
THESIS

CHARACTERISTICS OF HAILSTORMS AND ENSO-INDUCED EXTREME STORM

VARIABILITY IN SUBTROPICAL SOUTH AMERICA

Submitted by

Zachary S. Bruick

Department of Atmospheric Science

In partial fulfillment of the requirements

For the Degree of Master of Science

Colorado State University

Fort Collins, Colorado

Spring 2019

Master’s Committee:

Advisor: Kristen L. Rasmussen

Russ S. Schumacher

V. Chandrasekar



Copyright by Zachary S. Bruick 2019

All Rights Reserved



ABSTRACT

CHARACTERISTICS OF HAILSTORMS AND ENSO-INDUCED EXTREME STORM

VARIABILITY IN SUBTROPICAL SOUTH AMERICA

Convection in subtropical South America is known to be among the strongest anywhere in the

world. Severe weather produced from these storms, including hail, strong winds, tornadoes, and

flash flooding, causes significant damages to property and agriculture within the region. These in-

sights are only due to the novel observations produced by the Tropical Rainfall Measuring Mission

(TRMM) satellite since there are the limited ground-based observations within this region. Con-

vection is unique in subtropical South America because of the synoptic and orographic processes

that support the initiation and maintenance of convection here. Warm and moist air is brought into

the region by the South American low-level jet from the Amazon. When the low-level jet intersects

the Andean foothills and Sierras de Córdoba, this unstable air is lifted along the orography. At the

same time, westerly flow subsides in the lee of the Andes, which provides a capping inversion

over the region. When the orographic lift is able to erode the subsidence inversion, convective

initiation occurs and strong thunderstorms develop. As a result, convection is most frequent near

high terrain. Additionally, convection in this region often remains stationary for many hours by

back-building over the high terrain, as the low-level jet continues to orographically lift unstable air

over the mountains. This thesis expands the TRMM-based findings on convection in this region

in two separate studies: (1) Examination of the El Nino-Southern Oscillation (ENSO)-induced

convective variability and (2) Characteristics and environmental conditions supporting hailstorms.

The first study uses 16 years of TRMM and reanalysis data to identify how El Nino and La Nina

affect storm occurrence and characteristics in this region. While the frequency of storms does

not vary greatly between ENSO phases, El Nino conditions tend to promote deeper storms with

stronger convection, with more robust synoptic environments supporting convective initiation and
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maintenance. The second study focuses on the characteristics of the powerful hailstorms that fre-

quent subtropical South America. Using TRMM precipitation radar and microwave imager data,

hailstorms are investigated based on their probability of containing hail. Results from this study

show that hailstorms have an extended diurnal cycle, often occurring in the overnight hours relative

to other locations around the world. High-probability hailstorms tend to be taller and larger than

storms that contain low probabilities of hail. They also tend to be supported by strong synoptic

forcing, including enhanced lower- and upper-level jet streams, an anomalously warm and moist

surface, and increased instability. These conditions can be forecast days in advance, which will

help promote readiness and preparation for these damaging storms. Overall, these two studies

further the knowledge of convection in subtropical South America, providing new information for

short- and long-term forecasts of convection and context to the results of the recent RELAMPAGO

field campaign.
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Chapter 1

Introduction

Severe convection causes major disruptions to life, property, and economic stability, no matter

where it occurs in the world. In subtropical South America, where a majority of economic activity

is concentrated in the agricultural sector, severe weather can be catastrophic to economic stability

and societal well-being. While severe thunderstorms have been documented in this region since the

mid-20th century, it wasn’t until the advent of the space-borne radar, namely with the launch of the

Tropical Rainfall Measuring Mission (TRMM) satellite in 1997, that research on these powerful

storms began. Since then, convection on global and regional scales has been reexamined over

the past two decades. With this new source of data, subtropical South America was identified for

the first time as one of the locations with the strongest convection anywhere in the world (Zipser

et al. 2006). Furthermore, these storms have been found to frequently be severe, with hail, flash

flooding, and occasional tornadoes (Rasmussen et al. 2014).

While thunderstorms in subtropical South America have been anecdotally documented since

the 1960s (Grandoso and Iribarne 1963), the TRMM satellite’s Precipitation Radar (PR) provided

the first regular three-dimensional observations of convection in this region. In-depth studies of

subtropical South American convection using TRMM PR data found that storms in this region are

uniquely forced by the complex terrain of the Andes Mountains and other smaller mountain ranges,

and supported by moisture from the “green ocean” of the Amazon rainforest (Rasmussen and

Houze 2011, 2016; Mulholland et al. 2018). Their formation is supported by the South American

low-level jet’s (SALLJ) interaction with the Andes and Sierras de Córdoba, a secondary mountain

range east of the main Andes barrier, which both provide orographic forcing to overcome synoptic

subsidence and its resultant convective inhibition in the lee of the Andes (Rasmussen and Houze

2011, 2016). These unique synoptic ingredients and the resulting intense, frequent, and station-

ary convection have spurred recent large-scale research efforts within subtropical South America,

including the Remote sensing of Electrification, Lightning, And Mesoscale/microscale Processes
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with Adaptive Ground Observations (RELAMPAGO) field campaign1 (1 November - 17 December

2018), which observed thunderstorms near the Sierras de Córdoba with ground-based instrumen-

tation for the first time. In order to prepare for this campaign, this thesis presents background

studies on convection in this region to better understand 1) how the El Niño-Southern Oscillation

influences convection and 2) why the convection in subtropical South America produces large and

frequent hail.

The variability of convection due to the El Niño-Southern Oscillation (ENSO) in subtropical

South America is studied using TRMM PR observations and ERA-Interim reanalysis data from

1998-2013. The findings of this research, presented in Chapter 2, have been accepted for publi-

cation, pending revisions, in Monthly Weather Review2. Previous research has found that ENSO

has a strong influence on precipitation patterns in tropical and subtropical South America. Specif-

ically, precipitation is increased during El Niño in the La Plata basin of eastern subtropical South

America and decreased in tropical regions (Liebmann and Marengo 2001; Camilloni and Barros

2003; Espinoza Villar et al. 2009; Cavalcanti et al. 2015; Shimizu et al. 2017). During La Niña, the

anomalies reverse and precipitation increases over the Amazon. These anomalies are the results of

anomalous Hadley and Walker circulations over tropical South America (Liebmann and Marengo

2001), as well as shifts in the South Atlantic Convergence Zone (Grimm et al. 2000; Grimm and

Tedeschi 2009). However, no prior studies have focused on the variability of convection and asso-

ciated storm characteristics within subtropical South America due to ENSO.

Using the aforementioned satellite and reanalysis model data, this study found that different

phases of ENSO does not greatly inhibit or promote convective development in this region. Rather,

the frequency and intensity of the most extreme convection was modulated by the different phases

of ENSO. Storms during El Niño tend to contain more intense convection and are supported by

a more favorable synoptic environment. This enhanced synoptic support comes mainly from en-

1https://www.eol.ucar.edu/field_projects/relampago

2Bruick, Z. S., K. L. Rasmussen, A. K. Rowe, and L. A. McMurdie, 2019: Characteristics of Intense Convection

in Subtropical South America as Influenced by El Niño-Southern Oscillation. Mon. Weather Rev., accepted, pending

revisions.
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hanced jet strength and conditional instability within subtropical South America. Precipitation

from these extreme storms does not vary greatly between phases of ENSO, so it is hypothesized

that the precipitation anomalies previously found in eastern subtropical South America are a result

of differences in the duration of storms, which could not be observed by the TRMM satellite, or

by changes to the frequency or intensity of less intense convection. The findings of this study

inform researchers, operational meteorologists, and other interested groups that intense storms in

subtropical South America will continue to present significant hazards to this region regardless of

ENSO phase.

The second study contained in this thesis focuses on the frequent severe hailstorms within sub-

tropical South America using the same TRMM PR and ERA-Interim data, along with the TRMM

Microwave Imager (TMI). The results of this work have been submitted for review to Monthly

Weather Review as well3. Cecil and Blankenship (2012) found subtropical South America to be

a hotspot for hail activity worldwide using AMSR-E and TMI observations to create a proxy for

the probability of large hail (i.e., 1 inch or greater) within convection. Ground-based studies have

found hail to be frequent from Mendoza to the central plains near Córdoba (Mezher et al. 2012),

with large hail (> 2 cm) causing 80% of the agricultural damages in this region (Perez and Puli-

afito 2006). These past studies have relied upon surface station data, which come from a sparse

network and are dependent upon reports from weather observers. There is no centralized database

of reports from the public, such as the database produced by the Storm Prediction Center in the

U.S.4, or a sufficient radar network to create a radar-derived hail climatology (e.g, Cintineo et al.

2012), due to the lack of S-band radars in Argentina. As a result, ground-based climatologies of

hailstorms in subtropical South America are unable to capture the full distribution of these damag-

ing storms. Therefore, this study sought to advance the work of Cecil and Blankenship (2012) and

their satellite-based method. This technique is useful for the development of objective climatolo-

gies wherever there are no adequate ground-based observational networks. The study, contained in

3Bruick, Z. S., K. L. Rasmussen, and D. J. Cecil, 2019: Subtropical South American Hailstorm Characteristics

and Environments. Mon. Wea. Rev. Submitted for review.

4https://www.spc.noaa.gov/exper/reports/
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Chapter 3, demonstrates that hailstorms have an extended diurnal cycle as compared to hailstorms

in the U.S. Hailstorms in subtropical South America can occur well after midnight, significantly

extending their damage potential. With regard to storm characteristics, convective storms with

high probabilities of hail are more likely to be deeper and wider than storms with low probabili-

ties of hail. Convection within hailstorms is stronger, and these storms are also more likely to be

multi-cellular in nature, which is a significant difference from hailstorms found in the U.S. Finally,

hailstorms in subtropical South America are supported by robust synoptic environments that allow

for the development of intense convection. These patterns can be used to better forecast the occur-

rence of hail hours and days in advance of any hailfall and will also improve the understanding of

hailstorms in other regions of the world.
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Chapter 2

Characteristics of Intense Convection in Subtropical

South America as Influenced by El Niño–Southern

Oscillation

El Niño–Southern Oscillation (ENSO) is known to have teleconnections to atmospheric cir-

culations and weather patterns around the world. Previous studies have examined connections

between ENSO and rainfall in tropical South America, but little work has been done connecting

ENSO phases with convection in subtropical South America. The Tropical Rainfall Measuring

Mission (TRMM) Precipitation Radar (PR) has provided novel observations of convection in this

region, including that convection in the lee of the Andes Mountains is among the deepest and most

intense in the world with frequent upscale growth into mesoscale convective systems. A 16-year

dataset from the TRMM PR is used to analyze deep and wide convection in combination with

ERA-Interim reanalysis storm composites. Results from the study show that deep and wide con-

vection occurs in all phases of ENSO, with only some modest variations in frequency between

ENSO phases. However, the most statistically significant differences between ENSO phases occur

in the three-dimensional storm structure. Deep and wide convection during El Niño tends to be

taller and contain stronger convection, while La Niña storms contain stronger stratiform echoes.

The synoptic and thermodynamic conditions supporting the deeper storms during El Niño is related

to increased convective available potential energy, a strengthening of the SALLJ, and a stronger

upper-level jet stream, often with the equatorward-entrance region of the jet stream directly over

the convective storm locations. These enhanced synoptic and thermodynamic conditions provide

insight into how the structure of some of the most intense convection on Earth varies with phases

of ENSO.
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2.1 Introduction

Precipitating systems are a critical component of Earth’s hydrologic and energy budgets by re-

distributing moisture and energy. Extreme precipitation events usually take the form of convective

storms, which have a large socioeconomic impact through flooding, large hail, and extreme winds.

Around the world, the variability of convection causes hydrological extremes such as droughts and

floods that significantly affect large regions for an extended amount of time. Additionally, the oc-

currence of extreme events and associated severe weather impacts have been related to large-scale

climate variability (Cook and Schaefer 2008; Tippett et al. 2015; Rasmussen et al. 2014; Cook et al.

2017) with one notable example of large-scale variability being the El Niño–Southern Oscillation

(ENSO). ENSO is an interannual fluctuation of tropical Pacific Ocean sea surface temperatures

and the surface pressure difference between Darwin and Tahiti (Trenberth 1997) that is known

to affect the variability of temperature and precipitation globally on an interannual cycle through

teleconnections (Wallace and Gutzler 1981; Horel and Wallace 1981; Rasmusson and Carpenter

1983; Ropelewski and Halpert 1987; Halpert and Ropelewski 1992; Dai 2001). Thus, a greater

understanding of the role of ENSO on the global variability of convection and associated severe

weather and flooding will help improve high-impact weather predictability.

Under neutral ENSO conditions, the Walker circulation transports warm, moist air to the west-

ern Pacific Ocean where it rises and returns aloft to the eastern Pacific where it descends and flows

west once more (Bjerknes 1969). During the warm phase of ENSO, commonly referred to as

El Niño, the Walker circulation weakens or breaks down, leading to the anomalous convergence

of air in the central Pacific Ocean and an increase in the frequency of convection and lightning

there (Chronis et al. 2008), and anomalous subsidence over tropical South America (Shimizu et al.

2017). During the cold phase of ENSO, known as La Niña, the Walker circulation strengthens,

but remains in the same place as in neutral conditions, with a rising branch of the circulation over

tropical South America. Additionally, the Hadley circulation, which has its rising branch near the

equator and sinking branch at 30◦S, is weakened during El Nino by the reduced convective activity

in northern South America (Grimm and Ambrizzi 2009).
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These changes in the Walker and Hadley circulations modulate global circulations by disrupting

the propagation of Rossby waves generated by tropical convection (Grimm and Ambrizzi 2009).

Therefore, ENSO impacts convection globally. In the United States (U.S.), increased rainfall from

mesoscale convective systems (MCSs; Anderson and Arritt 2001) and increased precipitation over

the southern states and Gulf of Mexico (Dai 2001; Lee et al. 2014) are correlated with El Niño,

while more severe weather events in the southeast U.S. occur during La Niña (Allen et al. 2015). In

southeast Asia, El Niño causes higher surface pressure over the ocean, leading to onshore flow and

increased precipitation over land (Yoshida et al. 2007). Farther south in Indonesia, colder ocean

waters during El Niño decrease convection, which leads to enhanced drought conditions during

summer (Hendon 2003).

Recent research has examined how ENSO affects rainfall in tropical regions of South America,

such as the Amazon rainforest in northern South America. Shimizu et al. (2017) showed that

the Amazon and northeastern Brazil are drier during El Niño due to anomalous subsidence from

disrupted Walker and Hadley circulations. This result corroborated previous studies that found

that warmer tropical central Pacific Ocean temperatures during El Niño shortened the convective

season in the Amazon (Liebmann and Marengo 2001) and decreased rainfall over the northeastern

Amazon and southern tropical Andes mountains (Espinoza Villar et al. 2009). In subtropical South

America, correlations between rainfall and ENSO have been demonstrated, especially for the La

Plata basin encompassing northeast Argentina, Paraguay, and southeastern Brazil. Rainfall tends

to be maximized in this area during El Niño, leading to flooding within the basin (Camilloni and

Barros 2003; Cavalcanti et al. 2015). Synoptic forcing for enhanced rainfall in the La Plata basin

may be provided by a stronger subtropical jet with increased cyclonic vorticity advection, as well as

enhanced moisture advection from the Amazon and tropical Atlantic Ocean into the basin (Karoly

1989; Grimm et al. 2000; Grimm and Tedeschi 2009). However, an understanding of how specific

characteristics of precipitation systems and convective storms in subtropical South America are

influenced by ENSO is lacking given the remote location and general scarcity of ground-based

observations in the region.
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The Tropical Rainfall Measuring Mission (TRMM) satellite’s Precipitation Radar (PR) is the

only long-term observational dataset available to examine convection in subtropical South Amer-

ica. Using the TRMM PR, convection in this region has been found to be some of the most intense

anywhere on Earth (Zipser et al. 2006; Romatschke and Houze 2010; Houze et al. 2015). Storms

frequently initiate near the elevated terrain of the Andean foothills and the Sierras de Córdoba

(SDC) in western and central Argentina (Fig. 2.1). Rasmussen et al. (2016) developed a con-

Figure 2.1: South America with topography and study sectors overlaid. The four 6◦ by 6
◦ primary sectors

located in northern Argentina and Paraguay and the Amazon and Highland comparison sectors are based on

the climatology of Rasmussen et al. (2016). The South American Low-Level Jet (SALLJ) region is based

on Rasmussen and Houze (2016).

ceptual model to show why this region is highly favored for convective initiation and subsequent

upscale growth. Convergence is maximized near the SDC due to the impingement of the South

American low-level jet (SALLJ) from the north and ageostrophic mid-level flow from the south

on the elevated terrain. Due to the descent of upper-level air in the lee of the Andes, a mechanical

capping inversion exists over the region that inhibits convective initiation. Moisture is advected

into subtropical South America from the Amazon rainforest to the north via the SALLJ and from
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the subtropical Atlantic Ocean to the northeast, which destabilizes the near-surface atmosphere.

With sufficient topographic forcing provided by the SDC and the Andean foothills, the capping

inversion is broken and convective initiation occurs (Rasmussen and Houze 2016). Storms initially

grow very deep and are capable of producing large hail, strong winds, and flooding rains (Ras-

mussen et al. 2014). As storms move east off the terrain, they tend to grow upscale into MCSs,

occasionally featuring repeated development of intense convective elements along the terrain re-

ferred to as back-building due to continued moisture advection and uplift by the SALLJ (Velasco

and Fritsch 1987; Rasmussen et al. 2014; Rasmussen and Houze 2011, 2016). MCSs provide ap-

proximately 15− 21% of annual rainfall (Durkee et al. 2009) and 44% of the warm-season rainfall

(Rasmussen et al. 2016) in the La Plata basin of northeastern Argentina, Paraguay, and southern

Brazil, making them important rainfall producers during the growing season.

Due to the extreme nature of convection in subtropical South America, with regards to in-

tensity and frequency, improved understanding of how different phases of ENSO may affect the

frequency, intensity, and storm characteristics of high-impact storms in this region will broadly

enhance knowledge on the interactions of deep convection and complex topography in varying

environments. This study examines how the frequency and characteristics of convection change

with respect to El Niño and La Niña in subtropical South America. Variations in synoptic condi-

tions between El Niño and La Niña, derived from reanalysis data, help to explain the differences

in convective characteristics found in the satellite observations. Additionally, these results provide

insight on important synoptic conditions leading to some of the most intense convection in the

world. Storms in subtropical South America occur over important agricultural areas that support

a large portion of the region’s economy, thus a greater understanding of the variability of high-

impact storms in the region have large socioeconomic benefits. Finally, this study will provide

context as to how ENSO may impact the RELAMPAGO field campaign, which seeks to further

the understanding of convective storms in Argentina through extensive field observations.
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2.2 Methodology

To study the intense convection in subtropical South America concentrated near the Andes and

SDC (Romatschke and Houze 2010; Rasmussen and Houze 2011; Rasmussen et al. 2016), four

primary sectors, each 6
◦ by 6

◦, are defined over this area (Fig. 2.1). These regions contain much of

subtropical South America and will be referred to as such throughout the study. The southwestern

sector (SDC) is located over the SDC range. The northwest (NW) sector is located north of the

SDC sector with its western edge along the lee slope of the Andes, as convection is known to

initiate along the terrain in this region. The northeast (NE) and southeast (SE) sectors are located

immediately to the east of the NW and SDC sectors, respectively, to capture the upscale growth

of MCSs as they move east off the high terrain (Rasmussen and Houze 2011, 2016; Rasmussen

et al. 2014). The Amazon and Highlands regions are included as reference areas (Rasmussen et al.

2016) to compare to previous ENSO studies in tropical South America (e.g., Grimm et al. 2000;

Liebmann and Marengo 2001; Espinoza Villar et al. 2009).

To assess the phase of ENSO in any given month, the Niño 3.4 standardized temperature

anomalies are used. The Niño 3.4 region extends from 5
◦N to 5

◦S and 120
◦W to 170

◦W in the

central tropical Pacific Ocean. This region has been used by the National Centers for Environmen-

tal Prediction’s Climate Prediction Center since 1996 to analyze the phase and magnitude of ENSO

(Trenberth 1997). The standardized anomalies are calculated using the Hadley Centre sea ice and

sea surface temperature data set version 1 (HadISST1; Rayner et al. 2003). An El Niño or La Niña

event is determined to have occurred if the standardized temperature anomaly is above or equal to

0.5 K, or below or equal to −0.5 K, respectively, for six months or longer (Trenberth 1997). This

index has been used in many studies, including the recent studies of Blamey et al. (2017), Sulca

Juan et al. (2017), and Parhi et al. (2015), although they make use of other, but similar, oceanic

temperature reanalysis datasets.

To analyze the characteristics of convection, a 16-year dataset (1998-2013) from TRMM is

utilized. The TRMM PR had a high spatial resolution (4 − 5 km horizontal, 250 m vertical), with
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coverage between 36
◦N and 36

◦S (Kummerow et al. 1998, 2000). Three TRMM data products are

used in this study:

• 2A23 (rain characteristics; Awaka et al. 1997), where TRMM orbital precipitation data is

separated into the three categories of convective, stratiform, and other.

• 2A25 (rainfall rate and profile; Iguchi et al. 2000), which contains the TRMM orbital three-

dimensional attenuation-corrected reflectivity data.

• 3B43 (rainfall climatologyj Huffman et al. 2007), which provides gridded monthly multi-

satellite calibrated precipitation, output on a monthly basis.

Following the methodology of Houze et al. (2007), the TRMM PR data is processed from the

original orbital data from the conical-scanning radar and is remapped by implementing a geolo-

cation algorithm and interpolated into Cartesian coordinates. Using this data, storms containing

deep and wide convective echoes are identified using a methodology established by the same study.

Deep convective cores (DCCs) are three-dimensional contiguous cores with 40-dBZ echoes ≥ 10

km altitude, and represent vigorous convection that contains strong and tall updrafts early in the

convective lifecycle. Wide convective cores (WCCs) are three-dimensional contiguous 40-dBZ

echoes with maximum horizontal area coverage of ≥ 1000 km2 and are representative of MCSs

that have become very large horizontally and yet remain extremely intense, which allows them to

be capable of producing substantial rainfall and occasional severe weather (Houze 2004). Deep

and wide convective cores (DWCCs) must meet the criteria of both DCCs and WCCs and are an

exclusive category so that no storms exist in more than one category. DWCCs represent vigor-

ous convection that has begun to grow upscale with intense horizontal and vertical components.

These methods have been utilized by numerous studies including Romatschke and Houze (2010),

Rasmussen et al. (2014, 2016), Qie et al. (2014), Roy et al. (2014), Zuluaga and Houze (2015),

and many others. While the method described above identifies convective cores using TRMM PR

data, the full storm that each convective core is embedded within is analyzed in the current study

to present a holistic picture of how convective systems may vary due to ENSO. Two-sided t-tests
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were conducted on the TRMM-derived storm characteristics to identify statistically significant dif-

ferences between ENSO phases.

The TRMM PR rainfall algorithm is known to underestimate precipitation produced by deep

convection over land (Iguchi et al. 2009; Rasmussen et al. 2013). Therefore, rainfall was instead

estimated with the Z-R relationship used by Rasmussen et al. (2013), Z = aRb, where Z is the

radar reflectivity factor (mm6 m−3) and R is the corrected rain rate (mm h−1). The parameters

a and b are constants based on rain type. The values used to calculate rainfall in this study were

previously implemented by Romatschke and Houze (2011) and Rasmussen et al. (2013, 2016)

for typical subtropical land-based rainfall, where a = 100 and b = 1.7 for convective rain, and

a = 200 and b = 1.49 for stratiform rain.

To analyze the vertical structure of storms containing DCCs, DWCCs, and WCCs, Contoured

Frequency by Altitude Diagrams (CFADs) are used (Yuter and Houze 1995). These plots com-

press three-dimensional data into a two-dimensional histogram in order to show the frequency of a

specific reflectivity echo at a particular altitude. The frequency is normalized at each level by the

most frequent reflectivity bin found within that level. Precipitation-type CFADs are created using

the 2A23 TRMM product to distinguish between stratiform and convective rain.

Synoptic and environmental conditions are derived from ERA-Interim reanalysis (Dee et al.

2011) with all variables computed at 18 UTC on the day of storm occurrence. El Niño and La

Niña climatological conditions are composited from 1980-2009 using the ERA-Interim Synop-

tic Monthly Means product, with months selected for each ENSO phase based on the Niño 3.4

temperature anomalies discussed above.

2.3 ENSO Climatological Rainfall and Synoptic Conditions

During El Niño, much of subtropical South America, including the four primary sectors, expe-

riences increased rainfall on the order of 20−60 mm more per month than climatology (Fig. 2.2a).

Enhanced rainfall is maximized across northeastern Argentina and southeastern Brazil, with almost

no difference between El Niño months and climatology across the Andean foothills in western Ar-
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Figure 2.2: Panels a and b show the differences between El Niño and La Niña rainfall from TRMM cli-

matology (mm/month; a, b), respectively, for September through February. The ERA-Interim 1980-2009

composite climatology is shown for El Niño and La Niña 850-hPa geopotential height (m), wind speed (m

s-1), and specific humidity (g kg-1; c, d) and 250-hPa geopotential height and wind speed (e, f). The 500-m

topographic isopleth is contoured in grey and the sectors outlined in Figure 2.1 are included in panels a and

b for reference.
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gentina. During La Niña, the pattern reverses, with diminished rainfall compared to climatology

across northeastern Argentina and southeastern Brazil, including the NE and SE study regions and

enhanced rainfall over the SDC and NW regions (Fig. 2.2b). Rainfall also increases during La

Niña in Bolivia and western Brazil. It is important to note that rainfall correlates with ENSO sea-

sonally in this region, as previous research has shown that the strongest correlations between El

Nino and rainfall occur in the spring across northern Argentina (Gonzalez et al. 2017).

The precipitation anomaly results during El Niño are similar to findings from Ropelewski and

Halpert (1987) and Souza and Ambrizzi (2002). Both studies found precipitation maxima in the

northeastern Argentina, Uruguay, and southeastern Brazil during El Niño periods using surface and

satellite measurements, respectively. Ropelewski and Halpert (1987) hypothesize that this precip-

itation anomaly is due to stronger upper-level westerly flow and increased low-level convergence.

Grimm and Tedeschi (2009) found that the regional circulation over eastern Brazil tends to be cy-

clonic during El Niño. This circulation brings more moisture to subtropical South America, which

helps to increase precipitation. The increased La Niña rainfall in Bolivia and western Brazil found

in this study concurs with previous surface station results from Espinoza Villar et al. (2009) and

Shimizu et al. (2017). Increased rainfall over the Amazon during La Niña is a result of increased

moisture convergence due to a regional anticyclonic circulation (Grimm and Tedeschi 2009) and a

strengthened Walker circulation (Shimizu et al. 2017).

Enhanced low- and upper-level jet streams and a broader lee trough during El Niño are high-

lights of the climatological synoptic conditions for El Niño and La Niña, using 1980-2009 ERA-

Interim composites (Fig. 2.2). The 850-hPa winds are stronger near the elbow of the Andes

and into Paraguay during El Niño, indicating an enhancement of the SALLJ (Fig. 2.2c). The

upper-level jet is stronger during El Niño, with maximum climatological wind speeds exceeding

30 m s−1 over the central Andes and from east-central Argentina into the southern Atlantic Ocean

(Fig. 2.2e), with the maximum difference occurring during spring (not shown). This increased

upper-level jet strength over subtropical South America during El Niño was originally noted by

Arkin (1982) and hypothesized to be a result of a strengthened Hadley circulation during El Niño
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(Kousky et al. 1984). Additionally, a broader lee trough exists at 850 hPa during El Niño, where

the 1500-m geopotential height contour extends farther east into central Argentina (Figs. 2.2c, d).

This feature is also evident in the surface mean sea-level pressure field (not shown). Lee cycloge-

nesis has been identified as a key feature associated with convection in subtropical South America

(Rasmussen and Houze 2016) and has been identified in the U.S. as being present before severe

convection initiates in some cases (e.g., Karyampudi et al. 1995). Moisture within the SALLJ box

outlined in Figure 2.1 is comparable between El Niño and La Niña (Table 2.1). However, moisture

Table 2.1: 850-hPa climatological conditions within the SALLJ box outlined in Figure 2.1.

850 Specific Humidity (g kg−1) 850 Winds (m s−1)

El Niño 7.50 2.89

La Niña 7.48 2.64

advection into the study regions is slightly enhanced during El Niño (not shown) due to the stronger

and broader low-level jet (Fig. 2.2c). With increased moisture advection, and stronger lower- (Ta-

ble 2.1) and upper-level jets, storm environments in subtropical South America are enhanced on

average during El Niño conditions relative to La Niña.

2.4 Variability of Convective Storms and their Environments

during ENSO

2.4.1 Synoptic Environment Differences

Although the study period is limited to the lifetime of the TRMM satellite, a large number

of convective storms were captured by the TRMM PR across four El Niños and four La Niñas

(Fig. 2.3) during austral spring and summer, enabling further analysis into differences in storm

characteristics and their supporting synoptic environments between ENSO phases. To assess the

differences between the climatological El Niño and La Niña environments with convective envi-
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Figure 2.3: The Niño 3.4 index (upper panel) represents the temperature anomaly of the Niño 3.4 region.

DCC, DWCC, and WCC events per month within the primary study regions are shown in the lower panel

during the lifetime of TRMM, with color blocks representing the El Niño (red) and La Niña (blue) time

periods, where the temperature anomalies last longer than six months.

ronments that occurred during these ENSO phases, synoptic composite differences are analyzed.

Convective days are identified as days that contained any number of DCCs, DWCCs, and WCCs

within the four primary study regions. It is important to note that high terrain may present chal-

lenges to reanalysis models in the lower levels of the atmosphere, specifically near the steep slopes

of the Andes Mountains.

For convective days during El Niño in austral spring, a stronger surface lee cyclone is present

compared to the El Niño climatology over the border of Bolivia, Paraguay, and Argentina (Fig.

2.4a). This anomalous low-pressure system may be an enhancement and displacement of the

Northwestern Argentina Low (NAL), a climatological feature of this area (Lichtenstein 1980;

Seluchi et al. 2003). The enhancement and displacement of this feature may promote stronger

warm air and moisture advection, as well as improved orographic lift, through enhanced synoptic

flow near the surface. At 850 hPa, increased moisture exists throughout the plains of subtropical

South America, with a maximum increase in northeastern Argentina, for El Niño convective days
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Figure 2.4: The differences between convective day composites and climatology during austral spring

(SON) are shown for El Niño and La Niña. Convection had to occur within the four primary study re-

gions in subtropical South America. Panels a and b show differences in mean sea-level pressure (MSLP),

panels c and d map differences in 850-hPa specific humidity (filled) and meridional wind speed (contoured),

and panels e and f display differences in 250-hPa wind speed and geopotential height.
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compared to climatology (Fig. 2.4c). Northerly winds are reduced in magnitude during convective

days, indicating a weaker low-level jet is present during these days as compared to climatology.

However, at 250 hPa, the upper-level jet stream increases in strength during convective days from

climatology by 6− 9 m s−1 (Fig. 2.4e). This anomaly is located in the same place as the climato-

logical jet stream during El Niño (Fig. 2.4e), so this increase in wind speed during austral spring

El Niño convective days represents an increase in the overall speed of the jet stream and not a

latitudinal displacement of the jet stream. Increased jet strength would enable stronger secondary

circulations, which would cause stronger rising motion over the primary study regions.

Similarly for La Niña, a stronger lee cyclone is present at the surface during austral spring con-

vective days compared to climatology (Fig. 2.4b). Furthermore, moisture increases and meridional

winds decrease at 850 hPa along the plains immediately east of the Andean foothills (Fig. 2.4d).

However, at 250 hPa, the wind speed anomalies are not nearly as strong with increases of only

1− 3 m s−1 across subtropical South America (Fig. 2.4f). This difference would not substantially

change the strength of the secondary circulations within the jet stream. The differences between

convective days and climatology during austral summer are similar to the austral spring La Niña

differences for both El Niño and La Niña (not shown).

If the convective days during El Niño and La Niña are compared, their influences on the syn-

optic environment in South America can be examined. Because composites were similar between

storm types (not shown), all three categories of extreme convection were combined by ENSO

phase to produce a single synoptic composite difference. At the surface, El Niño convective days

are warmer than La Niña convective days in tropical South America and along the Andean foothills

south to the SDC during austral spring but not summer (Fig. 2.5a, d). Rather, during summer, the

2-m temperature is cooler by about 1◦C in the central plains of Argentina. Farther south and east,

El Niño convective days are cooler than La Niña convective days during both seasons. The dew-

point temperatures slightly increase during El Niño convective days compared to La Niña by 1
◦C

over northeastern Argentina, Uruguay, and southern Brazil (not shown).
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Figure 2.5: The differences between El Niño and La Niña convective days during austral spring (SON; panels a, b, c) and summer (DJF; panels d, e,

f) are plotted for multiple vertical levels. Convection had to occur within the four primary study regions in subtropical South America. Panels a and d

display the differences of 2-meter temperature. Panels b and e show the differences in 850-hPa specific humidity (filled) and meridional wind speed

(contoured). Panels c and f plot the differences in 250-hPa wind speed (filled) and geopotential height (contoured).
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At the 850-hPa pressure level, moisture increases by 1 − 1.5 g kg−1 over northern Argentina,

Paraguay, Uruguay, and southern Brazil on spring El Niño convective days as compared to La

Niña convective days (Fig. 2.5b), while lesser increases in moisture are present on El Niño days

during summer (Fig. 2.5e). Since flow is climatologically from the north (Fig. 2.5c, d), increases in

meridional wind speed over Bolivia and Paraguay indicate a strengthening of the SALLJ, especially

during spring. Over the primary study regions in subtropical South America, any changes in the

strength of the SALLJ are negligible. At upper levels, though, the jet stream substantially increases

in strength during El Niño as compared to La Niña on spring convective days (Fig. 2.5c), with only

moderate increases in jet speed on summer El Niño convective days. Additionally, during El Niño

convective days during both seasons, there is a stronger upper-level trough moving onshore across

southern South America with a ridge downstream. The equatorward entrance region of the jet,

favored for rising motion due to divergence at jet level, is located directly over the primary study

regions. This enhanced upper-level support increases rising motion, which when coupled with

topographic forcing along the SDC and Andean foothills, helps to overcome convective inhibition

and cause the initiation of intense storms. Overall, the enhanced low-level moisture and upper-

level jet stream supports a more favorable environment for convection during El Niño compared to

La Niña, especially during austral spring.

2.4.2 Deep Convective Cores (DCCs)

Modest variations in DCC frequency do occur in different regions between ENSO phases, but

DCCs occur across all phases of ENSO within the primary study regions in subtropical South

America (Fig. 2.3 and Table 2.2). The largest differences in DCC frequency between El Niño

and La Niña is in the SDC and SE sectors during austral spring and summer, which are statistically

significant at the 90% confidence interval (Table 2.3). The SDC sector is the most active area for

intense deep convection in subtropical South America, especially during austral spring and summer

(Rasmussen et al. 2016). The eastern sectors have smaller frequency differences between El Niño

and La Niña (Table 2.3).
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Table 2.2: Total number of convective cores that occurred during an ENSO phase in a sector, divided

seasonally into September, October, November (SON) and December, January, February (DJF).

NW SDC NE SE

El Niño

DCC

DWCC

WCC

16/13

11/18

27/35

34/74

26/76

30/62

18/12

33/11

83/61

29/29

54/36

79/88

Neutral

DCC

DWCC

WCC

51/31

59/30

63/94

88/111

61/106

77/151

36/32

55/25

109/74

45/46

83/58

158/160

La Niña

DCC

DWCC

WCC

19/12

16/18

33/67

31/49

24/26

57/107

21/16

22/10

80/51

25/21

20/26

89/109

Table 2.3: Average number of the various convective cores that occur during an ENSO-phase month in a

sector, divided seasonally as in Table 2.2.

NW SDC NE SE

El Niño

DCC

DWCC

WCC

0.53/0.43

0.37/0.60

0.90/1.17

1.13/2.47

0.87/2.53

1.00/2.07

0.60/0.40

1.10/0.37

2.77/2.03

0.97/0.97

1.80/1.20

2.63/2.93

Neutral

DCC

DWCC

WCC

0.47/0.29

0.55/0.28

0.58/0.87

0.81/1.03

0.56/0.98

0.71/1.40

0.33/0.30

0.51/0.23

1.01/0.69

0.42/0.43

0.77/0.54

1.46/1.48

La Niña

DCC

DWCC

WCC

0.35/0.22

0.30/0.33

0.61/1.24

0.57/0.91

0.44/0.48

1.06/1.98

0.39/0.30

0.41/0.19

1.48/0.94

0.46/0.39

0.37/0.48

1.65/2.02

Using volumetric rain rates for each TRMM-identified storm in this study, DCC storms produce

similar amounts of rain between El Niño and La Niña (Fig. 2.6). None of the sectors have a

statistically significant difference between El Niño and La Niña. These storms only account for

approximately 6% of the annual precipitation in this sector (Rasmussen et al. 2016); therefore,

DCCs are not likely to account for the ENSO precipitation anomalies (Fig. 2.2a, b). The increased
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Figure 2.6: DCC volumetric rainfall by ENSO phase and sector in austral spring (SON) and summer (DJF)

in a typical box-and-whiskers plot, where the open circles represent outlying data points. Statistically sig-

nificant differences between El Niño and La Niña at the 95% confidence interval are represented by larger,

hatched boxes.

rainfall rate in the Highlands sector during El Niño agrees with the findings of Grimm and Tedeschi

(2009). The Amazon sector shows heavier rain rates during La Niña in austral spring, although the

differences in rainfall rates are not statistically significant in this study.

One of the most substantial and statistically significant differences in DCCs between ENSO

phases is in the maximum convective core height, calculated as the maximum height of the 40-

dBZ contiguous echo core. Across almost all seasons and sectors, El Niño DCCs are taller than La

Niña DCCs (Fig. 2.7). The maximum height differences between ENSO phases are statistically

significant at the 95% confidence interval during spring in all four sectors and during summer in

the SDC sector. These differences indicate that more vigorous deep convection occurs during El

Niño, as storms are frequently 1− 2 km taller during El Niño than La Niña.

A useful tool in diagnosing storm characteristic differences between ENSO phases in the

TRMM PR data is the CFAD diagram described in subsection 2.2. The entire storm that con-

tains the DCC is analyzed, thus convective and stratiform rainfall is included in the CFAD results.

The difference between the El Niño and La Niña convective CFADs confirms that El Niño DCCs

have more robust and deeper convection, with a shift in the distribution of echoes toward higher
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Figure 2.7: Same as Figure 2.6, but for the maximum height of the contiguous convective core.

reflectivities within El Niño DCCs (Fig. 2.8a). In the stratiform CFAD, enhanced stratiform pre-

Figure 2.8: Differences between El Niño and La Niña Contoured Frequency by Altitude Diagram (CFADs;

Yuter and Houze 1995) for DCCs, separated by convective (panel a) and stratiform (panel b) rain with each

vertical level normalized by the most frequent reflectivity bin within that level. Positive values represent an

increase in frequency for storms during El Niño. The number of pixels that went into each composite are

listed in the top right corner of each panel.

cipitation below the melting level is evident during La Niña, with more frequent echoes near 40

dBZ between 0− 4 km (Fig. 2.8b). Given that the volumetric rain rates are fairly similar for both

El Niño and La Niña DCCs (Fig. 2.6), the reduced convective intensity and increased stratiform

intensity near the surface likely balances out and results in a fairly similar total rainfall amount,

23



but from different types of precipitation echoes. This result is supported by additional analysis

showing that the area of the stratiform precipitation is similar between ENSO phases (not shown).

ENSO also modifies the synoptic environment which supports deeper convective storms during

El Niño (Figs. 2.4, 2.5). While differences in the synoptic environment associated with El Niño

and La Niña were discussed earlier, a more detailed look at changes to instability yields new

insights. Convective available potential energy (CAPE) is often used as a forecasting metric to

quantify potential storm intensity. ERA-Interim reanalysis composite differences between El Niño

and La Niña show an increase in surface-based CAPE in all sectors during El Niño (Fig. 2.9). This

Figure 2.9: Difference in SB-CAPE (J kg−1) between El Niño and La Niña for days with storms in each of

the sectors outlined in black.
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enhanced thermodynamic support allows for deeper and stronger convection, with greater vertical

motion throughout the storm. The greatest increase in CAPE during El Niño occurs when DCC

storms are in the SE sector. When storms occur in the two western sectors, the maximum increase

in CAPE is not centrally situated within their regions, but there is still a net increase in CAPE

within each sector.

2.4.3 Deep and Wide Convective Cores (DWCCs)

Deep and wide convective cores (DWCCs) occur in similar frequency as DCCs (Tables 2.2,

2.3). DWCCs are most frequent within the southern sectors for all seasons and ENSO phases.

During El Niño, DWCCs occur most frequently during austral summer in all sectors. Additionally,

they are more frequent in the eastern sectors during El Niño than La Niña. These storms produce

heavy rainfall, which causes flash and slow-rise flooding if they remain stationary for many hours.

The storm characteristics of DWCCs occurring during the two ENSO phases are compared in

Figures 2.10 and 2.11. Rainfall resulting from DWCCs are similar during El Niño and La Niña

Figure 2.10: Same as Figure 2.6, but for the rainfall rates found in DWCCs.

phases, with the only statistically significant difference occurring in the NW sector during summer

(Fig. 2.10). Similar to the results for the DCCs, DWCCs are also deeper during El Niño in the
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Figure 2.11: Same as Figure 2.7, but for the maximum height of DWCCs.

subtropical sectors across almost all seasons (Fig. 2.11). The height differences are statistically

significant at the 95% confidence interval for the NW, SDC, and SE sectors during spring and NW

and SDC sectors during summer. In the Amazon and Highlands sectors, the results are mixed due

to limited numbers of storms in these areas.

The difference between the CFADs for DWCCs during El Niño periods and La Niña periods are

shown in Figure 2.12 for both the convective and stratiform components of the storms containing

DWCCs. The convective difference CFAD shows a strong shift toward higher reflectivity at all

Figure 2.12: Same as Figure 2.8, but for CFADs of DWCCs.
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levels during El Niño periods, indicating more intense convection throughout the entire depth of

the storm (Fig. 2.12a). Combined with the taller height of the 40-dBZ core shown previously

(Fig. 2.11), DWCCs appear to be more intense during El Niño. Within the stratiform region of El

Niño DWCCs, there is a shift to higher reflectivites above the bright band at 4 km which indicates

enhanced stratiform precipitation aloft (Fig. 2.12b). However, below the bright band, La Niña

DWCC storms have higher reflectivities than El Niño DWCCs.

As was seen for DCC storms (Fig. 9), these deeper and stronger DWCC storms have as much

as 500− 700 J kg−1 higher values of CAPE during El Niño compared to La Niña (Fig. 2.13). No

Figure 2.13: Same as Figure 2.9, but for CAPE on days with DWCCs.
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matter which sector the DWCC storm occurs in, there is an increase in CAPE during El Niño along

the Andean foothills and SDC. These increases in instability would support convective initiation

over the topography once any capping inversion is broken (Rasmussen and Houze 2016).

2.4.4 Wide Convective Cores (WCCs)

Wide convective cores (WCCs), which represent upscale-organized and mature MCSs capable

of producing heavy rainfall and flooding (Houze et al. 2007; Rasmussen and Houze 2011), are the

most frequent type of intense convection in all study regions and seasons (Tables 2.2, 2.3). The

two eastern sectors have the highest frequency of WCC occurrence for all ENSO phases due to the

tendency for storms to grow upscale as they move eastward following initiation (Romatschke et al.

2010; Rasmussen and Houze 2011, 2016). With respect to ENSO, WCCs are more frequent during

La Niña in all sectors and seasons, with the exception of the NE sector during austral summer.

The SE sector generally has the greatest frequency of WCCs (Table 2.3), and the differences in

frequency in this sector between El Niño and La Niña are statistically significant at the 90% con-

fidence interval. In the western sectors, WCCs are most common during austral summer (Tables

2.2, 2.3).

The mean volumetric rainfall rates appear almost identical between ENSO phases for all sec-

tors, with no statistically significant differences (Fig. 2.14). Therefore, if a WCC occurs, it likely

produces similar volumetric rainfall rates regardless of the ENSO phase. Storm duration is not an-

alyzed in this study due to the nature of the TRMM satellite’s orbit in capturing storm snapshots;

therefore, total rainfall amounts and the climatological rainfall anomalies cannot be analyzed from

this perspective. It is possible that changes in storm duration, broad stratiform regions (Houze

et al. 2007), or non-extreme precipitation differences between ENSO phases may account for the

climatological rainfall anomalies (Fig. 2.2a, b), but is beyond the scope of the current study.

Examining the maximum height of the convective core, El Niño WCCs tend to be taller than

La Niña WCCs, especially in the NE and SDC sectors (Fig. 2.15), but the magnitude of the

difference is usually less than one kilometer. The differences are statistically significant at the 95%
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Figure 2.14: Same as Figure 2.6, but for the rainfall rates found in WCCs.

Figure 2.15: Same as Figure 2.7, but for the maximum height of WCCs.
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confidence interval during spring and summer in all subtropical sectors except for the SDC sector

during spring and the NW sector during summer. Since all three categories of intense convection

are deeper during El Niño, this appears to be a systematic difference in convection during the warm

phase of ENSO.

Increased frequencies of higher reflectivities during El Niño is apparent in the convective

CFAD, indicating that WCCs contain more frequent strong convection during El Niño compared

to La Niña (Fig. 2.16a). The bright band does not appear to be stronger during a particular ENSO

Figure 2.16: Same as Figure 2.8, but for CFADs of WCCs.

phase in the stratiform CFAD (Fig. 2.16b). As a result, there are minimal differences in the strati-

form structure of WCCs between ENSO phases. Therefore, it appears that once a storm has grown

upscale into a WCC, rainfall intensities are similar in El Niño and La Niña conditions.

The analysis of thermodynamic conditions for WCCs helps explain why they tend to be deeper

and contain stronger convection. Surface-based CAPE is greater in all sectors during El Niño than

La Niña, although the magnitude is small (100 − 300 J kg−1; Fig. 2.17). Greater CAPE would

support enhanced updraft speeds and more convective initiation once any convective inhibition is

removed.
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Figure 2.17: Same as Figure 2.9, but for CAPE on days with WCCs.

31



2.4.5 Summary

Overall, DCCs, DWCCs, and WCCs tend to be deeper and contain stronger convection dur-

ing El Niño compared to La Niña. Increased CAPE and favorable placement of the equatorward

entrance region of the jet stream support these stronger storms. While more rain falls in the east-

ern sectors climatologically during El Niño, this study found similar rainfall rates between ENSO

phases from these intense convective storms. With stronger storms occurring during El Niño, more

hazardous weather may occur, such as hail and high winds. However, storm frequency does not

vary greatly, and subtropical South America is likely to see DCCs, DWCCs, and WCCs in all

phases of ENSO with varying storm characteristics.

2.5 Conclusion

Convection is an important component of Earth’s climate; thus, it is critical to understand how

large-scale atmospheric variability affects the frequency and intensity of convection. The variabil-

ity of convection causes hydrologic extremes, such as flash flooding and drought, and modulate the

frequency of severe weather. This study examines how ENSO conditions influences the frequency

and characteristics of extreme convective storms in subtropical South America using a 16-year

TRMM PR dataset and ERA-Interim reanalysis.

While previous research found that El Niño may suppress convection over tropical South Amer-

ica (Liebmann and Marengo 2001; Espinoza Villar et al. 2009; Shimizu et al. 2017), this study

found that different phases of ENSO did not significantly promote or inhibit intense convection in

the lee of the Andes Mountains, but more importantly modulated its frequency and strength. Deep

convective storms (DCCs) tend to be more common during El Niño near the terrain in the foothills

of western Argentina in austral spring and summer, while wide convective cores (WCCs) tend to be

more frequent during La Niña in most sectors and seasons. Although this study found that rainfall

increases during El Niño in the eastern subtropics of South America, the cause of these anomalies

is not analyzed in this study. Changes in storm frequency and duration, along with changes to

non-extreme precipitation, may explain the climatological ENSO precipitation anomalies and will
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be analyzed in future work. This study also does not explain why there is an increased frequency

of WCCs during La Niña and may be the focus of a future study.

During El Niño, intense convective storms tend to be taller and contain more intense convec-

tive precipitation aloft than storms during La Niña. However, La Niña DCCs and DWCCs have

enhanced stratiform reflectivities below the melting level, leading to more intense rainfall within

those regions of the storms. Synoptic support for taller and more intense DCCs, DWCCs, and

WCCs during El Niño likely comes from enhanced CAPE and favorable placement of the equa-

torward entrance region of the jet stream, which supports vertical motion through its secondary

circulation. More moisture is also available to these storms within the primary study regions in

subtropical South America. Overall, these enhanced synoptic conditions for convection are similar

to the climatological changes in the synoptic environment that occur during El Niño (Fig. 2.4).

The results herein demonstrate that subtropical South America supports convection in any

phase of ENSO and that the variability of extreme convection within this region does not appear

to be strongly tied to ENSO, unlike some other regions of the world. As a result, seasonal-to-

subseasonal forecasting of subtropical South American convection based on ENSO patterns is

unlikely to improve upon climatological forecasts. Small variations between phases cause intense

convection to be stronger or weaker at different times, but the variability of high-impact severe

weather hazards between ENSO phases, such as large hail or flooding, is beyond the scope of the

current study. Finally, these results show that the economic sectors most at risk from hazardous

convective storms do not realize a reprieve from strong convection during a particular ENSO phase,

but may experience rainfall extremes depending on the phase.
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Chapter 3

Subtropical South American Hailstorm

Characteristics and Environments

Hailstorms in subtropical South America are known to be some of the most frequent and pow-

erful anywhere in the world, causing significant damages to the local agricultural economy every

year. Convection in this region tends to be orographically-forced, with moisture supplied from the

Amazon rainforest by a low-level jet. Previous climatologies of hailstorms in this region have been

limited to localized and sparse observational networks. Due to the lack of sufficient ground-based

radar coverage, objective radar-derived hail climatologies have also not been produced for this re-

gion. As a result, this study uses a 16-year dataset of TRMM Precipitation Radar and Microwave

Imager observations to identify possible hailstorms remotely, using 37-GHz brightness tempera-

ture as a hail proxy. By combining instruments and reanalysis modeling, this study produces the

first objective study of hailstorms in this region. Hailstorms in subtropical South America have

an extended diurnal cycle, often occurring in the overnight hours. Additionally, they tend to be

multi-cellular in nature, rather than discrete. High-probability hailstorms tend to be deeper and

horizontally larger than storms have a low-probability of containing hail. Finally, hailstorms are

supported synoptically by strong upper- and lower-level jets, anomalously warm and moist low

levels, and enhanced instability. The findings of this study will support the forecasting of these

dangerous storms and mitigation of their damages within this region.

3.1 Introduction

Hail in subtropical South America is extremely large (> 5 cm; Rasmussen et al. 2014) and fre-

quent (Cecil and Blankenship 2012) and causes significant impacts to property and the agricultural

economy in this region. Hail has been studied for more than five decades, yet relatively little is

known about the storms that produce hail or the environments that support hail-producing storms
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in subtropical South America. Hail research in this area goes back to the 1960s, when hail mitiga-

tion experiments began near Mendoza, Argentina (Grandoso and Iribarne 1963). Hail observations

were extremely limited at this time, but some frequency of hail was noted near the Atlantic coast

and the Andes Mountains (Frisby and Sansom 1967; Williams 1973). More recent mitigation work

has continued in the Mendoza area to reduce hail risk to wineries (Makitov 1999) and to study the

time series of hail events (Prieto et al. 1999). Large hail (> 2 cm) was found to cause 80% of the

agricultural damages in the Mendoza region through only 2-3 events annually (Perez and Puliafito

2006). An in-depth study of hailpad observations was undertaken by Sanchez et al. (2009), which

compared the hailpad climatologies of Mendoza to regions in France and Spain. This study found

that the network in Argentina was found to have a greater frequency of large hailstones than those

in Europe.

The most thorough report-based hail climatology for subtropical South America used weather

station observations of hail to produce an interpolated gridded hail frequency (Mezher et al. 2012).

This study highlighted two main areas of frequent hail: 1) Mendoza, extending east towards Cór-

doba and the central plains of Argentina, and 2) Patagonia. This southern region of hail activity

may be a result of graupel being counted as hail in this colder region of the continent. Mezher

et al. (2012) also found that hailstorms tend to occur when there are warm temperature anomalies

near the surface and cold anomalies in the upper atmosphere, leading to the creation of an unstable

atmosphere. While this study produced a national hail climatology over an extended time period,

it was limited to surface station observations, which are relatively sparse across the region and

must be reported by an observer. Ground-based radar-derived hail climatologies, such as those

conducted in the U.S. (e.g., Pocakal et al. 2009; Cintineo et al. 2012), are unable to be produced

in subtropical South America due to the very recent installation of ground-based radar networks

in Argentina. With time, this will be a promising avenue to explore hail within this region, but

currently the data record is not extensive enough for a thorough analysis.

As a result, the most comprehensive way to examine the climatology of hail in subtropical

South America, and compare these results to other parts of the world, is to use passive microwave
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satellite observations of ice hydrometeors. These measurements have been shown to be well-

calibrated to large hail reports (1 inch or greater diameter) within the U.S. (Cecil 2009), which

has allowed their use in producing global climatologies of hailstorms and intense convection (Ce-

cil and Blankenship 2012). These studies found intense convection with likely hail production,

and specifically maxima in hail frequency, in the lee of major mountain ranges that is consistent

with spaceborne radar-based climatologies of deep convection (Zipser et al. 2006; Houze et al.

2015). These findings also correspond well with recent observational work in Canada (Smith and

Yau 1993; Etkin and Brun 2001), Croatia (Pocakal et al. 2009), China (Zhang et al. 2008), and

Argentina (Mezher et al. 2012). However, the frequencies of large hail within these different re-

gions show a large degree of variability. Comparing the foothills of the Rockies to the foothills

of the Andes, there is an order of magnitude increase in the frequency of hail in the subtropical

South American region (Cecil and Blankenship 2012). The reason for this difference between hail

frequencies in close proximity to major mountain ranges is not well-understood.

Meanwhile, examination of extreme convection using the Tropical Rainfall Measuring Mission

(TRMM) satellite’s Precipitation Radar (PR) showed that subtropical South America has some of

the most extreme deep convection anywhere in the world (Zipser et al. 2006; Houze et al. 2015).

This convection tends to be orographically-favored, with warm and moist air supplied by the South

American low-level jet (SALLJ) from the Amazon, and convective inhibition through mechanical

subsidence in the lee of the Andes (Rasmussen and Houze 2011, 2016). These storms remain close

to the terrain, back-building over time (Rasmussen et al. 2014). Even as stratiform precipitation

develops downstream, deep convection often remains tied to the terrain, where constant orographic

lift and moisture convergence enables maintenance of strong convection. Additionally, these ex-

treme storms have been linked with the production of severe hazards, including hail, tornadoes,

and flash flooding (Rasmussen et al. 2014), but the lack of an extensive storm report database in

this region prevents an in-depth collocation of the TRMM PR dataset with storm reports.

Therefore, this study seeks to combine TRMM PR and radiometer measurements to examine

the diurnal and annual cycle, storm characteristics, and synoptic environments of hailstorms in sub-
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tropical South America. The results of this study will improve the understanding of how, why, and

when hailstorms form and what characteristics may differentiate them from convection that does

not produce hail. Through this analysis, a more comprehensive understanding of the climatology

of hail and hail-producing environments will be presented. The results from this study will provide

context for the results of the RELAMPAGO field campaign . Finally, this study will contribute to a

better global understanding of hailstorms to help improve forecasting and diagnosis of hailstorms

in subtropical South America.

3.2 Methodology

Due to the lack of a hail report database in subtropical South America, satellite measurements

of ice scattering serve as sufficient proxies for analyzing convection that may support the produc-

tion of hail (Cecil 2009; Cecil and Blankenship 2012). Using the methods established in Cecil and

Blankenship (2012), 16 years of data (1998-2013) from the Tropical Rainfall Measuring Mission

(TRMM) satellite were used. The Precipitation Radar (PR) and TRMM Microwave Imager (TMI)

were utilized to identify convection and determine the probability that it contains hail. The TRMM

satellite orbited the tropics between 36
◦N and 36

◦S from 1997-2014 (Kummerow et al. 1998). The

TRMM PR had a resolution of 4 − 5 km horizontally and 250 m vertically, while the TMI had

a resolution of 16 km by 9.7 km for the 37-GHz channel (Kummerow et al. 1998, 2000). The

37-GHz channel is the best frequency on the TMI to discriminate whether convection is likely to

produce hail (Cecil 2009), as this channel maximizes detection while minimizing false alarms. It

is important to note that this method of hail identification is unable to distinguish hail size, as the

satellite is only able to detect the volume of large ice particles within a storm.

While TMI deciphers whether a storm is likely to contain hail, it does not provide information

about the three-dimensional characteristics of the storm. As a result, colocated TRMM PR data is

used to provide details about hailstorm structure. Two TRMM data products are used in this study:

• 2A23 (rain characteristics; Awaka et al. 1997), where TRMM orbital precipitation data is

separated into the three categories of convective, stratiform, and other.
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• 2A25 (rainfall rate and profile; Iguchi et al. 2000), which contains the TRMM orbital three-

dimensional attenuation-corrected reflectivity data.

To focus this study on hail-producing convection in subtropical South America, a study area

was defined that includes the primary region of intense convection and satellite-derived climato-

logical hail maximum (Fig. 3.1; Cecil and Blankenship 2012; Rasmussen et al. 2014, 2016). The

Figure 3.1: South America with topography and the study area outlined.

study area includes the Andean foothills and Sierras de Cordoba (SDC), which are hypothesized

to be an orographic trigger for convective initiation (Rasmussen and Houze 2011, 2016), due to

the impingement of the South American low-level jet (SALLJ) on the topography. The orographic

forcing helps to overcome any mechanical capping produced by subsiding upper-level air in the

lee of the Andes. Additionally, the SDC and the plains immediately to their east are the focus of

the RELAMPAGO field campaign, which was conducted during November and December 2018.

In order to understand the lifecycle of intense convection, the TRMM PR data were sepa-

rated into three categories, including deep, deep and wide, and wide convective cores (DCCs,
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DWCCs, and WCCs, respectively) following the methodology established by Houze et al. (2007)

and Romatschke and Houze (2011). DCCs are defined as convection that has a contiguous three-

dimensional 40-dBZ echo above 10 km, WCCs are storms that have a contiguous 40-dBZ echo

over 1000 km2, and DWCCs, are convection that meet the criteria to be both DCCs and WCCs.

All three categories are mutually exclusive, such that there is no overlap between them. DCCs

and DWCCs represent the most intense deep convection, while the DWCCs and WCCs are indica-

tive of mesoscale convective systems, which are large, well-organized, mature convective storms

(Houze 2004). This methodology has been used in many previous studies on convective storm

characteristics around the world (Rasmussen et al. 2014, 2016; Rasmussen and Houze 2011, 2016;

Zuluaga and Houze 2015).

The 37-GHz polarization-corrected brightness temperatures (PCT; Cecil and Chronis 2018)

from TMI are analyzed to assign probabilities that DCCs, DWCCs, and WCCs contained hail.

Correcting the brightness temperatures based on the differences between the polarized channels

allows for discrimination between surface water features and ice scattering within convection.

The probability that a storm contained large hail is based on the methodology from Cecil and

Blankenship (2012). If the storm had a 37-GHz PCT greater than 200 K, it was considered to

have a low probability of hail and designated as a null case in this study. Storms with 37-GHZ

PCT between 176 − 200 K were considered to have medium probability of hail; those thresholds

correspond to between 25 − 50% likelihood of large hail being reported in the U.S. Storms with

37-GHz PCT below 176 K have a high probability of producing large hail. These classifications

based on 37-GHz PCT allowed for investigation into differences between storms with different

probabilities of containing hail.

Finally, synoptic environments for each storm were analyzed with ERA-Interim reanalysis data

(Dee et al. 2011). All maps use the 18 UTC (15 LT for Argentina) time for the composite, which

was composed of days when storms occurred after 12 UTC or the day prior if the storms occurred

between before 12 UTC. Days were binned by hail probability category (high, medium, or null)

based upon the maximum hail probability that occurred during each day.
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3.3 Results

3.3.1 Annual and Diurnal Cycles

During the 16-year observational period, a large number of storms were captured by the TRMM

satellite (Table 3.1). DWCC storms contained the greatest percentage of potential hailstorms

Table 3.1: The breakdown of storms identified within the study area by storm type and hail probability.

DCC DWCC WCC

High-probability 167 364 79

Medium-probability 215 425 266

Null 919 399 2546

(66.4%), per the probabilities calculated from 37-GHz PCT. 29.4% of DCCs were potential hail-

storms, while only 11.9% of WCCs qualified under these metrics. The annual cycle of hailstorms

in this region is similar to that in the U.S. (Allen and Tippett 2015), with the maximum frequency

of hail occurring during the austral warm season (October through March; Fig. 3.2). Hailstorm ac-

tivity begins to increase during September, reaches a fairly steady frequency from October through

March, and the frequency decreases in April with reduced hail activity during the austral winter.

These results match well with the annual cycle found by Mezher et al. (2012) in their E and H

regions, which cover central and northwestern Argentina, respectively.

An examination of the diurnal cycle of hailstorms demonstrates the unique nature of these

storms in subtropical South America (Fig. 3.3). Hailstorm activity begins to increase early in

the afternoon (17 UTC; 14 LT) and continues through the next morning. This diurnal cycle is

significantly extended into the nocturnal hours compared to the U.S., where hail is infrequent after

midnight (Allen and Tippett 2015). Cecil and Blankenship (2012) noted a broad peak between

15-00 LT for subtropical South America, with a slow decline in activity through the morning

hours. This contrasted with sharp declines after 9 pm LT for all other regions with high hail

frequencies in their study - the U.S., central Africa, Pakistan, and Bangladesh. The high-probability
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Figure 3.2: The annual cycle of hailstorms within the study area as a stacked bar graph of high- and

medium-probability hailstorms.

Figure 3.3: The diurnal cycle of hailstorms within the study area as a stacked bar graph of high- and

medium-probability hailstorms.
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storms in Fig. 3.3 have their maximum frequency from 20 to 03 UTC (5 pm to 12 am LT). For

medium-probability events, the period of maximum frequency extends through 06 UTC (3 am).

This enhanced frequency of hail during the overnight hours is a unique feature of subtropical

South America, which has also been anecdotally observed via social media reports.

Breaking the diurnal cycle down by storm type, high-probability hail-producing DCCs and

DWCCs have similar diurnal cycles, with their primary frequency peak during the late afternoon

and evening hours (Fig. 3.4a). High-probability WCC hailstorms tend to form later in the day, as

Figure 3.4: The diurnal cycle of hailstorms within the study area separated by hail probability and storm

type, with panel a showing higher-probability hailstorms and panel b showing lower-probability hailstorms.

storms grow upscale, so the WCC diurnal cycle is delayed, with the maximum frequency between

22 UTC and 04 UTC. The medium-probability cases for all three types of extreme convection fol-

low a similar diurnal pattern to their high-probability counterparts during the day and early evening

through 02 UTC, although the DCCs are more favored than the other storm types during this time

period (Fig. 3.4b). However, after that time, medium-probability storms have a second peak in

frequency, while the high-probability cases diminish. While this was seen earlier in Figure 3.3, it

is noteworthy that this overnight frequency maximum is a product of increases in the frequency of

medium-probability hailstorms of all extreme storm types, but especially of WCCs and DWCCs.

This overnight maximum aligns with the 06 UTC peak in heavy rainfall for this region, shown by

Matsudo and Salio (2011). A picture emerges of storm severity peaking in the evening and early

nighttime hours, with storm coverage and rainfall peaking later in the overnight. Consistent with
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this, Matsudo and Salio (2011) showed a peak in extreme wind gusts around 21 UTC, a gradual

decline of wind gusts during the night, then the peak of heavy rainfall at 06 UTC.

The nocturnal maxima of hailstorms in subtropical South America can also be seen in a spatial

dimension using Hovmoeller diagrams. Storms were composited for these diagrams if they oc-

curred between 28
◦S and 36

◦S, to match the methodology of Rasmussen et al. (2014), in order to

identify the unique back-building component of convection in this region. For all high-hail proba-

bility DCCs and DWCCs, storms begin to form near 18 UTC (3 pm LT) between 55
◦W and 65

◦W

in response to diurnal heating (Fig. 3.5a, d). These storms then increase in frequency with time,

Figure 3.5: Hovmoeller diagrams of storm frequency between 28
◦S and 36

◦S, with storm type designated

by row and hail probability by column. The average topography within this region is outlined in black.
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but the favored locations do not move longitudinally, as was seen in similar Hovmoeller analyses

of lightning flash rates within DCCs from Rasmussen et al. (2014). WCCs occur later, with maxi-

mum frequency between 00 and 06 UTC and are mostly located west of 60◦W (Fig. 3.5g). There

is little eastward propagation of these storms with time, until early in the morning after 06 UTC.

For the medium-probability hailstorms, the diurnal cycle is shifted later (Fig. 3.5b, e), as

shown earlier. The maximum frequency in the Hovmoeller diagrams for all three types of extreme

convection occurs after 00 UTC (21 LT). Medium-probability DCCs are clearly tied to the terrain

near 65◦W, and remain in place through 06 UTC. WCCs tend to propagate eastward more than

the other storm types, but they also do occur over the elevated terrain for a substantial amount of

time (Fig. 3.5h), which concurs with previous research in this region (Rasmussen and Houze 2011,

2016; Rasmussen et al. 2014).

The null convection cases do not seem to be specifically tied to the topography unlike the high-

and medium-probability hail cases (Fig. 3.5c, f, i). There is increased frequency east of 60◦W

for all null-convection storm types and reduced frequency over the mountainous areas. Therefore,

if a storm contains a medium to high probability of hail, it is more likely to be located near the

Andes terrain and foothills relative to storms that do not. Additionally, the locations favoring both

high and medium probability hailstorms tend to remain relatively stationary near the mountains

and have secondary nocturnal peaks in frequency over these areas, which has been identified by

previous research as well (Rasmussen and Houze 2011; Rasmussen et al. 2014). Thus, these new

results support the notion that the Andes and SDC topography is a critical ingredient in producing

intense lightning- and hail-producing storms in the region.

3.3.2 Hailstorm Mode

Using the same convective storm mode definitions applied to the TRMM-based methodology

as in Mulholland et al. (2018), the high-probability hailstorms that occurred between September

and March were classified as discrete, multicell-organized, or multicell-unorganized. A total of

264 high-probability storms were analyzed across all storm types with the following results: 6.8%
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of storms were discrete, 84.5% were multicell-organized, and 8.7% were multicell-unorganized.

There is some potential bias because the ~150 km2 TRMM 37-GHz footprint size may lead to

underestimating the likelihood of hail from discrete cells, thereby preventing some discrete cells

from qualifying as “high-probability” storms. With that caveat, this analysis shows that a large

majority of high-probability hailstorms during the austral spring and summer are multi-cellular

and that they are usually organized. This is not simply because there were more DWCC and

WCC storms included in this analysis, which naturally tend to be multi-cellular, as 83% of DCCs

analyzed were also multi-cellular. While this classification method is unable to diagnose rotation

within storms, which affects the growth of hailstones (Ashworth and Knight 1978), these findings

indicate that a majority of significant hail production does not come from discrete storms, such as

supercells, but rather from organized multi-cell convection, such as MCSs.

These results stand in contrast with the hailstorms in the U.S., where a majority of hail has

been found to come from discrete storms (Blair et al. 2011, 2017; Grams et al. 2011; Smith et al.

2012). Some research has shown that some multicell-organized convection can contain hail (Gallus

et al. 2008), specifically organized convection that has leading-stratiform or line-parallel MCSs,

but these cases are rather rare in the U.S. The satellite-based methodology used herein takes into

account the hail volume in the storm and does not provide any information on the size distribution

of hail within each storm. It is certainly possible that the giant hail consistently reported in sub-

tropical South America does still occur within supercells, but is beyond the scope of the current

study given observational limitations. The satellite data are also better suited for highlighting hori-

zontally extensive storms compared to smaller ones. However, it is also likely that given the results

from this analysis, MCSs in this region are more likely to produce hail relative to their counterparts

in the U.S. (Rasmussen and Houze 2011). Overall, the results presented within this study suggest

a significant difference in the hailstorm mode in subtropical South America that is not found in the

U.S.
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3.3.3 Hailstorm Characteristics

When a DCC possibly contains hail, per satellite measurements, it is likely to be horizontally

larger and vertically deeper than DCCs that do not have a possibility of containing hail (Fig. 3.6).

DCCs with a high probability of hail have a greater average area by more than 21, 000 km2, while

Figure 3.6: Boxplots of storm area (panel a) and maximum height (panel b) of the 40-dBZ echo core by

hail threshold.

DCCs with medium hail probability have an increased area by about 16, 000 km2. Additionally,

probable DCC hailstorms tend to be deeper, by 1 − 2 km on average, than DCCs without the

possibility of hail. All of these differences in area and depth are significant at the 99% confidence

interval. The result that deeper storms are more likely to contain hail is not a surprising one, as

other recent studies using satellite-based radars have found similar results (Ni et al. 2016, 2017;

Mroz et al. 2017). However, the larger horizontal area associated with hailstorms in subtropical

South America is unique result to this study and supports the results from Section 3.3.2.

When a DCC has begun to grow upscale, it is likely to reach the DWCC classification, as the

spatial area of its convective core increases significantly. At this stage, though, it still maintains

its deep component, representing persistent and strong updrafts. For DWCCs, probable hailstorms

remain larger and deeper than null convection, with the difference significant at the 99% confidence

interval (Fig. 3.7). Once these storms lose their DCCs and are solely WCCs, they tend to have

similar height differences between probable hailstorms and null cases, but their areas are more
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Figure 3.7: Same as Figure 3.6, but for DWCC storm area and maximum 40-dBZ echo height.

similar, as upscale growth processes mature these systems into large storms regardless of their hail

production chances (Fig. 3.8).

Figure 3.8: Same as Figure 3.6, but for WCC storm area and maximum 40-dBZ echo height.

In order to further understand the structure of these prolific hail-producing storms, TRMM PR

reflectivity data was analyzed using Contoured Frequency by Altitude Diagrams (CFADs; Yuter

and Houze 1995). At each vertical level, the frequencies are normalized by the maximum fre-

quency at that level. For DCCs, there is a strong shift to higher reflectivities within the convective

core for probable hailstorms, as compared to DCCs without the chance of hail production (Fig.

3.9a). Meanwhile, for stratiform rain, there is a shift to higher reflectivities below the melting level
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Figure 3.9: Differenced Contoured Frequency by Altitude Diagram (CFADs; Yuter and Houze 1995) for

DCCs, separated by convective and stratiform rain with each vertical level normalized by the most frequent

reflectivity bin within that level. Positive values represent an increase in frequency for storms with a non-

zero hail probability. The number of pixels that went into each composite are listed in the top right corner

of each panel.

for hailstorms (Fig. 3.9b). This increase in higher reflectivities for stratiform rain in hailstorms

represents enhanced upscale growth within these storms.

Within DWCC storms, there is a greater frequency of higher reflectivities for convective rain

if a storm has the possibility of containing large hail (Fig. 3.10a). Additionally, a similar signal

Figure 3.10: Same as Figure 3.9, but for DWCCs.

for enhanced stratiform precipitation is evident in DWCCs hailstorms as compared to DCCs hail-
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storms (Fig. 3.10b). However, there is also a signal for a shift to lower reflectivities for DWCC

hailstorm stratiform precipitation. When these storms reach the WCC stage of their lifecycle, con-

vective regions within hailstorms still have a strong shift to higher reflectivities than null convection

(Fig. 3.11a). However, there appears to be a large amount of misclassified stratiform pixels that

Figure 3.11: Same as Figure 3.9, but for WCCs.

are showing up in the convective profile, where the difference profile bends to higher reflectivites

just below 4 km, where the melting level resides. The authors hypothesize that due to this likely

misclassification, the stratiform difference CFAD is misleading by showing an increase in strati-

form precipitation during WCCs that do not contain hail (Fig. 3.11b). If the rainfall was correctly

classified, this would actually show the opposite result.

Overall, hailstorms are more likely to contain higher reflectivities within their convective and

stratiform regions at all stages of their lifecycle than null convection. Having enhanced stratiform

precipitation during the DCC and DWCC phases indicates that these storms are prone to grow

upscale, even while they have vigorous deep convection, which matches the storm mode analysis

discussed previously in Section 3.3.2. This is possible due to the continued lift provided by the

SDC and other foothills, which promote continued convective initiation and maintenance, even

while stratiform precipitation develops downstream (Rasmussen et al. 2014; Rasmussen and Houze

2011, 2016).
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3.3.4 Synoptic Environments of Hailstorms

Understanding the environment that these dangerous hailstorms form in will provide better de-

tails to help forecasters warn the public in the hours and days ahead of such conditions. This anal-

ysis contains 136, 187, and 1180 unique days for high-probability hailstorms, medium-probability-

hailstorms, and null storms, respectively. Examining the differences in synoptic environments

between high-probability hailstorm days and null storms days, potentially useful signals for fore-

casting may be identified. At the surface, the lee cyclone has a central pressure 4 hPa lower

during hailstorm days than during null storm days (Fig. 3.12c). This corresponds to lee cyclone

development that preceded intense convection identified by Rasmussen and Houze (2016). Addi-

tionally, the 2-m temperature and dewpoint temperature increases by about 4◦C along the foothills

and northern SDC (Fig. 3.12a). Meanwhile, at the 850-hPa pressure level, specific humidity is

increased during hailstorm days to the east of the SDC upwards of 3 g kg−1 (Fig. 3.12b). The

SALLJ is also strengthened, with northerly wind speeds increased by 4 m s−1 over northern Ar-

gentina, similar to findings from Rasmussen and Houze (2016). In the upper troposphere, a trough

is moving onshore over southern South America, with ridging downstream (Fig. 3.12c, d). As a re-

sult of this anomalous height pattern, the upper-level jet stream is shifted south and the wind speed

enhanced by 10 m s−1. This southward shift of the jet stream places the equatorward entrance

region of the jet over the SDC and foothills in central Argentina, which enables rising motion to

help break any capping inversion that may exist in addition to orographic lifting.

If the same method is applied to the medium-probability hailstorm cases, similar qualitative

anomalies are identified at all vertical levels (Fig. 3.13). However, the magnitude of these anoma-

lies is reduced by approximately 50%, as the magnitude of the synoptic anomalies is correlated

with the probability of hail. As a result, these synoptic anomalies for hailstorm days seem to be

useful from a forecasting perspective. The low-level temperature and moisture anomalies should

affect the available instability for these storms as well. Indeed, convective available potential en-

ergy (CAPE) is increased across much of the study region by an average of 600−900 J kg−1 during

high-probability hailstorm days and 200 − 300 J kg−1 on medium-probability hailstorm days, as
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Figure 3.12: The difference between hailstorm and non-hailstorm convective days is plotted for multiple

vertical levels. Convection had to occur within the primary study area in subtropical South America to be

counted. Panel a displays the differences of 2-m temperature (filled) and 2-m dewpoint (contoured). Panel

b shows the differences in 850-hPa specific humidity (filled) and meridional wind speed (contoured). Panel

c contains the differences in mean sea-level pressure (MSLP; filled) and geopotential height (contoured).

Panel d plots the differences in 250-hPa wind speed (filled) and geopotential height (contoured).
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Figure 3.13: Same as Figure 3.12, but this figure shows the differences between lower-probability hail days

and null convection days.

52



compared to null convection days (Fig. 3.14). When the maximum CAPE within the study re-

Figure 3.14: The difference between surface-based CAPE between a) upper-threshold hail days and null

convection days and b) lower-threshold hail days and null convection days.

gion is compared between the hail probability and null categories, there is also a clear distinction

between days that contained storms with much likelihood of hail as compared to days with null

storm cases, even though they still contained convection (Fig. 3.15). The mean maximum CAPE

values for high-probability, medium-probability, and null hailstorm days are 3439, 2835, and 2416

J kg−1, respectively. The difference between these means is statistically significant at the 99%

confidence interval. By enhancing instability, stronger updrafts are able to form, which would be

more capable of supporting large hail.

Overall, these hailstorms appear to be more strongly forced by the synoptic environment com-

pared to the null convection category. This may be a product of the requirements to form hail:

steep lapse rates, low freezing levels, and strong vertical wind shear. All of these ingredients are

more easily produced by strong synoptic forcing, such as when a trough is moving into the re-

gion, bringing colder upper-level air and a strong jet stream. Through these enhanced synoptic

conditions, hailstorms can more easily form in this region, often with very large hail. These results
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Figure 3.15: Boxplot of the maximum CAPE found within the study region based upon the maximum hail

probability found within the region on a particular day.

do not preclude hailstorm formation within weakly forced environments, but rather they show the

tendency to have these strong storms occur in strongly-forced synoptic conditions.

3.4 Conclusion

Convection in subtropical South America is known to be some of the most intense anywhere

on Earth. As a result, understanding the severe convective hazards produced by storms within this

region is critical, as they threaten personal safety, agriculture, and socioeconomic considerations in

Argentina. Within this region, hail is notably large and frequent in occurrence compared to other

regions of the world, but little work has been done to understand hailstorm characteristics, struc-

ture, or supporting environments. This study aims to provide insight into this important problem

by utilizing long-term satellite measurements of intense convection to identify hailstorm character-

istics and their supporting environments to provide a greater understanding of high-impact weather

around the world.
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Hailstorms are found to have an expected annual cycle, with the maximum hailstorm activity

occurring during the spring and summer. However, hailstorms in subtropical South America have

an extended diurnal cycle, compared to that found in the U.S., with a substantial portion of the

distribution occurring during the overnight period. Additionally, a large majority ( 84%) of these

storms were found to be organized multi-cellular convection. Both the diurnal cycle and storm

mode of hailstorms in subtropical South America are notably different from hailstorms in the U.S.

that are primarily discrete storms that occur in the late afternoon hours. Hailstorms in this region

also tend to be deeper and larger in horizontal area than storms that do not contain hail. Finally,

hailstorms are supported by enhanced synoptic conditions, including increased instability through

low-level temperature and moisture increases, an enhanced lee trough and SALLJ, and stronger

upper-level jet streams.

Hailstorms in subtropical South America are some of the most frequent and intense in the

world. While they are supported synoptically by similar conditions to those found in the U.S., the

storm mode and diurnal cycles of these storms are very different. As a result, they prove to be

a challenge to forecast from numerical and operational perspectives, as the knowledge gained by

studying U.S. hailstorms does not apply to this region as well as might be expected. Therefore,

the results of the RELAMPAGO field campaign will be critical in improving the understanding

of hailstorms within this region. Additionally, new understandings about hailstorm characteristics

and associated environmental conditions in subtropical South America may aid the comprehension

of hailstorms in the U.S. and other regions of the world, which in turn will improve forecasting

of these dangerous storms. Future work will make use of the observations from this campaign to

better understand why the diurnal cycle of hailstorms extends into the overnight hours, in addition

to the analysis of rotation within storms and its role in supporting hailstone growth in a variety of

convective modes.
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Chapter 4

Conclusion

Convection produces severe hazardous weather worldwide, impacting people and property

through high winds, large hail, flash floods, and tornadoes. While these dangerous thunderstorms

can occur throughout many regions of the world, they are most frequent near major mountain

ranges, such as the Andes, Rocky, and Himalayan mountains. Understanding the variability and

characteristics of convection is critically important in order to improve the prediction of such

storms and increase the resiliency of affected populations. Additionally, the knowledge gained by

studying the distribution of convective variability in subtropical South America, from inter-storm

to interannual scales, can be applied to other similar regions of the world for enhanced global

understanding of convective variability and associated storm characteristics.

This thesis presents two studies on convection in subtropical South America, specifically ex-

amining how ENSO affects the extreme convective distribution and discovering the characteristics

of hailstorms in this region. Convection in subtropical South America is among the strongest any-

where in the world. Through these studies, short- and long-term forecasts of hazardous convective

weather can be improved through a greater understanding of how the climate variability affects

convection and how and when hail-producing convection is forced by synoptic conditions and

orography. As a result, better preparations can be made for seasonal and interannual rainfall vari-

ations and convective changes due to ENSO, along with improved employment of hail mitigation

techniques with the enhanced understanding of when, where, and why hailstorms form and pro-

duce extremely large hail. Climatologically, more rain falls over the La Plata basin during El Nino,

while the Amazon receives more rainfall during La Nina. Synoptically, the lower- and upper-level

jets are enhanced during El Nino, with a stronger lee trough at the surface. With regards to ENSO’s

influence on convection within subtropical South America, DCCs tend to be more common during

El Niño near the high terrain, while wide convective cores are more common throughout sub-

tropical South America during La Niña. However, during El Niño, storms tend to be deeper and
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contain stronger convection. They are also supported by enhanced synoptic conditions, including

a stronger upper-level jet stream and increased instability. However, these results do not mean that

there is any significant decrease in severe hazards presented by these storms.

Hailstorms tend to be some of the deepest and widest convection found within this region.

They have a much longer diurnal cycle than hailstorms in other regions of the world, with a

relative nocturnal maximum in frequency. Finally, hailstorms are supported by strongly-forced

synoptic environments and the tall mountains nearby, which promote strong convective initiation,

upscale growth, and back-building over time. Without the orographic lift provided by the Andean

foothills and Sierras de Cordoba, the strong mechanical capping inversion would not be broken as

frequently and these hailstorms would occur significantly less often. As a result of their concen-

trated frequency, longevity, and power, these storms present a significant threat to society and the

agricultural economy.

With the results presented in this thesis, decision-makers can better prepare for hazardous con-

vective weather on short and long timescales to improve resiliency to these natural hazards. Ad-

ditionally, the results of the recent RELAMPAGO field campaign will be placed in the context

of this work and previous studies of convection within subtropical South America. With time,

ground-based observations of storms can be compared with satellite-based studies to provide a

more holistic depiction of the strong and frequent convection here. Furthermore, it will promote

better understanding of convection around the world, especially where it occurs near other signif-

icant mountain ranges, such as the Himalayas, central and southern Africa, and the U.S. TRMM

satellite observations, which these findings are based upon, have proved quite useful in examining

convection in under-sampled regions such as subtropical South America, and this work further

promotes the utility of these space-based platforms. With the addition of the Global Precipitation

Measurement satellite in recent years, this method of research will continue to provide meaningful

results for regions around the world where ground-based observations remain limited.
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