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ABSTRACT  

Tropical cyclones (TCs) can make significant size changes during their lifetime.  Being able to 

accurately forecast TC size change is important for predicting the onset of storm surge as well as the 

spatial extent of damaging winds.  TC size changes can occur from internal storm dynamics, such as 

eyewall replacement cycle or from changes in the synoptic environment.    

In this study, the impacts of changing the atmospheric temperature and air-sea temperature 

difference on TC size and structure are investigated.  The study is conducted in two parts:  the first part 

uses the WRF-ARW model to test the sensitivity of TC size changes to simple changes in the 

environment; the second part to validates the results from the first part by characterizing the 

environments associated with real cases of TC size change in the North Atlantic basin.    

It is found that when the simulated atmosphere is cooled, the initial specific humidity and 

convective available potential energy (CAPE) decrease but the surface energy fluxes from the ocean 

increase.  The higher surface fluxes produce a wider area of radially-inflowing air in the boundary layer, 

which supports a larger precipitation field and the formation of outer-core spiral rainbands.  The larger 

precipitation field translates to a larger wind field, which is likely related to the diabatic production of 

potential vorticity.  In contrast, when the atmosphere is warmed the surface energy fluxes reduce, 

which ultimately inhibits the growth of the TC wind field. The higher initial CAPE and moisture content, 

however, allow the TC to spin up more rapidly with a compact core of intense precipitation.  Thus, it is 

not the temperature of the atmosphere that is causing the size changes, but instead it is the higher 

surface energy fluxes that arise from the increased air-sea temperature difference.                

Diagnostics show that fluxes of angular momentum from the environment are not responsible for 

the simulated TC size increases, even when the gradient in Earth vorticity is included.  Rather, it is the 

production of energy due to the fluxes from the ocean that is responsible for the TC size increases in 

these simulations.  Finally, a larger TC will increase in size more than a smaller TC in the same 

environment.     

In the second part of the study, the environments associated with real cases of TC size change in the 

North Atlantic Basin were characterized.  Size changes were evaluated using the Tropical Cyclone 

Extended Best Track Dataset, and the environments associated with these size changes were examined 

using the 6-hourly, ERA-Interim global reanalysis dataset.  Environmental composites show that the TCs 

that made size changes in the deep tropics were typically associated with more environmental, mid-

level humidity and higher air-sea temperature difference.  The TCs that made large size changes in the 

extratropics were associated with highly-baroclinic environments and high mid-level moisture south of 

the TC-circulation center.  In general, the environments that were associated with TC size increases in 

the North Atlantic showed similar characteristics to the size change environments simulated in the first 

part of this study.  In addition, the presence of high, mid-level moisture in both the deep tropics and 

extratropics was consistent with the results of other modeling studies that have explored the impact of 

environmental moisture on TC size changes.   
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CHAPTER 1: INTRODUCTION 

 

1.1   Background  

During the period from August to October 2005, the United States endured several of the 

most expensive tropical cyclones (TCs) ever to occur in U.S. history. Hurricane Katrina accrued 

108 billion dollars in damages and caused an estimated 1200 fatalities in Louisiana and 

Mississippi (http://www.nhc.noaa.gov/dcmi.shtml). Hurricanes Wilma and Rita caused 21 and 

12 billion dollars, respectively, in damages.  The devastation from these TCs was due to a 

combination of flooding, storm surge, and high winds (Beven et al. 2008).  Although all three 

TCs reached Category 5 on the Saffir-Simpson scale at some point in their lifetime (Saffir 1973; 

Simpson 1974), they were classified as considerably weaker Category 3 hurricanes at landfall by 

the National Hurricane Center (Beven et al. 2008).  However, all three of these devastating TCs 

had undergone a dramatic expansion in the size of their wind field after crossing the warm loop 

current west of 83°W in the warmer Gulf of Mexico (Figure 1.1).  While the maximum winds 

near the eye of these intense TCs can produce devastating impacts, the true overall damage 

potential of a TC is associated with the total extent of damaging winds, which along with their 

direct effects, also drive storm surge. 

Tropical cyclones are historically known to range in size from a few tens of kilometers to up 

to two thousand kilometers in diameter (e.g., Holland and Merrill, 1984; Chavas and Emanuel, 

2010).  The size and associated wind field structure of a TC are important for predicting severity 

and duration of the TC once it makes landfall. Particularly for coastal communities, the size of 

the TC wind field can be catastrophic depending on the radius of hurricane-force winds and the  

http://www.nhc.noaa.gov/dcmi.shtml
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Figure 1.1: Radius of maximum, 64-kt, 50-kt, and 34-kt winds for Hurricanes Katrina, Rita, and Wilma 
(2005) calculated from the Cooperative Institute for Research in the Atmosphere’s (CIRA) best track 
dataset.  Shaded regions represent times of major size change.    
 
 



12 
 

duration of the event.  In addition, predicting the size of the TC wind field is important to 

determine the potential impact of storm surge, the spatial scope of issued evacuation orders, 

and potential extent of wind damage (Brand, 1972; Weatherford and Gray, 1988a, b; Kimball 

and Mulekar, 2004; Knaff et al., 2014).  During and subsequent to TC landfall, the structure of 

the precipitation field is important for predicting the severity of inland freshwater flooding, 

potential mudslides in complex terrain, and TC-spawned tornadoes from the highly convective 

outer rainbands.  Hill and Lackmann (2009) suggest that these fields are in part dependent on 

the size of the storm.  Thus, it becomes increasingly important that we understand the 

mechanisms that cause changes in the size and structure of a TC prior to landfall in vulnerable 

coastal regions. 

Advances in numerical modeling and forecasting techniques have allowed the 

understanding and prediction of tropical cyclones to improve considerably in the past forty 

years.  Yet there are still many limitations that challenge Operational Centers when forecasting 

the size and strength of a developing TC.  Not the least of these is a difficulty in measuring the 

size and structure of the outer wind field over the vast tropical oceans in order to properly 

initialize both atmospheric and ocean-wave forecast models (e.g., Herndon and Velden, 2014).  

In addition, there is a lack of both fundamental knowledge and predictive capability regarding 

the environmental conditions that then lead to changes in that same outer wind structure.  In 

the following sections, the rationale and motivation behind studying environmental impacts on 

TC size and structure changes will be described and background/previous research will be 

discussed to provide a solid foundation for the current study.    
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1.2 Definitions:  Intensity, size and strength 

The overall structure of a tropical cyclone is generally characterized by its intensity, size, 

and strength (Merrill, 1984).  Tropical cyclone intensity is the most widely used descriptor for 

damage potential of a TC and is universally measured using either the minimum sea-level 

pressure (MSLP) or the maximum surface wind speed (MWS)1, located near the eyewall of the 

TC.  Whereas TC intensity is a point measurement that is used to describe the potential severity 

of wind damage, the strength of the TC, which relates more closely to wind-damage extent and 

storm surge, is calculated as a spatial wind speed average.  It is generally computed as the  

 

Figure 1.2: Vertical cross-section of the azimuthally-averaged wind speed for a simulated TC 
demonstrating the approximate region of the inner-core, outer-core (R64), and overall size (R34).  
Environmental quantities are measured in a region beyond approximately 400 km from the storm 
center.         

                                                           
1
 The WMO standard of 10-minute averaging is used in most regions of the world to specify wind speed.  In the 

U.S., wind speeds are measured using a 1-minute average.  
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average wind speed in an annulus between 100 and 300 km from the TC center (Merrill, 1984).     

For simplicity, the tropical cyclone can be divided structurally into three parts; the inner-

core, which is associated with the TC intensity and the strongest precipitation rates; the outer-

core, which is where active spiral rainbands form and is associated with strength changes; and 

the interactive envelope region where interactions between the nearby environment and the 

TC are possible (Figure 1.2).  The size of a TC, which describes the overall scope of the entire 

wind field, is then generally measured in the envelope region as the location where the TC ends 

and the environment begins (Merrill, 1984).     

The method used to define the inner-core, outer-core, and size of a TC is very dependent on 

the type of study being conducted and no universal definition currently exists (Lee et al. 2010).  

Traditionally, the inner core is defined as everything inside the RMW, which generally 

encompasses the area where cyclostrophic balance holds.  Xu and Wang (2010) define the 

inner-core as the radius of damaging wind (RDW) or 25.7 m/s outside of the eyewall (based on 

Knaff et al. 2007).  A common definition of the overall size of a TC is the radius of 34-kt (R34) 

winds.  Other definitions include: azimuthally averaged radius from the TC center to the point 

at which the relative vorticity decreases to 1x10-5 s-1 (Liu and Chan 2002); the radius of 

maximum potential vorticity (PV) (Hill and Lackmann 2009); the average radius at which 

cyclonic winds decrease to zero (Carr and Elsberry 1997) ; the radius of 15 m s-1 winds (Lee et al. 

2010); and the radius of 5-kt (R5) winds (Knaff et al. 2014).  Knaff et al. (2014) conclude that R5 

is the radius where the TC wind field is indistinguishable from the background flow in the 

climatological environment and encompasses the entire size of the TC wind field.  Although not 

directly related to size, Maclay et al. (2008) define the wind field structure as low-level area-
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integrated kinetic energy calculated from the center out to 200 km.  They found that this 

measure weakly correlates with R34.    

For the purpose of this study, we choose to be consistent with the National Hurricane 

Center and Merrill (1992), in part because the research we are conducting has operational 

implications.  The inner core is defined as everything inside the RMW, the outer-core is defined 

from the RMW to the radius of 50-kt winds (R50) and includes the radius of 64-kt winds (R64) if 

it exists, and the overall size is measured by the radius of 34-kt winds (R34) (Merrill 1992; 

Kimball, 2006; Hill and Lackmann, 2009).  Operational forecasters at the National Hurricane 

Center routinely estimate the radii of 34- 50- and 64- knot winds, the radius of the outer-most 

closed isobar (ROCI), the RMW, and eye diameter if one exists.  

  

1.3  Previous research:  Known factors that impact TC size and structure   

There has been considerable research in recent years on mechanisms that affect intensity, 

particularly rapid intensification of tropical cyclones.  A rapidly intensifying TC, as defined by the 

National Hurricane Center, is defined as one that has intensified 30 knots in a 24-hour period, 

measured using the 1-minute maximum sustained winds.  The environmental mechanisms that 

favor rapid intensification include high sea-surface temperatures (SST), high ocean heat 

content, high low-level relative humidity, and low environmental vertical wind shear (Shay et al. 

2000; Kaplan and DeMaria 2003).  Another factor that may cause rapid intensification is an 

upper-level trough-jet-hurricane interaction, which is thought to increase upper-level 

divergence and expand eyewall convection (Bosart et al. 2000).  Environmental factors that 

cause weakening include cooler SSTs, high environmental vertical wind shear (e.g., Frank and 
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Ritchie 1999; 2001; Jones 1995; DeMaria 1996; Wong and Chan 2004; Wang and Holland 1996), 

and reduced low- to mid-level relative humidity (Holland 1997).     

While less research is available on factors that affect TC size and structure, there are several 

pertinent papers that explore how different environmental factors could cause size and 

structure changes within a TC including; angular momentum effects (e.g., Black and Anthes, 

1971;  Challa and Pfeffer, 1980; Holland, 1983; Holland and Merrill, 1984); environmental 

moisture and potential vorticity (e.g., May and Holland, 1999; Wang, 2008; Hill and Lackmann, 

2009); moisture fluxes from the ocean (e.g., Xu and Wang 2010a,b); environmental vertical 

wind shear (e.g., Frank and Ritchie 1999; 2001); and dry air intrusion into the TC circulation 

(e.g., Kimball 2006).  The following sections explore these concepts from previous work to 

provide a context for this current dissertation. 

 

1.3.1 Angular Momentum 

Growth of a tropical cyclone is hypothesized to result from imports of angular momentum 

from changes in the cyclone's synoptic environment in excess of that required to maintain the 

circulation against the spin-down effects of frictional dissipation (Merrill, 1984).  For a mature 

TC, the transport of angular momentum by the mean transverse circulation generally 

dominates the inner region, especially at low levels, and azimuthal eddies dominate at larger 

radii and in the upper-level outflow layer where asymmetries exist (Figure 1.3) (Black and 

Anthes, 1971; Robock, 1975; Frank, 1977; and Holland 1983).   
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Theoretically, size and major strength changes in a rotating column like a TC cannot be 

achieved without a substantial import of absolute angular momentum (AAM) (Holland, 1983).  

Since AAM is approximately conserved in a TC, the additional momentum must come from  

some environmental forcing outside the TC (Holland and Merrill, 1984).  Understanding the  

 angular momentum budget in a TC is necessary to understanding the role of the synoptic 

environment in facilitating TC structural changes.   

 

 

Figure 1.3:  Schematic of the "western" side of a North Atlantic TC generalizing the structure and 
processes leading to size change based on Holland (1983).  The vertical velocities (w) and their relative 
strength are shown with blue arrows.  Black Circled dot (cross) represents tangential wind flow (VT) out 
of (in to) the page in a northern hemisphere TC. A net influx of RAM is required to offset the opposing 
effects of surface frictional dissipation (Fθ).  Radial inflow (Vr) carries momentum, as well as heat and 
moisture, into the TC from outer regions.  RAM is distributed vertically through convection and further 
removed in the outflow layer.  Mean fluxes of RAM (uv) are the dominant component at the surface 
near the core and eddy fluxes (uv) are important at larger radii in the upper troposphere, beneath the 
outflow layer.  Mid-latitude cyclones (L) can interact with TCs and import large quantities of eddy fluxes 
of RAM and cause TCs to grow during extratropical transition. 
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A description of the angular momentum budget applicable to observed TC data was first 

provided by Palman and Riehl (1957) and Pfeffer (1958a).  This budget was used in a number of 

studies to explore the structural differences observed in tropical cyclones (Pfeffer, 1965; Black  

and Anthes, 1971; Tuleya and Kurihara, 1975; Frank, 1977; Challa and Pfeffer, 1980).  The eddy 

fluxes of angular momentum from the environmental flow were soon realized to be an 

important factor in facilitating TC structural changes.   

Challa and Pfeffer (1980) used a numerically simulated model hurricane to look at the role 

of surface eddy fluxes of angular momentum in facilitating TC intensification and growth.  

When compared to a simulated TC that initialized with zero fluxes, the experiments with 

modified eddy fluxes developed more intense hurricanes in shorter periods of time, and the 

growth rate had substantially increased in two of the three additional experiments.  Even when 

the experiments were performed with an SST reduced to a subcritical value needed for TC 

formation, the addition of the eddy fluxes caused each simulation to develop into hurricanes.  

They suggest that the role of the eddy fluxes is to draw moist boundary layer air in towards the 

TC center providing the fuel needed for enhanced convection and intensification.    

Holland (1983) provides a complete set of absolute angular momentum (AAM) budget 

equations in Eulerian and Lagrangian reference frames applicable to the concentric part of a TC.  

His study describes the relative importance of each component in the AAM budget using 

composited data of seven cyclones from the northwest Pacific basin.  He found that there are 

five main components of the AAM budget that significantly contributed to strength, size, and 

intensity changes in a TC.  These include: the horizontal mean and eddy fluxes of relative 
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angular momentum (RAM); the surface frictional dissipation; the eddy Coriolis torque; and the 

meridional motion torque.   

Holland found that the mean flux of RAM by the radial circulation is important for offsetting 

frictional dissipation that occurs near the core region of a cyclone (figure 1.3).  A positive 

feedback exists between surface inflow and the opposing effects of friction.  Frictional 

convergence in the boundary layer maintains the transverse circulation, which imports the 

necessary RAM to offset frictional dissipation.  In contrast, the eddy fluxes of RAM are 

comparatively small in the inner-regions of a TC, but comparable or larger in the outer-region.  

It was found that the eddy fluxes show no trend with intensity and are mainly confined to the 

anticyclonic outflow layer.  This is contrary to the findings of Molinari and Vollaro (1989), which 

discovered that strong eddy fluxes in the upper-level outflow region associated with the 

passage of a mid-latitude trough correlated with an intensifying cyclone.  Nevertheless, Holland 

(1983) suggested that surrounding weather systems may act to enhance eddy transports of 

RAM into outer-regions of a TC but it was a topic requiring more exploration.  

The final two components of the AAM budget, which are important for poleward-moving 

TCs, are the eddy Coriolis torque and the meridional motion torque.  The meridional motion 

torque arises from the poleward movement of a TC.  As the TC moves poleward, the AAM from 

the earth decreases and the TC needs to adjust accordingly to conserve AAM.  The motion 

applies an anticyclonic torque for poleward motion and a cyclonic torque for equatorward 

motion.    

Holland found that the eddy Coriolis torque is important beyond 2° latitude from the center 

of a TC and is known to provide a large outer-region acceleration of the winds.  When a TC is 
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simulated on a β-plane, the eddy Coriolis torque produces a meridional acceleration that is 

known to impact a reasonably sized atmospheric vortex due to a varying Coriolis parameter 

(Rossby 1948; Holland 1983a, b).  This term causes tropical cyclones to drift towards the northwest 

(southwest) in the Northern (Southern) hemisphere in the absence of any basic steering flow 

(Holland 1983a).   Holland (1983b) showed that angular momentum imports arising from the 

meridional motion torque in a TC are not negligible and need to be taken into consideration when 

exploring structure changes in a TC.  Bender's 1997 simulations indicated that the -gyres resulting 

from the interaction of the TC circulation with the latitudinal variation tend to produce 

asymmetries in a TC core by forcing low-level convergence and ascent on the rear-side of the 

eyewall.  Ritchie and Frank (2007) found that inclusion of a -plane on a model TC introduces a 

significant amount of north-northwesterly shear to the cyclone core, which causes asymmetries, 

and possible size changes, in the inner-core convective field.    

Holland (1983) states that it is not sufficient for the balanced TC to import cyclonic angular 

momentum by itself.  The maximum intensity of a cyclone is limited by the ability of the 

traverse circulation to continually strengthen and import AAM to offset surface friction.  The 

ultimate strength of the TC is intricately tied to three components: the moisture supply in the 

core region; the increasing inertial resistance to radial flow at the RMW as the cyclone 

intensifies; and the influence of disruptive environmental influences (i.e., midlatitude cyclones 

or other TCs).  Holland (1983) emphasizes the importance of further exploring these factors to 

determine the environmental effects on TC structural changes and the associated impacts on 

the angular momentum budget.                   
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Merrill (1984) produced consistent results to Holland (1983), finding that size and strength 

changes are weakly correlated with intensity changes and can often occur independently of one 

another.  It is more likely that intensity changes are brought on by changes in the RMW and 

angular momentum requirements are small in producing inner-core size changes.  Holland and 

Merrill (1984) found evidence to suggest that high inertial stability in the core region resists 

horizontal imports of RAM, thus more RAM is available for size and strength changes.  The 

availability of RAM to produce such changes is intricately tied to the interactive TC 

environment. They conclude that upper-tropospheric interactions can directly affect intensity 

changes while lower-tropospheric processes directly produce size changes, which may impact 

strength and intensity as a byproduct.  Their conclusions are consistent with the work from 

Challa and Pfeffer (1980).  

     

1.3.2 Environmental Humidity and Potential Vorticity 

Environmental humidity has also been shown to play an important role in facilitating size 

changes in a simulated TC wind field by impacting the intensity and spatial distribution of the 

outer-core precipitation field.  Using version 2.2 of the National Center for Atmospheric 

Research (NCAR) Advanced Research Weather Research and Forecast (WRF-ARW) model, Hill 

and Lackmann (2009), hereafter referred to as HL09, found that moist environments favor the 

development of larger TCs with progressively larger wind and precipitation fields with each 

incremental increase in relative humidity.  The larger storms developed more active outer-core 

spiral rainbands of heavier precipitation; but they did not, however, exhibit heavier inner-core 

precipitation or a more intense PV tower.    
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The rate of diabatic PV production in a convective tower is related to the projection of the 

heating gradient onto the absolute vorticity vector (e.g., Stoelinga 1996; Raymond 1992).  A 

simplified schematic of this process is shown in Figure 1.4, which is adapted from Figure 2 from 

HL09.   In an idealized TC, decreasing cyclonic winds with height cause the absolute vorticity 

vectors to tilt with height leading to maximum PV production beneath the location of maximum 

heating and radially inward from the area of maximum heating (Fig. 1.4).  HL09 hypothesized 

that more available moisture outside the TC core led to more latent heat release in the outer 

rainbands, resulting in diabatically-generated potential vorticity.  They identified large values of 

horizontal eddy PV flux located in the regions of vigorous rainband activity that directly related  

 

Figure 1.4:  Similar to Figure 1.3, the processes in HL09, and Xu and Wang (2010a, b) are demonstrated 
using the "eastern" side of a North Atlantic TC.  From HL09, the rate of diabatic PV generation (blue 
circled X) is related to the projection of  the heating gradient in the region of maximum heating (red 
shaded oval) onto the absolute vorticity vector (violet arrow).  From Xu and Wang (2010a, b), thick blue 
arrows represent surface latent (LH) and sensible heat fluxes (SH) underneath a TC, which are highest at 
the RMW and decrease with radius from the TC center.  Surface fluxes of energy are necessary to offset 
frictional dissipative effects for a growing/intensifying TC and aid in the diabatic production of PV.  



23 
 

to an expanded wind field.  They proposed that band structure and lateral extent of 

precipitation are critical to the size of a TC wind field. 

Wang (2009) studied the effects of active spiral rainbands on the inner-core size and 

structure of a TC by artificially modifying the heating and cooling rates in the outer-core   

  precipitation field.   They hypothesized that the near-core, mid-level RH modifies the 

heating/cooling rates in a TC due to phase changes in the outer spiral rainbands.  They found 

that artificial warming in the rainbands lowers the pressure outside the core, which in turn 

reduces the pressure gradient.  The reduced pressure gradient is accompanied by a 

deceleration of the inner-core wind velocities, momentarily slowing down storm intensification 

but causing an expansion in the inner-core wind field.  Conversely, cooling in the outer-

rainbands causes an increase storm intensity, but also a contraction in the inner-core.  They 

concluded that the presence of strong active spiral rainbands in a TC limits intensification but 

increases the size of a TC.  In this case, it is the hydrostatic adjustment from the diabatic heating 

outside the inner-core that facilitates the inner-core size change.   

 

1.3.3 Surface energy fluxes  

Surface energy fluxes from the ocean are recognized as a critical factor in the intensification 

and maintenance of a TC.  The dominant mechanism, coined wind-induced surface heat 

exchange (WISHE), was introduced by Emanual (1986) and describes the role of surface energy 

fluxes in facilitating TC intensification.  In this theory, latent and sensible heat fluxes from the 

ocean are the driving force behind convective processes in a TC.  Surface frictional convergence 

drives moisture and heat towards the core-region and keeps the TC engine running through the 
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convective release of latent heat.  A secondary circulation develops, which contributes to a 

positive feedback between the surface fluxes and surface wind speed.  As the TC intensifies 

from the release of latent heat, surface convergence increases, which further increases the 

transfer of heat and moisture from the sea-surface (Emanual 1986, Rotunno and Emanual, 

1987; Craig and Gray, 1996; Wang and Xu, 2010).  The surface fluxes are largely dependent on 

wind speed and are generally highest underneath the radius of maximum winds and decrease 

with increasing radius from the TC center (i.e., figure 1.4).         

 In addition to being a factor in intensification, high surface fluxes have also been found to 

be a factor in the size of a TC (Xu and Wang 2010a, b - hereafter referred to as XW10a and 

XW10b).  XW10a explored how the radial distribution of surface energy fluxes outside the 

eyewall contributes to size changes in the inner-core of a TC.  They define this as the region 

encompassed by the RMW and RDW calculated at the lowest model level.  They found that 

removing the surface entropy fluxes outside the eyewall reduced both the RMW and RDW of 

the simulated TCs.  The decrease in inner-core size is inversely proportional to the radius 

outside of where the surface fluxes are removed.  They found that removal of surface entropy 

fluxes reduced the convective available potential energy (CAPE) outside the eyewall and 

suppressed the activity of spiral rainbands, limiting the size of the inner core wind field.  They 

suggested that the more compact, inner-core structure is likely due to the process proposed by 

Wang (2009) and described previously in section 1.3.2.    

XW10b supplemented XW10a by showing how the initial vortex size impacts the evolution 

of the inner-core size of a TC.   In the simulated TCs, an initially larger vortex developed a larger 

inner-core with more spiral rainbands extending out to larger radii.  The authors performed an 
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analysis on the azimuthal mean radial and tangential momentum equations in order to 

determine the dominant quantities responsible for the inner-core size changes.  They found 

that the primary mechanism is related to the radial advection of the absolute angular 

momentum via the vertical absolute vorticity term (     ) (Figure 1.4).   Essentially, a larger initial 

vortex has a stronger circulation outside the RMW than a smaller vortex of the same intensity  

 

 

Figure 1.5:  Flow chart showing the positive feedback between moisture fluxes and size change 
described by Xu and Wang (2010a, b).  The chart is constructed using a combination of Figure 15 from 
XW10a and Figure 15 from XW10b.      
 
 

and thus produces larger surface entropy fluxes outside the eyewall.  This is favorable for the 

production of outer-core rainbands and the diabatic generation of potential vorticity.  They 
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found that spiral rainbands can result in and enhance the boundary layer inflow not only 

immediately outside the RMW but also at relatively large radii, which enhances the radial 

advection of absolute angular momentum.  In other words, a positive feedback exists between 

the growing wind field and enhanced surface moisture fluxes, which is summarized in a flow 

chart in Figure 1.5.    

Following the work of Emanual (1997), Wang and Xu (2010) assessed the energy production 

and frictional dissipation rates in a numerically simulated TC while at its maximum potential 

intensity (MPI) and found that the surface frictional dissipation rates are about 25% higher than 

the energy production rate near the RMW.  This indicates that the excess friction at the RMW 

should be partially balanced by energy production outside the eyewall in order to reach the TCs 

MPI.  Ignoring the energy production outside the eyewall would lead to a gross 

underestimation of the TCs maximum intensity.  They also show that energy production rate 

outside the eyewall is critical to the TCs inner-core size.      

 

1.3.4 Vertical Shear and Dry air-intrusion  

Current literature on TC structural changes generally focus on the environmental factors 

causing a TC size expansion while research is limited on the factors that contribute to TC size 

contraction.  However, a modeling study of landfalling TCs by Kimball (2006) found that dry-air 

intrusion can contribute to a reduction in the radius of 34-kt winds in TC.  Small amounts of dry 

air intrusion can be caused by proximity to land, surrounding dry environmental air, and 

rainband outflow.  The TC will decay if dry air intrusion increases above a certain threshold 

leading to a cut off of CAPE in the eyewall.   The simulations were performed with the fifth-
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generation Pennsylvania State-NCAR Mesoscale Model (MM5).  A hurricane-strength model 

vortex was imposed on an environment extracted from the Geophysical Fluid Dynamics 

Laboratory (GFDL) model fields surrounding Hurricane Danny (1997), which made landfall on 

the coast of Mississippi. The driest environment was initialized with a core maximum surface-

layer mixing ratio of 17 g kg-1, which decreases vertically following a Gaussian shaped profile.  In 

each additional experiment, the amplitude and e-folding radii (i.e., horizontal extent of 

moisture) of the Gaussian profile were modified in various ways to produce a total of eight 

experiments with different shaped moist envelopes.      

All TCs in the experiment weakened and contracted before making landfall, although TCs 

with an initially smaller moist envelope experienced an earlier onset of weakening.  In addition, 

TCs with small moist envelopes tended to have smaller RMWs and R34 throughout the entire 

simulation.  Furthermore, TCs with initially smaller moist envelopes were more susceptible to 

dry-air intrusion associated with the approaching land and exhibited more erosion in eyewall 

convection as the dry air reached the inner core of the TC.  It was hypothesized that as dry air 

enters the eyewall, it lowers eyewall CAPE and spirals cyclonically upward within eyewall 

updrafts, possibly explaining the simulated eyewall erosion.  In contrast, the presence of a 

larger initial moist envelope led to a larger area of unstable air surrounding the TC and the 

formation of large rainbands.  The rainbands initially acted to reduce eyewall convection, which 

resulted in lower intensification rates but then acted as a thermodynamic boundary between 

the dry midlevel environmental air and the TC core, a process suggested by Willoughby (1984).  

With land present, reduced surface fluxes and friction cause the protective moist envelope on 
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the landward side of the TC to erode and dry air reached the TC core before the TC center made 

landfall.   

Frank and Ritchie (2001) investigated the effect of environmental vertical wind shear (VWS) 

on the inner-core structure and intensification of TCs simulated using MM5.  Although they did 

not explicitly explore the impact of VWS on TC size changes, they observed significant structural 

differences in intensifying TCs with as little as 5 m s-1 shear imposed after 48 hours of 

simulation.  When relatively weak shear of 5 m s-1 was added to the mean flow, the TCs rapidly 

developed strong, wavenumber one asymmetries with maximum convection and rainfall 

concentrated to the left of the shear vector.  The cause of the asymmetries was found to be 

due to the differential vorticity advection with height caused by the VWS, which produced low-

level convergence ahead of and to the left of the shear vector.  The air then rising in a cyclonic 

spiral produced convection and rain on the left side of the shear vector.  The simulated storms 

weakened from the top down with shear dissipating the warm air and potential vorticity 

anomalies in the upper-layers leading to overall weakening of the storm, followed by a 

breakdown of the symmetric vortex at lower levels.  It seems likely that an asymmetric 

convective field would also be associated with significant structural differences in wind field 

and alter the overall size of a TC.      

 

1.3.5 Environments associated with size change  

Recent studies have investigated the environments of real cases of TC structure change in 

the Atlantic and Pacific basins using both direct observations and observationally-driven 
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reanalysis data (e.g., Maclay et al. 2008; Knaff et al. 2003 and Hart and Evans, 2001; Sinclaire, 

2002).    

Maclay et al. (2008) compared environmental composites of growing (G) and non-growing 

(NG) TCs during periods of either intensification (I) or weakening (W) using the 2.5° 

latitude/longitude NCEP/NCAR reanalysis dataset.  They found that compared with the NGI TCs, 

GI TCs displayed a high degree of asymmetry, and were generally located at higher latitudes in a 

more baroclinic environment.  The environment included high vertical wind shear, lower ocean 

heat content, a dipole in temperature advection about the TC center with warm-air advection 

to the east and weaker cold-air advection to the northwest of the TC center.  

Furthermore, the GI TCs exhibited higher eddy momentum flux convergence than the NGI 

TCs, which suggests an interaction with an upper-level trough.  Intensifying TCs that were not 

increasing in size (NGI TCs) were generally located at lower latitudes with lower environmental 

vertical wind shear and higher ocean heat content (OHC) waters compared to GI TCs.  This 

suggests that environments favorable for intensifying TCs are not necessarily favorable for TC 

size growth.  The NGW TCs were also located in a more baroclinic environment, with the 

temperature advection dipole and higher vertical wind shear than in the GI TCs.  This suggests 

that while environmental forcing from the baroclinic environment may contribute to TC size 

growth, too much forcing may be detrimental. They emphasized that further study is needed in 

order to understand the causes and effects of temperature-advection dipole feature prevalent 

in GI and NGW cases.      

When a tropical cyclone propagates poleward into the baroclinic zone and interacts with a 

midlatitude trough to become a new hybrid extratropical cyclone, it undergoes a process called 
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extratropical transition (ET).  During extratropical transition, a TC may weaken at first but 

subsequently rapidly intensify (e.g., Klein et al., 2000; Hart and Evans 2001), while, as noted by 

Elsberry (1995), experiencing an expansion in the radius of gale force winds.  The precipitation 

structure is also strongly impacted during extratropical transition by developing a more 

asymmetric distribution of convection, as noted by Jones et al. (2003).  While this study is not 

focused on the structural changes to the TC during extratropical transition, many of the same 

factors that impact the TC early in ET as it begins to interact with the midlatitude baroclinic 

zone, also impact high-latitude TCs that are also interacting with the baroclinic zone and may 

help to produce size changes.  As noted by Maclay et al. (2008) some of these factors include: a 

low-level environmental temperature gradient, increasing environmental VWS, and the 

potential for an interaction with an upper-level midlatitude trough.  

 

1.4 Motivation for research   

The previously-discussed studies contain important results that contribute to a small 

foundation of existing knowledge concerning TC size and structure changes.  Perhaps more 

importantly, they provide motivation for future exploration into TC size changes.  For example, 

most of these studies focus on changes to inner-core wind field (RMW) and changes in core 

convection.  Changes in the inner-core are most closely linked to intensity changes and can 

often occur independently of outer-core and overall TC size changes.  Specifically the studies 

focused on structural changes associated with changing various environmental parameters in 

the numerical models including: moisture conditions; momentum fluxes; surface energy fluxes; 

vertical wind shear, and environmental flow.  They demonstrated that TC size changes are 
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clearly linked to environmental forcing, but focus on how the environmental forcing affects 

inner-core changes leaving an important gap in our knowledge concerning the physical 

processes behind TC size changes with respect to the entire wind field, and not just the inner 

core.  The total landfall impacts of TCs are directly related to the overall size and structure of 

TCs rather than their intensity alone.  Thus, it is clear that research focusing on this aspect of 

tropical cyclone size change is of considerable importance and will have direct application for 

improving warnings and planning for the future.     

The questions addressed in this work will contribute to the existing knowledge base on TC 

size and structure changes by examining the gaps in our knowledge on how environmental 

parameters affect the outer wind structure and size of the TC.   The work will begin by using a 

sophisticated numerical weather model to explore how the mean environmental 

thermodynamic forcing affects TC size and structure using a series of numerical model 

sensitivity studies with carefully controlled environmental changes.  Each set of simulations 

builds upon the previous set to explore increasingly complicated environments and to 

ultimately allow us to diagnose the critical components of environmental forcing on simulated 

TC size increases.   

The second part of the study further explores the effects of environmental factors on TC 

size and structure change using global reanalysis data by examining real cases of TC size-change 

from the North Atlantic Ocean.  All TC periods of size increase and decrease during the period 

1988-2011 are analyzed using empirical orthogonal function (EOF) analysis to determine the 

common environmental patterns associated with size increases and decreases.   These 

environmental patterns are then analyzed in the context of the processes identified in the 
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numerical investigations.  This part of the study has the benefit of allowing us to determine 

whether the processes in the numerical simulations properly mimic nature, but contains many 

more degrees of freedom than was allowed in the simulations, which makes interpretation of 

the results more complex.  

The rest of this dissertation is structured in the following way.  The mesoscale model, the 

diagnostics and analysis techniques, and the reanalysis gridded datasets are described in 

Chapter 2. Chapter 3 explores the sensitivity of TC size and structure changes to systematic 

changes in the mean environmental thermodynamic structure using idealized numerical 

simulations.  Chapter 4 provides an analysis of the mean environments associated with TC size 

increases and decreases in the Atlantic Basin from global reanalysis data for 1988-2011.  

Chapter 5 provides an overall summary of the work presented in this dissertation and discusses 

future research directions.  
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CHAPTER 2:   DATA AND METHODOLOGY 

 

This chapter provides an overall description of the data used throughout the dissertation, 

the details of the numerical weather model, as well as a discussion of the analytical and 

statistical methods applied to the work described in the following chapters.  

 

2.1 Idealized simulations  

2.1.1 Model description  

The simulations in this study are performed using version 3.2 of the Advanced Research 

Weather Research and Forecast (WRF-ARW) model developed at NCAR (Skamarock et al., 2005).  

The WRF model is an atmosphere-only model, although a 1-D ocean model for TC simulations is 

possible.  It incorporates multiple nested grids and includes both explicit moist physical processes 

and a variety of cumulus parameterization and boundary layer schemes.  It solves the nonlinear, 

primitive equations using Cartesian coordinates in the horizontal and a terrain-following 

coordinate in the vertical.  The model has been adapted for use with idealized initial conditions to 

permit careful control of initial value experiments that enable us to examine the physical 

mechanisms associated with TC structural changes.  WRF has been used by many previous 

sensitivity studies that explore mechanisms concerning TC size and intensity changes (e.g., Hill and 

Lackmann, 2008; 2009; Fang and Zhang, 2012; Mallard et al., 2013)  

Numerical simulations that demonstrate the effect of different environmental parameters on 

TC size and structure changes require a model with a very large outer domain, which is necessary 

to both resolve the storm's environment and external circulation features and to ensure that the 
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boundaries do not influence the interior computations.  In addition, a high resolution core region is 

needed that is capable of resolving the small, intense core and outer rainbands of the storm (e.g., 

Frank and Ritchie 2001; Ritchie and Frank 2007; Ritchie and Elsberry 2007; Xu and Wang 2010a).  

Ideally, the model should resolve moist processes explicitly in the eye and eyewall region while 

also properly predicting the large-scale environment.  

The model in this study is configured with 33 vertical levels, eight of which are located below 

850 hPa and the top-most level is specified at 50 hPa.  The parent domain (D1) is square with a size 

of 7506 km in each direction and a horizontal grid-spacing of 27 km, ensuring that the boundaries 

are far from the region of interest in the interior of the domain.  There are also two two-way 

nested inner square domains of spatial sizes 2052 km (D2) and 720 km (D3) with grid-spacing of 

9- and 3-km resolution, respectively (Figure 2.1).  D2 is initialized in the center of D1, which is 

large enough to ensure that D2 can move freely through the simulation without experiencing 

any boundary interactions with D1.  D3 is centered within D2 such that the TC vortex is 

approximately centered within D3 at 15° N, 135° W.   Both D2 and D3 are vortex-following 

nests, which makes it convenient to study how the surrounding environment affects the inner-

core dynamics while automatically tracking the TC.    

The boundary layer is parameterized using the Mellor-Yamada-Janjic (MYJ) scheme (Janjic 

1990; 2002).   The MYJ works in conjunction with the Eta Similarity scheme, which is used to 

parameterize the surface layer and calculate surface energy fluxes.  The lower boundary in our 

model is an ocean surface with a specified SST, which remains constant throughout the integration 

of each simulation.  Although a constant SST is not necessarily realized in real-world cases, it is  
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Figure 2.1:  WRF-ARW domain configuration for all twenty-three simulations analyzed in this study.  The 
outline of the U.S. is for reference only since the simulations are all performed on a "water world".    
 
 

suitable for the purpose of this study, which attempts to isolate the effects of individual 

atmospheric variables on TC size and structure.   

 The outer-two domains employ the Kain-Fritsch cumulus parameterization scheme (Kain and 

Fritsch, 1993) to represent unresolved convection.  Explicitly-resolved convection is applied on all 

domains using the WRF single-moment 6-class scheme, which employs ice, snow, and graupel 

processes (Hong and Lim, 2006).  The application of this parameterization on the inner-most 
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domain is important for resolving the finer features in the core precipitation and rainbands of the 

TC; however, it has little effect on the two outer domains.  Radiation processes are handled via a 

Rapid Radiative Transfer Model for longwave radiation (Mlawer et al., 1997) and the Dudhia 

scheme for shortwave radiation (Dudhia 1989).  In order to simplify the interpretation of the 

results land effects are removed by employing a “water world”.  Using the above configuration, 

a total of twenty-three idealized simulations are run and analyzed. Each simulation is integrated 

for five days and the output is saved every three hours.  The analysis is performed by comparing 

the sensitivity simulations to the control simulation.  This allows for a comparison of the impact of 

the changes made to the control profile similar to an analysis that examines the impact on a base 

forecast track by changing factors in the forecast model.        

 

2.1.2 Experimental design   

2.1.2a. Calculation of the initial idealized TC  

The radial size and structure of the TC wind field is specified by  

      
 

  
         

 

  
 
 

                             (Eq. 2.1) 

where v is the tangential wind, Vm is the maximum wind, r is the radial distance from the center of 

the TC, rm is the radius of maximum winds, and b = 1.0 is a parameter that sets the overall size of 

the initial wind field at 260 km for R34.   The TC cyclonic wind varies in the vertical as  

   
             

 
      

            
 
 

     (Eq. 2.2) 

where σ is the normalized vertical coordinate 
      

       
, ps is the surface pressure, and pT = 50 hPa is 

the pressure specified at the top of the model. Using Eq. (2.1) and (2.2) a three-dimensional wind 
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field is calculated in cylindrical coordinates.  Next the mass fields are calculated using the 

hypsometric and thermal wind relations, and a Gaussian moisture anomaly is added to the 

center of the vortex to facilitate onset of convection in the TC core.  Finally, the variables are re-

mapped to a Cartesian coordinate system and combined with the environmental fields.  The 

result is a weak, hurricane-strength vortex in gradient balance with the mass field at 15° N, with 

maximum winds of 65 knots located 100 km from the center of the TC (Fig 2.2).     

 

 

Figure 2.2:  Initial structure of the control TC at time = 0 hr showing the: a) tangential winds; b) potential 
vorticity, and c) temperature anomaly.   
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2.1.2b. Specification of the experimental environment  

 The control environment is modeled after the experiments of Frank and Ritchie (1999) and 

is initialized with no horizontal or vertical winds and with clear-sky conditions on both an f-

plane (constant Coriolis at 15°N) and a  plane (approximate Earth vorticity gradient).  The mass 

field is derived by using the virtual temperature and humidity values from the McBride and Zehr 

(1981) pre-storm composite data.  The geopotential height field is then derived from the virtual 

temperature using the hypsometric equation every 50 hPa from 1000 to 50 hPa according to 

   
      

   
         (Eq. 2.3) 

where Rd is the gas constant for dry air, or 287 J K-1 kg-1, Tv is the virtual temperature, go = 9.81 

m s-2 is the gravitational constant, and p is pressure. The surface boundary condition is supplied 

by specifying a constant SST of 302 K (28.84°C) everywhere in the domain.  

 

2.1.2c. Altering the experimental environment  

 In order to create the different atmospheric environments for the sensitivity simulations, two 

basic alterations to the control environment are undertaken: 1) the entire vertical profile of virtual 

temperature is modified by a constant amount of ± 1° C, ± 2° C, and ± 3° C without altering the 

SST (Fig. 2.2): and 2) the SST is altered either separately from, or in congruence with the 

atmospheric temperature change.  

The atmospheric temperature changes are applied to the entire atmospheric computational 

domain.  Because the initial relative humidity profile is held constant, the modifications to the 

temperature profile correspond to a change in the specific humidity profiles (Fig. 2.3a).    
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Figure 2.2:  Initial environmental virtual temperature profiles applied to the first set of seven 
simulations.  Blue (red) lines indicate profiles that are 1-3 degrees cooler (warmer) than the control 
profile.  Inset image shows zoomed-in profiles up to 700 hPa.  

 

Specifically, warming (cooling) the environmental profile leads to a corresponding increase 

(decrease) in the specific humidity, which is maximized at the surface and decreases with height 

when the relative humidity is held unchanged.  Altering the temperature profile from the control 

also changes the amount of atmospheric convective available potential energy (CAPE) given by   

                 
   

  
     ,     (Eq. 2.4) 

which is integrated between the equilibrium level (EL) and the level of free convection (LFC).  The 

LFC is the point in the atmosphere where a saturated parcel becomes warmer than the 
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environment and able to rise freely in the atmosphere until it reaches the EL.  The EL is the point at 

where a parcel is no longer warmer than its environment and usually the point where the parcel is 

at its highest velocity (Wallace and Hobbs, 2006).  The variable, Tv, is the environmental virtual 

temperature within the boundary layer and the "prime" denotes the temperature of the parcel.     

CAPE is important as a measure of the convective instability in the atmosphere and is directly 

related to the maximum updraft velocity (w) a parcel can attain through the relation:  

                                                                           (Eq. 2.5) 

  A warmer (cooler) atmosphere produces a higher (lower) initial environmental CAPE, and 

indicates a higher (lower) potential for the development of strong convection.  The environmental 

lapse rate and initial static stability profiles remain essentially unchanged from the initial changes 

to the atmospheric temperature profile (fig. 2.3b).      

 As a final consequence of changing the atmospheric temperature profile, the temperature and 

vapor-pressure difference between the ocean and surface air layer produce almost immediate 

changes to the surface fluxes.  Table 2.1 shows the temperature difference between  

  

Figure 2.3:  Vertical profiles at t = 0 h of a) Specific humidity for the control, C3, and W3 (g kg-1); and b) 
Static stability (x 10-3) for the control, C3, and W3 (K hPa-1). 
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the sea-surface temperature and the air-temperature of the lowest level of the atmosphere after 

the changes to the virtual temperature profile are applied.  Also included are the resulting vapor 

pressure differences.     

 

Table 2.1:  Initial differences in temperature (°C) and vapor pressure (hPa) between the sea-surface and 
the virtual temperature of the lowest level of atmosphere for the initial set of seven simulations.   The 
SST is 302 K in each simulation.  

  

The surface flux calculations in the model are dependent on surface wind speed in addition to 

air-sea temperature and vapor pressure difference.  Since each simulation begins with the same 

strength TC, the fluxes are initially driven by the air-sea temperature difference so that a warmer 

(cooler) atmosphere leads to lower (higher) surface moisture and sensible heat fluxes as long as 

the same underlying SST is maintained.  A similar effect would be obtained by increasing the SST 

and either holding the environment temperature constant or increasing it as well.  The exact initial 

conditions for these particular model runs may not be realized in the real atmosphere.  The intent 
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of this study is to understand the physical mechanisms that can lead to changing wind field 

structures in TCs.  Thus, the methodology behind this set of simulations – to systematically alter 

just one aspect of the environment - makes it possible for us to better isolate cause and effect 

within these simulations.  However, altering just one factor quickly leads to alterations in other 

factors, which must be taken into consideration when interpreting the results.  

 

2.1.2d. Altering the experimental air-sea difference  

 The sensitivity due to the air-sea difference for the different atmospheric air temperature 

profiles is further explored by systematically changing the SST along with the atmospheric virtual 

temperature profile while: 1) maintaining approximately the same air-sea temperature 

difference (i.e., TS+3, TS-3, Table 2.2); and 2) increasing the air-sea difference (i.e., C_sstp3, 

Table 2.2).  The consequence of these alterations is to alter the vapor-pressure difference 

between the ocean and surface air, thus altering the air-sea fluxes into the TC and testing TC 

size and structure sensitivity to surface flux conditions.   

 

Table 2.2:  Initial differences in temperature (°C) and vapor pressure (hPa) between the sea-surface and 
lowest level of atmosphere for the second set of simulations in which the SST is modified along with the 
air temperature.   
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2.1.2e Specifying different TC initial size and structure      

  From Eq. (2.1) the size of the TC wind is varied by altering the size parameter b from 1.5 for a 

small TC to 0.5 for a large TC.  The initial effect is to initialize model sensitivity simulations with TCs 

with an R34 of 213 km and 404 km, respectively (Figure 2.4).  These simulations are compared to 

the control where b = 1.0 and the R34 is initially 257 km.    

 

Figure 2.4:  Initial 850 hPa wind field for the b-parameter simulations.  In all TCs, the maximum wind 
speed is approximately 33 m s-1.      
 
 

2.1.3 Model analysis techniques     

The following calculations are performed and plots created in order to analyze the output 

fields from the 23 simulations. 

1. Azimuthally-averaged radial plots of physical quantities are calculated with radial 

increments of 5 km.  This includes the radius of 34- 64-kt, and maximum winds (R34, R64, 

and RMW, respectively) at 850 hPa and 3-hour precipitation tendencies among others; 

2. Time series of 10-m maximum sustained winds as a measure for TC intensity.  Rapid 

intensification occurs when the maximum 10-m winds increase > 30 knots in a 24 hour 

period. The intensity values are automatically output by the WRF model at 15-minute 

intervals and smoothed using a centered 12-hour running mean.   
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3. Time series of thermodynamic and dynamic quantities including convective available 

potential energy (CAPE), surface energy fluxes, and vertical wind shear.  The CAPE and 

fluxes are area-averaged within 0-200 km (inner-core), 200-400 km (outer-core), and 400-

600 km (interactive envelope region).  The vertical wind shear is averaged between 0-400 

km (TC region) and 400-800 km (environment).   

4. Vertical-radial cross sections of various quantities including the azimuthally averaged 

tangential, radial, and vertical winds, potential vorticity, and relative angular momentum 

field; 

5. Anomaly fields are calculated by taking the difference between the averaged field over the 

entire domain and the azimuthally-averaged total field.  

6. Hovmoller diagrams are used to show the temporal evolution of boundary layer 

momentum and surface fluxes and mid-level potential vorticity (PV) and precipitation. 

 

Quantities not directly output by the WRF model include CAPE and PV.  The CAPE is defined as 

the accumulated buoyant energy from the level of free convection to the equilibrium level for 

an air parcel that originates at an atmospheric height of 500 m (Eq. 2.4).    

PV is defined as  

            
  

  
     (Eq. 2.6) 

where ζ is relative vorticity, f is the Coriolis parameter, g is the gravitational constant, θ is 

potential temperature ,and p is pressure.  The PV diagnostics are calculated on constant 

pressure surfaces with particular attention paid to the 850 hPa and 700 hPa levels, which are 

consistent with the portion of the atmosphere investigated in Hill and Lackmann (2009).  The 
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calculations of the angular momentum budget, surface entropy production, and atmospheric 

vertical moisture fluxes are described in the following subsections. 

   

2.1.3a.   Angular momentum budget      

   Size changes are always accompanied by a change in the TCs angular momentum field (e.g., 

Merrill 1984).  Since an increase in strength or size requires a substantial import of relative 

angular momentum (RAM) into the TC, the RAM transports and frictional dissipation are 

calculated following Holland (1983) and Molinari and Vollaro (1989) where    
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                (Eq. 2.8) 

                     
         

  

  

  

 
                    (Eq. 2.9) 

                                                      (Eq. 2.10) 

Equations 2.7 and 2.8 represent the mean and eddy fluxes of angular momentum, 

respectively, and 2.9 represents the frictional dissipation where    (Eq. 2.10) is the surface drag 

coefficient.  Variables u and v represent the radial and azimuthal components of the relative 

wind speed and the L subscript denotes Lagrangian coordinates.  A mean quantity, denoted 

with an overbar, is the mean value around an azimuth containing 90 points.  A perturbation 

quantity is calculated as the difference between the point value on an azimuth and the mean 

value of the corresponding azimuth.  The variables Vs and vs represent the total wind speed and 

azimuthal component of the 10-m wind speed, respectively.  The momentum (M) fluxes are 
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integrated between specified atmospheric pressure levels, p, whereas the frictional dissipation 

is integrated over radius, r, and azimuth angle, theta.  Constants include gravity, g0, and air 

density at sea level, ρ = 1.14 kg m-3. 

 

2.1.3b. Surface entropy production 

Following the work of Emanuel (1995, 2007), Wang and Xu (2010) show the importance of 

surface entropy production in producing TC size and intensity changes.  It is assumed that under 

steady-state conditions, the surface entropy production approximately balances the surface 

friction dissipation near the RMW, as described in equation 2.11.   

  
  

  
           

                 
    

  

  
            (Eq. 2.11) 

Entropy production exceeding frictional dissipation outside of the RMW compensates the 

opposing effects of friction near the RMW and cause intensification and growth in the total 

wind field. The total energy production rate and the friction dissipation rate, given by Wang and 

Xu (2010), are as follows:   
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                                          (Eq. 2.18) 

Area-integrated values are calculated using the equations 2.12 (PROD) and 2.13 (DISS) while 

radially distributions of azimuthally averaged values calculated with equations 2.14 (PD) and 

2.15 (DS).  The dissipative heating (DHT) and Newtonian cooling (RAD) terms are not included in 

the following calculations because their effects are small and according to Wang and Xu (2010), 

account for approximately 200 W m-2 differences in the peak energy production.  The terms 

that contribute the most to the energy production are SH and LH, which are sensible and latent 

heat, respectively.  The radius is represented by r, and V is the 10-m wind speed.  The 

thermodynamic efficiency, ε, is calculated using the surface temperature at 2 meters and 

outflow temperature at 200 hPa.  The drag coefficient, CD, is calculated using Eq. (2.10) (Holland 

1983).  CK is the exchange coefficient of entropy flux from the ocean, approximated by CD*0.8 

(Emanuel, 1997).  The specific heat capacity is Cp = 1004 J kg-1, the latent heat of vaporization is 

Lv=2.44 x 106 J kg-1, and ρ is again the air density at sea level.  Finally, T and q represent 

temperature and specific humidity of the atmosphere, respectively.  The subscripts s and a 

represent variables valid for the sea surface and lowest level of the model atmosphere, 

respectively.  

 
2.2 Analysis of real cases   

2.2.1. Description of datasets        

2.2.1a. Extended Best-Track dataset   

The Extended Best track (EBT) dataset contains location, size, and intensity parameters for 

all Atlantic hurricanes dating back to 1988 (Demuth et al. 2006).  It can be downloaded from 
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http://rammb.cira.colostate.edu/research/tropical_cyclones/tc_extended_best_track_dataset.  

The EBT is compiled by the Cooperative Institute of Research in the Atmosphere (CIRA) at 

Colorado State University using the best track data (HURDAT2) provided by the National 

Hurricane Center.  HURDAT2 provides the TC intensity, given by the MSLP and 1-minute 

sustained maximum wind speed (MWS), along with latitudinal and longitudinal coordinates of 

the TC center, and, since 2004, the R34, R50, and R64 knots wind radii in four cardinal 

quadrants.  EBT supplements HURDAT2 by providing information on the RMW in four 

quadrants, the eye diameter, and the radius and pressure of outer-most closed isobar (ROCI) 

from 1988 to the present, and is the most extensive dataset currently available containing 

storm structural information for Atlantic TCs.  The EBT is compiled from data collected from the 

Advanced Microwave Sounding Unit (AMSU) instruments aboard the NOAA -15, -16, and -17 

satellites.  The AMSU-derived data was used to develop algorithms that provide objective 

estimates of storm intensity and structural information.   

In this dissertation, the extended Best track (EBT) archive is used to characterize the size 

and subsequent size changes of a subset of 189 TCs between 1988-2011.  The subset contains 

TCs that maintain a MWS of 50 kts for at least ten, 6-hourly time steps during their lifetime. This 

criterion ensures that a radius of 34-kt wind exists and that the environmental forcing 

producing the size change is relatively stable.   

    

2.2.1b ERA-Interim Reanalysis data  

The reanalysis dataset used in this study is the 6-hourly, 0.75° x 0.75° (~83 km x 83 km) 

resolution, ERA-Interim (ERA-I) global atmospheric reanalysis produced by the European Center 

http://rammb.cira.colostate.edu/research/tropical_cyclones/tc_extended_best_track_dataset
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for Medium Range Weather Forecasting (ECMWF), which covers the period from January 1979 

onwards (Dee et al. 2011).  The value of a reanalysis dataset is that it is a cohesive data set that 

provides a spatially complete description of multiple atmospheric variables. The ERA-I is 

produced using a frozen version of the ECMWF global data assimilation forecast system to 

ensure consistency in the dataset through the period of the analysis.      

The 4DVAR data assimilation system combines atmospheric and surface observations with 

prior information from the ECMWF model to estimate the evolving state of the global 

atmosphere and its underlying surface (Dee et al. 2011).  The final product is a multivariate, 

spatially complete, and coherent record of global atmospheric circulations.   

The relatively low spatial resolution of the ERA-I reanalysis leads to shortcomings in 

capturing basic TC intensity and detailed inner-core structural characteristics.  However, the 

ERA-I reanalysis generally portrays both the outer circulation associated with Atlantic TCs and 

also characterizes the synoptic environment well (Dee et al. 2011).  For the purpose of this 

study, TC-centered grids of 40° latitude by 40° longitude, which is large enough to capture the 

TC environment, are extracted from the ERA-I dataset for times associated with a significant, 6-

hour TC size change.   

 

2.2.2. Statistics of Atlantic TC size changes  

The storm size for each 6-hourly period in the set of 189 TCs is calculated by averaging the 

4-quadrant R34 values in the EBT, excluding time periods with zero or missing values.  

Furthermore, all times when the TC was within 300 nm of land are excluded from the analysis 

to ensure that size changes are not due to land influences.  The 6-hourly size change is 



50 
 

calculated for each TC that maintained an intensity of 50 kts or greater during its lifetime and 

then separated into bins of "zero change", "size decrease", and "size increase".  The statistics 

associated with the "size increase" and "size decrease" bins are provided in Table 2.3.  The 

mean increase for this dataset is 19.3 ± 15.9 nautical miles (nm) valid for a bin containing 969 

periods.  The mean decrease is 18.9 ± 16.1 nm in a bin containing 516 periods.   

     

Table 2.3:  Size change statistics for all TCs in the North Atlantic basin from 1988-2011.  The 
statistics are valid for TCs that were at least 50 knots their size change.  
    
 

Based on these statistics, a large increase (LI) or a large decrease (LD) has occurred if the 

absolute value of the 6-hour size change exceeds the mean plus half the standard deviation of 

the corresponding bin.  Although small increases and decreases are statistically defined in Table 

2.3, these are considered to be within the bounds of zero size change and are not analyzed in 

the study. Values that fall within the range of the mean  half the standard deviation are 

considered medium size changes (MI, MD).  The analysis focuses on the environments 

associated with "large" and "medium" TC size and analyzes their differences from each other.       
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2.2.3 EOF Analysis technique 

An Empirical orthogonal function (EOF) is a statistical technique used to identify and 

separate dominant patterns of variability ideal for use on large datasets of climate and weather 

data (Hannachi et al. 2006).  The EOF technique defines a new set of coefficients that capture 

most of the observed variance from a given set of data through a linear combination of the 

original variables.  The EOF coefficients, or normalized principles components (nPCs), are linear 

combinations of the different variables of the input field that maximize the observed variance 

in the dataset.  EOF analysis has been shown to be successful in differentiating the leading 

modes of SLP variability and other modes of climate variability from 500-hPa height patterns, 

such as the Arctic Oscillation (Hannachi et al. 2006). 

The 500-hPa geopotential height field has been demonstrated as a level that captures the 

structure of tropical cyclones, upper-level weather features, and the large-scale environment 

(e.g., Ritchie et al. 2010; Harr and Elsberry, 2000; Ritchie and Elsberry 2003; 2007; Wood and 

Ritchie 2013).  EOF analysis is performed on the 500-hPa geopotential height anomalies of the 

extracted 40° by 40° grids for each size-change environment in order to objectively separate 

size change cases by the environment in which they are embedded.  Similar to previous work, 

the anomaly fields are calculated by subtracting the average of the entire dataset from the 

individual samples (e.g., Wood and Ritchie, 2013).  The anomaly fields are stored in an       

matrix where n represents the number of samples and p contains all the spatial-pattern 

information.  The EOFs are defined as the unit vectors (eigenvectors) in the  -dimensional state 

space.  They are obtained by performing a singular value decomposition (SVD) analysis, which 
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uses equation 2.14 (Hannachi et al. 2006) to factor the      matrix,  , into three individual 

matrices.      

                                (2.19) 

The EOFs are provided by the columns of , which is a      matrix containing the left 

singular vectors.  The nPCs are provided by the columns of , which is a transposed      

matrix containing the right singular vectors.  The scalar multiplier of the eigenvector is known 

as an eigenvalue.  Singular values proportional to the square root of the eigenvalues are stored 

in a diagonal matrix,  , which has the same dimensions as     The eigenvalues explain how 

much of the variance is described by each EOF, in decreasing order.  A more detailed 

description of this technique is provided by Hannachi et al. 2006.          

The statistical significance of the resulting EOFs is evaluated using the North test (North et 

al. 1982) and separately considered for physical significance.  The North test computes the 

percent variance and associated error bars for each EOF performed.  For each EOF, if the error 

bar associated with a particular eigenvalue does not overlap with the error bar of any other 

eigenvalue, then the EOF is considered significant for analysis.  Usually, the most significant 

EOFs are constrained to the first few EOFs performed and the rest represent noise in the data.  

The normalized PCs corresponding to each EOF is regressed back onto the original data, which 

provides a pattern of the anomalies with physically interpretable units.  In the current analysis, 

regressing the EOF back to the original units still leads to difficulty in determining the actual 

significance in the context of all the samples in the dataset.  Therefore, the nPCs of each EOF 

are divided into data subsets, created by separating the samples into two bins:  one with 

nPCs≥1; and one with nPCs ≤-1.  This threshold contains the cases that most strongly 
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contributed to the corresponding EOF.  The full fields of the 500-hPa geopotential heights 

within each subset are composited to represent the mean geopotential height field associated 

with the positive and negative modes of the dominant nPCs in each EOF.  The composites for 

several other variables are similarly constructed and analyzed for statistical significance.             

 

2.2.4. Environmental Composites  

The environmental fields are composited using the 40° by 40° storm centered grids 

extracted from the ERA-I based on categorization using the EOF patterns and also based on the 

large, and medium size change criteria.  A statistical analysis technique called the Student's t-

test is performed in order to determine whether or not the environments associated with TC 

size increase are statistically different from environments associated with TC size decrease.  The 

Student’s t-test is performed based on a null hypothesis that assumes that there is no 

difference between the samples, or in our case, the composites.  If the calculated value of t (Eq. 

2.20) exceeds the absolute value of 1.96 then the null hypothesis can be rejected and the 

composites are fit to be analyzed.  The threshold of 1.96 is determined based on the degrees of 

freedom in the dataset (2.22) and assumes a confidence interval of 95%.   The below equation 

for t is adapted for two datasets with normally distributed data and unequal variances.  This 

equation is also referred to as Welch's t-test and is given by:        

   
              

     
,                                                                 (Eq. 2.20) 

where  

         
  
 

  
  

  
 

  
.                                                       (Eq. 2.21) 
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ln these equations, X1 and X2 are the means of the composites that are being compared, s1 

and s2 are the respective standard deviations, and n1 and n2 represent the populations of each 

dataset.  The degrees of freedom is calculated with the equation  

      
 
  
 

  
 
  
 

  
  

   
     

 

    
  

  
 

  
 

 

       

 .                                               (Eq. 2.22) 

  The t-test is performed on the following composite fields: 2-m temperature and dew point; 

the SST; the vertical wind shear; the air-sea temperature and vapor pressure difference; specific 

humidity at the 850- 700- and 500-hPa levels; and the relative humidity at 850 and 700 hPa.  

The goal is to determine if the environments that lead to size increases are consistent with the 

model results in this study and the studies of Kimball (2006), HL09, XW10a and XW10b.  The 

data within a radius of 600 km of the composite center is averaged in order to better quantify 

the differences in the environments.  However, it should be noted that the averages may not 

always represent the spatial pattern separating the size change environments, especially in the 

moisture field, which has considerable spatial variability.  Thus, horizontal composites are 

separately analyzed to emphasize some of the finer structural characteristics that distinguish 

the size change environments.    

This method of using the Student’s t-test to test for significance in the composite fields is 

similar to that employed by Maclay et al. (2008).  

 

 

 

 



55 
 

CHAPTER 3:  IMPACTS OF CHANGING THE ATMOSPHERIC TEMPERATURE AND AIR-SEA 
TEMPERATURE DIFFERENCE ON THE DEVELOPMENT OF NUMERICALLY SIMULATED TCS 

 

In this chapter we discuss the different impacts and associated physical mechanisms that 

atmospheric temperature and air-sea temperature difference have on simulated TC size and 

structure using the WRF-ARW model.      

 

3.1  f-plane simulations   

 The simulations are performed on a constant f plane valid at 15° N, which removes the 

impacts that the gradient in Earth vorticity may induce on the evolving TC structure.  In the 

absence of Earth vorticity and any environmental flow, the TC does not propagate more than a 

few gridpoints during its lifetime.  The initial set of seven simulations include the control 

simulation using the environment calculated from the McBride and Zehr (1981) dataset, and 

the 6 environments modified by a constant amount of ± 1° C, ± 2° C, and ± 3° C while keeping the 

SST unchanged.  For convenience we refer to the simulations as “cold” when the atmosphere is 

cooled from the control (C1, C2, and C3) and “warm” when the atmosphere is warmed relative to 

the control (W1, W2, and W3) throughout the analysis.     

 

3.1.1 Evolution of the control simulation  

 The first 36 hours of the simulation is characterized by rapid intensification while the 

imposed vortex adjusts to the environmental conditions (Fig. 3.1a).  After this time, 

intensification continues at a slower rate until the TC reaches its maximum intensity of 121  
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Figure 3.1:  Results from the control simulation showing: a) Time evolution of maximum 10-m wind 
speed; and b) Time series of the RMW, R64, and R34 (km) calculated at 850 hPa, all plotted every 12 
hours.  

 

knots by 48 hours. The TC intensity then slowly decreases to 99 kts by 108 hours, before slightly 

re-intensifying during the last 12 hours of simulation.      

During rapid intensification, the RMW contracts from 105 km to about 40 km after which it 

remains relatively steady through the rest of the simulation (Fig. 3.1b).    The outer-core wind 

structure (R64) develops 12 hours into the simulation and slowly increases from 112 km to a 

maximum of 164 km at the end of the simulation (Fig. 3.1b).   In contrast, the overall size of the 

TC initially contracts in the first 72 hours, but then steadily increases to a final value of 280 km 

by 120 hours.    

 

Figure 3.2:  Radar reflectivity from the control simulation at: a) 24 hours; b) 60 hours; and c) 120 hours.    
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The structure of the precipitation field, which is shown by the radar reflectivity in Figure 3.2 

and the 3-hr precipitation tendencies in Figure 3.3, is relatively compact throughout the 

intensification period.  From 18-30 hours, a single rainband develops outside the complete, 

circular, inner core of convection (Fig. 3.2a).  After 30 hours, the initial rainband dissipates, the 

eye develops an elliptical structure, and the eyewall precipitation strengthens (Figs. 3.2b, 3.3).  

By 87 hours, the eyewall precipitation has again weakened and a rainband develops outside the 

main core of convection and remains through the end of the simulation (Fig. 3.2c, 3.3).     

 

Figure 3.3:  Radial distribution of the azimuthally averaged 3-hour precipitation tendencies for the 
control simulation at 24, 60, 72, and 120 hours.    
 
 

3.1.2 Effects of modifying the temperature profile  

3.1.2a  INTENSITY EVOLUTION   

 The effect of altering the atmospheric temperature on the evolution of the tropical cyclone 

intensity is shown in Figure 3.4.  Each simulation is initialized with the same central pressure 

and wind structure.  Thereafter, each storm intensifies differently in response to the prescribed 

environmental temperature profile.    
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Figure 3.4:  Time evolution of maximum 10-m wind speed (knots) for all seven f-plane temperature 
sensitivity simulations.   
 
 

In general, the tropical cyclones in the warmer environments, including W3, W2, W1, the 

control, and C1, intensify quite similarly to the control, reach their maximum intensity within 

48-60 hours of simulation, and continue to assume a similar intensification profile through the 

end of the simulation.  Their final intensities are very similar to each other and the control 

(Table 3.1).    

 However, C2 and C3 intensify similarly to the control only for the first 12 hours (Fig. 3.4).  

Then, by 24 hours, the intensification profiles of C2 and C3 have significantly diverged from the 

five warmer simulations.  Both storms are slower to intensify but are both unique in how they 

intensify.  C3 maintains nearly steady intensification throughout the rest of simulation, whereas 

C2 weakens between 48 and 72 hours and then intensifies again during the last 48 hours.  C2 

attains a final intensify that is stronger than C3 and is the most intense tropical cyclone in the 

set.  The maximum intensity for each TC, and the approximate time in which it occurs, is shown 

in Table 3.1.     
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Table 3.1:  General statistics of the ƒ-plane temperature sensitivity simulations.  Included is the hour and 
the value for the maximum intensity (wind speed), the final values of the R64 and R34, and the average 
and maximum 6-hour size changes of the R64 and R34 for each TC.  
   
   

3.1.2b WIND FIELD STRUCTURE 

 The evolution of the RMW, R64, and R34 for all seven TCs are shown in Fig. 3.5.  After the 

initial spin-up period, the RMWs for each environment display small variations but generally do 

not make significant size changes during the simulation (fig. 3.5a).  The most notable difference 

is that the cold simulations have a slightly larger RMW than the warm simulations, especially 

prior to 72 hours.     

 The TC outer core (R64) expands throughout the simulation for all environments (Fig 3.5b).  

Note that the R64 does not exist until the TC intensifies to at least 64-kt.  Table 3.1 shows the 

final R64 and average 6-hour size change for the seven simulations.  The amount of expansion is   

greatest in C3 followed by C2, whereas C1 assumes a size-change profile similar to the control. 

The largest outer-core wind field occurs in the TC in the coldest environment with a maximum  
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Figure 3.5:  Radius of the: a) maximum (RMW); b) 64-kt (R64); and c) 34-kt (R34) wind (km) measured at 
the 850-hPa level indicating the approximate inner-core, outer-core, and overall size of each ƒ-plane TC.  
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R64 value of 282 km.  In general, the amount of expansion of the outer core decreases as the 

initial environmental temperature profile increases from C3 to W3 (Table 3.1).   

 The structural differences among the simulations are most emphasized by the changes in 

the R34 of the TC (Fig. 3.5c, Table 3.1).  Although the TC size is not particularly sensitive to 

temperature changes within the first 48 hours of simulation, considerable differences occur 

subsequent to this with the simulations dividing into two main groups.  All cold-environment 

simulations expand in size after approximately 60 hours of simulation.   Simulations C2 and C3 

have the most dramatic size expansions with R34 values greater than 400 and 600 km, 

respectively, at 120 hours (Table 3.1).   In this set of seven simulations, the largest TC initialized 

in the coldest environment, C3, and the smallest TC initialized in the warmest environment, 

W3.   

 

3.1.2c  EYEWALL AND RAINBAND STRUCTURE   

The radar reflectivity is used to objectively identify basic structural differences in the 

precipitation field while the precipitation tendencies provide a quantitative estimate of the size 

and intensity of the convection in each TC.    

 Figure 3.6 shows the radar reflectivity for the warm simulations compared to the control at 

24, 60, and 120 hours. Compared to the control, the warm-environment TCs are smaller and 

more compact, displaying an intense elliptical core of precipitation surrounding a complete 

eyewall with a single rainband favored on the eastern side of the TC by 24 hr (Fig. 3.6a-h).   By 

87 hours the control develops outer rainbands that are absent in the warmer environment TCs, 

which remain quasi-annular with steadily decreasing dBZ returns in the eyewall (i.e., Fig. 3.6i-l).   
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 Figure 3.6: Radar reflectivity (dBZ) for the warm simulations compared to the control.  Gridlines are 
1°x1° latitude/longitude.   
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 Figure 3.7:  Radar reflectivity (dBZ) for the cold simulations compared to the control.   Gridlines are 
1°x1° latitude/longitude.      
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Figure 3.7 shows the radar reflectivity for the cold simulations compared with the control.  The 

convective field in C1 behaves similarly to the warm simulations, developing a more compact 

inner core structure through 60 hours of simulation, then slowly expanding and weakening 

through 120 hours (fig. 3.7j).    

 C2 and C3 have the most substantial differences from the control and warm simulations, 

with a weaker and much more disorganized core of convection by 24 hours (Fig. 3.7c, d), which 

most likely explains their lower intensity in the first 48 hours.  By 60 hours, C2 and C3 have  

  

Figure 3.8:  Azimuthally averaged 3-hour precipitation tendencies (mm) for C3, control, and W3 at times 
a) 60 hours; b) 72 hours; and c) 120 hours.    
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developed distinct rainbands that have outside the main core of convection (Fig. 3.7g, h).  By 

120 hours the rainbands in C2 have dissipated, leaving a more compact TC (Fig. 3.7k).  In  

contrast, rainbands continue to form in the outer core of C3 and by 120 hours, a strong and 

large outer-core rainband encircles the inner-core of convection (Fig. 3.7l).   

The radial distribution of the 3-hr azimuthally averaged precipitation tendencies for the 

coldest simulation, C3, the control, and the warmest simulation, W3, is shown in Figure 3.8.  In 

the first 72 hours, the precipitation tendencies are strongest, but tightly confined to the core 

region of the TC in the control and W3 compared with C3, which exhibits weaker core 

precipitation, but some rainband features (Fig. 3.8a, b).  This is the period during which the 

control and warm TCs intensify more quickly.  However, by 120 hours, the peak precipitation 

tendency and area of precipitation is greatest in C3 (Fig. 3.8c), and this is reflected in its 

constant intensification rates (Fig. 3.4), and wind field expansion (Fig. 3.5c).  In summary, the 

warmer simulations are generally more annular with smaller wind fields and the cooler 

simulations display increased rainbanding and asymmetry with larger wind fields.   

 

3.1.3 Thermodynamics of TC size and intensity change  

So far it has been shown that numerically simulated TCs with the same initial SST and 

relative humidity are highly sensitive to small, systematic changes to the initial atmospheric 

virtual temperature profile.  This is true both in terms of the TCs' maximum intensity, wind field 

size, and structure of the precipitation field.  Furthermore, the imposed temperature changes 

generally appear to affect the size (R34) changes of each TC independently from size changes in 

the inner-core (RMW) and outer-core (R64) wind fields.  Therefore, rather than treating the TC 
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as a solid disc separate from the environment, the next few diagnostics are averaged within 200 

km segments measured from the center of the TC in order to capture the dominant processes 

in the inner core, outer core, and interaction envelope between the TC and the environment.    

As shown in Chapter 2, the initial changes to atmospheric temperature alter the initial 

specific humidity, CAPE, and surface energy fluxes, which are known to impact structure and 

intensity changes.  Thus, the temporal variations in these fields are analyzed as a first step 

towards diagnosing the primary mechanisms responsible for the observed size changes.  The 

CAPE, surface energy fluxes, and specific humidity are averaged within 200 km, 200-400 km, 

and 400-600 km, which are the respective regions where the inner-core, outer-core, and 

surrounding environment immediately influencing the size of the TC exist.    

 

Figure 3.9:  Temporal evolution of the convective available potential energy (CAPE) averaged within 0-
200 km (inner-core), 200-400 km (outer-core), and 400-600 km (environment) of the TC center.   
   

 
3.1.3a CONVECTIVE AVAILABLE POTENTIAL ENERGY 

The temporal evolution of the CAPE for each simulation is shown in Figure 3.9.  The CAPE is 

a quantity that describes the amount of energy an air parcel would have if it was lifted from the 
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surface to the level of free convection and is directly related to the maximum potential vertical 

velocity within an updraft as shown in Eq. (2.5) (Wallace and Hobbs, 2006).  The TCs in the 

warm environments initialize with more CAPE than the cooler environment TCs, which most 

likely led to their high intensification rates in the first 36 hours of simulation (e.g., Fig. 3.4).  

Interestingly, the CAPE in both the inner and outer core display fluctuations that demonstrate 

some interdependence with the TCs intensity evolution (Fig. 3.9a, b).  The inner-core CAPE in C3 

and C2 are particularly interesting due to the rapid depletion and quick recovery of CAPE 

around 48 hours and 69 hours that correspond to changes in their respective intensification 

rates.  The decrease in CAPE in C3 is much less dramatic than the CAPE decrease in C2 and 

corresponds to stagnation in the intensification of C3 between 36 and 48 hours.  In contrast, 

the more rapid depletion of CAPE in C2 corresponds to a decrease in the TC's intensity between 

51 and 72 hours.  The CAPE makes a quick recovery in the inner core of both C2 and C3, but C2 

recovers to a much higher value of CAPE than C3.   C3 also experiences an additional period of 

depleted CAPE around 99 hours (Fig. 3.9a), which corresponds to weaker intensification rates 

(Fig. 3.4) and weaker inner-core convection (Fig. 3.7l) compared to C2.  These results 

demonstrate that the inner-core CAPE is at least partially responsible for the strength of the 

convection along with the intensity of the simulated tropical cyclones.   However, the amount 

of outer-core CAPE in C3 (Fig. 3.9b), which is a maximum at 120 hours, is likely contributing to 

the strength and intensity of the outer-core bands of convection demonstrated in Figure 3.7l 

allowing for a larger wind field.   

There also seems to be some correspondence between the environmental CAPE (400-600 

km) and the intensification of each TC (Fig. 3.9c, Fig. 3.4).  Compared to the cold environments, 
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the warm environments initially have a higher level of CAPE, which is rapidly depleted while 

they quickly intensify.  Once the CAPE is depleted, it is slow to recover and remains at reduced 

amounts compared with the early values while, in contrast, the CAPE in the cold simulations 

increases during the entire period of the simulation.  By 120 hours, the environmental CAPE is 

highest in C3, suggesting that the high CAPE in the environment and the outer core are 

contributing to the radius and strength of the outer-core rainbands that develop towards the 

end of C3's simulation (e.g., Fig. 3.8c)   

 

  

Figure 3.10:  Temporal evolution of the sensible and latent heat fluxes in the inner core (0-200 km), 
outer core (200-400 km), and in the environment (400-600 km).    
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In summary, the intensity and inner-core precipitation rates of a TC are closely linked to the 

amount of inner-core CAPE while the development of outer rainbands is favored by high values 

of outer-core and environmental CAPE.  In addition, the amount of outer-core CAPE influences, 

with varying degrees, both the TC intensity and size and strength of outer-core convection.       

 
 
 

3.1.3b SURFACE ENERGY FLUXES  

Once the atmospheric CAPE is depleted by convective processes, surface energy fluxes 

recharge the boundary layer with heat and moisture, which, in the presence of sufficient 

vertical motion, increases the CAPE and is favorable for the development of more convection 

(Molinari et al. 2012).  In this section, the temporal evolution of the surface latent and sensible 

heat fluxes are explored in order to better diagnose their impact on the observed TC size 

changes, particularly in the colder-atmosphere TCs.  

 The latent and sensible heat fluxes are controlled by three variables:  the difference in 

temperature between the ocean and surface air (Tocean –Tsurface air), the difference in vapor 

pressure between the ocean and surface air (e(ocean T) – e(air T)), and the wind speed (Malkus and 

Riehl, 1960).  These physical processes are parameterized in the model through a boundary-

layer scheme (Janjic, 1994), which also includes a viscous sub-layer, and accounts for sea-

roughness through the Reynolds number.     

Figure 3.10 shows the temporal evolution of the surface latent and sensible heat fluxes 

averaged within 0-200 km, 200-400 km, and 400-600 km of the TC center, which corresponds to 

the inner-core, outer-core, and environment, respectively.  Note that the latent heat fluxes 

maintain values about 4 times larger than the sensible heat fluxes in these simulations.  
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All regions of each TC display a strong sensitivity to the initial imposed air-sea temperature 

and vapor pressure difference.  In general, the surface fluxes are highest in the coldest 

simulation and decrease with each incremental increase in atmospheric temperature.  Since the 

surface fluxes in Figure 3.10a-b are calculated within a 200 km annulus from the TC center 

where the surface winds are strongest, their evolution is more variable and increasingly 

dependent on the expanding inner-core wind field.  Outside of the inner core where the winds 

are weaker, the flux values are less dependent on the growing wind field, particularly prior to 

72 hours.  After 72 hours, the expansion of the wind field becomes evident in C3, and to some 

extent in C2, demonstrated by the increasing fluxes in the outer core (Fig. 3.10c-d).  Within the 

environment the fluxes are small and remain steady or slightly increasing subsequent to 60 

hours (fig. 3.10e-f).  

In general, the surface energy fluxes within the outer-core and the environment are largest 

in the coldest environment, and decrease in value with each incremental increase in 

atmospheric temperature.  The behavior of the inner-core fluxes is generally similar to the 

outer-core and environment regions, although there is increasing dependence on the variations 

in the radial dependence of the wind speed, particularly in C2, which attains similar magnitude 

fluxes to C3 during the last 20 hours of the simulation when the maximum winds become more 

intense than C3 (Fig. 3.10a-b, 3.4).    

 In general, in an environment with a constant SST, a colder atmosphere results in higher 

surface fluxes, which increases CAPE and forces convection over a larger area, which supports a 

TC with a larger wind field and broader region of precipitation.  Warmer environments initialize 

with higher CAPE, but smaller surface fluxes, and trigger intense inner-core convection 
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supporting rapid intensification.  However, once that initial CAPE is depleted, the lower surface 

fluxes slowly replenish the boundary layer CAPE, the convection weakens, and the resulting TCs 

have comparatively smaller wind fields.  

 

 

Figure 3.11:  Vertical profiles of the specific humidity averaged within the inner-core (0-200 km), outer-

core (200-400 km), and environment (400-600 km) for all seven ƒ-plane simulations at: a) 24 hours; b) 60 

hours; and c) 96 hours.    
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3.1.3c LOWER TROPOSPHERE SPECIFIC HUMIDITY     

The role of the fluxes is to recharge the boundary layer with heat and moisture, and the 

atmospheric moisture content has been shown to impact TC size and structure (Hill and 

Lackmann (2009); Kimball (2006); Xu and Wang 2010a, b).  Thus, the temporal evolution of the 

specific humidity profile is examined in comparison with the changing CAPE and surface latent 

heat fluxes.    

 Because the relative humidity is held constant during the initial change in the virtual 

temperature profile, the resulting specific humidity profile is initially highest in W3 and 

decreases with decreasing temperature.  Once the simulations begin, the specific humidity is 

depleted in the boundary layer through convective processes and replenished by latent heat 

fluxes from the underlying sea-surface.  The strength of the surface fluxes determines the rate 

at which moisture is replenished in the boundary layer.  

The surface level of each model atmosphere immediately begins to adjust to the high winds 

and surface latent heat fluxes so that by 24 hours, the inner-core specific humidity has 

increased in all simulations and the outer-core and environmental specific humidity have 

slightly decreased (Fig. 3.11a-c).  The increase in inner-core specific humidity is due to radial 

advection of moisture from the outer-regions of the TC during the spin-up period (hence the 

reduction in outer-core and environmental specific humidity). However, the specific humidity in 

the cold simulations is reduced less than the warm simulations due to the higher latent heat 

fluxes outside the inner-core (e.g., Figure. 3.10a-c).    

Subsequent to 24 hours, the boundary layer moisture content in the warm simulations 

decreases everywhere, while all regions in the cold simulations gradually increase in boundary 
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layer moisture (Fig. 3.11d-f).  By 60 hours, the surface specific humidity in the outer-core of C3 

exceeds that of W3; however, W3 and the other warm simulations generally maintain higher 

moisture content throughout the lower-atmosphere (Fig. 3.11e).  The specific humidity 

continues to increase in the inner- and outer cores in the cold simulations and decrease in the 

warm simulations during the final 60 hours of integration (Fig. 3.11 g, h).  As a result, the 

corresponding CAPE increases in the cold simulations and remain unchanged in the warm 

simulations (e.g., Fig. 3.9a, b).  In the environment, the specific humidity profiles in all 

simulations converge during the final 60 hours of integration (Figs. 3.11i).    

 

3.1.4 Dynamic mechanisms of size and intensity change  

The immediate response of the TC to the imposed temperature environment results in 

significant differences in the radial wind structure.  Thus, this section begins with an analysis of 

the early development of the secondary circulation during the first 24 hours of simulation.  In 

addition, the literature suggests that size changes can only be achieved from large imports of 

relative angular momentum.  Therefore, several components of the angular momentum budget 

are explored along with other factors that influence the angular momentum budget, such the 

potential vorticity field and energy production from the surface.  Kinematic fluxes of heat and 

moisture are an important component of boundary layer dynamics and are involved in the 

production of turbulent kinetic energy, which is another important component of the angular 

momentum budget also explored in this section.  Finally, we conclude with an examination of 

the vertical wind shear and its possible role in size and intensity changes in the simulated TCs.  
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3.1.4a SPIN-UP OF THE SECONDARY CIRCULATION   

Azimuthally-averaged radial wind velocities overlaid with vertical velocities are shown in 

Figure 3.12 to represent the size and strength of the secondary circulation in each TC.  As early 

as two hours into the simulation, the radial inflow develops in both W3 and C3, but the radial 

winds are already stronger in C3 and extend further from the TC center.  Near the RMW, 

upward vertical velocities initiate in the boundary layer at 3 hr in C3 and 4 hr in W3 (Fig. 3.12a, 

b), and because the radial winds are stronger, the vertical velocities are stronger in C3.  The  

  

Figure 3.12:  Vertical wind velocities (contour increment is 0.2 m s-1) and radial wind circulation (m s-1); 

at the time of earliest  convective development in a) C3; and b) W3; at 7 hours in c) C3; and d) W3; and 

21 hours in e) C3; and f) W3.       
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upper-level outflow develops at 5 hr in C3 and by 7 hr there are two main bands of convection 

near 75- and 125 km from the TC center (Fig. 3.12c).  In W3, the radial inflow is still 

comparatively weak at 7 hr, and the radial outflow that develops is weak outside of a single 

band of relatively intense convection (Fig. 3.12d).  Over the next several hours, the radial inflow 

and outflow in C3 increases to values of > 2 m/s radially beyond 600 km.  The convection is  

moderately intense and exhibits two to three bands of similar magnitude vertical velocities (Fig. 

3.12e).  W3 on the other hand, maintains one intense inner-band of convection supported by a 

radial inflow that is confined to a region within approximately 425 km from the TC center (Fig. 

3.12f). 

In order to demonstrate the contrasting convective fields that develop early in C3 and W3, 

the vertical velocities are shown at 24 hours in figure 3.13, shaded within a 300 km region from  

  

Figure 3.13:  Vertical velocities (m s-1) at  24 hours for simulations: a) C3; and b) W3.    
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the center.  There is a complex distribution of vertical velocities in C3 associated with a ragged 

eyewall and the two rainbands shown in Figure 3.7d.  There are two main areas of maximum 

vertical velocities near 2 m s-1.  Overall, the azimuthally-averaged convective field extends out 

to approximately 175 km, with a broad low-level updraft extension to at least 100 km (Fig. 

3.14a).  In contrast, the convective field in W3 is much stronger and is confined to the inner 50 

km with vertical velocities exceeding 4 m s-1.    

 

Figure 3.14:  Radial profile of 950-hPa temperature (K) within C3 (blue) and W3 (red) at: a) 0 hour; b) 2 
hours; and c) 4 hours.  

 

It is likely that the intensity of the inner-core convection in W3 is driven by the initially high 

CAPE values in the inner-core.  The weaker, more widespread convection in C3 early in the 

simulation is likely related to the presence of initially low values of CAPE.  However, the broader  

distribution of updrafts in C3 early in the simulation is likely related to the larger radial inflow 

that developed (Fig. 3.12).  The likely cause of the more extensive radial inflow in C3 by 3 hours  

into the simulation is the variation in the radial gradient of the surface temperature and 

moisture (and thus pressure) field.   
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Fig. 3.14 shows the evolution of the radial temperature gradient at 950 hPa associated with 

the boundary-layer fluxes from 0 to 4 hours of simulation.   By 2 hours, the temperature 

gradient diverges enough in the boundary layer to explain the difference between the inflows 

in C3 and W3, with a weak, negative temperature gradient from approximately 50-300 km in C3 

driving a radial inflow over the same distance (Fig. 3.12a) whereas the strong positive gradient 

in W3 from 100-200 km not only inhibits inflow but actually contributes to weak, shallow 

outflow (not shown).  By 4-h of integration, W3 has developed an interesting structure in the 

temperature gradient, with negative gradient from 50-125 km (conducive for radial inflow), 

strongly positive from 125-200, then very weakly negative beyond 200 km.  The resulting radial 

inflow is weak, shallow, and confined within 200 km of the center of the W3 TC (Fig. 3.12b) 

since the positive gradient of temperature acts as a strong inhibitor of radial inflow (is 

conducive to outflow) and limits the extent of the area that the radial inflow can develop, 

acting as a sort of "horizontal" temperature inversion.  The differences in the surface radial 

temperature profiles that drive the radial wind can be explained by the differences in the 

sensible and latent heat fluxes at early times between C3 and W3, which are dependent on 

both the air-sea differences, and the radial wind distribution (Malkus and Riehl 1960).  The 

radial winds intensify in both simulations over the next several hours (Fig. 3.12), in concert with 

the radial temperature patterns, which become enhanced in both C3 and W3, consistent with a 

strengthening radial wind circulation.          

 

 

       



78 
 

3.1.4b POTENTIAL VORTICITY   

Diabatic PV generated within outer-core rainbands are an important source of momentum 

and have been hypothesized to impact the size and structure of a TC (Xu and Wang 2010a;b; 

Hill and Lackmann 2009).  The PV anomalies that form can merge with the central PV tower, 

which can result in a change in TC outer-core size or intensity or both.    

 

Figure 3.15: Time-radius diagram of azimuthally-averaged, shaded radar reflectivity associated with a) 

C3 and b) W3. The 850-700 hPa average PV tendency are contoured (black) at intervals 0.25, 0.5, 1, 2, 3, 

and 4 PVU/3 hr. Values less than 1 have decreased thickness.  Contoured in red are the R34, R50, and 

R64 tangential winds.   

 

A time-radius hovmöller diagram of 3-hour PV tendency averaged within 850-700 hPa is 

plotted with radar reflectivity in Figure 3.15.  The production of PV is generally cellular in nature 

in accordance with the convective structure of spiral rainbands.  Thus, the azimuthal averaging 

in Fig. 3.15 will smooth and weaken the PV field.  As early as 12 hours into the integrations, the 

PV field is broader in C3 than in W3 (Fig. 3.15).  By 48 hours, the region of diabatic PV 
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generation extends radially out to about 125 km in C3 versus 100 km in W3. After 96 hours, the 

region of diabatic PV generation extends radially out to about 150 km in C3 but remains 

confined within 100 km in W3. Note that the evolution of the outer-core wind field, as indicated 

by R64, is consistent with the growing PV fields in both C3 and W3 (e.g., Fig 3.5b) and this 

appears to be consistent with the findings of Hill and Lackmann (2009) that there is a 

correlation between PV generation in rainbands and inner-core size change.     

 

3.1.4c ANGULAR MOMENTUM TRANSPORTS   

There are several components of the angular momentum budget that are known to 

primarily influence TC size and intensity changes.  Holland (1983) found that horizontal imports 

of RAM in the boundary layer by the mean circulation is important for offsetting frictional 

dissipative effects in the inner-core during TC intensification.  In contrast, he found that RAM 

imports from eddy fluxes mainly exist in the outflow region, are important at large radii, and 

show no correlation with intensification.  Other studies that have performed angular  

 
Figure 3.16:  Imports of RAM within a 600 km region from the TC center associated with the: a) eddy; 
and b) mean component of the flow within the 950-750 hPa layer of the atmosphere for the simulations 
C3 (blue) and W3 (red).  Frictional dissipation of RAM is shown in panel (c).      
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momentum budgets on TCs have concluded that RAM imports from the large-scale 

environment are essential for TC maintenance and are probably imported within the lower  

troposphere in the absence of nearby weather systems (Holland and Merrill, 1983; Tuleya and 

Kurihara, 1975).    

The temporal evolution of the horizontal fluxes of RAM from the mean and eddy 

components in addition to the surface frictional dissipation are shown in Figure 3.16 for the 

largest (C3) and smallest (W3) TCs.  The values are computed within the 950-750 hPa level of 

the atmosphere, in a region 0-600 km from the TC center.  Positive (negative) values indicate 

cyclonic (aniticylonic) fluxes of RAM propagating into and out of this region.  Cyclonic eddy  

   

Figure 3.17:  Hovmoller diagram showing the relative angular momentum eddy flux convergence (REFC) 
(m2 s-1 s-1) calculated at 950 hPa in: a) C3; and b) W3; contoured (red) over shaded tangential wind 
velocities.  REFC values from 5-85 are contoured in increments of 20 m2 s-2. 
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fluxes of RAM from beneath the tropospheric outflow layer are known to be favorable for TC 

growth.   

In general, the eddy fluxes of RAM are 1-2 orders of magnitude larger than the mean fluxes 

(Fig. 3.16b) and 5-6 orders of magnitude larger than the effects of friction (Fig. 3.16c).  The eddy 

fluxes may be the largest contributor to the RAM budget compared to the other two  

components, however the values are negligible in the W3 TC and contribute negatively to the  

C3 TC size change.  This indicates that the eddy fluxes are probably not driving the observed 

size changes in the simulated TCs.    

 
 
Figure 3.18: Vertical cross-section of the 60-120 average relative angular momentum (m2 s-1) for the 
simulations C3 and W3.  

 

In summary, no clear relationship is observed between eddy fluxes of RAM and TC growth.  

To better quantify this, the RAM eddy flux convergence (REFC) is shown in Fig. 3.17.  Outside of 

a 100 km radius, the REFC values in C3 compared to W3 are slightly stronger and exist at 
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comparatively larger radii throughout the 120 hour integration.  The REFC tends to pulse in 

both C3 and W3, which may be related the diurnal and semi-diurnal tides that are included in 

the 5-day simulations, leading to enhanced convection.  Furthermore, there is a tendency for 

the REFC to be at larger radii later in the C3 simulation, a behavior not observed for W3.  

However, in general the REFC forcing is not strong enough to explain the wind field expansion 

in C3 or the much larger RAM in C3 compared with W3 after 60 hours of simulation (Fig. 3.18).  

It can only be concluded that another process is strongly contributing to the angular 

momentum budget, one that is intricately tied to the surface energy fluxes in the model.       

 

3.1.4d SURFACE ENTROPY PRODUCTION   

      The radial distribution of the azimuthally averaged energy production rate (PD) compared to 

the mechanical (frictional) dissipation (DS) rate for C3 and W3 is shown in figure 3.19.  The 

peaks in the radial profiles correspond to the eyewall region where the RMW exists.  During the 

period of intensification of W3 through 48 hours, DS is slightly higher than PD at the eyewall but 

lower than PD outside the eyewall to a radius beyond 300 km (Fig. 3.19a, b).  Frictional 

dissipation increases in W3 as the TC reaches its maximum intensity due to the increasing winds 

at the RMW.  The results are consistent with Wang and Xu (2010) who found that when a 

simulated TC reaches its maximum intensity, the DS exceeds the PD at the RMW but not 

immediately outside the RMW.  They concluded that the excess friction at the RMW is balanced 

by energy production outside the eyewall, allowing a TC to reach to its maximum intensity.  We 

can argue using our simulations that excess PD outside the eyewall is helping to slightly expand 

the R64 of W3.  After 48 hours when W3 begins to weaken, PD and DS become more in balance 
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with each other at the eyewall.  However, there is still excess PD outside of the eyewall 

corresponding to a slightly expanding R64 (Fig. 3.19c, 3.5b).   

 

Figure 3.19:  Azimuthally-averaged rates of energy production (PD) versus mechanical dissipation (DS) (W 
m-2) at 24, 48, and 120 hours in simulations: a-c) W3 and d-f)  C3.   

 

The energy production rates in C3  develop substantially different than W3, displaying an 

overall wider radial profile of PD with values at the eyewall always exceeding DS by at least 300 

W m-2 until after 84 hr (Fig. 3.19d, e).  DS is much smaller in C3 compared to W3 throughout this 

period, and this is due to weaker winds at the eyewall and a lower intensity (e.g., Fig. 3.4).  

After 84 hours, DS slowly begins to exceed PD as C3 approaches its maximum intensity at 120 

hours (Fig. 3.19f).  Again, because the C3 TC is intensifying and growing in the R64 (Fig. 3.5b), 
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the energy production outside the eyewall must be offsetting the frictional effects at the 

eyewall.  In addition, the excess PD that extends out beyond a 600 km radius in C3 is likely 

contributing to C3's expanding wind field.         

The results indicate that for an intensifying, growing TC, the total energy production 

(PROD), indicated by the area beneath the PD curve, must exceed the total frictional dissipation 

(DISS) (i.e., area beneath FD curve).  Figure 3.20 shows the temporal evolution of these 

quantities within a 600 km radius.  During the entire simulation of C3, PROD is about 5 times 

larger than DISS, consistent with C3 intensifying while making a large expansion in the R64 and 

R34 wind fields (e.g., Table 3.2).   In contrast, W3 maintains PROD values that are only about 

twice as large as DISS, which corresponds to a much smaller expansion in the R64 and no 

expansion in the R34 (Fig. 3.5b, c; Table 3.2).            

 

         

Figure 3.20:  Evolution of the area-integrated energy production rate (watts) within a 0-600 km radius 
from the TC center for the simulations C3(blue) and W3 (red). 
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3.1.4e VERTICAL WIND SHEAR        

Vertical wind shear is generally known to have a negative impact on TC intensity but the 

impact that it has on size has not been explored.  Figure 3.21 shows the temporal evolution of 

the vertical wind shear for W3, C3 and the control simulations in the region that encompasses 

the majority of the TC (0-400 km) and the region the contains the environment and interactive 

envelope (400-800 km).   

Shear as little as 10 knots (~5 m s-1) can cause asymmetries in the TC structure and reduce 

the intensity of a TC.  The shear within 400 km of the TC is less than 10 knots for all TCs except 

for C3.  In C3, the VWS abruptly increases to over 10 knots around 108 hours before reducing to 

less than 8 knots by the end of the simulation (Fig. 3.21a).  A similar increase of the C3 

environmental (> 400 km) vertical wind shear occurs, but the peak value of shear is nearly half 

of that within 400 km (Fig. 3.21b).  The outer region environmental shear for the other two 

cases is very low, and never exceeds 2 knots during the entire 120 hour period.    

 

  

Figure 3.21:  Vertical wind shear between 850-200 hPa averaged within: a) 400 km; and b) 400-800 km 
of the TC center for the control (black), W3 (red), and C3 (blue) plotted in 12-hr intervals.    
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Several studies have found that vertical wind shear creates enhanced upward motion in the 

downshear region in cyclonic disturbances (Frank and Ritchie, 1999; 2001; Molinari et al. 2012).  

Molinari et al. 2012 stated that upward motion from vertical wind shear downshear of a TC 

would generate lower mid-level temperatures and higher humidity, which would help create 

the CAPE needed for outer-core convection.  In addition, they found that ocean fluxes were also 

acting to increase CAPE with the presence of higher downshear wind speeds.  Since the large 

increase in vertical wind shear in C3 seemingly had no negative impact on its intensity and size 

(fig. 3.4, 3.5), it is possible that the shear in this case is having a positive impact enhancing the 

CAPE downshear, in the outer-core and environment (fig. 3.9b, c).    

 

3.1.5 SUMMARY 

Several dynamic quantities were investigated in our simulated TCs in order to determine the 

important physical mechanisms associated with TC size and structure changes in different 

temperature environments.   

Using C3 as an example, the evolution of the size and intensity of the TC can be explained by 

the following sequence of events.  

1.  Cooling the atmospheric virtual temperature profile increases the temperature 

difference between the ocean and air, leading to higher sensible heat fluxes during the spin-up 

period.  The sensible heat fluxes create a favorable temperature gradient for producing a large 

region of radial inflow.  
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2.   An expanded region of radial inflow in the presence of high surface energy fluxes 

supports a wider convective field and subsequent wind field.  However, the intensity of the 

convection is weaker than the control and this is partially due to a lower inner-core CAPE.  

4.  As the CAPE in the environment and outer core increase, the atmosphere becomes more 

conducive to forming strong, active spiral rainbands at larger radii from the storm center.   

Diabatic PV production that occurs in the outer rainbands adds to the total relative angular 

momentum in the TC and subsequent growth in the wind field.  The process by which this 

occurs is likely similar to that described in Hill and Lackmann (2009) and Xu and Wang (2010a, 

b). 

5.  A positive feedback exists in which the outward expansion of the wind field increases the 

amount of outer-core surface fluxes, which increases the surface moisture and CAPE available 

for outer-core convection.  As the outer-core convective field expands, the radial inflow 

produced by the convection expands, increasing lateral extent of PV production, which further 

drives the expansion of the outer-core and overall tangential wind field.  

During this process, the total energy production underneath C3 is always much greater than 

the frictional dissipation allowing C3 to increase in RAM and intensify into a very strong TC 

while making a large expansion in the R64 and R34 wind fields.  Horizontal RAM transports from 

the eddy and mean flow fields make a negligible contribution to the total RAM field.  In 

addition, vertical wind shear remains low over C3 allowing it to continually intensify without 

interruption.   

Finally, we have yet to explore the processes that link the thermodynamic fields to size 

changes in the inner core, or RMW.  In all simulations, the RMW does not expand but C3 
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generally develops a larger RMW compared to W3.  The process dictating the size of the RMW 

is likely related to the process described in Wang (2009) and explored again in Xu and Wang 

(2010a, b).  The convective rainbands that form outside the main core of C3's precipitation is 

associated with increased amounts of diabatic heating.  Since a TC is a warm-core system, 

warming up the region outside the inner core reduces the radial temperature (and 

corresponding pressure) gradient causing the inner-core tangential wind field to expand in a 

process known as hydrostatic adjustment.  Xu and Wang (2010a) show that the presence of 

moisture fluxes outside the inner-core favor the formation of rainbands and an overall wider 

convective field.  Similar to their findings, we observed that C3 has larger moisture fluxes 

outside the inner core sustaining a much wider area of convection compared to the warmest 

simulation, W3.  At the same time, C3 is also generally slower to intensify and also displays a 

larger inner-core wind field.          

  

Table 3.2:  Description of the model sets and their associated minimum attained sea-level pressure (hPa) 
and maximum attained wind velocity (knots) for the β-plane compared to the ƒ-plane temperature 
sensitivity simulation.    
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3.2 β-plane simulations    

The model simulations presented in Section 3.1 are repeated on a β plane, which 

approximates the Earth vorticity gradient by setting f = y, with the TC initialized at 15° N.  

These simulations investigate how introducing the gradient in Earth vorticity affects TC size and 

structure and are investigated in relation to their departures from the f-plane versions of the same 

initial setups.     

 

3.2.1 Size and intensity changes    

The β-plane simulations intensify similarly to the ƒ-plane simulations but there are a few 

notable differences (Fig. 3.22).  With the exception of C3, the β-plane TCs are weaker than their 

ƒ-plane counterparts.  This is especially true for the C1 and C2 environments (Table 3.3).  For 

example, the C2 β-plane environment (fig. 3.22a) produces a TC with a significantly reduced 

intensification rate after 60 hr compared to the C2 ƒ-plane TC (fig. 3.22b).   

The size evolution is very similar between the β- and ƒ-plane simulations (fig. 3.22c-f).  In  

 

Table 3.3:  General statistics of the β-plane temperature sensitivity simulations.  Included is the final 
values of the R64 and R34, and the average and maximum 6-hour size changes of the R64 and R34 for 
each TC.   
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general, the β-plane TCs attain a smaller wind field in terms of both the in both R64 and R34 

and they make smaller 6-hr size changes throughout their development (Table 3.4).  

Interestingly, the TCs that are simulated on an ƒ-plane react more strongly to atmospheric 

cooling than those performed on a β-plane.   

 

 

Figure 3.22:  Time evolution for all seven β-plane simulations compared to the ƒ-plane simulations of: a)-
b) maximum 10-m wind speed (knots); c)-d) radius of 64-kt winds; and e)-f) radius of 34-kt winds.     

 

3.2.2 Mechanisms separating the f-plane from the β-plane simulations  

The addition of a β-plane introduces asymmetries in the environmental kinematic fields.  

Therefore, the mechanisms driving the size changes are likely more related to the dynamic 
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rather than the thermodynamic fields.   In order to investigate this thesis diagnostics similar to 

those computed for the ƒ-plane simulations in section 3.1 are also computed on the β-plane 

simulations.     

The addition of a β-plane produces small, insignificant differences in the surface energy 

fluxes and CAPE, which evolve with nearly identical patterns in the first 60 hours of the 

simulation (Fig. 3.23).  After 60 hours, the fluxes in the ƒ-plane simulations become slightly 

higher than their β-plane counterparts, which is consistent with the ƒ-plane simulations having 

slightly larger wind fields during this period.       

 

 

Figure 3.23:  Environmental (400-600 km) latent heat fluxes in the β-plane versus ƒ-plane simulations of 
C3, control, and W3.    
 
 

The largest differences are observed in the temporal evolution of the 200-850-hPa vertical 

wind shear (Fig. 3.24) and eddy fluxes of RAM (Fig. 3.25).  The vertical wind shear values   
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are averaged within a 400-800 km annulus, which removes the majority of the TC flow.  In 

general, the vertical wind shear steadily increases in all β-plane simulations (fig. 3.24a).  All 

simulations exceed 10 kts after approximately 60 hours of simulation, which has been shown to 

be sufficient to produce significant asymmetries in the convective field and reduce the intensity 

of TCs (Frank and Ritchie, 2001).  In contrast, the shear in the ƒ-plane simulations is generally   

 

  

Figure 3.24:  Time evolution of the 850-200 hPa vertical wind shear calculated in the control (black), C3 
(blue), and W3 (red) environments (i.e., 400-800 km average) for the a) β-plane TCs compared to the b) 
ƒ-plane TCs.      
 
 

negligible (3.22c).  Ritchie and Frank (2007) demonstrated that the introduction of the β-plane 

introduces a persistent north-northwesterly shear over the TC center as a result of an 

interaction between the primary circulation of the TC and the gradient in absolute vorticity with 

a magnitude of up to 10 m s-1, and, in the absence of other environmental effects, can reduce 

the intensity of the TC by 5-10 hPa.  The results here confirm that the β-plane induced shear 

impacts, at least in part, the intensification of the simulated TCs.      
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The evolution of the angular momentum field is also impacted by the inclusion of a β plane, 

particularly in the case of C3.  Figure 3.25 shows the mean and eddy fluxes of RAM calculated at 

900 hPa within 600 km of the TC center.  In general, the strongest contributor to the RAM 

budget at this level are the eddy fluxes (fig. 3.25a, b), which are 1-2 orders of magnitude larger 

than the mean fluxes (fig. 3.25c, d) and 3-4 orders of magnitude larger than the frictional 

dissipation (not shown).  However, the β-plane eddy fluxes are strongly negative (fig. 3.25a) and  

increase with time whereas the ƒ-plane eddy fluxes remain approximately constant (fig. 3.25b).      

 

 

Figure 3.25:  β-plane and ƒ-plane fluxes of relative angular momentum calculated from the C3 (blue) and 
W3 (red) simulations showing: a)-b) the eddy component (solid) and c)-d) the mean component 
(dashed).      
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Similar to friction, the negative eddy fluxes of RAM reduce the total amount of RAM 

produced, leading to a reduction in TC size and/or intensity.  The RAM field at t = 0 hours can be 

subtracted from the average RAM between 60-120 hr in order to demonstrate how much more 

RAM was generated β-plane versus the ƒ-plane environments (Figs. 3.26).   Beyond a 600 km 

radius, there is significantly less RAM generated on the β-plane configuration, thus explaining 

why the TCs are slightly smaller.  This also shows that even though the eddy fluxes are higher   

 

 

Figure 3.26:  Average change in the relative angular momentum for the C3 and W3 environments 
performed a)-b) β-plane compared to the c)-d) ƒ-plane TCs.    
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(and negative) when a β-plane is included, their overall effect is still small compared to the 

effect of the surface energy fluxes on TC size changes.  

In conclusion, the TCs that develop on a β plane are slightly smaller and weaker than those 

that develop on an ƒ plane because of: 1) the imposed asymmetry in the vertical wind shear; 

and 2) negative eddy fluxes of RAM in the boundary layer.  However, because the impacts of 

the surface energy fluxes are so much stronger in the cold simulations compared with the warm 

simulations, the TCs still developed into very large and strong TCs regardless of the Earth 

geometry in the model.  The comparatively larger anticyclonic eddy fluxes of RAM in the β-

plane simulations seem to have little impact on the size changes of C3 when compared with its 

ƒ-plane counterpart.  When the eddy flux values are compared to those in other studies (i.e., 

Molinari and Vollaro, 2006), they were about an order of magnitude smaller in our simulations 

most likely because they were not being forced by external weather patterns fluxes, and thus 

were not that important in facilitating TC size changes in these simulations.   

 

3.3 Sensitivity to air-sea temperature difference  

The first set of simulations performed showed that decreasing the virtual temperature 

profile while keeping both the initial relative humidity and the SST unchanged results in 

increased surface latent and sensible heat fluxes in all regions of the domain.  The higher 

surface fluxes continually recharge the boundary layer with heat and moisture, which sustains a 

wide area of continued deep convection, allowing the colder-environment simulations (C2-3) to 

keep developing and expanding in size.  The question now is: would the same changes in size 

occur if both the SST and the atmospheric virtual temperature were to change by equal 
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amounts?  We attempt to answer this question by performing two sensitivity simulations that 

maintain the same temperature difference between the virtual air temperature and the SST as 

the control simulation.  The simulation, TS+3 has and underlying SST of 305 K underneath an 

atmosphere with the same virtual temperature profile as W3 in the first set.  The simulation, 

TS-3, has an SST that is 299 K beneath an environment with the same atmospheric virtual 

temperature profile as C3.    

  

Table 3.4:  Initial differences in temperature (°C) and vapor pressure (hPa) between the sea-surface and 
lowest level of atmosphere for the second set of simulations in which the SST is modified along with the 
air temperature.    
 
 

It is important to keep in mind that that just because the temperature difference between 

the atmospheric virtual temperature profile and SST remain unchanged, it does not mean that 

the difference between the atmospheric air temperature and SST will remain unchanged.  This 

was explained with more detail in Chapter 2 and is re-emphasized in Table 3.4.  The parameter 

that is altered in all simulations is the virtual temperature, which is the temperature that a dry 

parcel of air would have if it were a moist parcel of the same pressure and density (Wallace and 



97 
 

Hobbs, 2006).  In the real atmosphere, the virtual temperature is usually warmer than the 

actual air temperature and is dependent on the absolute moisture content of the air parcel.   

We hypothesize that the small differences in the air-sea temperature will produce small 

differences in the development of the TS+3 and TS-3 TCs if the surface energy fluxes are in fact 

the underlying cause of TC size changes.                 

        

 

Figure 3.27:  Results from the simulations of modified air and sea-surface temperature showing the: a) 
Maximum 10-m wind speed; and b) radius of 34-kt winds.  
 
   

Figure 3.27 shows the intensity and size evolution of the TS-3 and TS+3 TCs compared to the 

control.  The control and TS+3 TCs intensify in a similar manner in the first 36 hours but after 

that point, TC+3 reaches a quasi steady-state intensity of approximately 130 knots whereas the 

control run steadily weakens to an intensity of about 100 knots (fig. 3.27a).  The TC in the TS-3 

simulation intensifies more slowly than the control and TS+3 through 36 h, and then slightly 

weakens to a final intensity of approximately 90 knots by 120 hours.  In addition having a lower 

intensity, the TS-3 TC is also consistently smaller than either the control or TS+3 TCs (Fig. 3.27b).  
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Thus, cooling both the SST and virtual temperature has a negative effect on the intensification 

and size of a TC and warming has an overall positive effect.   

What these results demonstrate is that the ocean-atmosphere difference is the dominant 

factor in determining the overall TC intensity and size regardless of the actual temperatures 

involved.  There are small differences in the TS-3, Control, and TS+3 simulations, most likely 

because while the virtual temperature difference was the same, the modified SST produced a 

significant vapor-pressure difference between the sea-surface and atmosphere (e.g., Table 2.2), 

modifying the latent heat fluxes and subsequent development of each TC.  Thus, the TC in the 

TS+3 environment was larger and more intense than the control and TS-3 because the latent 

heat fluxes were higher, resulting from a SST that was 3 °C and 6 °C higher, respectively.  

It is instructive to compare the size evolution of the TS+3 TC to the C3 TC.  Despite the fact 

that the TC in C3 initialized in a cooler, lower SST environment, it formed into a much larger TC 

with a final R34 of approximately 600 km compared to TS+3's final R34 of 160 km.  Table 3.4 

shows that the initial air-sea temperature and vapor pressure difference is substantially higher 

in the C3 environment compared to TS+3, which produced higher surface energy fluxes (not 

shown), leading to a larger wind field associated with the dynamics described in section 3.1.    

Motivated by these results, one more simulation is performed that initializes with the same 

atmospheric temperature profile as the control, but with an SST that is 3 °C higher.  This 

produces an environment with the same initial virtual-sea surface temperature difference as C3 

(0.9 °C), and is referred to as C_sstp3 (Table 3.4), but with a warmer overall atmosphere-ocean 

environment.  The results from this simulation are shown in Figure 3.28 and compared with the 

results from C3.  Because C_sstp3 is in a warmer atmosphere-ocean environment, it initializes  
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Figure 3.28:  Comparison of : a) Maximum wind speed; b) Radius of 64 knot winds; and c) Radius of 34-kt 
winds in the simulation c_sstp3 compared to C3. 

 

with higher CAPE and has slightly higher fluxes throughout the simulation than C3.  Thus, it 

becomes much more intense than C3 (Fig. 3.28a) with higher inner-core precipitation rates (Fig. 

3.29), a tighter and more compact inner and outer core (e.g., Fig. 3.28b), and a slightly larger 

overall size than C3 (Fig. 3.28c).  The corresponding precipitation tendency from TS+3 is also 

included in Figure 3.29 to emphasize that a warmer environment is associated with higher 
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inner-core precipitation rates.  Similar to C3, C_sstp3 is associated with the formation of strong, 

outer-core rainbands (Fig. 3.30) whereas TS+3 is associated with a more compact precipitation 

field.  In conclusion, these simulations demonstrate that as long as conditions are favorable for 

the formation of a TC, high surface energy fluxes are important for a larger-forming wind field 

regardless of the atmospheric temperature.   

  

Figure 3.29: Radial distribution of precipitation tendency at 72 hr for C3, C_sstp3, and TS+3.    

    

 

Figure 3.30: Radar reflectivity for the simulations C3, c_sstp3, and TS+3 at 120 hr.    



101 
 

3.4 Sensitivity to initial size  

A final question that is explored is whether an initially larger or smaller TC is more or less 

sensitive to environmental temperature changes.  The C3, control, and W3 ƒ-plane simulations 

are repeated with a larger and a smaller initial TC and the simulations are referred to as 

C3_small, C3_big, con_small. con_big, W3_small, and W3_big respectively.     

In general, for the same environment, a larger TC will become larger and more intense than 

a smaller TC.  Furthermore, an initially larger TC in an environment with lower boundary-layer 

fluxes has the potential to become larger and more intense than a smaller TC in an 

environment with higher boundary-layer fluxes (Figs. 3.31, 3.32).    

 

        

Figure 3.31:  Intensity (maximum wind speed) calculated as a 12-hour, center-point running average for 
the modified b-parameter TCs in the: a) control environment; b) W3 environment; and c) C3 
environment.      
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Figure 3.32:  Outer-core and overall size for the modified b-parameter TCs in the a) control 
environment; b) W3 environment; and c) C3 environment.     
 
 

Figure 3.33 shows that a smaller vortex initially produces a TC with a stronger but more 

compact precipitation field.  When the initial size of the vortex is increased, the field of 

precipitation expands but the peak values in the core generally weaken.  In addition, the largest 
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TCs in all environments attain their widest precipitation cores at 120 hr (Fig. 3.32) whereas the 

small TCs have weaker inner-core precipitation rates by 120 hr.  Furthermore, the warm 

environment TCs never develop outer-core rainbands and remain small and compact compared 

with the colder environment TCs throughout the simulation (not shown).  Finally, as the initial 

vortex size increases, the overall width of the core and maximum precipitation rates increase 

(fig. 3.33).                    

 

 

 Figure 3.33:  Azimuthally averaged 3-hour precipitation tendencies (mm) for b-parameter simulations in 
the C3 and W3 environments compared to the control at times: a-b) 24 hr; and c-d) 120 hr.  

 

The results of Xu and Wang (2010) suggest that a larger vortex will have larger size changes 

because higher winds outside the eyewall produce larger surface energy fluxes.  In turn, the 

higher surface fluxes lead to larger outer-core CAPE, which causes more rainband activity and 

an expansion in the tangential wind field.     
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Similar results are obtained in these simulations.  In all environments, a larger vortex 

produces larger values of outer-core surface energy fluxes, which leads to higher outer core and 

environmental CAPE (Fig. 3.34).  As the environmental temperature decreases, the amount of 

surface energy fluxes produced by the larger vortex TCs increases.  The much larger fluxes in 

the outer core of the cold environment, large TC simulation are associated with more active 

rainband formation, which also corresponds to a larger wind field compared to the large TCs 

the warmer environments.     

 

Figure 3.34:  Latent heat fluxes and CAPE in the environments of the cold and warm TCs of different 
initial vortex size.  

      

3.5 Summary 

We have shown using numerical simulations of idealized TCs that the initial atmospheric 

temperature can have profound impacts on TC dynamics, altering the evolution of the inner-

core dynamics with some independence from outer-core and overall size change dynamics.  
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The processes involved with the observed changes are generally dependent on the 

thermodynamic quantities in each region, i.e., the CAPE, surface energy fluxes, and lower 

atmosphere moisture content.  Consistent with the results of past and present modeling 

studies, the overall size is impacted more by the TC environment while the inner-core size is 

driven more by internal storm dynamics and changes in intensity.  The outer-core appears to be 

affected by a combination of both.  

The most important quantity driving the size changes is the surface energy fluxes of latent 

and sensible heat, which is partially controlled by vapor pressure and temperature difference 

between the ocean surface and lowest level of the atmosphere.  As the air-sea differences 

increase, surface fluxes are enhanced in all regions of the TC, which lead to larger TCs that form 

with more active spiral rainbands.      

The TCs that are performed on a β plane as opposed to an ƒ plane react similarly to the 

imposed temperature changes but the main difference is that the β-plane TCs develop slightly 

smaller wind fields than their ƒ-plane counterparts.  The smaller wind field is due to the 

environmental  gyres, which develop due to the interaction between the TC circulation and 

the Earth vorticity gradient.  The  gyres impose a strong northwesterly vertical wind shear over 

the TC and larger eddy fluxes of anticyclonic RAM in the boundary layer.  Anticyclonic fluxes of 

RAM in the boundary layer are unfavorable for growth, and this is reflected in the resulting 

wind fields.  However, the effects of the anticyclonic fluxes of RAM are small compared to 

effects of the surface energy fluxes on producing TC size changes.    

Finally, for the same environment, a larger TC will be more sensitive to the imposed 

temperature changes than a smaller TC with a similar intensity.  In an environment with a high, 
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air-sea temperature difference already conducive to high surface energy fluxes, a larger TC will 

amplify the existing fluxes due to the presence of much higher wind speeds outside the 

eyewall.  Thus, stronger rainbands form at larger radii in the cold-atmosphere, big TC, 

corresponding to larger growth rates in the TC wind field.  This result is consistent with those 

presented in Xu and Wang (2010b).  In the warm environment, the fluxes are relatively small so 

when a larger TC vortex is imposed, the fluxes outside eyewall are only slightly larger, which 

leads to very small increases in the TC wind field.  In addition, when the vortex is imposed in a 

warm environment with lower surface energy fluxes, it will form a compact TC with little or no 

rainband formation, regardless of the initial vortex size.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



107 
 

CHAPTER 4: ANALYSIS OF ENVIRONMENTS ASSOCIATED WITH NORTH ATLANTIC TC SIZE 
CHANGE 

 

In this chapter, the environments associated with real cases of TC size change in the North 

Atlantic basin are investigated using the ERA-Interim global reanalysis data.  The environments 

are analyzed for periods when the TCs had an intensity of at least 50 knots in order to ensure 

there was a robust estimate of the radius of 34-kt winds available in the extended best track 

dataset.       

 

4.1 Identification of main patterns using EOF analysis       

The R34 size changes in North Atlantic TCs were characterized using the Extended Best 

Track dataset for the period 1988-2011 as described in Chapter 2.  Four hundred and fifty 6-

hour periods of TC size increase (> 11.35 nm/6h) and 188 6-hour periods of size decrease (> 

10.85 nm/6h) were identified in the 14-yr period and these were further statistically divided 

into “medium” size changes and “large” size changes.  For all instances of medium and large 

size changes, the environment fields were extracted from the ERA-Interim reanalysis dataset.   

TCs can undergo size changes in the North Atlantic basin from 12° N to 63° N.  Since the 

environments associated with these latitudes vary greatly, an EOF analysis technique (Chapter 

2.2.3) is used to separate statistically-significant environments associated with size changes 

from each other.  The analysis is performed on 500-hPa geopotential height anomalies because 

both upper-level features such as midlatitude troughs and lower-tropospheric features are well 

represented in these fields.  Figure 4.1  shows the explained variance and associated error of 

the first 10 EOFs performed on the 500 hPa geopotential height anomalies corresponding to the  
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Figure 4.1:  Variance (%) and associated error bars explained by the first 10 EOFs.    

 

bins defined as large size increases or “LI” (121 cases), large size decreases or “LD” (54 cases), 

moderate size increases or “MI” (329 cases), and moderate size decreases or “MD” (134 cases).  

All cases with smaller size changes than these were classified as “no size change” cases.  Within 

all four bins, the pattern associated with EOF 1 is statistically significant by the North test and 

explains 72%, 55%, 75%, and 70% of the variance for each of these bins, respectively.  The bin 

with the most cases, MI, has the most variance explained and the smallest associated error.  In  
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Figure 4.2:  The EOF 1 pattern associated with the 500 hPa height anomalies (hPa) for cases: a) LI; b) LD; 
c) MI; and d) MD.  

 

contrast, the bin with the fewest cases, LD, has the least variance explained by EOF 1 and the 

greatest associated error.    

According to the North test, EOFs 2 and 3 are also statistically significant for all four size 

change criteria. However, they each explain 10% or less of the variance.  Since the first EOF 

explains far more variance than the other EOFs within each size change bin, this part of the 

dissertation will largely focus on the analysis of the EOF-1 patterns.     
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Figure 4.3:  The 500 hPa heights (meters) associated with the positive and negative modes of EOF 1 for 
cases: a-b) LI; and c-d) LD; e-f) MI; and g-h) MD . 
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The EOF-1 patterns of the 500-hPa geopotential height anomalies for each size change bin 

are shown in Figure 4.2.  While Each EOF generally displays a "trough-like" feature, they are  

difficult to physically interpret in their present form and are more easily analyzed if the 500-hPa 

geopotential heights associated with the highest normalized principal components (nPCs) for 

each EOF are individually examined.  Since the cases with nPC values greater than 1 or less than 

-1 contribute the most strongly to the positive and negative modes of the EOF pattern, 

respectively, these cases are composited for further analysis.  For example, the LI dataset is 

comprised of 121 samples.  Each sample represents a 500-hPa geopotential height anomaly 

pattern associated with a large increase (i.e., ≥ 27.25 km/6 hr) in the R34.  Of those 121 

samples, there are 20 cases with nPC values greater than 1 and 31 cases with nPC values less 

than -1.  Thus, composite fields comprising the 20 cases with nPC > 1 and composite fields 

comprising the 31 cases with nPC < -1 are separately computed and analyzed.   

A similar analysis is made for the other three bins and the results are shown in Figure 

4.3 for the 500-hPa geopotential heights.  The cases clearly separate into two classes of size 

change regardless of whether the size change was an increase or decrease.  The first class has a 

geopotential height pattern, with a strong south to north gradient and the TC located in the 

center of the image as an open wave on the midlatitude baroclinic zone (Figs. 4.3a, c, e, g), 

which is reminiscent of the early stages of extratropical transition (e.g., Ritchie and Elsberry 

2003).  Furthermore, the average latitudes where the size changes for this class of cases occur 

lie between 37°N and 56°N (Table 4.1) suggesting that these cases lay further poleward and are 

likely interacting with the midlatitude baroclinic zone. The second class has a pattern that 



112 
 

shows a TC located in the center of the image as a closed circulation located to the south of a 

subtropical ridge (fig. 4.3b, d, f, h).    

 

Table 4.1:  Average latitude and radius of 34-kt winds (R34) (km) of composited Atlantic TCs that had 
periods of LI, LD, MI, and MD in the extra-tropics (ET) and deep tropics (DT). 

 

Furthermore, the average latitudes for this second class of cases lie between 17°N and 19°N 

in what can be considered the deep tropics.  Thus, EOF 1, which explains up to 75% of the 

variance in the four original size-change bin classifications, is distinguishing between size 

changes that occur in the deep tropics (DT) from those that occur in higher latitudes (ET).  All 

eight patterns are examined in what follows.  However, in order to simplify the discussion, the 

cases associated with extratropical height patterns will be referred to as LI_ET, LD_ET, MI_ET, 

and MD_ET, and the cases associated with deep tropics geopotential height patterns will be 

referred to as LI_DT, LD_DT, MI_DT, and MD_DT.   

        



113 
 

4.2 General differences between DT and ET environments          

Table 4.1 shows the average latitude, longitude, size (R34), and 6-hr size change of the TCs 

in each subset.  The mean locations for the LI_ET and LD_ET cases are quite similar, near 46°N, 

41°W.  However, the MI_ET cases occur on average further south and west whereas the MD_ET   

cases occur further north and east on average (Table 4.1).  In all of the DT cases, the mean 

latitude of the size changes is approximately the same, but the differences in longitude may 

produce subtle differences in the environments that will alter the size-change dynamics.    

  

Figure 4.4:  Vertical wind shear (m/s) calculated between the 850- and 200-hPa levels for cases of a) 
M_ET; b) MI_DT; c) MD_ET; and d) MD_DT.  Black circles indicate the average size of the R34 wind field.    
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 Composites of variables known to influence TC size change, including vertical wind shear, 

SSTs, mid-level moisture, and temperature (e.g., Hill and Lackmann, 2009; Kimball, 2006; 

Maclay et al. 2008) were computed for the ET and DT samples.   In general, the ET cases occur 

in environments of strong gradients and higher vertical wind shear while DT cases occur in 

environments with weak gradients and low vertical wind shear.  These results are consistent 

with studies that have examined environments associated with the extratropical transition of 

tropical cyclones (e.g., Ritchie and Elsberry 2003; 2007; Hart and Evans, 2000; Wood and 

Ritchie, 2014).  Figure 4.4 shows the vertical wind shear calculated between the 850- and 200-

hPa levels for the medium size change subsets for ET and DT, which look very similar to the LI  

  

Figure 4.5:  Average sea-surface temperature for the LI cases in the: a) extratropics; and b) deep tropics 
and for the LD cases in the: b) extratropics; and d) deep tropics.     
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Figure 4.6:  Average 850-hPa temperature for the LI cases in the: a) extratropics; and b) deep tropics; 
and for the LD cases in the: b) extratropics; and d) deep tropics. 

 

and LD cases (not shown).  Although the shear is in the same approximate location, the shear in 

Figure 4.4a associated with MI_ET is much stronger than the shear in MI_DT (Fig. 4.4b), 

consistent with MI_ET being in a higher-latitude environment with increasing upper-level 

westerlies and MI_DT being in a low-latitude tropical environment with weak gradients and 

weak vertical wind shear.  Similarly, the medium decrease case exhibits higher vertical wind 

shear in the ET case (4.4c) than in the DT case (4.4d).      

The extratropical latitudes are also characterized by a strong, zonal SST gradient with 

temperatures around 290 K near the TC circulation (fig. 4.5a, c). The SSTs in the deep tropics  
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Figure 4.7:  Specific humidity (g/kg) at 850 hPa for the cases of MI and MD in the mid-latitudes.  

 

are warm (>300 K) with negligible change in the region of the TC (fig. 4.5 b, d).  Similarly, a 

strong air temperature gradient exists at 850 hPa for the ET cases (fig. 4.6a,c), whereas the DT  

cases lie in a region of warm, constant temperatures (fig. 4.6b, d).  The bending of the 

isotherms around the TC in Figs 4.6a, c is typical of cases where the TC circulation moves  

poleward out of the tropics and into a baroclinic zone (Keyser et al., 1988; Ritchie and Elsberry, 

2007).  In these cases the TC circulation distorts the baroclinic zone, advecting warm, moist 

tropical air around the east side of the circulation center, and cold, drier midlatitude air around 

the west side of the circulation.   The LD_ET case shows a much weaker, albeit similar pattern to 
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LI_ET.  Finally, there are distinct differences in the mid-level moisture between the ET and DT 

cases, which is shown in the 850-hPa specific humidity fields in Figure 4.7 for the medium size 

change subsets.  In general, moisture associated with the ET TCs has propagated poleward into 

the baroclinic zone whereas the DT cases are embedded in the high tropical moisture 

associated with the ITCZ.                        

   
 

Table 4.2:  2-meter temperature (T2) and dewpoint (D2) averaged within 0-600 km; SST (0-600 km), vap-
diff and T-diff (0-600 km); vertical wind shear (200-800 km); and relative and specific humidities (R850, 
R700, Q850, Q500, Q700) averaged between 200-600 km.  Bold-faced (black) values indicate the 
composites are considered statistically different using the t-test.   
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4.3 Environments TC size change    

In order to analyze specific differences in environments that produce increases or decreases 

in the TC size, we separate the analysis in size changes in the extratropics, i.e., “ET” cases and 

those that occur at low latitudes, i.e., the “DT” cases.  Composite fields for several upper-level 

and surface fields similar to those presented in Figs. 4.4-4.7 are averaged within a specified 

radius from the TC center and the values for each bin are shown in Table 4.2.  The methodology 

used to identify statistical relevance is similar to that used by Maclay et al. (2008).  The 

Students'  t-test is employed to determine what composited variables of LI and MI are  

 

Figure 4.8:  Vertical wind shear shaded over contours of 500 hPa geopotential heights (meters) for the 
extratropic environments of a) LI and b) LD.      

 

statistically different from the environments of LD and MD, respectively, based on a 95% 

confidence interval.  In the Student’s t-test, if the calculated t-value exceeds a threshold of 1.96 

than the null hypothesis can be rejected with 95% confidence.  The null hypothesis states that 

there is no difference between the two datasets.  Any variables that are statistically different  
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according the t-test are explored further to determine their physical importance in causing TC 

size change.  In Table 4.2, the bold values indicate that the LI (MI) composite is statistically 

different from its LD (MD) counterpart.  The calculations for the vertical wind shear and 

atmospheric temperature above the surface are performed within a 200-800 km radius; the 

SST, surface temperature, and air-sea temperature difference is averaged within 0-600 km; and 

the specific humidity is averaged between 200 and 600 km.  It is important to note that the t-

test does not distinguish the spatial patterns between the cases. 

 

4.3.1 Extratropics 

Previous studies have suggested that as a TC moves into the extratropics and begins to 

interact with the baroclinic zone, considerable structural changes, including expansion of the 

wind field occurs as a result (e.g., Klein et al. 2000; Ritchie and Elsberry 2001; Hart and Evans 

2001; Jones et al. 2003; Maclay et al. 2008).  The final outcome of full extratropical transition is 

the merger of the TC with a midlatitude upper-level trough into a new hybrid, and sometimes 

powerful extratropical cyclone (e.g., Ritchie and Elsberry, 1999).  This study is not intended to 

investigate the structural processes associated with the full extratropical transition of a TC.  

Thus, because the subset of “ET” cases were at high latitude, and show environmental 

characteristics of the early stages of ET (e.g., Figs. 4.4-4.7), the dataset was carefully examined 

to ensure that all TC cases were still considered tropical in the Best Track archive during the 

times of our study.   Among other factors, the cyclone phase space (CPS; Hart 2003), which 

includes a quantitative measure of warm core versus cold-core structure and asymmetric 

structure, is used to define when a TC is undergoing extratropical transition in the Best Track 
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archive and thus the Best Track archive is considered a reliable indicator of whether a TC is still 

tropical.  Furthermore, because Kofron et al. (2010) found that 20% of their recurving TC cases 

that interacted with the baroclinic zone did not undergo ET, it is important to investigate the 

environmental factors associated with this group of TCs despite their proximity to, and 

interaction with, the baroclinic zone.  Statistically-significant environmental fields during size 

increases and decreases in the higher latitudes include 2-m temperature and dewpoint, SST, 

deep vertical wind shear, air-ocean vapor-pressure and temperature difference, and low- to 

mid-level moisture.    

 

Figure 4.9:  Composite of the geopotential heights (m) (black contours) overlaid with wind speed 
(shaded) and divergence (red contours) at the 200 hPa level for the cases of extratropical: a) LI; and b) 
LD.  The divergence is contoured in increments of 2 from 10 to 24 (x10-6 s-1).   

 

Figure 4.8 shows the composite 200-850-hPa vertical wind shear and 500-hPa geopotential 

height field for LI_ET and LD_ET.  There is a large region of westerly shear exceeding 40 m s-1 

spanning across the northern sector of the near-TC environment in LI_ET (fig. 4.8a) coincident 
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with the 200-hPa jet region of an upper-level trough (Fig. 4.9a).  This pattern is typically 

associated with an enhanced poleward outflow channel from the TC during interaction with an 

upper-level trough in the early stages of extratropical transition (e.g., Klein et al. 2000; 2002; 

Ritchie and Elsberry 2003; 2007).  In contrast, the shear in LD_ET is much weaker (Table 4.2), 

favors the western edge of the TC circulation, and is not positioned to enhance the poleward 

outflow channel of the TC (fig. 4.8b).          

Similar patterns are observed for the moderate size increase (MI) and size decrease (MD) 

cases.  We note that although the average shear for the MI_ET case is lower than the LI_ET case 

(Table 4.2), the maximum value of the upper-level winds and subsequent shear are about 5 m/s 

higher (not shown).    Also, LI_ET and MI_ET is associated with enhanced divergence in the right 

entrance region of the 200 hPa jet that is located just north of TC circulation, shown in Figure 

4.9a.  This particular pattern is associated with intensifying TCs as they undergo extratropical 

transition.  The size decrease cases, on the other hand, consistently have either very weak or no 

upper-level jets with minimal divergence in the vicinity of the TC, which explains why the shear 

is weak with no discernible structure.  An example of this is shown with LD_ET, which displays a 

very weak jet to the southwest of the TC region but is generally embedded in zonal flow (Fig. 

4.9b).   

Some of the spatial patterns in the moisture fields indicate that availability to mid-level 

moisture may be a factor in high-latitude size increases.  The average specific humidity at all 

levels from 850- to 500-hPa are significantly different at the 95% confidence level (Table 4.2).  

Figure 4.10 shows the 850-hPa moisture for the LI and LD bins of high-latitude size change.  The 

differences between these composites are particularly significant since they occur at 
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approximately the same latitude and longitude (Table 4.1).  The LI_ET moisture composites 

suggest that when TCs increase in size, they are generally embedded in moist southwesterly 

flow that continues to advect tropical moisture into the TC circulation as the TC moves  

 

4.10:  Specific humidity (g kg-1) at 850 hPa with 850-hPa geopotential heights (meters) and wind 
vectors in the extratropical environments of: a) LI; and b) LD.     

 

 poleward (fig. 4.10a).  In contrast, the TCs that decrease in size are generally embedded in 

westerly flow that is disconnected from the region of higher moisture to the southwest of the 

TC environment and thus they lack the constant re-supply of tropical moisture into their 

circulation that exists in the TCs that increase in size.   Again, similar patterns are observed for 

the moderate size increase (MI) and size decrease (MD) cases resulting in lower amounts of 

moisture in the core of the moderate size decrease TC compared with the moderate size 

increase TC composite (not shown).     

Finally, the presence of a strong, zonal SST gradient and a meridional temperature gradient 

indicative of the poleward movement of this class of TCs into the baroclinic zone is of 
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importance to the structural changes that occur.  As mentioned earlier, as the TC moves closer 

to the temperature gradient the wind circulation distorts the baroclinic zone, advecting warm, 

moist tropical air around the east side of the circulation center, and cold, drier midlatitude air 

around the west side of the circulation.   The result of this temperature advection is the 

development of a weak cold front southwest of the TC circulation and a warm front to the 

northeast of the TC center (e.g., fig. 4.6a).  This bending of the isotherms is indicative of a TC 

moving into the baroclinic zone and not of extratropical transition (e.g., Ritchie and Elsberry 

2003).  Note that a distortion of the isotherms is also occurring in the large size decrease 

composite (Fig. 4.6c).  However, the resulting frontal structures are quite disorganized 

compared with the large size increase composite (Fig. 4.6a).  Furthermore, the low SSTs 

(average 290.2 K for LI and 296.2 K for MI) and small air-sea temperature and vapor-pressure 

differences (Table 4.2) suggest that air-sea fluxes are most likely not playing a role in the large 

size increases and that the atmospheric conditions, including the presence of the upper-level 

jet enhancing the TC outflow along with the continued supply of moisture from the tropics are 

what are driving the size increases in these high-latitude cases.   

 

4.3.2 Deep tropics        

In contrast to the extratropics, the deep tropics are characterized by a lack of atmospheric 

and ocean density gradients and the vertical wind shear is very low and the same average value 

across all composites.  Thus, it is unlikely that these fields play a significant role in the lower-

latitude cases of TC size change.  The more likely environmental factors driving TC size changes 

in the deep tropics cases are thermodynamic quantities such as high surface fluxes and low-



124 
 

level moisture and heat content (i.e., theta-e).  These factors were found to be important in the 

numerical simulations presented in Chapter 3 for the formation of outer-core TC rainbands, 

which are associated with TC size increases.  Our goal is to find evidence that the environments 

of deep tropical TC size increase are associated with the quantities that favor rainband   

 

  

Figure 4.11:  Air-sea temperature differences (Celsius) shaded with contours of sea-level pressure (hPa) 
in the deep tropic composites of: a) LI; b) MI; c) LD; and d) MD.  
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formation, such as high mid-level moisture and air-sea temperature and vapor pressure 

difference for high surface fluxes.     

The results from the t-test in addition to calculations of the environmental averages show 

that the environments of size increase are not as different from the environments of size 

decrease (Table 4.2) compared with the high-latitude cases.  However, there are statistically  

significant differences.  The quantities that show the most correspondence to the size changes 

are the air-sea temperature difference, 700 hPa moisture, and 2-m dew-point temperature 

(Table 4.2).   The air-sea temperature difference, for example, is slightly higher in the cases of 

size increase (LI, MI) than those of size decrease (LD, MD).   

We demonstrated in Chapter 3 that an air-sea temperature difference of at least 1.5 °C can 

cause significant size increases whereas environments with values less than 1 °C are associated 

with TCs that do not grow.  The composites in Figure 4.11 show that the air-sea temperature 

difference is generally highest south and southwest of the near-TC environment.  The 

circulation of the TCs that increased in size are more embedded in these regions of high air-sea 

temperature difference, while the TCs that decreased in size are much detached from the 

regions of at least 1°C temperature difference.  The differences in these composites are 

interesting and further exploration into the individual cases contributing to these composites 

may provide more insight into the importance of air-sea temperature difference and TC size 

changes.      

It is also evident from the composites that the 700 hPa moisture may be important in the 

environments of size increase.  Figure 4.12 shows that environments of LI and MI are linked to 

stronger moisture entrainment from both the southwest and southeast, indicated by the 700 
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hPa relative humidity.  Furthermore, both size increase composites are well-embedded within 

regions of 60% RH or higher (Figs. 4.12a, b), whereas the size decreasing cases are isolated  

 

Figure 4.12:  Relative humidity (%) at 700 hPa shaded with contours of 700-hPa geopotential heights (m) 
for the composited environments of a) LI; b) MI; c) LD; and d) MD in the deep tropics.  

 

 with pockets of higher RH surrounded by regions of less than 60% RH air (Figs. 4.12c,d).  The 

pattern of 700-hPa specific humidity, which is the absolute moisture content, matches closely 

with the relative humidity pattern, which indicates that the moisture is contributing more 

strongly than the atmospheric temperature to the RH changes (not shown).  The RH fields are 
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presented because they indicate where pockets of relatively dry air exist, which show where 

places where dry-air entrainment may be a size decrease factor, as simulated in Kimball (2006).  

For example, there is a curved sliver of low RH air that exists along the southern edge of the 

LD_DT circulation that has the appearance of being advected into the TC circulation.  A similar, 

but not so dry filament of dry air is located to the southwest of the MD_DT composite TC.   

In conclusion, the composites show that in the deep tropics, environments of size increase 

are associated with higher air-sea temperature difference and higher 700-hPa moisture than 

the size decrease cases.  The pattern of the 700 hPa moisture is particularly important, because 

it shows where dry-air entrainment may be a factor in size decreases.    

    

4.4 Summary and Discussion    

It was generally found that the baroclinicity of the environment plays a role in cases of 

extratropical size change.  The North Atlantic TCs that made size increases are associated with 

enhanced upper-level divergence and high values of vertical wind shear in the northern sector 

of the circulations.  They are also embedded in a region with strong meridional temperature 

gradients and have access to sufficient mid-level moisture from the south.  The TCs that made 

size decreases are associated with environments where these features are much weaker and 

the circulation is further removed from a lower-latitude moisture source.  The results obtained 

in this portion of the study are generally consistent with those found in Maclay et al. 2008 and 

Jones et al. 2003.    

In the deep tropics, size increases are associated with more mid-level relative and specific 

humidity, particularly at the 700 hPa level, which is consistent with the modeling studies of Hill 
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and Lackmann (2009) and Kimball (2006).  The spatial pattern of the relative humidity is 

important because it shows that size increases in the deep tropics are associated with an inflow 

of moisture from both the southeast and southwest regions outside the TC circulation.  On the 

other hand, size decreases in the deep tropics are associated with drier air, particularly those 

that originate south and southwest of the TC.  Higher air-sea temperature difference in the 

deep tropical environment is also associated with cases of TC size increase, which would allow 

for enhanced sensible heat fluxes favorable for TC growth, which is consistent with the results 

presented in Chapter 3 and those provided by Xu and Wang (2010a, b).    

However, the composite technique suffers from the need to average cases with potentially 

quite different environmental structures.  Although we constrained the problem statistically as 

well as possible, cases were composited together that were at times quite variable in their 

longitude locations.  Atmospheric conditions vary considerably by longitude in the North 

Atlantic basin and so this almost certainly complicated the analysis since potentially important 

features n individual cases would be washed out in the compositing process.  Further 

investigation of the individual cases that contributed to the composites would highlight 

potentially important features driving the size change in each sample.  This is especially 

important for cases in the deep tropics where the differences separating the size changes 

appear to be subtle and may be more easily smoothed out when the environments are 

averaged.  Paying special attention to the temporal changes in the individual fields may show a 

significant correlation between an increase in moisture or air-sea temperature difference and 

TC size expansion.       
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The simulations in Chapter 3 indicated that the moisture fields were very important in TC 

size increases.  However, atmospheric moisture has a high degree of heterogeneity in both the 

tropics and midlatitudes, which the coarse spatial resolution of the reanalysis data may not 

always capture.  Furthermore, accurately measuring midlevel moisture, particularly over the 

tropical oceans has always been problematic.  Therefore, the ERA-I may not properly 

demonstrate the important environmental moisture differences between increasing and 

decreasing TCs.  Potentially newer reanalysis datasets with higher spatial resolution will help to 

resolve this issue. 
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Chapter 5:  Summary and Conclusions  

 

5.1 Review of Research Questions related to TC size change 

Tropical cyclones can range in size from a hundred kilometers to two thousand kilometers in 

diameter and can also undergo significant size changes during their lifetime.  Particularly for 

coastal communities, the size of the TC wind field can be catastrophic depending on the extent 

of the damaging winds and the duration of the event.  In addition, predicting the size of the TC 

wind field is important to determine the potential impact of storm surge, the spatial scope of 

mandatory evacuations, and potential extent of wind damage.  During and subsequent to TC 

landfall, the structure of the precipitation field is important for predicting the severity of inland 

freshwater flooding, potential mudslides in complex terrain, and TC-spawned tornadoes from 

the highly convective outer rainbands.  Although error statistics are compiled on TC track and 

intensity forecasts by the NHC, similar statistics on their TC size estimates and forecasts are not 

included in the verification package because of a lack of high-fidelity validating measurements 

(J. Franklin, 2014, personal communication).  Given these fundamental issues with TC size 

prediction, improved basic understanding in processes and mechanisms associated with TC size 

change is of considerable importance. 

The mechanisms that drive TC size and structure change can be divided into processes 

internal to the TC itself, and processes associated with the environment in which the TC is 

embedded.  The focus of this dissertation is in the latter area since NWP models are skillful at 

predicting the large-scale environment.  Therefore, improving understanding of environment-

TC interactions has potential to translate into improved NWP forecasts of TC size change.  
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Several studies have used models to explore ways that an environment can interact with a TC 

to influence its structure. These studies assess the sensitivity of TC size to changes in: 

environmental relative humidity (Hill and Lackmann, 2009); dry air intrusion (Kimball, 2006); 

outer-core surface moisture fluxes (Xu and Wang, 2010a; b); vertical wind shear and 

environmental flow (Frank and Ritchie 1999; 2001); and extratropical transition (Ritchie and 

Elsberry, 2001).    

The work presented in this dissertation was designed to complement the existing 

foundation of literature on environmental factors leading to TC size and structure changes by 

exploring the influence of atmospheric temperature and air-sea temperature difference on TC 

size and structure.  Understanding how atmospheric temperature impacts TC size and structure 

is important for several reasons:  a) to date, there are no known studies that look specifically at 

the sensitivity of TC size change dynamics due to atmospheric temperature changes; b) 

depending on where the temperature change occurs in the atmosphere, there can be 

substantial secondary effects on the atmospheric stability, absolute moisture content, and 

energy fluxes from the surface, which are all known to impact size changes; and c) 

observational data suggests that there is a long term warming trend in the environment, 

therefore fundamental understanding of how TCs respond to warmer environments should 

help us be better prepared for TC landfall events in the future.   

 

5.2 The influence of environmental temperature on TC size and structure 

Seven simulations were run on an f plane where the initial atmospheric virtual temperature 

profile was carefully adjusted from a control profile from -3°C to +3°C in 1°C increments while 
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keeping the SST constant and analyzed for their differences relative to the control simulation.  

Changing the virtual temperature profile while keeping the relative humidity constant results in 

initially higher (lower) specific humidity and CAPE and lower (higher) surface energy fluxes for 

the warmer (colder) environments.  It is found that the TCs embedded in a cooler environment 

experience lower CAPE and specific humidity, but larger surface energy fluxes, which eventually 

leads to a larger wind field and more rainband formation.  On the other hand, smaller TCs with 

more compact precipitation fields form in a warmer environment with low surface fluxes, more 

CAPE, and higher specific humidity.  These TCs are quicker to intensify, but they quickly reach 

their maximum intensity and subsequently weaken when the surface energy fluxes are 

insufficient in recharging the boundary layer with the necessary heat and moisture required for 

maintenance of convection.   Imports of angular momentum were not found to be a factor in 

causing TC size increases in these simulations. 

Of importance, the higher surface fluxes that lead to TC size growth in this first set of 

simulations are driven by an increase in the air-sea temperature and vapor pressure difference 

when the environment is cooled.  Thus, the importance of air-sea temperature and vapor-

pressure difference was realized.  To test the importance of the air-sea differences, another set 

of three f-plane simulations were run where the difference between the sea-surface and 

atmospheric virtual temperature (i.e., virt-sea) in the control simulation is maintained but the 

entire ocean (SST)-atmosphere environment is either warmed or cooled by 3 °C. In these 

simulations, the difference between the actual air temperature and the SST are slightly 

different.  However, the vapor pressure difference and CAPE are considerably larger in the 

warmer versus the cooler simulation.  The TCs that formed in these environments developed 
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quite similarly to each other with a slightly larger and moderately more intense TC forming in 

the warmer environment.  When the control atmospheric environment is used and the SST is 

warmed by +3°C so that the air-sea (and virt-sea) temperature difference is high and the 

atmospheric temperature high, a very large and very intense TC forms.  

 

5.3 Sensitivity to Earth geometry and initial TC size 

When the same initial seven simulations are performed on a β plane, the TCs evolve in a 

very similar manner except with slightly smaller and weaker wind fields.  This is because the β 

plane adds an asymmetric component to the flow field known as “β gyres”, which are driven by 

the interaction between the TC circulation and the Earth gradient in vorticity at all levels of the 

atmosphere.  The resulting “gyres” drive a flow across the center of the TC, which is strongest 

at the surface and weakens with height.  This vertical wind shear acts to slightly tilt the TC, 

forcing asymmetries in the vertical motion field and associated convection, which slows the 

rate of intensification.  The β gyres also cause an increase in anticyclonic eddy flux of relative 

angular momentum in the lower troposphere into the TC, which, while not a large factor, does 

reduce the final TC size.      

 Finally, all things being equal, a larger TC will increase size in an overall cooler environment 

than a smaller TC of the same intensity.  As the environment is warmed, the environmental 

fluxes reduce and the initial size of the storm becomes less sensitive to the imposed changes in 

atmospheric temperature.  

In conclusion, in the absence of significant sources of environmental angular momentum, 

the convection in outer rainbands is key to driving size changes in TCs.  This convection is 
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triggered by high CAPE and radial inflow in outer regions that drive diabatic heating and 

generation of PV.  While initial high CAPE in the TC and near environment can drive strong 

convection that intensifies the TC, the development of the outer rainbands, and the 

replenishment of the boundary-layer moisture (and thus CAPE) through time is key to TC size 

increases over time.  The TC in the warmest environment (W3) started with higher CAPE in its 

warmer environment, which triggered intense convection early and rapid spin up.  However, 

the depleted CAPE was only slowly replaced by weak fluxes, and thus the convection weakened 

and so did the TC.  The TC in the coldest environment (C3) started with lower CAPE in its colder 

environment, which triggered weak convection early and only slow spin up.  However, strong 

surface fluxes increased the CAPE continuously through the simulation well in excess of that 

depleted by convection. The TC intensified and grew.  The key here, however, is not the 

“colder” environment, but the colder environment relative to the ocean surface.  That is, the 

high difference between the surface air temperature and the ocean surface temperature.  A 

higher air-sea difference in a warmer overall environment will develop a larger TC than a colder 

overall environment. 

 

5.4 Environmental spatial patterns of North Atlantic TC size changes  

The R34 size changes in North Atlantic TCs were characterized using the CIRA Extended Best 

Track dataset for the period 1988-2011.  Four hundred and fifty 6-hour periods of TC size 

increase (> 11.35 nm/6h) and 188 6-hour periods of size decrease (> 10.85 nm/6h) were 

identified in the 14-yr period and these were further statistically divided into “medium” size 

changes and “large” size changes.  For all instances of medium and large size changes, the 
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environment fields were extracted from the ERA-Interim reanalysis dataset.  An EOF analysis 

was performed on the ERA-I 500-hPa geopotential height fields for the four size-change bins 

and the cases that contribute the most to the positive and negative mode of EOF 1 for each bin 

were composited and examined for physical characteristics.  In general, the two EOF 1 modes 

represent the deep tropics, and the extratropics, respectively.   

Next, composites of a variety of atmospheric variables were created using the separated 

cases of size increase and decrease.  A technique called the Students’ t-test was employed to 

determine what composites of size increase were statistically different from the composites of 

size decrease, which warranted further exploration into the spatial patterns that separate these 

cases.   

It was generally found that the baroclinicity of the environment plays a role in cases of 

extratropical TC size change.  The North Atlantic TCs that increased in size are associated with 

enhanced upper-level divergence and high values of vertical wind shear in the northern sector 

of the circulations.  They are also embedded in a region with strong meridional temperature 

gradients and have access to sufficient mid-level moisture from the south.  The TCs that 

decreased in size are associated with environments where these features are much weaker and 

the circulation is further removed from a lower-latitude moisture source.  These results are 

generally consistent with Maclay et al. (2008).    

In contrast to the extratropics where dynamic parameters dominate, in the deep tropics 

size increases are associated with higher mid-level relative and specific humidity, particularly at 

700 hPa, which is consistent with the modeling studies of Hill and Lackmann (2009) and Kimball 

(2006).  The spatial pattern of the relative humidity is important because it shows that size 
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increases in the deep tropics are associated with an inflow of moisture from both the southeast 

and southwest regions outside the TC circulation.  Conversely, size decreases in the deep 

tropics are associated with drier air, particularly those that originate south and southwest of 

the TC.  Higher air-sea temperature difference in the deep tropical environment is also 

associated with cases of TC size increase, allowing for enhanced moisture fluxes favorable for 

convection and TC size increase, which is consistent with the results presented in Chapter 3 and 

those provided by Xu and Wang (2010a, b).    

 

5.5 Future Work 

This study has contributed new understanding into important factors associated with TC 

size and structure change.  However, there are many remaining unanswered questions and 

many avenues of possible exploration. 

The simulations presented in Chapter 3 explored the impact of altering only the virtual 

temperature profile by a constant amount through the entire atmospheric column.  Future 

experiments include altering the specific humidity while keeping the temperature unchanged, 

and altering the structure of the profile itself.  In addition, altering the environment during the 

course of the simulation in a systematic and controlled way is a non-trivial problem, but an 

important step in further pursuing the effects of altering the environment on TC size and 

structure in more realistic ways.  The reanalysis section quickly demonstrates how complicate it 

becomes to investigate the causes of TC size change in a real atmosphere. 

The composite analysis has contributed some exciting information on factors important to 

real TC size change in the Atlantic.  However, the composite technique suffers from the need to 
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average cases with potentially quite different environmental structures.  Although we 

constrained the problem statistically as well as possible, cases were composited together that 

were at times quite variable in their longitude locations.  Atmospheric conditions vary 

considerably by longitude in the North Atlantic basin and so this almost certainly complicated 

the analysis since potentially important features in individual cases would be washed out in the 

compositing process.  Further investigation of the individual cases that contributed to the 

composites would highlight potentially important features driving the size change in each 

sample.  This is especially important for cases in the deep tropics where the differences 

separating the size changes appear to be subtle and may be more easily smoothed out when 

the environments are averaged.  Furthermore, an expanded dataset, perhaps including more 

seasons or removing the strong “near land” constraint would help resolve these issues.     

Given the importance of TC landfall impacts globally, the reanalysis study should be 

expanded to other basins and datasets and extended over longer periods of time if possible to 

allow an examination of inter-annual and decadal variability of environment-associated TC size 

changes.   Some other datasets that could be investigated include the: NCEP CFSR (Saha et al. 

2010); NASA MERRA (Rienecker et al. 2011); and JRA-55 (Ebita et al. 2011).      

In addition, the unfortunate aspect of reanalysis data is that its coarse resolution is unlikely 

to accurately capture the TC inner- and outer-core structure and precipitation fields.  The 

computation cost of running a global model with resolution required to capture these 

processes are too great at this moment in time.  Thus, the next logical step would be to perform 

downscaled simulations of real TCs that have made large size changes, forced with both 
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observations and reanalysis data.  This could potentially be performed with the WRF-ARW 

model.        

Operational forecasts of TC size and structure change rely predominantly on models, which: 

1) are not validated in terms of TC size and structure; and 2) are resolution dependent.  

Estimates of current TC wind field size are possible from satellite-based scatterometer when 

those observations are available.  Otherwise, apart from the North Atlantic basin where aircraft 

reconnaissance is available, there are few available measurements, and estimates of TC wind 

field structure must be inferred from satellite imagery (Dolling et al. 2014).  A systematic study 

of model predictability in terms of TC size and structure would provide valuable information to 

operational forecasters.   

 Finally, the results in this study suggest some intriguing possibilities for how tropical 

cyclone structure might generally be affected by longer-term atmospheric temperature 

changes.  Most climate studies have focused on discovering how a warmer climate may change 

the intensity or frequency of tropical cyclones.  According to Bengtsson et al 2007, a warmer 

climate will lead to increased atmospheric static stability and suppressed vertical motions 

resulting in an overall reduction in the frequency of TCs.  However, the higher SSTs and 

increased latent heat from a warmer climate will provide more energy for TCs.  Thus, if 

environmental conditions are favorable for development, the TCs are likely to be stronger, 

larger, and more intense (L. Bengtsson et al 2007, Emanuel 1987).  A logical follow-on from this 

study is to use the WRF model to downscale the most current, most reliably-cited 21st-century 

climate projections for identified TC-like perturbations to examine how TC size and structure 

might change in the future.      
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LIST OF ACRONYMS  
 
 

MWS - maximum wind speed   

ROCI - radius of the outer-most closed isobar  

RDW - radius of damaging wind  

MSLP - minimum sea-level pressure 

RMW - radius of maximum winds 

SST - sea surface temperature  

R34 - radius of 34-kt winds  

 R64 - radius of 64-kt winds   

AAM - absolute angular momentum  

RAM - relative angular momentum   

PV - Potential vorticity 

OHC - ocean heat content  

REFC - Relative eddy flux convergence  

EBT - Extended Best Track dataset 

ERA - European Centre for Medium-Range Weather Forecasts Reanalysis Analysis 

EOF - Empirical Orthogonal Function  

 

 

 

 


