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ABSTRACT 

 

 

 

INVESTIGATING THE IMPACT OF FORCED AND INTERNAL CLIMATE VARIABILITY 

ON FUTURE CONVECTIVE STORM ENVIRONMENTS IN SUBTROPICAL SOUTH 

AMERICA: A LARGE ENSEMBLE APPROACH 

 

 

 

Subtropical South America (SSA) has some of the most intense deep convection in the 

world. Large hail and frequent lightning are just two of the hazards that profoundly affect people, 

agriculture, and infrastructure in this region. Therefore, it is important to understand the future 

convective storm environments over SSA associated with climate change and how these large-

scale environmental changes are likely to change high-impact weather events in the future. 

Previous studies have used convection-permitting regional models and radar data to examine 

convective storm environments in the current climate across different regions of South America. 

Here, we use a large ensemble of Earth system model simulations to quantify anthropogenically-

driven future changes in large-scale convective environments, as well as how those forced 

changes might be modified by unforced, internal climate variability. Specifically, we examine 

changes in different thermodynamic parameters of relevance to severe weather events over SSA 

in austral spring and summer (September-February). We use daily data from a 50-member 

ensemble from 1870-2100 performed with version two of the Community Earth System Model 

(CESM2). Results indicate that no forced changes in convective environments are evident until 

very late in the 20th century. However, increases in convective available potential energy and 

atmospheric stability, as well as an increase in lower tropospheric vertical wind shear, became 

apparent around 1990, and these trends are projected to continue throughout the rest of this 
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century.  The implication is that future large-scale environments may be favorable for less 

frequent, but perhaps more intense and severe convective modes and their associated hazards. 

Results also demonstrate that anthropogenic changes are likely to be significantly modified, 

regionally, by internal climate variability. 
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Chapter 1 Introduction 
 

 

 

Severe convective storms pose a substantial threat to communities, agriculture, and 

infrastructure around the world. Each year hazards associated with severe weather cause damages 

that amount to billions of dollars (Taszarek et al., 2021). Therefore, it is important to understand 

how the large-scale thermodynamic and kinematic environments that are conducive to severe 

weather are likely to be influenced by anthropogenic climate change.  Most research on this topic 

has centered on severe weather across the United States. Less attention has focused on other 

regions, including South America (SA), a region with a broad range of topography, ecosystems, 

urban and rural territories, cultures, and climates. The majority of SA countries are highly 

vulnerable to climate change and possess low adaptive capacities (IPCC, 2022).  In addition, SA 

has some of the world's most extreme deep convective cloud systems (Zipser et al., 2006; 

Romatschke & Houze, 2010; Houze et al., 2015). It is also well known that rainfall from 

thunderstorms and mesoscale convective systems (MCS) play a significant role in influencing 

agricultural and socioeconomic conditions in SA (Rasmussen et al., 2016). Therefore, it is 

important to understand how the convective environment of this region is likely to change with 

increasing concentrations of greenhouse gases in the atmosphere. 

The climate of SA is influenced by the Andes, one of the largest mountain ranges in the 

world. It creates mesoscale and synoptic-scale phenomena, resulting in divergent climate 

conditions on the eastern and western slopes and nearby lowlands (Garreaud, 2009). The Andes 

block zonal flow and, thus, impact regional wind patterns and precipitation. They are also crucial 

to the development of the South American low-level jet (SALLJ) (Campetella & Vera, 2002). As 

low-level trade winds from the equatorial Atlantic are blocked and deflected, a barrier jet flows 
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along the eastern flanks of the Andes (Virji, 1981) and transports moisture to subtropical regions 

of the continent from the Amazon (Vera et al., 2006). Because of the extreme vertical extent of the 

Andes, South American storms tend to be closely associated with topography during the process 

of upscale organization and development related to enhanced lee cyclogenesis and flow 

modification (Rasmussen & Houze, 2011, 2016). 

Within the South American continent, Subtropical South America (SSA) has the deepest 

and most intense storms (Zipser et al., 2006; Rasmussen & Houze, 2011; Houze et al., 2015) 

because of the flux of warm and moist low-level air from the Amazon basin transported by the 

SALLJ (Vera et al., 2006; Insel et al., 2010; Montini et al., 2019). The lee side subsidence of mid-

level dry air associated with the westerlies flows over the Andes and creates an elevated mixed 

layer (Ribeiro and Bosart, 2018) that often acts as a capping inversion for the low-level moist air. 

This allows the large-scale environment to build up instability to extremely high levels, which 

leads to extreme deep convection (Rasmussen & Houze, 2011). During the austral summer season, 

the storms shift southwestward toward the foothills of the Andes where mesoscale convective 

systems develop and spread eastward (Rasmussen et al., 2014). 

One way to understand how the large-scale convective environment might change in the 

future is through the examination of convective parameters, such as Convective Available 

Potential Energy (CAPE) and Convective Inhibition (CIN). CAPE measures the energy available 

for vertical motion in a storm environment, whereas (CIN) represents the stability of the boundary 

layer, which inhibits vertical motion. Previous studies have used both global climate and 

convection-permitting regional models to show that the central to eastern U.S. will experience both 

increasing CAPE and magnitudes of CIN by the end of the twenty-first century (Rasmussen et al., 

2017; Chen et al., 2020; Lepore et al., 2021). These results suggest that increased stability may 
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reduce weak to moderate storms in the future, but if they can reach their level of free convection, 

convective storms are likely to be more intense due to larger values of CAPE (Rasmussen et al., 

2017). Low-level wind shear is another component that plays a significant role in storm 

development and organization. Wind shear between the surface and 6km (S06) exerts a profound 

influence on storm type, organization, and longevity, according to prior studies (Rasmussen and 

Blanchard, 1998; Weisman and Rotunno, 1999; Brooks et al., 2003). 

Changes in convective parameters are useful for exploring potential changes in storm 

characteristics, and integrated measures, such as the product of CAPE and S06, can provide 

additional information. This product (CAPES06), by definition, considers both thermodynamic 

and kinematic variables of relevance to storm environments. An increase in CAPES06, for 

instance, could indicate an increase in the frequency of significant severe storms (Rasmussen & 

Blanchard, 1998; Brooks et al., 2003; Brooks, 2009) and organized MCSs. 

In this study, we use a large ensemble of Earth system model simulations to explore 

possible future changes in large-scale convective parameters over SA as a whole, as well as SSA 

specifically. In the large-ensemble approach, many simulations of the future are run under the 

same radiative forcing scenario, but with individual ensemble members starting from slightly 

different initial conditions. This produces a different sequence of unforced (internal or natural) 

climate variability within each simulation since internal climate variability is largely 

unpredictable. The result is a set of simulations with a range of possible future outcomes where 

any possibility can be considered reality (Deser et al., 2012). Internal climate variability provides 

information on the range of uncertainty in regional climate change projections and can 

significantly augment or counteract the forced response (Deser, 2020). When examining climate 

changes several decades into the future, internal climate variability is generally greater in the 
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extratropics than in the tropics, and it is often stronger than the forced climate change signal 

(Hawkins & Sutton, 2009; Deser et al., 2012; Milinski et al., 2020). 

This study was conducted using a recently released large ensemble of simulations from 

version 2.0 of the Community Earth System Model (CESM2; Danabasoglu et al., 2020). Utilizing 

the CESM2-LE (Rodgers et al., 2021), we evaluate the temporal evolution of large-scale 

convective environments in South America from 1870-2100. The CESM2-LE provides an 

opportunity to robustly evaluate both the forced variability resulting from anthropogenic climate 

change and the possible modulation of the forced signal by internal variability. 
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Chapter 2 Methodology 
 

 

 

2.1 Data and Model Simulations 

The Community Earth System Model (CESM) is a freely accessible community tool that 

can be used to study a wide range of Earth system interactions over time and space and has been 

used by many researchers around the world (Hurrell et al., 2013). CESM is an important model 

for the climate research community. It is funded primarily by the National Science Foundation 

(NSF) and managed by National Center for Atmospheric Research (NCAR). The CESM has 

played a significant role in both national and international assessments of climate science. Version 

two of the CESM (CESM2; Danabasoglu et al., 2020), for instance, contributed many simulations 

to Phase 6 of the Coupled Model Intercomparison Project (CMIP6; Eyring et al., 2016).  CESM 

provides researchers with a comprehensive modeling system to explore a multitude of interactions 

within the Earth system, encompassing many different temporal and spatial scales. 

From the CESM2-LE (Rogers et al., 2021), we extracted daily data for column air 

temperature, specific humidity, near-surface (10-meter) wind speed, zonal and meridional winds, 

and geopotential height.  The CESM2-LE uses the Community Atmosphere Model version 6 

(CAM6), configured with 32 vertical levels, a relatively coarse vertical representation of the 

stratosphere, and a spatial resolution of approximately 1° (1.25° in longitude and 0.9° in latitude; 

Rodgers et al., 2021). Data covering the time period of 1870-2100 was obtained from the first 50 

of 100 ensemble members for the purposes of our study. The ensemble members are based on 

historical forcing provided by CMIP6, as well as SSP3-7.0 for future forcing (Rodgers et al., 2021). 

The SSP3-7.0 is considered to be a medium- to high-end of forcing scenario (IPCC, 2021). An 

ensemble of Earth system model simulations of this magnitude and duration presents an 



 

 6 

unparalleled opportunity to examine the long-term evolution of large-scale convective 

environments. It also allows us to explore the influence of forced variability on these environments 

and to what extent internal climate variability is likely to modify the forced signals. 

While we examine changes in large-scale convective parameters over all of SA, we focus 

primarily on SSA (Figure 1). We mask ocean regions from all analyses. 

 

Figure 1: The study focused on the Subtropical South America domain, which encompasses 

latitudes ranging from -40°S to -20°S and longitudes ranging from -70°W to -45°W. 

 

2.2 Parameters 

2.2.1 Convective available potential energy 

Convective available potential energy (CAPE) (J/kg) is a thermodynamic parameter that is 

important for understanding the possible intensity of the convective environment (Riemann-

Campe et al., 2009). It is the vertical integral of buoyancy between the level of free convection 

and the equilibrium level, which is useful for identifying conditional instability and the possibility 

of strong updrafts (Holton, 1972). To capture potentially elevated convection and the maximum 
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instability, we compute the most-unstable CAPE in the lowest 3,000 meters (Rochette et al., 1999). 

Although high levels of CAPE can be present, strong convection may not necessarily occur 

because the simulated air parcel may need to overcome a stable layer between the surface (SFC) 

and the level of free convection (LFC; Riemann-Campe et al., 2009). 

2.2.2 Convective inhibition 

As air parcels ascend from the surface to the lower boundary layer, convective inhibition 

(CIN) (J/kg) represents the negative buoyancy or negative work done by the atmospheric boundary 

layer (Colby, 1984; Rasmussen and Blanchard, 1998; Riemann-Campe, 2009). It determines how 

stable the local atmosphere is and whether convective motion may be suppressed. Due to the fact 

that CIN represents how much energy an air parcel needs to overcome before reaching the LFC, it 

is typically defined as a negative value. Therefore, more negative values indicate more stability. 

2.2.3 Tropospheric wind shear 

Wind shear is one of the important kinematic variables of a convective environment. We 

computed the parameter S06 (m/s), which is the bulk vertical wind shear from 10 m to 6 km 

altitude. Previous studies have used this parameter to understand the storm type, severity, and 

organization (Rasmussen and Blanchard, 1998; Weisman and Rotunno, 1999; Brooks et al., 2003). 

Larger values of S06 are typically associated with thunderstorms with strong mid-level rotation. 

Such storms display enhanced storm dynamics, such as an upward-tilted updraft that displaces the 

upward vertical motion from the downward vertical motion. For an isolated supercell, high S06 

increases the likelihood of severe impacts, such as tornadoes. To counteract the low-level 

circulation induced by the cold pool, sufficient S06 is critical for the formation of multi-cellular 

organized systems, such as squall lines (Rotunno et al., 1988). The development of new cells is 
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triggered by the gust front, and their subsequent growth is highly dependent on the amount of low-

level wind shear, which plays a crucial role in the longevity of multi-cellular organized systems. 

2.2.4 CAPES06 

The thermodynamic and kinematic parameters mentioned above are important, but it is 

also useful to examine the product of CAPE and S06 (CAPES06). This parameter is useful to 

differentiate between ordinary and severe storms, and it has been used by many researchers and 

forecasters previously to evaluate severe local storm environments (Rasmussen and Blanchard, 

1998; Craven and Brooks, 2002; Brooks et al., 2003; Brooks, 2009; Seeley and Romps, 2015). 

Higher magnitudes of CAPES06 suggest augmented potentials for storm organization and greater 

updraft velocities, which can potentially lead to a severe thunderstorm. Previous studies that 

examined soundings from severe thunderstorm environments showed that such storms were 

typically associated with higher values of CAPES06 (Rasmussen and Blanchard, 1998; Brooks et 

al., 2003; Brooks, 2009, Schumacher et al., 2021). 

 

2.3 Model Verification  

We use the fifth-generation global climate reanalysis (ERA5) (Hersbach et al., 2020) from 

the European Centre for Medium-Range Forecast (ECMWF) to examine the fidelity of CESM2 in 

the context of large-scale convective weather parameters. ERA5 has been shown to reliably 

capture the global spatiotemporal climatology of convective environments (Taszarek et al., 2021). 

In addition, Franke et al. (2022) showed that CESM2-LE is a reliable model to examine changes 

in large-scale convective environments over North America. Moreover, prior research has 

undertaken a climatological analysis of severe local storm environments across North America, 

employing a comparison between ERA5 and CAM6 simulations from the historical period (Li et 
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al., 2020). They verified the accuracy of ERA5 by comparing it against 69 radiosonde observations 

over the CONUS region, which included twice daily raw soundings. 

To compare the model data with reanalysis data, we first compute the climatology of CAPE 

for both datasets. Figure 2 shows the CAPE climatology in the austral spring and summer 

(SONDJF) from 1980-2019 for the CESM2-LE and ERA5. Note that the model climatology is 

computed from 50 ensemble members, or 2,000 simulated years in total, whereas ERA5 is based 

on only 40 years of data. Nonetheless, the spatial distribution from CESM2 is similar to that from 

ERA5, with the highest values over the Amazon region. Forested areas are less stable and have 

higher values of CAPE, which is attributed to the increased humidity levels in these areas (Wang 

et al., 2009). Although not shown, a similarly strong agreement was found between ERA5 and 

CESM2-LE for the climatological distributions of CIN, S06, and CAPES06. 

 

Figure 2: Climatology of SONDJF CAPE for CESM2-LE (left) and ERA5(right) from 1980-2019. 
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In addition to climatological distributions of large-scale convective parameters, it is useful 

to examine how well CESM2 captures modes of climate variability. Large-scale modes of natural 

climate variability influence weather and climate from sub-seasonal to interdecadal time scales. 

The El Niño-Southern Oscillation (ENSO) phenomenon, for instance, has been found to have a 

significant connection to the occurrence of severe weather events (Cook et al., 2017; Cook & 

Schaefer, 2008; Tippett et al., 2015; Bruick et al., 2019). The relationship between CAPE and 

ENSO from ERA5 and CESM2 is shown in Figure 3. In particular, we examine the regression of 

austral spring and summer (SONDJF) CAPE from CESM2-LE onto the simulated Nino 3.4 index 

and ERA5 onto the observed Nino 3.4 index. The model data covers the period of 1870-2019 to 

increase the sample size, relative to only 1980-2019 from ERA5; however, the results are very 

similar if only the simulated 1980-2019 period is examined from the CESM2-LE (not shown). 

 

Figure 3: One standard deviation regression of CAPE onto the ENSO index over the SONDJF 

from CESM2-LE (1870-2019; left) ERA5 reanalysis (1980-2019; right). 
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Importantly, the CESM2-LE effectively captures the primary shifts in CAPE attributed to 

ENSO. These include a significant enhancement of CAPE over SSA during warm ENSO phases 

alongside lower values of CAPE over the northeast region of SA. While not explored in detail 

here, we further note that CESM2 well simulates modes of variability that operate on longer-time 

scales as well (e.g., Danabasoglu et al., 2020; Simpson et al., 2020). For instance, the model 

exhibits a spatial pattern of the Pacific Decadal Oscillation (PDO) that closely aligns with observed 

patterns (Capotondi et al., 2020; Wei et al., 2018). 

We also evaluated the relationship between global sea surface temperature (SST) 

variability and variations in large-scale convective parameters area-averaged over the SSA region 

during SONDJF to see how effectively the model can capture the changes in convective parameters 

associated with SST. Over the historical period (1870-2019), there is a strong relationship between 

the convective parameters and eastern Pacific SST (Figure 4), which illustrates the importance of 

this oceanic region to interannual and longer-term climate variations in the SSA region. Previous 

studies have also indicated a strong relationship between deep convection and severe weather over 

SSA with different phases of the ENSO (e.g., Bruick et al., 2019). During El Niño, for instance, 

convective storms are typically characterized by greater heights and more intense precipitation 

compared to the storms during La Nina. On the other hand, during La Nina events, deep and wide 

convective cores (DWCC) exhibit enhanced stratiform reflectivity below the melting level, which 

results in intensified rainfall (Bruick et al., 2019). 

Finally, the regression of CAPE area-averaged over SSA onto global SST from ERA5 

(1980-2019) is shown in Figure 5B, for comparison with Figure 4A. It is evident that CESM2 

captures overall regression patterns evident in the reanalysis. The findings presented in this section, 

as well as those from previous studies, provide us with confidence in utilizing the CESM2-LE to 
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investigate both historical and future forced and internal changes in large-scale convective 

environments over SA, including the SSA region specifically (Figure 1). 

 

Figure 4: Regression of (A) CAPE, (B) CIN, (C)S06, (D)CAPES06 from 1870-2019 over 

subtropical South America during spring and summer (Sep-Feb) onto global SST. 

 

 

Figure 5: Regression of SSA CAPE onto global SST for CESM2-LE (A) from 1870-2019 and 

ERA5(B) from 1980-2019. 
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Chapter 3 Results and Discussions 
 

 

 

3.1 Ensemble Mean (Forced Change) Results Over South America 

We begin by evaluating the annual historical and future changes in large-scale convective 

parameters from 1870-2100 averaged over the South American continent. In the time series, 

anomalies are expressed relative to the 30-year base period of 1971-2000 (Figure 6). Variations of 

the forced component of climate change are given by the 50-member ensemble mean time series 

(dark lines). Considerable interannual and decadal variability is evident in the time series of 

individual ensemble members. Forced changes in CAPE, CIN, and CAPES06 are not apparent in 

any of the parameters until late in the 20th century when increases in the magnitude of CAPE, 

CIN, and CAPES06 begin and continue through the 21st century. Averaged over all of SA, S06 

exhibits no significant trend because, as shown later (Figure 9), there are regions of both positive 

and negative S06 trends across the continent. It is also apparent from Figure 6 that anthropogenic 

forcing produces changes in convective environments in nearly all of the 50 individual members 

of CESM2-LE. Therefore, it is very likely that the convective environment over SA as a whole 

will have higher convective energy, but with more stability which is consistent with previous 

studies in the U.S. (Rasmussen et al., 2017). 

The spatial patterns of seasonal trends across the continent over the next 30 years (2020-

2049) are presented in Figures 7-10. During the austral summer (DJF), the whole continent exhibits 

an increase in CAPE except for the far north (Figure 7A). Likewise, during fall (MAM) most of 

the continent shows a positive trend, with the largest increase in CAPE over northwest Brazil and 

southern Colombia (Figure 7B). During winter (JJA) there is little change projected over the next  
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Figure 6: Time series of anomalies of the annual mean (A) CAPE, (B) CIN, (C) S06, (D) 

CAPES06 from 1870-2100 relative to the 30-year base period of 1971-2000 averaged over South 

America. The 50-member ensemble mean is shown in the thick black lines and the individual 

members are shown in light gray lines. 

 

30 years in CAPE over most of the continent, except in the tropical region that remains warm 

throughout the year (Figure 7C). During spring (SON), positive trends are evident in South 

Colombia and Venezuela, as well as in the subtropical region of the continent in Paraguay, 

Argentina, and southern Brazil (Figure 7D). Previous studies have projected similar seasonal 

patterns of change in CAPE in SA (Lepore et al., 2021). Projections indicating higher CAPE 

suggest the potential for more intense and explosive convection in the near-term future. 

Seasonal trends in CIN over the coming decades are shown in Figure 8.  During the austral 

summer and fall, the projected forced changes are characterized by a decrease over much of SA, 

especially over the SSA region and northwest Brazil (Figure 8A, B). No noticeable trends are 
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Figure 7: Seasonal linear trends for CAPE from 2020-2049 over South America for 50-ensemble 

mean. (A) DJF, (B) MAM, (C) JJA, (D) SON. 

 

evident during winter (Figure 8C), but by spring declines in CIN are again evident, especially over 

subtropical South America (Figure 8D). Once again, these changes are broadly consistent with 

those shown recently by (Lepore et al., 2021), as well as from both high-resolution regional and 

global climate modeling studies in the U.S. (Rasmussen et al., 2017; Chen et al., 2020). A decrease 

in CIN indicates a more stable or capped atmosphere. Strong CIN is capable of inhibiting 

convection completely and moderate CIN can lead to an accumulation of CAPE, which can result 

in explosive convection if rising parcels can eventually reach their LFC. 

 

Figure 8: Seasonal linear trends for CIN from 2020-2049 over South America for 50-ensemble 

mean. (A) DJF, (B) MAM, (C) JJA, (D) SON. 
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The forced component of the trend in S06 during the summer shows a positive trend over 

most of the continent except for southern SA (Figure 9A). Over the next 30 years, the increase in 

lower tropospheric wind shear is the largest in the subtropical regions for all seasons. During fall 

and winter, S06 across tropical latitudes decreases (Figure 9B, 9C). During spring, southeast Brazil 

exhibits a decreasing trend in wind shear (Figure 9D). These regions of positive and negative trends 

across the continent explain why no significant change was seen in the time series of S06 averaged 

over all of SA (Figure 6C). 

Environments characterized by large vertical shear favor storms with vertical rotation and 

deeper, more intense updrafts. Such ingredients are important for the genesis of tornadic storms, 

along with large hail and damaging outflow winds at the surface (Weisman and Rotunno, 2000; 

Trapp et al., 2007).  In addition, such environments favor longer-lasting, self-sustaining, and more 

organized storms (e.g., Lilly, 1979; Rotunno, 1981; Klemp, 1987; Weisman and Rotunno, 2000). 

An important question to examine is the origin of the banded structure in S06 evident in Figure 9. 

A possible explanation is provided by examining concurrent changes in tropical rainfall, which 

exhibit projected increases in the equatorial eastern Pacific rainfall throughout all seasons over the 

next 30 years. Such enhanced convective heating enhances upper-level divergence over the 

equatorial eastern Pacific, and the anomalous vorticity drives the propagation of Rossby wave 

trains into the extratropics (Sardeshmukh and Hoskins, 1988; Qin and Robinson, 1993). Indeed, 

spatial patterns of 300 hPa zonal wind trends across SA exhibit alternating bands of increasing and 

decreasing winds originating from the tropical eastern Pacific, aligning with this concept. This 

provides support for the notion that future variations in S06 are primarily driven by future changes 

in tropical precipitation in the CESM2, although questions exist as to whether or not such rainfall 

changes are realistic (e.g., Seager et al., 2022; Yin et al., 2013; Fiedler et al., 2020). 
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Figure 9: Seasonal linear trends for S06 from 2020-2049 over South America for 50-ensemble 

mean. (A) DJF, (B) MAM, (C) JJA, (D) SON. 

 

Regardless, spatial patterns of trends in CAPES06 over SA are dominated by changes in 

CAPE, as is evident by comparing Figures 7 and 10. In regions where CAPES06 shows an 

increasing trend, there is a greater probability of significant severe storms, especially over SSA 

during summer, fall, and spring. 

 

Figure 10: Seasonal linear trends for CAPES06 from 2020-2049 over South America for 50-

ensemble mean. (A) DJF, (B) MAM, (C) JJA, (D) SON. 
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3.2 Forced changes over subtropical South America 

Given the frequent occurrence of intense convection across SSA, particularly during the 

six months of austral spring and summer (September to February), we next focus on this region in 

more detail.  In particular, the time series analysis presented in Figure 6 averaged across all of SA 

is repeated in Figure 11 for just SSA.  The forced component of CAPE over this region is projected 

to exhibit a steady increase, leading to a rise of ~ 550 J/kg by 2100 (Figure 11A). CIN is projected 

to increase in magnitude and reach ~ -15 J/kg by the end of the century (Figure 11B). Additionally, 

the forced positive change in S06 through 2049 in Figure 9 continues through the end of the 

century, reaching ~0.85m/s by 2100 relative to the reference period (Figure 11C). CAPES06 shows 

a similar trend as CAPE with a linear increase of ~7400m3/s3 by 2100 (Figure 11D). 

 

Figure 11: Time series of austral spring and summer (September to February) anomalies of (A) 

CAPE, (B) CIN, (C) S06, (D) CAPES06 from 1870-2100 relative to the 30-year base period of 

1971-2000 averaged over subtropical South America (SSA). The 50-member ensemble mean is 

shown in black lines and the individual members are shown in light gray lines. 
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Over the SSA region, there is a vertical motion pattern broadly characterized by upward 

motion on the windward side of the Andes and downward motion on the leeward side (Rasmussen 

et al., 2011). This vertical motion pattern is primarily influenced by the mean westerlies crossing 

the mountains at these latitudes. This downward motion effectively inhibits convection east of 

Andes (Rasmussen et al., 2011), and it explains the high CIN in the subtropical latitudes. A higher 

amount of CAPE is needed to break this capping inversion, which would indicate an environment 

that would favor the development of severe weather. Rasmussen et al., (2016) showed that in 

terrain modification experiments with the Andes decreased by 50%, reduced magnitudes of both 

CIN and CAPE resulted. Thus, the extreme height of the Andes leads to important thermodynamic 

environments supporting convective storms in the region that differ from environments in the U.S., 

despite similarities in flow features and MCSs across both regions (Velasco and Fritsch, 1987; 

Rasmussen et al., 2011). 

 

3.3 Internal Climate Variability 

The utilization of the CESM2-LE presents a unique opportunity to fully explore the 

influence of internal or unforced climate variability and how it might modify the forced responses 

described above with each of the 50 ensemble members representing an equally plausible 

trajectory. This approach allows us to illustrate the range of possible regional climate outcomes 

that is not possible with high-resolution regional climate model simulations (Liu et al., 2016) due 

to limitations in computational time. We analyze the linear trends in each of the convective indices 

over the next 30 years (2020-2049) averaged over SSA. Histograms of these trends across the 50-

member ensemble are a simple metric that depicts the extent to which internal climate variability 
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drives climate outcomes that differ from considering the anthropogenic climate change signal only 

(Figure 12). 

Figure 12: Histogram showing the spread of linear trends per year for the period of 2020-2049 

during the month of September-February across the 50-member CESM2-LE for (A) CAPE, (B) 

CIN, (C) S06, (D) CAPES06. Red colored bars indicate negative values. The black line indicates 

the ensemble mean value.  

 

The substantial influence of internal variability is clear in each convective parameter 

histogram.  For CAPE averaged over SSA, for instance, trends range from 0 to ~5 J/Kg/year, and 

two-thirds of the ensemble members have trends between 2 and 4 J/Kg/year (Figure 12A). Despite 

this large range, all 50 ensemble members exhibit a positive trend in CAPE. Similarly, the 30-year 

trend in CIN is negative for all ensemble members (Figure 12B), but trends for individual members 

range from near 0 to ~ -0.5 J/Kg/year.  In contrast, the 30-yr linear trends in S06 show both positive 

and negative values (Figure 12C), with 32 ensemble members displaying positive trends and 18 

exhibiting negative trends.  Trends in CAPES06 from individual ensemble members are dominated 

by CAPE, and thus the majority (except one) are positive. Additionally, 84% (42 out of 50) of the 

ensemble members exhibit trends ranging from 20 to 60 J/kg/year (Figure 12D). The histograms 

presented here demonstrate the range of uncertainty associated with trends in convective 
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parameters over the SSA region in the coming decades, despite there being clear trends in these 

parameters due to greenhouse gas forcing (Figure 11). 

To further illustrate the importance of considering internal climate variability in future 

climate projections, we subjectively select the ensemble members with the largest and smallest 

trends in area-averaged austral spring and summer (SONDJF) CAPE over SSA to examine the 

spatial patterns of change in those ensemble members (Figure 13). Recall that all ensemble 

members in the CESM2-LE experience identical changes over time with respect to greenhouse gas 

forcing; consequently, differences in the spatial patterns of individual simulations can be attributed 

to different evolutions of their internal climate variability. By simply subtracting the forced 

component from the ensemble mean, the contributions to changes in CAPE due to internal climate 

variability alone is revealed (Figures 13B, E) from each ensemble member (Figures 13C, F). It is 

notable that changes in CAPE due to internal climate variability alone exhibit spatially coherent 

structures over large regions that are of the same general magnitude as the forced trends. This is 

true for all 50 ensemble members (not shown), even though we illustrate it here for the ensemble 

members with the largest and smallest trends in CAPE averaged over SSA. 

As for CAPE, we examine the spatial trends in CIN for the same two ensemble members 

(#19 and #39; Figure 14).  Over the next several decades, CIN increases in magnitude across 

southern Brazil, northern Argentina, and Paraguay in ensemble member 19. If this is how the real 

world unfolds, which is entirely plausible, the capping inversion would strengthen and thus 

convection would be inhibited. Moreover, internal climate variability drives an increasing trend in 

CAPE (Figure 13A), so that there is more energy available for convective activity. Despite this, 

many air parcels may not possess the required strength to breach the capping inversion, which 

would lead to a reduction in the occurrence of weak to moderate storms and an increase in strong 
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to extreme storms. In this scenario, the internal climate variability amplified the forced changes 

over SSA. In contrast, for ensemble member 39, trends induced by internal climate variability 

counteract the forced changes (Figure 14D). 

 

Figure 13: Linear trends in CAPE (2020-2049) over SA during Sep-Feb for ensemble numbers 19 

(top) and 39 (bottom). The middle column shows the forced trend and the right column shows the 

trend due solely to internal variability. 

 

Finally, the spatial trends of S06 for the same two ensemble members are shown in Figure 

15.  Ensemble member 19 exhibits a weakening of low-level wind shear in central Argentina 

(Figure 15A), which might contribute to less organized storms, while ensemble member 39 (Figure 

15D) shows an increasing trend, suggesting enhanced storm organization. For ensemble member 

19, internal variability counteracts the forced change, resulting in negative changes in the 

subtropical region. In the case of ensemble member 39, the impact of internal variability is more 

intricate. In the region encompassing northern Argentina and southern Brazil, internal variability 

opposes the forced change, leading to negative changes. However, in central Argentina, internal 
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variability amplifies the forced change, resulting in an increase in that region. Based on the 

findings presented, it is evident that forced response may make the convective environment in SSA 

more supportive of less frequent but longer-lasting and more organized convective storms and the 

forced response is likely to be considerably moderated by internal climate variability. 

 

Figure 14: Same as Figure 13, except for CIN. 

 

Figure 15: Same as Figure 13, except for S06. 
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Chapter 4 Conclusions 
 

 

 

A 50-member ensemble of Earth system climate model simulations is used to understand 

the potential changes in thermodynamic and kinematic environments supporting severe and 

hazardous weather in a warmer, future climate over SA. By utilizing the CESM2-LE, we not only 

identified and analyzed anthropogenically-induced changes in large-scale convective 

environments over time, but we have also documented how internal (unforced) climate variability 

is likely to modify the forced changes. To our best knowledge, this particular aspect has not been 

thoroughly documented before for SA. Better understanding the potential range of future changes 

in convective environments can improve our ability to forecast and prepare for severe weather 

events. Specifically, such knowledge can enhance resilience and preparedness to face such 

hazards. 

In our study, we used an exceptionally well-documented Earth system model - the second 

version of the Community Earth System Model (CESM2) - to analyze the temporal evolution and 

spatial trends of different convective parameters over SA from 1870-2100. Our results show that 

anthropogenic climate change is expected to shift the future convective environments in such a 

way as to favor a decrease in frequency, but an increase in intensity, of convection, especially over 

SSA. Moreover, over this region, there could be more kinematic support that could potentially lead 

to more favorable conditions for the formation of convective storm modes capable of generating 

very severe weather events. 

We also examined the influence of internal climate variability on large-scale convective 

environments. Results clearly illustrated that internal variability will be significant, and it needs to 

be considered in future projections of climate change over SA. In particular, unforced climate 
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variability on decadal time scales drives large, spatially coherent changes over large regions of SA 

that can significantly modify the climate response to anthropogenic forcing.  Nevertheless, it is 

important to point out that the validity of our results rests on the capability of the CESM2 to 

realistically simulate future conditions. This has been demonstrated in previous studies, for 

instance, that examine the fidelity in which CESM2 simulates modes of natural climate variability 

from sub-seasonal through multi-decadal time scales. Here, we also examined how well CESM2 

replicates the observed climatological distribution of large-scale convective parameters, as well as 

its ability to simulate spatial changes associated with ENSO (e.g., Figure. 2, 3,4,5). Additionally, 

we point out that our results are for a single future forcing scenario (SSP3-7.0). 

In future work, we intend to conduct a more thorough regional analysis as different regions 

are influenced differently by both forced and internal climate variability. Moreover, further 

investigation is needed to understand the large-scale circulation changes that drive internal 

variations in convective indices and their potential connection to coupled modes of climate 

variability. It would also be important to determine the predictability associated with internal 

variability in such cases. Additionally, similar analysis can be done for different regions of the 

globe, for example, the northwestern Himalayas (Rasmussen et al., 2011). Franke et al. (2022) 

have also used the CESM2-LE to examine future changes in convective parameters of the eastern 

United States during boreal spring and summer. Gaining a comprehensive understanding of the 

potential future evolution and variability in large-scale convective environments is of utmost 

importance in order to document possible forthcoming changes in severe weather hazards. Such 

knowledge is crucial for making informed decisions on how to effectively adapt to and mitigate 

the impacts of these high-impact hazards. 
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