
ABSTRACT 
 

MICHAELIS, ALLISON CLAIRE. Examining Changes in North Atlantic Extratropical 
Cyclones with Climate Change. (Under the direction of Dr. Gary Lackmann). 

 
Examining changes in the frequency and intensity of extratropical cyclones with 

climate change has been widely researched topic. Many studies, however, have been 

conducted using relatively coarse resolutions, thus underestimating the impacts of diabatic 

processes. Furthermore, few studies have examined changes in cyclones across various 

intensity regimes. Therefore, this study analyzes high-resolution simulations of ten winter 

seasons over the North Atlantic to provide a unique, comprehensive analysis investigating 

the changes in the location, frequency, intensity, and storm-scale dynamics of North Atlantic 

extratropical cyclones with warming. An overall reduction in extratropical cyclone activity is 

seen over the North Atlantic storm track. Enhanced activity, however, is evident in the 

northeast portion of the storm track. This increase, coupled with a reduction in storm activity 

to the southwest, indicates a poleward shift in track. While storms within all strength regimes 

show no substantial change in intensity, storm-relative composites reveal that latent heat 

release plays a larger role in the intensification of extratropical cyclones in a warmer, moister 

climate. 
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1. Introduction 

1.1. Motivation 

Extratropical cyclones are critical players in the earth’s climate system, transporting 

heat and moisture poleward in order to decrease the equator-to-pole temperature gradient 

(Fasullo and Trenberth 2008). These systems are also major contributors to our everyday 

weather and can be associated with strong winds and precipitation, which are often damaging 

and contribute to societal and economic distress. For example, European windstorms Xynthia 

in 2010 and Gudrun in 2005 both resulted in over a billion dollars in damage (Cipullo 2013). 

In the United States, the Superstorm of 1993 caused $2 billion in property damages and 

impacted over 90 million people (Kocin et al. 1995). For these reasons, it is vital to 

understand how the distribution, frequency, and intensity of these systems will change with 

our changing climate. 

A warming climate will affect extratropical cyclones in various, and potentially 

competing ways. For example, polar amplification could weaken low-level baroclinicity, 

while enhanced warming in the tropical upper troposphere could strengthen baroclinicity 

aloft. Furthermore, a projected increase in atmospheric water vapor could lead to an increase 

in precipitation and a subsequent enhancement of latent heat release (Allen and Ingram 

2002). Due to this potential increase in moisture, it is important for modeling studies to use 

small enough grid lengths to resolve diabatic processes, thus improving on limitations of 

coarser resolution General Circulation Models (GCMs) that may not adequately represent 

significant aspects of extratropical cyclones, such as storm intensity or frontal structure 

(Beersma et al. 1997; Bader et al. 2011; Willison et al. 2013) 
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Potential shifts in location, intensity, and frequency of extratropical cyclones can 

have large impacts on regional vulnerabilities. For example, an eastward shift in the North 

Atlantic storm track during the cool season could result in enhanced storm activity over 

northwestern Europe and the British Isles, increasing the risk of damaging storms in those 

locations. Similarly, a change in storm intensity would alter the impacts of extratropical 

cyclones in both positive and negative ways. For example, less intense cyclones could prove 

to be less damaging, but may also be accompanied by an inadequate amount of precipitation 

for areas dependent on rainfall for livelihood. Likewise, a significant reduction in the overall 

number of extratropical cyclones occurring over the Mediterranean Sea could negatively 

impact agriculture in that region. 

While previous studies have examined changes in extratropical cyclones with a 

warming climate, this research seeks to shed a different light on the problem and delve more 

into the changes across a wide range of storms. This study focuses on how and why the 

location, frequency, and intensity of the broad spectrum of storms located primarily in the 

North Atlantic storm track is changing with a changing climate, thus improving our 

understanding of one of our most influential weather phenomena. 

 A synthesis of prior research related to this study is presented in the following 

section. First, the existence and properties of storm tracks and extratropical cyclones are 

discussed, followed by projected changes in the location, frequency, and intensity of 

extratropical cyclones. Lastly, a description of various cyclone-tracking techniques is 

presented. 

 



 

 3 

1.2. Synthesis of Prior Research 

1.2.1. Storm Tracks and Extratropical Cyclones 

The term “storm track” refers to preferential regions of travel for extratropical 

cyclones (Chang et al. 2002). Storm tracks generally form due to orography or baroclinicity 

caused by temperature gradients associated with the distribution of land and water or sea 

surface temperature anomalies (Brayshaw et al. 2009). These temperature gradients, along 

with latent heat release, associated with storm track regions act as sources of energy for 

extratropical cyclones (Hoskins and Valdes 1990). The forcing for storm tracks is strongest 

during the winter due to the enhanced land-sea temperature contrast and westerly flow, 

leading to an increase extratropical cyclone activity (Chang et al. 2002; Brayshaw et al. 

2009). 

There are two main storm tracks in the Northern Hemisphere: the North Pacific and 

the North Atlantic (Chang et al. 2002). The North Atlantic storm track, which is the focus of 

the current research, extends from the eastern United States to Western Europe (Figure 1.1). 

There are two baroclinic maxima that lie off the east coasts of Asia and North America. 

Transient cyclones form in these regions through baroclinic conversion of available potential 

energy and then grow downstream (Chang et al. 2002). Therefore, cyclones generated in the 

North Atlantic storm track region tend to strongly affect areas of Western Europe and the 

British Isles (Dacre and Gray 2009).  

 Several mechanisms contribute to the concept of storm tracks being “self-

maintaining”. For example, low-level winds produced by cyclones drive warm boundary 

currents that contribute to the land-sea temperature contrasts, which help force the storm 
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tracks. Baroclinicity at the storm track entrance region is also maintained through diabatic 

heating, which is generated by cyclones (Hoskins and Valdes 1990). 

 Petterssen and Smebye (1971) proposed two mechanisms for extratropical cyclone 

development—Type A and Type B—in terms of the interaction between upper- and lower-

level disturbances. Type A cyclogenesis is initiated by low-level baroclinicity with an upper-

level trough developing as the surface cyclone intensifies. Warm advection from the 

consistent westward tilt of the upper trough then strengthens the system until it reaches peak 

intensity. Finally, the cyclone occludes in the classical sense. Type B cyclogenesis involves a 

pre-existing upper-level trough that moves over an area of low-level weak warm advection. 

Mutual amplification between the surface cyclone and upper trough contributes to the 

intensification of the system until the disturbances become stacked and occlusion occurs. 

One notable difference between Type A and Type B cyclones is the role of thermal and 

vorticity advection. Thermal advection is important throughout the lifetime of Type A 

cyclones, while vorticity advection plays a large role towards the beginning of Type B 

cyclones with thermal advection increasing as the system intensifies. Sanders and Gyakum 

(1980) and Sanders (1986) found that explosively deepening cyclones, or “bombs”, occurring 

in the west-central North Atlantic are typically associated with pre-existing upper-level 

features, thus fitting the Type B description. A third classification of extratropical cyclones, 

Type C, is discussed by Plant et al. (2003). The beginning stages of Type C cyclone 

development mimic those of Type B cyclones with an upper-level trough interacting with an 

area of weak low-level baroclinicity. Instead of the separation between the upper and lower 

disturbances decreasing, however, mid-level diabatic heating acts to weaken and slow the 
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upper-level trough while intensifying the surface cyclone (Figure 1.2), thus increasing, or at 

least maintaining, the tilt of the system.  

Dacre and Gray (2009) examined the evolution of extratropical cyclones in the North 

Atlantic storm track. They found that cyclones generated in the western portion of the 

Atlantic were typically of Type B nature, while Type C cyclones were more likely to occur in 

the eastern Atlantic. The effects of a warming climate could have implications for this 

distribution of cyclone types; therefore, it is important to understand the characteristics of 

storm tracks and extratropical cyclone development, especially when examining how these 

systems will be affected by climate change. For example, low-level baroclinicity is projected 

to decrease, which could limit the development of Type A cyclones. Additionally, a potential 

increase in the steering flow aloft could enhance the speed of the upper-level trough, which 

could affect the amount of time for mutual amplification between the upper and lower 

disturbances, thus limiting the strengthening of Type B cyclones. An increase in moisture, on 

the other hand, could enhance latent heat release, which would be more favorable to Type C 

cyclones (Dacre and Gray 2009). 

 

1.2.2. Impacts of Climate Change 

 Effects of climate change, such as enhanced near-surface warming at polar latitudes, 

increased warming in the tropical upper troposphere, and enhanced atmospheric moisture 

could affect extratropical cyclones in various ways. The following sections discuss potential 

changes in cyclone frequency, location, and intensity due to climate change shown in studies 

to date.  
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1.2.2.1. Frequency and Location of Extratropical Cyclones 

 There is a general consensus that a warming climate will result in an overall reduction 

in the number of extratropical cyclones in the Northern Hemisphere during the winter by the 

end of the century (König et al. 1993; Lambert 1995; Carnell et al. 1996; Beersma 1997; 

Zhang and Wang 1997; Carnell and Senior 1998; Geng and Sugi 2003; Bengtsson et al. 

2006; Lambert and Fyfe 2006; Pinto et al. 2007; Teng et al. 2008; Bengtsson et al. 2009; 

Ulbrich et al. 2009; Catto et al. 2011; McDonald 2011; Mizuta et al. 2011; Chang et al. 2012; 

Eichler et al. 2013; Zappa et al. 2013). However, regional changes may differ from this 

general trend. 

In the North Atlantic, the projected changes in cyclone frequency are often related to 

changes in baroclinicity. The enhanced near-surface warming at high latitudes, known as 

Arctic amplification, results in a reduction of the meridional equator-to-pole temperature 

gradient, thus decreasing the available potential energy for extratropical cyclones. This 

reduction of energy hinders the development of cyclones, therefore reducing the number of 

storms throughout the basin (König et al. 1993; Zhang and Wang 1997; Geng and Sugi 2003; 

Bengtsson et al. 2009; Catto et al. 2011; McDonald 2011; Mizuta et al. 2011; Eichler et al. 

2013). Furthermore, an increase in water vapor could result in more efficient poleward heat 

transport by extratropical cyclones, which suggests a decrease in the number of eddies 

needed to move heat (Zhang and Wang 1997; Bengtsson et al. 2006). 

A particularly significant projected decrease in extratropical cyclone activity has been 

shown over the Mediterranean Sea (Schubert et al. 1998; Geng and Sugi 2003; Bengtsson et 

al. 2006; Lionello and Giorgi 2007; Catto et al. 2011; McDonald 2011; Zappa et al. 2013). 
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Zappa et al. 2013, for example, found about 3.6% fewer cyclones throughout the North 

Atlantic basin, with a stronger decrease of roughly 12% over the Mediterranean region by 

2099. This reduction could be attributed to changes on a larger scale, such as a shift to a more 

positive North Atlantic Oscillation (NAO) (Bengtsson et al. 2006; Romanski et al. 2012; 

Nissen et al. 2014). A reduction in storms, and associated precipitation, would have negative 

impacts on the water supply for this region in the future. 

On the other hand, a projected increase in the number of extratropical cyclones has 

been shown for areas of the northeast North Atlantic (Schubert et al. 1998; Geng and Sugi 

2003; Ulbrich et al. 2008; Della-Marta and Pinto 2009; Pinto et al. 2009; Catto et al. 2011; 

Harvey et al. 2012; Zappa et al. 2013). This regional increase can be attributed to a minimum 

in sea surface temperature warming to the south of Greenland, resulting in an enhancement 

of the temperature gradient, and associated baroclinicity, in that area (Carnell and Senior 

1998; Bengtsson et al. 2006; McDonald 2011). Similarly, Colle et al. (2013) found a 10-20% 

increase in cyclone activity off the eastern United States by the late twenty-first century in a 

subset of CMIP5 GCMs. This increase could be attributed to an enhancement of latent heat 

release, rather than an increase in baroclinicity, as proposed for the northeast North Atlantic 

(Colle et al. 2013; Marciano et al. 2015). Teng et al. 2008 and Long et al. 2009, however, 

found a decrease in cyclone activity over the eastern United States in pre-CMIP3/CMIP3 

GCMs. These contradictory results could be attributed to differences in the generation of 

GCMs. Potential enhancement of extratropical cyclone activity in these regions has 

implications for largely populated areas, such as cities along the Atlantic Coast, the British 

Isles, and other areas of northwestern Europe that should be considered for the future. 
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 A considerable number of studies show a projected poleward shift in the North 

Atlantic storm track with a warming climate during the winter (König et al. 1993; Carnell et 

al. 1996; Knippertz et al. 2000; Yin 2005; Bengtsson et al. 2006; Bengtsson et al. 2009; Catto 

et al. 2011; Rivière 2011; Chang et al. 2012). Enhanced warming in the tropical upper 

troposphere acts to increase the temperature gradient aloft in some areas. This change in 

upper-level baroclinicity results in an upward and poleward shift in the storm track (Yin 

2005; Rivière 2011; Chang et al. 2012). The reduction of low-level baroclinicity, however, 

could offset this poleward shift (Catto et al. 2011; Chang et al. 2012), resulting in little 

change in storm track position (Lambert 1995; Lambert and Fyfe 2006). Regional storm track 

shifts could contradict the general poleward trend. For example, McDonald (2011) found  

evidence supporting an overall poleward storm track shift in the Northern Hemisphere, but an 

equatorward shift over the eastern North Atlantic. 

 The results discussed above highlight general trends of projected decreases in 

Northern Hemispheric winter cyclone frequency as well as regional trends of enhanced 

activity over the northeast North Atlantic and a reduction of storms over the Mediterranean 

region. This suggests that while general trends in changes of extratropical cyclone activity 

are important, regional changes should also be emphasized. 

 

1.2.2.2. Intensity of Extratropical Cyclones 

 The debate on how the intensity of extratropical cyclones will change with a future 

climate remains ongoing (Bader et al. 2011; McDonald 2011; Feser et al. 2014). Several 

studies find a projected increase in the most intense storms, while others propose a decrease 
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in such events, or find little change in their frequency over the Northern Hemisphere during 

the winter. Much of the discrepancies in results lie in how intensity is defined and the 

location being examined.  

 Several different measures of storm intensity have been used, including minimum sea 

level pressure (SLP) (Carnell et al. 1996; Beersma et al. 1997; Sinclair and Watterson 1999; 

Della-Marta and Pinto 2009; Catto et al. 2011; McDonald 2011; Booth et al. 2012; Booth et 

al. 2013a; Colle et al. 2013; Chang 2014), minimum SLP perturbation (McDonald 2011; 

Chang 2014), relative or geostrophic vorticity (Sinclair and Watterson 1999; Leckebusch and 

Ulbrich 2004; Bengtsson et al. 2006; Della-Marta and Pinto 2009; Catto et al. 2011; 

Champion et al. 2011; Zappa et al. 2013), intensity of precipitation (Allen and Ingram 2002; 

Booth et al. 2012; Booth et al. 2013a; Colle et al. 2013; Zappa et al. 2013), and strength of 

near-surface wind speeds (Carnell et al. 1996; Beersma et al. 1997; Catto et al. 2011; 

Champion et al 2011; McDonald 2011; Booth et al. 2012; Booth et al. 2013a; Colle et al. 

2013; Zappa et al. 2013). Generally, studies considering cyclone strength in terms of 

minimum SLP or precipitation show a projected increase in extreme events throughout the 

Northern Hemisphere (Carnell et al. 1996; Sinclair and Watterson 1999; Knippertz et al. 

2000; Bengtsson et al. 2009; Champion et al. 2011; McDonald 2011; Mizuta et al. 2011; 

Mizuta 2012; Booth et al. 2013a; Zappa et al. 2013; Chang 2014). Studies using vorticity, 

minimum SLP perturbation, or near-surface wind speed, on the other hand, find a projected 

decrease in the strongest storms (Sinclair and Watterson 1999; Geng and Sugi 2003; Catto et 

al. 2011; McDonald 2011; Chang et al. 2012; Zappa et al. 2013; Chang 2014). Zappa et al. 

(2013), for example, found a reduction in cyclones exhibiting strong 850 hPa relative 
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vorticity and winds by the end of the century, but an increase in the most intense 

precipitating storms. Similarly, Champion et al. (2011) showed an increase in extreme 

precipitation events, but no significant change in vorticity or wind speeds. 

SLP is largely influenced by large-scale features, such as the Aleutian and Icelandic 

Lows (Hoskins and Hodges 2002; Chang 2014). Therefore, any decrease of these features 

would make it difficult to distinguish between a reduction in the large-scale SLP field and 

actual deepening of cyclones. As a consequence, it has been discussed that minimum central 

SLP is not an appropriate measure to assess changes in the intensity of extratropical cyclones 

(Bengtsson et al. 2006; Bengtsson et al. 2009; Champion et al. 2011; Booth et al. 2013a; 

Chang 2014). For example, Bengtsson et al. (2009) showed that while future extratropical 

cyclones exhibited deeper SLPs, no significant change in the wind speed was found. This 

implies that changes in SLP can depict a false sense of cyclones increasing in intensity. 

Similarly, Sinclair and Watterson (1999) found an increase in the number of cyclones 

exhibiting minimum SLPs less than 980 hPa, but a reduction in cyclones with strong 

vorticity. Chang (2014) highlighted the differences in identifying cyclones as minima in total 

SLP versus minima in SLP perturbation. He found the number of strong cyclones with a 

minimum SLP of at least 980 hPa was projected to increase, while the number of strong 

cyclones with SLP perturbations of at least -20 hPa was projected to decrease. These 

discrepancies were most notable over the North Pacific. This limitation of using minimum 

SLP should be considered when evaluating changes in extratropical cyclone intensity. 

 Even within the same measure of intensity, different thresholds for strong or weak 

storms have been imposed. Using minimum SLP as an example, Carnell et al. 1996, Beersma 
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et al. 1997, and Chang 2014 define strong cyclones as those with a minimum SLP of at least 

970 hPa, 975 hPa, and 980 hPa, respectively. Other studies, such as McDonald (2011), set 

thresholds for strong and weak storms based on the 5th and 95th percentiles of minimum SLP. 

These discrepancies contribute to the difficulty of comparing results across different studies. 

Furthermore, focusing on one intensity metric could mask important changes occurring in 

other aspects of extratropical cyclones. For example, Bengtsson et al. (2009) found that the 

most intense storms, in terms of precipitation, were weaker in terms of maximum relative 

vorticity, minimum SLP, and wind speed. These results suggest that intensity metrics should 

be chosen carefully as some metrics, such as minimum SLP or maximum vorticity, may not 

be the best predictors of other intensity measures, such as precipitation. 

 Regional changes in future cyclone intensity are also important, and, similar to 

changes in cyclone frequency, can differ from general trends. Bengtsson et al. (2006), for 

example, found no evidence for an increase in the number of most intense storms throughout 

the Northern Hemisphere in a future climate. Examination of regional changes, however, 

highlighted an increase in the strongest storms over the northeast North Atlantic and British 

Isles. On the other hand, a decrease in the number of most intense storms was found over the 

Mediterranean. Both of these results are consistent with the changes in cyclone frequency 

found in Bengtsson et al. (2006). Other studies have shown similar increases in the most 

intense storms for the northeast Atlantic, northwestern Europe, and the British Isles in terms 

of minimum SLP, wind speed, SLP perturbation, vorticity, and precipitation (Carnell et al. 

1996; Carnell and Senior 1998; Geng and Sugi 2003; Leckebusch and Ulbrich 2004; 

Beniston et al. 2007; Pinto et al. 2007; Della-Marta and Pinto 2009; Pinto et al. 2009; Donat 
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et al. 2010; McDonald 2011; Mizuta 2012; Zappa et al. 2013; Chang 2014), making this a 

fairly consistent result, regardless of intensity metric (Ulbrich et al. 2009). Regional increases 

in the strongest storms have also been found along the eastern coast of the United States 

(Colle et al. 2013; Lombardo et al. 2015). 

Booth et al. (2013a) attempted to isolate the effects of climate change on extratropical 

cyclone intensity by only increasing low-level moisture content. They concluded that 

enhanced moisture led to stronger storms in terms of minimum SLP, strongest near-surface 

wind speeds, and precipitation, suggesting that increasing moisture alone would act to 

strengthen storms across most intensity measures. Results from other studies examining 

temperature and moisture changes are not necessarily in agreement, further highlighting the 

competing effects of changes in baroclinicity and atmospheric moisture on extratropical 

cyclone intensity. 

It is apparent that conclusions drawn on how the intensity of extratropical cyclones 

will change with a changing climate are highly sensitive to intensity metric and region of 

interest. Despite this inconsistency, there is a consensus that a future climate will result in an 

overall increase in storms with lower SLP and intense precipitation as well as a decrease in 

storms with higher vorticity and near-surface winds speeds, with the exception of the 

northeast North Atlantic experiencing an increase in intense events across most measures. 

 

1.2.3. Cyclone Tracking 

 Eulerian and Lagrangian are two different approaches commonly used when 

analyzing cyclones. Eulerian methods typically use temporal bandpass filtering to isolate 
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synoptic scale activity, thus capturing information on the storm track (e.g. Blackmon 1976; 

Chang 2013). While Eulerian techniques are able to analyze large amounts of data quickly, 

they do combine effects of anticyclones and cyclones, which could be problematic for studies 

focusing on just one or the other (Schubert et al. 1998; Raible et al. 2008). Moreover, 

features of specific storms are unable to be captured by Eulerian methods (Anderson et al. 

2003; Pinto et al. 2007). Lagrangian techniques (e.g. Murray and Simmonds 1991; Hodges 

1994; Blender et al. 1997; Bauer and Del Genio 2006) typically involve steps of cyclone 

identification and cyclone tracking. A main benefit of Lagrangian tracking is the ability to 

assess characteristics of individual cyclones, which provides information on the full life cycle 

of a storm, including its lifetime and intensity (Schubert et al. 1998; Teng et al. 2008). 

Furthermore, Lagrangian methods allow for analyses of extreme events (Pinto et al. 2007), 

which is especially useful for climate change studies. Eulerian and Lagrangian techniques 

have been used in conjunction with one another for comparison to gain insight on different 

quantities related to storm tracks (Chang 2013). 

 For Lagrangian methods, features such as minima in 1000 hPa geopotential height 

(e.g. Blender et al. 1997), minima in SLP (e.g. Serreze et al. 1995; Wernli and Schweirz 

2006), maxima in the Laplacian of SLP or geopotential height (e.g. Murray and Simmonds 

1991; Pinto et al. 2007), and maxima in 850 hPa relative vorticity (e.g. Hodges 1994) have 

been used to identify cyclones. Each quantity is accompanied by its own set of benefits and 

limitations. SLP, for example, is influenced by the background flow, thus more likely to pick 

up large-scale systems (Anderson et al. 2003; Hanson et al. 2004). Vorticity, on the other 

hand, is less influenced by larger scales and better at identifying smaller-scale systems 
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(Hoskins and Hodges 2002), but can be very noisy, especially for higher resolution datasets 

(Blender et al. 1997; Sickmoller et al. 2000). 

The importance of removing the background field to remove large-scale features prior 

to applying the tracking algorithm has been discussed, especially when tracking cyclones as 

minima in SLP (Sinclair and Watterson 1999; Chang 2014). Anderson et al. (2003) compared 

the results of four different temporal and spatial filters on cyclone tracking using several 

fields, including SLP. The authors concluded that applying a 2–6-day bandpass filter was 

inadequate since it was unable to capture the life cycle of individual systems. Filtering 

spatially by subtracting off the time average climatology and temporally using a 20-day high-

pass filter tended to equilibrate the amplitudes of highs and lows, which is not ideal. 

Therefore, spatial spectral filtering by removing large wave numbers at each time is the most 

effective; however, choosing an appropriate wave number cutoff can be problematic.  

Several different techniques have been applied for tracking cyclones using 

Lagrangian methods. One of the simplest methods commonly used is some variation of the 

nearest-neighbor approach where a cyclone center is connected with a center closest to it, 

within a certain radius, at the following time (e.g. Serreze et al. 1995; Blender et al. 1997; 

Schubert et al. 1998). More sophisticated approaches, such as minimizing a cost function or 

accounting for past velocity and tendencies, have also been used (Hodges 1994; Anderson et 

al. 2003). 

Tracking algorithms apply various constraints on cyclone identification and tracks, 

such as maximum cyclone propagation speed or minimum track lifetime. These constraints 

help to exclude spurious or short-lived systems (Ulbrich et al. 2009). Cyclones tracked over 
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high elevations or covering short distances are often excluded to avoid interpolation errors in 

SLP and the tracking of topographic or stationary systems (Bauer and Del Genio 2006). 

More rigorous constraints, such as cyclones reaching a certain maximum intensity or 

requiring a closed contour around the center have been implemented (e.g. Bauer and Del 

Genio 2006; Wernli and Schweirz 2006; Perrie et al. 2010), which can be useful for focusing 

on well-defined systems, but can decrease cyclone count or lifetime (Gulev et al. 2001; 

Raible et al. 2008). These constraints are highly varied across studies, making it difficult to 

compare results directly (Ulbrich et al. 2009). For example, minimum SLP thresholds range 

from 1005 hPa (Perrie et al. 2010) to 1025 hPa (Jung et al. 2006). Likewise, minimum 

lifetime requirements range from 12 hours (Gulev et al. 2001) to three days (Schubert et al. 

1998). 

To investigate the sensitivity of these constraints, Raible et al. (2008) compared the 

performance of three Lagrangian tracking algorithms—Blender et al. (1997), Wernli and 

Schweirz (2006), and Murray and Simmonds (1991)—on identifying cyclones and tracking 

using a consistent dataset. The authors found all schemes produced similar cyclone 

climatologies with interannual variability well represented, a result echoed by Neu et al. 

(2013). A main difference between the schemes was the number of cyclones identified, 

which could be explained by the parameter settings. Overall, Raible et al. (2008) concluded 

that all methods were appropriate for use in other applications, as long as parameter settings 

are considered when interpreting results. Similarly, Ulbrich et al. (2013) examined cyclone 

climatologies produced by eleven tracking schemes in current and future climates and found 

a general agreement in cyclone distributions and future changes. This suggests that results 
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from tracking schemes are less sensitive to these thresholds than they are to the 

meteorological feature used for cyclone detection. 

It is evident there are a multitude of algorithms available for cyclone identification 

and cyclone tracking based on various meteorological features and containing an assortment 

of parameter settings. For the most part, these parameter settings can be set by the user to 

accommodate specific needs, meaning the chances of two studies, even using the same 

scheme, being identical are slim (Ulbrich et al 2009). Thus, it is of great importance for 

authors to be transparent with their methods in order for results to be interpreted 

appropriately (Neu et al. 2013), especially concerning climate change signals. 

 

1.3. Science Questions 

 It is clear from previous work that the question of how extratropical cyclones will 

change in a changing climate is still unanswered. The goal of this study is to help clarify this 

issue by focusing on the broad spectrum of cyclones within the North Atlantic storm track, 

rather than just the most intense storms.  

Model resolution has shown to be important in resolving key processes related to 

cyclone development. Many studies have been done using relatively low-resolution, which 

may underestimate the impacts of global warming on extratropical cyclones. By conducting 

analyses on data with 20 km horizontal grid spacing, this work hopes to build on previous 

low-resolution studies to uncover the changing nature of these systems. 

As discussed previously, the debate on changes in extratropical cyclone intensity has 

not been settled, suggesting a need for further investigation. It has also been shown that 
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regional changes in cyclone frequency and intensity do not always reflect the general trends. 

Therefore, this research hopes to reach more concrete conclusions on these issues.  

Overall, the questions this research aims to answer are: 

• Will the location and frequency of North Atlantic extratropical cyclones change 

significantly? Are these changes due to changes in baroclinicity? Or more 

efficient heat transport by cyclones? 

• How will the intensity of North Atlantic extratropical cyclones change? Will 

different intensity regimes experience different changes? Will there be a shift 

towards a certain regime? Are these changes significant? 

• How will changes in intensity (i.e. minimum SLP or vorticity) compare with 

changes in precipitation and wind speeds? 

• What are the roles of diabatic and baroclinic processes in these changes? 

• What impacts should largely populated areas, such as the eastern United States or 

Western Europe expect in the future? 

To begin answering these questions, a case study is performed on the Superstorm of 

1993, allowing for an in-depth investigation on how thermodynamic changes affect a 

particular storm. Next, a more general approach is taken to create a more robust sample size 

by tracking cyclones throughout the North Atlantic basin over ten winter seasons in current 

and future climates. A cyclone is identified as a minima in SLP and then connected to a track 

using a variation of the nearest-neighbor approach. To ensure changes in extratropical 

cyclone intensity are adequately reflected, several measures of intensity are used. 
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Furthermore, a storm-relative composting approach is taken to examine how and why storms 

in different locations and intensity regimes—strong, moderate, and weak—will evolve.  

 

1.4. Thesis Outline 

 Chapter 2 describes the model configurations for the case study and seasonal 

simulations, as well as the cyclone tracking technique and methods for analysis. Chapter 3 

discusses a case study of the Superstorm of 1993 simulated in past and future climates. 

Chapter 4 presents an analysis of changes in North Atlantic extratropical cyclones due to 

climate change using seasonal simulations. Chapter 5 includes a summary of results, 

concluding remarks, and ideas for future work. 
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Figure 1.1: Figure 2a from Dacre and Gray (2009) showing track density throughout the 
North Atlantic storm track region. Contours are every 2 per 106 km2 per month. 
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Figure 1.2: Figure 2 from Plant et al. (2003) showing (a) cyclonic circulation at low-levels 
induced by a positive potential vorticity anomaly aloft at the early stages of development and 
(b) generation of negative and positive PV tendencies by latent heating acting to erode and 
intensify the upper- and lower-level PV features, respectively.  
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2. Methods 

The data and model setup for the Superstorm of 1993 case study and 10-year winter 

seasonal runs are described. Next, the tracking algorithm and compositing technique are 

discussed. Finally, and outline of the analysis methods is provided. 

 

2.1. Case Study 

 The Superstorm of 1993 (SS93) was chosen as a case study in order to assess changes 

to a specific storm due to a warming or cooling climate. This storm was unique due to its 

intensity and heavy impacts on the eastern United States, so it is interesting to investigate if 

SS93 would have the same impacts 100 years ago or 100 years from now. The methods used 

to carry out this experiment are described below and results are discussed in Chapter 3. 

 

2.1.1. Data and Model Configuration 

 This case study was conducted using the Weather Research and Forecasting (WRF) 

model version 3.2.1. WRF is a limited area, fully compressible, non-hydrostatic model, made 

available by the National Center for Atmospheric Research (NCAR), and is conducive for 

both operational and research applications. For a more detailed description of the WRF 

mode, see Skamarock et al. (2008).  

Two domains were used in these simulations, each integrated over three days, from 

12 March 1993 to 15 March 1993, with three-hourly output. The North American Regional 

Reanalysis (NARR) was used as initial and lateral boundary conditions for WRF. The NARR 

includes data from 1979 to present with 32-km horizontal grid spacing and 45 vertical levels 
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(NCEP/NWS/NOAA/U.S. Department of Commerce 2005). The limited area of the NARR 

does constrain the domain of WRF, but these boundaries are distant enough from the storm 

of interest to be no cause for concern (Figure 2.1). The outermost WRF domain, with 54 km 

horizontal grid spacing, extends from 13º–49ºN and 123º–56ºW with a one-way nested inner 

domain featuring 18 km horizontal grid spacing that extends from 21º–48ºN and 116º–60ºW 

(Figure 2.2). A subset of the 18 km domain is featured in all subsequent graphics and 

analysis. 

A five-member physics ensemble was constructed by varying planetary boundary 

layer (PBL), surface layer, and convective parameterization (CP) schemes. This ensemble 

allows for the sensitivity of the results to parameterization options to be tested. All ensemble 

members utilized the WRF Single-Moment 6-Class (WSM6) microphysics scheme, Rapid 

Radiative Transfer Model (RRTM) longwave radiation scheme, Dudhia shortwave radiation 

scheme, and the Noah Land Surface Model (LSM). CP schemes used in the ensemble include 

Kain-Fritsch (KF), Betts-Miller-Janjic (BMJ), and Grell-3 (G3). PBL schemes vary between 

Yonsei University (YSU), Mellor-Yamada-Janjic (MYJ), and Quasi-Normal Scale 

Elimination (QNSE). Surface layer scheme options include Eta similarity, MM5 similarity, 

and QNSE. 

A table summarizing the difference combinations used in the physics ensemble is 

shown in Table 2.1. QKQ and YKM are reference configurations for WRF v. 3.2.1 

recommended by the Developmental Testbed Center (DTC). Other combinations were 

chosen based on the compatibility of the inclusion of shallow mixing between CP and PBL 

schemes. 
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2.1.2. Past and Future Climate Simulations 

 To assess effects of SS93 due to warming and cooling climates, a pseudo-global 

warming (PGW) approach (Schär et al. 1996; Frei et al. 1998) is taken to simulate SS93 in 

past, current, and future thermodynamic environments. This technique involves adding and 

subtracting temperature changes derived from a subset of Coupled Model Intercomparison 

Project (CMIP3) General Circulation Models (GCMs) (Table 2.4) using the 

Intergovernmental Panel on Climate Change (IPCC) 4th Assessment Report (AR4) A2 

scenario to the initial and lateral boundary conditions for WRF. Relative humidity is assumed 

constant, resulting in moisture scaling with the Clausius-Clapeyron relation (Allen and 

Ingram 2002). The A2 scenario was selected as it is on the upper end of the scenario 

spectrum, describing the global population increasing continuously as well as a continuous 

increase in carbon dioxide emissions due to slower technological changes to reduce them 

(Meehl et al. 2007). 

For the future climate simulations, monthly decadal temperature changes were 

calculated for each GCM by subtracting the 1990s from the 2090s and then averaged across 

the ensemble. This average temperature change for March is interpolated horizontally and 

vertically to match the NARR grid and then added to the NARR data. Similarly, for the past 

climate simulations, the average temperate change for March, calculated by subtracting the 

ensemble mean average for the 1880s from the 1990s, was subtracted from the NARR data. 

The current climate simulation did not involve any changes to the NARR. WRF is then 

initialized with these different initial and boundary conditions using the configuration 
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outlined in section 2.1.1 to produce simulations of SS93 100 years in the past, present-day, 

and 100 years in the future. 

 

2.1.3. Model Alterations 

 To help isolate the effects of the thermodynamic changes, two experiments were 

conducted. The first involved removing terrain by flattening all mountains to achieve a 

terrain height of zero throughout the domain (Figure 2.3), thus eliminating any influence 

terrain may have had on SS93. This method was consistent for the past, present, and future 

simulations. 

The second experiment involved removing all water from the domain with the intent 

to eliminate the potential effects of SS93 tracking farther offshore in the future simulations. 

Water, in the eastern portion of the domain, was essentially replaced with land by choosing 

the eastern-most land point along each row and assigning the values of landmask, vegetation 

type, skin temperature, soil moisture, and soil temperature from that land point to all water 

points. Similarly, water in the western portion was replaced using the western-most land 

points. This effectively removed any temperature gradient associated with the Gulf Stream, 

while preserving the meridional temperature gradient related to land (Figure 2.4). The same 

method was carried out for all past, current, and future simulations with the land values 

assigned to water points chosen separately to account for temperature changes between 

simulations. 

Additional motivation and results from these experiments are discussed in Chapter 3. 

A summary of all experiments for the SS93 case study is shown in Table 2.2. 
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2.2. Seasonal Simulations 

 To examine how extratropical cyclones are evolving with a changing climate in a 

broader context, seasonal simulations conducted by colleagues Michelle Cipullo (hereafter 

C3) and Jeff Willison (hereafter C5) were analyzed. The main details of the simulations are 

described below with results discussed in Chapter 4. For more details on the seasonal 

simulations, see Cipullo (2013), Willison (2012) and Willison et al. (2013, 2015).  

 

2.2.1. Data and Model Configuration 

The C3 and C5 simulations consist of ten winters simulated by the WRF model, 

spanning the North Atlantic region (Figure 2.6a) with a horizontal grid spacing of 20 km. 

This grid spacing was chosen in order to better resolve processes that may not be captured at 

lower resolutions (Willison et al. 2013). A winter season is defined as January, February, 

March (JFM) with simulations spanning 24 December to 7 April (8 April for leap years) for 

the years 2002–2011. The Global Forecast System Final Analysis (GFS-FNL)  

(NCEP/NWS/NOAA/U.S. Department of Commerce 2000) with 1ºx1º horizontal grid 

spacing was used for initial and lateral boundary conditions with sea surface temperatures 

(SSTs) updated weekly with the Real Time, Global, SST Analysis (RTG SST) (Thiébaux et 

al. 2003).  

All else equal, the C3 simulations utilized WRF version 3.2.1 with the physics 

options in column one of Table 2.3, while the C5 simulations used WRF version 3.4.1 with 

the physics options in column two Table 2.3. These different physics choices allow for a 



 

 26 

pseudo-physics ensemble to test the sensitivity of the results to model physics 

parameterizations. 

 

2.2.2. Future Climate Simulations 

 To examine potential changes in extratropical cyclones with climate change, the 

PGW technique discussed in section 2.1.2 is applied to simulate the winters of 2002–2011 

100 years in the future. Decadal average temperature changes derived from a subset CMIP3 

GCMs using the IPCC AR4 A2 scenario (Meehl et al. 2007) (Table 2.4) and a subset of 

CMIP5 GCMs using the IPCC AR5 Representative Concentration Pathways (RCP) 8.5 

scenario (Taylor et al. 2012) (Table 2.5) are added to the initial and lateral boundary 

conditions for the C3 and C5 future simulations, respectively. This subset of CMIP3 GCMs 

was chosen due to the superior interpolation of pressure levels underground, and this subset 

of CMIP5 GCMs was selected based on 5 of the “Best7” models discussed in Colle et al. 

(2013). Using both CMIP3 and CMIP5 models to calculate the temperature changes allows 

for comparison of results between different model generations.  

 The differences in temperature and wind speed at two levels between the future and 

current C5 simulations due to these imposed temperature changes on the model boundary 

conditions is shown in Figure 2.5. 

 

2.3. Tracking Algorithm 

The MAP Climatology of Midlatitude Storminess (MCMS) (Bauer and Del Genio 

2006) was used to identify and track cyclones as depressions in sea-level pressure (SLP) in 
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the 10-year winter seasonal simulations. Due to the high resolution of the dataset in this 

study, other meteorological fields, such as 850 hPa relative vorticity, can be very noisy, thus 

causing difficulty in feature tracking (Blender et al. 1997; Sickmoller et al. 2000). This 

tracking algorithm allowed for examination of changes in track density, storm intensity, 

storm intensification/decay rates, and other characteristics. To determine sensitivity of the 

output from MCMS, the seasonal WRF data were smoothed using seven passes of a 9-pt 

spatial filter, resulting in a comparison of the tracking results of the unsmoothed (hereafter 

S0) and smoothed (hereafter S7) seasonal simulations. A summary of all experiments for the 

seasonal simulations is shown in Table 2.6. 

 

2.3.1. Data Alteration 

Two changes needed to be made to the seasonal WRF data to comply with the 

configuration of MCMS. MCMS is designed specifically to work with data with an even 

number of longitude points. Since the domain for the seasonal WRF simulations had an odd 

number of longitude points, the eastern-most column was removed from the domain. This 

column was chosen far enough away from the region of interest as to not affect the results of 

MCMS. MCMS also calls for uniform degree spacing in both latitude and longitude. Thus, 

the seasonal WRF data was remapped onto a grid with consistent 0.183º latitude spacing and 

0.292º longitude spacing (unchanged). None of these changes affected the integrity of the 

data. The domains before and after alteration are shown in Figure 2.6. 
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2.3.2. Cyclone Identification 

To identify a candidate cyclone center, MCMS first compares the SLP at each grid 

point with that of its eight surrounding neighbors. Due to the small grid spacing of the data, 

each neighboring grid point is three grid points away from the center grid point. If the SLP at 

the center grid point is less than the SLP at each neighboring point, the center grid point is 

stored as a candidate cyclone center; otherwise, it is stored as a discarded center. 

In addition to candidate cyclone centers being local minima in SLP, they must also be 

surrounded by a closed contour. A method similar to Wernli and Schweirz (2006) was used 

to determine if the criterion was met. This method takes a candidate center and identifies 

contours of 1-mb (for S7) or 2-mb (for S0) greater than the SLP of the center throughout the 

domain. If a contour is completely closed with a path no longer than 10,000 km, and the 

center is located within the contour area, that center is kept and remains a candidate cyclone 

center. If not, that center is stored as a discarded center. 

 Lastly, regional minima are determined to ensure only one candidate cyclone center is 

retained within a specified radius. This radius, referred to as the critical radius, is determined 

by: 

(2.1)  𝑟!"#$#!%& =   
!.!∗(!!!!"#$!∗!"# ! )

!
 

where 𝑅!"#$! is the radius of the earth (6371.2 km), 𝜙 is latitude in radians, and 𝑘 is the 

wavenumber (here, 26). This formula produces critical radii ranging from ~740 km to ~235 

km at the southern- and northern-most latitudes, respectively. Each candidate center is 

compared with other candidate centers within the critical radius. The center with the lowest 
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SLP, or highest Laplacian of SLP if the SLP is equal at all centers, was retained as a 

candidate center with all other centers being stored as discarded centers. 

 The time, location, and SLP of all centers retained as candidate centers were saved 

and passed on to the next step of track identification.  

 

2.3.3. Track Identification 

 In order for a candidate cyclone center to become a track center, it must be connected 

with a candidate center at the previous time. To make these connections, each candidate 

center is compared to all candidate centers within a 540 km radius. This radius is determined 

by the maximum cyclone speed, taken here to be 90 km/hr (Hodges 1999). With this 

constraint, cyclones cannot travel faster than the maximum cyclone speed over a 6 hr period, 

resulting in a maximum displacement of 540 km.  

Dissimilarity scores were used to match candidate cyclone centers. These scores were 

determined by first calculating three quantities: (1) close is best (CisB), representing the 

distance between two centers, (2) change is gradual (CisG), representing the difference in 

SLP between two centers, and (3) stay the course (StheC), representing the bearing between 

two centers. If a center is stationary, the dissimilarity score is based on CisG, otherwise it is 

calculated by: 

(2.2) 𝐶𝑖𝑠𝐵 ∗   (𝑆𝑡ℎ𝑒𝐶 + 𝐶𝑖𝑠𝐺) 

The candidate cyclone centers with the smallest dissimilarity score were matched together as 

track centers. 
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Once tracks were identified, a series of filters was applied to remove erroneously 

identified tracks. The minimum lifetime filter ensured that all tracks lasted for at least 24 hrs, 

the minimum SLP filter required that each track reached a minimum SLP of 1010 mb or less, 

and the minimum travel distance filter designated that tracks traveled at least 200 km over its 

lifetime. If the aforementioned conditions were satisfied, information for each track was 

recorded and stored in a file for analysis. 

 

2.3.4. Verification 

 To verify MCMS, cyclones during the first two weeks (24 December 2001 – 07 

January 2002) of the 10-year winter seasonal WRF simulations (C3) were tracked manually 

(for S0) and using MCMS (for S0 and S7) (Figure 2.7). Differences between the analyses are 

expected due to the subjectivity of a manual analysis, specifically in the northwest corner 

where tracks were difficult to distinguish by eye. 

 Overall, the analyses agreed reasonably well with each other, especially in the 

southeast North Atlantic and over the British Isles and Scandinavia. The most notable 

difference was the two long-lived tracks originating in the Gulf of Mexico that were more 

evident in the manual analysis. Further investigation showed these tracks were broken up into 

multiple tracks by MCMS due to the distance between centers being greater than 540 km.  

 To quantify the agreement between the manual and objective analyses, a binomial test 

was used to compare the number of cyclone centers identified that were attached to a cyclone 

track. Comparison across the whole domain shows significantly fewer cyclone centers 

identified in the manual analysis compared to both S0 and S7 objective analyses. This is 
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somewhat expected because of the difficulty in manually identifying tracks in the northwest 

portion of the domain. Therefore, cyclone center counts were compared over the main storm 

track region (Figure 2.7). 160 cyclone centers were identified in the manual analysis 

compared to 161 and 139 identified in the S0 and S7 objective analyses, respectively. 

According to the binomial test, these counts are not statistically different from one another. 

This comparison between the manually and objectively identified tracks resulted in 

confidence that MCMS was tracking cyclones as expected. 

 

2.4. Methods of Analysis 

 This section describes several methods used in analyzing the results from MCMS for 

the seasonal WRF runs, including statistical significance testing and storm-relative 

compositing. 

 

2.4.1. Statistical Significance 

The Wilcoxon Rank Sum test (WRS), also referred to as the Mann-Whitney U-test, is 

the primary method used in this study to test results for statistical significance. WRS is a 

non-parametric test for two populations with different sample sizes and has been used in 

other studies investigating atmospheric phenomena (Leckebusch et al. 2006; Lionello and 

Giorgi 2007; Champion et al. 2011; Booth et al. 2013b). A two-tailed WRS tests the null 

hypothesis that two distributions have equal medians. Right-tailed and left-tailed WRS were 

also used to test for increases or decreases in the median. A summary of null (H0) and 

alternative (Ha) hypotheses for two-tailed, right-tailed, and left-tailed tests is shown in Table 
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2.7. This method was chosen primarily because it does not require the data to be normally 

distributed. In instances where the data did follow a normal distribution, results from WRS 

were checked against results from a Student’s t-test. 

 

2.4.2. Storm-Relative Compositing  

 To shed light on why the changes in extratropical cyclones are occurring, a storm-

relative compositing technique was used to composite quantities such as precipitation, 10-m 

wind speed, and potential vorticity (PV). This technique allows for the comparison of 

cyclones in separate intensity regimes to assess if storms within a certain regime are 

experiencing different changes than other regimes. Due to the limited data available for C3, 

compositing was only done for C5 tracks.  

First, cyclones were separated based on the 5th and 95th percentiles of minimum SLP, 

minimum SLP perturbation, and maximum vorticity, resulting in a set of storms for three 

intensity regimes—strong, moderate, and weak. Fields, such as wind speed, were identified 

within a 25-grid point (~500-km) radius, using the time and location when each storm 

reached peak intensity as the center point. These 25x25 grids were averaged across all storms 

to create a storm-relative composite of a certain field for that intensity regime. Composites 

were also generated centered on the location of storms 24 hours and 12 hours prior to 

reaching peak intensity in order to capture more of the storm’s lifecycle.  

A benefit of compositing events is that it allows for common characteristics among 

storms of certain intensities to be identified.  However, differences in storm size, frontal 
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position, track lifetime, or propagation speed may smear some features. Overall, the benefits 

of storm-relative compositing outweigh the limitations. 
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Table 2.1: Physics configurations for the SS93 five ensemble members: MBE, M3KM, QKQ, 
YKM, and YGM. MBE uses the Mellor-Yamada-Janjic (MYJ) PBL, Betts-Miller-Janjic 
(BMJ) CP, and the Eta similarity (Eta) surface layer schemes. QKQ uses the Quasi-Normal 
Scale Elimination (QNSE) PBL, KF CP, and QNSE surface layer schemes. YKM uses the 
Yonsei-University (YSU) PBL, KF CP, and MM5 similarity (MM5) surface layer schemes. 
YGM uses the YSU PBL, Grell-3 (G3), and MM5 surface layer schemes. 

 
 
 
 
 
 
Table 2.2: Experiments conducted for SS93: P_Ctrl, P_NoT, P_Land, C_Ctrl, C_NoT, 
C_Land, F_Ctrl, F_NoT, and F_Land. P_Ctrl is the control experiment with no model 
alterations, P_NoT is the experiment with terrain removed from the model domain, and 
P_Land is the experiment with water replaced with land throughout the model domain for the 
past climate simulation of SS93. C_Ctrl, C_NoT, and C_Land are the control, no terrain, and 
all land experiments for the current climate simulation for SS93, respectively. F_Ctrl, 
F_NoT, and F_Land are the control, no terrain, and all land experiments for the future 
climate simulation for SS93, respectively. 
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Table 2.3: Physics configurations for the C3 and C5 seasonal simulations. Both C3 and C5 
use the WRF Single-Moment 6 Class (WSM6) MP scheme and Noah Land Surface Model. 
C3 uses the Kain-Fritsch (KF) CP, Yonsei University (YSU) PBL, Rapid Radiative Transfer 
Model (RRTM) longwave radiation, Dudhia shortwave radiation, and MM5 similarity 
(MM5) surface layer scheme. C5 uses Zhang-McFarlane (ZM) CP, Mellor-Yamada-Janjic 
PBL, NCAR Community Atmospheric Model (CAM) longwave radiation, CAM shortwave 
radiation, and Eta similarity (Eta) surface layer schemes. 

 
 
 
 
 
 
Table 2.4: CMIP3 GCMs used to derive temperature changes for SS93 past and future 
simulations and C3 future seasonal simulations. 
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Table 2.5: CMIP5 GCMs used to derive temperature changes for C5 future seasonal 
simulations. 

 
 
 
 
 
 
Table 2.6: Experiments conducted for the seasonal simulations: C3 S0, C3 S7, C5 S0, and C5 
S7. C3 S0 are current and future climate seasonal simulations using CMIP3 models to 
calculate temperature changes added to WRF initial and lateral boundary conditions with no 
smoothing of the data prior to MCMS. C3 S7 are the same, except the data was smoothed 
prior to MCMS. C5 S0 and C5 S7 are analogous to their C3 counterparts, except for using 
CMIP5 models to calculate the temperature changes added to WRF initial and lateral 
boundary conditions. 
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Table 2.7: Null (H0) and alternative (Ha) hypotheses for left-tailed, two-tailed, and right-
tailed Wilcoxon Rank Sum tests. 

 
 
 

  



 

 38 

 

 
Figure 2.1: The domain for the North American Regional Reanalysis (NARR) dataset and the 
Superstorm of 1993 storm track (in black). 
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Figure 2.2: WRF model domains for SS93 case study. 
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Figure 2.3: Terrain height (m) for the control (a) and no terrain (b) experiments. Contours in 
(a) are shaded every 250 m. 
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Figure 2.4: Sea surface temperature (SST) (K) for the current climate control (a) and all land 
(b) experiments. Contours are shaded every 1 K in (a) and every 2 K in (b). 
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Figure 2.5: 300-hPa (a) temperature and (b) wind changes and 850-hPa (c) temperature and 
(d) wind changes (future minus current) due to the temperature changes imposed on the 
initial and lateral boundary conditions. Warm (cool) colors indicate higher (lower) 
temperatures and wind speeds in the future climate. Contours are shaded every 1ºK in (a) and 
(c) and every 1 m/s in (b) and (d). 
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Figure 2.6: Model domain for seasonal WRF simulations before (a) and after (b) alteration 
for MCMS. 
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Figure 2.7: Tracks identified manually (a), by MCMS for C3 S0 (b), and by MCMS for C3 
S7 (c) from 24 December 2001 to 07 January 2002. The main storm track region used for 
comparison is outlined in red. 
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3. Case Study: Superstorm of 1993 

3.1. Overview 

 The Superstorm of 1993 (SS93) was one of the most debilitating storms of the 20th 

century, earning the nickname the “Storm of the Century” (Kocin et al. 1995; Dickinson et al. 

1997). The storm began as a surface low-pressure system over the Gulf of Mexico on 12 

March 1993 accompanied by a 500-mb height trough to the west. The storm rapidly 

intensified between 12 UTC 12 March and 12 UTC 13 March, deepening 32 hPa in 24 hours, 

as the two 500-mb absolute vorticity maxima merged together (Figure 3.1). SS93 traveled up 

the Atlantic coast, reaching its peak intensity of 960 hPa at 00 UTC 14 March just south of 

Pennsylvania and New York (Figure 3.2), while setting numerous low SLP records along the 

way (Kocin et al. 1995). By 12 UTC 14 March, SS93 had just about run its course. 

This storm was chosen primarily because of its uniqueness and detrimental impacts 

on the eastern United States. SS93 produced a swath of snowfall extending from the Gulf 

Coast of Alabama and Mississippi to northern Maine with totals exceeding 30 inches in areas 

of western North Carolina, West Virginia, Pennsylvania, and New York (Figure 3.3). Florida 

experienced severe coastal flooding from strong wind-driven storm surges of up to 4 m and 

11 confirmed tornadoes due to a squall line passing through the area on 13 March (Kocin et 

al. 1995). Additionally, SS93 caused the largest disruption in air travel history, to date. When 

it had finally dissipated, SS93 left millions of people without power, billions of dollars in 

damage, and almost 100 people dead (Kocin et al. 1995; 

http://www.erh.noaa.gov/ilm/archive/Superstorm93/).  
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 The questions are: how would this storm be different 100 years ago or 100 years from 

now? Would it have the same impacts? To answer these questions, simulations of SS93 were 

carried out for past, present, and future climates, using the methods outlined in Chapter 2. 

Changes in the storm track, intensity, and precipitation are discussed in the following 

sections.  

 

3.2. Track and Intensity 

Track and intensity results are shown beginning at hour 12 of the simulations, as this 

is when SS93 first exhibited a closed contour in the SLP field among all ensemble members 

(Table 2.1). Based on the results from Marciano et al. (2015), it is hypothesized that the 

future SS93 would be more intense due to an increase in latent heat release and track farther 

eastward due to an enhancement of the upper-level steering flow. Conversely, it would be 

expected that the past SS93 would be less intense and track farther westwards. Because the 

temperature changes from the 1880s to the 1990s are less drastic than the changes from the 

1990s to the 2100s, based on the IPCC AR4 A2 emissions scenario, changes between past 

and current storms are expected to be smaller than those between current and future storms. 

Figure 3.4a-c shows the tracks of all ensemble members for SS93 in past (P_Ctrl), 

current (C_Ctrl), and future (F_Ctrl) climates. Examination of the ensemble mean tracks for 

all simulations (Figure 3.4d) shows that, P_Ctrl tracks farthest inland and F_Ctrl takes the 

most easterly track. All tracks closely resemble each other until hour 24, when F_Ctrl begins 

to consistently track farther east. As a result, F_Ctrl tracks over the Gulf of Mexico and 

Atlantic Ocean for about half of the duration of the storm (~36 hours), which is twice as 
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much time as C_Ctrl spends over the water. P_Ctrl remains similar to C_Ctrl until around 

hour 39 when P_Ctrl begins to track farther westward. On average, P_Ctrl and F_Ctrl are 

displaced ~100 km west and ~358 km east of C_Ctrl, respectively (Table 3.1).  

Figure 3.5a-c shows the evolution of minimum central pressure for P_Ctrl, C_Ctrl, 

and F_Ctrl ensemble members. All storms begin with similar intensities around 1003 hPa at 

hour 12. Comparison of the ensemble means (Figure 3.5d) shows that P_Ctrl and C_Ctrl are 

in fairly good agreement at first, with P_Ctrl only stronger than C_Ctrl by ~1 hPa. 

Immediately after hour 39, however, C_Ctrl overtakes P_Ctrl, becoming ~6 hPa stronger by 

hour 54 (Figure 3.6). This occurs about the same time as P_Ctrl begins to track farther 

westward (Figure 3.4d). F_Ctrl is the weakest of the three storms by ~3 hPa until hour 51 

when F_Ctrl deepens ~12 hPa in 6 hours (Figure 3.7) and briefly becomes stronger than 

P_Ctrl just after hour 54 (Figure 3.5d). During this time, between hours 51 and 57, C_Ctrl 

only deepens ~7 hPa (Figure 3.7). All ensemble members and ensemble means reach peak 

intensity between hours 57 and 63 (Figure 3.5) with C_Ctrl as the most intense, reaching a 

minimum central pressure of ~952 hPa, followed by F_Ctrl reaching ~956 hPa and P_Ctrl 

reaching ~957 hPa (Table 3.1). 

Even though P_Ctrl was the weakest in terms of peak intensity, F_Ctrl was the 

weakest overall with an average minimum central pressure of ~980 hPa versus ~976 hPa 

(C_Ctrl) and ~977 hPa (P_Ctrl). While P_Ctrl was initially stronger than C_Ctrl, it was an 

average of ~1 hPa weaker over the lifetime of the storm. F_Ctrl was consistently weaker than 

C_Ctrl by an average of ~4 hPa (Table 3.1). This matches the expectation of the past climate 

producing a weaker SS93 but disproves our hypothesis of SS93 being more intense in a 
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future climate. This is particularly remarkable considering that F_Ctrl tracked over the water 

for a longer period of time (Figure 3.4d). For the most part, the changes in track and intensity 

from C_Ctrl to P_Ctrl were smaller than the changes from C_Ctrl to F_Ctrl (Table 3.1). 

 

3.2.1. No Terrain Experiment 

 As discussed above, the intensity of C_Ctrl surpassed that of P_Ctrl around hour 39, 

approximately when the past storm began to track farther west towards the Appalachian 

Mountains, suggesting the interaction with the mountainous terrain may have inhibited 

further intensification of P_Ctrl. To test this, all terrain from the domain was removed 

following the method outlined in Chapter 2.  

 With the terrain removed, the tracks of P_NoT and C_NoT are extremely similar 

(Figure 3.8c), differing by an average of about 95 km (Table 3.2). Some of this difference is 

explained by C_NoT moving faster than P_NoT. For example, at hour 42, P_NoT is located 

over southwestern Virginia with C_NoT ~200 km to the northwest, while the tracks are only 

separated by ~50 km at this time. The minimum central pressures of P_NoT and C_NoT only 

differ by ~0.3 hPa during the first 33 hours of the simulation (Figure 3.9). After hour 33, 

C_NoT becomes more intense than P_NoT, as it did in the control simulations (Figure 

3.10c), reaching a peak intensity of ~959 hPa at hour 63 versus P_NoT reaching ~961 hPa at 

the same time (Table 3.2). The difference between intensities of P_NoT and C_NoT, on 

average, is less than 1 hPa (Table 3.2), which is less than the difference between P_Ctrl and 

C_Ctrl (Table 3.1). 
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These small differences between P_NoT and C_NoT compared to the differences in 

P_Ctrl and C_Ctrl suggest that terrain did influence the track and intensity of SS93 in the 

past climate, but cannot fully explain why P_Ctrl was weaker than C_Ctrl. Therefore, further 

work is needed to investigate why P_NoT and P_Ctrl were both weaker than their current 

climate counterparts.  

 

3.2.2. All Land Experiment 

  As previously discussed, F_Ctrl spent more time over water than C_Ctrl. To test if 

this prolonged period of time over the water enhanced the intensity of F_Ctrl, the warm 

temperatures and gradient associated with the Gulf of Mexico and Gulf Stream were 

removed via the method outlined in Chapter 2. 

 With the water removed, F_Land still tracks farther east throughout the majority of 

the simulation (Figure 3.11c). This implies that the temperatures and gradients associated 

with the water were not the cause of the eastward shift of F_Ctrl. This suggests another 

mechanism, such as enhancement of the upper-level steering flow, is responsible (Marciano 

et al. 2015). The minimum central pressures of C_Land and F_Land only differ by ~0.7 hPa 

until hour 24 when F_Land becomes consistently weaker throughout the remainder of the 

simulation (Figure 3.12). Both storms reach peak intensity at hour 63 (Figure 3.13c), but 

F_Land is ~9 hPa weaker than C_Land. On average, F_Land is the weaker storm by ~5 hPa 

(Table 3.3). Overall, the intensity differences between C_Land and F_Land (Table 3.3) are 

greater than those between C_Ctrl and F_Ctrl (Table 3.1), suggesting that the future storm 
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tracking over the water for a longer period of time in the control simulation did enhance its 

intensity. 

During a period of time when F_Ctrl tracked offshore while C_Ctrl remained over 

land (hour 51 to 57), F_Ctrl deepened ~12 hPa, while C_Ctrl deepened ~7 hPa (Figure 3.7). 

There is also a period of enhanced deepening around hour 51 for F_Land, but it continues to 

hour 63 and is less rapid than the deepening exhibited by F_Ctrl (~14 hPa in 12 hours). 

C_Land also deepens from hour 51 to 63, but at a slightly faster rate of ~15 hPa (Figure 

3.14). This difference in deepening rate between F_Land and F_Ctrl, along with C_Land 

deepening faster than F_Land, suggests that the Gulf Stream influenced the deepening of 

F_Ctrl. Further investigation is needed, however, to examine why the future SS93 remained 

weaker in the control simulation. 

 

3.3. Precipitation 

 Following the Clausius-Clapeyron relation, an increase (decrease) in atmospheric 

water vapor would be expected for warmer (cooler) temperatures by ~7% per degree Kelvin 

of temperature change (Held and Soden 2006). Therefore, it is expected for the past SS93 to 

produce less overall precipitation and the future SS93 more overall precipitation. It is also 

expected that the future SS93, due to the warmer temperatures, would produce more rain and 

less snow than the current storm. Conversely, while the past SS93 may produce less overall 

precipitation, it may produce more snow than the current storm. 

 The snowfall patterns of P_Ctrl and C_Ctrl resemble each other quite well (Figure 

3.15). The main difference is that local maxima are higher in C_Ctrl. For example, snowfall 
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totals over western New York reach ~1 m in C_Ctrl versus ~0.8 m in P_Ctrl. Additionally, 

P_Ctrl snowfall appears to be slightly more widespread. Figure 3.16 shows a clear, 

systematic westward shift in snowfall distribution, most likely associated with the westward 

storm track shift of P_Ctrl (Figure 3.4c). The areas of increased snowfall are slightly greater 

than the areas of reduced snowfall, suggesting that more snowfall was associated with 

P_Ctrl. In fact, while maximum snowfall totals decreased by ~8%, P_Ctrl showed a modest 

increase in area-averaged snowfall (~1%). 

On the other hand, there is considerably less snowfall associated with F_Ctrl 

compared to C_Ctrl, in terms of maximum totals and areal extent (Figure 3.17). As in Figure 

3.16, Figure 3.18 shows a spatial shift in snowfall distribution that can most likely be 

attributed to the eastward shift in F_Ctrl track (Figure 3.4c). Figure 3.18 also highlights the 

drastic change in snow depth associated with F_Ctrl. Overall, maximum and area-averaged 

snowfall amounts decreased in F_Ctrl by ~27% and ~51%, respectively. 

As with the distribution of snowfall, rainfall patterns of P_Ctrl and C_Ctrl look fairly 

similar, especially in terms of areal extent (Figure 3.19). The largest differences occur north 

of ~37ºN where more rainfall was associated with C_Ctrl, most notably over New Jersey and 

Connecticut. Again, a spatial shift in rainfall, resembling the shift in the track of P_Ctrl 

(Figure 3.4), is evident in Figure 3.20. While P_Ctrl does have a stronger local maximum by 

~7% off the Gulf Coast of Texas, there is a slight decrease (~1%) in area-averaged rainfall. 

As with track and intensity changes, precipitation changes from P_Ctrl to C_Ctrl are smaller 

than those from F_Ctrl to C_Ctrl (Table 3.4). 
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 Figure 3.21 shows similar distributions of rainfall between C_Ctrl and F_Ctrl, with 

F_Ctrl producing higher amounts off the Gulf Coast of Texas and directly off the eastern 

seaboard from ~40-50ºN. As in Figure 3.18, an eastward shift in rainfall that matches the 

track shift of F_Ctrl (Figure 3.4) is apparent in Figure 3.22. The areas of increased rainfall 

are greater than those of reduced rainfall, suggesting that F_Ctrl produced more rain during 

the duration of the storm. In fact, both the maximum and area-averaged rainfall totals 

increased by ~13% and ~4%, respectively. An increase in area-averaged rainfall over an 

equal amount of time also suggests higher rain-rates associated with F_Ctrl. 

 

3.4. Summary  

The results presented above provide evidence that a future SS93 would have a smaller 

impact due to reduced snowfall and the majority of rain falling offshore (Figures 3.18 and 

3.21). Impacts associated with SS93 in the past would be similar, but shifted southwest, thus 

having greater effects for areas where snowfall and rainfall totals were higher, such as 

northern Kentucky and eastern Ohio, but lower impacts along the Atlantic Coast (Figures 

3.16 and 3.20). Other impacts, such as near-surface wind speed, were not examined in this 

study. In all simulations, one ensemble member, QKQ, was consistently more intense than 

the other members. Further investigation is needed to determine the cause of this.  

Overall, the changes in track, intensity, and precipitation between P_Ctrl and C_Ctrl 

were extremely modest (Tables 3.1 and 3.4), but did match our hypotheses that SS93 a 

hundred years ago would be weaker, track farther westward, and produce more snow and less 
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rain on average over eastern US. As previously discussed, the changes in intensity and track 

can partly be attributed to the terrain within the model domain. 

Most of the changes exhibited by F_Ctrl—increased rainfall, decreased snowfall, and 

eastward shift in track—are consistent with our expectations and other studies examining 

cyclones off the United States east coast (Colle et al. 2013; Lombardo et al. 2015; Marciano 

et al. 2015). The strength of the storm, in terms of minimum SLP, was enhanced by the Gulf 

Stream, but still decreased in the future, which did not match the hypothesis set forth at the 

beginning of this study. The weakening of SS93 in the future suggests a potential 

cancellation effect between probable increases in latent heat release, due the enhanced 

precipitation, and other factors, such as a possible weakening of the upper-level forcing. 

Future work is needed to further examine this hypothesis and isolate the factors contributing 

to the decreased intensity of SS93 in a future climate.  

 

 

 

  



 

 54 

Table 3.1: Peak intensity (hPa) and average minimum central pressure (hPa) for P_Ctrl, 
C_Ctrl, and F_Ctrl. Difference in peak intensity (hPa), average minimum central pressure 
(hPa), and average track difference (km) for P_Ctrl minus C_Ctrl and F_Ctrl minus C_Ctrl. 

 
 
 
 
 
 
Table 3.2: Peak intensity (hPa) and average minimum central pressure (hPa) for P_NoT and 
C_NoT. Difference in peak intensity (hPa), average minimum central pressure (hPa), and 
average track difference (km) for P_NoT minus C_NoT. 

 
 
 
 
 
 
Table 3.3: Peak intensity (hPa) and average minimum central pressure (hPa) for C_Land and 
F_Land. Difference in peak intensity (hPa), average minimum central pressure (hPa), and 
average track difference (km) for F_Land minus C_Land. 
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Table 3.4: Percent differences in maximum snowfall (m), maximum rainfall (mm), area-
average snowfall (m), and area-average rainfall (mm) for P_Ctrl minus C_Ctrl and F_Ctrl 
minus C_Ctrl. Negative (positive) values indicate a decrease (increase) in P_Ctrl or F_Ctrl. 
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Figure 3.1: Adaptation of Figures 10.24-2 and 10.24-3 from Kocin and Uccellini (2004) 
showing sea level pressure (contoured every 4 hPa) and precipitation (shaded) for (a) 12 
UTC 12 March, (b) 00 UTC 13 March, and (c) 12 UTC 13 March and 500-mb heights 
(contoured every 6-dam) and absolute vorticity (shaded) for (d) 12 UTC 12 March, (e) 00 
UTC 13 March, and (f) 12 UTC 13 March. 
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Figure 3.2: Adaptation of Figure 10.24-2 from Kocin and Uccellini (2004) showing sea level 
pressure (contoured every 4 hPa) and precipitation (shaded) for the time of peak storm 
intensity (00 UTC 14 March). 
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Figure 3.3: Image from http://www.erh.noaa.gov/ilm/archive/Superstorm93/ highlighting the 
distribution of snowfall association with the Superstorm of 1993. 
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Figure 3.4: Storm tracks for hours 12 to 72 for (a) P_Ctrl, (b) C_Ctrl, and (c) F_Ctrl 
ensemble members with MBE, QKQ, YKM, YGM, and ensemble mean in dark blue, green, 
red, light blue, and black respectively and (d) P_Ctrl (green), C_Ctrl (blue), and F_Ctrl (red) 
ensemble means. Markers are placed on tracks every 3 hours. 
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Figure 3.5: Time series of minimum central pressure (hPa) from 12 UTC 12 March to 00 
UTC 15 March (hour 12 to hour 72) for (a) P_Ctrl, (b) C_Ctrl, and (c) F_Ctrl ensemble 
members with MBE, QKQ, YKM, YGM, and ensemble mean in dark blue, green, red, light 
blue and black, respectively and (d) P_Ctrl (green), C_Ctrl (blue), and F_Ctrl (red) ensemble 
means. 
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Figure 3.6: Time series of the difference in minimum central pressure (hPa) from 12 UTC 12 
March to 00 UTC 15 March (hour 12 to hour 72) for (a) P_Ctrl minus C_Ctrl and  (b) F_Ctrl 
minus C_Ctrl ensemble members with MBE, QKQ, YKM, YGM, and ensemble mean in 
dark blue, green, red, light blue, and black respectively and (c) P_Ctrl minus C_Ctrl (blue) 
and F_Ctrl minus C_Ctrl (red) ensemble means 
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Figure 3.7: Time series of pressure change (hPa/3-hr) from 12 UTC 12 March to 00 UTC 15 
March (hour 12 to hour 72) for (a) P_Ctrl (green), (b) C_Ctrl (blue), and (c) F_Ctrl (red) 
ensemble means.  
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Figure 3.8: Storm tracks for hours 12 to 72 for (a) P_NoT and (b) C_NoT ensemble members 
with MBE, QKQ, YKM, YGM, and ensemble mean in dark blue, green, red, light blue, and 
black, respectively and (c) P_NoT (green) and C_NoT (blue) ensemble means. 
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Figure 3.9: Time series of difference in minimum central pressure (hPa) from 12 UTC 12 
March to 00 UTC 15 March (hour 12 to hour 72) for P_NoT minus C_NoT ensemble 
members with MBE, QKQ, YKM, YGM, and ensemble mean in dark blue, green, red, light 
blue, and black, respectively. 
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Figure 3.10: Time series of minimum central pressure (hPa) from 12 UTC 12 March to 00 
UTC 15 March (hour 12 to hour 72) for (a) P_NoT and (b) C_NoT ensemble members with 
MBE, QKQ, YKM, YGM, and ensemble mean in dark blue, green, red, light blue, and black, 
respectively and (c) P_NoT (green) and C_NoT (blue) ensemble means. 
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Figure 3.11: Storm tracks for hours 12 to 72 for (a) C_Land and (b) F_Land ensemble 
members with MBE, QKQ, YKM, YGM, and ensemble mean in dark blue, green, red, light 
blue, and black, respectively and (c) C_Land (blue) and F_Land (red) ensemble means. 
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Figure 3.12: Time series of difference in minimum central pressure (hPa) from 12 UTC 12 
March to 00 UTC 15 March (hour 12 to hour 72) for F_Land minus C_Land ensemble 
members with MBE, QKQ, YKM, YGM, and ensemble mean in dark blue, green, red, light 
blue, and black, respectively. 
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Figure 3.13: Time series of minimum central pressure (hPa) from 12 UTC 12 March to 00 
UTC 15 March (hour 12 to hour 72) for (a) C_Land and (b) F_Land ensemble members with 
MBE, QKQ, YKM, YGM, and ensemble mean in dark blue, green, red, light blue, and black, 
respectively and (c) C_Land (blue) and F_Land (red) ensemble means. 
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Figure 3.14: Time series of pressure change (hPa/3-hr) from 12 UTC 12 March to 00 UTC 15 
March (hour 12 to hour 72) for (a) C_Land (blue) and (b) F_Land (red) ensemble means.  
  



 

 70 

 
Figure 3.15: Snowfall totals (m) for (a) P_Ctrl and (b) C_Ctrl. Contours are shaded every 0.1 
m.  
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Figure 3.16: Difference in snow depth (m) for P_Ctrl minus C_Ctrl. Warm (cool) colors 
indicate an increase (decrease) in snow depth associated with P_Ctrl. Contours are shaded 
every 0.01 m.  
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Figure 3.17: Snowfall totals (m) for (a) C_Ctrl and (b) F_Ctrl. Contours are shaded every 0.1 
m.  
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Figure 3.18: Difference in snow depth (m) for F_Ctrl minus C_Ctrl. Warm (cool) colors 
indicate an increase (decrease) in snow depth in F_Ctrl. Contours are shaded every 0.1 m.  
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Figure 3.19: Rainfall totals (mm) for (a) P_Ctrl and (b) C_Ctrl. Contours are shaded every 10 
mm.  
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Figure 3.20: Difference in rainfall (mm) for P_Ctrl minus C_Ctrl. Warm (cool) colors 
indicate an increase (decrease) in rainfall associated with P_Ctrl. Contours are shaded every 
5 mm.  
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Figure 3.21: Rainfall totals (mm) for (a) C_Ctrl and (b) F_Ctrl. Contours are shaded every 10 
mm. 
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Figure 3.22:	   Difference in rainfall (mm) for F_Ctrl minus C_Ctrl. Warm (cool) colors 
indicate an increase (decrease) in rainfall associated with F_Ctrl. Contours are shaded every 
10 mm.  
  
 
  



 

 78 

4. Seasonal Simulations 

Case studies are useful for assessing how climate change will affect the impacts of 

one storm; however, the results are not generalizable to a wider range of systems. Therefore, 

two distinct sets of North Atlantic seasonal simulations were analyzed, as described in 

Chapter 2, to examine how extratropical cyclones will be affected by climate change in a 

broader context.  

 

4.1. General Changes 

 The following sections focus on domain-wide changes in track density, rates of 

pressure change, cyclone lifetime, and storm intensity in each experiment (Table 2.6). 

Section 4.2 changes within specified regions throughout the domain are explored. In section 

4.3, the dynamical mechanisms associated with these changes are examined. 

 

4.1.1. Track Density  

 The total number of cyclone tracks identified by MCMS significantly decreases by an 

average of ~14% (Table 4.1), indicating that a future climate, following the IPCC AR4 A2 

emissions scenario (Meehl et al. 2007) for C3 experiments and the IPCC AR5 RCP 8.5 

emissions scenario (Taylor et al. 2012) for C5 experiments, will result in a reduction in 

extratropical cyclone activity throughout the domain in all experiments by the end of the 

twenty-first century (Figure 4.1). Figure 4.2 shows track density, calculated as the number of 

cyclone tracks per 1ºx1º area, in current ((a), (c), (e), and (g)) and future ((b), (d), (f), and (h)) 

climates. The overall patterns are similar between all experiments, with the North Atlantic 
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storm track and a local maximum in track density over the Mediterranean region clearly 

evident. These patterns of track density for the current climate resemble those from other 

studies (e.g. Lambert 1995 (Figure 1); Wernli and Schwierz 2006 (Figure 4)).  

The difference in track density between current and future climates is shown in 

Figure 4.3. Patterns of increases and decreases in track density are comparable across all 

experiments. An area of enhanced future cyclone activity is seen extending from 

approximately 44ºN, 48ºW to 62ºN, 10ºW and areas of reduced activity include from roughly 

31ºN, 70ºW to 43ºN, 40ºW and over the Mediterranean Sea. These changes are similar to 

those found in other studies (e.g. Geng and Sugi 2003 (Figure 2c)). 

Differences in track density between S0 and S7 experiments closely resemble each 

other; however, there are notable differences between C3 and C5 experiments. For one, the 

area of track density increase (decrease) over the North Atlantic is more (less) widespread in 

the C5 experiments. Additionally, the reduction in track density over the Mediterranean 

region in the C3 experiments is of a larger magnitude and extends across the majority of the 

Mediterranean Sea, whereas there is a dipole of track density decrease and increase over the 

Mediterranean in the C5 experiments. Lastly, consistent with other studies (e.g. Colle et al. 

2013), the C5 experiments exhibit an enhancement of cyclone activity off the eastern coast of 

the United States, which is not apparent in the C3 experiments.  

Despite these regional differences, general changes seen in track density between 

current and future climates are similar for all experiments and consistent with other studies. 

Therefore, these changes are considered to be robust results.  
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4.1.2. Rates of Pressure Change 

 6-hourly pressure changes were calculated for each storm, with negative (positive) 

values, or deepening (filling) rates, indicative of cyclone strengthening (weakening). A slight 

increase in the frequency of storms experiencing stronger deepening rates is shown in Figure 

4.4. This shift is statistically significant for C3 S7 at the 95% confidence level and C5 S7 at 

the 90% confidence level. This result is similar for C5 S0, with an ~83% chance (p_LT = 

0.833) of the future median deepening rate being less than or equal to that of the future and 

only a ~33% chance (p_TT = 0.334) of equality, thus providing evidence for stronger future 

deepening rates. For C3 S0, the most likely result is no change in deepening rates for future 

cyclones (p_TT = 0.766) (Table 4.2).  

 Figure 4.5 shows a trend towards more moderate filling rates (~2-6 hPa/6-hr) in the 

future. Table 4.3 shows that there is actually a significant increase in the median filling rate 

in the future, indicating stronger filling rates for storms throughout the domain for C3 S0 and 

C3 S7. Chances for stronger filling rates in the future are ~80% and ~82% for C5 S0 and C5 

S7, respectively. Since chances for equal current and future median filling rates are less than 

~40% in both cases, it is concluded that stronger filling rates is the most likely result for 

these experiments as well.  

These results, summarized in Table 4.4, indicate evidence for stronger deepening and 

filling rates for extratropical cyclones in the future in most experiments and is therefore, a 

consistent result. This shift in rates of pressure change could imply shorter durations of future 

cyclones. 
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4.1.3. Cyclone Lifetime 

 Figure 4.6 shows the total number of cyclone centers identified by MCMS that were 

connected to a cyclone track for all experiments in current and future climates (Figure 4.6a), 

as well as the percent changes (Figure 4.6b). It is a consistent result that significantly fewer 

cyclone centers are associated with cyclone tracks in the future (Table 4.5). This decrease is 

correlated with the reduction of total cyclone tracks identified by MCMS in the future, but 

could also indicate shorter duration of future cyclones. This, along with evidence for stronger 

deepening and filling rates in the future, suggests a decrease in the lifetime of extratropical 

cyclones.  

 Figure 4.7 supports this hypothesis by showing an increase in the frequency of storms 

with shorter lifetimes (1-2 days) in all experiments. This decrease in the duration of cyclones 

is statistically significant for C3 S0, C5 S0, and C5 S7 at the 95% confidence level (p_RT < 

0.05) and at the 90% confidence level for C3 S7 (p_RT < 0.1) (Table 4.6). Therefore, it is 

concluded that cyclones in a future climate exhibiting shorter lifetimes is a robust result. 

 

4.1.4. Cyclone Intensity 

4.1.4.1. Sea-Level Pressure 

 While the total number of storms significantly decreases across the whole domain, 

storms are shown to reach lower minimum central pressures in all experiments, suggesting 

that storms, as a whole, are becoming more intense in the future (Figure 4.8). Comparison of 

the median minimum SLP reached by storms using a right-tailed Wilcoxon ranksum test 
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shows a significant shift towards storms reaching lower SLPs at the time of peak intensity in 

all experiments by an average of ~1 hPa (Table 4.7).  

 Similar to McDonald (2011), storms are categorized as strong, moderate, or weak 

using the 5th and 95th percentiles in order to assess changes in cyclones within specific 

intensity regimes. These percentile thresholds are shown in Table 4.8. This criterion is more 

selective than setting fixed thresholds, thus allowing the tails of the distribution to be 

emphasized. Strong storms, in terms of SLP, are those that reach a minimum SLP less than 

~960 hPa, weak storms are defined as storms with minimum SLPs greater than ~1008 hPa, 

and moderate storms are everything in between. All experiments show an increase in the 

occurrence of strong storms by an average of ~1%. There is also a ~1% average decrease in 

the occurrence of moderate storms and a ~0.2% average decrease in the occurrence of weak 

storms (Table 4.9). Overall, these are relatively small changes, but indicate a climate 

favorable for strong storms in the future.  

 Figure 4.9 shows that strong storms are generally exhibiting lower SLPs, thus 

becoming stronger in a future climate. The decrease in the median minimum SLP of strong 

storms by an average of ~2 hPa is significant at the 95% confidence level for C3 S7, C5 S0, 

and C5 S7 (Table 4.7). There is an 83% chance (p_LT = 0.829) of minimum central 

pressures in the future being less than or equal to those of the current for C3 S0. Given that 

there is only a ~34% chance (p_TT = 0.342) of equality, it is concluded that the shift towards 

lower minimum SLPs for strong storms is also evident in C3 S0, albeit insignificantly.  

 The same trend is true for moderate storms (Figure 4.10). C3 S0, C5 S0, and C5 S7 

all show significant reductions in the minimum SLP reached by moderate storms (Table 4.7). 
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While this shift is not significant for C3 S7, there is an 88% chance (p_LT = 0.881) of the 

future climate median minimum SLP being less than or equal to that of the current climate 

and only a 24% chance (p_TT = 0.238) of the two being equal, which suggests a decrease in 

future minimum SLPs for moderate storms is also apparent in C3 S7. 

 Changes in the intensity of weak storms are less clear (Figure 4.11). C5 S7, for 

example, shows a significant shift towards higher minimum SLPs, indicating that weaker 

storms in a future climate are less intense. C5 S0, on the other hand, shows an 89% (p_LT = 

0.885) chance of future weak storms becoming stronger than current weak storms. The other 

two experiments, C3 S0 and C3 S7, show the greatest chances for no change in the intensity 

of weak storms (Table 4.7). Thus, no conclusion can be drawn on how a future climate will 

affect the intensity of weak storms across the whole domain. 

 Results indicating storms are reaching greater intensities in the future, in terms of 

minimum SLP, are somewhat unsurprising due to the reduction in the time-averaged SLP 

field located to the southeast of Greenland (Figure 4.12). This localized decrease could 

introduce a bias in the overall shift of storm strength towards lower SLPs. Therefore, relative 

geostrophic vorticity (𝜁!), calculated by: 

(4.1)  𝜁! =   
!
!"
∇!(𝑆𝐿𝑃) 

with higher values indicative of higher intensity, and perturbations of SLP, defined as the 

difference between the instantaneous SLP and the time-averaged SLP at each point with 

greater intensity indicated by lower (more negative) values, are also used to assess changes in 

storm intensity.  
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4.1.4.2. Relative Geostrophic Vorticity 

 Vorticity, calculated by equation 4.1, will be represented in cyclonic vorticity units 

(CVU), where: 

(4.2) 1  𝐶𝑉𝑈 = 10!!  𝑠!! 

Figure 4.13 shows that storms within all intensity regimes—strong, moderate, and weak 

exhibit lower vorticity in the future. Statistical testing indicates that storms are becoming 

significantly weaker at 95% confidence in the future with the median maximum vorticity 

reached by storms decreasing by an average of ~0.6 CVU (Table 4.10). 

 Strong storms, in terms of vorticity, are defined for C3 S0 and C5 S0 as exhibiting 

maximum vorticity values greater than ~29 and ~32 CVU, respectively. For C3 S7 and C5 

S7, a strong storm must reach a maximum vorticity of at least 4.7 or 4.8 CVU, respectively. 

Weak storms are characterized as those reaching a maximum vorticity of at most 1.6 or 1.8 

CVU, for C3 S0 and C5 S0, and 0.5 CVU for C3 S7 and C5 S7 (Table 4.8). As with SLP, 

moderate storms exhibit a maximum vorticity between the 5th and 95th percentiles. Vorticity 

values for S7 experiments are consistently weaker than their S0 counterparts due to the 

spatial smoothing reducing the gradients in the SLP field.  

Most experiments show a decrease in the frequency of strong storms by an average of 

~1% in the future and all experiments exhibit an increase in the frequency of weak storms by 

an average of ~1%. C3 S7, C5 S0, and C5 S7 show increases in the frequency of moderate 

storms, while C3 S0 exhibits a decrease. The average change in the frequency of moderate 

storms across all experiments is a decrease of ~0.3% (Table 4.11).  Although these are 

modest changes, it suggests a future climate will be more favorable for weak storms. 
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 Figure 4.14 shows no clear trend in the maximum vorticity of strong storms for C3 S0 

and C5 S0 and a slight shift towards lower maximum vorticities for C3 S7 and C5 S7. This 

decrease in the future median maximum vorticity reached by storms by 0.3 CVU is 

statistically significant at 95% confidence for C5 S7 (Table 4.10). P-values for the left-tailed 

Wilcoxon ranksum test show a 77%, 89%, and 82% chance for maximum vorticity values of 

strong storms to be lower in the future for C3 S0, C3 S7, and C5 S0, respectively. These 

chances suggest that less intense strong storms, in terms of vorticity, are the most likely 

outcome for all experiments. 

 The trend towards lower maximum vorticity values is more apparent for moderate 

storms, especially for C3 S0 and C5 S0 (Figure 4.15). There is a reduction in the median 

maximum vorticity of 0.8 CVU for C3 S0, 1.1 CVU for C5 S0, and 0.1 CVU for C3 S7 and 

C5 S7. Results of statistical significance testing at 95% confidence show that these decreases 

in the maximum vorticity reached by storms are significant in all experiments (Table 4.10).  

 As with SLP, there is no clear shift in the intensity of weak storms in the future 

(Figure 4.16). For C3 S0, there is a 67% chance (p_RT = 0.665) of future maximum 

vorticities being greater than or equal to current values; however, there is also a 67% (p_TT 

= 0.671) of median maximum vorticities being equal in current and future climates, 

suggesting there is no change in the maximum vorticity exhibited by weak storms in the 

future for this experiment. This result is similar for C3 S7. For C5 S0, there is an 80% (p_LT 

= 0.796) chance of less intense weak storms in the future and a 41% (p_TT = 0.408) chance 

of no change in intensity, suggesting a probable, but insignificant, shift towards lower 

maximum vorticity values in the future. Lastly, significance testing shows a high chance 
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(81%, p_TT = 0.808) for no change in the intensity of future weak storms for C5 S7, making 

this the most consistent result across all experiments. 

 

4.1.4.3. Sea-Level Pressure Perturbation 

 Across the domain, storms as a whole show a shift towards more negative 

perturbations, albeit the trend is more obvious in the S0 experiments (Figure 4.17). This 

increase in intensity for all storms is significant at the 95% confidence level for C3 S0 and 

C5 S0 and at the 90% confidence level for C3 S7 and C5 S7. 

Cyclones exhibiting perturbations less than ~-45.2 hPa are categorized as strong 

storms, weak storms are characterized by perturbations greater than ~-1.9 hPa, and the 

remainder of storms fall into the moderate regime. All experiments show an increase the 

occurrence of strong storms by an average of ~1%. C3 S0, C3 S7, and C5 S7 all exhibit 

decreases in the frequency of moderate storms, while C5 S0 shows a slight increase. On 

average, there is about a 1% decrease in moderate storms throughout the domain. For weak 

storms, S0 experiments show a decrease in frequency while S7 experiments show an 

increase. The average change in the occurrence of weak storms is ~-0.2% (Table 4.12). These 

changes are similar to the changes in frequency strong, moderate, and weak storms seen with 

SLP. 

Figure 4.18 shows no clear change in the intensity of strong storms. P-values for 

strong storms in Table 4.13 for C3 S0 show a ~72% chance of the future median minimum 

SLP perturbation being greater than or equal to that of the current and a ~55% chance of 

equality, suggesting no evidence for a change in the intensity of strong storms in this 
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experiment. Results for C5 S0 are similar with an ~81% chance (p_TT = 0.810) of current 

and future median minimum SLP perturbations being equal. C3 S7 and C5 S7, on the other 

hand, show evidence for less intense strong storms in a future climate (~85% and ~79%, 

respectively), but these changes are not significant. Therefore, no consistent result can be 

drawn. 

A trend towards more negative SLP perturbations for moderate storms is somewhat 

apparent (Figure 4.19). In fact, there is a significant shift towards more intense moderate 

storms in C3 S0, C5 S0, and C5 S7 experiments (Table 4.13). For C3 S7, however, there is 

no evidence for a change in the intensity of moderate storms. 

For weak storms, the median minimum SLP perturbations for all experiments in both 

current and future climates are positive. This suggests a potential flaw in tracking storms 

using SLP, given that cyclones should exhibit negative perturbations. Regardless, intensity 

changes of weak storms can still be examined. Figure 4.20 shows no clear trend in the 

intensity of weak storms, except for C5 S7, which shows a shift towards more positive SLP 

perturbations. These trends, or lack thereof, are mimicked by the results from significance 

testing, shown in Table 4.13. For C3 S7 and C5 S0, there is no evidence supporting a change 

in the intensity of weak storms. For C3 S0, there is a ~90% chance (p_RT = 0.898) of less 

intense weak storms in the future and only a ~21% chance (p_TT = 0.205) of no change in 

intensity, suggesting evidence for less intense weak storms. For C5 S7, there is a significant 

increase of ~0.8 hPa in the median minimum SLP perturbation reached by weak storms, also 

indicating less intense weak storms in the future. While there is evidence supporting future 

weak storms becoming weaker, the results are not consistent across all experiments. 
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4.1.5. Summary 

 Changes in extratropical cyclones seen across the whole domain include an overall 

decrease in extratropical cyclone activity, stronger deepening and filling rates, and shorter 

cyclone lifetimes. An increase in track density in the northeast Atlantic, accompanied by a 

decrease in the southwest Atlantic, indicate a potential eastward shift in North Atlantic 

cyclone activity. Additionally, a future climate is shown to result in a reduction in track 

density in the Mediterranean region and an enhancement off the eastern coast of the United 

States. 

The changes in intensity for all experiments and intensity regimes are summarized in 

Table 4.14. From these results, it can be concluded that a future climate will affect storms as 

a whole and moderate storms by reducing their minimum SLP, maximum vorticity, and 

minimum SLP perturbation, suggesting stronger storms in terms of SLP and SLP 

perturbation, but weaker storms in terms of vorticity. Strong storms will exhibit lower 

minimum SLPs and maximum vorticities, but little to no change in SLP perturbation. Weak 

storms will potentially experience, if any change, higher minimum SLPs, lower maximum 

vorticities, and more positive SLP perturbations, indicating less intense weak storms across 

all intensity measures. Changes are most significant for all and moderate storms, which is 

most likely due to their larger sample sizes.  

Given the range of results regarding changes in cyclone intensity discussed in Chapter 

1, it is unsurprising that the changes in storm intensity vary among different measures of 

intensity. These discrepancies could be a consequence of analyzing all storms across the 

domain, since storm characteristics tend to vary regionally. For example, Dacre and Gray 
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(2009) noted that storms in the western Atlantic are predominately Type B cyclones while 

Type C cyclones are more frequent in the eastern Atlantic. Additionally, cyclones occurring 

the Mediterranean region are typically smaller and weaker than Atlantic cyclones (Bengtsson 

et al. 2006). Therefore, the following sections will focus on changes in extratropical cyclones 

occurring in specified regions throughout the domain, as well as analysis of storm-relative 

dynamics to help reconcile these differences. 

 

4.2. Sub-Regional Changes 

 For the reasons discussed in section 4.1, examining changes in cyclones across the 

whole domain can be problematic. Furthermore, as discussed in Chapter 1, sub-regional 

changes do not always reflect the more general changes. Therefore, five regions were 

selected for further analysis. These regions, shown in Figure 4.21, will be referred to as: the 

main storm track region (ST), area of track density increase (Inc), area of track density 

decrease (Dec), the British Isles (BI), and the eastern coast of the United States (US East). 

These regions were chosen based on the differences in track density between current and 

future climates in the C5 experiments (Figure 4.3); consequently, analysis will be conducted 

only on C5 experiments henceforth. 

 

4.2.1. General Cyclone Activity  

 The number of tracks occurring within each region is calculated in two ways: 1) 

counting the number of tracks with at least one point falling within a given region, and 2) 
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counting the number of tracks reaching peak intensity, either minimum SLP, maximum 

vorticity, or minimum SLP perturbation, within a given region.  

 There is a consistent decrease in the number of tracks with at least one point 

occurring within the Dec and ST regions (Figure 4.22) by an average of ~14% and ~11%, 

respectively (Table 4.15). The reduction in cyclone activity within Dec is significant for C5 

S7 at 95% confidence, but is not significant for C5 S0. The decrease within ST, on the other 

hand, is significant for both experiments at the 95% confidence level. There is also a 

consistent, and significant, increase in cyclone activity within Inc by an average of ~9.8% 

(Table 4.15). 

For US East, there is an average of a ~13% decrease in cyclone activity that is 

significant for C5 S0, but not for C5 S7 (Table 4.15). This reduction in number of tracks 

within US East does not reflect the increase in track density within this region seen in Figure 

4.23, which is most likely an artifact of the masking of topographic areas for visualizing 

track density. The area of increase in track density within US East is more prominent in C5 

S7 (Figure 4.23), which could explain why there is less of a decrease in the number of tracks 

with at least one point in the region for this experiment. 

C5 S0 shows an ~12% decrease in the number of tracks with at least one point in the 

BI region, which is significant at the 90% confidence level. C5 S7, on the other hand, shows 

a slight, insignificant, increase in activity (~1%) for this region (Table 4.15). As with US 

East, this difference could be attributed to the slight differences in track density changes 

within BI between these two experiments (Figure 4.23).  
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For C5 S0, the changes in the number of tracks reaching peak intensity within all 

regions, regardless of intensity measure, mimics the change in the number of tracks with at 

least one point occurring within a given region (Figure 4.24a). For C5 S7, the changes in the 

number of tracks reaching peak intensity within Dec, Inc, and ST regions, for all intensity 

measures, is consistent with the change in the number of tracks with at least one point 

occurring within those regions (Figure 4.24b). Noticeable differences, however, occur within 

the BI and US East regions. For BI, there is a small increase in the number of tracks reaching 

maximum vorticity (~1%, Table 4.17) and minimum SLP perturbation (~3%, Table 4.18), 

but a ~5% decrease in the number of tracks reaching minimum SLP within the region (Table 

4.16). This difference could be, in part, due to the storms being tracked as minima in SLP 

with vorticity and SLP perturbation calculated post-tracking. It should also be noted that 

none of the differences for BI are statistically significant.  

For US East, there is an increase in the number of tracks with minimum SLP (~25%, 

Table 4.16) and minimum SLP perturbation (~26%, Table 4.18) occurring within the region 

that is significant at the 90% confidence level, but a ~2% decrease in the number of tracks 

reaching maximum vorticity in that area (Table 4.17). This suggests that while there is a 

decrease in the number of storms with any point occurring within US East, more storms are 

reaching peak intensity, in terms of SLP and SLP perturbation, in that region in the future. 

This result, however, is not consistent across experiments, and therefore, is not considered a 

robust result. 

 In terms of regional cyclone activity for storms of all intensities, it can be expected 

that a future climate will result in fewer cyclones occurring and reaching peak intensity 
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within Dec and ST as well as more cyclones occurring and reaching peak intensity within 

Inc. Changes in cyclone activity for BI and US East are unclear, and should be investigated 

further. 

 

4.2.2. Storm Track Region 

 As in section 4.1, storms are categorized as strong, moderate, or weak based on 5th 

and 95th percentiles of minimum SLP, maximum vorticity, and minimum SLP perturbation. 

Strong storms are those reaching a minimum SLP or minimum SLP perturbation less than the 

5th percentile or maximum vorticity greater than the 95th percentile, weak storms are those 

with a minimum SLP or minimum SLP perturbation greater than the 95th percentile or 

maximum vorticity less than the 5th percentile, and moderate storms are those reaching 

intensities between the 5th and 95th percentiles. 

As shown in Figure 4.25, strong storms for both C5 S0 and C5 S7, in terms of 

maximum vorticity, defined by the percentile thresholds in Table 4.8 are strongly influenced 

by topography and as a result, do not lie within the regions of interest specified in Figure 

4.21. Therefore, percentiles were recalculated using the distributions of maximum intensity 

for storms occurring within the ST region. To maintain consistency, percentiles are 

recalculated for all intensity measures. Since ST encompasses the majority of the other 

regions, these percentiles will be used as thresholds for all regions. For this same reason, 

changes in the ST region will be emphasized. The recalculated percentile thresholds are 

shown in Table 4.19.  
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4.2.2.1. Location of Cyclones 

The tracks of strong storms reaching peak intensity within ST for C5 S0 and C5 S7 

current climate simulations are shown in Figure 4.26. The locations of strong storms, in 

terms of minimum SLP (Figure 4.26a-b) and minimum SLP perturbation (Figure 4.26e-f), 

are very similar. Strong storms, in terms of vorticity (Figure 4.26c-d), however, favor 

topographical regions, and therefore, are not adequate representations of the storms of 

interest. 

Similarly, weak storms for C5 S0, as defined by minimum SLP perturbation (Figure 

4.27e-f), show a preference for areas of topography, meaning they are also not suitable 

representations for storms occurring within ST. Thus, cyclone changes will only be discussed 

for strength regimes categorized by minimum SLP. Since it has been shown that SLP is not 

always an appropriate measure of intensity, the vorticity for these storms will also be 

analyzed. Furthermore, it is recommended that cyclone tracking in the future identify 

cyclones as maxima in vorticity or minima in SLP perturbation. 

It is clear from Figure 4.27 that the location of weak storms is dependent on the 

intensity measure as well as smoothing the data prior to the tracking algorithm. These 

discrepancies in storm location between measures of intensity could be due to storms being 

tracked as SLP minima with vorticity and SLP perturbation calculated afterwards, thus 

further validating the use of minimum SLP to determine strength regimes to maintain 

consistency. For weak storms, in terms of minimum SLP (Figure 4.27a-b), track location is 

less sensitive to smoothing, with the majority of weak storms located west of ~45ºW and 

north of 25ºN. The location of moderate storms, as seen in Figure 4.28, is not sensitive to 
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intensity measure or data smoothing. Since the location of strong, weak, and moderate storms 

categorized by minimum SLP (Figures 4.26a-b, 4.27a-b, 4.28a-b) is consistent between S0 

and S7 experiments, only S0 experiments will be analyzed henceforth. 

 

4.2.2.2. Distribution of Cyclones 

 In the current climate, strong and weak storms make up equal percentages (~5%) of 

the total number of storms reaching peak intensity within ST (Table 4.20). The future 

climate, on the other hand, shows a skewed distribution favoring strong storms, with ~6% of 

storms categorized as strong and ~5% categorized as weak (Table 4.20). Furthermore, an 

increase in the frequency of strong and weak storms, along with a decrease in the frequency 

of moderate storms, suggests a flattening of the distribution, thus enhancing the frequency of 

events falling within the 5th and 95th percentile strength regimes. 

 Figure 4.29 shows the tracks of all strong storms reaching peak intensity within ST. 

Storm tracks in the current climate (Figure 4.29a) are distributed throughout the North 

Atlantic basin, extending from the eastern United States to northwestern Europe. Strong 

storms in the future climate (Figure 4.29b), however, appear more concentrated in the central 

North Atlantic between ~50ºW and ~10ºW, favoring the location of the localized decrease in 

time-averaged SLP shown in Figure 4.12. Figure 4.30a-b clearly shows fewer strong storms 

occurring off the eastern coast of the United States and extending into northwestern Europe, 

suggesting a shorter, more zonal storm track for strong storms in the future. 

 Moderate storms reaching peak intensity within ST in both current and future 

climates show similar distributions of storms with tracks extending across the North Atlantic 
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basin (Figure 4.31). As with strong storms, an increase in moderate storms is evident in the 

northeast North Atlantic. This increase is more apparent in Figure 4.32c, which shows an 

enhancement of the track density of moderate storms east of ~25ºW and north of ~45ºN, 

suggesting an eastern shift of the storm track for moderate storms. This area of increase also 

corresponds to the area of reduced time-averaged SLP in Figure 4.12. An enhancement of 

moderate storm activity off the eastern United States, resembling the change shown in Figure 

4.3d, is also evident in Figure 4.32c. This suggests that the increase in cyclone activity in this 

area is due primarily to changes in moderate storms rather than strong or weak storms. 

 It is clear from Figure 4.33 and Figure 4.34a-b that weak storms reaching peak 

intensity within ST tend to occur west of ~70ºW and favor topographic regions in both 

current and future climates. Weak storms, in both climates, also appear to be shorter-lived 

and travel shorter distances than strong and moderate storms. Two notable differences in the 

activity of weak storms are the decreases in weak storms along the Appalachian Mountains 

and the northward shift of activity east of ~40ºW from ~30-35ºN to ~47-52ºN (Figure 4.34c). 

The enhancement of activity north of ~45ºN and east of ~40ºW for strong, moderate, 

and weak storms suggests that this portion of the North Atlantic is potentially a more 

favorable environment for extratropical cyclone activity in the future.  

 

4.2.2.3. Rates of Pressure Change 

 Deepening and filling rates (hPa/6-hr) were examined for strong, moderate, and weak 

storms reaching peak intensity within the ST region. No clear change is seen in the deepening 

rates for strong storms (Figure 4.35a). Figure 4.35b shows a decrease in the frequency of 
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storms with deepening rates in the 0-2 hPa/6-hr and 7-10 hPa/6-hr ranges as well as an 

increase in the occurrence of storms with deepening rates in the 3-6 hPa/6-hr and 11-15 

hPa/6-hr ranges, suggesting a shift towards stronger deepening rates for future storms. 

Similarly, a shift towards stronger filling rates is seen in Figure 4.35c and Figure 4.35d. 

Table 4.21 shows an ~87% chance (p_LT = 0.872) of future deepening rates being equal to 

or more negative than current deepening rates and a small (~26%, p_TT = 0.256) chance of 

equality. This suggests that, while not significant, there is evidence for strong storms within 

ST exhibiting stronger deepening rates in a future climate. Likewise, there is evidence for 

stronger filling rates (p_LT = 0.839, p_TT = 0.322, Table 4.22), albeit without signficance. 

 Figure 4.36a and Figure 4.36b show no clear change in the deepening rates for 

moderate storms within ST in the future with comparable increases and decreases in the 

frequency of storms across the full range of deepening rates. Results from the Wilcoxon 

ranksum significance test reaffirms this by showing the greatest chance (~69%, p_TT = .694) 

for equal median deepening rates in current and future climates (Table 4.21). Figure 4.36c 

and Figure 4.36d, on the other hand, show a shift towards weaker filling rates with an overall 

increase in the frequency of storms with filling rates ~1-4 hPa/6-hr and a slight increase in 

the 13-15 hPa/6-hr range, but a decrease in storms with filling rates the 5-11 hPa/6-hr range. 

Table 4.22 shows that this shift towards weaker filling rates for moderate storms is 

statistically significant at the 95% confidence level (p_RT = 0.013). 

 For weak storms reaching peak intensity within ST, there appears to be shift towards 

stronger deepening rates in the future (Figure 4.37a) with an overall increase in the frequency 

of storms exhibiting deepening rates greater than 1 hPa/6-hr (Figure 4.37b). According to the 
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Wilcoxon ranksum right-tailed test (Table 4.21), this shift is statistically significant at the 

95% confidence level (p_RT = 0.044). No clear shift is evident in the filling rates of weak 

storms (Figure 4.37c-d), but there is an ~83% chance (p_LT = 0.829) of the future median 

filling rate being less than or equal that of the current (Table 4.22). Given only a ~32% 

chance (p_TT = 0.322, Table 4.22) of equality, there is evidence supporting weaker filling 

rates for weak storms in the future. 

Roebber and Schumann (2011) found an increase in latent heat release had a 

“stretching” effect on the distribution of rates of pressure change. This finding suggests that 

the skewness of deepening (filling) rates in a future climate should be more negative 

(positive) due to the enhanced atmospheric moisture potentially increasing latent heat release. 

Table 4.23 shows that the deepening rate distribution for moderate and weak storms is more 

negatively skewed in the future simulations. Similarly, the filling rate distribution for these 

strength regimes is more positively skewed (Table 4.24), thus matching the expectations set 

forth by Roebber and Schumann (2011). Strong storms, however, show a more positively 

skewed filling rate distribution (Table 4.24), but also a more positively skewed deepening 

rate distribution (Table 4.23). This shows that the assumption of enhanced latent heat release 

“stretching” the distribution of pressure change rates does not hold for the broad spectrum of 

storms. 

The results discussed above are summarized in Table 4.25. Strong storms reaching 

minimum SLP within ST are shown to exhibit stronger, as well as more positively skewed 

distributions of, deepening and filling rates in a future climate. This suggests that while there 

is an overall shift towards stronger deepening rates for strong storms, the storms with the 
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weakest deepening rates are exhibiting even weaker deepening rates in the future. Storms 

within both moderate and weak regimes show weaker, more positively skewed filling rates in 

the future, as well as more negatively skewed deepening rates. Moderate storms, however, 

show no evidence for change in future deepening rates while weaker storms exhibit stronger 

deepening rates in a future climate. With the exception of strong storms, changes in 

deepening and filling rates for storms reaching peak intensity within ST in the future do not 

match the domain-wide changes discussed in section 4.1.3. This shows that changes in 

cyclones do vary across different regions and strength regimes. 

 

4.2.2.4. Cyclone Intensity 

 In addition to strong storms occurring more frequently in a future climate within the 

ST region, they are also exhibiting lower minimum central pressures (Figure 4.38a). Figure 

4.38b shows an increase in the frequency of storms reaching minimum SLPs of 950 hPa or 

less and a decrease in the frequency of storms exhibiting minimum SLPs of 955-960 hPa. 

This shift, however, is not statistically significant given a ~73% (p_TT = 0.734) chance of 

the median minimum SLP being equal in current and future climates (Table 4.26). On the 

other hand, a shift towards weaker strong storms is seen in Figure 4.38c. This shift is more 

apparent in Figure 4.38d, which shows an overall increase (decrease) in storms reaching 

maximum vorticities less (greater) than 10 CVU. This shift towards strong storms exhibiting 

lower maximum vorticity values is statistically significant at the 90% confidence level (p_RT 

= 0.079, Table 4.27) and accompanied by a negative shift in skewness (Table 4.28), 
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suggesting that future strong storms, defined by minimum SLP, are becoming weaker, in 

terms of vorticity. 

 Moderate storms reaching peak intensity within the ST region also exhibit a clear 

shift towards lower minimum central pressures (Figure 4.39a-b), which is statistically 

significant at the 95% confidence level (p_RT < 0.05, Table 4.26). Moderate storms also 

show a shift towards lower maximum vorticity values (Figure 4.39c-d), with an increase 

(decrease) in the frequency of storms reaching maximum vorticities less (greater) than 8 

CVU. This shift is also statistically significant at the 95% confidence level (p_RT = 0.002, 

Table 4.27). There is also a negative shift in the skewness of the distribution of maximum 

vorticity reached during the lifetime of moderate storms (Table 4.28), which further 

highlights a decrease in the intensity of moderate storms, in terms of vorticity.  

 Weak storms occurring within ST show a slight preference towards higher minimum 

central pressures in the future (Figure 4.40a) with an increase the frequency of storms 

reaching minimum SLPs ~1008-1010 hPa (Figure 4.40b). Results from a right-tailed 

Wilcoxon ranksum test show an ~85% chance (p_RT = 0.845) of the median minimum SLP 

reached during the lifetime of a storm in the future being greater than or equal to that of the 

current and only a ~31% (p_TT = 0.313) chance of equality (Table 4.26), suggesting 

evidence for weak storms becoming weaker in the future, albeit not significantly. Similar to 

strong and moderate storms, weak storms appear to shift towards lower maximum vorticity 

values (Figure 4.40c). Figure 4.40d reaffirms this by showing an increase (decrease) in the 

frequency of weak storms exhibiting maximum vorticities less (greater) than 8 CVU. This 

shift is statistically significant at the 90% confidence level (p_RT = 0.084, Table 4.27). 



 

 100 

Contrary to strong and moderate storms, the distribution of maximum vorticity reached 

during the lifetime of a storm exhibits a positive change in skewness in the future (Table 

4.28), suggesting that while weak storms are showing overall weaker vorticities, there may 

be an increase in the number of weak storms exhibiting very strong maximum vorticity 

values.  

The changes in intensity for storms reaching peak intensity within the ST region are 

summarized in Table 4.29. Overall, future moderate storms reaching peak intensity within 

the ST region are becoming stronger, in terms of minimum SLP, while future weak storms 

are becoming weaker and strong storms show no statistical change in intensity. Examination 

of the maximum vorticity reached during the lifetime of a storm, however, shows that storms 

within all intensity regimes are exhibiting weaker vorticity values. This discrepancy in 

strength change across different measures of intensity will be reconciled through storm-

relative compositing of quantities such as potential vorticity in section 4.3. With the 

exception of weak storms occurring within ST exhibiting lower minimum SLPs in the future, 

the changes in intensity seen in these storms match the domain-wide changes in storm 

intensity. 

 

4.2.2.5. Change in Baroclinicity 

To assess if changes in cyclone intensity are due to changes in baroclinicity, the Eady 

growth rate, defined as: 

(4.3) 𝜎 = 0.31 !
!
  !𝑽
!"
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where 𝑓 is the Coriolis parameter, 𝑁 is the buoyancy frequency, 𝑽 is the magnitude of the 

horizontal wind, and z is vertical distance, is computed over the 850-300 hPa layer. The Eady 

growth rate for current and future climates is shown in Figure 4.41a-b and the difference 

between future and current climates is shown in Figure 4.41c. Figure 4.41c compares well 

with Figure 5 from Willison et al. (2015) who computed Eady growth rate over the 850-500 

hPa layer, suggesting little sensitivity of the pattern of change in Eady growth rate with 

warming to the choice of layer. The magnitude of change, however, does vary. 

 Over the main storm track region (Figure 4.42), there is a slight increase in area-

averaged Eady growth rate by ~0.5%. This suggests that the baroclinic environment within 

the storm track region is not significantly more favorable for cyclone development in a 

warmer climate. Therefore, this change in baroclinicity cannot explain the changes in 

deepening rates or intensity seen for storms within the storm track region. 

 

4.2.3. United States East Coast 

 To put this research into the context of other studies examining changes along the 

eastern coast of the United States (e.g. Colle et al. 2013; Marciano et al. 2015), changes in 

the distribution and intensity of cyclones in this region was investigated. 

 

4.2.3.1. Distribution of Cyclones 

 Similar to ST, the majority of storms occurring within US East, in both current and 

future climates, are of moderate intensity (Table 4.30). In this region, however, there is a 

skewed distribution in both climates towards a higher frequency of weak storms relative to 
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strong storms with weak storms making up ~7-8% of all storms and strong storms only 

accounting for ~1-2% (Table 4.30). As in ST, a future climate shows an increase in the 

frequency of strong and weak storms by ~0.7% and ~0.3%, respectively, and a ~1.1% 

decrease in the occurrence of moderate storms (Table 4.30). This suggests that the gravitation 

of storms away from the moderate regime and into the strong and weak regimes is a 

consistent result among various regions. 

 Due to the small sample sizes of strong and weak storms (~5-10), changes in track 

density and cyclone intensity will be discussed for all storms reaching peak intensity within 

US East. Figure 4.43 shows generally similar locations for storms in both current and future 

climates with future storms appearing more concentrated just off the coastline. This 

contraction is further highlighted in Figure 4.44c, showing a swath of enhanced future 

cyclone activity from ~30ºN, 85ºW to ~50ºN, 65ºW accompanied by a reduction in track 

density both to its east and west. As mentioned in Chapter 1, this increase along the eastern 

coast of the United States has also been found in other studies (e.g. Colle et al. 2013).  

 

4.2.3.2. Rates of Pressure Change 

There is no apparent shift in the deepening rates for storms reaching peak intensity 

within US East (Figure 4.45a-b). Results from significance testing (Table 4.31) show an 

~84% chance of equal median deepening rates in current and future climates, meaning there 

is no significant shift in the deepening rates for storms within US East in the future. There is, 

however, a negative shift in the skewness of the deepening rate distribution (Table 4.32), 
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which suggests that while deepening rates are not significantly stronger or weaker for storms 

within US East, there is an increase in the most extreme deepening rates. 

 A shift towards weaker filling rates is detectable in Figure 4.45c with Figure 4.45d 

showing an increase in the frequency of storms exhibiting filling rates ~0-2 hPa/6-hr and a 

reduction in the occurrence of storms with filling rates in the 3-11 hPa/6-hr range. This shift 

is statistically significant at the 95% confidence level (p_RT = 0.0063, Table 4.33). These 

results are similar to Colle et al. (2013) who found the largest change in filling rate occurring 

~0-4 hPa/6-hr range. Figure 4.45d also shows a small increase in the frequency of storms 

with the most extreme filling rates (12-15 hPa/6-hr), suggesting positive shift in the skewness 

of the filling rate distribution in the future, which is shown in Table 4.34. This shows that, 

overall, filling rates for storms within US East are becoming weaker in the future, but there 

also is an enhancement of the most extreme filling rates. 

 These results for shift in the strength and skewness of deepening and filling rates for 

storms reaching peak intensity within US East is summarized in Table 4.35. These changes 

do not match the domain-wide changes in deepening and filling rates discussed in section 

4.1.3, suggesting that differences in extratropical cyclones due to a warming climate do vary 

regionally. 

 

4.2.3.3. Cyclone Intensity 

 Storms reaching peak intensity within the US East region do not show a clear shift in 

the minimum SLP reached during the lifetime of a storm (Figure 4.46a-b). Results from the 

Wilcoxon ranksum test show no significant change in the future median minimum SLP 
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(p_TT = 0.834, Table 4.36). There is a noticeable shift towards lower maximum vorticity 

values (Figure 4.44c), with an overall increase (decrease) in storms reaching maximum 

vorticities less (greater) than 9 CVU (Figure 4.46d), which is statistically significant at the 

95% confidence level (p_RT = 0.008, Table 4.37). A negative shift in the skewness of the 

maximum vorticity distribution is also evident (Table 4.38). These shifts suggest that storms 

occurring within the US East region are exhibiting weaker vorticity in the future. 

 The results for changes in storm intensity are summarized in Table 4.39 and suggest 

that storms reaching peak intensity within the US East region show little to no change in 

minimum SLP, but are becoming weaker in terms of vorticity. 

 

4.3. Changes in Storm Dynamics 

 As shown in section 4.2, the locations of strong storms within ST, in terms of 

vorticity, are not adequate representations of the storms of interest (Figure 4.25). Similarly, 

neither are the weak storms, as defined by minimum SLP perturbation (Figure 4.27e-f). 

Furthermore, weak storms tend to favor areas of topography (Figure 4.33) and are therefore 

excluded from the following analysis. Thus, all storm-relative compositing was done for 

strong and moderate storms classified by minimum SLP. As mentioned in section 2.4.2, 

composites of various fields were generated for 24 hours prior to peak intensity, 12 hours 

prior to peak intensity and the time of peak intensity.  

Storm-relative composites of total 10-m and 850-hPa winds are used to shed 

additional light on conflicting changes in storm intensity shown for different intensity 

measures by examining changes in storm circulation. Furthermore, composites of the 2-m 
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potential temperature anomaly (θ'2-m), 850-hPa temperature advection, precipitation, and 900-

700 hPa layer average potential vorticity (PV) were generated to help reconcile why the 

changes in storm intensity are occurring. θ'2-m is equivalent to low-level cyclonic PV while 

900-700 hPa layer average PV represents diabatic PV. Therefore, changes in these PV 

anomalies provide information on changes in storm dynamics. A potential reason for the 

reduction in cyclone activity discussed in section 1.2.2.1 was more efficient poleward heat 

transport by extratropical cyclones (e.g. Bengtsson et al. 2006). Therefore, composites of 

poleward heat and moisture fluxes are discussed below to test this hypothesis. 

Due to differences in track lifetime, the number of storms used to generate 

composites varied. These numbers for each intensity regime and compositing time are shown 

in Table 4.40. This variation adds a level of uncertainty to the results. However, a composite 

of the difference between future and current total 850-hPa wind speed for moderate storms at 

the time of peak intensity using only the storms with cyclone centers present at all times 

shows patterns of change very similar to the same composite generated using all moderate 

storms with a cyclone center present at the time of peak intensity, albeit with larger 

magnitudes.  

To assess general changes in extratropical cyclones, compositing was done for the ST 

region. For brevity, compositing results will only be discussed for C5 S0. It has been shown 

that smoothing the data prior to running the tracking algorithm does have an effect on the 

results; therefore, caution should be taken when considering the robustness of these results.  
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4.3.1. Strong Storms within Storm Track Region 

 Figure 4.47 shows the total 10-m wind speed and SLP for composites of strong 

storms reaching peak intensity within the storm track region centered on 24 hours prior to 

peak intensity, 12 hours prior to peak intensity and the time of peak intensity. At 24 hours 

prior to peak intensity, the future composite is ~2 hPa weaker than the current. At the time of 

peak intensity, however, the future composite is ~0.5 hPa stronger (Table 4.41). This is 

consistent with the results discussed in sections 4.2.2.3 and 4.2.2.4 showing stronger 

deepening rates and lower minimum central pressures for strong storms. This effect is 

partially due to changes in the average location of strong storms in the future relative to 

changes in the background SLP field. Figure 4.48 shows that the average position of strong 

storms is consistently over a region of lower background SLP in the future. Analysis of the 

average SLP perturbation of the cyclone center at each time reveals that while the future 

storm still deepens more rapidly, it is weaker than the current cyclone at all times by an 

average of ~4 hPa (Table 4.41). 

 It is clear from Figure 4.47 that the future composite exhibits weaker 10-m wind 

speeds at all times by as much as ~6 m/s. This difference is most notable south-southwest of 

the low-pressure center (Figure 4.47g-i). Additionally, the maximum 10-m wind for the 

future composite occurs at the time of peak intensity (Figure 4.47f), which is 12 hours after 

the maximum 10-m winds occur in the current composite (Figure 4.47b). The largest 

difference in average 10-m winds over the compositing area between the two composites is 

seen 24 hours prior to peak intensity (Figure 4.47a,d,g) where winds in the future composite 

are ~8% weaker (Table 4.42). The largest change in maximum wind speed, however, is seen 
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12 hours prior to peak intensity (Figure 4.47b,e,h) with a ~10% reduction in maximum 10-m 

wind in the future. On average, the future composite shows a decrease in average and 

maximum 10-m winds by ~6% and ~5%, respectively (Table 4.45).  

 The total 850-hPa winds for the current composite exhibit similar strengths for 24 and 

12 hours prior to peak intensity (Figure 4.49a,b), with the highest wind speeds covering a 

larger area 24 hours prior to peak intensity. The future composite, on the other hand, shows 

noticeably higher wind speeds 12 hours before reaching peak intensity (Figure 4.49e). Both 

composites show the weakest 850-hPa winds at the time of peak intensity (Figure 4.49c,f). 

With the exception of an increase in wind speed to the north of the low-pressure center at the 

time of peak intensity (Figure 4.49i), the future composite generally exhibits weaker 850-hPa 

winds, most notably to the southwest of the storm center (Figure 4.49g,h). This pattern of 

differences between future and current 850-hPa winds is very similar to the differences in 10-

m winds. On average, a reduction in average 850-hPa wind speed by ~4% and decrease in 

maximum 850-hPa wind speed by ~3% over the compositing area is seen in the future 

composite (Table 4.45). These decreases in 10-m and 850-hPa winds in the future composite 

are consistent with the average location of future strong storms occurring over areas of 

reduced gradient in the background SLP field (Figure 4.48) 

 Figure 4.50 shows temperature advection at 850-hPa, calculated as: 

(4.4)  −𝐕!"# ∙ ∇T!"# 

where 𝐕!"# is the horizontal wind at 850-hPa and T!"# is the 850-hPa temperature. It is clear 

from Figure 4.50a,d,g that at 24 hours prior to peak intensity, the future composite exhibits 

weaker cold advection and warm advection than the current composite. Considering the 
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maximum warm advection in the future composite decreases by ~30% at this time (Table 

4.42), the ~65% increase in area-averaged temperature advection (Table 4.42) is most likely 

due to the weaker cold advection (Figure 4.50g). 12 hours later, however, there is an 

enhancement of warm advection in the future composite (Figure 4.50h) with maximum and 

average values over the compositing area increasing by ~50% and ~70%, respectively (Table 

4.43). Small changes are seen between current and future composites at the time of peak 

intensity (Figure 4.50c,f,i). A ~50% increase in average temperature advection over the 

compositing area, along with an average increase in maximum warm advection by ~23% 

(Table 4.45) indicates the future composite is associated with stronger warm advection. This 

suggests that strong storms in the future are accompanied by stronger forcing for ascent, 

which indicates stronger pressure falls in the lower troposphere. This is consistent with the 

stronger deepening rates and lower minimum central pressures discussed previously. 

 Figure 4.51a-f shows the intensity of precipitation decreasing over time with the 

strongest 6-hourly precipitation occurring 24 hours prior to peak intensity in both current and 

future composites. At this time, 24 hours prior to peak intensity, the current composite shows 

stronger precipitation (Figure 4.51a,d,g) with greater average and maximum values over the 

compositing area by ~5% (Table 4.42). Subsequent times, however, show more precipitation 

associated with the future storms (Figure 4.51sh,i) with a ~16% and ~17% increase in 

average and maximum precipitation 12 hours prior to peak intensity (Table 4.43) and a ~19% 

and ~33% increase in average and maximum precipitation at the time of peak intensity 

(Table 4.44). On average, there is a ~10% increase in average 6-hourly precipitation and 

~15% increase in maximum 6-hourly precipitation over the compositing area in the future 
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composites of strong storms (Table 4.45). This increase in precipitation is consistent with the 

enhanced moisture and stronger forcing for ascent present in the future.  

 The structure of the 900-700 hPa layer average potential vorticity (PV) is similar 

between current and future composites with the maximum PV concentrated around the low-

pressure center (Figure 4.52a-f). At 24 hours prior to peak intensity (Figure 4.52a,d), the 

future composite shows a weaker PV maximum by ~8% (Table 4.42) with stronger PV to the 

south and southwest of the cyclone center (Figure 4.52g). This increase contributes to the 

~8% increase in average PV over the compositing area at this time (Table 4.42). Enhanced 

PV associated with the future composite is evident at 12 hours prior to peak intensity (Figure 

4.52h) and at the time of peak intensity (Figure 4.52i). The largest difference in maximum 

PV is seen 12 hours prior to peak intensity (Figure 4.52b,e) with the future composite ~19% 

stronger than the current (Table 4.43). The largest increase in future average PV over the 

compositing area by ~14% (Table 4.44) occurs at the time of peak intensity (Figure 4.52c,f). 

The overall enhancement of average and maximum diabatic PV by ~10% and ~15%, 

respectively (Table 4.45), is consistent with the increase in precipitation associated with 

future strong storms. 

 Figure 4.53 shows a consistent decrease in the 2-m potential temperature anomaly 

(θ'2-m) at all times in the future composite. The largest difference occurs 24 hours prior to 

peak intensity (Figure 4.53a,d,g) where the future composite exhibits a ~23% decrease in 

average θ'2-m and ~17% reduction in maximum θ'2-m over the compositing area (Table 4.42). 

At the time of peak intensity (Figure 4.53c,f,i), the average and maximum θ'2-m in the future 

are ~6% less than the current composite. This suggests that while both anomalies strengthen 
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over time, the future anomaly strengthens at a faster rate. On average, the average and 

maximum θ'2-m over the compositing area in the future composite are ~14% and ~11% 

weaker, respectively (Table 4.45). This reduction in θ'2-m, coupled with the increase in 900-

700 hPa layer average PV, suggests that without enhanced diabatic processes, strong storms 

would be even weaker in a future climate. 

 The structure of the 850-hPa heat flux (v'T') is similar between current and future 

climates at all times (Figure 4.54a-f). The maximum heat flux in the future composite (Figure 

4.54e) occurs 12 hours later than the maximum heat flux in the current composite (Figure 

4.54a). This difference in timing contributes to the ~1% decrease in average v'T' and ~15% 

decrease in maximum v'T' in the future composite 24 hours prior to peak intensity (Table 

4.42) and the increase in average and maximum v'T' over the compositing area 12 hours prior 

to peak intensity by ~3% and ~45%, respectively (Table 4.43). At the time of peak intensity, 

the future average heat flux is ~25% weaker than the current composite. Similarly, the 

maximum heat flux is ~17% weaker in the future composite (Table 4.44). These reductions 

are primarily due to the reduction in v'T' seen southwest of the storm center in the future 

(Figure 4.54c,f,i).  

 Figure 4.55 shows a fairly consistent increase in 850-hPa moisture flux (v'q') in the 

future composite. At 24 hours prior to peak intensity (Figure 4.55a,d,g), the future average 

and maximum v'q' over the compositing area are ~29% and ~8% larger, respectively (Table 

4.42). The largest differences between current and future composites occurs 12 hours prior to 

peak intensity (Figure 4.55b,e,h) with a ~40% and ~63% increase in area-averaged and 

maximum v'q', respectively (Table 4.43). At the time of peak intensity, the maximum v'q' is 
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~35% larger in the future, but the average v'q' over the compositing area is ~25% smaller 

(Table 4.44). This decrease is most likely due to the stronger southward moisture flux located 

to the west of the storm center (Figure 4.55c,f,i). The increase in poleward moisture flux to 

the east of the cyclone center, however, is the dominant signal. 

On average, the future composite area-averaged 850-hPa temperature and moisture 

fluxes are ~7.5% weaker and ~15% stronger, respectively. The maximum temperature and 

moisture fluxes at 850-hPa, on the other hand, are both larger by ~4% and ~35% in the future 

(Table 4.45). It is clear that the 850-hPa moisture flux shows a larger increase in the future 

than the 850-hPa heat flux. 

Overall, these composites show that, generally, strong storms reaching peak intensity 

within the storm track region in a future climate are exhibiting lower minimum central 

pressures and stronger deepening rates, consistent with results discussed in sections 4.2.2.3 

and 4.2.2.4. In terms of SLP perturbation, however, strong storms are consistently weaker in 

the future, suggesting that the decrease in central pressure is related to the reduction in the 

background SLP field; therefore, strong storms are actually becoming weaker in a future 

climate. This decrease in intensity, along with reduction in the background SLP gradient in 

the vicinity of strong storms in the future is consistent with future storms exhibiting weaker 

10-m and 850-hPa wind speeds. An increase in warm advection at 850-hPa and 6-hourly 

precipitation, along with enhanced 900-700 hPa layer average PV, is seen in strong storms in 

the future. This increase in diabatic PV, coupled with a reduction in the 2-m potential 

temperature anomaly, suggests that the intensity of strong storms is more influenced by 

diabatic processes in a future climate. This enhancement of diabatic effects, however, is 
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unable to compensate for the reduced low-level PV anomaly, thus leading to weaker strong 

storms in the future. Furthermore, an increase in 850-hPa moisture flux and maximum 850 

hPa heat flux suggests that strong storms are more efficient poleward transporters of heat and 

moisture in the future.  

 

4.3.2. Moderate Storms within Storm Track Region  

Compared to the current composite, the future composite of moderate storms within 

the storm track is consistently ~2 hPa stronger (Table 4.46). This is consistent with the 

results shown in sections 4.2.2.3 and 4.2.2.4 showing no change in deepening rates, but a 

decrease in minimum central pressure for moderate storms. As with strong storms, however, 

the average location of moderate storms 24 hours prior to peak intensity, 12 hours prior to 

peak intensity, and at the time of peak intensity occur over areas of lower background SLP 

(Figure 4.56). Analysis of the SLP perturbations for these centers (Table 4.46) shows very 

little change in the intensity of moderate storms within the storm track in the future. This 

suggests that the lower SLPs seen for the composite of moderate storms in future climate are 

an artifact of the background SLP field; therefore, the intensity of moderate storms is actually 

showing little change.  

Moderate storms reaching peak intensity within the storm track region exhibit 

changes similar to strong storms in several ways. For example, moderate storms show a 

consistent increase in maximum and average 6-hourly precipitation over the compositing 

area (Figure 4.57) by an average of ~18% and ~23%, respectively (Table 4.50). Similarly, a 

consistent enhancement of diabatic PV is evident in the future composite for moderate storms 
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(Figure 4.58). On average, the future average and maximum PV over the compositing area 

are ~6% and ~11% stronger, respectively (Table 4.50). Furthermore, moderate storms also 

exhibit a weaker 2-m temperature anomaly (θ'2-m) in the future (Figure 4.59). Table 4.50 

shows the future average and maximum θ'2-m are ~20% and ~11% weaker, respectively. The 

minute changes in the SLP perturbations shown in Table 4.46 suggest that the increase in 

diabatic PV must be compensating for the reduction in θ'2-m, meaning that without the 

enhancement of diabatic processes, moderate storms could very well be weaker in a future 

climate. Given the small changes in Eady growth rate within the storm track region discussed 

in section 4.2.2.5, it is unlikely that any enhancement of cyclone intensity for moderate 

storms is attributable to increases in baroclinicity.  

Contrary to the composite of strong storms, the composite of moderate storms shows 

a consistent increase in total 10-m wind speeds in the future (Figure 4.60g-i). The largest 

difference between the current and future composites occurs 24 hours prior to peak intensity 

(Figure 4.60a,d,g) with an increase in future average and maximum wind speeds over the 

compositing area by ~4% and ~3%, respectively (Table 4.47). Both current and future 

composites show 10-m wind speed strengthening over time with the strongest winds 

occurring at the time of peak intensity (Figure 4.60c,f). At this time, the maximum wind 

speed in the future is only ~1% stronger than the current (Table 4.49). The increase in 

maximum wind speed, along with other increases in wind speed to the north and east of the 

storm center (Figure 4.60i) results in a ~2% increase in future average 10-m wind speed over 

the compositing area (Table 4.49). On average, the changes in 10-m winds are relatively 
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small with the future average and maximum 10-m winds being ~3% and ~1% stronger, 

respectively (Table 4.50). 

 Figure 4.61 shows strengthening of total 850-hPa winds in the future, which differs 

from the decrease exhibited by strong storms. Both current and future composites show the 

strongest 850-hPa winds occurring 12 hours prior to peak intensity (Figure 4.61b,e) with the 

future maximum wind speed only ~1% stronger (Table 4.48). Similar to the changes in 10-m 

wind speed, the largest difference between current and future composites occurs 24 hours 

prior to peak intensity (Figure 4.61a,d,g) with a ~4% and ~6% increase in future average and 

maximum 850-hPa wind speed over the compositing area, respectively (Table 4.47). On 

average, the average and maximum 850-hPa winds both show modest increases of about 

~3% in the future (Table 4.50). These increases in 10-m and 850-hPa winds are consistent 

with the enhanced gradient in the background SLP field relative to the average locations of 

moderate storms in the future (Figure 4.56). 

 The structure of the 850-hPa temperature advection is similar between current and 

future climates at all times with a warm front extending to the east and a cold front to south-

southwest of the storm center (Figure 4.62a-f). The timing of the strongest warm advection, 

however, differs with the future composite exhibiting the strongest warm advection 24 hours 

prior to peak intensity (Figure 4.62d) and the current composite showing the strongest warm 

advection 12 hours later (Figure 4.62b). The largest changes are seen 24 hours prior to peak 

intensity (Figure 4.62a,d,g) where there is a substantial increase in the average 850-hPa 

temperature advection north and east of the cyclone center (Figure 4.62g). There is also a 

~30% increase in the future maximum temperature advection at this time (Table 4.47). 
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Unlike the composite for strong storms, no notable differences in 850-temperature advection 

are seen 12 hours prior to peak intensity (Figure 4.62b,e,h). Table 4.48 shows no change in 

the area-average or maximum temperature advection at this time. Similarly, small changes 

are seen between current and future composites at the time of peak intensity (Figure 

4.62c,f,i). On average, the average temperature advection over the compositing area at 850-

hPa increases by ~53% in the future (Table 4.50). However, this is primarily attributed to the 

differences seen 24 hour prior to peak intensity (Figure 4.62g). The average increase in future 

maximum warm advection by ~8% (Table 4.50) is more representative of the overall changes 

seen in Figure 4.62.  

 Figure 4.63 shows 850-hPa heat flux (v'T') for the composite of moderate storms. The 

largest difference in v'T' between current and future composites occurs 24 hours prior to peak 

intensity (Figure 4.63a,d,g). At this time, the future average and maximum v'T' over the 

compositing area are ~13% and ~32% larger, respectively (Table 4.47). Average and 

maximum v'T' for the future composite are also larger 12 hours prior to peak intensity (Table 

4.48). At the time of peak intensity (Figure 4.63c,f,i), however, future average and maximum 

v'T' are ~10% and ~7% weaker (Table 4.49) 

Similar to the composite of strong storms, the composite of moderate storms shows a 

consistent increase in 850-hPa moisture flux in the future (Figure 4.64g-i). The largest 

difference is seen 24 hours prior to peak intensity (Figure 4.64a,d,g) with a ~44% and ~45% 

increase in future average and maximum 850-hPa v'q' over the compositing area, respectively 

(Table 4.47). The average increases in the future average and maximum 850-hPa heat flux 
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are ~2% and 10%, respectively, and ~22% and ~25%, respectively, for 850-hPa moisture 

flux (Table 4.50).   

Overall, moderate storms reaching peak intensity within the storm track region in the 

future generally exhibit lower minimum central pressures, but similar deepening rates, 

compared to current moderate storms. This decrease in central pressure is related to the 

reduction in the background SLP field evident over the area where moderate storms occur in 

the future. Therefore, small changes in SLP perturbations indicate virtually no change is seen 

in the intensity of moderate storms in a future climate. Contrary to strong storms, moderate 

storms in a future climate show stronger 850-hPa and 10-m wind speeds, indicating stronger 

cyclonic circulation associated with moderate storms in the future. These increases in wind 

speed are associated with the enhanced gradient in the background SLP in the vicinity of 

moderate storms in a future climate. Enhanced 850-hPa warm advection is evident 24 hours 

prior to peak intensity, but little change is seen at the subsequent times. Similar to strong 

storms, moderate storms in a future climate show an increase in 6-hourly precipitation, 

stronger 900-700 hPa layer average PV, and a reduction in the 2-m potential temperature 

anomaly. This implies that the intensity of moderate storms is enhanced through diabatic, 

rather than baroclinic, processes. Future moderate storms show stronger 850-hPa heat and 

moisture fluxes, suggesting that moderate storms also transport heat and moisture poleward 

more efficiently in a future climate. The strengthening of the total 10-m winds, 850-hPa 

winds, precipitation, and diabatic PV, as well as the weakening of the 2-m potential 

temperature anomaly, are consistent with the results Marciano et al. (2015) found for a subset 

of storms along the East Coast of the United States.  
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Table 4.1: Total number of tracks identified by MCMS for C3 S0, C5 S0, C3 S7, and C5 S7 
for current (column one) and future (column two) simulations. Percent change in the number 
of tracks from current to future climates (column three) and p-values from the binomial test 
(column four) representing the significance of the difference in track count. Bolded values 
indicate statistical significance at the 95 % confidence level. 

 
 
 
 
 
 
Table 4.2: Median deepening rates (hPa/6-hr) and p-values for C3 S0, C3 S7, C5 S0, and C5 
S7. P-values are reported from the two-tailed (TT), right-tailed (RT), and left-tailed (LT) 
Wilcoxon ranksum statistical significance tests. Bold values indicate statistical significance 
at the 95% confidence level. Italicized values indicate statistical significance at the 90% 
confidence level. 
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Table 4.3: Median filling rates (hPa/6-hr) and p-values for C3 S0, C3 S7, C5 S0, and C5 S7. 
P-values are reported from the two-tailed (TT), right-tailed (RT), and left-tailed (LT) 
Wilcoxon ranksum statistical significance tests. Bold values indicate statistical significance 
at the 95% confidence level. Italicized values indicate statistical significance at the 90% 
confidence level. 

 
 
 
 
 
 
Table 4.4: Summary of the results for shifts in deepening and filling rates (hPa/6-hr) of 
storms across the whole domain for C3 S0, C3 S7, C5 S0, and C5 S7. Bold and italicized 
cells indicate the shift is statistically significant at the 95% and 90% confidence levels, 
respectively.  
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Table 4.5: Total number of centers identified by MCMS that were connected to a cyclone 
track for C3 S0, C5 S0, C3 S7, and C5 S7 for current (column one) and future (column two) 
simulations. Percent change in the number of tracked centers from current to future climates 
(column three) and p-values from the binomial test (column four) representing the 
significance of the difference in track count. Bolded values indicate statistical significance at 
the 95 % confidence level. 

 
 
 
 
 
 
Table 4.6: Median cyclone lifetimes (days) and p-values for C3 S0, C3 S7, C5 S0, and C5 
S7. P-values are reported from the two-tailed (TT), right-tailed (RT), and left-tailed (LT) 
Wilcoxon ranksum statistical significance tests. Bold values indicate statistical significance 
at the 95% confidence level. Italicized values indicate statistical significance at the 90% 
confidence level. 
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Table 4.7: Median minimum SLP values (in hPa) and p-values for all, strong, moderate, and 
weak storms for C3 S0, C3 S7, C5 S0, and C5 S7. P-values are reported from the two-tailed 
(TT), right-tailed (RT), and left-tailed (LT) Wilcoxon ranksum statistical significance tests. 
Bold values indicate statistical significance at the 95% confidence level. Italicized values 
indicate statistical significance at the 90% confidence level. 
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Table 4.8: 5th and 95th percentiles used as cutoff values for strong, moderate, and weak 
storms for C3 S0, C3 S7, C5 S0, and C5 S7.  
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Table 4.9: Percentage of total storms categorized as strong, moderate, and weak storms based 
on the minimum SLP reached during the lifetime of a storm for C3 S0, C3 S7, C5 S0, and C5 
S7 in current and future climates. 
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Table 4.10: Median maximum vorticity values (in CVU) and p-values for all, strong, 
moderate, and weak storms for C3 S0, C3 S7, C5 S0, and C5 S7. P-values are reported from 
the two-tailed (TT), right-tailed (RT), and left-tailed (LT) Wilcoxon ranksum statistical 
significance tests. Bold values indicate statistical significance at the 95% confidence level. 
Italicized values indicate statistical significance at the 90% confidence level. 
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Table 4.11: Percentage of total storms categorized as strong, moderate, and weak storms 
based on the maximum vorticity reached during the lifetime of a storm for C3 S0, C3 S7, C5 
S0, and C5 S7 in current and future climates. 
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Table 4.12: Percentage of total storms categorized as strong, moderate, and weak storms 
based on the minimum SLP perturbation reached during the lifetime of a storm for C3 S0, C3 
S7, C5 S0, and C5 S7 in current and future climates. 
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Table 4.13: Median SLP perturbation values (in hPa) and p-values for all, strong, moderate, 
and weak storms for C3 S0, C3 S7, C5 S0, and C5 S7. P-values are reported from the two-
tailed (TT), right-tailed (RT), and left-tailed (LT) Wilcoxon ranksum statistical significance 
tests. Bold values indicate statistical significance at the 95% confidence level. Italicized 
values indicate statistical significance at the 90% confidence level. 
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Table 4.14: Summary of the results for shifts in minimum SLP (SLP), maximum vorticity 
(Vorticity) and minimum SLP perturbation (Perturbation) reached during the lifetime of a 
storm across the whole domain for C3 S0, C3 S7, C5 S0, and C5 S7 and each strength 
category (all, strong, moderate, and weak). Bold and italicized cells indicate the shift is 
statistically significant at the 95% and 90% confidence levels, respectively.  
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Table 4.15: Number of tracks occurring regionally for C5 S0 and C5 S7 in current and future 
climate (columns one and two) counted by any point falling into a given region. Percent 
change in the number of tracks from current to future climates (column three) and p-values 
from a binomial test (column four) representing the significance of the difference in track 
count. Bolded and italicized values indicate statistical significance at the 95% and 90% 
confidence levels, respectively.  

 
 
 
 
 
 
Table 4.16: Number of tracks reaching minimum SLP within a given region for C5 S0 and 
C5 S7 in current and future climate (columns one and two). Percent change in the number of 
tracks from current to future climates (column three) and p-values from a binomial test 
(column four) representing the significance of the difference in track count. Bolded and 
italicized values indicate statistical significance at the 95% and 90% confidence levels, 
respectively.  
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Table 4.17: Number of tracks reaching maximum vorticity within a given region for C5 S0 
and C5 S7 in current and future climate (columns one and two). Percent change in the 
number of tracks from current to future climates (column three) and p-values from a binomial 
test (column four) representing the significance of the difference in track count. Bolded and 
italicized values indicate statistical significance at the 95% and 90% confidence levels, 
respectively. 

 
 
 
 
 
 
Table 4.18: Number of tracks reaching minimum SLP perturbation within a given region for 
C5 S0 and C5 S7 in current and future climate (columns one and two). Percent change in the 
number of tracks from current to future climates (column three) and p-values from a binomial 
test (column four) representing the significance of the difference in track count. Bolded and 
italicized values indicate statistical significance at the 95% and 90% confidence levels, 
respectively. 
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Table 4.19: 5th and 95th percentiles used as cutoff values for regional analysis of strong, 
moderate, and weak storms for C5 S0 and C5 S7. 

 
 
 
 
 
 
Table 4.20: Percentage of total storms reaching minimum SLP within the storm track region 
categorized as strong, moderate, and weak, defined by minimum SLP reached during the 
lifetime of a storm, for C5 S0 in current and future climates. 
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Table 4.21: Median deepening rates (hPa/6-hr) and p-values for strong, moderate, and weak 
storms reaching peak intensity within the storm track region from C5 S0. P-values are 
reported from the two-tailed (TT), right-tailed (RT), and left-tailed (LT) Wilcoxon ranksum 
statistical significance tests. Bold values indicate statistical significance at the 95% 
confidence level. Italicized values indicate statistical significance at the 90% confidence 
level. 

 
 
 
 
 
 
Table 4.22: Median filling rates (hPa/6-hr) and p-values for strong, moderate, and weak 
storms reaching peak intensity within the storm track region from C5 S0. P-values are 
reported from the two-tailed (TT), right-tailed (RT), and left-tailed (LT) Wilcoxon ranksum 
statistical significance tests. Bold values indicate statistical significance at the 95% 
confidence level. Italicized values indicate statistical significance at the 90% confidence 
level. 
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Table 4.23: Skewness of the deepening rate (hPa/6-hr) distribution for strong, moderate, and 
weak storms reaching peak intensity within the storm track region for C5 S0 in current and 
future climates. Negative (positive) values indicate the distribution is spread more to the left 
(right). 

 
 
 
 
 
 
Table 4.24: Skewness of the filling rate (hPa/6-hr) distribution for strong, moderate, and 
weak storms reaching peak intensity within the storm track region for C5 S0 in current and 
future climates. Negative (positive) values indicate the distribution is spread more to the left 
(right). 
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Table 4.25: Summary of the results for shifts in strength and skewness of deepening and 
filling rates (hPa/6-hr) of strong, moderate, and weak storms reaching peak intensity within 
the storm track region. Bold and italicized cells under the “Strength Shift” column indicate 
the shift is statistically significant at the 95% and 90% confidence levels, respectively.  

 
 
 
 
 
 
Table 4.26: Median minimum SLP values (in hPa) and p-values for strong, moderate, and 
weak storms reaching peak intensity within the storm track region for C5 S0. P-values are 
reported from the two-tailed (TT), right-tailed (RT), and left-tailed (LT) Wilcoxon ranksum 
statistical significance tests. Bold values indicate statistical significance at the 95% 
confidence level. Italicized values indicate statistical significance at the 90% confidence 
level. 
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Table 4.27: Median maximum vorticity values (in CVU) and p-values for strong, moderate, 
and weak storms reaching peak intensity within the storm track region for C5 S0. P-values 
are reported from the two-tailed (TT), right-tailed (RT), and left-tailed (LT) Wilcoxon 
ranksum statistical significance tests. Bold values indicate statistical significance at the 95% 
confidence level. Italicized values indicate statistical significance at the 90% confidence 
level. 

 
 
 
 
 
 
Table 4.28: Skewness of the maximum vorticity (CVU) distribution for strong, moderate, and 
weak storms reaching peak intensity within the storm track region for C5 S0 in current and 
future climates. Negative (positive) values indicate the distribution is spread more to the left 
(right). 
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Table 4.29: Summary of the results for shifts in strength of the minimum SLP (hPa) reached 
during the lifetime of a storm and shifts in strength and skewness of the maximum vorticity 
(CVU) reached during the lifetime of a storm for strong, moderate, and weak storms reaching 
peak intensity within the storm track region. Bold and italicized cells under the “Strength 
Shift” column indicate the shift is statistically significant at the 95% and 90% confidence 
levels, respectively.  

 
 
 
 
 
 
Table 4.30: Percentage of total storms reaching minimum SLP within the US East region 
categorized as strong, moderate, and weak, defined by minimum SLP reached during the 
lifetime of a storm, for C5 S0 in current and future climates. 
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Table 4.31: Median deepening rates (hPa/6-hr) and p-values for all storms reaching peak 
intensity within the US East region from C5 S0. P-values are reported from the two-tailed 
(TT), right-tailed (RT), and left-tailed (LT) Wilcoxon ranksum statistical significance tests. 
Bold values indicate statistical significance at the 95% confidence level. Italicized values 
indicate statistical significance at the 90% confidence level. 

 
 
 
 
 
 
Table 4.32: Skewness of the deepening rate (hPa/6-hr) distribution for all storms reaching 
peak intensity within the US East region for C5 S0 in current and future climates. Negative 
(positive) values indicate the distribution is spread more to the left (right). 

 
 
 
 
 
 
Table 4.33: Median filling rates (hPa/6-hr) and p-values for all storms reaching peak intensity 
within the US East region from C5 S0. P-values are reported from the two-tailed (TT), right-
tailed (RT), and left-tailed (LT) Wilcoxon ranksum statistical significance tests. Bold values 
indicate statistical significance at the 95% confidence level. Italicized values indicate 
statistical significance at the 90% confidence level. 
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Table 4.34: Skewness of the fillig rate (hPa/6-hr) distribution for all storms reaching peak 
intensity within the US East region for C5 S0 in current and future climates. Negative 
(positive) values indicate the distribution is spread more to the left (right). 

 
 
 
 
 
 
Table 4.35: Summary or the results for shifts in strength and skewness of deepening and 
filling rates (hPa/6-hr) of all storms reaching peak intensity within the US East region. Bold 
and italicized cells under the “Strength Shift” column indicate the shift is statistically 
significant at the 95% and 90% confidence levels, respectively.  
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Table 4.36: Median minimum SLP values (in hPa) and p-values for all storms reaching peak 
intensity within the US East region for C5 S0. P-values are reported from the two-tailed 
(TT), right-tailed (RT), and left-tailed (LT) Wilcoxon ranksum statistical significance tests. 
Bold values indicate statistical significance at the 95% confidence level. Italicized values 
indicate statistical significance at the 90% confidence level. 

 
 
 
 
 
 
Table 4.37: Median maximum vorticity values (in CVU) and p-values for all storms reaching 
peak intensity within the US East region for C5 S0. P-values are reported from the two-tailed 
(TT), right-tailed (RT), and left-tailed (LT) Wilcoxon ranksum statistical significance tests. 
Bold values indicate statistical significance at the 95% confidence level. Italicized values 
indicate statistical significance at the 90% confidence level. 

 
 
 
 
 
 
Table 4.38: Skewness of the maximum vorticity (CVU) distribution for all storms reaching 
peak intensity within the US East region for C5 S0 in current and future climates. Negative 
(positive) values indicate the distribution is spread more to the left (right). 
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Table 4.39: Summary or the results for shifts in strength of the minimum SLP (hPa) reached 
during the lifetime of a storm and shifts in strength and skewness of the maximum vorticity 
(CVU) reached during the lifetime of a storm for all storms reaching peak intensity within 
the US East region. Bold and italicized cells under the Strength Shift column indicate the 
shift is statistically significant at the 95% and 90% confidence levels, respectively.  
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Table 4.40: Number of storms used to generate storm relative composites for current and 
future climates at the time of peak intensity, 12 hours prior to peak intensity, and 24 hours 
prior to peak intensity for strong and moderate storms reaching peak intensity within the 
storm track region. 

 
 
 
 
 
 
Table 4.41: Minimum SLP (hPa) and minimum SLP perturbation for current and future 
climates and difference in minimum SLP (hPa) and minimum SLP perturbation between 
future and current climates for 24 hours prior to peak intensity, 12 hours prior to peak 
intensity, and at the time of peak intensity for strong storms occurring within the storm track 
region. 
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Table 4.42: Absolute and percent changes in average and maximum values over the 
compositing area between future and current climates for strong storms, 24 hours prior to 
peak intensity, occurring within the storm track region. 
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Table 4.43: Absolute and percent changes in average and maximum values over the 
compositing area between future and current climates for strong storms, 12 hours prior to 
peak intensity, occurring within the storm track region. 
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Table 4.44: Absolute and percent changes in average and maximum values over the 
compositing area between future and current climates for strong storms, at the time of peak 
intensity, occurring within the storm track region. 
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Table 4.45: Average percent changes in average and maximum values over the compositing 
area between future and current climates for strong storms occurring within the storm track 
region. 
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Table 4.46: Minimum SLP (hPa) and minimum SLP perturbation for current and future 
climates and difference in minimum SLP (hPa) and minimum SLP perturbation between 
future and current climates for 24 hours prior to peak intensity, 12 hours prior to peak 
intensity, and at the time of peak intensity for moderate storms occurring within the storm 
track region. 
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Table 4.47: Absolute and percent changes in average and maximum values over the 
compositing are between future and current climates for moderate storms, 24 hours prior to 
peak intensity, occurring within the storm track region. 
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Table 4.48: Absolute and percent changes in area-average and maximum values between 
future and current climates for moderate storms, 12 hours prior to peak intensity, occurring 
within the storm track region. 
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Table 4.49: Absolute and percent changes in area-average and maximum values between 
future and current climates for moderate storms, at the time of peak intensity, occurring 
within the storm track region. 
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Table 4.50: Average percent changes in area-average and maximum values between future 
and current climates for moderate storms occurring within the storm track region. 
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Figure 4.1: (a) Total number of tracks identified by MCMS for current (dark blue) and future 
(light blue) climates and (b) percent changes in number of tracks between current and future 
climates for C3 S0, C5 S0, C3 S7, C5 S7. 
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Figure 4.2: Current climate track density (number of cyclone tracks per 1ºx1º area) for (a) C3 
S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. (b), (d), (f), (h) as in (a), (c), (e), (g), but for a future 
climate. Contours are shaded every 1 count. Areas with topography exceeding 1 km or track 
counts exceeding 35 are masked. 
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Figure 4.3: Changes in track density (future minus current) for (a) C3 S0, (b) C5 S0, (c) C3 
S7, and (d) C5 S7. Warm (cool) colors indicate an increase (decrease) in track density in the 
future. Units are number of cyclones per 1ºx1º box (~12,000 km2) and contours are shaded 
every 1 unit. Areas with topography exceeding 1 km or track counts exceeding 35 are 
masked. 
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Figure 4.4: Relative frequency histograms of cyclone deepening rates (hPa/6-hr) for all 
storms within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. Relative 
frequency difference histograms of cyclone deepening rates (hPa/6-hr) for (b) C3 S0, (d) C5 
S0, (f) C3 S7, and (h) C5 S7. Deepening rate is binned every 1 hPa/6-hr. 
 

n_cur = 4390 
n_fut = 3642 



 

 154 

 

 
Figure 4.5: Relative frequency histograms of cyclone filling rates (hPa/6-hr) for all storms 
within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. Relative 
frequency difference histograms of cyclone filling rates (hPa/6-hr) for (b) C3 S0, (d) C5 S0, 
(f) C3 S7, and (h) C5 S7. Filling rate is binned every 1 hPa/6-hr. 
 

n_cur = 4390 
n_fut = 3642 
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Figure 4.6: (a) Total number of centers identified by MCMS that were connected to a cyclone 
track for C3 S0, C5 S0, C3 S7, C5 S7 for current (dark blue) and future (light blue) climates 
and (b) percent changes in number of tracked centers between current and future climates.  
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Figure 4.7: Relative frequency histograms of cyclone lifetime (days) for all storms within the 
model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. Relative frequency 
difference histograms of cyclone lifetime (days) for (b) C3 S0, (d) C5 S0, (f) C3 S7, and (h) 
C5 S7. Cyclone lifetime is binned every 1 day.  

n_cur = 4390 
n_fut = 3642 
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Figure 4.8: Relative frequency difference histograms of sea-level pressure (SLP) (in hPa) for 
all storms within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. 
Relative frequency difference histograms of sea-level pressure (SLP) (in hPa) for (b) C3 S0, 
(d) C5 S0, (f) C3 S7, and (h) C5 S7. SLP is binned every 5 hPa. 
 

n_cur = 4390 
n_fut = 3642 
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Figure 4.9: Relative frequency difference histograms of sea-level pressure (SLP) (in hPa) for 
strong storms within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. 
Relative frequency difference histograms of sea-level pressure (SLP) (in hPa) for (b) C3 S0, 
(d) C5 S0, (f) C3 S7, and (h) C5 S7. SLP is binned every 5 hPa. 
 

n_cur = 221 
n_fut = 237 
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Figure 4.10: Relative frequency difference histograms of sea-level pressure (SLP) (in hPa) 
for moderate storms within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 
S7. Relative frequency difference histograms of sea-level pressure (SLP) (in hPa) for (b) C3 
S0, (d) C5 S0, (f) C3 S7, and (h) C5 S7. SLP is binned every 5 hPa. 
 

n_cur = 3941 
n_fut = 3224 
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Figure 4.11: Relative frequency difference histograms of sea-level pressure (SLP) (in hPa) 
for weak storms within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. 
Relative frequency difference histograms of sea-level pressure (SLP) (in hPa) for (b) C3 S0, 
(d) C5 S0, (f) C3 S7, and (h) C5 S7. SLP is binned every 1 hPa. 
  

n_cur = 228 
n_fut = 181 
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Figure 4.12: Difference in time-averaged SLP (future minus current) for C5 S7 with contours 
shaded every 1 hPa. This pattern in similar across all experiments (not shown). 
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Figure 4.13: Relative frequency difference histograms of vorticity (CVU) for all storms 
within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. Relative 
frequency difference histograms of vorticity (CVU) for (b) C3 S0, (d) C5 S0, (f) C3 S7, and 
(h) C5 S7. Vorticity is binned every 2.5 CVU for C3 S0 and C5 S0 and every 0.5 CVU for 
C3 S7 and C5 S7.  

n_cur = 4390 
n_fut = 3642 
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Figure 4.14: Relative frequency difference histograms of vorticity (CVU) for strong storms 
within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. Relative 
frequency difference histograms of vorticity (CVU) for (b) C3 S0, (d) C5 S0, (f) C3 S7, and 
(h) C5 S7. Vorticity is binned every 1 CVU for C3 S0 and C5 S0 and every 0.2 CVU for C3 
S7 and C5 S7. 
 

n_cur = 221 
n_fut = 237 
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Figure 4.15: Relative frequency difference histograms of vorticity (CVU) for moderate 
storms within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. Relative 
frequency difference histograms of vorticity (CVU) for (b) C3 S0, (d) C5 S0, (f) C3 S7, and 
(h) C5 S7. Vorticity is binned every 2 CVU for C3 S0 and C5 S0 and every 0.2 CVU for C3 
S7 and C5 S7. 
  

n_cur = 3941 
n_fut = 3224 
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Figure 4.16: Relative frequency difference histograms of vorticity (CVU) for weak storms 
within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. Relative 
frequency difference histograms of vorticity (CVU) for (b) C3 S0, (d) C5 S0, (f) C3 S7, and 
(h) C5 S7. Vorticity is binned every 0.1 CVU for all experiments. 
  

n_cur = 228 
n_fut = 181 
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Figure 4.17: Relative frequency difference histograms of SLP perturbation (hPa) for all 
storms within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. Relative 
frequency difference histograms of SLP perturbation (hPa) for (b) C3 S0, (d) C5 S0, (f) C3 
S7, and (h) C5 S7. SLP perturbation is binned every 5 hPa. 
 

n_cur = 4390 
n_fut = 3642 
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Figure 4.18: Relative frequency difference histograms of SLP perturbation (hPa) for strong 
storms within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. Relative 
frequency difference histograms of SLP perturbation (hPa) for (b) C3 S0, (d) C5 S0, (f) C3 
S7, and (h) C5 S7. SLP perturbation is binned every 2 hPa. 
  

n_cur = 221 
n_fut = 237 
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Figure 4.19: Relative frequency difference histograms of SLP perturbation (hPa) for 
moderate storms within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. 
Relative frequency difference histograms of SLP perturbation (hPa) for (b) C3 S0, (d) C5 S0, 
(f) C3 S7, and (h) C5 S7. SLP perturbation is binned every 2 hPa. 
 

n_cur = 3941 
n_fut = 3224 
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Figure 4.20: Relative frequency difference histograms of SLP perturbation (hPa) for weak 
storms within the model domain for (a) C3 S0, (c) C5 S0, (e) C3 S7, and (g) C5 S7. Relative 
frequency difference histograms of SLP perturbation (hPa) for (b) C3 S0, (d) C5 S0, (f) C3 
S7, and (h) C5 S7. SLP perturbation is binned every 2 hPa. 
  

n_cur = 228 
n_fut = 181 
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Figure 4.21: Main storm track region (black), area of track density increase (red), area of 
track density decrease (blue), British Isles (green), and eastern coast of the United States 
(purple). 
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Figure 4.22: Percent changes between current and future climates in the number of tracks 
counted by any point occurring within a region for C5 S0 (blue) and C5 S7 (red).  
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Figure 4.23: Difference in track density (future minus current) for (a) C5 S0 and (b) C5 S7 
with US East and BI regions outlined in black. Units are number of cyclones per 1ºx1º box 
(~12,000 km2) and contours are shaded every 1 unit. Areas of topography over 1 km and 
grids with cyclone counts >35 are masked. 
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Figure 4.24: Percent changes between current and future climates for number of tracks 
counted by any point (dark blue), the minimum SLP (light blue), the maximum vorticity 
(yellow), and the minimum SLP perturbation (red) occurring within a region for (a) C5 S0 
and (b) C5 S7. Statistical significance, shown in Tables 4.16-4.18, is indicated by an * for 
significance at 95% confidence level and a º for significance at the 90% confidence level. 
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Figure 4.25: Storm tracks for strong cyclones as indicated by the 95th percentile of maximum 
vorticity in Table 4.8 for (a) C5 S0 and (b) C5 S7.  
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Figure 4.26: Tracks of strong storms reaching (a)-(b) minimum SLP, (c)-(d) maximum 
vorticity, and (e)-(f) minimum SLP perturbation within the storm track region in C5 S0 (left) 
and C5 S7 (right) experiments. 
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Figure 4.27: Tracks of weak storms reaching (a)-(b) minimum SLP, (c)-(d) maximum 
vorticity, and (e)-(f) minimum SLP perturbation within the storm track region in C5 S0 (left) 
and C5 S7 (right) experiments. 
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Figure 4.28: Tracks of moderate storms reaching (a)-(b) minimum SLP, (c)-(d) maximum 
vorticity, and (e)-(f) minimum SLP perturbation within the storm track region in C5 S0 (left) 
and C5 S7 (right) experiments. 
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Figure 4.29: Tracks of strong storms reaching minimum SLP within the storm track region 
for C5 S0 in (a) current and (b) future climates. 
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Figure 4.30:	   Track density (number of cyclone tracks per 1ºx1º area) of strong storms 
reaching minimum SLP within the storm track region for (a) current, (b) future, and (c) 
future minus current climates. Warm (cool) colors in (c) indicate an increase (decrease) in 
future track density.  Units are number of cyclones per 1ºx1º box (~12,000 km2) and contours 
are shaded every 1 unit in (a) and (b) and every 0.5 unit in (c). Areas of topography over 1 
km and grids with cyclone counts >35 are masked. 
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Figure 4.31: Tracks of moderate storms reaching minimum SLP within the storm track region 
for C5 S0 in (a) current and (b) future climates. 
 
 
  



 

 181 

 
Figure 4.32: Track density (number of cyclone tracks per 1ºx1º area) of moderate storms 
reaching minimum SLP within the storm track region for (a) current, (b) future, and (c) 
future minus current climates. Warm (cool) colors in (c) indicate an increase (decrease) in 
future track density.  Units are number of cyclones per 1ºx1º box (~12,000 km2) and contours 
are shaded every 1 unit in (a) and (b) and every 0.5 unit in (c). Areas of topography over 1 
km and grids with cyclone counts >35 are masked. 
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Figure 4.33: Tracks of weak storms reaching minimum SLP within the storm track region for 
C5 S0 in (a) current and (b) future climates. 
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Figure 4.34: Track density (number of cyclone tracks per 1ºx1º area) of weak storms 
reaching minimum SLP within the storm track region for (a) current, (b) future, and (c) 
future minus current climates. Warm (cool) colors in (c) indicate an increase (decrease) in 
future track density.  Units are number of cyclones per 1ºx1º box (~12,000 km2) and contours 
are shaded every 1 unit in (a) and (b) and every 0.5 unit in (c). Areas of topography over 1 
km and grids with cyclone counts >35 are masked. 
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Figure 4.35: Relative frequency histograms of cyclone (a) deepening rates (hPa/6-hr) and (c) 
filling rates (hPa/6-hr) for strong storms reaching peak intensity within the storm track region 
for C5 S0. Relative frequency difference histograms (future minus current) of cyclone (b) 
deepening rates (hPa/6-hr)) and (d) filling rates (hPa/6-hr). Deepening and filling rate is 
binned every 1 hPa/6-hr. 
 
 
  

n_cur = 59 
n_fut = 67 
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Figure 4.36: Relative frequency histograms of cyclone (a) deepening rates (hPa/6-hr) and (c) 
filling rates (hPa/6-hr) for moderate storms reaching peak intensity within the storm track 
region for C5 S0. Relative frequency difference histograms (future minus current) of cyclone 
(b) deepening rates (hPa/6-hr)) and (d) filling rates (hPa/6-hr). Deepening and filling rate is 
binned every 1 hPa/6-hr. 
 
 
  

n_cur = 1057 
n_fut = 988 
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Figure 4.37: Relative frequency histograms of cyclone (a) deepening rates (hPa/6-hr) and (c) 
filling rates (hPa/6-hr) for weak storms reaching peak intensity within the storm track region 
for C5 S0. Relative frequency difference histograms (future minus current) of cyclone (b) 
deepening rates (hPa/6-hr)) and (d) filling rates (hPa/6-hr). Deepening and filling rate is 
binned every 1 hPa/6-hr. 
 
 
  

n_cur = 59 
n_fut = 58 
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Figure 4.38: Relative frequency histograms of (a) minimum SLP (hPa) and (b) maximum 
vorticity (CVU) and relative frequency difference histograms of (c) minimum SLP (hPa) and 
(d) maximum vorticity (CVU) reached during the lifetime of a storm for strong storms 
reaching peak intensity within the storm track region for C5 S0. SLP is binned every 5 hPa 
and vorticity is binned every 1 CVU. 
 
 
  

n_cur = 59 
n_fut = 67 
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Figure 4.39: Relative frequency histograms of (a) minimum SLP (hPa) and (b) maximum 
vorticity (CVU) and relative frequency difference histograms of (c) minimum SLP (hPa) and 
(d) maximum vorticity (CVU) reached during the lifetime of a storm for moderate storms 
reaching peak intensity within the storm track region for C5 S0. SLP is binned every 5 hPa 
and vorticity is binned every 1 CVU. 
 
 
  

n_cur = 1057 
n_fut = 988 
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Figure 4.40: Relative frequency histograms of (a) minimum SLP (hPa) and (b) maximum 
vorticity (CVU) and relative frequency difference histograms of (c) minimum SLP (hPa) and 
(d) maximum vorticity (CVU) reached during the lifetime of a storm for weak storms 
reaching peak intensity within the storm track region for C5 S0. SLP is binned every 5 hPa 
and vorticity is binned every 1 CVU. 
  

n_cur = 59 
n_fut = 58 
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Figure 4.41: Time-averaged Eady growth rate (1/day) for (a) current, (b) future, and (c) 
difference between future and current climates. Contours are shaded every 0.05 1/day in (a) 
and (b) and every 0.025 1/day in (c).  
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Figure 4.42: As in Figure 4.41c with the main storm track region outline in black. 
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Figure 4.43: Tracks of all storms reaching minimum SLP within the US East region for C5 
S0 in (a) current and (b) future climates. 
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Figure 4.44: Track density (number of cyclone tracks per 1ºx1º area) of all storms reaching 
minimum SLP within the US East region for (a) current, (b) future, and (c) future minus 
current climates. Warm (cool) colors in (c) indicate an increase (decrease) in future track 
density.  Units are number of cyclones per 1ºx1º box (~12,000 km2) and contours are shaded 
every 1 unit in (a) and (b) and every 0.5 unit in (c). Areas of topography over 1 km and grids 
with cyclone counts >35 are masked in (a) and (b), but not in (c). 
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Figure 4.45: Relative frequency histograms of cyclone (a) deepening rates (hPa/6-hr) and (c) 
filling rates (hPa/6-hr) for all storms reaching peak intensity within the US East region for C5 
S0. Relative frequency difference histograms (future minus current) of cyclone (b) deepening 
rates (hPa/6-hr)) and (d) filling rates (hPa/6-hr). Deepening and filling rate is binned every 1 
hPa/6-hr. 
 
 
  

n_cur = 183 
n_fut = 163 
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Figure 4.46: Relative frequency histograms of (a) minimum SLP (hPa) and (c) maximum 
vorticity (CVU) and relative frequency difference histograms of (c) minimum SLP (hPa) and 
(d) maximum vorticity (CVU) reached during the lifetime of a storm for all storms reaching 
peak intensity within the US East region for C5 S0. SLP is binned every 5 hPa and vorticity 
is binned every 1 CVU. 
 
 
 
 
 
 
 

n_cur = 183 
n_fut = 163 
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Figure 4.47: Storm-relative composite analysis of SLP (hPa; black contours) and total 10-m 
wind (m/s; fill) of strong storms within the storm track region for (a)-(c) current, (d)-(f) 
future, and (g)-(i) difference between future and current climates at 24 hours prior to peak 
intensity (left), 12 hours prior to peak intensity (middle), and time of peak intensity (right). 
SLP is contoured every 2 hPa and 10-m wind is shaded every 1 m/s. Distances from the 
storm center (grid points) are shown on the x- and y-axes. 25 grid points corresponds to 
roughly 500 km. In (g)-(i), the composite storm center is represented by an asterisk. 
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Figure 4.48: Average location of cyclone center for strong storms within the storm track 
region at 24 hours prior to peak intensity (position 1), 12 hours prior to peak intensity 
(position 2), and the time of peak intensity (position 3) relative to the time-averaged sea-level 
pressure field (hPa; fill) for (a) current and (b) future climates. Sea-level pressure is shaded 
every 2 hPa. 
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Figure 4.49: Storm-relative composite analysis of total 850-hPa wind speed (m/s; fill) of 
strong storms within the storm track region for (a)-(c) current, (d)-(f) future, and (g)-(i) 
difference between future and current climates at 24 hours prior to peak intensity (left), 12 
hours prior to peak intensity (middle), and time of peak intensity (right). Contours are shaded 
every 1 m/s. Distances from the storm center (grid points) are shown on the x- and y-axes. 25 
grid points corresponds to roughly 500 km. In all panels, the composite storm center is 
represented by an asterisk.  
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Figure 4.50: Storm-relative composite analysis of 850-hPa temperature advection (K/s) of 
strong storms within the storm track region for (a)-(c) current, (d)-(f) future, and (g)-(i) 
difference between future and current climates at 24 hours prior to peak intensity (left), 12 
hours prior to peak intensity (middle), and time of peak intensity (right). Contours are shaded 
every 5x10-5 K/s. Distances from the storm center (grid points) are shown on the x- and y-
axes. 25 grid points corresponds to roughly 500 km. In all panels, the composite storm center 
is represented by an asterisk.  
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Figure 4.51: Storm-relative composite analysis of 6-hourly precipitation (mm/6-hr) of strong 
storms within the storm track region for (a)-(c) current, (d)-(f) future, and (g)-(i) difference 
between future and current climates at 24 hours prior to peak intensity (left), 12 hours prior 
to peak intensity (middle), and time of peak intensity (right). Contours are shaded every 0.5 
mm. Distances from the storm center (grid points) are shown on the x- and y-axes. 25 grid 
points corresponds to roughly 500 km. In all panels, the composite storm center is 
represented by an asterisk.  
  



 

 201 

 
Figure 4.52: Storm-relative composite analysis of 900-700 hPa layer average potential 
vorticity (PV, PVU) of strong storms within the storm track region for (a)-(c) current, (d)-(f) 
future, and (g)-(i) difference between future and current climates at 24 hours prior to peak 
intensity (left), 12 hours prior to peak intensity (middle), and time of peak intensity (right). 
Contours are shaded every 0.1 PVU in (a)-(f) and 0.05 PVU in (g)-(i). Distances from the 
storm center (grid points) are shown on the x- and y-axes. 25 grid points corresponds to 
roughly 500 km. In all panels, the composite storm center is represented by an asterisk.  
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Figure 4.53: Storm-relative composite analysis of SLP (hPa; black contours) and θ'2-m (K; 
fill) of strong storms within the storm track region for (a)-(c) current, (d)-(f) future, and (g)-
(i) difference between future and current climates at 24 hours prior to peak intensity (left), 12 
hours prior to peak intensity (middle), and time of peak intensity (right). SLP is contoured 
every 2 hPa and θ'2-m contours are shaded every 0.5 K in (a)-(f) and every 0.25 K in (g)-(i). 
Distances from the storm center (grid points) are shown on the x- and y-axes. 25 grid points 
corresponds to roughly 500 km. In (g)-(i), the composite storm center is represented by an 
asterisk. 
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Figure 4.54: Storm-relative composite analysis of 850-hPa heat flux (v’T’, K-m/s) of strong 
storms within the storm track region for (a)-(c) current, (d)-(f) future, and (g)-(i) difference 
between future and current climates at 24 hours prior to peak intensity (left), 12 hours prior 
to peak intensity (middle), and time of peak intensity (right). Contours are shaded every 5 K-
m/s. Distances from the storm center (grid points) are shown on the x- and y-axes. 25 grid 
points corresponds to roughly 500 km. In all panels, the composite storm center is 
represented by an asterisk.  
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Figure 4.55: Storm-relative composite analysis of 850-hPa moisture flux (v’q’, kg-m/kg-s) of 
strong storms within the storm track region for (a)-(c) current, (d)-(f) future, and (g)-(i) 
difference between future and current climates at 24 hours prior to peak intensity (left), 12 
hours prior to peak intensity (middle), and time of peak intensity (right). Contours are shaded 
every .005 kg-m/kg-s. Distances from the storm center (grid points) are shown on the x- and 
y-axes. 25 grid points corresponds to roughly 500 km. In all panels, the composite storm 
center is represented by an asterisk.  
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Figure 4.56: Average location of cyclone center for moderate storms within the storm track 
region at 24 hours prior to peak intensity (position 1), 12 hours prior to peak intensity 
(position 2), and the time of peak intensity (position 3) relative to the time-averaged sea-level 
pressure field (hPa; fill) for (a) current and (b) future climates. Sea-level pressure is shaded 
every 2 hPa. 
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Figure 4.57: Storm-relative composite analysis of 6-hourly precipitation (mm/6-hr) of 
moderate storms within the storm track region for (a)-(c) current, (d)-(f) future, and (g)-(i) 
difference between future and current climates at 24 hours prior to peak intensity (left), 12 
hours prior to peak intensity (middle), and time of peak intensity (right). Contours shaded 
every 0.5 mm in (a)-(f) and every 0.25 mm in (g)-(i). Distances from the storm center (grid 
points) are shown on the x- and y-axes. 25 grid points corresponds to roughly 500 km. In all 
panels, the composite storm center is represented by an asterisk.  
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Figure 4.58: Storm-relative composite analysis of 900-700 hPa layer average potential 
vorticity (PV, PVU) of moderate storms within the storm track region for (a)-(c) current, (d)-
(f) future, and (g)-(i) difference between future and current climates at 24 hours prior to peak 
intensity (left), 12 hours prior to peak intensity (middle), and time of peak intensity (right). 
Contours are shaded every 0.1 PVU in (a)-(f) and 0.05 PVU in (g)-(i). Distances from the 
storm center (grid points) are shown on the x- and y-axes. 25 grid points corresponds to 
roughly 500 km. In all panels, the composite storm center is represented by an asterisk.  
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Figure 4.59: Storm-relative composite analysis of SLP (hPa; black contours) and θ'2-m (K; 
fill) of moderate storms within the storm track region for (a)-(c) current, (d)-(f) future, and 
(g)-(i) difference between future and current climates at 24 hours prior to peak intensity 
(left), 12 hours prior to peak intensity (middle), and time of peak intensity (right). SLP is 
contoured every 2 hPa and θ'2-m contours are shaded every 0.5 K in (a)-(f) and every 0.25 K 
in (g)-(i). Distances from the storm center (grid points) are shown on the x- and y-axes. 25 
grid points corresponds to roughly 500 km. In (g)-(i), the composite storm center is 
represented by an asterisk. 
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Figure 4.60: Storm-relative composite analysis of SLP (hPa; black contours) and total 10-m 
wind (m/s; fill) of moderate storms within the storm track region for (a)-(c) current, (d)-(f) 
future, and (g)-(i) difference between future and current climates at 24 hours prior to peak 
intensity (left), 12 hours prior to peak intensity (middle), and time of peak intensity (right). 
SLP is contoured every 2 hPa and 10-m wind is shaded every 1 m/s in (a)-(f) and every 0.25 
m/s in (g)-(h). Distances from the storm center (grid points) are shown on the x- and y-axes. 
25 grid points corresponds to roughly 500 km. In (g)-(i), the composite storm center is 
represented by an asterisk.  
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Figure 4.61: Storm-relative composite analysis of total 850-hPa wind speed (m/s; fill) of 
moderate storms within the storm track region for (a)-(c) current, (d)-(f) future, and (g)-(i) 
difference between future and current climates at 24 hours prior to peak intensity (left), 12 
hours prior to peak intensity (middle), and time of peak intensity (right). Contours are shaded 
every 1 m/s in (a)-(f) and every 0.25 m/s in (g)-(i). Distances from the storm center (grid 
points) are shown on the x- and y-axes. 25 grid points corresponds to roughly 500 km. In all 
panels, the composite storm center is represented by an asterisk.  
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Figure 4.62: Storm-relative composite analysis of 850-hPa temperature advection (K/s) of 
moderate storms within the storm track region for (a)-(c) current, (d)-(f) future, and (g)-(i) 
difference between future and current climates at 24 hours prior to peak intensity (left), 12 
hours prior to peak intensity (middle), and time of peak intensity (right). Contours are shaded 
every 5x10-5 K/s in (a)-(f) and every 1x10-5 K/s in (g)-(i). Distances from the storm center 
(grid points) are shown on the x- and y-axes. 25 grid points corresponds to roughly 500 km. 
In all panels, the composite storm center is represented by an asterisk.  
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Figure 4.63: Storm-relative composite analysis of 850-hPa heat flux (v’T’, K-m/s) of 
moderate storms within the storm track region for (a)-(c) current, (d)-(f) future, and (g)-(i) 
difference between future and current climates at 24 hours prior to peak intensity (left), 12 
hours prior to peak intensity (middle), and time of peak intensity (right). Contours are shaded 
every 5 K-m/s in (a)-(f) and every 2.5 K-m/s in (g)-(i). Distances from the storm center (grid 
points) are shown on the x- and y-axes. 25 grid points corresponds to roughly 500 km. In all 
panels, the composite storm center is represented by an asterisk.  
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Figure 4.64: Storm-relative composite analysis of 850-hPa moisture flux (v’q’, kg-m/kg-s) of 
moderate storms within the storm track region for (a)-(c) current, (d)-(f) future, and (g)-(i) 
difference between future and current climates at 24 hours prior to peak intensity (left), 12 
hours prior to peak intensity (middle), and time of peak intensity (right). Contours are shaded 
every .005 kg-m/kg-s in (a)-(f) and every 0.0025 kg-m/kg-s in (g)-(i). Distances from the 
storm center (grid points) are shown on the x- and y-axes. 25 grid points corresponds to 
roughly 500 km. In all panels, the composite storm center is represented by an asterisk.  
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5. Summary and Conclusions 

A considerable number of studies have been conducted which examine changes in the 

frequency and intensity of extratropical cyclones due to climate change (e.g. Feser et al. 

2014). A fairly consistent result concerning changes in extratropical cyclones highlights the 

overall reduction of cyclone activity throughout the Northern Hemisphere during the winter 

(e.g. Lambert 1995; Geng and Sugi 2003; Bengtsson et al. 2006; Chang et al. 2012). This 

reduction has been attributed to changes in low-level baroclinicity (e.g. Geng and Sugi 2003; 

McDonald 2011; Mizuta et al. 2011) and more efficient poleward heat transport (e.g. Zhang 

and Wang 1997; Bengtsson et al. 2006). Other regional changes, such as enhanced activity 

over the northeast North Atlantic and a decrease in storms over the Mediterranean region, 

have also been noted (e.g. Ulbrich et al. 2008; Pinto et al. 2009; Catto et al. 2011; Zappa et 

al. 2013). Changes in the intensity of extratropical cyclones are sensitive to the metric of 

intensity used and therefore, are less clear. Several studies show cyclones in warmer climates 

will be associated with lower sea-level pressures and more intense precipitation (e.g. 

Champion et al. 2011; Mizuta 2012), while others report a decrease in vorticity and near-

surface wind speed (Chang et al. 2012; Zappa et al. 2013). 

 The majority of previous modeling studies have been conducted using relatively 

coarse resolution, which may not fully be resolving diabatic processes, thus underestimating 

the impacts of global warming on extratropical cyclones (Willison et al. 2013; Willison et al. 

2015). Furthermore, while several studies have investigated how climate change affects the 

most intense storms (e.g. Sinclair and Watterson 1999; Chang 2014), few have examined 

changes across multiple intensity regimes. Therefore, to aid in the reconciliation of 
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conflicting results throughout the literature concerning changes in cyclone intensity and 

expand on previous work, this study analyzes high-resolution simulations to focus on the 

changes in the frequency, intensity, and storm-scale dynamics of a broad spectrum of storms 

with the aim of improving the understanding of how extratropical cyclones are impacted by 

climate change. 

 A case study of the Superstorm of 1993 (SS93), presented in Chapter 3, showed that 

if this storm were to occur in a future climate, it would be associated with increased rainfall 

and exhibit an eastward track shift, which matched expectations based on previous studies 

(e.g. Colle et al. 2013; Marciano et al. 2015). Conversely, if SS93 had occurred 100 years 

ago, it would have tracked farther westward and produced slightly less rain, but more snow. 

The intensity of SS93, however, showed a decrease in both past and future simulations.  

 It is unclear if the changes exhibited by SS93 due to warming would hold true for a 

wider range of systems; a single case, especially an exceptional one, cannot be used to reach 

general conclusions. Therefore, to assess changes in extratropical cyclones in a broader 

context, this study analyzes present-day and pseudo-global warming (PGW) high-resolution 

simulations based on the IPCC CMIP3 AR4 A2 (Meehl et al. 2007) and CMIP5 RCP 8.5 

(Taylor et al. 2012) scenarios of ten winter seasons over the North Atlantic region (Cipullo et 

al. 2013; Willison et al. 2015).  

It is important to note that the PGW technique used in this study assumes a similar 

character of synoptic variability on the lateral model domain boundaries in the current and 

future simulations.  However, it is unclear if a future climate would be conducive to the same 

types of synoptic variability seen today. Additionally, constraining the boundary conditions 
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of the model can exert an influence on the position of the North Atlantic storm track within 

the domain. Therefore, the poleward shift in storm track discussed in several studies (e.g. Yin 

2005; Chang et al. 2012), while evident in our simulations, is limited in extent. Furthermore, 

this technique guarantees that the same upper-level triggers for cyclone development will be 

available at from the upstream boundary of the domain. However, once triggered, the 

disturbances within the domain are allowed to dynamically progress throughout the 

simulation; therefore, despite the caveats discussed above, the PGW approach allows for a 

controlled simulation isolating the effects on extratropical cyclones due to altered 

thermodynamics with warming (Lackmann 2013; Willison et al. 2015).  

The seasonal simulations were conducted using the WRF model with a horizontal 

grid spacing of 20 km to ensure that storm-scale features which are affected by latent heat 

release, for example, are adequately resolved (Willison et al. 2013). Cyclones were tracked 

as minima in SLP using the MCMS Lagrangian tracking algorithm (Bauer and Del Genio 

2006). To assess changes within the North Atlantic region, cyclone tracks occurring within 

specified sub-regions were identified. Additionally, cyclones were categorized as strong, 

moderate, or weak based on 5th and 95th percentile thresholds of minimum SLP, maximum 

vorticity, and minimum SLP perturbation. Storm-relative composites of various fields were 

generated to explore changes in storm dynamics.  

For reasons discussed in section 4.2.2, extensive analysis was done for the C5 S0 

experiment categorizing the strength of cyclones based on minimum SLP within the North 

Atlantic storm track; therefore, those results will be discussed here. It has been shown that 

changes in the background sea-level pressure field can influence the central pressure of 
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cyclones and therefore, is not necessarily an accurate measure of intensity (e.g. Bengtsson et 

al. 2009; Chang 2014). Therefore, minimum SLP of cyclones is compared to maximum 

vorticity and minimum SLP perturbation to help alleviate this issue.  

Consistent with previous work, the number of cyclones occurring throughout the 

domain decreases significantly. Sub-regional changes include enhanced cyclone activity in 

the northeast North Atlantic and immediately to the east of the US East Coast, as well as 

reduced activity in the southwest North Atlantic, over the western Mediterranean region, and 

throughout the main North Atlantic storm track (Figure 4.3b). This increase in activity in the 

northeast portion of the storm track, along with a decrease to the southwest, suggests a slight 

poleward shift in the North Atlantic storm track. 

Moderate storms within the main storm track region exhibit lower minimum SLPs, 

but weaker maximum vorticities. Weak storms within the storm track region, however, 

display reduced intensity of both minimum SLP and maximum vorticity. Furthermore, while 

strong storms within the storm track region show weaker maximum vorticities, no evidence 

is seen for changes in minimum SLP. This suggests that changes in the intensity exhibited by 

storms within a certain strength regime cannot be applied to storms of all intensities.  

While these shifts in intensity are statistically significant for some intensity measures 

and regimes, the changes are relatively small (on the order of ~1-3 hPa for minimum SLP 

and less than 1 CVU for maximum vorticity) and thus, may not hold practical importance. 

However, due to the potential for compensating processes, little alteration in storm strength 

does not necessarily imply that the dynamics of storms will remain the same with warming. 
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Therefore, storm-relative composites of strong and moderate storms within the North 

Atlantic storm track were generated to examine changes in storm-scale dynamics. 

Composites of strong storms within the North Atlantic storm track show that while 

these systems strengthen more rapidly in a future climate, they exhibit weaker central SLPs 

and SLP perturbations. Furthermore, the total 10-m and 850-hPa wind speeds associated with 

strong storms are shown to decrease in the future, implying a weaker cyclonic circulation. 

This decrease in intensity could be related to the position of future strong storms over an area 

of lower background SLP and reduced background SLP gradient (Figure 4.46). 

Given that moderate storms in the future are also located over an area of lower 

background SLP (Figure 4.54), it is unsurprising that the composite of moderate storms in a 

future climate exhibits lower central pressures compared to its current climate counterpart. 

The SLP perturbations of moderate storms, however, are very similar between current and 

future climates, indicating a very small change in the intensity of these systems due to 

warming. Composites of the total 10-m and 850-hPa winds show increases in the cyclonic 

circulation of moderate storms, which is consistent with future storms being located over a 

region of enhanced gradient in the background SLP field (Figure 4.54). 

Changes in maximum Eady growth rate over the 850-300 hPa layer compared to the 

changes in track density with warming are shown in Figure 5.1. Eady growth rate is a 

measure of baroclinicity, so while it is more correlated with the deepening of extratropical 

cyclones, it can be expected that an increase in cyclone activity would occur downstream of 

an increase in Eady growth rate. Figure 5.1 shows the southern portion of enhanced cyclone 

activity in the northeast North Atlantic does occur downstream of a region of increased 
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baroclinicity. Increased track density in north of ~50ºN, however, occurs downstream of an 

area of reduced Eady growth rate. This suggests that the area of enhanced cyclone activity in 

the northeast North Atlantic cannot be attributed to increases in baroclinicity; therefore, 

another mechanism, such enhanced latent heat release, must be contributing to the change.  

The composites of both strong and moderate storms show an increase in 6-hourly 

precipitation, which is consistent with the increase in moisture due to warming and stronger 

forcing for ascent due to an increase in 850-hPa temperature advection aided by enhanced 

850-hPa wind speed in the vicinity of the warm front. Increased precipitation results in 

enhanced latent heat release, which contributes to the strengthening of the 900-700 hPa layer 

average potential vorticity (PV) shown for both strong and moderate cyclones (Figure 4.50 

and Figure 4.56). This increase in diabatic PV compensates for the reduction in the 2-m 

potential temperature anomaly seen for both intensity regimes (Figure 4.51 and Figure 4.57). 

Therefore, without the compensating effect of additional latent heat release enhancing the 

diabatic PV, strong and moderate storms would be even weaker in the future. This indicates 

that storms are more diabatically driven in a future climate, suggesting a potential shift 

towards Type C cyclones (Plant et al. 2003). As discussed in section 1.2.1, Type C cyclones 

rely on the generation of diabatic PV by latent heating for cyclone intensification (Figure 

1.2).  

The evidence presented here supporting enhanced Type C characteristics exhibited by 

extratropical cyclones with warming, along with the increase in cyclone activity in the 

eastern Atlantic, shown by Dacre and Gray (2009) to be a region conducive for Type C 
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cyclones, suggests an increase in diabatically driven extratropical cyclones with climate 

change. 

Factors affecting the frequency of extratropical cyclones include: changes in large-

scale baroclinicity due to polar amplification (e.g. Geng and Sugi 2003); more efficient 

poleward heat transport (e.g. Bengtsson et al. 2006); enhanced upper-level flow (Marciano et 

al. 2015) potentially altering the wave length of the most unstable disturbances; and, 

enhanced static stability reducing the Rossby penetration depth, thus limiting the interaction 

between upper- and lower-level disturbances.  

The Eady growth rate within our domain decreases by ~4%, suggesting an overall 

decrease in baroclinicity. However, this is a modest change and increases in baroclinicity are 

seen for portions of the storm track (Figure 4.42). Storm-relative composites of strong and 

moderate storms within the North Atlantic storm track show enhanced maximum poleward 

heat and moisture fluxes, indicating more efficient poleward transport by cyclones in a 

warmer climate. Given our experimental design with a regional domain, however, this 

mechanism is not likely to play a large role. Therefore, enhanced upper-level wind speeds or 

static stability are the most likely contributors to the reduction in extratropical cyclone 

activity within the North Atlantic storm track seen here. 

The main results of the present study are shown to be: 

• Overall reduced extratropical cyclone activity throughout the North Atlantic 

storm track due potentially to changes in upper-level flow and/or static 

stability; 
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• Enhanced (reduced) storm activity in the northeast (southwest) portion of the 

storm track indicating a slight poleward shift; 

• No practically significant changes in the intensity of extratropical cyclones; 

• Larger role of latent heat release in the intensification of extratropical 

cyclones in a warmer, moister climate. 

Unlike the intensity of extratropical cyclones, the impacts associated with these 

systems are becoming more severe with warming. For example, future storms are associated 

with more precipitation. This increase, along with enhanced cyclone activity over the 

northeast North Atlantic, could negatively impact areas such as the British Isles and Western 

Europe. Additionally, enhanced near-surface winds could increase the risk of wind damage 

associated with extratropical cyclones. Furthermore, an increase in wind speed, coupled with 

the projected rise in sea level, implies a higher risk of, as well as more damaging, storm 

surges.  

As shown by Willison et al. 2013 and Willison et al. 2015, coarse model resolutions 

are unable to fully adequately resolve diabatic feedbacks in the North Atlantic storm track. 

These processes are shown to play a larger role in the intensification of future storms; 

therefore, it is vital that climate models and future modeling studies be conducted at adequate 

resolutions to capture their full effects. 

Future work is needed to explore potential shifts in cyclone “type” with climate 

change by repeating the present analysis with cyclones categorized by type (Petterssen and 

Smebye 1971; Plant et al. 2003), rather than strength. Additional analysis is also needed to 

investigate the role of the upper-level PV anomaly in strong and moderate storms. 
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Furthermore, statistical significance of the dynamical changes shown in the storm-relative 

composite analysis will be examined. Last, composites of precipitation and near-surface wind 

speed generated for cyclones off the eastern United States and over the British Isles are 

needed to investigate potential changes in the impacts of extratropical cyclones due to 

climate change for these highly populated regions. 
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Figure 5.1: Difference in track density, as in Figure 4.3b (fill) and difference in maximum 
Eady growth rate, as in Figure 4.41c (contours) with positive (negative) values indicated by 
solid (dashed) contours. 
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