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ABSTRACT 
 
 
 

FUTURE PROJECTIONS OF THE 2011 SUPER TORNADO OUTBREAK UNDER GLOBAL 

WARMING AND STRATOSPHERIC AEROSOL INJECTION  

 
 
 

Disasters associated with hazardous convective weather including severe thunderstorms, 

tornadoes, strong winds, large hail, and flooding, have been increasing in both frequency and cost. 

Previous studies using convection-permitting regional models show that climate change is likely 

to produce a future with fewer weak thunderstorms but more strong storms through increases in 

both convective available potential energy and convective inhibition. To potentially mitigate some 

of the threatening impacts of global warming, climate intervention strategies aiming to offset 

anthropogenic surface warming are receiving increased attention. One proposed approach is 

stratospheric aerosol injection (SAI), in which reflective aerosol particles would be injected into 

the upper atmosphere to decrease a small percentage of the total incoming solar radiation, thereby 

reducing future rates of warming. Little to no research has been conducted on the impacts from 

this possible strategy on severe weather using a convection-permitting model. We conduct novel 

simulations of the 2011 Super Tornado Outbreak using a 4-km version of the Weather and 

Research Forecasting (WRF) model to examine how this severe weather outbreak might be 

different in the future under two greenhouse gas emission scenarios with and without SAI. We 

find broadly that numerous parameters closely related to storm severity increase in a future with 

climate change, while parameter changes are minimal under climate change with SAI. To the best 

of our knowledge, this is the first study to consider the effects of SAI on mesoscale processes using 

a model like WRF. 
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CHAPTER 1 
 

INTRODUCTION  

 
 
 

Hazards associated with extreme weather including severe thunderstorms, tornadoes, 

strong winds, large hail, and flooding, have been increasing in both frequency and cost since the 

1980s (NCEI, 2025). The year 2023, for instance, was record breaking with weather and climate 

related disasters accounting for ~$28B in damages, with roughly two-thirds of that amount coming 

from severe weather (NCEI, 2025). Since severe weather events cause significant loss of life and 

property in the U.S. and globally (World Economic Forum, 2025), there is concern regarding how 

dangerous these events may be in the future under the effects of climate change. Previous studies 

examining future changes in severe thunderstorm days agree that environments favorable for 

severe thunderstorm production will occur more frequently in a warmer climate (H. E. Brooks, 

2013; Diffenbaugh et al., 2013; Seeley & Romps, 2015; Trapp et al., 2007).  

To potentially mitigate some of the most threatening impacts of global warming, climate 

intervention strategies aiming to offset anthropogenic surface warming are receiving increased 

attention. One proposed approach is stratospheric aerosol injection (SAI), in which sulfur dioxide 

(a precursor to highly reflective sulfate aerosols) would be injected into the upper atmosphere to 

reflect a small percentage of the total incoming solar radiation, thereby reducing future rates of 

warming. While greenhouse gases act to warm the Earth’s surface by absorbing outgoing 

longwave radiation and reemitting a portion of it back toward the surface, stratospheric aerosols 

reflect incoming shortwave radiation away from the Earth, resulting in surface cooling. SAI is one 

of the best studied climate intervention approaches (NASEM, 2021), in part because some volcanic 

eruptions serve as a natural analogue (Minnis et al., 1993; Robock, 2000). Observed periods of 
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global cooling following large volcanic eruptions have been well documented and attributed to the 

lofting of sulfurous aerosol compounds into the stratosphere (Minnis et al., 1993; Robock, 2000; 

Schmidt et al., 2018; Timmreck, 2012). While SAI would not address greenhouse gas emissions, 

which are the root cause of climate change, SAI may be a feasible method of reducing climate risk 

(The Royal Society, 2009), thus serving as a complement to emissions reduction and greenhouse 

gas removal efforts (Buck, 2022; Long & Shepherd, 2014). Furthermore, SAI is estimated to be 

more cost effective than many other potential climate interventions (Smith, 2020), and it has one 

of the highest potentials for radiational cooling (Lenton & Vaughan, 2009). 

Previous studies have used Earth system models to examine the potential impacts of SAI 

on temperature and precipitation (Hueholt et al., 2023; Richter et al., 2022; Tilmes et al., 2018), 

atmospheric circulation (Bednarz et al., 2022), extreme temperature and precipitation events 

(Barnes et al., 2022; Ji et al., 2018), wildfire risk (Touma et al., 2023), ecological responses 

(Hueholt et al., 2024; Zarnetske et al., 2021), Arctic sea ice (Lee et al., 2023; Morrison et al., 

2024), large-scale environments supporting convective weather (Glade et al., 2023), and 

extratropical cyclones (Reboita et al., 2024). However, little to no research has been conducted on 

the possible impacts of SAI on severe weather using a convection-permitting (also known as km-

scale) model that allows for a more realistic representation of mesoscale weather events, including 

organized convection and the diurnal cycle of precipitation (Rasmussen et al., 2017). To 

comprehensively assess the potential benefits and risks of SAI relative to the risks posed by climate 

change, it is important to understand how convective weather might change in the future with and 

without SAI. 

Coarse resolution climate models are commonly used to simulate future climates and to 

examine the impact of different rates of greenhouse gas emissions or climate interventions (O’Neill 
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et al., 2016; Richter et al., 2022; Tilmes et al., 2018). These models are often used to simulate long 

periods of time, which is necessary in order to distinguish forced climatological changes (as with 

anthropogenic emissions) from internal climate variability. However, due to their coarse 

resolution, climate models have challenges representing organized convective systems (Ban et al., 

2015), the diurnal cycle of precipitation (Allen & Ingram, 2002; Dai, 2006; Dai & Trenberth, 

2004), and sub-grid cloud processes. On the other hand, directly simulating long-term changes to 

the global climate with a convection-permitting model is computationally expensive. Previous 

studies investigating hazardous convective weather events in a future climate (Carroll-Smith et al., 

2021; E. M. Dougherty et al., 2023; E. Dougherty & Rasmussen, 2020; Trapp & Hoogewind, 2016) 

typically use a method of downscaling referred to as the “pseudo-global warming” method or PGW 

method. In short, the PGW method applies a perturbation (e.g. a temperature change) to the 

historical climate information used in the model input in order to simulate a future climate 

(Ekström et al., 2015; Liu et al., 2017). Studies using the PGW method note the ability of this 

technique to accurately represent observed storm structure and timing of convective weather 

events (E. M. Dougherty et al., 2023; E. Dougherty & Rasmussen, 2020). An important caveat of 

the PGW method, however, is its inability to allow the synoptic scale forcing to evolve freely, 

meaning that potential changes in the location of the jet stream or storm tracks and the downstream 

effects of these changes cannot be assessed with this method (Liu et al., 2017). The PGW method 

will be described in further detail in the methods section of the paper. 

In this study, we conducted novel simulations of the 2011 Super Tornado Outbreak using 

the Weather and Research Forecasting model at 4-km horizontal grid spacing to examine how this 

record-breaking severe weather outbreak might look in the future under different greenhouse gas 

emission and SAI scenarios. The 2011 Super Tornado Outbreak was a four-day event from April  
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Figure 1.1: Storm prediction center tornado reports are labeled by the day they occurred in the tornado 

outbreak according to UTC time. Colored contours show terrain features and the extent of the WRF model 
domain. The black rectangle outlines the region analyzed in this study, representing the area of most active 

convection and tornadic activity lying within the larger WRF domain. 

 
 

25th to 28th. It produced approximately 356 tornados, of which April 27th was the most active 

day with a record-breaking 199 tornadoes in 24 hours (Knupp et al., 2014). Figure 1.1 shows the 

locations of tornado reports from the Storm Prediction Center archive. There were also an 

estimated 321 deaths and $12B in losses during the four-day outbreak, making it one of the 

deadliest and most expensive weather disasters in history (NOAA, 2021). This tornado outbreak 

event was associated with an extratropical cyclone that moved slowly over the eastern United 

States and produced quasi-linear convective systems, mesoscale convective vortices, supercells, 

and tornadoes in the warm sector (Chasteen & Koch, 2022; Knupp et al., 2014). The storm system 

was synoptically forced by an upper-level trough, as shown in Figure 1.2 (Chasteen & Koch,  
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Figure 1.2: 500 mb heights (dm) and winds (barbs and contours, kt) from the CTRL simulation at 00 UTC 

on each day of the 2011 Super Tornado Outbreak. 

 
 

2022). A strong jet streak moved from behind to in front of the trough, which is a clear indication 

of a strengthening baroclinic system and a pattern known to support supercell and tornadic activity 

in the Southeast (Chasteen & Koch, 2022; Guyer, 2006). The meteorological details of the 2011 

Super Tornado Outbreak have been thoroughly examined in prior research (Chasteen & Koch, 

2022; Knupp et al., 2014), making it a good candidate to assess how a hazardous convective 

weather event might change in different future climates. 

An ingredients-based analysis is a common practice for forecasting hazardous weather 

environments, including severe convection, supercell thunderstorms, tornadic environments, as 

well as hail and other hazards less pertinent to this case study (Harold E. Brooks, 2007). Studies 

examining this event cited significant convective available potential energy (CAPE), intense 

updrafts, strong vertical wind shear, and large storm relative helicity (SRH) as some of the 

contributing factors to its anomalously intense nature (Chasteen & Koch, 2022; Knupp et al., 

2014). Additionally, an ingredients-based perspective has been used in a case study of flash-flood 

producing storms in convection-permitting simulations of future climates (Dougherty & 

Rasmussen, 2020). By assessing the changes in environmental parameters supporting this 

hazardous convective weather event as a proxy for the potential occurrence or intensity of severe 

weather, we are able to consider how this event could change under a different future climate. In 
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the work presented here we will examine how the 2011 Super Tornado Outbreak might be changed 

by changes to the large-scale environments by the mid-21st century with and without SAI. 
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CHAPTER 2 
 

METHODOLOGY AND EXPERIMENTAL DESIGN  

 

2.1 Simulations  

High-resolution convection-permitting regional climate simulations were conducted with 

the Weather and Research Forecasting (WRF) model V4.1.5 (Skamarock et al., 2008). They cover 

most of the contiguous United States (CONUS) with a domain of 1360 x 1016 grid points at 4-km 

horizontal grid spacing with 61 vertically-stretched levels capped at 10 hPa. The model domain is 

shown in Figure 1.1. Parameterizations used in our simulations include the Thompson 

microphysics scheme (Thompson et al., 2008), the Yonsei University planetary boundary layer 

scheme (Hong et al., 2006), the Noah-MP land surface model (Niu et al., 2011), and the Rapid 

Radiative Transfer Model (RRTMG) for longwave and shortwave atmospheric radiation (Iacono 

et al., 2008). For more details, see Sun et al. (2025). 

A control simulation (CTRL) was conducted to represent the observed weather over the 

months of March to August 2011, using ERA5 reanalysis data (Hersbach et al., 2020) to force the 

lateral and lower boundaries every hour. To simulate future climate states, a pseudo-global 

warming (PGW) approach was applied, as in previous studies (Dai et al., 2020; E. Dougherty & 

Rasmussen, 2020; Gutmann et al., 2018; Liu et al., 2017; K. L. Rasmussen et al., 2017; R. 

Rasmussen et al., 2011, 2014; Schär et al., 1996).  

As described in Sun et al. (2025), a climate delta was added to the ERA5 input, as follows: 

WRF!"#	%&!'( = ERA5 +	∆CESM        (1) 

where ∆CESM is the climate delta signal obtained from the Community Earth System Model 

(CESM) (Danabasoglu et al., 2020) under different climate change scenarios between two 10-year 

periods: 
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∆CESM =	CESM)*+*,)*+- −	CESM)*./,)*)0      (2) 

Specifically, the climate delta is added to the ERA5 data in the horizontal wind, 

geopotential, temperature, and specific humidity along the regional boundaries, and along the 

lower boundary it is added to the sea surface temperature, soil temperature, sea level pressure, and 

sea ice.  

To examine future climate states under SAI, we used information from the Assessing 

Responses and Impacts of Solar climate Intervention on the Earth system with stratospheric aerosol 

injection (ARISE) experiment (Richter et al., 2022) and the Stratospheric Aerosol Geoengineering 

Large Ensemble (GLENS) project (Tilmes et al., 2018). These experiments use the moderate 

Shared Socioeconomic Pathway scenario (SSP2-4.5) (O’Neill et al., 2016) and high emission 

scenario Representative Concentration Pathway 8.5 (RCP8.5) (van Vuuren et al., 2011), 

respectively. These emissions scenarios are used to examine future climate states under global 

warming without SAI for comparison. The SSP2-4.5 and ARISE experiments were run with the 

Community Earth System Model 2 with the Whole Atmosphere Community Climate Model 

(CESM2-WACCM) (Richter et al., 2022), whereas the RCP8.5 and GLENS simulations were run 

with the Community Earth System Model 1 with the Whole Atmosphere Community Climate 

Model (CESM1-WACCM) (Tilmes et al., 2018). 

Notably, the implementation of SAI in ARISE and GLENS have different goals and 

different start dates. SAI deployment in GLENS begins in 2020 and aims to maintain climate 

conditions representative of 2020, including the global mean surface temperature, the north-south 

interhemispheric temperature gradient, and the equator-to-pole temperature gradient (Tilmes et al., 

2018). SAI deployment in ARISE begins in 2035 and aims to maintain the same climate variables 
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as in GLENS, but with respect to the 2020-2039 time period, which corresponds to when the 

simulated global mean temperature is near 1.5˚C above preindustrial levels (Richter et al., 2022). 

By using a high end emissions scenario (Hausfather & Peters, 2020) requiring large 

injections of SO2 to offset the resultant warming in GLENS, the signal-to-noise ratio of the climate 

change and SAI simulations are maximized (Tilmes et al., 2018). SSP2-4.5, on the other hand, 

more closely represents current emission rates and policy (Burgess et al., 2020). Richter et al. 

(2022) state, “The ARISE-SAI simulations are designed to simulate a plausible implementation 

scenario of [solar climate intervention] using SAI for evaluation of potential climate intervention 

risks and impacts.” These differences provide important context in considering the effects 

observed in the simulations examined here. Since SSP2-4.5 and ARISE represent “plausible” 

warming and SAI scenarios, the response to the warming or SAI will likely be more muted than 

in the RCP8.5 and GLENS simulations. The RCP8.5 and GLENS simulations represent less 

“plausible” futures, but they provide context to the possible range of risk and likely produce more 

clear responses to the climatic changes. 

Climatic information extracted from the ARISE and GLENS experiments is the same as 

the information in the climate deltas from the SSP2-4.5 and RCP8.5 scenarios, with the addition 

of the average monthly difference in the aerosol optical depth (AOD) between 2015-2024 and 

2060-2069 (Sun et al. 2025). We refer to this method of simulating SAI in a future climate as a 

pseudo stratospheric aerosol injection (PSAI) method. Climate deltas from the ARISE and GLENS 

experiments were added to the ERA5 input to produce PSAI simulations, as follows: 

WRF!12%	%&!'( = ERA5 +	∆CESM23%14/"64&1      (3) 

The AOD delta from the ARISE and GLENS experiments was input into the RRTMG 

shortwave radiation scheme and is a novel contribution to the representation of SAI in mesoscale 
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modeling. It is important to note that our study does not represent aerosol effects explicitly, as 

the aerosols that contribute to large increases in AOD in the stratosphere do not interact directly 

with clouds and precipitation (Sun et al. 2025). Thus, this approach represents the reduction in 

incoming shortwave solar radiation as a result of increased AOD in the stratosphere. 

Additionally, climate deltas were calculated from the ensemble-mean of the CESM 

experiments. Decadal changes in the climate from a singular climate model run may contain 

large internal variability due to the effects of natural regional climate variations, and thus are 

sometimes not representative of the forced response from anthropogenic climate change (Deser 

et al., 2012). Thus, the climate deltas are calculated from an ensemble of climate model runs in 

order to reduce the influence of internal climate variability on the decadal changes (Liu et al., 

2017; Trapp et al., 2021). Specifically, the ARISE simulations had 10 ensemble members and the 

GLENS simulations had 21 ensemble members. The simulations of SSP2-4.5 had 5 ensemble 

members for both the 2015-2024 period and the 2060-2069 period (Richter et al., 2022), whereas 

the simulations of RCP8.5 had 17 ensemble members for the 2015-2024 period and 4 ensemble 

members for the 2060-2069 period (Tilmes et al., 2018).  

Although the model output spans from March to August of 2011 and covers the CONUS, 

we limit our analysis for this study to the region and period pertinent to the Super Tornado 

Outbreak of 2011 (Figure 1.1). Specifically, we analyze April 25th to 28th of 2011, hereafter 

referred to as the event period, and we examine the area within -100˚ to -74˚longitude and 30˚ to 

44˚ latitude, hereafter referred to as the event region. This region was chosen because it captures 

all of the tornadoes that occurred during the outbreak as well as the majority of the intense 

convective character of the storm system, as defined by the Tropical Rainfall Measuring Mission 

(TRMM) heritage storm modes (described later). 
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2.2 Atmospheric Moisture and Precipitation Analysis 

Atmospheric moisture is a key ingredient for deep convection and intense precipitation 

(Johns & Doswell, 1992), and rainfall rates are necessary for documenting precipitation  intensity. 

We examine precipitable water (mm), accumulated precipitation (mm), and precipitation rates 

(mm hr-1), which are part of the direct hourly outputs from WRF, to understand how these 

variables could change in different climate futures. To assess the general robustness of the WRF 

simulation of the 2011 Super Tornado Outbreak, daily accumulated precipitation from the CTRL 

simulation is compared to NCEP/EMC 4 km gridded Stage IV data (Du, 2011). The Stage IV 

dataset is a rain gauge corrected radar observational dataset, and the daily precipitation totals are 

acquired by taking a sum of the hourly accumulated precipitation from each hour in a day. 

 

 

2.3 Thermodynamic Environments  

We also examine how the thermodynamic environments supporting the 2011 Super 

Tornado Outbreak might change in future climates. Thermodynamic variables including 

convective available potential energy (CAPE; J kg-1) and convective inhibition (CIN; J kg-1) are 

calculated with hourly output from the WRF simulations. CAPE is a measure of the buoyant energy 

from the level of free convection to the equilibrium level and is often used to assess the potential 

for severe convective weather. CIN is the negative buoyant energy from the parcel’s starting point 

to its level of free convection. The amount of CIN present in the environment determines whether 

it will be conducive or unconducive for convective weather. Specifically, the maximum CAPE and 

maximum CIN are calculated by first computing the maximum theta-e height level in the lowest 
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3000 m, centering a 500 m deep parcel over the maximum theta-e height, then computing the 

maximum CAPE and CIN from this parcel’s average moisture and temperature characteristics 

(Doswell & Rasmussen, 1994). Previous studies using convection-permitting regional models 

have found that climate change is likely to produce a future with fewer weak thunderstorms but 

more strong storms over the U.S. (Liu et al., 2024; K. L. Rasmussen et al., 2017). This is due to 

increases in both CAPE and CIN in a warmer climate, marking the importance of examining both 

parameters (Hoogewind et al., 2017; Liu et al., 2024; K. L. Rasmussen et al., 2017; Trapp et al., 

2019). 

 

2.4 Mesoscale Analysis  

To assess the impact of global warming and SAI on the mesoscale characteristics of the 

2011 Super Tornado outbreak, analyses focused on reflectivity, updraft velocity, and updraft 

helicity are conducted. Each is evaluated with respect to one or more cutoff thresholds, since the 

signal indicating changes in different future climates may be muted or unclear if entire populations 

are examined. Where possible we choose thresholds based on operationally-relevant values used 

for forecasting severe weather, although in some cases these thresholds had to be lowered so that 

enough points were included for the pattern of the signal to be clear. 

One characteristic is the maximum updraft speed. Strong updrafts are a key ingredient of 

convection (Johns & Doswell, 1992); hence, updraft strength is directly related to the severity of 

the convective precipitating system. For instance, Deierling & Petersen (2008) found that large 

updraft volumes of high speed are connected with lightning activity by producing more mixed 

phase hydrometeors and therefore more collisions between them. We use maximum updraft speeds 

of 5 m s-1 and 15 m s-1 indicating mild and intense upward motion respectively.  
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Simulated three dimensional radar reflectivity (dBZ) is another useful indicator of storm 

intensity (Haberlie et al., 2022; K. L. Rasmussen et al., 2017). Reflectivity is a measure of power 

reflected off of particles in the air (generally hydrometeors), which depends on the number and 

size of particles present in an area. As in Rasmussen et al. (2017), 0 dBZ is the lowest reflectivity 

value considered, 0-20 dBZ represents weak convection, 20-40 dBZ represents moderate 

convection, and greater than 40 dBZ is considered to be strong convection. Storm height is often 

directly related to storm intensity as stronger storms often have faster updrafts and can support 

larger and more concentrated mixed-phase hydrometeors high in the atmosphere (Deierling & 

Petersen, 2008; Zipser et al., 2006). Given that this study focuses on a record-breaking severe 

tornado outbreak, reflectivity values occurring lower than 10 km in the atmosphere are not 

considered to focus on the reflectivity echoes highest in the storm. In the same vein, analysis of 

echo top height (km), or the height of the highest occurrence of a specific reflectivity value, is also 

performed.  

Updraft helicity (UH), or the helical character of upward motion, has been used in research 

and in operational forecasting for identifying severe storm environments. In a study by Sobash et 

al. (2016), they noted the skill of UH > 120 m2 s-2 occurring from 0-3 km (UH03) above ground 

level (AGL) in forecasting tornadic environments from km-scale WRF simulations with low false 

alarm rates. UH is calculated with the formula from (Kain et al., 2008), which is as follows: 

UH =	∫ 𝑤z
7!

7"
𝑑𝑧          (4) 

where z is the vertical component of the relative vorticity. 

Histograms of mesoscale indices of storm severity and the spatial frequency of these 

characteristics are assessed with the same methods as described previously. Additionally, the 

change in occurrence of thresholded mesoscale indices from the control simulation to the PGW 
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and PSAI simulations is considered to investigate how the occurrence of extreme storm 

characteristics may change. To do this, the number of pixels that breached the given threshold 

across spatial and temporal dimensions are counted. The count from the control simulation is then 

subtracted, and then the value is divided by the count from the control simulation. Finally, the 

fraction is multiplied by 100, as follows: 

%	∆	P!"#/!12% =
∑!#$%/#'()	,	∑ !*+,-

∑!*+,-
× 100       (5) 

where P is a count of the pixels that exceed a given threshold. It is important to note that because 

we look at very high thresholds for the examined variables, these calculations can sometimes 

produce large changes in the percent occurrence when there are very few total occurrences. 

 

2.5 Storm Modes  

Another method of analyzing storm character is identifying types of precipitating cloud 

structures, or storm modes, based on the height, width, intensity, and stratiform versus convective 

character of the storm structures (Houze et al., 2015). This method was originally developed for 

spaceborne satellite radar studies (TRMM) (Houze et al., 2015) and has been used to characterize 

the occurrence of a variety of storm modes globally (Houze et al., 2019; Panasawatwong et al., 

2022; K. L. Rasmussen & Houze, 2016). First, simulated reflectivity is separated into stratiform 

and convective precipitation regions. Stratiform and convective precipitation are defined by the 

mechanism through which the precipitation is formed. Stratiform precipitation is formed via vapor 

deposition due to small vertical velocities, whereas convective precipitation is due to strong 

vertical velocities causing precipitation to form through coalescence and riming (Houghton, 1968; 

Houze, 1994). Additionally, stratiform precipitation regions tend to be weaker, longer-lived, and 

more widespread, whereas convective precipitation tends to be intense and short-lived. In practice, 
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however, stratiform versus convective precipitation are separated using reflectivity (Houze Jr. et 

al., 2015; Steiner et al., 1995). As in Steiner et al. (1995), convection is identified by intensity, or 

40 dBZ or higher reflectivity echoes, peakedness, and the surrounding area. Peakedness describes 

a sufficient difference in reflectivity compared to the background reflectivity. Identification from 

the surrounding area means any grid point within a certain radius surrounding a convective center 

identified by the other two methods is also considered to be convection. Stratiform precipitation is 

identified by any remaining areas of reflectivity of 15 dBZ or greater. 

After this, precipitation systems are classified into different types, or storm modes, 

depending on their height in the atmosphere and their horizontal spatial extent. Storm modes 

include deep convective cores (DCCs; 40 dBZ reflectivity echo cores ≥ 10 km in altitude), wide 

convective cores (WCCs; 40 dBZ reflectivity echo cores ≥ 1,000 km2 horizontally), deep and wide 

convective cores (DWCCs; reflectivity cores that are classified as both a DCC and WCC), and 

broad stratiform regions (BSRs; contiguous stratiform pixels ≥ 50,000 km2). These storm 

categories were originally developed to evaluate the nature of convective storms on a global scale, 

including regions with the deepest and widest convective storms on Earth (Houze et al., 2015). In 

regions with frequent mesoscale convective systems (MCSs), storm modes often represent a storm 

lifecycle, wherein strong storms initiate and develop DCCs and then merge together with other 

systems as they organize on the mesoscale (Rasmussen & Houze, 2011). As the MCSs enter their 

mature and decaying phase, they often develop robust stratiform regions. By identifying specific 

storm modes within the case study examined in this work, a broader view into the three-

dimensional characteristics of the storm are possible. 
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CHAPTER 3 
 

RESULTS 

 
 
  

In this study we examine the thermodynamics, precipitation, mesoscale indices of severe 

weather, and storm modes of the 2011 Super Tornado Outbreak under future climates with 

different rates of greenhouse gas emissions and different implementations of SAI. We aim to 

understand how these characteristics may change for this event under SAI in order to assess the 

potential benefits and risks involved with SAI in comparison to the risks posed by climate change.  

 

3.1 Thermodynamics and Moisture  

 

Figure 3.1: Daily accumulated precipitation (mm) from Stage IV Observations (top) and the WRF CTRL 
(bottom) simulation for the days of the 2011 Tornado Outbreak. 

 

 

We begin by evaluating the precipitation patterns in the CTRL run compared to 

observations. The accumulated daily precipitation of the CTRL simulation compares well to the 

stage IV observational dataset (Figure 3.1) in terms of spatial extent, general structure, and 

magnitude of precipitation. The structure of the precipitation in the CTRL run matches especially 

well to the stage IV precipitation on April 26th through the 28th. April 26th, for instance, is  
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Figure 3.2: Mean temperature at 2 m (˚C) in the event region from 00 UTC April 25th to 23 UTC April 

28th, 2011 for the CTRL, PGW, and PSAI simulations. 

 
 

characterized by a line of precipitation from Arkansas to Kentucky in both CTRL and observations. 

The area of highest accumulated precipitation in the CTRL on the 27th is well geographically 

located and shows a similar curve as in the observations, though may perhaps be missing some of 

the broader rainfall of lesser intensity. On the 28th, there is agreement between the two on the 

scattered precipitation throughout the East Coast. April 25th looks the most different in CTRL 

compared to the stage IV data, with the CTRL precipitation covering a smaller band than the more 

widespread precipitation observed. The precipitation on the 25th is also located further North in 

southern Missouri, whereas the stage IV precipitation covers a large portion of northern Arkansas. 

Also, overall, the location of the precipitation throughout the event matches well with where we 

would expect as the upper level trough and associated jet streak propagates eastward (Figure 1.2). 
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Figure 3.3: Simulated total accumulated precipitation (mm) over the 4 days of the 2011 Tornado Outbreak. 
 

 

To consider the changes between the CTRL, PGW, and PSAI simulations, we first examine 

changes in temperature. The time series of the mean 2 m temperature during the event period is 

shown in Figure 3.2.  There is an increase in surface temperatures under PGW SSP2-4.5 from 

CTRL, a larger increase in PGW RCP8.5, a slight increase in PSAI ARISE, and a slight decrease 

in PSAI GLENS. This pattern is the same as the trend seen in the surface temperature over the 

entire six months simulated, as in Sun et al. (2025). Sun et al. (2025) also note the fidelity with 

which the PGW and PSAI methods are able to replicate the vertical profiles of temperature 

compared to the original CESM experiments for these scenarios, in other words, the AOD delta 

term applied to the PSAI simulations provides a reasonable approximation of the radiational 

impacts of SAI. A notable feature of Figure 3.2 is the lack of change in the magnitude of the diurnal 

cycle. The average magnitude of the diurnal cycle ranges from 6.5 to 8.4˚C over the event, with 

the spread between individual simulations falling within 0.4˚C on average. A reduction in the 

difference between minimum and maximum daily surface temperature has been observed after 

volcanic eruptions (Robock, 2000) as a result of reducing incoming solar radiation. Since the 
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diurnal cycle of land surface temperature is known to have strong connections to the production 

of deep convection in North America (Tian et al., 2005), potential decreases in the amplitude of 

the diurnal cycle of temperature due to SAI could have important implications for severe storms. 

While there are slight differences in the diurnal cycle between the different simulations in Figure 

3.2, the changes are not significantly large or consistent. 

Returning to precipitation, the total accumulated precipitation of the event from the CTRL, 

PGW and PSAI simulations is shown in Figure 3.3. Qualitatively, both the PGW and the PSAI 

simulations produced a similar spatial structure to the CTRL simulation, with the region spanning 

from Arkansas through Tennessee and into Kentucky showing the most accumulated precipitation 

in all simulations. Other smaller precipitation patterns, such as a cluster of precipitation in Eastern 

Texas and a band of precipitation in Northern Alabama are also reproduced in all future 

simulations. This result is generally expected as the PGW and PSAI simulations are both grounded  

in the atmospheric reanalysis forcing (ERA5) with perturbations from future climate states added 

to the key variables as discussed in the Methods section. 

While the general spatial structure and magnitude of accumulated precipitation shown in 

Figure 3.3 are similar, there are also some notable differences. The area with the highest 

accumulated rainfall is slightly larger in the PGW SSP2-4.5 and PSAI ARISE simulations, 

extending further East into Tennessee in PGW SSP2-4.5 and extending further North into Missouri 

and Illinois in PSAI ARISE. In the PSAI GLENS simulation this area is smaller, with less 

accumulated precipitation in Arkansas and Kentucky. This area is most changed in the PGW 

RCP8.5 simulation, where high precipitation extends in all directions, further into Missouri, 

Illinois, Indiana, and Tennessee than in the other simulations. Additionally, there is a notable 

decrease in the highest magnitude of precipitation in the area on the westernmost side of Tennessee  
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Figure 3.4: Histograms of precipitable water (mm, left) and rainfall rate (mm, right) over the event region 
and time period of the 2011 Tornado Outbreak. 

 

 

and Kentucky in PGW RCP8.5 compared to the other simulations. Another interesting feature of 

both the PGW and PSAI simulations compared to CTRL is an increase in the scattered 

precipitation further North into Missouri. Further examination of spatial differences between 

simulations will be discussed later. 

To further assess how precipitation and moisture may change in the future scenarios we 

explore, histograms of the hourly rainfall rate and precipitable water are shown in Figure 3.4. To 

produce this plot, the hourly data over the event region was first flattened, i.e. the data was 

reshaped into a one-dimensional array and any spatial or temporal information removed. Each data 

point was then weighted as a fraction of the total number of data points. Eighty equally sized bins 

were used to split the data, and bins containing fewer than ten data points were discarded. The 

populations of precipitable water show a clear increase in probability density for precipitable water  

at ~40 mm and higher from CTRL for both PGW simulations, although the increases are largest 

for PGW RCP8.5. This means that at every value of precipitable water of ~40 mm or more, there 

are more pixels in the PGW simulations experiencing that level of moisture during this event. 

Additionally, while the population of precipitable water for the CTRL simulation ends just after 
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60 mm, the populations of the PGW simulations both reach past 70 mm. PSAI simulations on the 

other hand have populations closer to that of CTRL, with PSAI ARISE having a slight increase in 

probability density from CTRL and PSAI GLENS having a slight decrease. The increase from 

CTRL in PSAI ARISE and decrease from CTRL in PSAI GLENS, as seen in both the 2 m 

temperature and precipitable water, is generally consistent with the target objectives of the ARISE 

and GLENS simulations. Recall that ARISE aimed to maintain the global mean temperature of 

approximately ~1.5˚C above preindustrial, representative of 2020-2039, whereas GLENS aimed 

to maintain the climate state of 2020 (approximated by 2015-2025, which is ~1.0˚C above 

preindustrial (Keys et al., 2022)). Thus, we would expect the PSAI GLENS simulation to represent 

the response of a climate with a global mean temperature that is cooler than that of PSAI ARISE, 

as we see here. Notably, Tilmes et al. (2018) observed a pattern of regional cooling over North 

America in the GLENS simulations, which may explain why the response of the PGW GLENS 

simulations in Fig. 6 is near or below that of the CTRL simulation. The populations of hourly 

rainfall rate are much closer in spread than those of precipitable water, but we still see an increase 

in intensity for the PGW simulations and magnitudes closer to that of CTRL for the PSAI 

simulations.  Again, in the PGW simulations, the population extends to more extreme rainfall rates 

than in the CTRL or in the PSAI simulations. These results agree with previous work finding that 

convective precipitation and precipitation from mesoscale convective systems is expected to be 

enhanced in a warmer climate (E. M. Dougherty et al., 2023; Loriaux et al., 2013). 

Also highly relevant metrics for the potential of severe weather are the thermodynamic 

variables CAPE and CIN. Low CIN (> -50 J kg-1) and high CAPE in an environment allow for 

convection to be easily initiated, making it more unlikely that the convection will become severe. 

Large amounts of CIN (< -200 J kg-1), on the other hand, may prevent convection from occurring  
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Figure 3.5: Histograms of thermodynamic variables CAPE (J kg-1, left) and CIN (J kg-1, right) over the 
event region and time period of the 2011 Tornado Outbreak. 

 

 

even in an environment with high CAPE. However, environments with moderate CIN (-50 J kg-1 

> CIN > -200 J kg-1) can result in vigorous convection, provided that there is a buildup of CAPE 

and that convection can be initiated due to vertical lifting or strong surface heating. As with rainfall 

rate and precipitable water, changes in the populations of CAPE and CIN are assessed using 

histograms. 

There are generally elevated amounts of CAPE and CIN in the PGW simulations compared 

to the CTRL (Figure 3.5), which is what we would expect under warmer and more moist 

conditions. This result also agrees with past assessments of CAPE and CIN under warmer future 

climates (Diffenbaugh et al., 2013; Franke et al., 2024; Glade et al., 2023; Hoogewind et al., 2017; 

K. L. Rasmussen et al., 2017; Trapp & Hoogewind, 2016). Additionally, the difference in CAPE 

and CIN between the CTRL and the PGW simulations increases near the tail of the distributions. 

One exception is in PGW SSP2-4.5, where at extreme values, the probability density returns to 

magnitudes closer to that of CTRL. For the PSAI simulations, populations of CAPE and CIN are 

consistently closer to that of the CTRL simulation, with the PSAI ARISE simulation being slightly  
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Figure 3.6: Percent frequency of the hourly timesteps that precipitable water exceeded 40 mm at each grid 

point during the event period. 

 
 

increased from CTRL and the PSAI GLENS simulation being slightly decreased from CTRL 

similar to changes in the populations of precipitable water and rainfall rate. 

To consider spatial changes in addition to changes in the total population of moisture, 

values of precipitable water exceeding 40 mm are analyzed over the event region. While 50 mm 

is often used as a threshold for extreme atmospheric moisture (NWS, 2010), we chose 40 mm for 

this analysis to make the change in spatial patterns more clear while still representing high levels 

of moisture. The frequency of the precipitable water at each grid point surpassing 40 mm during 

the event period is shown in Figure 3.6, following Eqn. 5. There is an increase in PGW simulations 

both in the spatial extent affected by high levels of moisture as well as in the frequency of the 40 

mm threshold being breached. Especially in the region observed to have the most precipitation for 

this event, from Arkansas through Kentucky, there is a markedly larger area experiencing high 
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values of moisture. The frequency ≥ 40 mm of precipitable water is higher as well – in some parts 

of the area by up to 28%. This suggests that in a warmer climate, more areas could be subjected to 

extreme moisture and extreme moisture could be present for a longer duration during severe 

convective weather. In contrast, the PSAI simulations show spatial extents and magnitudes of 

precipitable water that are much closer to that of the CTRL simulation. 

 

3.2 Reflectivity, Updraft Speed, and Updraft Helicity  

Table 3.1: %D from CTRL in pixels exceeding reflectivity thresholds above 10 km in altitude in the event 

region and period. (simulation – CTRL / CTRL * 100) 

Reflectivity 

Threshold 
PGW SSP2-4.5 PGW RCP8.5 PSAI ARISE PSAI GLENS 

0+ dBZ > 10 

km 
14.09 22.78 3.22 -9.74 

20+ dBZ > 10 

km 
16.24 26.84 6.12 -11.10 

40+ dBZ > 10 

km 
95.49 230.45 9.02 -31.58 

 
 
We also examine variables such as reflectivity, updraft speed, and updraft helicity – 

variables which are not well simulated in coarser resolution models and are important indicators 

of hazardous convection. Changes in reflectivity falling within specific thresholds at altitudes 

higher than 10 km are considered, since storm height is directly related to intensity. The percent 

change in the number of pixels in the storm region with reflectivities of 0, 20, and 40 dBZ or 

greater higher than 10 km in altitude in the PGW and PSAI simulations compared to that of the 

CTRL simulation is shown in Table 3.1. The percent change in these high altitude reflectivity 

counts for the PGW and PSAI simulations is consistent with previous results, with a moderate 

increase from CTRL in PGW SSP2-4.5, a stronger increase in PGW RCP8.5, a slight increase in 

PSAI ARISE, and a decrease in PSAI GLENS. Additionally, this change is amplified for  
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Figure 3.7: Histograms of maximum updraft speed (m s-1, left) and maximum height of 40+ dBZ radar 
echoes (km, right) over the event region and period. Histograms are cutoff at 13 m s-1 and 5 km to draw 

attention to the character potentially indicative of severe weather. 

 
 

reflectivities greater than 40 dBZ. While this is consistent with the response seen in the histograms 

of other variables, such as precipitable water, rainfall rate (Figure 3.4), and CAPE (Figure 3.5), it 

should be noted that 40+ dBZ echoes higher than 10 km are significantly less frequent compared 

to that of the 0 dBZ and 20 dBZ or greater echoes, which may also make the percent differences 

large. In general, these changes suggest that deep convective storm features could become more 

frequent in a future warmer climate, whereas in a future climate under SAI, the changes would be 

smaller. 

Histograms of the height of reflectivity echoes ≥ 40 dBZ and the maximum updraft speed 

are assessed in Figure 3.7. Generally, these populations follow a similar change as previous results, 

where the PGW simulations are increased from CTRL and the PSAI simulations are similar to 

CTRL behavior. One deviation from this is in the PSAI ARISE simulation at high values of 

maximum updraft speed. Though the spread in these populations is somewhat small to begin with, 

the PSAI ARISE simulation is much closer to the PGW SSP2-4.5 simulation at extreme values of 

maximum updraft speed than to CTRL. In the populations of high altitude reflectivity echoes of 

40 dBZ or greater, there is a notable peak in the CTRL and PSAI simulations around 11 km,  
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Table 3.2: Mean UH03 during the event period when exceeding the indicated threshold value. 

UH03  

(m2 s-2) 
CTRL 

PGW SSP2-

4.5 

PGW 

RCP8.5 
PSAI ARISE 

PSAI 

GLENS 

75 101.27 104.95 103.89 99.67 99.39 

120 143.90 150.39 148.91 145.77 141.33 

 
 

whereas in the PGW simulations this peak is shifted higher to ~11.5 km. This suggests that in a 

warmer future, storms with strong updrafts and high reflectivity values above 10 km may occur 

more frequently, which has implications for other dangerous storm characteristics such as hail 

production and lightning processes (Deierling & Petersen, 2008). 

In addition to updraft speed and reflectivity, we consider UH03 as a metric for forecasting 

tornadic environments at values of 120 m2 s-2 or greater and severe storm environments at values 

of 75 m2 s-2 or greater (Sobash et al., 2016). In Sobash et al. (2016), UH03 > 120 m2 s-2 showed 

the highest skill in predicting tornadic events. UH03 > 75 m2 s-2 was found to have less skill in 

predicting tornadic events than UH03 > 120 m2 s-2, but significantly more skill than the thresholds 

tested of lower values, which is why we use it here to assess severe storm environments in general. 

Mean values of UH03 > 120 m2 s-2 and 75 m2 s-2 during the Super Tornado Outbreak of 2011 are 

shown in table 3.2. Compared to CTRL, there are increases in the mean value of the UH03 in the 

PGW simulations for both thresholds. For PSAI simulations, there is a decrease in the mean UH03 

from CTRL in PSAI GLENS for both thresholds and for PSAI ARISE in the 75 m2 s-2 threshold. 

PSAI ARISE shows a slight increase in the mean UH03 value for helicity exceeding the 120 m2 s-

2 threshold. While these results could indicate an increase in storm updraft rotation and tornadic 

potential in warmer futures and a decrease under SAI, the number of pixels that breached these 

thresholds were on the scale of 50-500. Specifically, PSAI simulations had pixels with UH03 > 

120 m2 s-2 on the order of 101 and UH03 > 75 m2 s-2 on the order of 102. PGW simulations had 
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pixels with UH03 > 120 m2 s-2 and UH03 > 75 m2 s-2 on the order of 102. Furthermore, the 

populations of UH03 are examined and the spread between simulations was small also. While the 

results shown here suggest that rotating updrafts and tornadic potential may be more frequently 

achieved under global warming than in the historical climate conditions or under SAI, the small  

sample size found warrants further work considering supercell and tornado forecasting parameters 

in future climates. Furthermore, leveraging modelling studies that explicitly resolve tornadoes on 

very high spatial resolution would also help to better understand how tornados and tornadic 

environments may change in possible future climates. 

Similar to our analysis of precipitable water, we also consider how the spatial distributions 

of maximum updraft speed > 5 m s-1 and reflectivity echoes ≥ 20 dBZ change under different future 

forcing scenarios. The percent frequency of the occurrence of 20+ dBZ echoes higher than 10 km 

and the difference from CTRL for the PGW and PSAI simulations is shown in Figure 3.8. The 

same plots for maximum updraft velocities greater than 5 m s-1 are shown in Figure 3.9. 20 dBZ 

echoes and 5 m s-1 maximum updraft velocity were chosen so that the frequency of occurrence 

was high enough to be able to see broad regions of the storm structures and spatial patterns while 

still indicating convective activity. Broadly speaking, we see similar increases and decreases in the 

PGW and PSAI simulations to what was observed in the histograms of these and other variables 

thus far. Additionally, the PGW SSP2-4.5 and PGW RCP8.5 simulations show increases in 

frequency over a larger area than the CTRL simulation, indicating that a larger area of storm 

systems like this one could be impacted by high intensity updrafts and reflectivity echoes in a 

warmer climate. Areas showing a decrease in frequency for PGW simulations could be due to the 

suppression of weaker convection due to future increases in CIN, or it could be due to slight shifts  
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Figure 3.8: Percent frequency of the hourly timesteps for the occurrence of 20 dBZ or greater echo-top 

heights over 10 km and the change from CTRL in pixels within storm region over event period. 

 

 

 

Figure 3.9: Percent frequency of the hourly timesteps for the occurrence of maximum updraft velocity 

greater than 5 m s-1 and the change from CTRL in pixels within storm region over event period. 
 

 

in the location of convective features within simulations. For each simulation, the spatial pattern 

differences are consistent between reflectivity and maximum updraft speed.  

To assess if the timing of the storm has changed, the mean hourly accumulated precipitation 

and the mean echo top height over the event period is depicted in Figure 3.10. Between the CTRL,  
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Figure 3.10: Time series of the mean accumulated precipitation (mm, left) and the mean echo-top height 

(at 0 dBZ, km, right), over the event region. 
 

 

PGW, and PSAI simulations, there is little difference in the timing of each peak in precipitation or 

echo top height. In other words, the start, local maxima, and end of each peak don’t shift earlier or 

later collectively. This result is consistent also with timing of 20+ and 40+ dBZ echo-top heights, 

not shown. There are, however, changes in the timing of individual peaks. For example, the peak 

precipitation for the PGW RCP8.5 simulation on April 27th has a large decrease followed by a 

smaller shoulder closer to the intensity of the precipitation in the other simulations. Furthermore, 

the precipitation and the echo-top height peaks for PGW RCP8.5 on April 28th are slightly broader 

than the peaks for the other simulations. Assessing the robustness of these changes would require 

analysis of the timing of these peaks for an ensemble of simulations, which is outside the scope of 

this study. Since the timing of these features are not changing dramatically or consistently on each 

day, it suggests that broadly, the timing of this storm would be unlikely to change in a future 

climate. The fact that there are changes in these peaks between simulations, however, indicates the 

need for further work examining changes in the timing and duration of hazardous convective 

weather in future climates. 
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3.3 Storm Modes  

Finally, to understand changes in the life cycle and convective character of this storm, we 

analyze TRMM-heritage storm modes during this event. The criteria used to identify storm modes 

were intended to classify types of convective behavior that represent different stages in a storm’s 

development. DCCs represent explosive and vigorous convection at the beginning of the lifecycle 

of a convective cell, WCCs represent intense convection that has organized into larger mesoscale 

units, and DWCCs represent a transitional phase between the two. Finally, BSRs represent a 

mature and well-developed mesoscale convective system, usually closer to the end of its life 

(Houze et al., 2007, 2015; Rasmussen & Houze, 2011, 2016; Romatschke & Houze, 2010). The 

changes in BSRs are not examined in this study because they are not as important as the other 

storm modes for describing potential changes in a tornado outbreak case. By characterizing 

precipitation systems into different storm modes, we are able to consider the implications for life 

cycle and the intensity of the storm in our case study under different future climates. We conduct 

similar analysis as with the other variables described previously by considering the spatial 

frequency as well as the frequency of occurrence for the storm modes. 

Table 3.3 shows the percent change in the PGW and PSAI simulations from CTRL in the 

occurrence of each storm mode accumulated over the spatiotemporal extent of the 2011 Super 

Tornado Outbreak. Perhaps the most straightforward to understand are the changes in DWCCs, 

where we see an increase in the occurrence of DWCCs in PGW SSP2-4.5, a larger increase in 

PGW RCP8.5, a smaller increase in PSAI ARISE, and a small decrease in PSAI GLENS, similar 

to the response seen previously. This makes sense given that the variables analyzed thus far were 

chosen to consider convection and storm severity, and DWCCs represent the stage of convection 

where the storm is mature and still contains intense deep convection. Comparing this to the changes  
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Table 3.3: %D from CTRL in pixels exceeding reflectivity thresholds above 10 km in altitude in the event 

region and period. (simulation – CTRL / CTRL * 100) 

Storm Mode PGW SSP2-4.5 PGW RCP8.5 PSAI ARISE PSAI GLENS 

DCC 3.54 -8.62 6.03 -2.86 

DWCC 16.06 34.83 10.68 -0.46 

WCC 14.06 36.78 -28.25 -14.15 

 
 
seen in the occurrence of DCCs, it’s initially unintuitive why PGW RCP8.5 would have a decrease 

in DCC occurrence, as well as why PSAI ARISE would have a higher occurrence of DCCs than 

PGW SSP2-4.5. DCCs represent young convective activity, or isolated instances of > 40 dBZ over 

10 km in height. We saw previously that PGW RCP8.5 had increased instances of > 40 dBZ over 

10 km in height than PGW SSP2-4.5. This difference between the populations of DCCs and > 40 

dBZ over 10 km in PGW RCP8.5 compared to CTRL may be accounted for by considering that 

some instances of reflectivity > 40 dBZ over 10 km are classified as DWCCs. As a reminder, 

DWCCs are identified as WCCs with at least one instance of a DCC within the WCC. It follows 

that there could be a decrease in DCCs, as long as it is paired with a substantial increase in DWCCs, 

which is what we see. Furthermore, the percent change for DCCs is relatively small, so it's possible 

that this signal would change in a different model realization of this storm. 

When considering the WCCs, there is an increase in the occurrence of WCCs in PGW 

simulations, and a decrease in occurrence in PSAI simulations. It’s important to note, however, 

that there are relatively few WCCs compared to DWCCs. This is likely explained by the severity 

of the event chosen; not many pixels were identified as WCCs because they instead fell into the 

DWCC category due to the presence of a DCC within the area. Specifically, compared to the 

magnitude of pixels identified as DWCCs, the number of pixels identified as WCCs were 2 orders 
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of magnitude smaller, and the number of pixels identified as DCCs was 1 order of magnitude 

smaller. Since the changes seen in each storm mode for these simulations are intrinsically 

connected to the convective nature of this event, this analysis would be best considered in 

 

Figure 3.11: Daily average number of DCCs occurring in a 60x60 km pixel for the CTRL simulation, or 

the change in the daily average number for the PGW and PSAI simulations within storm region over the 

event period. 

 
 

 

Figure 3.12: Daily average number of DWCCs occurring in a 60x60 km pixel for the CTRL simulation, or 

the change in the daily average number for the PGW and PSAI simulations within storm region over the 
event period. 
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Figure 3.13: Daily average number of WCCs occurring in a 60x60 km pixel for the CTRL simulation, or 

the change in the daily average number for the PGW and PSAI simulations within storm region over the 

event period. 

 

 
comparison to assessment of storm modes in other case studies as well, to provide a more holistic 

sense of potential changes in convective life cycles in different types of storms in future climates. 

We also examine changes in the spatial distributions of storm modes. The daily average 

number of DCCs occurring in each grid cell during the event is shown in Figure 3.11. The data 

was regridded into 60 km grid cells to smooth the contours and make the spatial patterns more 

clear, as is consistent with other studies (Romatschke & Houze, 2010). The same data as Figure 

3.11 is shown in Figures 3.12 and 3.13 for DWCCs and WCCs. Broadly there are similar changes 

in the spatial frequency to the percent change in occurrence. Notably, the occurrence of DWCCs 

and BSRs are much higher than that of DCCs and WCCs, making the changes in spatial patterns 

from the CTRL to the PGW or PSAI simulations more clear. As seen with the other spatial 

frequency plots, there is a notable intensification and a larger area experiencing DWCCs in PGW 

RCP8.5 compared to CTRL. Furthermore, bands of increase or decrease in DWCC occurrence 

also agree with the spatial frequency patterns of the other mesoscale variables shown prior. The 
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changes in the occurrence of DCCs in PGW and PSAI simulations compared to CTRL are small 

and are spatially scattered, making interpretation difficult. One exception is an area of decreased 

DCC occurrence along the northwestern border of Kentucky in the PGW RCP8.5 simulation. This 

is co-located with both the most active area for DCCs and DWCCs in the CTRL run. There is also 

an area of increase in DWCC occurrence in the PGW RCP8.5 simulation very close to this location. 

This seems to support the hypothesis stated earlier that a significant amount of DCC character for 

PGW RCP8.5 is likely found in the population of DWCCs. Similarly, the low number of 

occurrences of WCCs along with the scattered spatial pattern supports the idea that most WCCs 

for this event likely fall into the DWCC category due to the high convective activity of this storm 

system. 
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CHAPTER 4 
 

DISCUSSION AND CONCLUSIONS 

 
 

The analysis described herein is performed on novel convection-permitting simulations of 

hazardous convective weather in different future climate scenarios under global warming and SAI. 

The simulations by Sun et al (2025) are used to assess the potential impacts of global warming and 

SAI on the 2011 Super Tornado Outbreak. This study with the study by Sun et al (2025) are the 

first that we know of to examine convective weather under SAI using km-scale simulations with 

direct shortwave radiation reductions. The impact of ensemble mean climatic forcing from SSP2-

4.5, RCP8.5, ARISE-SAI, and GLENS on variables indicative of hazardous convective weather in 

2060-2069 was considered. The key conclusions from this study are as follows: 

• Parameters indicating storm severity, including precipitable water, rainfall rate, CAPE, 

maximum updraft speed, the maximum height of reflectivity echoes ≥ 40 dBZ, and 

UH03, increased in the PGW simulations but were closer to CTRL in the PSAI 

simulations.  

• Histograms of the variables precipitable water, rainfall rate, CAPE, and the maximum 

height of 40+ dBZ echoes show that PGW simulations achieve more extreme values of 

these variables than in either the CTRL or PSAI simulations. 

• A larger area is impacted by precipitable water ≥ 40 mm, maximum updraft speeds > 

5 m s-1, and reflectivity echoes ≥ 20 dBZ in PGW simulations than in the CTRL or 

PSAI simulations.  

• The timing of peak convection or precipitation did not change appreciably between 

CTRL, PGW, or PSAI simulations, though further study of the timing of convection in 

future climates is warranted. 
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• PGW simulations show substantial increases in DWCCs compared to CTRL or PSAI, 

further emphasizing the changes in convective intensity and convective organization 

for the 2011 Super Tornado Outbreak. 

A limitation of these simulations is that they represent one model realization of one case 

study. Analysis of an ensemble of simulations of convective weather in future climates will be 

necessary to examine the potential range and uncertainty of variables examined here due to the 

impacts of internal climate variability. Additionally, examination of case studies representing 

different archetypes of convective weather is necessary to continue to assess how hazardous 

convective weather may change in future climates, since different types of storms may respond 

differently to the same climatic forcing. 

This study with the study by Sun et al. (2025) are the first to examine how hazardous 

convective weather may change in a future climate under global warming and SAI using a 

convection permitting model. We find that for the Super Tornado Outbreak of 2011, where the 

changes under global warming may intensify storm severity, the radiational changes from the 

implementation of SAI may keep the intensity closer to the historical level. This work has assessed 

many variables, including precipitable water, rainfall rate, CAPE, CIN, updraft speed, reflectivity, 

updraft helicity, and storm modes, which are important indicators of storm intensity, providing a 

number of different possible methods of analysis to assess changes in case studies of hazardous 

convective weather in the future. While a singular study cannot answer all of the questions we may 

have on how SAI may impact future weather, this marks an important starting place for research 

on this subject. As discussions relating to both how hazardous convective weather may change in 

a future climate and the potential for SAI deployment continue, this study, and other studies like 
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it, will provide important scientific background to help both policymakers and the public 

understand the potential impacts SAI may have. 
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