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ABSTRACT 

 

 

Rapid intensity changes in hurricanes have been the focus of many publications. 

Understanding how and why these storms intensify has been the goal of many 

meteorologists over the last few years. This study explores the energetics of Psi-Chi 

interactions in modeled hurricanes of rapidly changing intensity. The energy exchanged 

within the storm as the flow changes from divergent to rotational is known as Psi-Chi 

interactions. Processes associated with latent heant and sensible heat exchanges are 

important when it comes to identifying changes in hurricane intensity.  Understanding 

this interaction with the environment is crucial to understanding how the intensity 

changes. Model data derived from the fifth generation model from NCAR/Penn State 

known as the MM5 is used to calculate each term within the Psi-Chi equation. Each term 

is then calculated within the storm and its maximum values as well as location of 

maximum values within the storm are noted. The maximum value of each term and 

location of each term allows for an investigation of a connection between the energy 

exchange of the storm and its intensity. The maximum values of the terms of Psi-Chi 

interactions are also compared to the model intensity of each storm. Based on the 

comparison of model intensity and maximum term values there appears to be a strong 

relationship between the two (correlation values near r = 0.87), although further studt is 

needed to determine if this simultaneous relationship can be extended to a lagged 

relationship to provide predictive value to forecasters. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Objectives and Outline of Thesis 

 This study examines the energetics of Psi-Chi interactions in modeled hurricanes of 

rapidly changing intensity. In this study “rapid” is defined as a 30 kt increase in wind 

speed during a 24 hr period as stated by Kaplan and DeMaria (2003). A mesoscale model 

will be necessary to complete the aforementioned task. The fifth generation model from 

NCAR/Penn State known as the MM5 has been chosen.  The MM5 is run for each storm 

chosen and calculates the u and v components of the wind as well as the vertical velocity, 

w. The details of the model and its calculations are in the successive chapters. The data 

obtained by the model will be used to first calculate Psi and Chi and then used to 

calculate the interactions between them. It should be noted that the model hurricane 

intensity is very different from the observed hurricane intensity. While a few of the cases 

are actually not rapid intensification cases according to the observed values, they do 

undergo rapid intensification within the model due to the fact that the model is still 

undergoing the spinup process.  Thus, the investigation between Psi-Chi interactions and 

the modeled hurricane intensity will be the focus of this research.  Many meteorologists 

are trying to better understand the phenomena of rapid intensification. The goal of this 

study is to investigate the impact of Psi-Chi interactions on rapid intensity changes in 

modeled hurricanes. 

The rest of this chapter will discuss the selection of the storms as well as brief 

histories of each. The background and previous research on Psi-Chi interactions will also 

be discussed along with the motivation of this study. Chapter 2 will discuss the MM5 
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model in detail and how it was used. Chapter 3 will include a detailed description of the 

results and how they were obtained including all the equations used to calculate Psi-Chi 

interactions. Lastly, Chapter 4 will include the summary and conclusions.     

 

1.2 Background and Motivation 

Rapid intensification of hurricanes has recently become an important topic of 

discussion amongst meteorologists. There is much concern and little knowledge about its 

conception and its effects; however, there is even less knowledge about Psi-Chi 

interactions. Krishnamurti and Ramanathan (1982) explored Psi-Chi interactions and set 

out to provide some understanding of the link between the differential heating between 

land and ocean and the evolution of the monsoons (Krishnamurti and Ramanathan 1982). 

They carried out calculations of observational energy exchanges in order to illustrate the 

major role of the transfer of energy from the divergent to the rotational components, thus 

Psi-Chi interactions. They found an important link between the exchange of energy from 

the divergent to rotational motions and the evolution of the monsoon.  

Krishnamurti et al. (1997) continued researching Psi-Chi interactions specifically 

focusing on the South Asian Monsoon and wanted to explore Psi-Chi interactions in 

particular the role it plays in maintaining the monsoon conversions of available potential 

energy. They found that in the context of rotational and divergent motions that there is 

indeed a connection between the heat sources, sinks, and eventual maintenance of the 

monsoon. 

The motivation for this study stems from the aforementioned research. The 

previous studies discovered unknown connections between Psi-Chi interactions and the 

evolution and maintenance of large scale phenomena, specifically monsoons. Therefore, 

exploring these connections in a different setting such as modeled hurricanes. As 

previously mentioned rapid intensification is a mechanism that has a profound impact on 

the intensity of a hurricane.  The objective of this study is to explore any possible 

connections between Psi-Chi interactions and rapid intensification and identify those 

connections that might aid in the explanation and understanding of this phenomenon. 
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1.3 Storm Selection and Histories 

For this study the storm criteria is two fold. The storm must have gone through a 

rapid intensification phase and not making landfall. Rapid intensification is defined as 

follows, if the storm had a minimum of a 30 kt increase in wind speed within twenty-four 

hours it rapidly intensified (DeMaria and Kaplan, 2003). Based on these guidelines the 

following storms were chosen: 

 Katrina 2005 

 Rita 2005 

 Ivan 2004 

 Isaac 2000 

 Karl 2004 

The synoptic history of these storms is summarized by the National Hurricane Center. 

 

1.3.1 Hurricane Katrina 

 Hurricane Katrina had a rather complex conception involving the interaction of a 

tropical wave, the middle tropospheric remains of Tropical Depression (TD) Ten and an 

upper tropospheric trough. Katrina developed into a tropical depression by August 23, 

2005 at 1800 UTC over the southeastern Bahamas. With an increase of deep convection 

Katrina or at that time TD12 became more organized. By 1200 UTC on August 24, 2005 

Katrina became a Tropical Storm as it crossed over the Bahamas. Due to a strengthening 

upper ridge Katrina shifted westward and headed toward Florida. Katrina then reached 

hurricane status on August 25, 2005 at 2100 UTC less than two hours before it made 

landfall on the southeastern coast of Florida as a Category 1 hurricane on the Saffir-

Simpson Hurricane Scale.  

Katrina continued on a west-south west path over Florida until it emerged into the 

Gulf of Mexico at 0500 UTC on August 26, 2005. Katrina then underwent two periods of 

rapid intensification. The first occurred on August 26, 2005 at 0600 UTC and ended 24 

hours later with wind speeds increasing from 65 kts to 95 kts. As it moved west it 

underwent a second rapid intensification on August 28, 2005 at 0000 UTC increasing its 

wind speed from 100 kts to 150 kts on August 28, 2005 at 1800 UTC.  Katrina then went 

through an eyewall replacement cycle that caused it to weaken just prior to landfall. It 
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finally made landfall at Buras, Louisiana as a Category 3 hurricane with estimated wind 

speeds of 105 kts on August 29, 2005 at 1110 UTC. As it moved over land it weakened 

rapidly and was absorbed by a frontal zone near the Great Lakes on August 31, 2005 at 

0000 UTC.  

 

1.3.2 Hurricane Rita  

 Hurricane Rita formed from the interaction between a tropical wave and the 

remains of a cold front. On September 18, 2005 at 0000 UTC, Rita was considered a 

Tropical Depression just east of Grand Turk. It gradually strengthened and became a 

Tropical Storm 18 hours later. Despite some atmospheric disadvantages Rita finally 

became a category 1 hurricane on September 20
th

 at 1200 UTC just 100 miles off the 

coast of Key West, FL. With warm waters in the Gulf of Mexico, Rita quickly became a 

category 3 storm early on September 21
st
. Due to a favorable environment Rita continued 

to strengthen to a category 5 hurricane with a maximum intensity of 155 kts on 

September 22
nd

 at 0300 UTC. It maintained its category 5 strength for approximately 18 

hours as it continued on its path toward the southeast United States. Rita underwent 

structure changes causing a rapid decrease in wind speed prior to landfall. Rita made 

landfall on September 24, 2005 at 0740 UTC in southwest Louisiana with wind speeds of 

100 kts. Rita continued to weaken over land and was eventually absorbed by a frontal 

zone on September 26
th

 near the Great Lakes region.  

 

1.3.3 Hurricane Ivan  

 Hurricane Ivan developed from a large tropical wave off the coast of Africa on 

August 31, 2004. Early the next day Ivan was classified as a Tropical Depression and 

continued to develop and became a Tropical Storm on September 3, 2004 at 0600 UTC. 

It strengthened gradually and became a hurricane two days later 1000 miles off the coast 

of the Windward Islands. Ivan quickly intensified to a strong category 3 hurricane, thus 

making it the southern most major hurricane on record. Despite many changes in 

intensity Ivan reached a category 5 storm on September 13
th

 and maintained that strength 

for thirty hours. Ivan made landfall many times but its final point was near Holly Beach, 

LA on September 24
th

 at 0200 UTC. Ivan quickly dissolved later that morning over the 
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Texas coast. Ivan ultimately existed for 22.5 days and had a track of more than 5600 

miles long.  

 

1.3.4 Hurricane Isaac 

 Isaac evolved from an intense tropical wave off the coast of Africa on September 

20, 2000. The following day Isaac was declared a Tropical Depression near the Cape 

Verde Islands. It reached Tropical Storm strength on September 22
nd

 and hurricane 

strength on September 23
rd

. Isaac experienced several changes in intensity and finally 

reached its peak intensity of 120 kts on September 28, 2000 at 1800 UTC. Just after 

reaching its peak intensity it shifted north entering cooler waters and decreasing in wind 

speeds to a category 1 storm. Isaac never recovered and continued to weaken. On October 

4
th

 it merged with a large extratropical low north of Scotland.  

 

1.3.5 Hurricane Karl 

 Karl, like many other hurricanes begin its life cycle as a tropical wave off the 

coast of Africa on September 13, 2004. Three days later Karl became a Tropical 

Depression just south of the Cape Verde Islands and then quickly became a Tropical 

Storm. It reached hurricane strength on September 18
th

 and reached its maximum 

intensity of 125 kts. on September 21
st
. Karl’s intensity fluctuated over the next couple of 

days until the wind speeds decreased to 90 kts due to a concentric eyewall cycle. Karl 

continued to weaken and became an extratropical low that was absorbed by another 

extratropical low near Norway on September 28, 2004. 
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CHAPTER 2 

 

MODEL AND METHOD 

 

2.1 Data Sets 

 After selecting the storms for this study it was necessary to obtain their data. 

There are two steps to calculating Psi-Chi interactions, the first is to calculate Psi and 

then Chi using only the u and v components of the wind. Once that is obtained the 

interactions between them can be calculated with no additional data other than the 

vertical velocity, w. With each model run the u and v wind components and the vertical 

velocity were calculated. The initialization data chosen for this study was the NCEP Final 

Analysis (GRIB, 1 degree resolution) because of the dates of available data as well as the 

resolution needed to run the mesoscale model in which is capable of capturing the 

detailed Psi-Chi interactions.  

 

2.2 MM5 Mesoscale Model 

 The MM5 is the fifth generation mesoscale model from NCAR/ Penn State. It is a 

non-hydrostatic model thus allowing for high resolution capabilities hence the reason it 

was chosen for this particular project.  It was also chosen because it was specifically 

designed to replicate and/or forecast mesoscale atmospheric circulation, ideal for 

hurricane research. The aforementioned data sets contained several different atmospheric 

measurements during a specific period of time. Each storm’s data set passed through four 

different processes within the MM5. The first process was the TERRAIN program. This 
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program horizontally interpolates the latitude-longitude terrain elevation onto the chosen 

domain. It sets up the mesoscale domain on either a coarse or fine grid. It then produces 

global data fields for the domains that provide necessary information such as latitude, 

longitude, map scale factors, and Coriolis parameter. It should be noted that in this study 

there are three domains on a two way nesting with resolutions of 27km, 9km, and 3km 

respectively. The second process is called REGRID. This program takes the data given in 

the data sets and interpolates it onto the MM5 grid provided by TERRAIN. Next, the data 

enters INTERPF where it is vertically interpolated, diagnostically computated, and 

reformatted to properly run in the MM5 program. Lastly, the data is run through the 

MM5 program where it calculates the necessary output. There are also several schemes 

and conditions that must be selected as part of the physics options. The physics options 

are summarized in Table 1 below and explained later in the section.  

 

 

Table  2.1 Physics options chosen for MM5 run 

Cumulus Parameterization (ICUPA) Betts-Miller 

PBL Schemes and Diffusion (IBLTYP) High-Resolution Blackadar PBL 

Explicit Moisture Schemes (IMPHYS) Goddard Microphysics 

Radiation Schemes (IFRAD) Cloud-Radiation Scheme 

Surface Schemes (ISOIL) Five-Layer Soil Model 

 

For the cumulus parameterization the Betts-Miller scheme was chosen because it has 

been shown to perform well with hurricanes and monsoons and it is suitable for our grid 

size Betts (1986) and Betts and Miller (1986). The High Resolution Blackadar PBL 

scheme was chosen due to the resolution of the domains previously mentioned. The 

Goddard Microphysics explicit moisture scheme was selected because it contains an 

additional equation that predicts graupel, the details of which can be found in Lin et al. 

(1983) and Tao et al. (1989, 1993).  The cloud-radiation scheme was used because it 

accounted for longwave and shortwave relations in clouds and air. Finally the Five-Layer 

Soil Model was chosen because it vertically solves diurnal temperature variation.  
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2.3 Method 

 In this section the framework of Psi-Chi interactions is presented. The first 

process in this calculation involves five fundamental equations: 

 the vorticity equation: 

  (2.9) 

The divergence equation: 

  (2.10) 

The First Law of Thermodynamics: 

      (2.11) 

The continuity equation: 

         (2.12) 

The hydrostatic law: 

         (2.13) 

The term  is the horizontal wind vector and can be divided into two parts rotational 

 and divergent so that  

         (2.14) 

It should be noted that Psi is the streamfunction and Chi is the velocity potential. The 

rotational term can be defined as  and the divergent term can be defined as 

. Therefore relative vorticity is defined as  

      (2.15) 

and divergence is defined as  

       (2.16) 
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Given that total kinetic energy per unit mass is  it can be expanded to 

include the rotational and divergent winds yielding the following 

 

      (2.17) 

   

Note that the energy interaction between the rotational and divergent parts are 

represented by the Jacobian which satisfies the identity . It can 

then be  written that  

         (2.18)   

 

Based on equation (5.10), equation (5.9) can be re-written as 

       (2.19) 

Therefore the vorticity equation (2.9) can be re-written in terms of the streamfunction ψ 

and the velocity potential χ. 

   (2.20) 

The divergence equation  (2.10) can also be re-written in terms of the streamfunction ψ 

and the velocity potential χ. 

 (2.21) 

The following identities should also be noted  
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     (2.22) 

     (2.23) 

Based on the definitions from (2.18) the following can be written 

      (2.24) 

      (2.25) 

For simplicity many of the terms in the energy equation will be expressed in the form of a 

divergence of a vector or a Jacobian of two scalars, so that the integration of the energy 

equation over a closed domain will allow those terms to vanish. By multiplying (2.20) by 

ψ and (2.21) by χ the following equations are obtained  

  (2.26) 

 (2.27) 

where  and . In equation (2.26) the terms on the right side can be 

rearranged as follows 

     (2.28) 
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    (2.29) 

 

  (2.30) 

     (2.31) 

Substituting equations (2.28) through (2.31) into equation (2.26) and integrating over a 

closed domain yields the rotational kinetic energy equation (Psi-Chi interaction equation) 

used for this study. 

  (2.32) 

Term 1 is defined by , Term 2 is defined by , Term 3 is defined by 

 and Term 4 is defined by .  
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CHAPTER 3 

RESULTS 

 

3.1 Overview 

 As stated previously, the main goal of this study is to examine the energetics of 

Psi-Chi interactions in modeled hurricanes with rapid intensity changes. To accomplish 

this, five case studies are examined. Using the MM5 model, as described in Chapter 2, 

the u and v components of the wind in each storm are modeled during their rapid 

intensity changes. A program was written to calculate the separate terms in Equation 

2.32. Each term of that equation is then compared to that same term in a different storm. 

The terms of each storm are also compared to each other. The results are shown both 

physically and graphically in the following sections. Finally the maximum value of Psi-

Chi for each term provided a better diagnostic tool and was then used to directly compare 

to the model intensity. However, first it is necessary to compare the model hurricane 

intensity to the real-world intensity evolution to determine how well the simulations 

represent the real hurricanes. 

 

3.2 Hurricane Model Intensity Comparison to Observations 

 Based on the results from Figure 3.1 there are significant differences between the 

model intensity and the observed intensity. Hurricanes Katrina and Rita were rapidly 

intensifying storms according to both the observed values and the model intensity values. 

The differences with these storms are the timings of the intensifications. Hurricanes Karl 

and Isaac were rapidly weakening based on the observed values during the chosen times. 

The MM5, however, has both storms rapidly intensifying throughout the majority of the 
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chosen time frame.  Finally, Hurricane Ivan maintained its wind speed for a period of 24 

hours during the chosen time frame, yet the MM5 had it also rapidly intensifying. 

 There are several explanations for the differences between the model intensity and 

observed intensity. First, the resolution of the initialization data is more course than what 

is needed to accurately model the hurricane’s structure. Second, the model’s capability of 

parameterizing physical processes such as convection and air-sea interaction may result 

in the model inadequately resolving the smaller scale features of the hurricane. Lastly, the 

model needs time to build the hurricane therefore its timing is different than that of the 

observed. The following analysis will focus on the relationship between the model’s 

intensity and the psi-chi results. Therefore when the model performance improves the 

relationship can then be tested with real world simulations.  

 

3.3 Psi-Chi Model Results 

The energetics of Psi-Chi interactions are examined in five case studies during which 

time each storm enters a rapid intensity change process. First, each case is examined 

physically. A specific time is chosen where the storm is at or near peak intensity and each 

term of Equation 2.32 is plotted at that time. The terms are then compared by both 

magnitude and location of maxima relative to the storm. Second, each storm is then 

compared to the other storms. Lastly, the maxima of each term at each time in each storm 

during its rapid intensity process is plotted and compared to each other and the model 

intensity. 

 

3.3.1  Hurricane Katrina Case: For this first case there are two figures to examine. 

The first is Hurricane Katrina at 0900 UTC on August 28, 2005 (Figure 3.2). The wind 

speed during this time is 169 kts. Hurricane Katrina at this time is mid-cycle of the rapid 

intensification process.  Figure 3.1 reveals that the largest contributor to the Psi-Chi 

process during this time is Term 2, (Figure 3.2b) with maximum values at and/or 

exceeding 0.7 J/Kkg
2
. Compared to the other terms of Equation 2.32, the value of Term 2 

is on the order of one to two magnitudes larger. It should also be noted that the smallest 

contributor to the Psi-Chi process during this time is Term 3, with maximum values near 

0.007 J/Kkg
2
.    The location of the term maxima in Figure 3.2a and Figure 3.1c are 
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predominately near the center of the storm and cover a much larger area than the maxima 

locations in Figures 3.2b and 3.2d. Figure 3.2b and Figure 3.2d have much smaller areas 

of term maxima located mostly in the right front quadrant of the storm.  Each figure’s 

term maxima location does correlate to what is expected for wind maxima locations in 

hurricanes.    

 In Figure 3.3 Hurricane Katrina at 2100 UTC on August 28, 2005 was near 

completion of the rapid intensification process and is at a wind speed of approximately 

202 kts.  Figure 3.3 shows that the largest contributor to the Psi-Chi process at this point 

in time is again Term 2, with maximum values near 5 J/Kkg
2
. These values are an order 

of magnitude larger than what occurred just 12 hours earlier at 0900 UTC. The smallest 

contributor at this time is again Term 3, with the same values as Figure 3.2. It should also 

be noted that from Figures 3.2 and 3.3, Term 2 was the only term that had an increase in 

time. The other terms of Equation 2.32 remained the same. As for the locations of term 

maxima, all terms now have maxima located in the center of the storm. However, in 

Figures 3.2a, 3.2c, and 3.2d the maxima areas have grown significantly while Figure 3.2b 

maxima area remains relatively small. 

 

3.3.2 Hurricane Rita Case: Hurricane Rita is also represented by two figures. The first 

figure, Figure 3.4, shows the terms of Equation 2.32 at 1500 UTC on September 20, 

2005. At this time Hurricane Rita has just entered its rapid intensification process and has 

a wind speed of 87 kts. Figure 3.4 shows that the largest contributor to  
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Figure 3.1: The model hurricane intensity (kts) vs. the observed hurricane intensity (kts) for each storm as 

follows A) Hurricane Isaac, B) Hurricane Karl, C) Hurricane Katrina, D) Hurricane Rita and E) Hurricane 

Ivan. 
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 Psi-Chi Interactions: Hurricane Katrina  

 
Figure 3.2. Psi-Chi interactions in Hurricane Katrina at 0900 UTC on August 28, 2005.  

A) Term 1:  at 0900 UTC on August 28, 2005. B) Term 2:  at 0900 UTC on 

August 28, 2005. C) Term 3:  at 0900 UTC on August 28, 2005. D) Term 4:  at 

0900 UTC on August 28, 2005. 
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Psi-Chi Interactions: Hurricane Katrina  

 

Figure 3.3. Psi-Chi interactions in Hurricane Katrina at 2100 UTC on August 28, 2005.  

A) Term 1:  at 2100 UTC on August 28, 2005. B) Term 2:  at 2100 UTC on 

August 28, 2005. C) Term 3:  at 2100 UTC on August 28, 2005. D) Term 4:  at 

2100 UTC on August 28, 2005. 

 

 

 

a)  b) 

c)  d) 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the Psi-Chi process is Term 2, with maximum values near 0.08 J/Kkg
2
. The smallest 

contributor at this time is Term 3, with maximum values near 0.005 J/Kkg
2
. During this 

time in Hurricane Rita’s case Term 2 is only one order of magnitude larger than Term 3. 

Also of note, Term 2 has the same order of magnitude as Terms 1 and 4 and is only 

slightly larger. Structurally, the locations of term maxima in this case are predominately 

in the right front quadrant of the storm. Term 1 is shown to have the largest concentration 

of term maxima. Also, it should be noted that the lines that are present in Terms 2 and 3 

of Figure 3.4 are merely an artifact of the data. 

 The second figure for this case, Figure 3.5, displays Hurricane Rita at 0600 UTC 

on September 21, 2005 at the ending of its rapid intensification cycle. At this time the 

largest contributor to the Psi-Chi process is still Term 2 and the smallest is still Term 3. 

As compared to Figure 3.4 the terms are on the same order of magnitude with maxima 

locations remaining mostly in the right front quadrant of the storm.   
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 Psi-Chi Interactions: Hurricane Rita  

 

Figure 3.4. Psi-Chi interactions in Hurricane Rita at 1500 UTC on September  20, 2005.  

A) Term 1:  at 1500 UTC on September 20, 2005. B) Term 2:  at 1500 UTC on 

September 20, 2005. C) Term 3:  at 1500 UTC on September 20, 2005. D) Term 4: 

 at 1500 UTC on September 20, 2005. 

 

 

 

a) b) 

c) d) 
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 Psi-Chi Interactions: Hurricane Rita 

Figure 3.5. Psi-Chi interactions in Hurricane Rita at 0600 UTC on September  21, 2005. 

A) Term 1:  at 0600 UTC on September 21, 2005. B) Term 2:  at 0600 UTC on 

September 21, 2005. C) Term 3:  at 0600 UTC on September 21, 2005. D) Term 4: 

 at 0600 UTC on September 21, 2005. 

 

 

 

  

a) 
b) 

c) 
d) 
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3.3.3 Hurricane Karl Case: There are two figures in this case to be examined. The 

first, Figure 3.6, shows Hurricane Karl at 1800 UTC on September 21, 2004. At this point 

in the storm’s life cycle Hurricane Karl is at the beginning of its rapid intensification 

phase and is at a wind speed of 104 kts. In Figure 3.6 the largest contributor to the Psi-

Chi process is Term 2 with values at or above 0.12 J/Kkg
2
. The smallest contributor to 

the process is both Term 3 and Term 4 with maximum values around 0.0009 J/ Kkg
2
. 

Term 2 is one order of magnitude larger than Term 1 and two orders of magnitude larger 

than Terms 3 and 4. The locations of maxima in Terms 1, 2 and 3 are in the right front 

quadrant while Term 4 has a large maxima location throughout the center of the storm. 

 In the second figure for Hurricane Karl, Figure 3.7 the values of the Terms have 

remained the same, however the locations of maxima have changed significantly. Figure 

3.7 shows Hurricane Karl at 0300 UTC on September 22, 2004 with a wind speed of 117 

kts. Structurally, both Terms 3 and 4 have large areas of term maxima located mostly in 

the center of the storm. Term 2 has maxima located in the center of the storm as well but 

has a smaller concentration. Finally, Term 1 has a small area of maxima located 

interestingly on the southern portion of the storm. Due to the fact that Psi-Chi interactions 

are functions of wind speed, it is expected that the term maxima would be located in the 

center of the storm or the northeast (right front quadrant) portion of the storm as in Figure 

3.6. However, at this point in time a deep baroclinic trough is developing to the north of 

Hurricane Karl. As Karl continues its movement north-northwest it begins to interact 

with this trough as evident by the “gap” of Term 1 in Figure 3.7.  
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 Psi-Chi Interactions: Hurricane Karl 

Figure 3.6. Psi-Chi interactions in Hurricane Karl at 1800 UTC on September  21, 2004. 

A) Term 1:  at 1800 UTC on September 21, 2004. B) Term 2:  at 1800 UTC on 

September 21, 2004. C) Term 3:  at 1800 UTC on September 21, 2004. D) Term 4: 

 at 1800 UTC on September 21, 2004. 

 

 

 

 

a) b) 

c) 
d) 
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 Psi-Chi Interactions: Hurricane Karl 

Figure 3.7. Psi-Chi interactions in Hurricane Karl at 0300 UTC on September  22, 2004. 

A) Term 1:  at 0300 UTC on September 22, 2004. B) Term 2:  at 0300 UTC on 

September 22, 2004. C) Term 3:  at 0300 UTC on September 22, 2004. D) Term 4: 

 at 0300 UTC on September 22, 2004. 

 

 

 

a) 
b) 

c) 
d) 
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3.3.4        Hurricane Isaac Case: Hurricane Isaac’s Psi-Chi process is examined in 

Figure 3.8. This figure shows Hurricane Isaac at 0900 UTC on September 29, 2000 with 

a wind speed of 124 kts. Based on Figure 3.8 the largest contributor to the Psi-Chi 

process at this time is Term 2 with maximum values at or exceeding 0.7 J/Kkg
2
. The 

smallest contributor is Term 4 with maximum values around 0.001 J/Kkg
2
. Term 2 is one 

order of magnitude larger than Term 1 and two orders of magnitude larger than Terms 3 

and 4. The location of maxima in Terms 2 and 3 are at the center of the storm with Term 

2 having a very small concentration of maximum values. Term 4 has no coherent 

cyclonic pattern making it difficult to pinpoint areas of maximum value. Term 1 in Figure 

3.8 has a large gap in the northern quadrant. It is possible that this could be contributed to 

a large mid-tropospheric anticyclone located to the north and east of the hurricane. Since 

Term 1 is largely dependent upon  ,which is related to circulation, the effects of 

this anticyclone are more evident in Term 1.   
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Psi-Chi Interactions: Hurricane Isaac 

Figure 3.8. Psi-Chi interactions in Hurricane Isaac at 0900 UTC on September  29, 2000.  

A) Term 1:  at 0900 UTC on September  29, 2000. B) Term 2:  at 0900 UTC on 

September 29, 2000. C) Term 3:  at 0900 UTC on September  29, 2000. D) Term 4: 

 at 0900 UTC on September  29, 2000. 
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3.3.5      Hurricane Ivan Case: Hurricane Isaac’s Psi-Chi process is examined in Figure 

3.9. This figure displays Hurricane Ivan at 0300 UTC on September 13, 2004. At this 

time the storm has a wind speed of 185 kts According to Figure 3.8 the largest 

contributor of the Psi-Chi process is Term 2 with maximum values around 0.9 J/Kkg
2
. 

The smallest contributor to this process is Term 1 with maximum values around 0.024 

J/Kkg
2
. Terms 2 and 4 are one magnitude larger than Terms 1 and 3. The location for 

each term’s maxima is evident in the right front quadrant of each term. In Term 1 it 

should be noted that there is a large “break”  in the storm. This could possibly be due to 

the interaction of land. Term 1 is extremely dependent upon  which is related to 

circulation. Therefore it is more likely for this term to show effects of land as compared 

to the other terms.  

 

3.3.6       Graphical Comparison of Results 

Term 1: In Figure 3.10 the maximum values of Term 1 for each storm are plotted 

logarithmically. This allows for comparison of the magnitudes of each storm to each 

other. Overall for this term the storms remain within the same magnitude. Hurricane Ivan 

appears to hold the majority of the larger values, however, Hurricane Katrina does 

become larger than the other storms. On the other hand, Hurricane Rita, while within the 

same magnitude as the other storms, does hold the majority of the lowest values within 

that magnitude.  

Term 2: In Figure 3.11 the storms, for the most part, remain within the same magnitude 

or at last within one magnitude of each other. Hurricane Katrina continues to hold the 

largest values, however, Hurricane Ivan is comparable in maintaining the majority of the 

larger values.  
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 Psi-Chi Interactions: Hurricane Ivan 

Figure 3.9. Psi-Chi interactions in Hurricane Ivan at 0300 UTC on September  13, 2004.  

A) Term 1:  at 0300 UTC on September  13, 2004. B) Term 2:  at 0300 UTC on 

September 13, 2004. C) Term 3:  at 0300 UTC on September  13, 2004. D) Term 4: 

 at 0300 UTC on September  13, 2004. 

 

 

 

 

 

b) 

d) 

a) 

c) 
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Graphical Results: Term 1 

Figure 3.10. The maximum values of Term 1 for each storm every 3 hours.  Note that the ordinate axis is 

logarithmic.  
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Graphical Results: Term 2 

 
Figure 3.11. The maximum values of Term 2 for each storm every 3 hours. Note that the ordinate axis is 

logarithmic. 
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Graphical Results: Term 3 

 
Figure 3.12. The maximum values of Term 3 for each storm every 3 hours. Note that the ordinate axis is 

logarithmic.  
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Graphical Results: Term 4 

 
Figure 3.13. The maximum values of Term 4 for each storm every 3 hours. Note that the ordinate axis is 

logarithmic. 
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Hurricane Rita continues to possess the majority of the lower values. 

Term 3: In Figure 3.12, Hurricanes Ivan and Katrina surpass the other storms by one 

magnitude, however, Hurricane Katrina continues to hold the largest values. Hurricane 

Karl possess the lowest value, however Hurricane Rita continues to hold the majority of 

the lower values.  

Term 4: In Figure 3.13, Hurricane Isaac is shown to be one to four magnitudes smaller 

than the other storms. On the opposite spectrum, Hurricane Katrina becomes two to three 

magnitudes larger than the other storms. This term, as compared to the others, shows the 

largest range of maximum values.  

 Overall the terms compared to one another are vastly different. Term 3 holds the 

smallest maximum value while Term 4 holds the largest maximum value. From a 

majority perspective Term 2 has the largest values for all storms and Term 3 has the 

smallest values for all storms. Term 4 shows the largest range of maximum values 

between storms while Term 1 shows the smallest range of maximum values between 

storms. In comparing storms to one another Hurricane Katrina’s maximum values exceed 

the other storms in every term. Hurricanes Rita and Isaac, on the other hand, share the 

lower values of the terms albeit not in every term.  

3.3.7 Model Intensity vs. Psi-chi Term Values 

 In this section the model intensity is plotted against the maximum values of the psi-

chi terms at each time for each storm and each term. It should be noted that the model 

intensity is very different from the observed intensity. While a few of the cases are 

actually not rapid intensification cases according to the observed values they do undergo 

rapid intensification within the model. Therefore for consistency purposes all the cases 

are considered to be rapid intensification.   

 

 

Table 2.2: Simultaneous diagnostic correlation values for each storm for each term. The number of 

observations is represented by n. Each correlation that is in bold print has a confidence level of 95%. 

  

  

ISAAC   

(n = 15)  

KARL 

(n = 17) 

KATRINA 

(n = 15) 

RITA 

(n = 20) 

IVAN 

(n = 17) 

TERM 1  0.82  0.77  ‐0.78  0.83  0.74 

TERM 2  0.87  0.56  ‐0.86  0.81  0.34 

TERM 3  0.66  0.79  ‐0.79  0.8  0.8 

TERM 4  0.04  0.48  0.07  0.36  0.04 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Figure 3.14. The model intensity of Hurricane Isaac vs. the psi-chi maximum values for each term at each 

time. A) Term 1 , B) Term 2, C) Term 3, and D) Term 4.  
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Figure 3.15. The model intensity of Hurricane Karl vs. the psi-chi maximum values for each term at each 

time. A) Term 1 , B) Term 2, C) Term 3, and D) Term 4.  
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Figure 3.16. The model intensity of Hurricane Katrina vs. the psi-chi maximum values for each term at 

each time. A) Term 1 , B) Term 2, C) Term 3, and D) Term 4.  
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Figure 3.17. The model intensity of Hurricane Rita vs. the psi-chi maximum values for each term at each 

time. A) Term 1 , B) Term 2, C) Term 3, and D) Term 4.  
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Figure 3.18. The model intensity of Hurricane Ivan vs. the psi-chi maximum values for each term at each 

time. A) Term 1 , B) Term 2, C) Term 3, and D) Term 4.  
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Hurricane Isaac: Fig. 3.14 shows that the intensity and psi-chi values tend to trend in 

the same direction excluding one or two extraneous values for Terms 1 through 3. 

However, Term 4 appears to be very sporadic with its values. This is further justified by 

the correlation values for each term found in Table 2.2. Terms 1 through 3 have strong 

positive correlation values indicating that there is a relationship between the psi-chi 

maximum values and the intensity for those terms. Term 4 has a correlation value of .04 

which suggests a relationship but a weak one.  

Hurricane Karl: In Fig. 3.15 the intensity and psi-chi values also trend in the same 

direction excluding one or two extraneous values for all terms. This is further justified by 

the correlation values for each term found in Table 2.2. Terms 1 and 3 have the strongest 

positive correlation values indicating that there is indeed a relationship between the psi-

chi maximum values and the intensity for those terms. Terms 2 and 4 have correlation 

values that are strong but not quite as strong as Terms 1 and 3. Indicating that there is a 

relationship existent for each term and the intensity, however the strongest relationship is 

evident in Terms 1 and 3.    

Hurricane Katrina: The most prominent feature in Fig. 3.16 is that for all the terms 

around hour 12 the two graphs cross. This is due to the fact that the model has the storm 

decreasing at this time. This is the only case within this research that was shown to 

perform in that way. Therefore the trends oppose each other at time 12. Prior to time 12 

the trend of the graphs does not appear to be as defined as in other cases. The hypothesis 

for this is due to the strength of Katrina in both the model and observed. According to 

Table 2.2 the correlations for Katrina in Terms 1 through 3 is negative while Term 4 is 

positive. Terms 1 through 3 have a strong negative correlation while Term 4 (as 

consistent with other cases) has a weak positive correlation. Therefore, as with previous 

cases, Terms 1 through 3 exhibit strong relationships (albeit negative), while Term 4 has 

a rather weak relationship. It should be noted that when the weakening portion of the 

intensity was removed, i.e hour 12 and after, the values became more positive.  

Hurricane Rita: According to Fig 3.17, Terms 1 through 3 show very similar trends 

between the two graphs. Term 4 in this case appears to follow the trend of the intensity 

quite well as compared to other storms. Table 2.2  indicates that Terms 1 through 3 have 
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very strong positive correlation values while Term 4 has the smallest correlation value 

albeit still stronger than most cases.   

Hurricane Ivan: Fig. 3.18 and Fig 3.14 are very similar. In these cases Terms 1 and 3 

follow the flow of the intensity more closely than Terms 2 and 4. Again, as with most 

cases, Term 4 is relatively inconsistent at least after hour 5. This is further justified by 

Table 2.2  where the correlations for Terms 1 and 3 are very strong, Term 2 has a definite 

positive relationship and Term 4 has a very weak positive relationship. 

 In summary, Terms 1 and 3 appear to have the strongest relationships with the 

intensity. Term 4 on the other hand has almost no correlation in most cases. Overall, 

Hurricane Rita has the most terms with the strongest positive correlation and Hurricane 

Katrina had the only negative correlations.  
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CHAPTER 4 

SUMMARY AND FUTURE WORK 

 

4.1 Discussion and Conclusion 

 The purpose of this study is to explore the energetics of Psi-Chi interactions in 

modeled hurricanes of rapidly changing intensity. Understanding rapid intensification has 

been a focus of many publications, because it has the possibility of providing useful 

information in forecasting intensity.  Processes associated with latent heant and sensible 

heat exchanges are important when it comes to identifying changes in hurricane intensity.  

Understanding this interaction with the environment is crucial to understanding how the 

intensity changes.  Based on the comparison of model intensity and maximum term 

values there appears to be a strong relationship between the two. 

 In exploring each term of the Psi-Chi equation it is evident that certain terms 

contribute more than others while some contribute significantly less. The results show 

that Term 2 is the larger contributor in each storm’s case while Term 3 contributes the 

least.  Based on the definition of each term, as previously stated, this discovery implies 

that the divergence of the stream function is the most significant contributor to Psi-Chi 

interactions within modeled hurricanes since Term 2 is the only term that possesses this 

factor.  

 The storms, when compared to one another, show a variety of results. The most 

dominant storm overall for each term is Hurricane Katrina. This result is not surprising 

due to the storm’s extremely powerful rapid intensification process.  The least dominant 

storms were Hurricanes Rita and Isaac.  This study shows that Term 2 is the dominant 

term of Psi-Chi interactions thus implying that the divergence of the stream function is 

the most significant contributor to Psi-Chi interactions within modeled hurricanes.  
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 In comparing the storms model intensity to the maximum psi-chi values for each 

term the following conclusions can be drawn. Interestingly enough Term 2, while the 

most dominate term in values, did not appear to have the strongest relationship with the 

intensity. Terms 1 and 3 appear to have the strongest relationships with the intensity. 

Term 4 on the other hand has almost no correlation in almost all cases. This can be 

contributed to the fact that Term 4 is dominated by vertical velocity. Overall, Hurricane 

Rita has the most terms with the strongest positive correlation. This indicates that a 

majority of the intensity changes for Hurricane Rita can be explained through the 

interactions of psi and chi. In the case of Hurricane Katrina there were negative 

correlation values. Although the values were negative they still indicate that there is a 

relationship between intensity and psi-chi for this storm. This case was the only one 

where negative correlations were found and that was largely due to the fact that the 

model had Hurricane Katrina weaken. The reasoning for this is unknown but there is a 

possibility that this occurred due to the impressive strength of the storm and the model’s 

capabilities.  In light of these findings a relationship between the model intensity and psi-

chi exists. This relationship is evidently stronger for certain terms and storms, but it does 

exist for each storm and each term.  

 

4.2 Future Work 

 Since the study of Psi-Chi interactions is a relatively unexplored topic there are 

many possibilities for future work. A more detailed exploration of the effects of Psi-Chi 

interactions in modeled hurricanes could prove useful. Exploring in detail how modeled 

hurricanes change with respect to Psi-Chi interactions could aid in understanding how 

hurricanes interact with their environment. For example, a detailed study investigating 

each term of Psi-Chi interactions would be useful in explaining what is happening to both 

the environment and the hurricane when the two interact with one another. Also, a study 

using observed data as opposed to model data could show whether or not Psi-Chi 

interactions could be used as a forecasting tool for intensity changes.  Finally, 

determining if the interaction of Psi-Chi can be used as a forecasting tool by diagnosing 

the existence of a lag between hurricane intensity and Psi-Chi values are important. 
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