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wide-ranging social and economic implications. There is a well-documented out-of-phase 

relationship between precipitation in this region and in the South Atlantic Convergence Zone 

(SACZ), but few studies have investigated relationships between the SACZ and large, long-lived 

convective systems (LLCSs) that produce much of the annual precipitation over the La Plata 

basin. Additionally, the widespread presumption that these LLCSs are primarily initiated by 

moisture from the Amazon basin has heretofore received little scrutiny. This thesis demonstrates 

that active phases of the continental and oceanic portions of the SACZ have distinctly different 

relationships with La Plata LLCSs, and that the oceanic SACZ is more strongly related to LLCS 

activity over most of the La Plata basin. Results also suggest that regions other than the Amazon 

often contribute moisture to La Plata basin LLCSs, a finding that warrants further investigation. 
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CHAPTER 1 

INTRODUCTION AND MOTIVATION 

1.1 Study overview 

Subtropical South America regularly experiences some of the largest, longest-lasting, and 

most intense organized thunderstorms in the world. These thunderstorm complexes, known as 

mesoscale convective systems (MCSs), produce a substantial proportion of the region’s annual 

precipitation (Durkee et al. 2009) and are associated with many forms of hazardous weather 

including large hail, damaging winds, tornadoes, and flash flooding (Maddox 1980; Tollerud and 

Collander 1993; Rasmussen and Houze 2011; Silva Dias 2011). MCSs in the South American 

subtropics are most common between the months of October–May, during the warm phase of the 

South American monsoon (Velasco and Fritsch 1987). Spatially, warm-season MCSs are 

concentrated in the La Plata river basin of southeastern South America (SESA; see Fig. 1.1), 

which encompasses much of southern Brazil, Paraguay, Uruguay, southern Bolivia, and northern 

and central Argentina (Durkee and Mote 2009; Mattingly 2012). Precipitation in this region has 

been shown by numerous studies (e.g. Nogués-Paegle and Mo 1997; Diaz and Aceituno 2003; 

Liebmann et al. 2004) to be negatively correlated with precipitation in the South Atlantic 

Convergence Zone (SACZ), an elongated northwest-to-southeast oriented area of clouds, 

precipitation, and atmospheric mass convergence often observed across southeast Brazil and the 

adjacent southwest Atlantic Ocean.  

Despite extensive research into this “South American Seesaw” precipitation dipole 

(Nogués-Paegle and Mo 1997), there has been little published work on any relationships between 

the SACZ and MCS activity over the La Plata basin. An initial study by Durkee (2008) suggests 
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that periods of enhanced rainfall in the SACZ are associated with a northeastward displacement 

of MCSs and a shift in moisture flux from the Amazon basin toward the SACZ region. However, 

this analysis of MCS – SACZ relationships was somewhat limited in examining only a subset of 

quasi-circular MCSs known as mesoscale convective complexes (MCCs), and in its use of a 

SACZ definition that does not account for differences in location of SACZ episodes. Another 

significant finding of Durkee (2008) was the existence of MCSs in the higher latitudes of central 

Argentina that may develop in the absence of moisture flux from the Amazon River basin via the 

South American Low-Level Jet (SALLJ). This suggests the canonical assumption that the 

SALLJ is the primary moisture source for organized convection over the La Plata basin may not 

be valid in all cases.   

These gaps in understanding of the atmospheric drivers of large-scale organized 

convection over the La Plata basin hold wide-ranging implications and warrant further 

investigation. Therefore, the objective of this thesis is to more thoroughly explore atmospheric 

circulation patterns and moisture transport regimes associated with the formation of these large, 

long-lived convective systems (LLCSs) in subtropical South America and their relationships 

with SACZ activity. Particular emphasis is placed upon LLCSs in central Argentina that may 

receive moisture from sources other than the Amazonian SALLJ. 

1.2 Motivation 

The La Plata river basin is the fifth largest in the world, with an areal extent of 

approximately 3.6 million km
2
. It is one of the world’s centers of food production, and the 

regional economy is largely based on agriculture. According to the Food and Agriculture 

Organization of the United Nations, both Brazil and Argentina rank among the world’s top ten 

producers of numerous agricultural products, including soybeans, maize, and beef (FAO 2014), 

and these two countries rank second and third, respectively, behind the United States as 
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producers of genetically modified crops (Delvenne et al. 2013; Goldfarb and Zoomers 2013; 

ISAAA 2014). Moreover, the majority of electricity in SESA is generated by hydropower plants 

on the region’s numerous rivers (the Itaipú hydroelectric plant on the Paraná River alone 

generates over 95% of Paraguay’s electricity and 24% of Brazil’s), and most drinking water in 

the region (including that of Buenos Aires and São Paulo, the two largest cities in South 

America) is supplied by these rivers (Mechoso et al., 2001).  

These facts show that subtropical South America is highly vulnerable to fluctuations in 

rainfall, and any shortages or excesses in precipitation hold profound economic and social 

implications for the region. Durkee et al. (2009) showed that MCCs contribute substantially to 

the region’s warm-season precipitation, and Mattingly (2012) determined that non-MCC LLCSs 

(known as persistent elongated convective systems or PECS) are much more numerous and are 

both larger and longer-lasting on average than their MCC counterparts. Therefore it is reasonable 

to surmise that LLCSs account for a large proportion of regional precipitation, and fluctuations 

in LLCS activity have wide-ranging economic and social consequences. 

An improved understanding of the current relationships between LLCSs, the SACZ, and 

atmospheric flow regimes in SESA will also be beneficial as a baseline for the assessment of past 

and possible future variability in regional precipitation. Vimeux et al. (2011) found that the 

intraseasonal variability in precipitation patterns associated with the South American Seesaw is 

closely related to the isotopic composition of rainfall in the Bolivian Andes, while Insel et al. 

(2013) and Jouzel et al. (2013) suggest that the source region of moisture is an important factor 

in determining the isotopic composition of precipitation that falls in the Andes. The analysis of 

moisture sources of SESA LLCSs in this study will thus aid in the interpretation of the isotopic 

composition of regional precipitation samples and paleoclimate proxy records.  
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According to Penalba and Robledo (2010), much of the La Plata basin experienced an 

increasing trend in precipitation and heavy precipitation events between 1950 and 2000. Climate 

model simulations analyzed by Junquas et al. (2012) suggest that this trend will continue, with an 

increase in summer rainfall in the La Plata basin and a decrease in the SACZ region projected 

during the 21
st
 Century under a midrange (SRES-A1B) global warming scenario. However, there 

is a great deal of uncertainty in these predictions, as most climate models have difficulty in 

reproducing the current large-scale atmospheric mechanisms that influence precipitation 

variability in SESA (Vera and Silvestri 2009). Therefore this study’s contribution to the body of 

scientific knowledge on the large-scale dynamics and moisture source regions that drive South 

American hydroclimate will help provide a valuable platform for researchers to build upon as 

they continue to evaluate current and future trends in precipitation variability across the 

subtropics of South America. 
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Fig. 1.1. Subtropical South America study domain. 
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CHAPTER 2 

BACKGROUND 

2.1 South American hydroclimate 

a. The South American monsoon  

The tropical and subtropical regions of South America can be described as having a 

complex monsoon climate system (Nogués-Paegle et al. 2002). As with other monsoons, climate 

variability over most of the continental land mass (north of 35°S) is characterized by a 

pronounced seasonal cycle in rainfall. During austral winter, most continental precipitation 

occurs north of the equator near the position of the oceanic Intertropical Convergence Zone 

(ITCZ). A rapid southward shift in precipitation occurs during October–November, with 

maximum precipitation during austral summer covering a broad region of the tropical and 

subtropical continent extending from the southern Amazon basin to northern Argentina (Fig. 

2.1). Although this seasonal shift in precipitation is forced by the low thermal inertia of the 

continental land surface relative to the adjacent oceans, a defining feature of monsoon systems, 

Garreaud et al. (2009) point out that the South American climate system is not truly monsoonal 

because the mean easterly low-level winds off the equatorial Atlantic never reverse direction (see 

Fig. 2.1). However, most scientists (e.g. Vera et al. 2006a; Carvalho et al. 2012; Vuille et al. 

2012) still refer to this pronounced seasonal cycle as the “South American monsoon”, and this 

naming convention will be maintained in this thesis.  

In the South American subtropics, a defining feature of the warm phase of the monsoon is 

a persistent near-surface region of low pressure centered in the lee of the Andes near 25°S 

(Seluchi et al. 2003), known as the “Chaco Low” due to its average position in the Chaco region 
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of southern Bolivia, western Paraguay, and northern Argentina. It can be identified in Fig. 2.1a 

by the clockwise (cyclonic) turning of the mean January 925-hPa wind vectors in the western 

part of the continent between 20°S and 30°S. Moisture-laden easterly winds in the Amazon basin 

are directed to the south by this circulation and the topographic blocking effects of the Andes. 

Strong episodes of this poleward flow are known as the South American Low Level Jet (SALLJ) 

and transport large quantities of moisture southward and southeastward to higher subtropical 

latitudes (Saulo et al. 2000; Vera et al. 2006b). In the upper levels of the atmosphere, latent heat 

release by summer convection in the Amazon basin leads to the development of a high-pressure 

cell known as the Bolivian High (Lenters and Cook 1997), which clearly appears in Fig. 2.1c as a 

counterclockwise (anticyclonic) circulation in the 300-hPa winds over the western two-thirds of 

the continent between 10°S and 25°S. Downstream of this feature, an upper-level cyclonic 

circulation appears as a clockwise flow of the 300-hPa winds over the northeast coast of Brazil 

(Fig. 2.1c).  

b. The South Atlantic Convergence Zone and the South American Seesaw 

The South Atlantic Convergence Zone (SACZ) is a prominent northwest-to-southeast 

oriented band of enhanced warm-season convection extending diagonally from the central 

Amazon basin into the Atlantic Ocean. It is a hallmark feature of the warm phase of the South 

American monsoon and is one of several large-scale subtropical southern hemisphere 

convergence zones (Fig. 2.2), including the South Pacific Convergence Zone (Vincent 1994) and 

the South Indian / Southeast African Convergence Zone (Cook 2000; McHugh and Rogers 

2001). The SACZ appears suddenly at the onset of the monsoon as a result of an abrupt change 

in the structure and propagation of mid-latitude cold frontal systems penetrating northward into 

the South American subtropics (Nieto-Ferriera et al. 2011). Once this transition occurs, 
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subsequent SACZ events are triggered by the intrusion of synoptic-scale extratropical 

disturbances into the subtropics, which become stationary and combine with large-scale moisture 

flux from the Amazon to enhance convergence for a number of days (Gan et al. 2004; Muza et 

al. 2009). Although the area affected by the SACZ is relatively consistent on an interannual 

basis, individual SACZ events during each warm season vary substantially in location, duration, 

and intensity (Muza et al. 2009, de Oliveira Vieira et al. 2012; Romatschke and Houze 2013). In 

particular, Carvalho et al (2004) and Muza et al. (2009) have shown that atmospheric circulation 

patterns during enhanced SACZ events over the land mass of central and southeastern Brazil (the 

“continental” SACZ region) are distinct from those associated with SACZ events over the 

western Atlantic Ocean (the “oceanic” SACZ region), and that continental and oceanic SACZ 

events often occur independently of one another.  

Once the warm-season SACZ is established, the “Seesaw” between precipitation in the 

SACZ region and southeastern South America (SESA) oscillates on average time scales of 10–

15 days throughout the warm season (Liebmann et al. 2004). During periods of enhanced 

precipitation in SESA, a strong SALLJ located east of the Andes enhances moisture flux from 

the Amazon region to the subtropics and low-level zonal easterly wind anomalies over the 

central Amazon basin of Brazil serve to decrease the strength of low-level convergence in the 

SACZ region. During periods of enhanced SACZ precipitation, low-level westerly wind 

anomalies over tropical Brazil enhance low-level convergence in the SACZ, and moisture flux to 

the La Plata basin is cut off. In the upper levels of the atmosphere, enhanced precipitation in 

SESA is associated with a cyclonic circulation anomaly over central Argentina and Chile and an 

anticyclonic anomaly over the southern Atlantic Ocean near the coast of southern Brazil, with 

these features reversed during enhanced SACZ periods. Figures 2.3 and 2.4 summarize 



9 
 

 
 

precipitation and atmospheric circulation patterns associated with each phase of the South 

American Seesaw. 

c. Extratropical air intrusions and mid-latitude Rossby waves 

Although this study is primarily concerned with organized convection related to the warm 

phase of the tropical and subtropical South American monsoon, the variability of LLCS and 

SACZ activity in SESA is also affected by extratropical atmospheric mechanisms. Mid-latitude 

cold air surges along the east side of the Andes typically occur at one- to two-week intervals 

throughout the year over subtropical South America (Garreaud 2000). During the warm season, 

these cold air intrusions often organize MCSs along their leading edge as they enter subtropical 

South America, and they can play a role in the formation of SACZ events when their progress 

slows along the southeastern coast of Brazil (Siqueira et al. 2005; Nieto-Ferriera et al. 2011).  

Extratropical atmospheric processes are particularly prominent in the higher latitudes of 

central and southern Argentina, where precipitation variability is influenced more directly by 

transient mid-latitude baroclinic waves than by the monsoonal regime (Garreaud et al. 2009). In 

this region, westerly winds associated with the southern hemisphere mid-latitude jet stream 

prevail throughout the troposphere during all seasons, and precipitation is largely produced by 

extratropical cyclones whose paths are determined by the extratropical Rossby wave train 

(Lenters and Cook 1999; Vera et al. 2002). Given that Durkee et al. (2008) found MCC events in 

central Argentina that were potentially disconnected from the SALLJ and several studies (e.g. 

Hoke et al. 2013; Viale and Garreaud 2014) have determined that the moisture source of 

precipitation along both the eastern and western slopes of the Argentinian Andes can often be 

traced to the Pacific Ocean, it is possible that some proportion of LLCSs in central Argentina are 

formed by the uplift of Pacific moisture by extratropical cyclones. 
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d. South Atlantic ocean characteristics 

An important feature of the oceanic circulation along the eastern coast of South America 

is the Brazil Current, a weak western boundary current that transports warm water from the 

equatorial Atlantic poleward along the coasts of Brazil and Uruguay from around 10°S to 38°S 

latitude (Bischof et al. 2004). It borders the eastern coast of Brazil closely for most of its length, 

and then is diverted offshore by the cold Malvinas Current flowing northward from the Antarctic 

region as it approaches the Rio de la Plata estuary (Fig. 2.5). The region where these two currents 

collide, known as the Brazil-Malvinas Confluence Zone, is one of the most energetic areas in the 

world’s oceans (Saraceno et al. 2004; Pezzi et al. 2005). 

Sea surface temperatures (SSTs) in the Brazil Current typically range from 18°C to 28°C, 

with highest SSTs occurring during the height of the warm season (January through March) in 

the northern part of the current off the east coast of Brazil (Bischof et al. 2004). These warm 

season SSTs are comparable to slightly below those observed in the equatorial Atlantic waters 

from which the Brazil Current originates (Fig. 2.6; Bischof et al. 2003). This observation, along 

with the documented high rates of oceanic and atmospheric boundary layer mass exchange in the 

region of the Brazil Current (Pezzi et al. 2009), suggests that the warm waters off the eastern 

coast of South America may serve as a prominent moisture source region for precipitation in 

SESA. Indeed, Doyle and Barros (2002) found that anomalously warm SSTs along the eastern 

coast of South America north of 40°N were associated with an enhancement of precipitation over 

northern Argentina, Uruguay, and southern Paraguay and a decrease in SACZ activity during the 

summer, while anomalously cool SSTs in the same region favored enhanced SACZ activity and 

a decrease in La Plata basin precipitation. A similar relationship between anomalously warm 

coastal South America SSTs and enhanced precipitation in Uruguay and southern Brazil was 
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demonstrated by both Diaz et al. (1998) and Bombardi et al. (2014). Additionally, Travasso et al. 

(2003) concluded that positive South Atlantic SST anomalies are associated with increased 

maize and wheat yields over much of northern Argentina and are a more robust predictor of 

yields than ENSO variability for most of the region. 

e. Summary of warm season precipitation patterns 

Figure 2.7, which displays mean TMPA (TRMM Multisatellite Precipitation Analysis; 

defined in section 3.1b) daily precipitation superimposed on a shaded relief map of South 

America, provides an overview of the aspects of South American warm season hydroclimate 

discussed in this section and allows for the discussion of a few other interesting precipitation 

features. The continental and oceanic portions of the SACZ clearly appear as a northwest-to-

southeast oriented band of higher daily average precipitation extending from the Amazon basin 

southeastward into the Atlantic Ocean. Notably, the highest precipitation values in the 

continental SACZ region coincide with the highest elevations of the Brazilian Highlands 

(Kodama et al. 2012), and these continental average daily precipitation totals are substantially 

higher than the average totals in the oceanic SACZ. 

 The highest daily average precipitation totals in the La Plata basin occur along the 

western slopes of the southern extension of the Brazilian Highlands in the Brazilian states of 

Paraná, Santa Catarina, and Rio Grande do Sul, and in adjacent regions of far northeastern 

Argentina and southern Paraguay. There is also a prominent area of high daily average 

precipitation along the eastern coast of Brazil’s Paraná state near the city of Paranaguá, which 

can likely be attributed to convergence of moisture from the Brazil Current along the narrow 

coastal plain forced by the steep slopes of the Brazilian Highlands a few miles inland. Just to the 

northeast of this precipitation maximum, between the cities of Curitiba and São Paulo (see Fig. 
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1.1), the Brazilian Highlands taper to a narrow sliver of elevated terrain near the coast; this gap 

in the Highlands likely serves as a pathway for moisture flux from the South Atlantic to the La 

Plata basin on the continental side of this narrow divide. Finally, it is worth noting the 

pronounced drop in average daily precipitation from the Amazon Basin to the La Plata basin in 

east central Bolivia. The topographic divide between these basins is relatively low, but it 

nevertheless forms a distinct boundary between the humid Amazon basin and the more arid La 

Plata basin.   

2.2 Definition and regional climatology of large, long-lived convective systems 

A large proportion of prior research pertaining to mesoscale convective systems has 

focused on a subclass of long-lasting MCSs that are quasi-circular at the time of their maximum 

cloud shield extent, known as mesoscale convective complexes (MCCs). Based on 

characteristics derived from infrared satellite imagery, Maddox (1980) defined cloud-top 

temperature, cloud shield area, cloud shield eccentricity, and duration criteria that a contiguous 

area of deep convection must meet to be classified as an MCC. Subsequent studies (e.g., 

Augustine and Howard, 1988; Jirak et al., 2003; Durkee and Mote, 2009) have slightly altered 

the original cloud shield area criteria (see Table 2.1), but Maddox’s requirement that cloud shield 

eccentricity must be ≥ 0.7 at the time the system reaches its maximum extent has continued to be 

widely employed in MCC research. This arbitrary requirement (Maddox stated that the shape 

requirement “was arbitrarily specified to preclude classification of linear type systems as 

MCCs”) has resulted in comparatively little analysis of large, long-lived convective systems that 

are quasi-linear at their time of maximum extent. Anderson and Arritt (1998) provided one of the 

first such studies, keeping all criteria in the MCC definition except the shape requirement to 

provide a climatology of “persistent elongated convective systems” (PECSs) in the U.S. during 
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1992–93. PECSs are the same as MCCs in every respect except for their ≤ -52°C contiguous 

cloud shield eccentricity at maximum extent, which for PECSs must be between 0.2 and 0.7 (see 

Fig. 2.8). This thesis will used a combined dataset of both MCCs and PECSs in subtropical 

South America to analyze their associated circulation patterns; together, MCCs and PECSs will 

be referred to as large, long-lived convective systems (LLCSs). 

 Several previous studies have detailed the characteristics of LLCSs in the subtropical 

South America (SSA) study region. Velasco and Fritsch (1987) found that MCCs in the region 

during 1981–1983 were spatially concentrated in Paraguay and adjacent areas of southern Brazil, 

southern Bolivia, northern Argentina, and northern Uruguay. Durkee and Mote (2009) compiled 

a more extensive sample of MCCs encompassing the warm seasons (October–May) of 1998 

through 2007; their results were in agreement with Velasco and Fritsch (1987) regarding the 

spatial concentration of MCCs in Paraguay and adjacent countries, and they also determined that 

MCCs in SSA are, on average, both larger and longer-lasting than MCC events in North 

America. Mattingly (2012) extended this climatological analysis to PECSs for the same temporal 

and spatial domains as Durkee and Mote (2009), finding that PECS events occur more frequently 

than MCCs in SSA and are larger and longer-lasting on average than their MCC counterparts. 

The spatial distribution of PECSs is similar to that of MCCs (Fig. 2.9). Together, these studies 

show that LLCSs in SSA occur most frequently in the La Plata river basin, and that quasi-linear 

events (PECSs) account for a substantially larger proportion of the LLCS population than quasi-

circular MCCs. 

2.3 Research questions 

 The objective of this thesis is to provide a more thorough analysis of atmospheric 

circulation and moisture transport across the South American subtropics associated with the 
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formation of LLCSs, and to determine how these circulation patterns are related to SACZ 

activity. Specifically, this study addresses the following research questions: 

 How do lower- and upper-tropospheric atmospheric circulation patterns related to 

LLCS development over the La Plata basin vary across oceanic and continental 

SACZ episodes and times with no SACZ present? 

 Does enhanced precipitation in both the continental and oceanic SACZ always 

simultaneously coincide with reduced LLCS probability in the La Plata basin, or is 

this relationship more complex? 

 Is the SALLJ the only moisture source for LLCSs in the La Plata basin? How do 

moisture source regions associated with LLCSs vary for LLCSs located over different 

regions of subtropical South America? 

 Can LLCSs occur over the higher latitudes of central Argentina in the absence of 

moisture transport from the Amazon via the SALLJ? If so, how common are these 

“non-SALLJ” events and how do their characteristics compare to “SALLJ” LLCSs? 
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Table 2.1. Mesoscale Convective Complex (MCC) and Large, Long-lived Convective Complex 

(LLCS) definitions. MCC definition established by Maddox (1980), with cloud top temperature 

modification described in Augustine and Howard (1988). 

 

Mesoscale Convective Complex (MCC) and Large, Long-lived Convective System 

(LLCS) Characteristics 

Size:  Interior contiguous cold–cloud region with IR temperature of      

≤ −52 °C must have an area of ≥ 50 000 km
2 

 

Initiation: Size definition first satisfied 

Duration: Size definition must be met for ≥ 6 hours 

Maximum Extent: Contiguous cold–cloud shield (IR temperature ≤ −52 °C) reaches 

maximum size 

 

Shape: MCC: Eccentricity (minor axis/major axis) ≥ 0.7 at time of 

maximum extent  

 

LLCS: Eccentricity (minor axis/major axis) ≥ 0.2 at time of 

maximum extent 

 

Termination: Size definition no longer satisfied 
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Fig. 2.1. From Garreaud et al. (2009), atmospheric circulation features of the active and inactive 

phases of the South American monsoon. Left panels (a and b): mean 925-hPa wind vectors and 

precipitation during Jan (top) and July (bottom). Right panels (c and d): mean 300-hPa 

streamlines and precipitation during Jan (top) and July (bottom). 
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Fig. 2.2. TMPA (TRMM Multisatellite Precipitation Analysis) daily mean precipitation for 45°S 

to 45°N during Oct–May of 1998–2007, showing the South Atlantic Convergence Zone as well 

as the South Pacific Convergence Zone and the South Indian / Southeast African Convergence 

Zone. 
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Fig. 2.3. From Nieto-Ferreira et al. (2011), daily precipitation patterns and 200-hPa height 

anomalies for an active period in the SESA portion of the South American Seesaw (left) and the 

SACZ (right). 
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Fig. 2.4. From Vera et al. (2006a), schematic of typical 700-hPa circulation anomalies during 

active SESA (left) and SACZ (right) periods. 
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Fig. 2.5. From Bischof et al. (2004), map of the Brazil Current (white-outlined arrows) and sea 

surface temperature (shading) during Jan–Feb–Mar. 
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Fig. 2.6. MODIS Aqua-derived sea surface temperature climatology for Feb 2003–2014. 
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Fig. 2.7. TMPA (TRMM Multisatellite Precipitation Analysis) daily mean precipitation for the 

warm seasons (Oct–May) of 1998–2007 superimposed on shaded relief map of South America. 

Labeled are the three states in southern Brazil referenced in the text: Paraná (PA), Santa Catarina 

(SC), and Rio Grande do Sul (RS). 
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Fig. 2.8. From Jirak et al. (2003), examples of radar and satellite signatures of a mesoscale 

convective complex (left) and a persistent elongated convective system (right). Black outline 

shows the contiguous ≤ -52°C cloud top area in each image. 



24 
 

 
 

 

Fig. 2.9. Spatial distribution of center points of mesoscale convective complexes (left, from 

Durkee and Mote 2009) and persistent elongated convective systems (right, from Mattingly 

2012) over subtropical South America during the warm seasons of 1998–2007.
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CHAPTER 3 

DATA AND METHODOLOGY 

3.1 Data sources 

a. LLCS dataset 

The LLCS dataset used for this study was developed by Durkee and Mote (2009) for their 

SSA MCC research, and the climatological characteristics of the PECSs in this dataset were 

analyzed by Mattingly (2012). This dataset consists of 1616 LLCSs (330 of which are MCCs) 

identified during the austral warm seasons (October–May) of 1998–2007 using 4-km infrared 

geostationary satellite imagery (GOES-8 and GOES-12). Imagery was generally available at 3-

hour time increments. An automated cloud-top identification procedure similar to that of 

Augustine (1985) was used to identify each cloud shield that met the LLCS size criteria (see 

Table 2.1), then a combination of empirical orthogonal function (EOF) analysis of pixel 

coordinates and manual observation of image sequences was used to determine the track and 

characteristics of individual LLCS events (Fig. 3.1). Systems had to intersect the study domain 

of 70º to 40º W, 20º to 40º S (see Fig. 1.1) at some point in their life cycle to be included in the 

dataset. A more thorough description of this identification and tracking process can be found in 

Durkee and Mote (2009).  

The final output consisted of a set of characteristics attributed to each LLCS for each 

time step in its life cycle, including ≤ -52 °C contiguous cloud shield area, latitude and longitude 

coordinates of cloud shield centroids, and eccentricity of the cloud shield. These properties were 

then used to determine the duration and maximum cloud shield extent of each discrete LLCS 

event.  
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b. TMPA precipitation data  

The precipitation data used to identify SACZ events were obtained from the Tropical 

Rainfall Measuring Mission Multisatellite Precipitation Analysis (TMPA), archived and 

distributed by NASA’s Goddard Earth Sciences (GES) Data and Information Services Center 

(DISC). TMPA provides 0.25° × 0.25° gridded precipitation estimates for latitudes between 

50°N and 50°S at 3-hourly intervals for the period 1998–present (Huffman et al. 2007). These 

precipitation estimates are generated by calibrating passive microwave and visible / infrared 

brightness temperature measurements from a variety of low-earth orbiting and geostationary 

satellites to the high-resolution but spatially limited observations collected by the Precipitation 

Radar (PR), Microwave Imager (TMI), and visible / infrared scanner (VIRS) instruments aboard 

the Tropical Rainfall Measuring Mission (TRMM) Satellite. The specific product employed in 

this analysis is the TMPA version 7 3B42 daily precipitation estimate, originally released in 

2012 and publically available through NASA’s Mirador data portal 

(http://mirador.gsfc.nasa.gov/).  

c. Climate Forecast System Reanalysis 

Data from the National Centers for Environmental Prediction’s Climate Forecast System 

Reanalysis (CFSR) version 2 were used to visualize and quantify differences in atmospheric 

circulation patterns over the study region. Completed in 2010, CFSR version 2 is a third-

generation coupled atmospheric-ocean-land surface-sea ice reanalysis that provides global fields 

for the period 1979–present (Saha et al. 2010). Its high spatial (0.5° × 0.5° or ~38km) and 

vertical (37 atmospheric pressure levels) resolution, approaching that of regional reanalyses such 

as the North American Regional Reanalysis and Arctic Systems Reanalysis, enables CFSR fields 

to resolve fine-scale atmospheric features over the complex terrain of subtropical South America. 

However, it must be noted that this reanalysis dataset was developed quite recently and only a 

http://mirador.gsfc.nasa.gov/cgi-bin/mirador/presentNavigation.pl?tree=project&dataset=TRMM_3B42_daily.007&project=TRMM&dataGroup=Gridded&version=007
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limited number of studies (e.g. Stopa and Cheung 2014; Hu et al. 2014) have evaluated its 

performance, so its reliability compared to older reanalysis datasets is uncertain (NCAR Staff 

2013b). 

d. HYSPLIT / NCEP-NCAR Reanalysis 1 

The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) Model, 

developed by NOAA’s Air Resources Laboratory (ARL), was used to simulate the path taken by 

air parcels at various levels of the atmosphere into the centroids of LLCS cloud shields. 

HYSPLIT computes air parcel trajectories and dispersion of atmospheric pollutants using pre-

gridded meteorological data from either analyses or short-term forecasts (Draxler and Hess 

1997).  

In order to efficiently process the large number (5866) of parcel trajectories, the 

downloadable version of the HYSPLIT software was used to run the model repeatedly. The 

NCEP-NCAR Reanalysis 1 dataset (Kalnay et al. 1996) was used as the input data source for 

these analyses because it is the only publicly available reanalysis dataset pre-gridded for the 

HYSPLIT desktop version. Due to its antiquated data assimilation system (frozen in 1995 to 

ensure temporal consistency of the dataset) and coarse resolution (2.5° × 2.5°), along with 

relatively poor performance over the southern hemisphere (NCAR Staff 2013a), there is a 

substantial degree of uncertainty in the parcel trajectories computed for LLCS events. However, 

a comparison of HYSPLIT runs for 25 randomly selected times and locations in the SSA study 

domain computed with both NCEP-NCAR Reanalysis 1 data and the higher-resolution ERA-

Interim reanalysis (Fig. 3.2) shows that NCEP-NCAR Reanalysis 1 appears to produce back 

trajectory results comparable to higher resolution datasets in most cases.  
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3.2 Methodology description 

a. SACZ event classification 

Previous studies have used a variety of objective and subjective criteria based on 

precipitation or other atmospheric fields (e.g. outgoing longwave radiation, relative humidity, 

temperature, location of troughs / ridges) to identify SACZ events. Examples of objective SACZ 

identification methods include Liebmann et al. (1999), who characterized SACZ episodes using 

outgoing longwave radiation anomalies from the NCEP-NCAR reanalysis dataset, and Carvalho 

et al. (2011), who created a SACZ intensity index using combined EOF analysis of Global 

Precipitation Climatology Project pentad precipitation, along with specific humidity, air 

temperature, and zonal and meridional winds at 850-hPa from NCEP-NCAR reanalysis 1 data. 

Durkee (2008) defined SACZ events using the Brazilian Center for Weather Forecast and 

Climatic Studies (CPTEC) monthly climate bulletins (Climanálise) that detail occurrences of 

SACZ episodes between October and March (see Fig. 3.3). The subjective criteria used to define 

these SACZ episodes are based on the duration of precipitation over southeast Brazil and several 

other qualitative aspects of the atmospheric flow pattern, and do not include any information 

about the location or intensity of the SACZ. 

Although the SACZ is often described as a continuous band of convection extending 

from central Brazil southeastward into the South Atlantic Ocean, a few previous studies 

(Carvalho et al. 2004 and Muza et al. 2009) have demonstrated that heavy precipitation events 

over the land mass of southeastern Brazil and the adjacent South Atlantic Ocean are often 

decoupled from one another. Based on these results, it was determined that this study would 

define separate continental and oceanic and SACZ domains to investigate whether relationships 

between SACZ and LLCS activity vary depending on the location of the heaviest SACZ 
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precipitation. As Fig. 3.4 shows, these separate SACZ domains were chosen to encompass the 

continental and oceanic regions with the highest average daily warm season precipitation and, in 

the case of the oceanic domain, where day-to-day variability in precipitation (as measured by the 

standard deviation of daily precipitation; see Fig. 3.5) is greatest. These continental and oceanic 

domains cover similar regions to those defined by previous studies (e.g. Carvalho et al. 2002 and 

2004; Muza et al. 2009; de Oliveira Vieira et al. 2012) but, unlike past studies, are diagonally 

oriented from northwest to southeast to more effectively capture variability in the typically 

diagonally-oriented SACZ. 

A variety of atmospheric fields, including TMPA precipitation and CFSR-derived 850-

hPa convergence, 700-hPa vertical velocity, and 250-hPa divergence, were considered as 

candidates for identifying SACZ events over the continental and oceanic SACZ domains. A time 

series of these variables during the 2005–06 warm season (Fig. 3.6) shows that they generally 

agree in the timing of active SACZ periods. However, maps of the mean of CFSR variables over 

all 6-hourly timesteps during the period of record (POR) show that these fields are quite noisy 

and heavily influenced by the mountainous topography of southeastern Brazil in the continental 

SACZ domain (Figs. 3.7, 3.8, and 3.9). Due to this issue with the CFSR data and the overall 

objective of this study to examine atmospheric mechanisms that govern the relationship between 

precipitation variability in the SACZ and La Plata basin, daily TMPA precipitation was 

ultimately chosen as the SACZ identification variable. 

The final steps in constructing a set of SACZ event identification criteria were to choose 

a summary statistic to represent daily precipitation over the SACZ domains and to consider 

whether any SACZ duration requirements would be included as a component of the criteria. 

Muza et al. (2009) and de Oliveira Vieira et al. (2012) both chose daily domain-averaged 



30 
 

 
 

precipitation as the summary statistic to quantify precipitation variability. However, as Fig. 3.10 

shows, daily domain-averaged precipitation over both the continental and oceanic SACZ 

domains approximates an exponential rather than a normal distribution, and it is difficult to 

define a clear distinction between SACZ and non-SACZ events in the long positive tail of these 

distributions. Moreover, domain-averaged precipitation can be unduly influenced by high 

convective precipitation totals that affect a relatively small portion of the domain (especially in 

the topographically complex continental SACZ domain), which could detract from this study’s 

intended analysis of the synoptic-scale atmospheric features associated with large-scale SACZ 

events. For these reasons, the percentage of each SACZ domain receiving any amount of 

precipitation on a given day (the number of domain points on the 0.25° × 0.25° TMPA grid 

receiving precipitation, divided by the total number of TMPA grid points in the domain) was 

chosen as the SACZ domain precipitation summary statistic. Days with percentage of domain 

precipitation above the 75
th

 percentile (with respect to the distribution of all daily values during 

the October–May warm seasons of the 1998–2007 POR) were classified as “SACZ days” in each 

domain; this percentile-based definition was preferred to a standard deviation-based definition 

like that of de Oliveira Vieira et al. (2012) because the distribution of percentage of domain 

precipitation is not normal in the continental SACZ domain (see Fig. 3.10).  

With regard to SACZ duration, Muza et al. (2009) implicitly included duration criteria 

with their choice of pentad-averaged precipitation as the identifying variable, and de Oliveira 

Vieira et al. (2012) explicitly required that domain-averaged precipitation in their continental 

SACZ domain must be present for at least three of five consecutive days to be classified as an 

SACZ event. However, as previously stated, this study concerns concurrent atmospheric flow 

features associated with the SACZ and La Plata basin LLCS activity, rather than features that 
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manifest themselves in time-averaged analyses. Additionally, Carvalho et al. (2004) found that 

the vast majority of SACZ events persist for less than five days, so instituting a duration 

threshold for SACZ event classification would likely cause many valid SACZ events to be 

excluded from classification as such. Therefore, days with percentage of domain precipitation 

above the 75
th

 percentile are assumed to be representative of active SACZ conditions with no 

restrictions related to the duration of above-normal precipitation. 

In total, of the 2189 days in the 1998–2007 POR, 418 were classified as active 

continental SACZ days and 397 were classified as active oceanic SACZ days (see Table 4.1). As 

Fig. 3.11 shows and the 2006–07 warm season time series in Fig. 3.6 suggests, continental SACZ 

events are most common during the peak of the warm season from November through March, 

while oceanic SACZ events have their highest relative frequency during May. 

b. Composite flow analysis of LLCS / SACZ events 

In order to analyze atmospheric flow during LLCS and SACZ events and relationships 

between SACZ activity and LLCSs over the La Plata basin, composites of atmospheric fields 

from CFSR were compiled and mapped for categories of LLCS and SACZ activity. At each 6-

hourly CFSR timestep during the POR, all LLCS cloud shield outlines that were active within ± 

3 hours of the timestep were examined to determine if they intersected any part of three pre-

defined domains over the La Plata basin (Fig. 3.12): the “West La Plata” domain, the “East La 

Plata” domain, and the “Full La Plata” domain, which encompasses both the West and East La 

Plata domains. If any of these cloud shields intersected any part of a La Plata domain during the 

given 6-hourly window, the CFSR atmospheric fields for that 6-hourly timestep were included in 

the distribution for the domain’s “active LLCS” category (e.g. if an active LLCS cloud shield 

intersected the West La Plata domain, the reanalysis fields for that timestep were included in the 

“active West La Plata LLCS” distribution). The distribution of CFSR fields during categories of 
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daily SACZ activity (neither SACZ active, continental SACZ active only, oceanic SACZ active 

only, both continental and oceanic SACZ active) was also compiled, along with the distribution 

of these fields across combinations of LLCS and SACZ activity (e.g. active LLCS over the West 

La Plata domain during a day with the continental SACZ active only). 

For each of these defined LLCS / SACZ subsets, composite maps and composite anomaly 

maps of the lower- and upper-tropospheric atmospheric flow were generated. The CFSR 

variables used to visualize low-level flow and atmospheric moisture were wind vectors at the 

925-hPa constant pressure level, along with precipitable water (PWAT), which, as provided by 

the CFSR in units of kilograms per square meter, is an estimate of the area density of the water in 

a column in the atmosphere if all the water in the column were precipitated as rain. Upper-

tropospheric flow composites were visualized using geopotential height, wind vectors, and 

vector divergence at the 300-hPa constant pressure level. For all composite maps, each variable 

displayed on the map is the median of the distribution of all 6-hourly values of that variable for 

the given LLCS subset. For all composite anomaly maps, each variable displayed on the map is 

the percentile departure of the median of the subset’s distribution from the climatological median 

of the given variable across all 6-hourly CFSR timesteps during the POR. This median- and 

percentile-based composite method was preferred to a mean- and standard deviation-based 

approach because the climatological distribution of most of the variables at each CFSR grid point 

is non-normal.  

c. Logistic regression analysis of SACZ / LLCS relationships 

To further examine the relationships between SACZ precipitation and LLCS activity over 

the subtropical South America study region, a regression analysis was performed at all points on 

a 0.25° × 0.25° grid over a domain extending from -17°S to -43°S latitude and -73°W to -37°W 

longitude. This domain was chosen to extend 3° in all directions beyond the boundaries of the 
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domain that Durkee and Mote (2009) used to generate the LLCS cloud shield dataset, under the 

assumption that LLCS cloud shields occurring less than 3° outside of the domain would intersect 

the domain boundaries at some point in their life cycle and would be ultimately be included in 

the LLCS dataset. At each grid point, the respective climatological percentile ranks of the 

percentage of points in the continental and oceanic SACZ domains receiving precipitation for 

each of the 5849 days in the POR were used as the two predictor variables. A dummy variable 

indicating whether or not the grid point was located underneath any part of a LLCS cloud shield 

on each of the 5849 days was the predictand.   

Because the chosen dependent variable of this regression was binary (a 1 or 0 indicating 

whether or not a given grid point was affected by an LLCS on each day in the POR), the 

technique of logistic regression was employed to construct a model of the probability of LLCS 

occurrence at each grid point as predicted by daily continental and oceanic SACZ precipitation. 

Logistic regression provides a more realistic model for probabilities than linear regression 

because its probability output is bounded between 0 and 1 (Hamilton 1992). The raw coefficients 

for each independent variable generated by a logistic regression model represent the predicted 

change in the natural logarithm of the odds of the event described by the dependent variable for a 

one unit change in the given independent variable; these “log-odds” coefficients can then be used 

to calculate predicted probabilities. The respective percentile ranks of continental and oceanic 

SACZ precipitation were chosen as the independent variables in this model to ensure 

straightforward interpretation of the model output: at a given grid point, for a one percentile 

change in percent domain precipitation, the log-odds of LLCS occurrence are predicted by the 

model to change by the amount given by the regression coefficient for each domain. 

 



34 
 

 
 

d. LLCS moisture source identification 

HYSPLIT trajectories for LLCS moisture source tracking were generated at 6-hourly 

intervals throughout the study period due to the 6-hourly resolution of the NCEP-NCAR 

Reanalysis 1 data. For each 6-hourly timestep in the POR, the three hours before and after the 

timestep were searched to determine if any LLCSs were active during that time. If there were 

active LLCSs present, the cloud shields associated with each unique active event were merged 

into one polygon and HYSPLIT was used to model back trajectories for parcels terminating at 

the centroid of this merged polygon. Model back trajectories were generated for three parcel 

levels: 10 meters above ground level (AGL), 1000 meters AGL, and 2500 meters AGL. These 

trajectory levels were selected to provide vertical coverage across the levels of the lower 

troposphere (roughly 1000 hPa to 700 hPa) where the greatest quantities of atmospheric moisture 

are transported (Vera et al. 2006b) and are similar to those of recent studies that have employed 

HYSPLIT for moisture transport analysis (e.g. Feng et al. 2013; Guan et al. 2013; Wu et al. 

2014). All trajectories extend backwards in time 120 hours (five days) from the given LLCS 

valid time, with modeled latitude / longitude trajectory coordinates generated at one hour 

intervals. 

In order to analyze the spatial variability of moisture sources associated with LLCS 

events throughout subtropical South America in greater detail, the centroid coordinates of each 

6-hourly merged LLCS cloud shield were grouped into six sub-domains (Fig. 3.13). For each of 

these sub-domains, the spatial density of modeled trajectories terminating at all 6-hourly merged 

LLCS cloud shields in the domain was calculated to visualize the most common air parcel 

pathways entering LLCSs within the given sub-domain. This was accomplished by dividing a 

grid extending from -60°S to -8°N latitude and -90°W to -20°W longitude into 4° × 4° boxes and 

calculating the percentage of trajectories that intersected each box for each of the six sub-
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domains. These trajectory density calculations were further grouped according to the number of 

days preceding the valid LLCS time (e.g. 120–96 hours before LLCS valid time, 96–72 hours 

before, etc.) to visualize the four-dimensional variability of LLCS moisture supply. 

e. Analysis of central Argentina LLCS events 

The final step of this study was a detailed examination of LLCS events in central 

Argentina that could possibly occur in the absence of moisture supply from the South American 

Low Level Jet. Each unique LLCS event with a cloud shield centroid that was located within a 

domain encompassing much of central and southern Argentina, central Chile, and adjacent 

regions of the Pacific and Atlantic oceans at any time during its life cycle was examined (Fig. 

3.14). For each of the three parcel trajectory levels (10m, 1000m, and 2500m AGL), if any of the 

LLCS’s 6-hourly modeled back trajectories at that level passed through a domain surrounding 

the climatological position of the South American Low Level Jet (Fig. 3.14), the LLCS was 

noted as demonstrating a SALLJ connection at that parcel level. The duration and maximum 

cloud shield area of each of these discrete central Argentina LLCS events was then analyzed 

across categories of SALLJ connection (e.g. no parcel trajectories passed through SALLJ 

domain, one parcel level trajectory passed through SALLJ domain, etc.). Finally, two case 

studies of central Argentina LLCS events that exemplify the complexity involved in determining 

the moisture sources of these systems were selected and are discussed in detail in section 4.4. 

In summary, the methodology of this thesis was designed to investigate the atmospheric 

circulation patterns and moisture sources associated with LLCSs over subtropical South America 

and their relationships with SACZ activity, with particular emphasis placed on central Argentina 

LLCS events that may occur in the absence of Amazonian moisture. The specific procedure 

followed was to: (1) Identify continental and oceanic SACZ events using TMPA precipitation 

data, (2) Map composites of atmospheric variables in order to visualize lower- and upper-



36 
 

 
 

tropospheric features across categories of SACZ and LLCS activity, (3) Develop a logistic 

regression model to quantify the relationships between continental / oceanic SACZ activity and 

LLCS probability over the study region, (4) Generate HYSPLIT back trajectories to investigate 

LLCS moisture sources, and (5) Examine central Argentina LLCS events in greater detail using 

HYSPLIT back trajectories and maps of case study events. Results of these analyses are 

presented in section 4. 

 

 

 

 

 

 

 



37 
 

 
 

 
 

Fig. 3.1. Sample scene of GOES infrared imagery used to compile LLCS dataset. Outlined are 

contiguous regions of ≤ -52°C cloud top temperature that meet the size criterion given in Table 

1.1. 
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Fig. 3.2. Comparison of HYSPLIT back trajectories generated using NCEP-NCAR Reanalysis 1 

(solid lines) and ERA-Interim (dashed lines) data for 25 randomly selected times and locations 

during the POR. Red lines indicate 10m AGL trajectories, purple lines 1000m AGL, and blue 

lines 2500m AGL. Trajectories were calculated using the Spain HYSPLIT web application 

(http://www.ciecem.uhu.es/hysplit/index.php).  

 

http://www.ciecem.uhu.es/hysplit/index.php
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Fig. 3.3. Description of SACZ events during Jan 2006 from archived Climanálise bulletin 

published by the Brazilian Center for Weather Forecast and Climatic Studies (CPTEC). Maps 

show atmospheric fields averaged from 1 Jan 2006 through 8 Jan 2006: 850-hPa divergence 

(left), 500-hPa vertical velocity (center), and 200-hPa divergence (right). 
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Fig. 3.4. Daily mean precipitation for the warm seasons (Oct–May) of 1998–2007 from the 

TRMM Multisatellite Precipitation Analysis (TMPA). Boxes show the designated locations of 

the continental SACZ domain (red box) and oceanic SACZ domain (blue box). 
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Fig. 3.5. Standard deviation of daily precipitation for the warm seasons (Oct–May) of 1998–

2007 from the TRMM Multisatellite Precipitation Analysis (TMPA). Boxes show the designated 

locations of the continental SACZ domain (red box) and oceanic SACZ domain (blue box). 
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Fig. 3.6. Time series of “percent domain” and “domain-average” TMPA precipitation and CFSR 

fields (850-hPa convergence, 700-hPa vertical velocity, 250-hPa divergence) considered for 

SACZ identification during the 2005–2006 warm season over the continental (top) and oceanic 

(bottom) SACZ domains. Filled colors represent the percentile rank of each daily value relative 

to the 1998–2007 warm season distribution, outlined daily boxes indicate days when value 

exceeded one standard deviation above the climatological mean, and black boxes below time 

series indicate dates when the “three out of five days” duration requirement of de Oliveira Vieira 

et al. (2012) was met. Dates with blue shaded background were identified as SACZ events by the 

CPTEC Climanálise bulletins. 
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Fig. 3.7. Mean 850-hPa convergence for all 6-hourly CFSR timesteps during the warm seasons 

(Oct–May) of 1998–2007. 
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Fig. 3.8. Mean 700-hPa vertical velocity for all 6-hourly CFSR timesteps during the warm 

seasons (Oct–May) of 1998–2007. 
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Fig. 3.9. Mean 250-hPa divergence for all 6-hourly CFSR timesteps during the warm seasons 

(Oct–May) of 1998–2007. 
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Fig. 3.10. Distribution of daily precipitation summary statistics (top row: percentage of domain 

points receiving precipitation, middle row: domain-average precipitation, bottom row: log10 

transformation of domain-average precipitation) over SACZ domains: continental (left column), 

oceanic (middle column), combined continental and oceanic (right column). 
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Fig. 3.11. Percentage of days during each warm season month from 1998–2007 that were 

classified as having an active continental SACZ (red bars) or oceanic SACZ (blue bars). 
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Fig. 3.12. Locations of La Plata domains defined for composite atmospheric flow analysis of 

LLCS events. Note that these La Plata domain names were created for the sake of convenience 

and are not accurate from a hydrological perspective. Also shown are the continental and oceanic 

SACZ domains. 
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Fig. 3.13. Locations of sub-domains defined for LLCS moisture source analysis. Note that the 

locations of the La Plata and SACZ domains are slightly different than those defined for SACZ 

event identification and composite flow analysis.  
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Fig. 3.14. Locations of central Argentina LLCS domain (orange box) and South American Low-

Level Jet domain (blue box) defined for moisture source analysis of central Argentina LLCS 

events. 
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CHAPTER 4 

RESULTS 

 Presentation of results follows the order of the methodology narrative in chapter 3. First, 

composite lower- and upper-tropospheric atmospheric circulation features associated with SACZ 

and LLCS events are discussed in section 4.1. The insights into SACZ – La Plata basin LLCS 

relationships provided by the logistic regression model are detailed in section 4.2, followed by an 

evaluation of LLCS moisture sources in section 4.3. Finally, the moisture sources of central 

Argentina LLCSs are analyzed in section 4.4, and case studies of two central Argentina LLCS 

events are presented to illustrate the multiple source regions that provide moisture to these 

systems. 

4.1 Atmospheric circulation features of SACZ and LLCS events 

a. Lower troposphere 

On two-thirds of days (67%) during the study period, precipitation over the both the 

continental and oceanic SACZ domains was below their respective climatological 75
th

 

percentiles (Table 4.1). As Fig. 4.1a shows, these “continental and oceanic SACZ inactive” 

events were characterized by easterly low-level flow and relatively meager atmospheric moisture 

(PWAT values of 30–35 kg m
-2

) over the continental and oceanic SACZ domains. These days 

also featured northerly low-level flow from the Amazon basin southward into the La Plata basin, 

with cyclonic (clockwise) curvature of the 925-hPa flow around the Chaco Low in southern 

Bolivia. The location of the South Atlantic subtropical cyclone near 30°S off the coast of Brazil 

resulted in northeasterly low-level flow over the Brazil Current that was diverted around both 

sides of the Highlands in southern Brazil before ultimately reaching the La Plata basin. As a 
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result of these low-level circulation patterns, median PWAT values during these inactive SACZ 

days were approximately 5% above the climatological median over the central La Plata basin and 

5% below normal over both the continental and oceanic SACZ regions (Fig. 4.2a).  

On active continental SACZ days (Figs. 4.1b, 4.2b), moist northerly SALLJ flow from 

the Amazon was diverted eastward toward the Highlands of central Brazil and the southeastern 

Brazil coast, resulting in PWAT above the 75
th

 percentile over the continental SACZ domain. On 

these “continental SACZ only” days, PWAT was slightly below normal over a small section of 

the La Plata basin in northern Argentina, but there was still evidence of northeasterly flow over 

the Brazil Current toward the La Plata basin and PWAT across most of the La Plata basin and 

southward into central Argentina was well above normal (Fig. 4.2b). On “oceanic SACZ only” 

days, however, the median location of the subtropical anticyclone shifted to the coast of eastern 

Argentina, and southerly low-level flow over the Brazil Current and much of the South 

American continent resulted in PWAT values below the 25
th

 percentile over the La Plata basin 

(Figs. 4.1c, 4.2c). Days with both continental and oceanic SACZ active (Figs. 4.1d, 4.2d) also 

featured an anticyclone over eastern Argentina and below-normal moisture over most of the La 

Plata basin, but, unlike on “active oceanic SACZ only” days, northwesterly low-level winds 

prevailed over the Amazon and supplied moisture to the continental SACZ region. 

With regard to La Plata LLCS activity, a majority (58%) of 6-hourly timesteps during the 

POR (Table 4.2) had no LLCS over any part of the La Plata basin domain (see Fig. 3.12). These 

“no active La Plata LLCS” times were characterized by an anticyclone located along the coast of 

eastern Argentina and a lack of northerly low-level flow from the Amazon basin or easterly low-

level flow from the Brazil Current to supply moisture to the La Plata basin (Fig. 4.3a). As a 

result, PWAT values were well below normal over the La Plata basin and the western Amazon 
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basin during these times, with slightly above normal PWAT over eastern Brazil and central and 

southern Argentina (Fig. 4.4a). These patterns were reversed during the 42% of 6-hourly 

timesteps where LLCSs were active over any part of the La Plata basin, with northerly flow from 

the Amazon basin and northeasterly flow from the Brazil Current resulting in PWAT values 

exceeding 15% above normal over the central La Plata basin (Figs. 4.3b, 4.4b). During timesteps 

where a LLCS was only active over the East La Plata domain, the center of highest PWAT 

anomalies was located over northeastern Argentina and adjacent regions of southern Paraguay, 

southwestern Brazil, and northern Uruguay, with northwesterly 925-hPa wind anomalies to the 

east of the Bolivian Andes associated with the SALLJ (Fig. 4.4c). During “active West La Plata 

LLCS only” timesteps, the center of highest PWAT anomalies shifted southwest into central 

Argentina and southern Uruguay (Fig. 4.4d), and a pronounced Chaco Low resulted in 

northeasterly SALLJ flow over northern Argentina (Fig. 4.3d). An area of above-normal PWAT 

also extended from the Pacific Ocean toward the western coast of Chile (Fig. 4.4d), hinting that 

the Pacific may be a moisture source for some LLCS events in the “West La Plata” domain (see 

sections 4.3 and 4.4). 

A comparison of the four columns of Fig. 4.5 reveals that low-level atmospheric 

circulation tended to be more favorable for La Plata basin LLCS activity on days with no SACZ 

present (first column) and during continental-only SACZ phases (second column). A LLCS 

occurred somewhere in the full La Plata domain on 47% and 43% of these days, respectively. In 

contrast, La Plata LLCSs occurred on just 20% of days when the oceanic SACZ only was active 

(third column) and 27% of days with the continental and oceanic SACZ both active (fourth 

column). Continental-only SACZ phases were associated with above normal moisture across the 

southern Amazon basin southeastward into the Brazilian Highlands, and it appears from Fig. 4.5j 
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that LLCSs occurring over the East La Plata domain during continental-only SACZ phases were 

fed by the same northwesterly Amazonian moisture flux as the SACZ. Continental-only SACZ 

days when a LLCS occurred over the West La Plata domain (Fig. 4.5n) featured a bifurcation of 

this Amazonian moisture transport into an eastern pathway directed toward the SACZ region and 

a western pathway flowing down the eastern flank of the Andes toward central Argentina, with 

northeasterly 925-hPa wind anomalies over the Brazil Current also suggestive of moisture 

transport from the South Atlantic Ocean to the La Plata basin. Rich Amazon moisture was also 

present on the days when both the continental and oceanic SACZ were active (fourth column), 

but southerly wind flow over the La Plata basin decreased moisture availability in that region. 

Oceanic-only SACZ days (third column) typically featured below normal moisture across most 

of continental South America, which is likely a product of the tendency of oceanic SACZ events 

to occur more often during spring and fall as opposed to mid-summer like the continental SACZ 

(see Fig. 3.11). 

b. Upper troposphere 

Composite upper-tropospheric conditions on days when neither the continental nor the 

oceanic SACZ was active were characterized by generally zonal 300-hPa flow, with the 

signature of the Bolivian High evident in counterclockwise curvature of wind vectors over 

eastern Bolivia and western Brazil (Fig. 4.6a). An area of above-normal 300-hPa divergence 

extended over most of the La Plata basin, with anomalously negative 300-hPa divergence 

indicative of sinking tropospheric air over southeastern Brazil and the adjacent Atlantic Ocean 

(Fig. 4.7a). The only substantial change to these upper tropospheric composite features for 

continental-only SACZ events (Figs. 4.6b and 4.7b) was the appearance of an area of below-

normal 300-hPa geopotential height and cyclonic flow off the northeast coast of Brazil, identified 

in previous literature as the “Nordeste Low” (Chen et al. 1999).  
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During oceanic-only SACZ events, in contrast, a trough of low pressure extended from 

the La Plata basin southeastward across the South Atlantic Ocean (Fig. 4.6c). Pronounced height 

anomalies of up to 30% below normal coincided with a cyclonic upper-level circulation over 

southern Brazil and the Brazil Current, resulting in strong upper-level divergence extending from 

the southeast coast of Brazil southeastward well into the South Atlantic Ocean (Fig. 4.7c). A 

similar upper-level cyclonic circulation was observed on days with both SACZ domains active 

(Fig. 4.6d). However, negative height anomalies were of lesser magnitude and confined to a 

smaller region of the southern Brazil coast on these days (Fig. 4.7d), with positive height 

anomalies in the Bolivian High region and evidence of the Nordeste Low off the coast of 

northeastern Brazil. 

Upper-tropospheric composites for 6-hourly timesteps with no active LLCS over any part 

of the La Plata domain (Figs. 4.8a and 4.9a) reveal a ridge of high pressure over the subtropical 

Andes and the western La Plata basin, with anomalously low 300-hPa height and cyclonic 

curvature of wind vectors indicating a low pressure trough centered over the coast of southern 

Brazil. These features were reversed during times with an active La Plata LLCS, with an Andes 

trough and a downstream upper-level anticyclone resulting in anomalously strong upper-

tropospheric divergence over most of the La Plata basin (Figs. 4.8b and 4.9b). When LLCS 

activity was only present over the East La Plata basin, the coupled cyclone-anticyclone were 

both shifted slightly to the northeast (Figs. 4.8c and 4.9c), causing a concentration of strongest 

divergence in northern Argentina, Paraguay, and southern Brazil. Active West La Plata LLCS 

composites (Figs. 4.8d and 4.9d), as expected, show a southwestward shift in these circulation 

features – the axis of a strong trough was aligned with the central and southern Argentinian 

Andes, and the resultant divergence was located over central Argentina and Uruguay.   
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Similar to the lower-tropospheric circulation composites described above, maps of 300-

hPa anomalies across all subsets of LLCS and SACZ activity (Fig. 4.10) reveal the upper-

tropospheric conditions that lead to more favorable conditions for La Plata LLCS development 

during inactive and continental-only SACZ phases, compared to both-active and oceanic-only 

phases. During inactive SACZ phases, La Plata basin LLCS activity was associated with a well-

defined cyclonic disturbance in the mid-latitude jet stream over the subtropical Andes (bottom 

three maps in column 1). Upper tropospheric composites for La Plata LLCS events during 

continental-only SACZ phases (bottom three maps in column 2), meanwhile, showed a Nordeste 

trough and positive height anomalies across most of the South American continent. These 

features represent a monsoonal large-scale circulation that is quite different from the 

aforementioned “Andes trough” pattern but is also favorable for La Plata LLCS formation, 

particularly over the northeastern sections of the La Plata basin.  

In contrast, oceanic-only SACZ events (column 3) were associated with a more amplified 

upper-tropospheric atmospheric circulation pattern, with negative height anomalies over the La 

Plata basin indicating an upper-level trough and convergence in place. An exception to this 

general rule occurred on the rare occasions when an active West La Plata LLCS coincided with 

an oceanic-only SACZ day (Fig. 4.10o); during these times, positive height anomalies over 

central Argentina located between negative anomalies over both the subtropical Andes and the 

southeast coast of Brazil signaled a highly meridional jet stream pattern with multiple Rossby 

waves supporting separate areas of upper-level divergence over central Argentina and the 

oceanic SACZ region. Taken as a whole, these upper-level composites again reflect the tendency 

for continental-only SACZ phases to occur during the summer peak of the monsoon season, 
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while oceanic-only SACZ events are more likely to result from the dynamic extratropical 

circulation of austral spring and fall. 

4.2 Continental and oceanic SACZ relationships with LLCS probability 

Previous studies (Velasco and Fritsch 1987; Durkee and Mote 2009; Mattingly 2012) 

have noted that MCS activity in subtropical South America exhibits a large degree of temporal 

and spatial variability throughout the austral warm season. A map of the daily probability of 

LLCS occurrence across the study region for all warm season months (Fig. 4.11) shows that 

LLCS probability gradually increased from early spring to midsummer (October through 

January) and decreased sharply to a May minimum thereafter. Spatially, the zone of highest 

LLCS frequency shifted from the western slopes of the Highlands of far southern Brazil during 

October to encompass a belt extending from eastern Paraguay through the western sections of the 

continental SACZ region during January. It then migrated southward across southern Paraguay, 

northern and central Argentina, Uruguay, and adjacent regions of the South Atlantic Ocean 

throughout the remainder of the warm season. 

In analyzing these patterns of LLCS variability and the atmospheric circulation features 

associated with LLCS events over the La Plata basin during various SACZ phases (section 4.1), 

the question naturally arises: How is the probability of LLCS development in SESA related to 

the activity of the SACZ? An examination of daily LLCS probability across the same SACZ 

phase categories employed in the atmospheric composite analyses (Fig. 4.12) reveals that spatial 

variability in LLCS probability was linked to these SACZ classifications in a manner consistent 

with the atmospheric circulation features described in the previous section. LLCS probability 

was highest over the central La Plata basin during inactive SACZ phases, with relatively high 

LLCS probability over the western part of the continental SACZ domain during continental-only 

SACZ days and higher LLCS probability over both SACZ domains on days with both SACZ 
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active. During oceanic SACZ phases, the maximum LLCS probability was substantially lower 

than the other three SACZ classifications, with highest LLCS probabilities only around 10% over 

the oceanic SACZ domain and relative maxima around 8% over central Argentina and 

southwestern Brazil. 

While these maps of LLCS probability across various SACZ phases provide a useful first 

impression of the relationships between SACZ activity and subtropical South America LLCS 

occurrence, they are dependent on categorical classification of SACZ events and do not 

conclusively answer any questions about the “South American Seesaw” inverse relationship 

between SACZ and La Plata basin precipitation. In order to determine whether this precipitation 

dipole is also reflected in LLCS activity in the region, the results of the gridded logistic 

regression model described in section 3.2c are examined. Recall from section 3.2c that the 

predictor variables of this regression model at each 0.25° × 0.25° grid point are the respective 

climatological percentile ranks of continental and oceanic SACZ domain precipitation for each 

day in the POR, and the predictand is a dummy variable indicating whether or not the grid point 

was located underneath any part of a LLCS cloud shield on each day. 

Figure 4.13 provides an overview of the logistic regression technique and an example of 

the model results at two example domain points: a “continental” point (red star on Fig. 4.13) 

located near the continental SACZ domain in the region of highest climatological LLCS 

probability, and an “oceanic” point (blue star) located within the oceanic SACZ domain in an 

area of relatively low climatological LLCS probability. For each point, two representative graphs 

of model-predicted daily LLCS probability are plotted; these predicted LLCS probabilities were 

calculated using the raw model-output coefficients for the continental and oceanic SACZ 

precipitation variables at each point given in Table 4.3 (“continental” domain point) and Table 
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4.4 (“oceanic” domain point). On the first graph for each point (near the top of the map), model-

predicted daily LLCS probability is plotted as a function of continental SACZ precipitation 

ranging continuously from its 0
th

 to 100
th

 percentile, with oceanic SACZ precipitation held 

constant at its 10
th

 (blue line), 50
th

 (green line), and 90
th

 (red line) percentiles. On the second 

graph for each point (near the bottom of the map), model-predicted daily LLCS probability is 

plotted as a function of oceanic SACZ precipitation ranging continuously from its 0
th

 to the 100
th

 

climatological percentile, with continental SACZ precipitation held constant at its 10
th

 (blue 

line), 50
th

 (green line), and 90
th

 (red line) percentiles.  

These graphs show that at the “oceanic” representative point (right two plots on map), 

LLCS probability increases with increasing oceanic SACZ precipitation in a nonlinear fashion, 

as LLCS probabilities below 5% in the 0–60
th

 oceanic SACZ precipitation percentiles increase 

markedly to near 10% as oceanic SACZ precipitation approaches its maximum. These plots also 

show that LLCS probability at this “oceanic” representative point is, as expected, much more 

closely related to precipitation in the oceanic SACZ domain than precipitation in the continental 

SACZ domain: the curves of predicted LLCS probability according to continental SACZ 

precipitation (top right) have essentially zero slope, and the p-value of the continental SACZ 

precipitation coefficient is an insignificant 0.6 (Table 4.4).  

At the “continental” representative point, however, model results indicate that variations 

in continental and oceanic SACZ domain precipitation are equally influential in predicting LLCS 

probability. Table 4.3 shows that the raw log-odds coefficients for continental and oceanic SACZ 

precipitation are 0.010 and -0.012, respectively. This means that a 1% increase in daily 

precipitation over the continental SACZ domain is predicted by the regression model to result in 

an increase of 0.010 in the log-odds of LLCS occurrence at that point, while a 1% increase in 
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daily precipitation over the oceanic SACZ domain is expected to cause a decrease of 0.012 in the 

log-odds of LLCS occurrence.  As the graphs of predicted LLCS probability show (left two plots 

on map), the positive slope of the predicted LLCS probability curves across the range of 

continental SACZ precipitation (top left) is roughly equal in magnitude to the negative slope of 

the predicted LLCS probability curves across the range of oceanic SACZ precipitation (bottom 

left). Moreover, the large gap between the continental SACZ precipitation probability curves for 

oceanic precipitation held constant at its 10
th

, 50
th

, and 90
th

 percentiles (top left) shows that the 

LLCS probability across the range of continental precipitation at this point is strongly modulated 

by oceanic SACZ activity. 

This analysis of continental and oceanic SACZ precipitation relationships with LLCS 

probability can be extended from the two example points presented above to each 0.25° × 0.25° 

grid point in the specified domain (described in section 3.2c) by plotting the spatial variability of 

the raw model log-odds coefficient for continental SACZ precipitation (Fig. 4.14) and oceanic 

SACZ precipitation (Fig. 4.15). For each map, the plotted values are the expected change in the 

log-odds of daily LLCS occurrence at the given point for a one percentile change (relative to the 

October–May 1998–2007 climatological distribution) in the percentage of the continental (Fig. 

4.14) or oceanic (Fig. 4.15) SACZ domain receiving precipitation on a given day. Positive 

coefficient values indicate that an increase in continental / oceanic SACZ domain precipitation is 

predicted to result in increased LLCS probability, while negative coefficient values indicate that 

LLCS probability is modeled to decrease with increasing precipitation over the specified domain.  

Figure 4.14 shows that, unsurprisingly, increased precipitation over the continental SACZ 

domain was associated with an increase in LLCS probability over the entire continental SACZ 

domain, with the strongest positive effect over the northeastern sections of the domain. 
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Continental SACZ precipitation also showed a positive relationship with LLCS probability over 

much of the oceanic SACZ domain and along an arc extending westward from western Brazil 

through southern Bolivia and northern Paraguay, and southward along the eastern flank of the 

Andes into northwestern and central Argentina. A negative relationship between continental 

SACZ precipitation and LLCS probability extended across far southern Brazil, southern 

Paraguay, northeastern Argentina, Uruguay, southeastward into the South Atlantic Ocean, with a 

separate region of negative continental SACZ influence located over the Andes of south-central 

Argentina. A map of the raw oceanic SACZ precipitation coefficient (Fig. 4.15), meanwhile, 

showed a negative relationship between oceanic SACZ precipitation and LLCS probability over 

much of subtropical South America, particularly in the central La Plata basin region of northern 

Argentina, southern Paraguay, far southern Brazil, Uruguay, and the adjacent South Atlantic 

Ocean. Strong positive relationships between oceanic SACZ precipitation and LLCS probability 

were found over the oceanic SACZ domain, with a less pronounced positive relationship over 

southeastern sections of the continental SACZ domain and the same section of south-central 

Argentina where continental SACZ precipitation was shown to be inversely related to LLCS 

probability.  

Another way to visualize these modeled relationships is displayed in Fig. 4.16, which 

shows the spatial variability of model-predicted daily LLCS probability across combinations of 

representative “low” and “high” continental and oceanic SACZ precipitation percentiles (10
th

 

and 90
th

) with precipitation over the other domain held constant at its median. Highest 

probabilities of LLCS occurrence over western Brazil, northeast Paraguay, and western Bolivia 

were modeled for the “high continental SACZ precipitation” case, while predicted LLCS 

probability over the central La Plata basin in southern Paraguay, northern Uruguay, far southern 
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Brazil, and far northeastern Argentina was maximized in the “low oceanic SACZ precipitation” 

case. Much lower LLCS probabilities occurred during the “high oceanic SACZ precipitation” 

case, which again reflects the tendency for oceanic SACZ events to occur in accordance with low 

LLCS probabilities over subtropical South America.  

A final step in examining the modeled relationships between continental and oceanic 

SACZ precipitation and LLCS probability throughout subtropical South America is to analyze 

the spatial variability of the relative magnitude of the modeled continental and oceanic SACZ 

precipitation coefficients. Figure 4.17 is a map of the difference between the absolute value of 

the continental and oceanic SACZ precipitation coefficients at each point in the domain; regions 

where the continental SACZ precipitation coefficient is greater in magnitude than the oceanic 

SACZ precipitation coefficient are shaded red, and regions where the association between 

oceanic SACZ precipitation and LLCS probability is stronger than that of continental SACZ 

precipitation are shaded blue. The type of relationship between SACZ domain precipitation and 

LLCS probability at each point (e.g. LLCS probability increases with increasing continental 

SACZ precipitation but decreases with increasing oceanic SACZ precipitation) is indicated by 

hatching at locations where both continental and oceanic SACZ precipitation coefficients are 

statistically significant. 

As expected, the continental SACZ precipitation coefficient is much more strongly tied to 

LLCS probability over the continental SACZ domain, while the oceanic SACZ precipitation 

coefficient is much greater in magnitude over the oceanic SACZ domain (Fig. 4.17). More 

interestingly, the area of stronger continental SACZ relationship with LLCS probability is mostly 

confined to the northern sections of the domain, over central Brazil, southern Bolivia, and 

northern Paraguay. There is also a tongue of higher relative magnitude of the continental SACZ 
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coefficient extending from the southeast coast of Brazil southward across the South Atlantic 

Ocean to the west of the oceanic SACZ domain and a region of stronger continental SACZ 

relationship over the Andes of west-central Argentina. Over the rest of the La Plata basin, across 

the southern half of Paraguay, the southern Brazilian Highlands, northern Argentina, Uruguay, 

and the South Atlantic Ocean offshore of the La Plata estuary, the relationship between oceanic 

SACZ precipitation and LLCS probability is stronger than that of continental SACZ 

precipitation.  

Notably, this borderline between regions of relatively stronger oceanic versus continental 

SACZ relationship with LLCS probability runs from the gap in the Brazilian Highlands along the 

southeast coast of Brazil (see Fig. 1.1), identified in section 2.1e as a potential pathway for 

moisture flux from the Brazil Current into the La Plata basin, through the valleys of the 

Paranapanema and Paraná rivers into eastern Paraguay. This dividing line also closely 

approximates the southern border of the region of highest positive precipitable water anomalies 

found during continental SACZ events (Fig. 4.2c). These observations suggest that LLCS 

probability north of this line in southern Bolivia, northern Paraguay, and western Brazil is 

closely tied to moisture flux from the Amazon basin related to periods of enhanced precipitation 

over the continental SACZ region. South of this dividing line over much of the central La Plata 

basin, oceanic SACZ activity, likely tied to lower-tropospheric flow over the Brazil Current, is 

more strongly associated with variability in LLCS probability. If low-level winds over the Brazil 

Current are easterly, moisture flux toward the La Plata basin and LLCS probability in the region 

increases; if these low-level winds over the Brazil Current are westerly, oceanic SACZ 

precipitation is increased at the expense of La Plata basin LLCS activity.  
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4.3 LLCS moisture source analysis 

Analyses of atmospheric circulation associated with subtropical South American LLCSs 

detailed in the previous two sections have suggested that South Atlantic and Pacific moisture 

sources may contribute to LLCS development in addition to the more widely recognized SALLJ 

moisture transport regime. This hypothesis is further supported by maps of climatological 

precipitable water values for all warm season months (Fig. 4.18), which show a distinct pool of 

atmospheric moisture off the southeast coast of Brazil (over the Brazil Current discussed in 

section 2.1d) with PWAT values equal to slightly less than those observed over the southern 

Amazon basin. Additionally, these maps show a relatively moist region over the Pacific Ocean 

west of Chile with PWAT values that are substantially less than those in the Amazon and South 

Atlantic, but could still potentially supply moisture to convection in subtropical South America. 

These observations motivated a more detailed investigation of the moisture source regions of 

LLCSs in the region, which was performed using the HYSPLIT back trajectory methodology 

described in section 3.2d. 

Overview maps of the 5866 parcel back trajectories terminating at 6-hourly LLCS 

centroids for all three trajectory levels (Figs. 4.19, 4.20, and 4.21) show a variety of pathways 

taken by air parcels into LLCS events. A substantial amount of near-surface (10m above ground 

level [AGL]) parcels originated in the southern Amazon basin and flowed southward toward the 

La Plata basin and Brazilian Highlands, while many tracked from the tropical South Atlantic 

Ocean south of 10°S toward Brazil, and still others originated over the eastern Pacific Ocean and 

South Atlantic Ocean south of 40°S and flowed eastward and northward toward South America. 

At the next level in the atmosphere (1000m AGL), the distance traveled by air parcels into 

LLCSs increased (likely because these parcels travel at higher speeds due to less frictional 

interaction with the land surface), and more parcels at this level appeared to traverse the Amazon 
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basin. The Amazon origin of parcels is also prominent at the final trajectory level examined 

(2500m AGL), along with an increase in the number of parcels originating over the eastern 

Pacific Ocean and a marked decrease in parcels originating from the Atlantic Ocean south of 

40°S. These patterns are more clearly highlighted by trajectory density maps for each parcel 

level (Figs. 4.22, 4.23, and 4.24), calculated using the procedure described in section 3.2d.  

These maps show that LLCS back trajectories at 10m AGL were most dense over southern 

Brazil, eastern Paraguay, far northeastern Argentina, and Uruguay (Fig. 4.22), with the region of 

highest parcel density shifting northwestward into the southern Amazon Basin, eastern Bolivia, 

western Brazil, and Paraguay at the 1000m AGL (Fig. 4.23) and 2500m AGL (Fig. 4.24) 

trajectory levels. 

 In order to examine the variability of LLCS moisture sources across subtropical South 

America in greater detail, back trajectories were grouped into the six sub-domains shown in Fig. 

3.13 according to the location of their LLCS centroid endpoint. At 10m AGL, the majority of 

parcels feeding LLCSs in the “West La Plata” domain (Fig. 4.25a) originated in the South 

Atlantic Ocean off the coast of Argentina, Uruguay, and southern Brazil. Back trajectories at 

10m AGL for the “East La Plata” domain (Fig. 4.25b) appear to be sourced from the Brazil 

Current region of the South Atlantic Ocean and the southern Amazon Basin in roughly equal 

amounts, while back trajectories for the “Amazon” domain predictably tended to arrive from the 

western Amazon basin (Fig. 4.25c). Over the “continental SACZ” domain (Fig. 4.25d), parcel 

pathways appear to be almost evenly split between northwesterly flow from the Amazon basin 

and easterly flow from the tropical Atlantic Ocean, while the majority of 10m AGL parcels for 

“oceanic SACZ” LLCSs flowed from the tropical Atlantic (Fig. 4.25e). Finally, parcel 

trajectories for “oceanic other” domain LLCSs (Fig. 4.25f) tended to come from either the 
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eastern Pacific Ocean (passing over the Brazil Current), the area of the South Atlantic to the east 

of the Brazil coast, or the higher latitudes of the South Atlantic north of Antarctica. 

 Higher in the troposphere, at the 1000m and 2500m levels, there were a few notable 

differences in the patterns of parcel trajectories associated with LLCSs in each sub-domain. For 

LLCSs in the “West La Plata” domain, a majority of 1000m AGL parcel trajectories (Fig. 4.26a) 

still tended to originate over the Brazil Current or the eastern Pacific, but substantially more 

parcels than at 10m AGL showed a SALLJ signature, traversing due south from the Amazon 

basin along the eastern slopes of the Andes. At 2500m AGL (Fig. 4.27a), most parcel trajectories 

came from either the SALLJ region or the eastern Pacific. For the “East La Plata” domain, the 

vast majority of parcels at 1000m AGL (Fig. 4.26b) and 2500m AGL (Fig. 4.27b) were 

indicative of northerly SALLJ flow, while trajectories for “Amazon” LLCSs at 1000m (Fig. 

4.26c) and 2500m (Fig. 4.27c) were consistent with the 10m trajectories in showing northerly or 

northeasterly flow from the Amazon basin. Parcel trajectories at 1000m AGL and 2500m AGL 

for the “Continental SACZ” and “Oceanic SACZ” domains were broadly similar to those found 

for the 10m AGL trajectories, while 1000m AGL and 2500m AGL trajectories for the “Oceanic 

other” domain (Figs. 4.26f and 4.27f, respectively) were substantially more likely to originate 

from the South American continent than 10m AGL parcels. 

 The last step in the examination of subtropical South America LLCS moisture source 

regions was to visualize back trajectory density grouped by the number of days preceding the 

LLCS valid time, in order to investigate the temporal progression of air parcel movement toward 

LLCS centroids. These temporally-grouped trajectory density plots were created separately for 

each of the six sub-domains (Figs. 4.28 through 4.33). For LLCSs in the “West La Plata” domain 

(Fig. 4.28), near-surface parcels (top row) most often originated over the La Plata estuary and the 
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adjacent Brazil Current, then migrated westward across Uruguay and northern Argentina. At 

1000m AGL (middle row), parcels were most densely concentrated to the northeast of the near-

surface parcels, flowing from far southern Brazil southwestward into central Argentina, while 

2500m AGL parcels (bottom row) tended to migrate from either the eastern Pacific or the SALLJ 

region toward the “West La Plata” domain. Near-surface trajectories for “East La Plata” LLCSs 

(top row of Fig. 4.29) had dual centers of highest density, one located in the SALLJ region east 

of the Andes and one over the southern Brazil coast suggestive of moisture flux from the Brazil 

Current through the gap in the Brazilian Highlands described in section 2.1e. At 1000m (middle 

row of Fig. 4.29) and 2500m AGL (bottom row), trajectory densities associated with “East La 

Plata” LLCSs showed a clear SALLJ signature, migrating from the Amazon basin southward to 

the La Plata basin. With regard to the remaining four sub-domains, the most interesting result 

revealed by the trajectory density plots was the substantial proportion of trajectories for both 

“Continental SACZ” (Fig. 4.31) and “Oceanic SACZ” (Fig. 4.32) LLCSs that originated over the 

warm waters of the tropical Atlantic off the northeast coast of Brazil. 

   In interpreting the results of these parcel trajectory analyses, it is important to keep in 

mind several sources of uncertainty regarding the moisture sources of LLCSs in subtropical 

South America. First, the relatively coarse-resolution NCEP-NCAR Reanalysis 1 dataset used to 

model the parcel trajectories reduces confidence in the accuracy of the trajectories, particularly 

over the complex topography of the Andes and Brazilian Highlands. Moreover, only one parcel 

trajectory was used to model the airflow into each 6-hourly merged LLCS cloud shield, which is 

an oversimplification of the complex atmospheric circulation patterns associated with these 

large, highly dynamic convective complexes. Considering the size of these systems, it is quite 

plausible that at any one time they are receiving inflow at a given level from source regions 
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hundreds or thousands of kilometers apart. Finally, atmospheric moisture transport is a complex 

phenomenon with many intricacies (e.g. uplift along isentropic surfaces, upstream rainout, land 

surface – boundary layer interactions) that are likely not adequately modeled by a simple parcel 

trajectory. 

 With these caveats noted, the results of this LLCS back trajectory study still reveal 

several aspects of moisture transport over subtropical South America that have not been 

documented in previous studies. Most importantly, the tendency of modeled parcels terminating 

at La Plata basin LLCS centroids just above ground level to originate over the South Atlantic 

Ocean off the coasts of eastern Argentina, Uruguay, and southern Brazil confirms that the warm 

waters of the Brazil Current provide at least some of the necessary atmospheric moisture for 

organized La Plata basin convection in many instances. At higher levels in the atmosphere 

(1000m and 2500m AGL), parcels tended to originate over the Amazon Basin and flow 

southward toward La Plata basin LLCSs, which shows that SALLJ activity is more pronounced 

above the immediate boundary layer. Additionally, a substantial percentage of trajectories for 

convection over central Argentina originated over the eastern Pacific Ocean, which suggests that 

these mid-latitude events may sometimes be fed by Pacific moisture. Viewed in conjunction with 

the atmospheric circulation analyses detailed in the previous two sections, these results show that 

the oft-repeated assumption that the Amazonian SALLJ is the primary moisture source for all 

large-scale organized convection in the La Plata basin is, in a nontrivial number of cases, 

potentially inaccurate. Further research will be needed to determine how these South Atlantic 

and Pacific moisture contributions compare to those of the SALLJ. 
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4.4 Moisture sources and case studies of central Argentina LLCS events 

The last major objective of this study was the investigation of LLCS events in central 

Argentina that Durkee (2008) suggested may occur in the absence of SALLJ transport of 

Amazonian moisture. All LLCS events whose centroids fell inside the central Argentina domain 

shown in Fig. 3.14 at any point in their life cycle were examined according the procedure 

described in section 3.2e to determine if any of the 6-hourly LLCS back trajectories at each level 

(10m, 1000m, and 2500m AGL) passed through the SALLJ domain shown in Fig. 3.14. Overall, 

a plurality of central Argentina LLCS events (42%) did not exhibit a SALLJ connection at any 

trajectory level, while 25% of events had parcel trajectories that passed through the SALLJ 

domain at two of the three levels and 21% had SALLJ parcel trajectories at all three levels 

(Table 4.5). As Fig. 4.34 shows, central Argentina LLCS events that did not exhibit a SALLJ 

connection were most common during all months except March. The proportion of events with 

all trajectory levels connected to the SALLJ was maximized during the December-March peak of 

the warm season, while a large majority of LLCS events during May showed no SALLJ 

connection.  

As Figs. 4.35 and 4.36 and Table 4.5 show, the size and duration of central Argentina 

LLCS events increased as the number of trajectories passing through the SALLJ domain 

increased. Differences in mean LLCS maximum area and duration across SALLJ connection 

categories, with the exception of duration and maximum area differences between category 1 

(one trajectory level with SALLJ connection) and category 0 (no levels with SALLJ connection) 

and the maximum area difference between category 3 and category 2, were all statistically 

significant as determined by Tukey’s Honestly Significant Difference Test (Table 4.6). These 

tests confirm a strong tendency for central Argentina LLCSs with inflow from the SALLJ to be 

both larger and longer-lasting than “non-SALLJ” central Argentina LLCS events.  
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 To illustrate the variability in moisture sources that feed these central Argentina LLCSs 

and the difficulty involved in determining which moisture source was dominant for a given 

system, two case studies of central Argentina LLCS events are now presented. The first case 

study LLCS event initiated along the eastern slopes of the Andes in north-central Argentina 

around 0000 UTC 15 October 2001 (Fig. 4.37a). At this initiation time, 925-hPa winds over the 

Brazil Current were easterly and their progress inland toward the La Plata basin was blocked by 

the Highlands of far southern Brazil, causing one branch of this easterly 925-hPa flow to be 

diverted through the gap in the Highlands between Curitiba and São Paulo and the other branch 

to curve southwest then west across Uruguay and the southern tip of Brazil. A tongue of elevated 

precipitable water extended from the southern coast of Brazil through Uruguay and into central 

Argentina as a result of this easterly flow, with a separate pool of elevated PWAT extending 

from the northern La Plata basin southward through northern Argentina in association with 

northeasterly flow along the eastern periphery of the Chaco Low in southern Bolivia. HYSPLIT 

trajectories at the lower two levels (10m and 1000m AGL) originated south of the system and 

progressed northeastward before encountering the moist easterly flow off the Brazil Current and 

turning westward over far southern Brazil and Uruguay. 

 Twelve hours later at 1200 UTC 15 October 2011, the LLCS had progressed eastward 

into eastern Argentina and grown considerably larger (Fig. 4.37b). At this point, the bifurcation 

of low-level flow around the southern Brazilian Highlands was still evident, as the 10m parcel 

trajectory approached the LLCS centroid via the pathway south of the Highlands in far southern 

Brazil and Uruguay, and the 1000m parcel trajectory approached from the northeast under the 

apparent influence of the northeasterly flow through the aforementioned gap in the Brazilian 

Highlands. There were also increasing indications of moisture from the Amazon basin flowing 
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southward into the system, as there was a coherent area of northerly flow extending from central 

Brazil southward into the La Plata basin and the 2500m parcel trajectory flowed southward from 

eastern Bolivia into the LLCS centroid. By 0000 UTC 16 October 2001 (Fig. 4.37c), two 

separate LLCS cloud shields were present, with one located over far northern Argentina and 

southern Bolivia and the other a continuation of the existing system over far southern Brazil. The 

new Bolivia system initiated in a moisture pool formed by the convergence of southerly flow 

originating over the Brazil Current and northerly flow around the Chaco Low, while the 

previously existing system was maintained by a combination of low-level easterly winds from 

the Brazil Current and elevated SALLJ flow. Finally, at 1200 UTC 16 October 2001 (Fig. 4.37d), 

the original system had dissipated to below LLCS criteria, and the Bolivia system had progressed 

northeastward and appeared to be primarily supported by moist northeasterly flow from the 

Amazon. This system went on to grow quite large over the western Amazon basin before 

dissipating around 0600 UTC 17 October 2001. 

 The second case study (Fig. 4.38) exemplifies a very different type of central Argentina 

LLCS event, one that initiated along a plume of moisture flowing from the Pacific before 

progressing eastward with support from moisture contributions by all three sources (Pacific, 

South Atlantic, and Amazonian SALLJ). It first developed around 1800 UTC 11 April 2004, 

along a narrow but rich plume of moisture extending from the central Pacific to the southern 

coast of Chile (Fig. 4.38a). HYSPLIT trajectories at all three levels showed evidence of Pacific 

origin before funneling through a gap in the Andes along the Chile-Argentina border. This gap 

flow was particularly pronounced 12 hours later (Fig. 4.38b), as the 925-hPa wind vectors 

associated with the Pacific moisture plume converged along the Andes of the Chile-Argentina 

border region and were channeled through gaps in the mountains, accelerating on the eastern side 
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and bringing a tongue of elevated PWAT toward the LLCS. At this point the LLCS appeared to 

also be receiving moisture from the Brazil Current as a result of fast northerly flow on the west 

side of a strong South Atlantic subtropical anticyclone, and potentially from the SALLJ as well, 

as northerly flow extended all the way from the southern Amazon basin to the LLCS centroid. 

By the last two timesteps (Fig. 4.38c and Fig. 4.38d), the LLCS had tracked far into the South 

Atlantic and its primary moisture source appeared to be the Brazil Current. Also notable during 

this LLCS event was the well-defined SACZ signature in elevated PWAT extending diagonally 

from central Brazil southeastward through the South Atlantic Ocean off the coast of Brazil at all 

timesteps. All three days (11-13 April 2004) were classified as continental SACZ days, and 11 

April 2004 was classified as an oceanic SACZ day as well. 

 These case studies demonstrate the variety of moisture sources that can feed LLCSs over 

subtropical South America and the difficulty in determining the relative moisture contribution of 

each source region. Both the October 2001 and the April 2004 events appeared to receive 

moisture from different sources throughout their life cycle, and HYSPLIT back trajectories 

tracing the movement of air parcels into these systems often originated from distinctly different 

regions depending on the level in the atmosphere at which the modeled trajectory terminated. 

This type of ambiguity is common to LLCS events over central Argentina and throughout the 

South American subtropics, a fact which once again reinforces the importance of considering 

South Atlantic and Pacific moisture sources in addition to the South American Low-Level Jet.  
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Table 4.1. Number of days during the Oct–May 1997–2008 POR that were classified in each 

SACZ category. 

 

Neither SACZ 

active 

Continental SACZ 

active only 

Oceanic SACZ 

active only 

Both SACZ 

active 

Number of days 

in POR 
1463 (67%) 329 (15%) 308 (14%) 89 (4%) 
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Table 4.2. Number of 6-hourly timesteps during the Oct–May 1997–2008 POR that were 

classified in each LLCS category. Note that these percentages sum to over 100 because these 

categories are not mutually exclusive.  

 

No active 

La Plata 

LLCS 

Active LLCS in 

either La Plata 

domain 

Active LLCS in 

E La Plata 

domain 

Active LLCS in 

W La Plata 

domain 

Number of 6-

hourly timesteps 

in POR 

5116 (58%) 3640 (42%) 3136 (36%) 1705 (19%) 
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Table 4.3. Output generated by logistic regression model for the “continental” representative 

point (-22.875S, -55.125W). 

  

glm(formula = LLCS_dummy ~ cont_pcp + oc_pcp, family = "binomial",  

    data = SACZ_precip_LLCS_presence) 

 

Deviance Residuals:  

    Min       1Q   Median       3Q      Max   

-0.9599  -0.6537  -0.5651  -0.4427   2.2767   

 

Coefficients: 

             Estimate Std. Error z value Pr(>|z|)     

(Intercept) -1.511613   0.141306 -10.697  < 2e-16 *** 

cont_pcp     0.010326   0.002047   5.045 4.53e-07 *** 

oc_pcp      -0.012549   0.002070  -6.062 1.35e-09 *** 

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

(Dispersion parameter for binomial family taken to be 1) 

 

    Null deviance: 2017.5  on 2188  degrees of freedom 

Residual deviance: 1962.8  on 2186  degrees of freedom 

AIC: 1968.8 

 

Number of Fisher Scoring iterations: 4 
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Table 4.4. Output generated by logistic regression model for the “oceanic” representative point 

(-31.125S, -41.125W). 

 

glm(formula = LLCS_dummy ~ cont_pcp + oc_pcp, family = "binomial",  

    data = SACZ_precip_LLCS_presence) 

 

Deviance Residuals:  

    Min       1Q   Median       3Q      Max   

-0.4480  -0.3055  -0.2233  -0.1618   3.0873   

 

Coefficients: 

             Estimate Std. Error z value Pr(>|z|)     

(Intercept) -4.787055   0.391542 -12.226   <2e-16 *** 

cont_pcp    -0.002156   0.004173  -0.517    0.605     

oc_pcp       0.025513   0.004790   5.327    1e-07 *** 

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

(Dispersion parameter for binomial family taken to be 1) 

 

    Null deviance: 633.30  on 2188  degrees of freedom 

Residual deviance: 600.84  on 2186  degrees of freedom 

AIC: 606.84 

Number of Fisher Scoring iterations: 7 
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Table 4.5. Number of “Central Argentina” LLCS events and their mean maximum area and 

duration across SALLJ connection categories. 

Number of trajectory levels with 

SALLJ connection (out of 3) 
0 1 2 3 

Number of LLCS events 146 (42%) 41 (12%) 86 (25%) 72 (21%) 

Mean LLCS maximum area (km
2
) 213,181 248,894 410,030 427,678 

Mean LLCS duration (hrs.) 11.8 12.6 25.8 31.4 
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Table 4.6. Tukey’s Honestly Significant Difference Test results for differences in mean Central 

Argentina LLCS maximum area and duration between pairs of SALLJ connection categories. 

 
LLCS maximum area LLCS duration 

SALLJ connection 

categories 

Difference in means 

(km
2
) 

p-value 
Difference in means 

(hrs.) 
p-value 

1 - 0 35,712 0.68 0.79 0.98 

2 - 0 196,849 0.00 14.0 0.00 

3 - 0 214,496 0.00 19.6 0.00 

2 - 1 161,136 0.00 13.2 0.00 

3 - 1 178,784 0.00 18.8 0.00 

3 - 2 17,647 0.93 5.67 0.02 
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Fig. 4.1. Median precipitable water (fill; kg m
-2

) and 925-hPa wind (arrows; m s
-1

) for subsets of 

SACZ activity: (a) continental and oceanic SACZ both inactive, (b) continental SACZ active 

only, (c) oceanic SACZ active only, (d) continental and oceanic SACZ both active. Dotted areas 

indicate regions with precipitable water greater than the 75
th

 climatological percentile and 

diagonal lines indicate regions with precipitable water less than the 25
th

 climatological 

percentile. 
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Fig. 4.2. Composite PWAT and 925-hPa wind anomalies (percentile departure from Oct–May 

1998–2007 climatological median) across subsets of SACZ activity described in Fig. 4.1. Dotted 

areas indicate regions with precipitable water greater than the 75
th

 climatological percentile and 

diagonal lines indicate regions with precipitable water less than the 25
th

 climatological 

percentile. 
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Fig. 4.3. As in Fig. 4.1 but for subsets of La Plata domain LLCS activity: (a) no active LLCS in 

La Plata domain, (b) active LLCS anywhere in domain, (c) active LLCS in East La Plata domain 

only, (d) active LLCS in West La Plata domain only.  



82 
 

 
 

 

Fig. 4.4. As in Fig. 4.2 but for subsets of La Plata domain LLCS activity described in Fig. 4.3.
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Fig. 4.5. Composite PWAT and 925-hPa wind anomalies across subsets of SACZ (columns) and 

La Plata LLCS (rows) activity. Dotted areas indicate regions with precipitable water greater than 

the 75
th

 climatological percentile and diagonal lines indicate regions with precipitable water less 

than the 25
th

 climatological percentile. 
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Fig. 4.6. Median 300-hPa geopotential height (contour lines; × 10
-1

 m), wind (arrows; m s
-1

), and 

divergence (fill; × 10
5
 s

-1
) for subsets of SACZ activity described in Fig. 4.1. 
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Fig. 4.7. Composite anomalies of 300-hPa height (contour lines), wind (arrows), and divergence 

(fill) across subsets of SACZ activity described in Fig. 4.1. Positive height anomalies are drawn 

with thin gray lines and negative height anomalies with thick black lines. 
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Fig. 4.8. As in Fig. 4.6 but for subsets of LLCS activity described in Fig. 4.3. 



87 
 

 
 

 

Fig. 4.9. As in Fig. 4.7 but for subsets of LLCS activity described in Fig. 4.3. 
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Fig. 4.10. Composite 300-hPa height, wind, and divergence anomalies across subsets of SACZ 

(columns) and La Plata LLCS (rows) activity. Positive height anomalies are drawn with thin gray 

lines and negative height anomalies with thick black lines. 
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Fig. 4.11. 0.25° × 0.25° gridded probability of LLCS occurrence for each month during the Oct–

May austral warm season (based on 1998–2007 study period). 
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Fig. 4.12. 0.25° × 0.25° gridded probability of LLCS occurrence across SACZ phases: (a) neither 

SACZ active, (b) continental active only, (c) oceanic active only, and (d) both active. 
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Fig. 4.13. Logistic regression predicted daily LLCS probability for “continental” representative 

point (left side plots) and “oceanic” representative point (right side plots) across all percentiles of 

oceanic SACZ precipitation (top plots) and continental SACZ precipitation (bottom plots). 

Separate curves on each top row (bottom row) plot represent predicted LLCS probability with 

oceanic (continental) precipitation held at its 10
th

, 50
th

, and 90
th

 percentiles, and shading around 

each line indicates standard error of predicted probability values. Shading of map background is 

austral warm season (Oct–May) 1998–2007 climatological LLCS probability. 
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Fig. 4.14. 0.25° × 0.25° gridded logistic regression coefficient for continental SACZ 

precipitation. Values represent the change in log-odds of LLCS occurrence at a given point for a 

one percentile increase in continental SACZ precipitation. 



93 
 

 
 

 

Fig. 4.15. As in Fig. 4.14 except for oceanic SACZ precipitation logistic regression coefficient. 
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Fig. 4.16. Logistic regression predicted probability of LLCS occurrence across combinations of 

representative “low” and “high” continental (top row) and oceanic (bottom row) SACZ 

precipitation percentiles (10
th

 and 90
th

) with precipitation over the other domain held constant at 

its median. 
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Fig. 4.17. Difference between the respective absolute values of the continental and oceanic 

SACZ precipitation coefficients. Hatching indicates the type of SACZ influence e.g. “Oc. + | 

Cont. –” means an increase in oceanic SACZ domain precipitation results in increased LLCS 

probability and an increase in continental SACZ domain precipitation results in decreased LLCS 

probability. Hatching only drawn where both continental and oceanic SACZ precipitation 

coefficients are statistically significant (p ≤ 0.05). 
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Fig. 4.18. Median precipitable water (kg m
-2

) and 925-hPa wind vectors (m s
-1

) for each month 

of the austral warm season (Oct–May) during the 1998–2007 study period. 
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Fig. 4.19. Map of HYSPLIT modeled 120-hour parcel back trajectories at 10 meters above 

ground level for all 6-hourly merged LLCS cloud shields. Also plotted is a polar histogram of the 

direction from which parcel trajectories flowed. 
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Fig. 4.20. As in Fig. 4.19 but for 1000m AGL trajectories. 
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Fig. 4.21. As in Figs. 4.19 and 4.20 but for 2500m AGL trajectories. 
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Fig. 4.22. Density of all 10m AGL LLCS back trajectories. Density unit is the ratio of the 

number of LLCS trajectories that intersected a given 4° × 4° box to the total number of 

trajectories. 
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Fig. 4.23. As in Fig. 4.22 but for 1000m AGL trajectories. 
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Fig. 4.24. As in Fig. 4.23 except for 2500m AGL trajectories. 
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Fig. 4.25. HYSPLIT modeled 120-hour parcel back trajectories at 10 meters AGL for all 6-

hourly merged LLCS cloud shields grouped by sub-domains: (a) West La Plata, (b) East La 

Plata, (c) Amazon, (d) Continental SACZ, (e) Oceanic SACZ, (f) Oceanic other. 
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Fig. 4.26. As in Fig. 4.25 except for 1000m AGL trajectories. 
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Fig. 4.27. As in Figs. 4.25 and 4.26 except for 2500m AGL trajectories. 
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Fig. 4.28. Trajectory density plots for the “West La Plata” sub-domain grouped by hours 

preceding LLCS valid time: 96–120 hours before LLCS time (leftmost column), 72–96 hours 

before (second column from left), 48–72 hours before (middle column), 24–48 hours before 

(second column from right), and 0–24 hours before (rightmost column). Rows represent 

trajectory levels: 10m AGL (top row), 1000m AGL (middle row), and 2500m AGL (bottom 

row). On each plot, the density units are the ratio of the number of LLCS trajectories for the 

given timestep that intersected the given 4° × 4° box to the total number of trajectories for the 

given timestep. 
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Fig. 4.29. As in Fig. 4.28 except for “East La Plata” sub-domain. 
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Fig. 4.30. As in Figs. 4.28–4.29 except for “Oceanic other” domain. 
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Fig. 4.31. As in Figs. 4.28–4.30 except for “Continental SACZ” domain. 
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Fig. 4.32. As in Figs. 4.28–4.31 except for “Oceanic SACZ” domain. 
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Fig. 4.33. As in Figs. 4.28–4.32 except for “Amazon” domain. 
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Fig. 4.34. Percentage of central Argentina LLCS events during each warm season month that fell 

each SALLJ connection category: no levels (no HYSPLIT modeled back trajectories at any of 

the three levels for any of the LLCS’s 6-hourly timesteps passed through the SALLJ domain), 1 

level (back trajectory at 1 of 3 levels passed through the SALLJ domain), 2 levels (back 

trajectories at 2 of 3 levels passed through the SALLJ domain), 3 levels (back trajectories at all 3 

levels passed through the SALLJ domain). 
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Fig. 4.35. Distribution of central Argentina LLCS maximum cloud shield area across same 

categories of SALLJ connection as in Fig. 4.34. Boxes contain the region between the lower and 

upper quartiles (25
th

 and 75
th

 percentiles) of the distribution and whiskers extend to the most 

extreme data point within ± 1.5*(interquartile range).  
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Fig. 4.36. As in Fig. 4.35 except for distribution of LLCS duration. 
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Fig. 4.37. Precipitable water (fill; kg m
-2

) and 925-hPa wind vectors (m s
-1

) for four timesteps 

during Oct 2001 case study LLCS event: (a) 0000 UTC 15 Oct 2001, (b) 1200 UTC 15 Oct 2001, 

(c) 0000 UTC 16 Oct 2001, (d) 1200 UTC 16 Oct 2001. Also plotted are the HYSPLIT modeled 

back trajectories ending at each 6-hourly merged LLCS centroid at three levels: 10m AGL (red 

lines), 1000m AGL (purple lines), and 2500m AGL (blue lines). 
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Fig. 4.38. As in Fig. 4.37 except for Apr 2004 case study LLCS event at timesteps: (a) 1800 

UTC 11 Apr 2004, (b) 0600 UTC 12 Apr 2004, (c) 1800 UTC 12 Apr 2004, (d) 0600 UTC 13 

Apr 2004. 
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

5.1 Discussion of major findings 

The first part this study involved a comprehensive investigation of the lower- and upper-

tropospheric circulation features associated with both continental and oceanic South Atlantic 

Convergence Zone events and their relationships with LLCS formation over the La Plata basin of 

subtropical South America. This analysis yielded several insights into the atmospheric processes 

that govern the variability of regional hydroclimate. Continental and oceanic SACZ events were 

found to generally occur separately from one another as a result of distinct atmospheric flow 

patterns. Continental SACZ events typically occurred during the spring and summer months, 

under atmospheric regimes that were characterized by large-scale moisture transport from the 

Amazon basin to the Brazilian Highlands consistent with the warm phase of the South American 

monsoon. Oceanic SACZ events, on the other hand, increased in frequency during the autumn 

months (particularly May) and were typically associated with more dynamic atmospheric flow 

patterns featuring an upper-level trough over the La Plata basin and below-normal atmospheric 

moisture over most of South America. 

These findings regarding the atmospheric flow patterns associated with continental and 

oceanic SACZ events proved to also hold important ramifications for LLCS activity over the La 

Plata basin and helped to further describe the nature of the “South American Seesaw” 

precipitation dipole identified in previous studies. Increases in precipitation over the continental 

SACZ region were found to be associated with an increase in the probability of LLCS 

occurrence over northern and western sections of the La Plata basin and a decrease in LLCS 
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probability over the southeastern La Plata basin and adjacent regions of the South Atlantic 

Ocean. Increased oceanic SACZ precipitation, on the other hand, was strongly associated with a 

decreased probability of LLCS occurrence over nearly the entire La Plata basin, with the 

exception of a small section of central Argentina. This negative relationship between oceanic 

SACZ precipitation and LLCS probability was found to be stronger than the relationships (both 

positive and negative) between continental SACZ precipitation and LLCS probability over most 

of the La Plata basin. Areas of stronger continental SACZ precipitation linkages to LLCS 

probability were confined to the continental SACZ domain itself and a small section of northern 

Paraguay and eastern Bolivia that typically receives moisture flux from the Amazon during the 

same times that precipitation is enhanced in the continental SACZ region. Thus the “South 

American Seesaw” signature, as it appears in relationships between the SACZ and La Plata basin 

LLCS activity, was shown to exhibit substantial variability across different regions of the La 

Plata basin. Over the northern and western sections of the basin, there is indeed a “Seesaw” 

inverse relationship between LLCS activity and oceanic SACZ precipitation, but there is no 

“Seesaw” with continental SACZ precipitation and increases in continental SACZ precipitation 

were actually associated with increased LLCS probability. Over the southeastern La Plata basin 

(southern Paraguay, far northeastern Argentina, far southern Brazil, and Uruguay), there is a 

pronounced “Seesaw” between both continental and oceanic SACZ precipitation and LLCS 

probability, as enhanced precipitation in either of the SACZ domains favors moisture transport 

away from this area through the mechanisms described in section 4.1. 

Atmospheric circulation patterns observed in this study for periods of active SACZ and 

La Plata basin precipitation are broadly similar to those found in previous research (e.g. Carvalho 

et al. 2004; Muza et al. 2009; Carvalho et al. 2011; de Oliveira Vieira et al. 2012). However, this 
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study is unique in finding that oceanic SACZ precipitation shows a much stronger inverse 

relationship with La Plata LLCS activity compared to the continental SACZ; the few previous 

studies (Muza et al. 2009; Carvalho et al. 2011) that have treated the continental and oceanic 

SACZ as separate entities found that the “Seesaw” inverse relationship is roughly equivalent for 

both the continental and oceanic SACZ (see Fig. 9 of Muza et al. 2009). A likely cause of this 

discrepancy is the fact that these two previous studies only examined SACZ events during the 

austral summer months of December-February, while the present study covers October-May. As 

Figs. 3.6 and 3.11 show, oceanic SACZ events commonly occur during the spring and fall 

months. This suggests that this study captures more early- and late-warm season oceanic SACZ 

events than previous studies which, due to their timing away from the peak of the monsoon, are 

more likely to coincide with periods of reduced La Plata basin precipitation than summer oceanic 

SACZ events. 

The most salient conclusion to be drawn from the LLCS moisture source analysis that 

comprised the second part of this study is that moisture transport into large-scale organized 

convection over subtropical South America is quite complex and likely originates from sources 

beyond the South American Low-Level Jet alone. Although there is a large degree of uncertainty 

in the results generated by the HYSPLIT back trajectory analysis of airflow into these events, it 

appears likely that a substantial proportion of moisture feeding LLCSs over the La Plata basin 

can be sourced to the Brazil Current area of the South Atlantic Ocean and / or the eastern Pacific 

Ocean. In the detailed analysis of central Argentina LLCS events reported in section 4.4, it was 

found that nearly half of them showed no evidence of receipt of moisture from the SALLJ, which 

confirms the suggestion of Durkee (2008) that LLCS events in this region may not be initiated by 

the transport of Amazonian moisture in all cases. Notably, these “non-SALLJ” systems were 
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significantly smaller and shorter in duration than LLCSs with a connection to the SALLJ, which 

suggests that richer Amazonian moisture may be capable of supporting larger and longer-lasting 

convective events than South Atlantic and Pacific moisture sources. 

5.2 Future research 

Most of the unresolved questions surrounding this research were raised by the LLCS 

moisture source portion of the study, as the relative importance of the Amazon basin, South 

Atlantic Ocean, and Pacific Ocean moisture source regions is still largely unknown. A necessary 

first step in beginning to resolve this question would be to use a more modern and high-

resolution reanalysis dataset such as CFSR or ERA-Interim to generate more accurate HYSPLIT 

back trajectories. These trajectories should be modeled for numerous levels throughout the lower 

troposphere and at numerous points located within LLCS cloud shields rather than just the cloud 

shield centroid to create an ensemble of possible trajectories entering the system at all levels 

where moisture transport was potentially occurring. For a truly accurate picture of moisture 

transport over the region, however, spatially dense observations of moisture and wind flow 

throughout the depth of the troposphere would be needed across subtropical South America, 

particularly in areas (such as the narrowing of the Brazilian Highlands between Curitiba and São 

Paulo and gaps in the Argentinian Andes) that have been identified in this study as potential key 

moisture transport pathways. These observations would be especially useful in diagnosing the 

vertical structure of moisture transport for comparison with reanalysis data and numerical 

weather prediction simulations. An example of this type of observational study is the South 

American Low-Level Jet Experiment, a field campaign to observe the characteristics of the 

SALLJ that took place during November 2002 – February 2003 (Vera et al. 2006b).  

Once the principal moisture source regions of convection over subtropical South America 

have been more thoroughly investigated and better understood through one or more of these 
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methods, future work should build upon this knowledge by exploring its scientific and societal 

ramifications. For example, if the South Atlantic Ocean is confirmed to in fact be a major 

moisture source region fueling large-scale convective precipitation in the La Plata basin, further 

studies would be warranted to determine the relative precipitation impacts of convective events 

whose primary moisture source is from the South Atlantic – do they produce as much rainfall 

over as wide a region as convection fed by the Amazonian SALLJ, or do they tend to be smaller 

and shorter in duration, as this study’s preliminary results for central Argentina suggest? A more 

complete picture of La Plata basin moisture sources would also aid in understanding the broader 

effects of droughts and deforestation in the Amazon basin. These changes may prove to be more 

(or less) important to economic interests in the La Plata basin than previously thought, depending 

on the level of dependence on Amazon-sourced atmospheric moisture the region is found to 

exhibit. Finally, the contribution of South Atlantic moisture to La Plata basin precipitation could 

prove to be an important component of the assessment of future climate change scenarios for 

South America and the South Atlantic Ocean. Climate model simulations (Junquas et al. 2012; 

Marengo et al. 2012) have predicted a future increase in precipitation across the La Plata basin. 

The preliminary results of this study suggest that warming of the South Atlantic Ocean could 

potentially be a factor in this predicted trend by leading to increased amounts of water vapor 

available for La Plata basin convection, but further research is needed to confirm that South 

Atlantic moisture is indeed a major contributor to precipitation in subtropical South America. 
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