variability of mesoscale phenomena.  The 

advent of space-borne instruments for estimating rainfall offers the opportunity to address 

these concerns.    Satellites offer rainfall data at finer space and time scales, which allows 

scientists to avoid the difficulties inherent in the existing in situ precipitation datasets.  A 

climatological investigation of MCCs in SSA, combined with the availability of fine-

scale remotely sensed rainfall data, is exploited in this dissertation to assess MCC rainfall 

across the region.  Ultimately, the goal of this work is to provide a unique climatological 

understanding of the physical and rainfall characteristics of MCCs for SSA. 

 

e.  MCCs and the South Atlantic Convergence Zone 

One important climatological feature that has been shown to influence 

precipitation patterns across South America is the South Atlantic Convergence Zone 

(SACZ) (Liebmann et al. 2004 and 1999; Carvalho et al. 2004 and 2002; Jones and 

Carvalho 2002; Barros et al. 2002; Lenters and Cook 1999; Nogués-Paegle and Mo 1997; 

Figueroa et al. 1995; Kodama 1992).  The SACZ is a subjectively defined warm-season 

phenomenon, whereby a quasi-stationary northwest-southeast oriented band of 

convection is located over central Amazonia, extending toward southeastern Brazil and 

the western Atlantic Ocean.  Research has shown that the SACZ strongly influences the 

direction of the low-level tropical heat and moisture transport from the Amazon Basin via 

the low-level jet (LLJ), which results in a geographical displacement of maximum 

precipitation (Carvalho et al. 2004; Liebmann et al. 2004 and 1999; Nieto-Ferreira et al. 
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2003; Barros et al. 2002; Nogués-Paegle and Mo 1997).  Other studies have shown that 

long-lived organized thunderstorms are strongly connected to the location of the exit 

region of the LLJ (Saulo et al. 2007; Salio et al. 2007; Vera et al. 2006; Silva and Berbery 

2006; Liebmann et al. 2004; Zipser et al. 2004; Nieto Ferreira et al. 2003; Marengo et al. 

2002; Berbery and Collini 2000; Laing and Fritsch 2000; Nicolini and Saulo 2000, 

among others).  Therefore, it is plausible to consider that the SACZ may affect MCC 

activity.  Consequentially, changes in the spatial distribution of precipitation during the 

SACZ may be partly explained by changes in the frequency and location of MCCs. 

 

1.3   Research questions 

 MCCs have been shown to contribute substantially to rainfall totals in various 

regions of the world (e.g., Ashley et al. 2003; Laing et al. 1999, McAnelly and Cotton 

1989, Fritsch et al. 1986).  The motivation for this dissertation stems from the dearth of 

South American MCC research, and addresses this issue in a three-part investigation.   

 The first manuscript (Chapter 2) provides a climatological assessment of MCCs in 

SSA during the austral warm-season (October-May) for 1998-2007.  Physical attributes 

such as MCC duration, cloud-shield area, and cloud-system centroid locations are 

documented throughout the lifecycle of each event.  Given the abundance of heat and 

moisture advected from the Amazon rainforest and Atlantic Ocean, in addition to the 

preliminary results provided by Velasco and Frisch (1987), it is hypothesized that MCCs 

in SSA are considerably large, long-lasting events, particularly compared to those in the 

U.S.  Part of the motivation for this manuscript was to also identify differences among 
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the findings between Velasco and Fritsch (1987) and the current study.  In order to 

investigate these differences, this study addresses the following questions: 

• What are the annual and monthly MCC spatial distributions throughout SSA? 

• How does MCC frequency vary throughout the warm season? 

• What is the typical MCC diurnal cycle? 

• Are there preferred areas within SSA for MCCs throughout the warm season? 

• What is the relationship between the latitude and MCC size and duration? 

• How do MCCs in SSA compare to those in the U.S.? 

 

 The second manuscript (Chapter 3) assesses the role of MCCs in warm-season 

rainfall variability across SSA for 1998-2007.  A unique examination of MCC rainfall is 

conducted from the use of Tropical Rainfall Measuring Mission Multi-Satellite 

Precipitation Analysis (TMPA) 3B42 version 6 data (Huffman et al. 2007).  This 

particular TRMM product provides global three-hourly rain rate estimates with latitudinal 

coverage between 50°N-S (0.25° x 0.25° grid) for the period of record. Following the 

hypothesis from the previous study, it is expected that MCCs contribute substantially to 

rainfall totals across SSA.  It is further hypothesized that given MCCs are larger, longer-

lasting events compared to those in the U.S., MCCs contribute larger fractions of the total 

rainfall across SSA when compared to the U.S.  A combination of the MCC dataset and 

TMPA precipitation data allows for the following questions to be addressed: 

• What are typical MCC rainfall characteristics, particularly with respect to aerially 

average rainfall totals, rainfall areas, and rain-rates? 
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• What are the annual and monthly distributions of MCC rainfall contribution for 

SSA? 

• What part of SSA receives the greatest fractions of precipitation from MCCs? 

• How does the contribution of MCCs to the total rainfall change throughout the 

warm season? 

• What is the impact of MCC rainfall with respect to regional precipitation 

anomalies? 

• How do rainfall characteristics for MCCs in SSA compared to MCCs in Africa 

and U.S. 

 

 The final manuscript (Chapter 4) examines the relationship between the SACZ 

and MCC activity between October-March of 1998-2007.  Previous research has shown 

that MCCs are connected to the position the LLJ, and that the Amazonian LLJ is strongly 

influenced by the SACZ.  It hypothesized that the SACZ modulates MCC activity 

through changes in synoptic environments conducive to MCC development.  The 

remaining questions that will be addressed in this study include the following: 

• How often is the SACZ present? 

• How does the frequency and location of MCCs across SSA change during the 

presence of the SACZ? 

• How often to MCCs occur during SACZ periods? 

• Where in SSA is the variability in MCC activity greatest during SACZ periods? 

• Are there significant differences in MCC physical characteristics between active 

and non-active SACZ periods? 
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• How do MCC rainfall characteristics change between active and non-active 

SACZ periods? 

• What are typical synoptic environments conducive to SACZ and non-SACZ 

MCCs? 

• Are there situations where MCC development is not associated with the 

Amazonian LLJ during active SACZ periods? 

 

 Velasco and Fritsch (1987) noted the similarities between the physiographic and 

atmospheric environments conducive to MCCs across the American continents.  

Specifically, MCCs are commonly found in the mid-latitudes, over very large river basins 

(i.e., Mississippi and La Plata) located on the lee sides of major mountain ranges (i.e., 

Rockies and Andes).  Synoptically prime environments for both locations include ample 

influx of low-level heat and moisture transport, weak mid-level shortwave trough, and 

upper-level divergence.  MCCs typically initiate in the warm sector or on the cool side of 

a quasi-stationary frontal boundary near the exit region of the LLJ.  Given such similar 

environments, any differences found in the physical and rainfall MCC characteristics 

between the two continents may enhance our understanding of the behavior of MCCs. 

 

1.4   Summary 

South American weather and climate has been a particular topic of interest for 

scientists and research groups from around the world during the past two decades.  Due to 

the social and economic relevance regarding the frequent occurrence of extreme 

thunderstorms and heavy precipitation, many researchers have narrowed their focus on 
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warm-season precipitation variability across the tropics and subtropics.  A number of 

studies of South America have examined large, long-lived MCSs, and few have 

quantified MCS rainfall.  Despite these research efforts, there remain only few studies of 

South American thunderstorms pertaining to the largest class of organized convection, 

the mesoscale convective complex.   

The purpose of this dissertation is to enhance our limited understanding of South 

American MCCs by incorporating contemporary methods with the use of innovative 

remote sensing techniques to help fill the gap of South American MCC research.  Results 

from this dissertation will provide a better understanding of South American MCCs in a 

global context, particularly with respect to the role of MCCs as contributors to the global 

hydrologic cycle (Laing et al. 1999).   
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Table 1.1 Mesoscale Convective Complex definition based on analyses of infrared 
satellite imagery. 

Mesoscale Convective Complex (MCC) Definition  
Criterion Physical Characteristics

Size 
Interior cold cloud region with temperature of ≤ -32°C must have an area ≥ 100,000 km2 

Interior cold cloud region with temperature of ≤ -52°C must have an area ≥ 50,000 km2 
Initiation Size definition first satisfied 
Duration Size definition must be met for a period of ≥ 6 hours.  
Maximum 

Extent Contiguous cold-cloud shield (IR temperature -52°C) reaches maximum size.  

Shape Eccentricity (minor axis/major axis) ≥ 0.7 at time of maximum extent.  
Terminate Size definition is no longer satisfied 

*original MCC definition developed by Maddox (1980) 
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Fig. 1.1.  (a) Land use/land cover and (b) elevation maps of South America. Map created 
from the National Center for Atmospheric Research Earth Observing Laboratory. Source: 
National Center for Atmospheric Research Earth Observing Laboratory. 

(A) 

(B) 



 

16 
 

 
Fig. 1.2.  Subtropical South America, including the states of Brazil and the provinces of 
Argentina. 
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CHAPTER 2 

A CLIMATOLOGY OF WARM-SEASON MESOSCALE CONVECTIVE 
COMPLEXES IN SUBTROPICAL SOUTH AMERICA1 

 

 
 

 
 
 
 

                                                 
1 Durkee, J. D. and T. L. Mote.  Submitted to International Journal of Climatology,  03/21/08. 
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ABSTRACT 

This study extends investigations of mesoscale convective complexes (MCCs) over 

subtropical South America (SSA) by describing the physical characteristics of MCCs 

during the austral warm season (October-May) for 1998-2007 in SSA.  Within the nine 

warm seasons, 330 events were documented.  An average of 37 MCCs occurred each 

warm season and reached a maximum cloud-shield size of 256,500 km2, and lasted 14 

hours on average.  These findings show MCCs in SSA are larger and longer-lived than 

shown in previous work.  Compared to the United States, MCCs in SSA are significantly 

larger with longer durations.  Unlike U.S. systems, these events do not exhibit much 

poleward migration throughout the warm season.  The highest frequency and 

concentration of MCC cloud shields is centered east of the Andes Mountains between 

20°S and 30°S over Paraguay, northern Argentina, and southern Brazil throughout the 

warm season.  As a result, there was little relationship between latitude, and MCC 

maximum extent or duration (r = -0.178 and -0.006, respectively).  There is however, a 

moderate positive relationship (r = 0.560) between duration and maximum extent.  

Ultimately, MCCs in SSA are large, long-lasting events that possess great potential for 

contributing substantially to precipitation totals across the region.     
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2.1  Introduction 
 

Subtropical South America (SSA) is a region susceptible to the timing, intensity, 

distribution, and variability of heavy precipitation events.  This region – southern Bolivia, 

southern Brazil, Paraguay, northern Argentina, and Uruguay – is home to the world’s 

fifth largest river basin, the La Plata Basin (Fig. 2.1).  The La Plata Basin comprises 30% 

of the Earth’s fresh water supply and drains one quarter of the entire continent.  As one of 

world’s top food producers, the economy of the region largely thrives from livestock and 

crop harvests.  The Paraná, Paraguay, and Uruguay Rivers help supply nearly 80% of the 

basin’s electricity through hydropower technologies.  Moreover, the world’s largest 

hydroelectric power plant facility is located along the Paraná River at the Itaipú Dam on 

the Brazil/Paraguay border.  Overall, the La Plata basin generates 70% of the combined 

Gross National Product of the countries within the basin (Mechoso et al., 2001).    

Indeed, one of the greatest threats for SSA is frequent occurrences from some of the 

world’s most intense thunderstorm complexes (e.g., mesoscale convective systems 

(MCSs)) and their resultant heavy precipitation (Salio and Nicolini, 2007; Vera et al. 

2006; Zipser et al. 2006; Silva and Berbery 2006; Nieto Ferreira et al. 2003; Carvalho et 

al. 2002; Velasco and Fritsch 1987, among others).  MCSs are comprised of individual 

thunderstorms organized together as a larger-scale weather system with a contiguous 

precipitation area.  Heavy rainfall from MCSs is often associated with floods, which can 

be disastrous to livestock, crops, and humankind.  Undoubtedly, the lack of MCS rainfall 

could also be detrimental to the region’s agricultural communities.  Therefore, 

understanding the characteristics and role MCSs play in the subtropical hydroclimate of 

South America is imperative. 
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2.2   Background 
 

Much attention has been devoted toward understanding interactions between the 

physical landscapes of South America with certain synoptic and mesoscale processes 

conducive to MCS development (Salio and Nicolini 2007; Zipser et al. 2006; Silva and 

Berbery 2003; Nieto Ferreira et al. 2003; Mota 2003; Carvalho et al. 2002, among 

others).  Results from many of those studies include descriptions of physical 

characteristics of MCSs.  However, the majority of those studies are limited in temporal 

scope to a few years or less.  Even fewer studies of South American thunderstorms have 

focused on mesoscale convective complexes (MCCs) (e.g., Laing and Fritsch 1997 and 

2000; Figueiredo and Scolar 1996; Duquia and Silva Dias 1994; Rocha 1992; Scolar and 

Figueiredo 1990; Silva Dias 1987; Velasco and Fritsch 1987; Guedes 1985; Guedes and 

Silva Dias 1984).  MCCs, the largest MCS sub-class, exhibit large quasi-circular cloud 

shields (i.e., ≥ 50,000 km2) that persist for ≥ 6 h (Table 2.1).  MCCs have been widely 

studied in other parts of the world, including Africa (Laing and Frisch 1993a; Laing et al. 

1999), India (Laing and Fritsch 1993b), China (Miller and Fritsch 1981), Australia 

(James 1992), Europe (Laing and Fritsch 1997) and most notably North America 

(Maddox 1980; Rogers et al. 1983; Merritt and Fritsch 1984; Kane et al. 1987; Tollerud 

et al. 1987; Cotton et al. 1989; McAnelly and Cotton 1989; Tollerud and Rogers 1991; 

Tollerud and Collander 1993; Anderson and Arritt 1998; Ashley et al. 2003, among 

others).  A summary of global MCC populations and their large-scale environments was 

developed by Laing and Fritsch (1997 and 2000). 

Previous MCC research has shown these particular systems are capable of 

producing tornadoes, severe hail, and damaging winds.  However, based on the spatial 
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and temporal thresholds originally set forth by Maddox (1980), heavy precipitation must 

be regarded as a cause of several of the hazards produced by MCCs (Maddox, 1983; 

Houze et al. 1990).  Perhaps the greatest hazards that result from heavy precipitation are 

persistent regional flooding, localized flash floods, mudslides, and property and crop 

damage (Maddox 1979; Maddox 1980; Maddox 1983; Tollerud et al. 1987; McAnelly 

and Cotton 1989; Houze et al. 1990; Anderson and Arritt 1998).   

 In addition, Maddox (1980) found one in five MCCs in the U.S led to injuries or 

deaths, while Rogers et al. (1983) found 27 of the 37 reported flash-flood-producing 

MCCs in the U.S during 1982 resulted in numerous injuries and casualties.  Anderson 

and Arritt (1998) indicated that the extensive 1993 Midwestern flood was in part, 

attributed to 18 of the 27 recorded MCCs that resulted in many reports of injuries, deaths, 

and property and crop damage.  In South America, Velasco and Fritsch (1987) found 11 

floods and 13 casualties were attributed to 13 of the 78 MCCs during 1981-1983.  Little 

research has documented MCC hazards outside the Americas. 

Despite the documented negative impacts of MCC rainfall, numerous studies have 

also suggested that MCC precipitation is vital for sustaining agriculture and farming 

industries in the Great Plains and Midwest regions of the U.S. (Fritsch et al. 1986; 

Tollerud and Collander 1993; Ashley et al. 2003).  Fritsch et al. (1986) suggested that 

MCC rainfall may help sustain balanced soil moisture budgets and possibly prevent the 

onset of drought.  Ashley et al. (2003) and Fritsch et al. (1986) show that MCCs have 

contributed up to 60% of the total precipitation in portions of the central U.S.  Laing et al. 

(1999) demonstrated that MCCs contributed an average of 22% of the total rainfall 

during July-September 1987 across portions of the Sahel in Africa.  Laing et al. (1999) 
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suggested that MCCs may even contribute substantially to global hydrologic and energy 

cycles.  Based on the findings and suggestions from previous studies, it is clear that 

MCCs possess the potential to have a large impact on precipitation patterns of a region.  

One such region that has been shown to experience recurring MCC activity similar to the 

U.S. is the subtropics of South America. 

Compared to the global population of MCCs, North and South American systems 

share many similarities.  Ashley et al. (2003) and Laing and Fritsch (2000) found the 

mean location for MCC genesis and initiation for the Americas are located on the lee side 

of major mountain ranges (Rockies and Andes) over plains regions.  MCCs on both 

continents also commonly develop within similar atmospheric environments; baroclinic 

zones that contain high values of low-level vertical wind shear (≥ 6-8 m s-1) and 

convective available potential energy (CAPE) (≥ 1500 J kg-1); areas of maximized warm, 

moist air transport via a low-level jet; and upper-level divergence superimposed low-

level convergence with the advancement of an approaching (and often weak) mid-level 

short-wave (Maddox 1980; Laing and Fritsch 2000).  In one of the few available studies 

that explicitly focuses on the South American MCC population for a study period greater 

than one year, Velasco and Fritsch (1987) (hereafter, VAF) documented an average of 39 

events during November-April across SSA for 1981-1983.  The 15-year MCC 

climatological dataset put forth by Ashley et al. (2003) shows an average of 35 events for 

the U.S. annually.   Both sets of events display similar diurnal patterns whereby MCC 

initiation generally occurs during the late afternoon/early evening hours, and reach 

maximum size near midnight, before dissipating during the morning.   
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Differences in MCC physical characteristics between the two studies show that, 

while the annual frequency of all events were similar in North and South America, South 

America had a much higher frequency of larger systems.  These South American MCCs 

also had mean lifecycles up to two hours longer and average continuous cold cloud-shield 

areas nearly 23,000 km2 greater in size2. VAF and Laing and Fritsch (2000) attribute 

these physical differences to greater moisture supply from the Amazon Basin, steeper 

mid-level lapse rates influenced from the upstream Andes, and higher tropopause heights.   

The knowledge base for when and where these events occur and the atmospheric 

environments conducive to their development has been established for North America.  

However, in order to advance our understanding of South American MCCs, particularly 

in the subtropics, a climatological database of a longer duration is needed.  The 

possibility remains that physical traits of the events documented in VAF might be biased 

given their short period of record (two years).  In fact, VAF note the frequency of events 

between the two years they observed ranges from 22 to 56, the latter which occurred 

during a strong El Niño event.  Numerous studies have shown that South American 

climate patterns, especially convective patterns, are strongly influenced by the El 

Niño/Southern Oscillation (ENSO).  For example, Nieto Ferreira (2003) found greater 

MCS frequencies and nearly twice the rainfall amount across SSA during the 1998 El 

Niño compared to the 1999 La Niña.  Therefore, a more complete and accurate 

description of MCCs in SSA may be established with an examination of a longer period 

of record.  

                                                 
2 Note that this difference might be conservative as VAF used an 8°-12°C colder cloud-shield threshold 
than the original MCC criteria by Maddox (1980) due to modified IR image enhancement. 
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This investigation sets out to address this issue by providing climatological 

descriptions of the physical characteristics of subtropical South American MCCs during 

the austral warm season (defined here as October-May) for 1998-2007.  The period of 

record was chosen based on the inclusion of a wide range of ENSO phases and 

magnitudes in an attempt to avoid potential bias in the dataset.  Furthermore, high 

resolution precipitation products from low-orbiting satellites (e.g., the Tropical Rainfall 

Measuring Mission) are readily available during 1998-2007 for subsequent studies of 

MCC rainfall.  Results from this study provide a more comprehensive understanding of 

South American MCCs and the characteristics that underlie these heavy rain producers.  

This is particularly important for the La Plata Basin, given its dependency on rainfall 

from events such as MCCs. 

 

2.3   Data and Methodology 

This study adheres to a strictly defined set of MCC cloud-shield criteria 

observable in infrared (IR) satellite imagery (see Table 2.1).  Full disc GOES-8 and 

GOES-12 4 km IR satellite data, primarily at three-hourly time intervals, were provided 

by the National Oceanic Atmospheric Administration Comprehensive Large-array data 

Stewardship System (NOAA CLASS data available at: http://www.class.ncdc.noaa.gov).  

The nominal times for the 3-hourly satellite images were 0245, 0545, 0845, 1145, 1445, 

1745, 2045, and 2345 UTC.  There were occasional instances when nominal images were 

missing, but were available during other times (e.g., 1015 or 0315 UTC).   

MCCs were documented using an automated cloud-top identification procedure 

similar to Augustine (1985).  The procedure used here first consists of an automated 
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routine to identify all cloud shields in each satellite image that satisfy the “size” criterion 

in Table 2.1.  Each group of pixels identified by this criterion was outlined by a polygon 

to delineate the peripheral border of the cloud shield.  In order to determine the 

orientation and eccentricity of the contoured cloud shield(s), the authors used an 

empirical orthogonal function (EOF) analysis of pixel coordinates (see Jackson, 1991 and 

Carvalho and Jones, 2001).  The output for each image time was threefold.  First, in one 

output file each cloud shield was assigned a unique identification based on the year, 

Julian day, and time of occurrence.  Each unique occurrence contains basic output of its 

physical properties including horizontal area, eccentricity, and longitude/latitude 

coordinates of the system centroid.  Second, the longitude/latitude vertices of the polygon 

defining the cloud shield were output.  The final output was an image of a scene 

illustrating the contoured outlines of all cloud shields that met MCC “size” criteria (Fig. 

2.2). 

The first step for tracking the cloud shields was to manually observe a sequence 

of scenes.  System evolution was handled similar to the Machado et al. (1998) approach.  

When a system was observed to split, the cloud shield that closely resembled the previous 

scene (often the largest cloud shield within the split) was logged as a continuation of the 

lifecycle of that system.  The remaining cloud shield was documented as system initiation 

and tracked separately as a new event.  Merging cloud shields were handled in two ways.  

If a cloud shield was observed to merge with another smaller system, the lifecycle of the 

larger system was considered active.  In contrast, if a cloud shield was observed to merge 

with another larger system, the smaller system’s lifecycle was considered to terminate at 

the time of the merge.  Manual observation of sequential scenes ensured confidence that 
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the rubrics of splitting and merging systems were handled properly.  Once a cloud shield 

was identified with initiation and termination times, that group of cloud shields was 

flagged as one event and given a unique system identification.  Because the regional 

focus was on the subtropical region, only systems where any portion of the cloud shield 

occurred south of 20°S at any point during its lifecycle were considered.  What remained 

was a catalog of MCSs for SSA.  The final step was to extract only those events which 

met the “duration” and “shape” thresholds in Table 2.1 in order to complete the 

requirements for MCC classification.  This process was repeated over October-December 

and January-May blocks for each warm season spanning 1998-2007. 

Other published examples of automated procedures designed to identify 

mesoscale convection include FORTRACC (Machado et al., 1998) and MASCOTTE 

(Carvalho and Jones, 2001).  These procedures are also designed to track and document 

system lifecycles, thereby eliminating manual observation of successive satellite imagery.  

Two primary advantages for tracking convective systems using fully automated methods 

are that the analyses are consistently performed and are time efficient.  However, one 

disadvantage includes the manner in which these routines handle the evolution of a given 

system (i.e., splitting and merging systems).  Machado et al. (1998) compared the results 

between their fully automated method and approaches similar to this study (i.e., hybrid 

approach).  They found that although hybrid approaches tends to handle the propagation 

trajectories better, the differences between the two methods are minimal for larger 

datasets.  Despite the advantage for one technique over another, the authors of this study 

believe while the current approach can be somewhat subjective and labor intensive, it 
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provided an important opportunity to visually determine and verify the splitting or 

merging of cloud systems. 

 

2.4   Results 

 Previous studies provided by Salio and Nicolini (2007), Vera et al. (2006), Zipser 

et al. (2006), Nieto Ferreira et al. (2003) Carvalho et al. (2002), and Machado et al. 

(1998) have shown that SSA is highly susceptible to MCS activity.  The findings from 

this study provide support for the results from VAF that the largest and often longest-

lived MCS class, the MCC, is no exception.   

 

a.  Temporal analysis 

 For the nine warm seasons during 1998-2007 there were 330 observed MCCs, 

with a median (average) of 33 (37) events (Fig. 2.3).  Although mean warm-season 

frequencies between VAF and this study are similar, there are notable differences in 

monthly frequencies (cf. Fig. 2.4a and b).  VAF show November as the month of peak 

MCC occurrence, while our study shows a peak during December and January.  Also, the 

results of this study show a strong connection between the monthly MCC frequency 

pattern and the seasonal solar cycle, contrary to the results in VAF.    

One disadvantage of analyzing 3-hourly satellite images is accurately identifying 

MCC diurnal patterns and other storm statistics, such as maximum cloud-shield size and 

system duration.  For instance, it is likely the critical stages outlined in Table 2.1 (i.e., 

storm initiation, when the cloud shield reaches maximum extent, and storm termination) 

occurred between image times.  While this is true regardless of the time interval between 
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images, uncertainty in the interpretation of the diurnal pattern increases with decreasing 

temporal resolution.   

Fig. 2.5 illustrates MCC diurnal frequency for each critical stage.  The greatest 

frequency of occurrence for initiation, maximum extent, and termination occurred 

between 1745, 2045, and 0245 UTC, respectively.  Nearly 75% of all MCCs started 

between 1745 and 0245 UTC.  Meanwhile, 78% reached maximum size between 2045 

and 0845 UTC, and 77% dissipated between 2045 and 1145 UTC.  Despite the temporal 

overlap in each stage, MCCs in SSA appear to occur more often at night (between 1745 

and 0245 UTC).   

 The average size of all 330 MCCs at maximum extent was 256,500 km2 – 27% 

larger than shown by VAF.  The warm-season distribution of maximum cloud-shield 

sizes shows the 2002-03 and 2004-05 seasons had considerably larger MCCs (medians of 

252,800 km2 and 263,400 km2, respectively), while MCCs in the remaining seasons were 

closer to 200,000 km2 (Fig. 2.6).  The largest MCCs occurred during late spring to early 

summer and late fall, while the smallest systems occurred during late summer (Fig. 2.7).  

The average duration for all events was 14 hours -2.5 hours greater than the duration 

given by VAF.  There is a high degree of variability in MCC duration from year to year 

(Fig. 2.8).  However, it appears that longer-lived storms tend to occur during spring to 

early summer and fall (Fig. 2.9).   
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b.  Spatial analysis 

 From the nine warm seasons examined in this study, it is clear that MCCs in SSA 

are particularly large, long-lasting and relatively frequent events.  This section illustrates 

the spatial distribution of MCCs in SSA.  

By examining the location of the cloud shields and cloud-shield centroids, one 

can see MCCs are most frequent over Paraguay, northern Argentina, and portions of 

southern Brazil (Fig. 2.10).  The same area also had the highest concentration of MCC 

cloud shields during each stage of their evolution (Fig. 2.11).  Specifically, MCCs were 

mostly located within the 20°S-30°S latitude band during all stages (Fig. 2.12).  These 

findings are especially important because the highest MCC precipitation rates are most 

likely to occur between storm initiation and maximum extent, while the greatest 

precipitation areas tend to occur near maximum extent (McAnelly and Cotton, 1989).  In 

all warm seasons, the bulk of MCC activity was located between 20°S and 30°S (Fig. 

2.13), with the highest concentrations of MCCs over much of Paraguay and northern 

Argentina (Fig. 2.14).  The monthly analysis shows MCC frequency and concentration 

was greatest between 20°S and 30°S over Paraguay and northern Argentina during spring 

and summer.  However, MCCs decreased in frequency and concentration, and exhibited a 

poleward shift in fall compared to summer (Figs. 2.15 and 2.16).   

In summary, VAF showed the preferred hub of MCC activity throughout the 

warm season over Paraguay and neighboring areas of bordering countries.  Results from 

this study lend support to that conclusion.  From October through December, the 

frequency of MCCs increased at the same time they became more concentrated over 

Paraguay, northern Argentina, and portions of southern Brazil.  In January, the frequency 
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was similar to December but MCCs became more widespread throughout the region.  

Both the extent and frequency of MCCs diminished throughout the remainder of the 

warm season.  However, from February to April a slight poleward shift in the highest 

concentration of MCCs occurred, which placed the maximum over northern Argentina.  

The primary difference between the final two months is that the cloud shields became 

less concentrated in May.  

 

c.  Comparison to previous work 

 One of the only available studies that documented MCCs across SSA prior to this 

work has been provided by VAF.  Although their study is presented in a climatological 

framework, their results only include two years of MCCs, one of which was collocated in 

time with a particularly strong ENSO warm event.  The goal of this study was to extend 

their work and provide a more comprehensive analysis by examining the physical 

characteristics and spatial variability of MCCs across SSA for nine austral warm seasons 

during 1998-2007. 

 Overall, the findings between the two studies are similar, but there are a few 

notable differences.  The first difference is in the monthly frequency of MCCs.  While 

our study shows a monthly frequency pattern closely resembling a normal distribution 

centered on a peak during December and January, VAF showed a distinct peak in 

November, nearly double the frequency in any other month.  Given that this study found 

that 80% of all MCCs occurred during November through March, we must conclude 

MCCs in SSA are tied to favorable synoptic environments (such as those described in 

section 2.2). 
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 Another difference between this work and VAF is MCC duration and maximum 

extent.  Our results show MCCs in SSA have longer lifecycles than previously 

documented –a mean duration of 14 hours (2.5 hours longer than VAF).  Our study also 

found MCCs reach an average maximum size of 256,500 km2, or 27% larger than VAF.  

On the other hand, VAF used an 8°-12°C colder cloud-top temperature threshold, which 

likely accounts for the smaller systems found in their study.  Nevertheless, both studies 

highlight the fact that MCCs are very large, long-lasting, and frequently occurring events 

in SSA that possess great potential for contributing substantially to precipitation across 

the region. 

 

d.  Comparison between North and South American MCCs 

This study utilized the 15-year. U.S. MCC database developed by Ashley et al. 

(2003) for a comparison of MCC characteristics between the American continents.  As 

described in section 2.2, North and South American MCCs share many similar 

physiographic and atmospheric environments.  However, key differences in their 

environments may partially explain differences in the characteristics of North and South 

American MCCs.  These are the clues that can enhance our understanding of these 

prolific rain-producing events.   

It is important to note while Ashley et al. (2003) considered the entire year, 

comparisons made hereafter are based only on their warm season (April-August) 

statistics.  Ashley et al. (2003) found an average warm-season frequency of 33 events in 

the U.S., compared to the average 37 events for SSA.  The lower U.S. frequency might be 

explained by an examination of eight months in this study compared to five months in 
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Ashley et al. (2003).  This study chose a longer period based on the relatively higher 

frequency of MCCs into the fall.  VAF suggested the extended warm season in SSA may 

be accounted for by the influence of the oceans on the relatively smaller land mass.  VAF 

also added that MCCs in SSA have a higher frequency at relatively lower latitudes 

compared the U.S.  Another difference exists within the monthly migratory patterns.  Our 

study shows that MCC activity shows only a slight poleward migration toward the end of 

the warm season, whereas MCCs in the U.S. display distinct poleward displacement 

throughout each month.  VAF suggested that these differences are likely explained by the 

migration pattern of the westerlies in both regions.  The poleward shift in the westerlies is 

considerably greater over North America and MCC development tends to follow this 

pattern (VAF). 

When comparing the differences between lifecycle durations and maximum sizes, 

the South American systems show remarkable differences from their North American 

counterparts.  The maximum MCC cloud-shield size for the U.S. during the warm season 

is 164,600 km2.  An independent samples difference of means t-test was used to 

determine significant differences between North and South American MCC 

characteristics.  Our results show MCCs in SSA are significantly larger, with an average 

size of 256,500 km2 (p = 0.01).  The results are similar for system durations.  MCCs in 

SSA (  = 14 hours) last significantly longer than those of their North American 

counterpart (  = 10 hours) (p = 0.01).   

Furthermore, Ashley et al. (2003) found MCCs had larger cloud shields and 

longer durations during the early warm season in the U.S.  As the warm season 

progresses, MCCs often develop smaller cloud shields with shorter durations.  Ashley et 
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al. (2003) suggested that these changes are tied to evolving synoptic and dynamic 

processes throughout the warm season.   Tollerud and Rogers (1991) add that larger, 

longer-lived MCCs are more common during the early warm season due to proximities to 

moisture from the Gulf of Mexico.  This study shows MCCs in SSA are somewhat larger 

and longer lasting during spring to early summer and fall compared to late summer 

systems.  However, because a large proportion of MCC activity occurred between 20°S 

and 30°S, the relationship between latitude and MCC maximum extent or duration was 

weak (p = 0.01) (Fig. 2.17).  However, there was a significantly moderate relationship 

that showed longer-lived MCCs in SSA are often larger (p = 0.01) (Fig. 2.18).   

 

2.5   Conclusions 

 The subtropical region of South America is common place for intense 

thunderstorm activity.  Over the recent decade, a great deal of research has been done to 

get a better understanding of the convective events that occur there, and the physical 

environments that influence their behavior.  Subtropical South America is a region highly 

susceptible to heavy rains often produced from frequent occurrences of MCSs.  This 

study extends the knowledge of South American MCS activity by focusing on the MCC, 

a particular subset of MCS that can produce prodigious precipitation.  

Velasco and Fritsch (1987) provided the first examination of South American 

MCCs.  That study was limited to a two-year analysis, with results that may reflect bias 

from a strong El Niño event that occurred during the sample period.  Nevertheless, the 

results found by Velasco and Fritsch (1987) highlight the importance of utilizing a longer 

period of record in order to gain a better understanding of South American MCCs.  
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This study used a hybrid automated/manual approach to identify and track 330 

MCCs across SSA between October-May during 1998-2007.  On average, there are 37 

MCCs each warm season with peak frequencies in December and January.  These are 

predominantly nocturnal events that largely take place east of the Andes between 20°S 

and 30°S.  MCCs in SSA typically last 14 hours and reach maximum sizes of 256,500 

km2.  Due to the use of 3-hourly satellite data, some physical traits (e.g., lifecycle 

duration and maximum extent) are likely conservative estimates.  Moreover, results from 

this work show considerable seasonal and monthly variability in the spatial distribution 

and physical characteristic of these MCCs.   

The monthly frequency and spatial distribution suggest MCCs over SSA are 

likely connected to certain synoptic and mesoscale processes favorable for their 

development.  Specifically, peak MCC frequency and concentration patterns in Paraguay, 

northern Argentina, and southern Brazil during summer are indicative of minimum static 

stability common during this time of year.  From the results found in VAF, Laing and 

Fritsch (2000), and Vera et al. (2006), steep lapse rates develop from ample low-level 

heat and moisture supply from the Amazon Basin, and cold-air advection from the high 

terrain of the upstream Andes.  Upper-level disturbances rotate through a quasi-stationary 

subtropical jet-stream, which provide enhanced ascent for the onset of convection.  The 

mean position of the subtropical jet relative to areas of maximized low-level heat and 

moisture via the low-level jet helps explain the dominance of MCC activity between 20°S 

and 30°S. 

A comparison between MCCs in the Americas shows that the systems in the 

Southern Hemisphere are significantly larger and longer-lasting events.  Ashley et al. 
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(2003) found that larger and longer-lasting MCCs also produce the greatest and most 

widespread rainfall.  Few studies have examined MCS precipitation across SSA.  

However, the majority of the analyses of those studies are limited in scope to a few years 

or less.  The effort should be made to provide a quantitative assessment of MCC rainfall 

in SSA.  The dominant presence of MCC activity in Paraguay, northern Argentina, and 

southern Brazil suggests these systems possess great potential for contributing 

substantially to precipitation totals across the region.  The current study provides an 

excellent foundation for such a study. 
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Table 2.1. Mesoscale Convective Complex definition based on analyses of enhanced IR 
satellite imagery. 

 
Mesoscale Convective Complex (MCC) Definition  

Criterion Physical Characteristics

Size Interior cold cloud region with temperature of ≤ -52°C must have an area 50,000 km2

Initiation Size definition first satisfied 
Duration Size definition must be met for a period of ≥ 6 hours.  
Maximum 

Extent Contiguous cold-cloud shield (IR temperature -52°C) reaches maximum size.  

Shape Eccentricity (minor axis/major axis) ≥ 0.7 at time of maximum extent.  
Terminate Size definition is no longer satisfied 

*MCC definition originally developed by Maddox (1980) 
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Fig. 2.1.  Elevation map of South America. The perimeter of the La Plata Basin is 
indicated by the bold outline. 
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Fig. 2.2.  Sample scene from 11 January 2007 illustrating cloud shields that met the MCC 
“size” criterion, with the longitude and latitude location of the cloud-shield centroid and 
the -52°C cloud-shield area (km2).  The “+” indicates the cloud-system centroid. 
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Fig. 2.3.  MCC frequency per austral warm-season (October-May) for 1998-2007. 
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Fig. 2.4.  Box and whisker plot of warm-season MCC frequency by month for (a) the 
years 1998-2007 and (b) 1981-1983 (constructed from data given in Velasco and Fritsch 
1987).  The boxes show the inter-quartile range, the whiskers show the 10th and 90th 
percentiles, and the solid line indicates the median. N is equal to the total frequency of 
events for a given month for the entire period of record. 
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Fig. 2.5.  Frequency for all MCCs during storm initiation, maximum size, and 
termination times. 
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Fig. 2.6.  As in Fig. 2.4 except for the maximum cloud-shield size. 
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Fig. 2.7.  As in Fig. 2.6 except monthly. 



 

47 
 

 
 
Fig. 2.8.  As in Fig. 2.4 except for MCC lifecycle duration. 
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Fig. 2.9.  As in Fig. 2.8 except monthly. 
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Fig. 2.10.  The locations of the cloud shields (a) and centroid locations (b) from the 330 
MCCs observed between the warm season months of October-May during 1998-2007. 
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Fig. 2.11.  MCC cloud shields during critical stages observed between the warm season 
months of October-May during 1998-2007. 
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Fig. 2.12.  Box plots of the latitudinal distribution of MCC cloud-shield centroid 
locations during each stage, where “I” is the initiation, “ME” is the maximum extent, and 
“T” is termination. 
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Fig. 2.13.  As in Fig. 2.12 except by warm season.  
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Fig. 2.14.  As in Fig. 2.10 except by warm season. Note that N is equal to the number of 
MCC events during a given season and not the number of cloud shields. 
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Fig. 2.15.  As in Fig. 2.10 except by month.  
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Fig. 2.16.  As in Fig. 2.12 except by month.  
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Fig. 2.17.  (a) Scatter plots showing relationships between latitude and cloud-shield area 
and (b) duration.   
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Fig. 2.18.  Histograms and normal curves of MCC (a) duration and (b) maximum cloud-
shield extent, and (c) scatter plot showing relationship between MCC duration and 
maximum extent. 
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CHAPTER 3 

THE CONTRIBUTION OF MESOSCALE CONVECTIVE COMPLEXES 
TO RAINFALL ACROSS SUBTROPICAL SOUTH AMERICA3 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
3 Durkee, J. D., T. L. Mote, and J. M. Shepherd.  To be submitted to Journal of Climate. 
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ABSTRACT 

This study uses a database consisting of 330 austral warm-season (October-May) 

mesoscale convective complexes (MCCs) during 1998-2007 to determine the 

contribution of MCCs to rainfall across subtropical South America (SSA).  A unique 

precipitation analysis is conducted using Tropical Rainfall Measuring Mission (TRMM) 

3B42 v.6 data.  The average MCC produces 15.7 mm of rainfall across 381,000 km2, with 

a volume of 7.0 km3.  MCCs in SSA have the largest precipitation areas compared to 

North American and African systems.  MCCs accounted for 15-21% of the total rainfall 

across portions of northern Argentina and Paraguay during 1998-2007.  However, MCCs 

account for larger fractions of the total precipitation when analyzed on monthly and 

warm-season time scales.  Widespread MCC rainfall contributions of 11-20% were 

observed in all months. MCCs accounted for 20-30% of the total rainfall between 

November-February, and 30-50% in December, primarily across northern Argentina and 

Paraguay.  MCCs also produced 25-66% of the total rainfall across portions of west-

central Argentina. Similar MCC rainfall contributions were observed during warm 

seasons.  An MCC Impact Factor (MIF) was developed to determine the overall impact 

of MCC rainfall on warm-season precipitation anomalies.  Results show the greatest 

impacts on precipitation anomalies from MCC rainfall were located near the center of the 

La Plata Basin.  This study demonstrates that MCCs in SSA produce widespread 

precipitation that contributes substantially to the total rainfall across the region.  
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3.1  Introduction 
 
 Mesoscale convective complexes (MCCs) are a frequently occurring subclass of 

mesoscale convective systems (MCSs) widely observed around the globe.  These large, 

long-lasting organized systems are comprised of an ensemble of thunderstorms that 

together, often yield intense rain rates within contiguously sizeable precipitation areas 

and can greatly influence the hydroclimate of a region.  One such region that has been 

shown to have a high frequency and concentration of MCCs during the austral warm 

season (defined here as October-May) is the La Plata Basin (Fig. 3.1). The La Plata Basin 

is the fifth-largest drainage basin in the world (3.2 x 106 km2) located east of the Andes 

Mountains primarily between 20°S-40°S (also referred as subtropical South America; 

hereafter SSA), which drains the Paraná, Paraguay, and Uruguay River systems.  Much 

of the economy of this densely populated region comes from agriculture and 

hydroelectric power demand, which is exceedingly reliant upon and vulnerable to heavy 

precipitation events (Mechoso et al. 2001).   

Previous studies have shown that MCCs can account for large fractions of rainfall 

(e.g., up to 60% during the warm season in the central United States (Ashley et al. 2003 

and Fritsch et al. 1986; 22% in Sahelian Africa, Laing et al. 1999).  However, SSA is 

largely void of any observational evidence of the role of MCCs in the region’s warm-

season rainfall.  Therefore, more studies of mesoscale precipitation are necessary in order 

to gain a better understanding of the role of convective rainfall in the precipitation 

climatology of SSA. 

 Warm-season precipitation in SSA largely exhibits a nocturnal maximum 

(Berbery and Collini 2000).  Berbery and Barros (2002) identified a precipitation 
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maximum over portions of Paraguay, northeastern Argentina, and southeastern Brazil 

throughout much of the warm season.  Numerous studies have shown the timing and 

location of precipitation maxima across SSA are modulated through the exchange 

tropical heat and moisture via the northerly low-level jet (Saulo et al. 2007; Vera et al. 

2006; Silva and Berbery 2006; Liebmann et al. 2004; Zipser et al. 2006; Nieto Ferreira et 

al. 2003; Marengo et al. 2004; Berbery and Collini 2000; Laing and Fritsch 2000; 

Nicolini and Saulo 2000).  Many of these studies have demonstrated that the low-level jet 

plays a vital role in the development and maintenance of predominantly nocturnal 

mesoscale convective systems (MCSs) within the subtropical region.  Zipser et al. (2006) 

found these subtropical South American MCSs are among the world’s most intense 

thunderstorms. 

The foundational study of South American MCCs from Velasco and Fritsch 

(1987) provided the initial evidence of MCC activity in SSA, but did not assess MCC 

rainfall.  Viana (2006) examined MCCs in the southern state of Rio Grande do Sul, Brazil 

and found these events contributed an average of 63% of the total rainfall between 

October-December in 2003.  Mota (2003) examined large MCSs from December 1997-

Novmeber 2000 and found these events contributed up to half of the total rainfall across 

portions of SSA.  Salio and Nicolini (2007) suggested MCSs are the dominant contributor 

to precipitation totals across the region.  Although many of these studies provide initial 

evidence of these large thunderstorm complexes producing considerable proportions of 

the total rainfall across SSA, a climatological understanding of rainfall contributions from 

these systems have remained unknown. 
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Chapter 2 described the climatological characteristics of 330 warm-season MCCs 

across SSA for 1998-2007.  The results from Chapter 2 established that the region with 

the greatest frequency and highest concentration of MCCs coincides well with the 

location of the precipitation maximum described by Berbery and Collini (2000).  Chapter 

2 also showed that these systems are predominantly nocturnal, which also matches well 

with the night-time precipitation maximum highlighted by Berbery and Barros (2002).  

Consequently, one may ask if the precipitation patterns found throughout the warm 

season across SSA may be ascribed in part, to relatively frequent and concentrated MCC 

activity near the center of the La Plata Basin.   

The findings from Chapter 2 showed on average, these austral systems are 

statistically significantly larger and longer-lived than MCCs in the U.S.  They showed 

that MCCs in SSA reach an average maximum size of 256,500 km2 and last 14 hours 

(compared to 164,600 km2 and 10 hours in the U.S.; p = 0.01).  Moreover, the smaller, 

shorter-lived South American systems are commonly similar in size and duration with the 

larger, longer-lasting events in the U.S. (cf. Chapter 2 and Ashley et al. 2003).  Tollerud 

et al. (1987) and Ashley et al. (2003) found that larger, longer-lived MCCs commonly 

produce the greatest precipitation amounts.  These results raise the question regarding 

MCC precipitation across SSA: Do the physical characteristics described in Chapter 2 

suggest that relative to the U.S., MCCs in SSA contribute more to the total warm-season 

rainfall?  

In support of the findings and suggestions of previous work described above, the 

findings from Chapter 2 provide strong evidence that the precipitation variability across 

SSA is connected with MCC rainfall.  The initial work of Viana (2006) and Mota (2003) 
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further supports this hypothesis.  However, there are no available studies that provide a 

long-term examination of MCC rainfall contributions across SSA.  Therefore, the 

overarching goal of this study is to determine the contribution of MCCs to warm-season 

rainfall across SSA for 1998-2007. 

 

3.2  Data 

 To determine precipitation characteristics of warm-season MCCs across SSA, this 

study utilized the dataset assembled in Chapter 2, which contains 330 MCCs.  These 

systems were identified and tracked from full disc GOES-8 and GOES-12 4 km infrared 

(IR) satellite data, which were provided by the National Oceanic Atmospheric 

Administration Comprehensive Large-Array data Stewardship System (NOAA CLASS 

data available at: http://www.class.ncdc.noaa.gov).  The nominal times for the satellite 

images were 0245, 0545, 0845, 1145, 1445, 1745, 2045, and 2345 UTC.  There were 

occasional instances when nominal image times were missing, but were available during 

other times (e.g., 0915 UTC).    

 Analyzing precipitation characteristics for specified thunderstorm events across 

South America presents a number of challenges.  The primary difficulty is finding an 

available dataset that contains a consistently quality controlled long-term record with a 

sufficient temporal sampling resolution and network density to capture the mesoscale 

precipitation variability within all 330 MCCs.  For example, the Global Precipitation 

Climatology Centre (GPCC) provides global land-based accumulated rainfall data for the 

period of record, but only at monthly time scales with one-degree resolution 

(http://www.dwd.de).  The World Climate Research Program’s (WCRP) Global 



 

64 
 

Precipitation Climatology Project (GPCP) provides rainfall data for the period of record 

from merged passive microwave and land-based estimators, but only at daily time scales 

with one-degree resolution (ftp://rsd.gsfc.nasa.gov/pub/1dd/). 

One of the objectives of Tropical Rainfall Measuring Mission (TRMM) during its 

inception in December 1997 was to provide relatively high temporal and spatial rainfall 

data, particularly for poorly sampled regions (Kummerow et al. 2000).  This study uses 

TRMM Multi-Satellite Precipitation Analysis (TMPA) 3B42 Version 6, which provides 

global 3-hourly precipitation rate estimates with latitudinal coverage between 50°N-S 

(0.25° grid) from 1998 January - near real time 

(http://disc.sci.gsfc.nasa.gov/data/datapool/TRMM).  The 3B42 product is derived from 

an amalgamation of passive microwave estimates from the onboard TRMM microwave 

imager (TMI), Special Sensor Microwave Imager (SSM/I), Advanced Microwave 

Sounding Unit (AMSU), Advanced Microwave Scanning Radiometer (AMSR), and 

calibrated IR estimates from geostationary platforms (consult Huffman et al. (2007) and 

Huffman and Bolvin (2007) for explicit details on the TMPA algorithm and 3B42 

processing).   

 Huffman and Bolvin (2007) discuss two concerns with the 3B42 dataset.  First, 

the orbital altitude of the TRMM platform was increased from 350 to 401.5 km in August 

2001.  Due to the success of TRMM, the boost was carried out for fuel reduction to 

increase the longevity of the project.  The advantage was an increase in the latitudinal 

coverage from 40°N-S to 50°N-S.  However, changes in the footprint and minimum 

detectable precipitation rates occurred.  Although version 6 of the dataset attempts to 

account for these discrepancies, some differences in the minimum detectable rain rates 
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can still be found.  Second, the latitude bands 40°S-50°S only contain passive microwave 

estimates between 1 January 1998 - 6 February 2000.  This is particularly problematic 

given the limited availability of passive microwave data during this time (i.e., few passes 

a day that systematically missed precipitation).  Therefore all MCCs with cloud-shield 

areas beyond 40°S were flagged for potential precipitation errors during this time. 

 Another important consideration is the robustness of passive microwave rainfall 

estimates of mesoscale phenomena over land areas.  First, the use of passive microwave 

data to distinguish rain over land is ambiguous using low frequency (i.e., < 22 GHz) 

absorption methods due to similar emissivities of land and rainfall.  Therefore, scattering 

techniques using high frequency channels (i.e., 85 GHz) are used to associate the 

concentration of ice particles with precipitation.  According to Ebert et al. (2007), 

scattering techniques are particularly useful in estimating precipitation from mid-latitude 

convective systems.  Furthermore, Ebert et al. (2007) provide a land-based comparative 

analysis of TMPA data against relatively dense rain-gauge networks across the U.S., 

Australia, and northwest Europe.  Results from their study showed that the accuracy of 

satellite-derived rainfall totals is greatest during the warm season and increases toward 

lower latitudes, particularly with respect to deep convective precipitation regimes.     

Ebert et al. (2007) also found that in the U.S., TMPA rainfall estimates were near that of 

radar estimates for daily precipitation bias and frequency.  Sapiano and Arkin (submitted) 

showed that TMPA exhibited little bias in warm-season convective precipitation 

estimates over the Great Plains in the U.S, when compared to rain gauge estimates.  

Second, 3B42 data have been suggested as suitable metrics for long-lived meso-α 
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systems4, particularly when analyzed in a climatological framework.  Considering the 

relative minimum bias in TMPA warm-season rainfall estimates, and that this study 

focuses on warm-season MCCs over the subtropical land mass of South America for the 

period 1998-2007, 3B42 data is considered a unique viable source for quantifying MCC 

rainfall (Huffman personal communication; Huffman et al. 2007). 

 

3.3  Methodology 

The MCC identification and tracking method outlined in Chapter 3 included a 

hybrid automated/manual observation approach that conformed to specific MCC criteria 

(Table 3.1) (see that study for more details).  There were two outputs from that work 

necessary for this study.  The first is a list of events where each observed cloud shield 

was tagged with a unique identifier based on the event number for a given year, Julian 

day, and time of occurrence.  These cloud shields included data on horizontal area, 

eccentricity, and centroid coordinates.  The second output contained the 

longitude/latitude coordinates that make up the outer perimeter of the continuous cold 

cloud-shield. 

The first step toward quantifying MCC precipitation was to use data from the 

output files to determine the aerial swath of each event’s storm track.  For this study, 

MCC precipitation was assumed to fall solely within this swath. In order to demarcate the 

storm-track aerial coverage, a convex hull was calculated throughout each event’s 

lifecycle (see Barber and Huhdanpaa 1996) and overlaid onto 3B42 precipitation grids.  

For example, Fig. 3.2 shows a hypothetical MCC observed across a sequence of four 

                                                 
4 meso-α scale: length scales of 250-2500 km and duration of ≥ 6 h (Orlanski 1975). 
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satellite images.  For the series of cloud shields, a convex hull is computed to determine 

the aerial storm-track swath for the first and second observations, followed by the second 

and third, and third and fourth.   The end product is a mask that represents the location of 

the total surface area beneath an MCC during its lifecycle.   

The next step was to use the convex hull mask to determine accumulated 

precipitation for each event.  Fig. 3.3 shows a schematic diagram of the precipitation 

summation scheme of a hypothetical event.  It is important to note that 3-hourly TRMM 

3B42 precipitation data represent instantaneous values centered on synoptic times (i.e., 

0000, 0300, 0600, 0900, 1200, 1500, 1800, and 2100 UTC).  Given the nominal times of 

the imagery, a weighting factor of 0.5 was applied to all precipitation values within 1.5 

hours on either side the system’s initiation and termination (1745 and 0845 UTC in Fig. 

3.3, respectively,).  The solid gray box signifies precipitation values weighted unity.   

Accumulated rainfall is simply the average of all weighted rain rates multiplied by the 

number of hours in the event.   

The output contained aerially-averaged precipitation totals and total precipitation 

areas associated with each of the 330 events.  The accumulated rainfall was also tabulated 

for each grid point within the convex hull for each event, and summed into monthly and 

warm-season totals.  An output file where each scene contained the outline of the convex 

hull mask and accumulated precipitation was produced as a verification check of this 

process (Fig. 3.4).  Lastly, monthly and seasonal summations of 3B42 data were 

determined for all precipitation (i.e., from MCCs and all other rainfall events).  The 

contribution of MCC rainfall is expressed as the ratio of MCC precipitation to the total 

rainfall at each grid point.  A summary of the entire process is illustrated in Fig. 3.5. 
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3.4  Results 

MCCs between 1 January 1998 – 6 February 2000 were screened for cloud-shield 

areas south of 40°S to assess for potential precipitation discrepancies (see section 3.2).  

Four events had distinct discontinuities in precipitation data between 40°-50°S.  The data 

in question only accounted for less than two percent of the total precipitation observed for 

these events. Therefore, precipitation south of 40°S for these events was removed from 

further analysis. 

 

a.  Period of record 

The average MCC in SSA produces 15.7 mm of rainfall over an area of 381,000 

km2, with a volume of 7.0 km3.  A comparison of mean precipitation characteristics for 

MCCs in South America, Africa (Laing et al. 1999), and the U.S. (McAnelly and Cotton 

1989) is shown in Table 3.2.  MCC precipitation depths and volumes found in this study 

fall between African and U.S. systems, but produce the largest precipitation areas.  These 

larger precipitation areas are accounted for by larger MCCs in South America (cf. 

Chapter 2, McAnelly and Cotton 1989, and Laing and Fritsch 1993).  However, the 

precipitation characteristics described by McAnelly and Cotton (1989) might be 

conservative given they only considered late warm-season events.  Ashley et al. (2003) 

showed that late-season MCCs in the U.S. are commonly much smaller, shorter-lived 

systems. 

A spatial examination of the 330 MCC storm tracks shows the greatest MCC 

frequencies over Paraguay, northern Argentina and southern Brazil (Fig. 3.6).  The 

geographic distribution of the fractional contribution of MCC rainfall revealed a similar 
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pattern (Fig. 3.7).  Specifically, 15-21% of the total precipitation in northern Argentina 

and portions of Paraguay was accounted for by MCCs.  These values appear low 

compared to the results of Mota (2003) and Viana (2006) (40-50% and 63%, 

respectively).  These differences are likely attributed to the period of record and methods 

used in their studies.  For example, Mota (2003) used a precipitation feature algorithm 

(see Nesbitt et al. 2000) to identify three years of MCSs based on criteria different from 

Table 3.1, which likely included a considerable sample of events smaller than MCCs.   

Viana (2006) used 31 rain gauges to determine MCC rainfall contributions.  The results 

found by Viana (2006) may also be reflective of only examining a three-month record 

(October-December 2003).  Furthermore, Viana (2006) used a warmer cloud-top 

threshold of -32°C.  The colder cloud-top threshold of -52°C  was used in this study 

because MCC precipitation areas are mostly confined to areas beneath these colder cloud 

shields (McAnelly and Cotton 1986 and 1989), and has been widely used in other MCC 

studies (e.g., Augustine and Howard 1988; Anderson and Arritt 1998, Laing et al. 1999; 

Anderson and Arritt 2001).   

 

b.  Monthly analysis 

MCCs contributed 11-20% of the total rainfall across much of SSA in all months 

(Fig. 3.8).  Paraguay and northern Argentina consistently received the largest fraction of 

total precipitation from MCCs.  Between November-February, much of Paraguay and 

northern Argentina received 20-30% of the total precipitation from MCCs.  The 

maximum contributions of MCCs to rainfall were found across northern Argentina and 

portions of Paraguay and southeastern Brazil during December (30-50%).   
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At times, portions of west-central Argentina also received considerable 

percentages of MCC rainfall.  The area largely within the provinces of Mendoza, 

Neuquén, and La Pampa received 25-44% of the total precipitation from MCCs during 

October.  MCCs contributed 30-66% and 30-40% of the precipitation to the same area 

during November and May, respectively.  The findings from Chapter 2 and Velasco and 

Fritsch (1987) showed MCCs are infrequent to this particular area.  It is likely that areas 

infrequent to MCCs tend to experience greater fractional rainfall contributions from 

MCCs when they occur.  

 This study shows the fraction of precipitation due to MCCs is larger for much of 

SSA compared to the U.S.  Ashley et al. (2003) found that MCCs contributed 10-20% of 

the monthly rainfall across the central U.S. with maximum values of 28%.  Results from 

this study indicate monthly precipitation patterns across SSA are influenced more from 

MCCs. 

 

c.  Warm-season analysis 

An examination of the interannual variability in MCC precipitation contribution 

basis shows considerable spatial variability (Fig. 3.9).  During each of the nine warm 

seasons, much of Paraguay and its neighboring border areas experienced the most MCC 

activity.  As expected, the majority of the largest fractions of total rainfall due to MCCs 

were found in these areas.  MCCs contributed 11-20% of the warm-season rainfall across 

much of SSA, but it was not uncommon to find 40-50% across portions northern 

Argentina, Paraguay, and southern Brazil during most warm seasons.   
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 It is clear that MCCs contribute substantially to warm-season precipitation across 

SSA.  Some studies have suggested MCC rainfall plays a potentially important role in 

regional rainfall budgets (e.g., Fritsch et al. 1986; Anderson and Arritt 1998; Ashley et al. 

2003).  However, no such relationships have been shown for SSA.  One way to assess the 

impact of MCC precipitation beyond rainfall contributions is to examine warm-season 

precipitation anomalies with and without MCC rainfall.  For this study, warm-season 

precipitation anomaly maps were constructed using mean TRMM 3B42 data for January 

1998 - December 2007 as a baseline for comparison.  Precipitation anomalies were 

determined as the difference between observed and mean values.  Warm-season 

precipitation anomalies for the period of record are shown in Fig. 3.10. 

The warm seasons of 1998-99, 2000-01, and 2002-03 had similar MCC 

frequencies with maximum fractional contributions of rainfall totaling 33% (see Fig. 3.9).  

Each of these warm seasons also experienced three different precipitation anomaly 

conditions.  The greatest fractional contributions of MCC rainfall were located in areas 

that were close to average warm-seasonal rainfall.  However, above-average precipitation 

extended from Argentina into southeastern Brazil in 2002-03, the same area where MCCs 

contributed the least rainfall.  The 2000-01 warm season experienced mostly average and 

some above-average rainfall, yet MCCs contributed the least amount of the total rainfall 

during this time.  These findings raise the question, how does the spatial variability in 

warm-season precipitation anomalies for the period of record change in the absence of 

MCC rainfall?  The answer to this question provides a clearer understanding of the 

influence of MCCs by identifying only those areas with the greatest differences in 

precipitation anomalies due to MCC rainfall. 
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Visual assessments of such differences were difficult to discern from a 0.25° grid 

resolution, even in some areas (e.g., northern Argentina) where MCC fractions were 

large.  In order to determine the extent and magnitude of the effect of MCC rainfall on 

warm-season precipitation anomalies, a MCC Impact Factor (MIF) was developed.  The 

MIF simply shows the contribution of MCCs to seasonal rainfall anomalies given by, 

 

MIF = 
( )

RA

mccy RRR
σ2
−−

 

 

where yR  is the total rainfall for a given year, R  is the climatological mean rainfall, mccR  

is the total MCC rainfall, and RAσ  is the standard deviation of the rainfall anomaly.  Only 

grid points that contained differences between the anomaly value and MCC rainfall (Δσi) 

≥ 0.5 standard deviations were considered.  The MIF ranking is scale ranges from 1-6 at 

0.5 standard deviation intervals.  For example, a MIF-1 indicates a 0.5-1.0 standard-

deviation change in the precipitation anomaly, whereas a MIF-6 indicates a ≥ 3.0 

standard-deviation change.  The locations of the greatest impacts from MCC rainfall 

during each warm season are illustrated in Fig. 3.11.  

The analysis revealed that the impact of MCC precipitation on anomalous 

precipitation patterns varies considerably in extent and magnitude.  MIF-1 was found in 

all warm seasons.  The 2000-01 warm season was unique in that only MIF-1 was 

observed.  However, many MIF-1 locations were found in areas of below-average rainfall 

(particularly southern Brazil).  The extent of the impact was greatest during 1999-2000 

with MIF-1 as the dominant magnitude.  Anomalously dry conditions were collocated 

Eq. (4.1)
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with zero impact across Uruguay, northeastern Argentina, and southeastern Brazil during 

2005-06.  Notice how MIF-4 and MIF-5 were collocated with near average rainfall just to 

the northwest.  Additionally, the extent of the overall impact is collocated well with the 

area of predominantly above-average rainfall during 2006-07.  These results demonstrate 

that MCC rainfall has the capability to alter precipitation totals in ways that are 

potentially beneficial (drought deterrence) and/or detrimental (floods). 

 

3.5  Summary and Conclusions 

This study provides a climatological description of the precipitation 

characteristics of 330 warm-season MCCs for 1998-2007.  Results show MCCs 

contribute substantially to precipitation totals across SSA.  It is clear from these 

examinations a great degree of variability exists in contributions by MCCs to the total 

monthly and warm-season rainfall.  This study also shows MCCs play a particularly 

important role in warm-season precipitation anomalies across SSA. 

On average, MCCs in SSA distribute 15.7 mm of rainfall across 381,000 km2, 

producing a volume of 7.0 km3.  South American systems have the largest precipitation 

areas compared to published studies for North America and Africa.  Previous studies 

suggest the physiographic arrangement of the Andes Mountains and abundant tropical 

supply of Amazonian heat and water-vapor flux into the subtropical region are key 

factors in the development and maintenance of these large heavy precipitation events. 

MCC storm-track frequencies and rainfall contributions were generally greatest 

over Paraguay and the surrounding areas of the neighboring countries.  The extent of 

MCC rainfall was primarily east of the Andes between 10°S-45°S.  For the period of 
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record, portions of northern Argentina and Paraguay received 15-21% of the total 

precipitation from MCCs.  However, MCCs account for larger fractions of the total 

precipitation when examined on interannual and intraseasonal time scales.  Fractional 

MCC rainfall contributions of 11-20% were found over much of SSA in all months.  

MCCs accounted for 20-30% of the total rainfall between November-February, and 30-

50% in December across northern Argentina and Paraguay.  MCCs also contributed 25-

66% of the total rainfall across smaller areas within the provinces of Mendoza, Neuquén, 

and La Pampa in west-central Argentina.  It is likely that the larger rainfall contributions 

from MCCs occurred over a region infrequent to MCC activity.  This study also shows 

that the monthly percentage of rainfall due to MCCs is much larger in SSA compared to 

the U.S (e.g., 50% vs. 20%, respectively). 

MCCs account for slightly larger percentages of rainfall when examined by warm 

season, relative to monthly rainfall contributions. In each warm season, MCCs 

contributed ≥ 30% of the total rainfall across many areas within SSA, while some areas 

received ≥ 50%.  Based on these findings, MCCs play an essential role in precipitation 

totals across SSA.  However, these results do not necessarily portray the overall impact of 

MCC rainfall.   

This study developed an MCC Impact Factor (MIF) to determine the effect of 

MCC rainfall on warm-season precipitation anomalies.   The MIF identifies locations 

where anomaly values changed by ≥ 0.5 standard deviations in the absence of MCC 

rainfall, and uses a MIF magnitude ranking scale of 1-6.  Results show that the extent and 

magnitude of the impact of MCC rainfall on precipitation anomalies varies considerably.  

In some instances, the contribution of MCCs to the total rainfall was relatively low (≤ 
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20%) while MIF-1s were collocated with above-average rainfall.  In other cases the 

fractional contribution of MCC rainfall was relatively high (≥ 30%), which had a high 

impact on an area (MIF-4s and MIF-5s) and normal rainfall totals surrounded largely by 

extremely below-average values.  Results from the MIF analysis demonstrate that MCC 

rainfall plays in important role in determining regional anomalous precipitation 

conditions. 

In summary, results from this study extend our global understanding of the role of 

MCCs in regional precipitation totals.  MCCs in SSA are large, long-lived events that 

produce copious amounts of precipitation over sizeable areas.  These events account for 

large percentages of the total precipitation across SSA, which have been shown to have a 

substantial impact on regional precipitation anomalies.  Furthermore, this study provides 

a new perspective on monthly and warm-season precipitation patterns across SSA.  

However, due to strict MCC classification criteria used in this study, it is likely that the 

inclusion of other large MCSs would show higher rainfall contributions.  Further 

investigations could examine differences in fractional contributions of MCC and MCC-

like events.  These types of studies are becoming increasingly important given that the 

most recent Assessment Report from the Intergovernmental Panel on Climate Change 

(IPCC 2007) states heavy precipitation events are very likely to increase throughout the 

next century, contributing to  nearly 20% increased rainfall amounts and up to 40% 

increased annual runoff across portions of SSA.  Increases in flood frequency and 

magnitude from heavy rainfall events will likely contribute to considerable property loss 

and disruptions of industry, settlement, and society.  Lastly, increases in heavy 
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precipitation events and their resultant flooding will likely lead to an increased risk of 

injuries, infectious respiratory and skin diseases, and loss of life (IPCC 2007). 
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Table 3.1. Mesoscale Convective Complex definition based on analyses of enhanced IR 
satellite imagery. 

 
Mesoscale Convective Complex (MCC) Definition  

Criterion Physical Characteristics

Size Interior cold cloud region with temperature of ≤ -52°C must have an area 50,000 km2

Initiation Size definition first satisfied 
Duration Size definition must be met for a period of ≥ 6 hours.  
Maximum 

Extent Contiguous cold-cloud shield (IR temperature -52°C) reaches maximum size.  

Shape Eccentricity (minor axis/major axis) ≥ 0.7 at time of maximum extent.  
Terminate Size definition is no longer satisfied 

*MCC definition originally developed by Maddox (1980) 
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Table 3.2. Comparison of MCC precipitation characteristics between South America 
(SA), Africa (AF) (Laing et al. 1999), and (3) the United States (US) (McAnelly and 

Cotton 1989). 
  

 
No. of MCCs 

Mean precipitation characteristics 
Depth 
(mm) 

Area  
(km2) 

Volume  
(km3) 

SA 330 15.7 381,000 7.0 
AF 41 34.0 285,000 11.9 
US 122 10.8 320,000 3.5 



 

82 
 

0 6800

Elevation (M)

 
 
Fig. 3.1.  Bold outline delineates the La Plata Basin located in the subtropics of South 
America.  
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Fig. 3.2.  Schematic diagram illustrating (a) cloud shields of an MCC overlaid onto a 
TRMM 3B42 precipitation grid, (b) the convex-hull calculation to determine the area 
within the MCC storm track, and (c) the final convex hull for the entire MCC duration 
and retaining only precipitation values within the storm-track area.   
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Fig. 3.3.  Schematic representation of the precipitation summation for a hypothetical 
event.  Hatched boxes are centered on the synoptic times closest to the event’s initiation 
(subscript ‘i’) and termination (subscript ‘t’)  stages.  Precipitation values inside the 
hatched boxes are assigned a weight of 0.5.  Precipitation values inside the solid gray box 
are assigned a weight of 1.0.  Accumulated precipitation is equal to the sum of all 
weighted observations. 
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Fig. 3.4.  Sample output illustrating the outline of the area (i.e., convex hull) of an MCC 
storm track overlaid accumulated 3B42 TRMM precipitation. 
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Fig. 3.5.  Flow diagram demonstrating the MCC identification and tracking, and 
precipitation schemes. 
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Fig. 3.6.  MCC frequency during the warm season (October-May) for 1998-2007 (N = 
330) determined by the number of times a grid point was located inside an MCC storm 
track.  
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Fig. 3.7.  Distribution of the percentage of warm-season rainfall from MCCs during 
1998-2007. 
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Fig. 3.8.  As in Fig. 3.7 except by month. 
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Fig. 3.9.  As in Fig. 3.7 except by warm season. 
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Fig. 3.10.  Warm-season precipitation anomalies using 1998-2007 TRMM 3B42 as the 
baseline 
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Fig. 3.11.  MCC Impact Factors (MIFs) are in 0.5 standard deviation-unit intervals 
ranging from 1-6.  Each grid point represents changes in the anomaly value by ≥ 0.5 
standard deviations due to MCC precipitation (Δσi). 
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CHAPTER 4 

CHARACTERISTIC CHANGES IN SOUTH AMERICAN MESOSCALE 
CONVECTIVE COMPLEXES IN RELATION TO THE SOUTH ATLANTIC 

CONVERGENCE ZONE5 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
5 Durkee, J. D. and T. L. Mote.  To be submitted to Monthly Weather Review. 
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ABSTRACT 

Changes in the physical and rainfall characteristics of 291 South American 

mesoscale convective complexes (MCCs) are compared to variations in large-scale 

atmospheric circulation, with particular attention given to the South Atlantic 

Convergence Zone (SACZ), a quasi-stationary band of convection from the Amazon 

Basin into the Atlantic Ocean.  During October-March of 1998-2007, the SACZ occurred 

during 23% of the warm season days, during which 75 MCCs formed, versus 216 on non-

SACZ days.  The mean location of MCCs during periods with the SACZ was 240 km to 

the northeast of the non-SACZ location.  The number of MCCs per SACZ and non-

SACZ day was 0.18 and 0.17, respectively.   Most of the interannual variation (89%) in 

the number of MCCs during periods of SACZ was simply due to changes in the 

frequency of SACZ.  A composite analysis of several tropospheric data fields shows the 

large-scale atmospheric patterns favorable for MCCs in preferred areas of the study 

region during SACZ and non-SACZ periods.  This study is unique in showing a link in a 

preferred region of MCC activity to low-level circulation other than the northerly, 

tropical low-level jet.  Together, the findings show that the SACZ has direct and indirect 

influences on the development and maintenance of MCCs across portions of tropical and 

subtropical South America. 
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4.1  Introduction 

 
The South Atlantic Convergence Zone (SACZ) is an integral component of the 

austral warm-season monsoonal climate across tropical and subtropical regions (i.e., 

areas north and south of 20°S, respectively) of South America.  A considerable 

proportion of the intraseasonal precipitation variability across tropical and subtropical 

South America is explained by changes in low-level circulation when the SACZ is 

present (Carvalho et al. 2004; Barros et al. 2002; Liebmann et al. 2004 and 1999; Nieto-

Ferreira et al. 2003; Barros et al. 2002; Nogués-Paegle and Mo 1997).  Therefore, the 

SACZ is considered one the most important climatological features that plays a key role 

in the influence of precipitation during the austral warm season (Carvalho et al. 2004). 

The SACZ has been subjectively characterized as a distinct warm-season 

phenomenon, whereby a northwest-southeast oriented quasi-stationary band of 

convection (persisting ≥ 4 days) becomes anchored over the central Amazon Basin and 

extends into the western South Atlantic Ocean (Liebmann et al. 2004 and 1999; Carvalho 

et al. 2004 and 2002; Jones and Carvalho 2002; Barros et al. 2002; Lenters and Cook 

1999; Nogués-Paegle and Mo 1997; Figueroa et al. 1995; Kodama 1992).  The dominant 

forcing of the SACZ comes from transient mid-latitude westerly Rossby wave trains that 

aid in the advancement of polar air masses into the tropics.  Convergence along surface 

frontal boundaries triggers the onset of convection, which help create the SACZ region 

(Liebmann et al. 2004 and 1999).  Numerous studies provide evidence that the presence 

of an active or strong SACZ modulates the low-level wind configuration so that the 

northerly flow of tropical heat and moisture along the eastern slopes of the Andes (i.e., 

the low-level jet, LLJ) turns eastward near 20°S into the SACZ region near the Brazilian 
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states of Goiás, northern Minas Gerais, southern Bahia, and Espírito Santo (Figs. 4.1 and 

4.2).  Under weak SACZ conditions, or the absence thereof, the Amazonian LLJ feeds 

convection further south and west into Paraguay, the southeastern and southern Brazilian 

states of São Paulo, Paraná, Santa Catarina, and Rio Grande do Sul, and northern and 

central Argentina (Carvalho et al. 2004; Barros et al. 2002; Liebmann et al. 2004 and 

1999; Nieto-Ferreira et al. 2003; Barros et al. 2002; Nogués-Paegle and Mo 1997).   

Areas of organized convection and precipitation across tropical and subtropical 

South America have been shown to be closely connected to the location near the exit 

region of the LLJ (Saulo et al. 2007; Salio et al. 2007; Vera et al. 2006; Silva and Berbery 

2006; Liebmann et al. 2004; Zipser et al. 2004; Nieto Ferreira et al. 2003; Marengo et al. 

2002; Berbery and Collini 2000; Laing and Fritsch 2000; Nicolini and Saulo 2000, 

among others).  Many of these studies have shown that the influence of the SACZ on the 

Amazonian LLJ helps explain the sub-monthly variability in the precipitation patterns 

across the region.  Specifically, a dipole precipitation pattern typically occurs with active 

or intense (weak or absent) SACZ conditions resulting in positive (negative) rainfall 

anomalies across Goiás, northern Minas Gerais, southern Bahia, and Espírito Santo (São 

Paulo, Paraná, Santa Catarina, and Rio Grande do Sul in Brazil, Paraguay, and northern 

Argentina) (see Fig. 4.1). 

Despite the abundance of SACZ research, there remains a gap in the literature 

pertaining to the influence of the SACZ on mesoscale convective complexes (MCCs).  

MCCs are the largest subset of organized convection (Maddox 1980) (Table 4.1) 

responsible for contributing substantially to warm-season rainfall totals around the globe 

(e.g., Chapter 3; Ashley et al. 2003; Laing et al. 1999; Fritsch et al. 1986, among others).  



 

97 
 

In a global analysis of MCCs, Laing and Fritsch (2000) showed that a LLJ was present in 

all regions where MCC activity was greatest, especially in South America.  Given the 

relationship documented between the SACZ and the Amazonian LLJ and the relationship 

shown between the LLJ and MCCs, it is reasonable to question whether the variability of 

South American MCCs is in part due to the SACZ.  

Chapter 2 examined warm-season MCCs (October-May) across subtropical South 

America (SSA) during 1998-2007.  The results from that study showed that the highest 

frequency of MCCs across SSA was centered over northern Argentina, Paraguay, and 

southern Brazil during November-March.  Additionally, a large majority of MCC cloud-

shields (≤ -52°C in infrared satellite imagery) reached their maximum horizontal extent 

during the nocturnal hours in SSA.  Chapter 2 established that MCCs account for 30-50% 

of the total rainfall across much of the same area between November-March.  While 

neither of the two studies provided an overview of the favorable synoptic environments 

conducive to MCCs across SSA, the timing and location of the systems documented in 

Chapter 2 were collocated with the mean location of the Amazonian LLJ (Saulo et al. 

2007; Salio et al. 2007; Vera et al. 2006; Nieto-Ferreira et al. 2003).  The proximity of 

MCCs to the mean location of the Amazonian LLJ supports the findings of Velasco and 

Fritsch (1987) and Laing and Fritsch (2000).  Chapter 2 also showed that the timing and 

location of maximum rainfall contributions from MCCs are collocated with the nocturnal 

warm-season precipitation maximum found by Berbery and Barros (2002).  Furthermore, 

Carvalho et al. (2004) and Liebmann et al. (2004) showed areas encompassing northeast 

Argentina, southeast Paraguay, Uruguay, and southern Brazil experience above-average 

rainfall under anomalous northerly flow from the LLJ.  When the LLJ is weak, the same 
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area experiences below average precipitation, while positive anomalies are found over 

central-western and southeastern Brazil.   

The intimate interaction of MCCs and the LLJ, combined with the influence of the 

SACZ on the position and direction of the low-level moisture flux, suggests that a 

connection may exist between MCC activity and the SACZ.  In this study, one hypothesis 

is that when the SACZ is active, MCC activity follows the LLJ further north and east into 

closer proximity of the SACZ region.  However, Barros et al. (2002) also showed when 

the SACZ is active, low-level anti-cyclonic flow originating off the subtropical coast near 

35°S, 45°W provides an influx of moisture into west-central Argentina, leading to 

positive precipitation anomalies across that area. Under optimal conditions, it is therefore 

possible for the Amazonian LLJ to aid in convective development near the SACZ region 

concurrent with oceanic moisture flux feeding convection at higher latitudes in the 

subtropics.  Perhaps this convective signal is evident in MCC activity during active 

SACZ periods.  Because MCCs have been shown to contribute substantially to rainfall 

totals across the subtropics and portions of the tropics, important questions about these 

South American systems need to be addressed. Such questions include: 

• How do the frequency and location of MCCs across SSA change during the 

presence of the SACZ? 

• Are there significant differences in MCC physical characteristics between 

active and non-active SACZ episodes? 

• How do MCC rainfall characteristics change during the SACZ? 
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• How does the tropospheric circulation conducive for MCC formation, 

particularly the Amazonian LLJ, change relative to the presence of the 

SACZ. 

The current study is motivated by these unanswered questions. 

 

4.2  Data and Methods 

 The MCC databases used in this study were those developed in Chapters 2 and 3.  

The former used a hybrid automated/manual technique to identify and track the physical 

characteristics of 330 warm-season MCCs (October-May) spanning 1998-2007 using 

GOES-8 and GOES-12 digital 4km infrared satellite imagery, provided by the National 

Oceanic Atmospheric Administration Comprehensive Large-array data Stewardship 

System (NOAA 2007).  Data on MCC physical characteristics included information on 

storm duration, cloud-shield areas, area during maximum extent, and the timing and 

location of cloud-system centroids throughout their lifecycles.   

To determine MCC precipitation characteristics, data from Chapter 2 were 

combined with rainfall data provided by the Tropical Rainfall Measuring Mission Multi-

Satellite Precipitation Analysis 3B42 version 6 (Huffman et al. 2007).  This product 

provides global 3-hourly rain rate estimates with latitudinal coverage between 50°N-S 

(0.25° x 0.25° grid) since 1998 January.  MCC rainfall data for SSA includes information 

on aerially-averaged rainfall volumes, precipitation areas, volumetric rain-rate, and MCC 

rainfall contributions (given by the ratio of MCC rain to the total rainfall).  The methods 

used to determine the physical and rainfall characteristics of the 330 MCCs are discussed 

in detail in Chapters 2 and 3.  The current study utilizes the data from both studies to 
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examine the influence of the SACZ on MCC activity during October-March for 1998-

2007.   

 Within the Brazilian Ministry of Science and Technology’s National Institute for 

Space and Research (INPE), the Center for Weather Forecast and Climatic Studies 

(CPTEC) provide archived monthly climate bulletins (Climanálise) that detail daily 

occurrences of SACZ episodes between October-March (CPTEC 2008).  The seasonal 

period in this study was chosen based on the INPE/CPTEC SACZ observational period, 

which denotes the typical seasonal onset and demise of the SACZ.   CPTEC classifies 

SACZ episodes from the following criteria: 1) at least a four-day duration of a northwest-

southeast oriented quasi-stationary band of convection that extends from the central 

Amazon Basin toward the western South Atlantic Ocean;  2) the presence of an upper-

level Bolivian High and a trough over northeast Brazil, with anti-cyclonic vorticity over 

the convective band; 3) a northwest-southeast oriented 500 hPa trough axis located east 

of the Andes;  4) relatively cool air located on the poleward side of the convective band;  

and 5) at least a four-day duration of ongoing low-level moisture flux convergence within 

the SACZ region.  Other information that may be included in these archived summaries 

includes infrared satellite imagery, a brief synoptic analysis, and notes pertaining to 

hazardous outcomes (e.g., record rainfall totals, flooding, mudslides, property or crop 

damages, etc.).  It is important to note that the exact location and magnitude of each 

SACZ episode is not included. 

 Daily composites of atmospheric data, including sea-level pressure, 850 hPa 

winds and specific humidity, 700 hPa geopotential height, 500 hPa geopotential height 

and vertical velocities, and 200 hPa geopotential height and winds, were extracted from 
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National Centers for Environmental Prediction – National Center for Atmospheric 

Research (NCEP-NCAR) reanalysis data version 1 on a 2.5° latitude by 2.5° longitude 

grid (Kalnay et al. 1996).  Composites of MCC characteristics and atmospheric data were 

constructed for MCCs that occurred during SACZ and during non-SACZ periods.  The 

criteria used in the composite analyses are described in detail in section 4.4.   

 

4.3  Statistical analysis 

 

a.  Composite assessment of MCCs during SACZ and non-SACZ periods 

During October-March of 1998-2007, the average locations for 291 MCCs were 

identified across subtropical and tropical South America (Fig. 4.3).  Table 4.2 

summarizes the interannual frequencies of SACZ and non-SACZ periods, including 

MCC frequencies during each period.  On average, SACZ and non-SACZ periods 

constitute 23% and 77% of the total warm-season days between October-March, 

respectively.  MCC frequency per SACZ or non-SACZ day, given by the ratio of the 

number of MCCs to the number of days in each period, shows that for the period of 

record MCC frequency was nearly the same regardless of the presence or absence of the 

SACZ (0.18 vs. 0.17 MCCs per SACZ and non-SACZ day, respectively).   

 A summary of the composite physical and precipitation characteristics of MCCs 

during SACZ periods and during non-SACZ periods is given in Table 4.3.  MCCs during 

SACZ periods were smaller, shorter-lived systems that distributed less rain across smaller 

areas when compared to non-SACZ MCCs.  The mean location for MCCs during SACZ 

periods was also found to the north and east of the non-SACZ MCC location.  Results 
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from a Student’s t-test show that there were significant differences in the maximum 

extent (p = 0.03), latitude, and longitude (p = 0.01). 

Based on these findings, it appears that differences in the frequency of MCCs 

were not affected by the presence of the SACZ.  Further inspection revealed while the 

differences in each of the characteristics were consistent (i.e., smaller, shorter-lived and 

MCCs producing less rainfall during SACZ periods compared to non-SACZ periods), 

most were not statistically significant.  However, while the shift in the composite MCC 

position between SACZ and non-SACZ periods may appear small, considering the large 

size of the clouds-shields, it is also important to consider the distribution of MCC rainfall 

beneath the cloud shields.  McAnelly and Cotton (1989) and Kane et al. (1987) found for 

the United States, the area with the heaviest rainfall is typically found within the southern 

flank of an MCC.  Both studies suggested that the LLJ plays a role in this asymmetric 

precipitation pattern.  The northeast shift in the mean MCC position during SACZ 

periods may be indicative of the changing position and direction of the low-level 

transport of heat and moisture.   

 

b.  Interannual and intraseasonal MCC variability during SACZ and non-SACZ periods 

This study also examined the variability in MCC frequency relative to the number 

of SACZ and non-SACZ days for each season, in order to ascertain whether MCCs were 

preferentially occurring during SACZ or non-SACZ days.  The preference for MCCs to 

occur in either period was determined by calculating the difference between the number 

of MCCs per SACZ day and non-SACZ day for each warm season (Table 4.4).  Positive 

(negative) values of this difference indicate more MCCs per non-SACZ day (SACZ day).  
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While the numbers of MCCs per SACZ and non-SACZ day were nearly identical over 

the period of this study, the results showed there was substantial interannual variability in 

the occurrence of MCCs in between both periods.  Specifically, four of the nine years had 

a preponderance of events during non-SACZ periods, while the other five had a greater 

portion occur during SACZ periods.  This further suggests that MCCs appear no more 

likely to form in the presence or absence of the SACZ. 

Next, the interannual variability in the number of MCCs and the number of days 

in each period were analyzed (Fig. 4.4).  It is apparent that seasons with greater (lesser) 

numbers of SACZ days have increased (decreased) MCC frequency during the SACZ.  In 

contrast, the number of MCCs that occurred during periods without the SACZ appears to 

be unrelated to the number of days without the SACZ.  Linear regressions for both 

scenarios confirm that only a significant correlation exists between the number of MCCs 

and SACZ days (p = 0.01) (Fig. 4.5).  Specifically, 89% of the variability in warm-season 

MCC frequency during SACZ periods is explained simply by the number of SACZ days 

during the season.  In other words, warm seasons with longer periods of the SACZ 

experience an increase in MCC activity during these periods. While this may seem 

obvious, there was no statistical correlation between the number of days without the 

SACZ and the number of MCCs during periods without SACZ.   

However, it could be possible for a given season to have a large number of MCCs 

in a season during a relatively small number of SACZ days, compared to a relatively 

higher number SACZ days without MCCs.  This situation would introduce a bias in the 

relationship between the number of SACZ days and SACZ MCC frequency, if one were 

to examine only the seasonal totals.  Considering the possibility of situations like the one 
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just described, proportions of simultaneous SACZ days and MCC days were quantified 

throughout each season (Table 4.5).  Results show that there are relatively few instances 

of SACZ periods without MCCs, thereby reducing concerns over the lack of intra-

seasonal overlap between the two variables.  This finding lends further evidence of the 

robustness of the relationship shown in Figs. 4.4 (a) and 4.5. 

With the connection between SACZ frequency and SACZ MCCs established, the 

next step was to spatially segregate the linear regression analysis in order to determine 

where the response is greatest.  The study region was divided into quadrants centered on 

the geographic mean (see Fig. 4.3).  MCC frequencies were similar for three of the four 

quadrants (northwest, 24; northeast, 22; southwest, 23; southeast, 6). The linear 

regression analysis shown in Fig. 4.5 was repeated for each quadrant between the number 

of MCCs and SACZ days.  Only the northwest and southwest quadrants had significant 

positive correlations (p = 0.01 for both), with the greater response in the northwest 

quadrant (R2 = 0.89 and 0.70, respectively) (Fig. 4.6; only significant plots are shown).  

Given such a small sample size of MCCs in the southeast quadrant (6 events), a linear 

regression with few degrees a freedom would inflate the threshold for statistically 

significant findings.  Therefore, an additional regression was calculated for all events east 

of the geographic center to increase the sample size from 6 to 28 MCCs (i.e., the total in 

the merged northeast and southeast quadrants).  Again, no statistically significant 

relationship was found.   

Overall, the linear regression analysis suggests that a large proportion of the 

variability in MCC activity across particular areas within South America is explained by 

the presence of the SACZ.  This geographic preference suggests that there may be certain 
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changes in the synoptic environment that are particularly conducive to MCC 

development across Bolivia and northwestern Paraguay, and central Argentina. 

 

4.4  Synoptic analysis 

 In order to ascertain how the synoptic environment that produces MCCs changes 

in relation to position with respect to the SACZ, or the absence of the SACZ, the 

tropospheric circulation across South America were examined for six different subsets of 

MCCs.  The areas that were examined for the first two subsets were chosen based on 

relationship between MCCs and the SACZ west of the 55°W meridian (hereafter, NW 

and SW, referring to the northwest and southwest quadrants shown in Fig. 4.6).  

Additionally, recall that Barros et al. (2002) also show positive precipitation anomalies 

can occur in the SACZ region and at higher subtropical latitudes during SACZ periods.  

These anomalies occur as a result of thunderstorms that feed from the influx of oceanic 

moisture that is advected from a coastal low-level anti-cyclonic circulation.  It is possible 

that MCCs can develop inside the SACZ region, as well as the southern region of SSA 

during SACZ periods; thus comparisons of low and high latitude MCCs (hereafter, 

North-SACZ and South-SACZ) during SACZ periods were explored.  Lastly, MCCs 

located in the core MCC region during SACZ periods and during non-SACZ periods 

(hereafter, CoreSACZ and Corenon-SACZ, respectively) were considered.   

A composite analysis was used to identify differences in the synoptic environment 

conducive to MCC activity in each of the locations described above.  In an attempt to 

control for differences in the location and magnitude of the SACZ, as well as other 

indirect influences on the variability in large-scale atmospheric circulation including 
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teleconnections (e.g., El Niño/Southern Oscillation), MCCs in each composite analysis 

were selected based on the following criterion: 

• For  each subset (i.e., NW, SW, North, South, CoreSACZ, and Corenon-SACZ ): 

o MCCs occurred in reasonably close proximity (i.e., MCCs in each subset 

were at least ≤ 5° of latitude and longitude from each other during some 

point of their lifecycles). 

o  Based on the previous criterion, each composite analysis was performed 

only for MCCs that occurred in the same warm seasons. 

Based on these criteria, each composite analysis for the subsets of NW, SW, CoreSACZ, 

and Corenon-SACZ contained three MCCs, each during 1999-2000, 2005-2006, and 2006-

2007.  The North-SACZ and South-SACZ subsets contained four MCCs during the same 

seasons.  MCC locations for each subset used in the composite analysis are shown in Fig. 

4.7. 

NCEP-NCAR reanalysis data version 1 (Kalnay et al. 1996) were used to create 

composites of the synoptic environments conducive to NW and SW MCCs during SACZ 

periods.  The NW, SW, North-SACZ, South-SACZ, and CoreSACZ composites were 

constructed from 21, 40, 41, 45, and 30 SACZ days, respectively.   The North-SACZ and 

South-SACZ composite analysis was constructed from 15 SACZ days.  The final 

composite analyses included MCCs during non-SACZ periods, consisting of nine days.  

Figs. 4.8 and 4.9 illustrate conceptual models of the synoptic environments for the MCCs 

that occurred during SACZ and non-SACZ periods, which were subjectively determined 

from analyses of the daily NCEP-NCAR reanalysis data. 
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a.  MCCs during SACZ periods 

 In general, the composite analysis of MCCs during SACZ periods exhibited 

similar large-scale atmospheric patterns.  The conceptual diagram of the atmospheric 

composite is summarized in Fig. 4.8.  Starting at the surface, the mean position of the 

subtropical high in the Atlantic was located near 20°S, 22°W (not shown) with surface 

ridging extending from this high pressure center southwest into the coastal area near 

eastern Argentina and Uruguay.  A coastal high was evident with anti-cyclonic low-level 

flow, advecting oceanic moisture into central and western Argentina.  The 850 hPa winds 

showed a low-level core of maximum northwesterly winds (≥ 4 m s-1) along the Andes 

Mountains in northwestern South America, which typically turned eastward in central 

Bolivia toward the vicinity of the Brazilian states of Minas Gerais and São Paulo.  

Specific humidity values at 850 hPa (not shown) typically increased across much the 

tropical region and western portions of SSA, when compared to normal.  A shortwave 

trough at 700 hPa (not shown) was evident across central SSA.  At 500 hPa, there was a 

moderately amplified wave pattern with a ridge over northwest Argentina and a 

negatively tilted trough centered over the SACZ region.  A tripole pattern of the 500 hPa 

vertical velocities of upward vertical velocities (UVV) was found across the SACZ 

region, downward VV (DVV) over Paraguay, northeast Argentina, Uruguay, and 

southeast Brazil, and UVV over much of central Argentina.  Lastly, a 200 hPa winds 

showed a high above Bolivia (known as the Bolivian High) and a trough over northeast 

Brazil, with a jet streak centered over north-central Argentina, Uruguay, and Rio Grande 

do Sul, Brazil. 
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 The response of increased MCC activity in NW during active SACZ periods is a 

likely result of the superimposition of strong, low-level heat and moisture flux, mid-level 

differential vorticity advection and UVV, speed divergence within the descending branch 

of a mid-level trough, and the vicinity of the left entrance region of an upper-level jet 

streak.  To the south, MCCs in central Argentina likely developed from the 

superimposition of the low-level oceanic moisture flux from a coastal anti-cyclone, mid-

level differential vorticity advection, diffluent mid-level winds, and the right exit region 

of the upper-level jet streak.  It is also possible that ascent of warm moist air is enhanced 

from the up-sloping terrain.   

The composite analysis for MCCs in the SACZ region shows these systems were 

influenced by converging 850 hPa winds from the northwesterly tropical corridor and the 

Atlantic subtropical high pressure center, strong mid-level differential vorticity advection 

and UVV, and upper-level divergence.  The SACZ summary from Climanálise states that 

there were intense rains found across the states of Minas Gerais and São Paulo ranging 

from 287-439 mm during the eight-day SACZ episode 2000.  During a seven-day SACZ 

episode in 2006, there were positive rainfall anomalies of 50 mm across northern Rio de 

Janeiro.  Intense 24-hour rain totals were associated with moisture convergence in the 

states São Paulo, Rio de Janeiro, and southern Minas Gerais during a 21-day SACZ 

episode in 2007.  Each of these heavy rainfall events were collocated in time and location 

with MCCs. 
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b.  MCCs during non-SACZ periods 

The final composite analysis is of three MCCs in the core MCC region, but in the 

absence of the SACZ (i.e., non-SACZCR) (Fig. 4.9).  The synoptic pattern varies from the 

conceptual SACZ models described above.  One of the primary differences included a 

more northerly component to the 850 hPa wind corridor near the MCC region.  The 500 

hPa longwave pattern was less amplified with the descending branch of the trough in the 

vicinity of the MCC region.  The 500 hPa vertical velocity tripole pattern was no longer 

evident.  The area with UVVs extended from central and eastern Brazil into western-

central areas of SSA.  Finally, a stronger 200 hPa jet streak was located further east 

centered over southeastern Uruguay, with the left entrance region of the jet streak over 

the MCC region.   

As with most MCCs, prime synoptic conditions for system development and 

maintenance includes ample low-level heat and moisture flux via the LLJ into a surface 

frontal boundary zone with the presence of a shortwave trough in the mid-levels (Laing 

and Fritsch 2000; Smull and Augustine; Augustine and Howard 1991; Cotton et al. 1989; 

Kane et al. 1987; Velasco and Frisch 1987; Maddox 1983).  The superimposition of these 

features characterizes the low-level baroclinic environment conducive to MCCs.  The 

primary difference is that some MCCs in South America, particularly the events from the 

composite analysis, are not as dependent on heat and moisture flux from the Amazon 

Basin.  As this study shows, this is particularly the case for some MCCs at higher 

latitudes of the subtropics.  Figs. 4.10 and 4.11 show 925 hPa wind circulation during the 

leading hours prior to achieving MCC classification, and the locations of North-SACZ 

and South-SACZ MCCs during the SACZ, respectively.  MCCs located in the SACZ 
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region are positioned in the area of relatively strong converging west/northwesterly and 

northeasterly winds.  Notice in Fig. 4.11 the pre-storm anti-cyclonic circulation with 

easterly and northeasterly flow from the Atlantic into central Argentina where the MCCs 

later developed.   

While the results presented here differ from the composite analysis presented by 

Laing and Fritsch (2000), these findings are supported by the conceptual SACZ synoptic 

model shown in Barros et al. (2002).  This does not imply that MCCs at higher latitudes 

of the subtropics rarely interact with the Amazonian LLJ.  Rather, some proportion of 

MCCs across central Argentina develop more in response to low-level subtropical 

easterly and northeasterly circulation from the Atlantic rather than tropical northerly flow 

from the Amazon region, which is in part influenced by the SACZ.    

 

4.5  Summary and Conclusions 

 The purpose of this study was to determine characteristic changes in South 

American MCCs as they relate to the presence of the SACZ.  Previous studies have 

shown that the SACZ modulates the synoptic circulation in a manner that results in a 

precipitation dipole pattern across portions of tropical and subtropical South America.  

During active (non-active) SACZ periods, positive (negative) precipitation anomalies are 

found across Goiás, northern Minas Gerais, southern Bahia, and Espírito Santo in Brazil 

(São Paulo, Paraná, Santa Catarina, and Rio Grande do Sul in Brazil, Paraguay, and 

northern Argentina).  This dipole pattern is largely a result due to the shift in the location 

and direction of the low-level heat and moisture flux via the Amazonian LLJ.   Previous 

studies found that the development and maintenance of MCCs are closely connected to 
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the location of the exit region of the LLJ.  Results from this study demonstrate that some 

MCCs in South America, particularly at higher subtropical latitudes, are not as dependent 

on the Amazonian LLJ. 

 Between October-May during 1998-2007 there were 291 MCCs, 75 of which 

occurred during active SACZ periods.  On average, the SACZ occurs during 23% of the 

warm season.  The mean rate of MCCs per SACZ day compared to MCCs per non-SACZ 

day was nearly the same (0.18 and 0.17, respectively).  While these findings indicate that 

during the study period, MCC frequency was not influenced by the presence of the 

SACZ, statistically significant differences in the mean MCC location in each period were 

determined.  Specifically, the mean location for MCCs during the SACZ period was 

located 240 km northeast of the mean location of non-SACZ MCCs.  Following the 

hypothesis that the mean MCC location during SACZ periods should be located further 

north and east, in part as a result of the position of the Amazonian LLJ, was supported by 

the findings in this study.   

 In terms of composite physical and rainfall characteristic differences between 

MCCs, SACZ systems were shorter-lived, smaller, with smaller rainfall areas, and less 

rainfall production and intensity compared to non-SACZ MCCs.  However, the only 

significant difference was for the horizontal area the cloud shield at the time of maximum 

extent.  Given that the majority of MCCs during active SACZ periods occur near 20°S, it 

is possible that MCCs at this latitude (i.e., more tropical) are in closer proximity to other 

convective systems competing for moisture.  In this situation, MCCs are smaller and less 

efficient at producing precipitation.   
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 Another approach taken in this paper was to examine the variability in the number 

of MCCs and SACZ and non-SACZ days on interannual and intraseasonal time scales.  A 

linear regression analysis comparing MCC frequency with the number of days in each 

period shows warm seasons with longer periods of the SACZ experience significant 

increases in MCC activity during these periods (R2 = 0.89).  In support of this 

relationship, the timing of the SACZ was collocated with MCCs throughout the majority 

each season.  In contrast, there was little relationship between the number of days without 

the SACZ and MCC frequency during periods without the SACZ.  These findings suggest 

that the synoptic environment during SACZ periods is conducive to the development of 

MCCs 

With the evidence of the positive relationship between the SACZ and MCCs on 

interannual and intraseasonal time scales, the next step was to determine where the 

response was located within the study region.  The linear regression analysis was 

repeated for MCCs located in four quadrants centered on the geographic center of MCC 

activity.  Results show significant positive relationships between the number of SACZ 

days and MCC frequency were located in the northwest (R2 = 0.89) and southwest (R2 = 

0.70) quadrants of the study region. These results helps support the connection between 

the SACZ and MCCs established in this study. 

 In order to determine the physical link between the atmosphere and MCCs for 

various locations during SACZ and non-SACZ periods, a composite analysis of large-

scale atmospheric fields was conducted.  The composite analysis revealed that there are 

certain lower and middle tropospheric circulation patterns conducive to the development 

of MCCs during SACZ and non-SACZ periods.  For SACZ MCCs, a coastal high 
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pressure center induces low-level anti-cyclonic flow of oceanic moisture flux inland 

toward central and western Argentina.  The resultant moisture pooling and increased 

instability has the potential to interact with the sloping terrain along the eastern slopes of 

the Andes to induce lift of this warm moist air.  Dynamical features found in the middle 

and upper levels such as differential vorticity advection and jet streak circulations 

commonly traverse the region to provide enhanced ascent.  Together, these features 

provide the trigger for the onset of MCC development at higher subtropical latitudes.  

Further north, the convergence of northwesterly and northeasterly winds along a slow 

moving cold or quasi-stationary frontal boundary induces a low-level baroclinic zone, 

which provides the optimal low-level conditions for MCC initiation. 

The findings for the composite analysis for non-SACZ MCCs are in agreement 

with results from previous studies of common synoptic regimes conducive to MCC 

development.  The presence of a relatively weak shortwave disturbance rotating through 

a low amplified mid-level longwave pattern is commonly present.  The low-level wind 

maximum in the tropics has a more northerly component providing ample low-level heat 

and moisture into the subtropics.  The interaction of these features within a deep wind-

shear layer provides a classic setup for MCCs. 

Laing and Fritsch (2000) found in their global analysis of MCC synoptic 

environments that the LLJ was present in all regions.  Numerous other studies have 

demonstrated the close connection between thunderstorm formation and the exit region of 

the LLJ.  However, this study is unique in that it demonstrates a scenario, whereby an 

area common to MCCs may often form 15°-20° south of the exit region of the 

Amazonian LLJ.  In this situation MCCs thrive in part from the strength and position of 
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the coastal high, and are far removed from interactions with the Amazonian LLJ.  Its 

strength and position may vary in part, as a function of the presence of the SACZ.  The 

Amazonian LLJ has been shown to penetrate higher subtropical latitudes (i.e., south of 

25°S –known as Chaco Jet Events; see Nicolini and Saulo 2000), aiding in the initiation 

of convection across central Argentina.  It is possible that the northerly flow from Chaco 

Jet Events merges with the coastal anti-cyclone to enhance moisture flux into this region, 

particularly during non-SACZ periods.  However, the current study demonstrates that at 

least some proportion of MCCs in central Argentina develops in the absence of northerly 

low-level winds.  It is therefore possible that overall convection and resultant 

precipitation patterns across central Argentina during the warm season are modulated by 

the presence of both Chaco Jet Events and a coastal anti-cyclone, which have been shown 

to be strongly influenced by the SACZ. 

Lastly, it is important to consider that the SACZ exhibits large geographic 

variability in the magnitude, extent, and location.  Carvalho et al. (2004) classified the 

SACZ based on oceanic vs. continental locations and weak vs. intense version of each 

category.  Differences in the magnitude and location of the SACZ may lead to 

considerable variations in the synoptic circulation.  It is likely given the small sample set 

used in the composite analysis in the current study that the variation in both MCCs and 

the SACZ is not fully represented.  For these reasons, future work should include a 

greater sample size of MCCs or other thunderstorm events, or concentrate on modeling 

efforts in order to explore the results presented here in greater detail.  
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Table 4.1. Mesoscale Convective Complex definition based on analyses of infrared 
satellite imagery. 

Mesoscale Convective Complex (MCC) Definition  
Criterion Physical Characteristics

Size Interior cold cloud region with temperature of ≤ -52°C must have an area 50,000 km2

Initiation Size definition first satisfied 
Duration Size definition must be met for a period of ≥ 6 hours.  
Maximum 

Extent Contiguous cold-cloud shield (IR temperature -52°C) reaches maximum size.  

Shape Eccentricity (minor axis/major axis) ≥ 0.7 at time of maximum extent.  
Terminate Size definition is no longer satisfied 

*MCC definition originally developed by Maddox (1980) 
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Table 4.2. Summary of MCCs, and SACZ and non-SACZ periods during October-March 
for 1998-2997.  The % indicates the frequency proportion of the total number of warm-

season days from each period. 
 

 
Season 

SACZ No SACZ 

No. of 
days 

% No. of 
MCCs 

MCCs 
per day

No. of 
days

% No. of 
MCCs

MCCs 
per day 

1998-99 29 16 2 0.07 153 84 27 0.18 
1999-00 54 30 14 0.26 129 70 22 0.17 
2000-01 18 10 0 0.00 165 90 27 0.16 
2001-02 35 19 7 0.20 147 81 32 0.22 
2002-03 34 19 8 0.24 148 81 21 0.14 
2003-04 31 17 7 0.23 152 83 18 0.12 
2004-05 45 25 7 0.16 138 75 17 0.12 
2005-06 58 32 13 0.22 124 68 26 0.21 
2006-07 75 41 17 0.23 107 59 26 0.24 

Total 379  75  1261  216  

Mean 42 23 8 0.18 140 77 24 0.17 
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Table 4.3. MCC composite characteristics based the presence and absence of the SACZ.  
The * indicates statistically significant difference of means. 

 
MCC physical 
characteristics 

SACZ No SACZ 

Duration (h) 12.9 13.6 
*Maximum extent (km2) 210,667 261,652 

Rainfall Area (km2) 302,131 361,188 
Rainfall Volume (km3) 4.7 6.3 

Rain Rate (km3 hr-1) 0.33 0.39 
*Latitude 24.46°S 25.57°S 

*Longitude 54.31°W 55.83°W 
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Table 4.4.  The difference between the number of MCCs per SACZ day and non-SACZ 
day for each warm season.  Positive (negative) values indicate more MCCs per non-

SACZ day (SACZ day). 
 

Season MCC rate 
Difference 

1998-99 0.11
1999-00 -0.09
2000-01 0.16
2001-02 0.02
2002-03 -0.10
2003-04 -0.11
2004-05 -0.04
2005-06 -0.01
2006-07 0.01
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Table 4.5. Monthly percent of SACZ days (total number of SACZ days/ total number of 
days in a month) and the percent of MCCs that occurred during SACZ days (total number 
of MCC SACZ days/total number of SACZ days), respectively, given by the ordered 
pairs in each cell.  Bold underlined values highlight SACZ months with SACZ days and 
no MCCs.  N is the number of SACZ and non-SACZ MCCs in each season, respectively. 

 
 

1998-99

N = 2:27

1999-00

N=14:22

2000-01

N = 0:27

2001-02

N = 7:32
2002-03

N = 8:21
2003-04

N = 7:18
2004-05

N = 7:17

2005-06

N=13:26

2006-07

N=17:26

OCT NOV DEC JAN FEB MAR

+ 20,0 + 42,0 29,20 +

36,15 23,22 16,58 19,50 21,25 +

+ + 44,0 13,0 + +

+ 13,17 19,40 + 36,23 +

+ + + 48,29 25,30 +

+ + 26,23 36,48 4,0 +

+ 7,67 26,36 10,40 32,10 41,0

+ 30,44 32,17 29,31 14,43 26,20

13,0 27,10 36,35 45,42 36,33 16,0

 



 

123 
 

 

 

Fig. 4.1.  Subtropical South America, including the states of Brazil and the provinces of 
Argentina. 
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Fig. 4.2.  Schematic diagram illustrating the SACZ region (hatched box) across South 
America.  Arrows depict common routes of the northerly LLJ throughout the warm 
season.  The shaded area represents the area with the greatest MCC activity and 
widespread MCC rainfall contributions ranging between 30-50%. 
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Fig. 4.3.  Spatial distribution of the 291 MCCs between October-March for 1998-2007 
during the time of maximum extent.  Dots indicate MCCs that occurred when the SACZ 
was not present, whereas triangles indicate MCCs during SACZ days.  The “x” located in 
southeast Paraguay indicates the mean position of all MCCs at the time of maximum 
extent. 
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Fig. 4.4.  The number of MCCs (bold line) and the number of days during (a) SACZ and 
(b) non-SACZ periods (bars). 
 

(b) 
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R = 0.892

N = 75

 
 
Fig. 4.5.  MCC frequency (only during the presence of the SACZ) and the number of 
SACZ days in each warm season. Line shows the linear regression model fit of these 
data.  N = 75 MCCs that occurred during the SACZ for the nine warm seasons of 1998-
2007. 
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N = 23 R = 0.702

N = 24 R = 0.892

N = 6

N = 22

 
 

Fig. 4.6.  Spatial distribution of MCCs that occurred during SACZ periods.  Linear 
regression models are the same as in Fig. 4.5 except by quadrants centered on the 
geographic mean (see Fig. 4.1). 
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Fig. 4.7.  Locations of composite SACZ MCC subsets for the northwest and southwest 
quadrants (squares and circles, respectively; see Fig. 4.6), SACZ region (North-SACZ, 
triangles), high-latitude region (South-SACZ, circles with dots), and core MCC region 
(pentagons with dots), and non-SACZ MCCs in the core region (stars) and systems 
located inside the primary MCC region (see Fig. 4.2). 
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Fig. 4.8.  Schematic diagram illustrating composite synoptic environment for MCCs that 
occurred during SACZ periods.  Surface anticyclone is shown by the bold “H”; Bold 
dashed arrow with hatched circle indicates the direction and location of the strongest 850 
hPa winds; long thin arrows near 30°S indicate 850 hPa-wind circulation; thin-line wave 
pattern shows 500 hPa geopotential height configuration; dark (light) shaded regions 
show areas of upward (downward) 500 hPa vertical velocity; small thin arrows are 200 
hPa wind directions; long bold arrow is the axis of the 200 hPa jet streak. 
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Fig. 4.9.  As in Fig. 4.8 except for systems located inside the MCC region (see Fig. 4.1) 
during non-SACZ days. 
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Fig. 4.10.  925 hPa wind vectors and the locations of MCCs (shaded areas) that occurred 
during (a) 1-8 January 2000, (b) 24-28 November 2005, (c), 27 January-2 February 2006, 
and (d) 27 December 2006-16 January 2007 SACZ periods. 
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Fig. 4.11.  As in Fig. 12 except for “South” MCCs that took place during (a) 17-25 
November 1999, (b) 1-8 January 2000, (c) 27 January-2 February 2006, and (d) 27 
December 2006-16 January 2007  SACZ periods.  



 

134 
 

 

 

CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 

5.1  Overview 

 South American weather and climate are driven by the combination of complex 

physiographic landscapes, diverse land-cover, and the position of the continent with 

respect to prevailing large-scale atmospheric circulation and adjacent ocean bodies.  The 

abundance of heat and moisture transported from both the Amazon rainforest and 

Atlantic Ocean fuel some the world’s largest, most intense thunderstorms, particularly in 

the subtropics (Zipser et al. 2006).  The impact of the rainfall from these thunderstorms 

on the communities within subtropical South America (SSA) varies from beneficial to 

perilous.  Much of the rainfall from large, long-lived thunderstorms across SSA helps to 

sustain the economy as a natural resource for agricultural industries (Mechoso et al. 

2001).  However, intense prolonged rainfall from organized thunderstorms often leads to 

floods that result in the spreading of diseases, property and crop damages, injuries, and 

deaths (IPCC 2007; Jonkman 2005; Carvalho et al. 2002; Mechoso et al. 2001; Velasco 

and Fritsch 1987).  Given the wide range of impacts from heavy rainfall events in SSA, 

the overarching goal of this dissertation was to assess the climatology, rainfall 

characteristics, and the influence of large-scale atmospheric circulation on the largest 

thunderstorm class of mesoscale convective systems, the mesoscale convective complex 

(MCC). 
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MCCs are often associated with prodigious rainfall totals, distributed over 

sizeable areas that account for large fractions of the total rainfall for various regions 

around the world (e.g., Ashley et al. 2003; Laing et al. 1999; McAnelly and Cotton 1989; 

Fritsch et al. 1986).  While some studies focusing on South American convection and 

precipitation have included investigations of the characteristics of large, long-lived 

thunderstorms, there is a paucity of research on MCC over South America.  Some studies 

of South American MCCs focused only on specific events or concentrated on MCCs 

across relatively smaller areas within the continent (e.g., Figueiredo and Scolar 1996; 

Duquia and Silva Dias 1994; Rocha 1992; Scolar and Figueiredo 1990; Silva Dias 1987; 

Guedes 1985; Guedes and Silva Dias 1984).  In one of the pioneering investigations of 

South American MCCs, Velasco and Frisch (1987) found MCC activity was highly 

concentrated within the subtropical region (20°S-40°S) during their study period (1981-

1983).  Results from their study also showed that MCCs in South America were larger 

and longer-lived than MCCs in the United States.  Based on their limited sample of two 

years, it was hypothesized that MCCs in SSA were significant in terms of size, duration, 

and rainfall production and contribution, particularly with respect MCCs in the U.S.  

Therefore, a longer period of record was necessary in order to better understand and 

describe the physical characteristics of MCCs in SSA. 
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5.2  Summary 

 

a.  Subtropical South American MCC climatology 

The purpose of the first manuscript (Chapter 2) was to improve our understanding 

of South American MCCs by examining these events during the warm-season (October-

May) for the period 1998-2007.  During the period of record, 330 MCCs were 

documented.  SSA experienced a mean occurrence of 37 MCCs each warm season with 

peak frequencies in December and January over northern Argentina, Paraguay, and 

portions of southern Brazil.  Although the mean warm-season frequencies documented in 

Velasco and Fritsch (1987) and this study are similar, Velasco and Fritsch (1987) found 

November as the month of peak MCC occurrence.  Contrary to the findings in Velasco 

and Fritsch (1987), this dissertation shows that the variability in MCC frequency 

throughout the warm season appears to be strongly connected to the seasonal solar cycle.  

This is apparent given that 80% of all MCCs occurred during November through March.  

Furthermore, the MCCs examined in this dissertation were predominantly nocturnal 

events that typically lasted 14 hours and reached maximum cloud-shield sizes of 256,500 

km2.  When compared to the MCCs documented by Velasco and Fritsch (1987), the 

results presented here show that MCCs are 27% larger and 2.5 hours longer than they 

documented.   

While the differences in the findings between Velasco and Fritsch (1987) and this 

dissertation highlight the importance of examining a longer period of record, both studies 

showed that MCCs are very large, long-lasting, and frequently occurring events in SSA.  

This is particularly true when compared to MCCs in the U.S.  MCCs in SSA were 
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hypothesized to contribute substantially to rainfall totals across the region, given their 

large size and frequent occurrence, which was examined further in the second manuscript 

(Chapter 3).   

 

b.  MCC rainfall 

The purpose of the second manuscript (Chapter 3) was to quantify MCC rainfall, 

determine the contribution of MCCs to the total rainfall across SSA, and assess the 

impact of MCC rainfall on regional precipitation anomalies.  In order to quantify warm-

season rainfall in data-sparse areas across SSA, the Tropical Rainfall Measuring Mission 

Multi-Satellite Precipitation Analysis (TMPA) 3B42 Version 6 data (Huffman et al. 

2007) were combined with the MCC dataset developed in the first manuscript (Chapter 

2).  The result from the second manuscript (Chapter 3) provided a unique perspective on 

the role of MCC rainfall in South American precipitation variability, which helps extend 

our global understanding of MCCs. 

During 1998-2007, MCCs produced an average of 15.7 mm of rainfall over 

381,000 km2, with a volume of 7.0 km3.  MCCs accounted for 15-21% of the total warm-

season rainfall across portions of northern Argentina and Paraguay.  When examined on 

intraseasonal time scales, MCC rainfall contributions ranged from 11-20% during all 

warm-season months across much of this region.  For some areas of northern Argentina 

and Paraguay, MCCs accounted for 20-30% of the total rainfall between November-

February, and 30-50% in December.  MCCs contributed 30-66% and 30-40% of the total 

rainfall across the central-western provinces of Mendoza, Neuquén, and La Pampa in 

Argentina during November and May, respectively (see Fig. 1.1).  When compared to the 
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monthly analysis, interannual MCC rainfall contributions were higher, accounting for ≥ 

50% of the total rainfall across SSA.   

These findings reveal the important role MCCs play in monthly and annual 

rainfall totals across much of SSA.  Another way to portray the importance of MCC 

rainfall is to examine MCC rainfall totals in relation to warm-season precipitation 

anomalies.  In order to determine the magnitude of the effect of MCC rainfall on 

precipitation anomalies, a MCC Impact Factor (MIF) was developed.  The MIF simply 

identified locations where anomaly values changed by ≥ 0.5 standard deviations due to 

MCC rainfall, and used a MIF magnitude ranking scale of 1-6 at intervals of 0.5 standard 

deviations.  A comparison of the locations of various MIF magnitudes in relation to the 

given rainfall anomaly helps identify the impact of MCCs on areas that received above or 

below average seasonal rainfall totals.   

Results from the MIF analysis showed that MCC rainfall had an impact (i.e., ≥ 

MIF-1) on many areas of SSA in each of the nine warm-seasons.  The 2000-01 warm 

season was unique in that only MIF-1 was observed.  However, many locations of MIF-1 

were found in areas of below-average rainfall (particularly southern and southeastern 

Brazil).  The extent of the impact was greatest during 1999-2000 with MIF-1 as the 

dominant magnitude.  Anomalously dry conditions were collocated with zero impact of 

MCC rainfall across Uruguay, northeastern Argentina, and southeastern Brazil during 

2005-06.  However, MIF-4 and MIF-5 were collocated with near average rainfall just to 

the northwest, which suggests that the abrupt change from below-average to normal 

rainfall across this area was largely a result of MCCs.  Overall, the MIF analysis 
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demonstrated that MCC rainfall can help sustain average rainfall conditions, as well as 

prevent (exacerbate) rainfall deficit (surplus) across many areas within SSA. 

 

c.  MCCs and the South Atlantic Convergence Zone  

The purpose of the third manuscript (Chapter 4) was to determine characteristic 

changes in South American MCCs as they relate to the presence of the South Atlantic 

Convergence Zone (SACZ), a quasi-stationary band of convection from the Amazon 

Basin into the Atlantic Ocean.  The SACZ is closely monitored by the Center for Weather 

Forecast and Climatic Studies (CPTEC) within the Brazilian Ministry of Science and 

Technology’s National Institute for Space and Research (INPE) between October-March.  

CPTEC provides archived monthly climate bulletins (Climanálise) that detail the timing 

of the onset and demise of SACZ episodes.  The datasets developed in the previous 

manuscripts (Chapters 2 and 3) were combined with the SACZ data provided by CPTEC 

to examine alterations in the large-scale atmospheric circulation during the SACZ that 

were conducive MCC development across the study region.   

During October-March of 1998-2007, the SACZ occurred during 23% of the 

warm season days, during which 75 MCCs formed, versus 216 on non-SACZ days.  The 

number of MCCs per SACZ and non-SACZ day was 0.18 and 0.17, respectively.  

Although the rate of MCC occurrence in each period was very similar, the mean location 

of SACZ MCCs was 240 km northeast of the non-SACZ location.  This shift toward the 

SACZ region was expected because of the changing position and direction of the low-

level flow of heat and moisture toward the SACZ region that has been shown in previous 

studies.  Furthermore, most of the interannual variation (89%) in the number of MCCs 
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during periods of SACZ was due to changes in the frequency of SACZ.  This relationship 

was particularly strong across portions of Bolivia and northwest Paraguay, and central 

Argentina.   

Composite analyses of several tropospheric data fields of subsets of SACZ MCCs 

across the study region (e.g., Bolivia and northwest Paraguay, central Argentina, and the 

SACZ region) showed the direct and indirect influence of the SACZ on MCCs.  During 

the SACZ, some MCCs located ≤ 20°S developed in the vicinity of the northwesterly 

low-level corridor of heat and moisture transport.  Other systems developed in the SACZ 

region where the convergence of westerly and northeasterly winds in association with the 

Amazonian LLJ and subtropical Atlantic high was often observed.  Farther south in 

central Argentina, some MCCs developed in the vicinity of low-level easterly flow from 

anti-cyclonic circulations off the coast of Argentina and Uruguay.  This study is unique in 

showing a link between an MCC genesis region and low-level circulation other than the 

northerly, tropical advection of heat and moisture.  Much of previous MCC research has 

shown MCC development and maintenance are connected to the exit region of the LLJ.  

Contrary to the findings from previous MCC research, the development of some MCCs, 

particularly higher-latitude systems in South America, is dominated by moisture fluxes 

from low-level anti-cyclonic flow off the coast in the Atlantic during SACZ periods.  

Together, these findings demonstrate the direct and indirect influences of the SACZ on 

the development and maintenance of MCCs across portions of tropical and subtropical 

South America, through its effect on the synoptic environment. 
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5.3  Conclusions 

Results from this dissertation extend our global understanding of the role of 

MCCs, particularly with respect to subtropical South American precipitation variability.  

Prior to this work, South American MCCs were largely un-studied, with the exception of 

the pioneering research by Velasco and Fritsch (1987).  This dissertation has shown that 

MCCs in SSA are large, long-lived events that produce copious amounts of rainfall over 

sizeable areas.  These events account for large fractions of the total precipitation across 

SSA, and they have been shown to have a substantial impact on regional precipitation 

anomalies.  Furthermore, this study utilizes innovative techniques to provide a new 

perspective on monthly and warm-season precipitation patterns across SSA.   

However, due to strict MCC classification criteria used in this study, it is likely 

that the inclusion of other large MCSs would show that even higher rainfall contributions 

are the result of large mesoscale convective systems.  Further investigations should 

examine differences in fractional rainfall contributions of MCCs and other large MCSs.  

These types of studies are increasingly important given that the most recent Assessment 

Report from the Intergovernmental Panel on Climate Change (IPCC 2007) suggests that 

heavy precipitation events are very likely to increase throughout the next century.   The 

result of the projected increase due to anthropogenic climate change would likely 

contribute to nearly 20% increased rainfall and up to 40% increased annual runoff across 

portions of SSA (IPCC 2007).  Increases in flood frequency and magnitude from heavy 

rainfall events, including rainfall resulting from MCCs, will likely contribute to 

considerable property loss and disruptions of industry and society.  Lastly, increases in 

heavy precipitation events and their resultant flooding will likely lead to an increased risk 
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of injuries, diseases, and loss of life (IPCC 2007).  Perhaps the work presented here will 

raise the awareness, and harness a better understanding of the characteristics and 

behavior of heavy precipitation events such as MCCs, so that the people and economy of 

SSA are less vulnerable to these potential threatening changes in climate across the 

region. 
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