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ABSTRACT 

        

 This study explores sensitivity of the Atlantic subtropical anticyclone and the tracks of 

tropical cyclones traveling around the subtropical anticyclone to radiative transfer.  The data sets 

for these experiments are derived from 120-hours forecasts generated using the T126 version of 

the Florida State University Global Spectral Model (FSUGSM).  The subtropical anticyclone 

owes its origin, maintenance, and its asymmetrical nature over the Atlantic Ocean mainly due to 

radiative cooling over the eastern ocean.  This being the case, it follows that the way radiative 

properties are modeled will play a crucial role in determining the reliability of a forecast.  In 

order to examine this, the full FSUGSM is compared to a version with no radiative properties.  

This represents the most extreme case and shows the significance of radiative properties on not 

only the subtropical anticyclone, but also the flow associated with it, and thus the tracks of 

tropical cyclones traversing the Atlantic Ocean.  Since the subtropical anticyclone is the 

dominant factor in the steering flow, it follows that changes in the tropical cyclones� tracks occur 

in concert with changes seen in the anticyclone under different radiative conditions.  The effects 

of (no) radiation take about three days to manifest themselves.  The subtropical high weakens, 

and broadens westward without radiative cooling to maintain it.  In turn, the orientation of the 

subtropical high changes as does the steering pattern.  Due to this there is a change seen in the 

tracks of the tropical cyclones.  The cyclones are more to the west and south compared to the 

normal model.  Thus, radiation is an important factor in the forecasts of tropical cyclones and 

their steering environment three days or greater. 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Objectives and Organization of Thesis 

 

 

This study will examine the role of radiation concerning the Atlantic subtropical 

anticyclone and the subsequent effect on the tracks of tropical cyclones moving around the 

periphery of the subtropical anticyclone.  The Florida State University Global Spectral Model 

(FSUGSM) is used to make 120-hour forecasts of the subtropical high and tropical cyclones.  

Two versions of the model are used: the first is the full model; in the second radiative properties 

are switched off to simulate the extreme case.  In this way the importance of radiation is made 

readily apparent.  The details are presented in the next chapter.  The model output will be used to 

analyze aspects relating to the tropical cyclones such as track, total wind steering flow, and total 

wind steering vector.  The translation speed and direction of travel are derived from the steering 

vector and examined. The strength and location of the Atlantic subtropical anticyclone will also 

be studied. 

Radiation is important in the formation and orientation of the subtropical high and thus an 

important factor in the tracks taken by hurricanes in the North Atlantic basin.  The primary goal 

of this research is to assess the effect of radiation on the Atlantic subtropical anticyclone and the 

path taken by tropical cyclones being steered by the anticyclone. The results in this thesis only 

pertain to the aforementioned model. 

The remainder of this chapter will discuss tropical cyclone selection criteria as well as 

brief histories of the hurricanes involved in this study.  The necessary background on the physics 

of subtropical anticyclone especially as it pertains to radiative processes will also be discussed.  
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Tropical cyclone selection criteria will be discussed as well as brief histories of the hurricanes 

involved in this study. Chapter 2 contains an overview of the model used, the Florida State 

University Global Spectral Model.  The radiation scheme, the band model, will be described in 

more detail.  Next, in the third chapter, the experiments are explained and results stated.  This 

includes a description of the anticyclone, tropical cyclone tracks, steering flow, and steering 

vectors based on the output of the model runs.  Finally, in Chapter 4 the summary and 

conclusions are given. 

 

 

1.2 Storm Selection and Histories 

 

 

For this study there is a need for choosing suitable Atlantic hurricanes.  Since a 

component of the study is to examine the tracks of the hurricanes as they were steered around the 

Atlantic subtropical high candidate storms were selected from those that had recurving tracks.  

The cyclones need to be of hurricane strength and persist for more at least five days. Another 

requirement is that the tropical cyclones develop in the tropics (south of 20° N).  Data is 

available for the years 1998-2004 at the time of the study. Based on the aforementioned criteria a 

list of eleven hurricanes is compiled.  This list of hurricanes includes: 

• Bonnie �98 

• Danielle �98 

• Jeanne �98 

• Cindy �99 

• Gert �99 

• Floyd �99 

• Alberto �00 

• Isaac �00 

• Fabian �03 

• Danielle �04 

• Karl �04. 
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Next, 120-hour forecasts are done for each of the hurricanes beginning a couple days before 

recurvature using the T126 version of the FSUGSM. All hurricanes that fail to survive more than 

four days in the model are culled and not used.  The reasons for this will be given in Chapter 3.  

Out of the eleven potential hurricanes three were deemed viable for the study.  These hurricanes 

are: 

• Cindy �99 

• Gert �99 

• Isaac �00. 

The synoptic history for the three viable hurricanes is summarized from the National 

Hurricane Center. 

1.2.1 Hurricane Cindy 

Hurricane Cindy originated from a tropical wave that emerged off the coast of Africa 

early on 18 August 1999.  Soon after emerging off the coast off Africa the system had gained 

enough organized convection to be declared a tropical depression on 00Z 19 August. At this time 

it was located about 460 km east-southeast of the Cape Verde Islands. 

Vertical shear of 10-15 ms
-1

 precluded any further development for 36 hours.  By 18Z 20 

August the vertical shear had relaxed and was declared a tropical storm.  While centered 720 km 

west of the Cape Verde Islands on 00Z 22 August Cindy reached hurricane status.  That status 

was short-lived and by 18Z 22 August easterly shear overcame the cyclone; it weakened below 

hurricane status. 

Easterly shear decreased on the 25
th
 allowing Cindy to regain hurricane intensity at 00Z 

26 August.  Hurricane Cindy continued to strengthen.  It reached peak intensity of 62 ms
-1

 at 12Z 

28 August, while located 695 km east-southeast of Bermuda. 

Westerly to southwesterly shear began in impinge upon Hurricane Cindy on the 29
th
 and 

30
th
.  The hurricane began to weaken in response to the shear and cooler waters.  By 06Z 31 

August Hurricane Cindy was downgraded to a tropical storm. Cindy accelerated to the northeast 

and later on the 31
st
 merged with an extratropical cyclone 1575 km west of the Azores. 

1.2.2 Hurricane Gert 

Hurricane Gert originated from a tropical wave that moved off the coast of Africa on 10 

September 1999.  It traveled on a west-northwesterly path south of the subtropical high.  The 
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tropical wave had sufficient organization to be classified as a tropical depression at 12Z on the 

11
th
.  At this time the tropical depression was located south of the Cape Verde Islands. 

The depression strengthened into a tropical storm at 12Z 12 September.  Strengthening continued 

and 24 hours later Gert had strengthened into a hurricane.  Over the next four days Hurricane 

Gert gained intensity and reached a peak wind speed of 67 ms
-1

 at 00Z 16 September. 

A weakness in the high-pressure system downstream ahead of Hurricane Gert was 

present in the wake of major Hurricane Floyd.  Gert�s movement adjusted in response to this 

weakness in the subtropical high.   The hurricane turned to the north and then the north-northeast 

during the 16
th
-21

st
.  During this time Hurricane Gert remained about 555 km northeast of the 

Leeward Islands.  The intensity of Gert fluctuated during this turn to the north, but did not 

weaken below major hurricane status until 18Z 20 September. 

A weakening trend continued and Hurricane Gert was downgraded to a tropical storm at 

00Z 23 September.  The winds had diminished to 31 ms
-1

 as Gert became extratropical at 12Z.  

Six hours later the extratropical remains of Gert merged with another extratropical low near 

southeastern Newfoundland. 

1.2.3 Hurricane Isaac 

Hurricane Isaac began as a vigorous tropical wave that emerged from Africa on 20 

September 2000.  The system became better defined and it was determined that it had become 

Tropical Depression Thirteen 12Z 21 September.  At this time it was centered a few hundred 

kilometers south of the Cape Verde Islands. 

The tropical depression was south of the subtropical high, and thus steered to the west-

northwest for several days.  Conditions were favorable for further development and the tropical 

depression was upgraded to Tropical Storm Isaac at 00Z 22 September.  Intensification 

continued and hurricane status was reached at 12Z on the 23
rd

.  Isaac continued to strengthen and 

the maximum sustained winds reached 54 ms
-1

 on 00Z 24 September.  Despite favorable 

conditions Isaac weakened slightly with winds down to 46 ms
-1 

on the 25
th
.  This was likely due 

to inner core processes. Then, west-southwesterly wind shear and cooler waters further 

weakened the storm.  Hurricane Isaac weakened further with winds dropping to 39 ms
-1

 on 12Z 

26 September.  Later that day, the wind shear relaxed and Isaac began to strengthen. Around 00Z 

28 September the hurricane began a turn to the northwest and continued to strengthen.  Hurricane 

Isaac reached its maximum intensity of 62 ms
-1 

at 18Z 28 September. 
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After reaching its peak intensity, Hurricane Isaac began to weaken and took a turn to the 

north-northwest.  The hurricane continued on its parabolic path around the periphery of the 

subtropical high turning north and then north-northeastward.  During this time Hurricane Isaac 

passed within 815 km of Bermuda.  Hurricane Isaac continued to weaken over cooler waters to a 

minimal hurricane by the 30
th
.  Isaac accelerated to the northeast and weakened to a tropical 

storm at 06Z 01 October.  Later that day at 18Z Isaac became extratropical. 

Former Tropical Cyclone Isaac became a strong extratropical cyclone.  It moved rapidly 

east-northeastward over the Atlantic Ocean.  By 3 October it began a turn to the north-northeast.  

As the extratropical remnants of Isaac performed this turn it grazed the coasts Ireland and 

Scotland.  Thereafter, it merged with another extratropical low by 12Z 4 October north of 

Scotland. 

 

 

1.3 Basics of the Subtropical Anticyclone 

 

 

Located over the subtropical oceans there are semi-permanent high pressures systems.  In 

the Atlantic such a system is known by various names, most notably the Azores high or Bermuda 

high.  The names are often used interchangeably, however, the name �Azores high� is often 

applied when the highest pressures associated with the anticyclone are over the eastern North 

Atlantic Ocean in the vicinity of the Azores of Portugal.  �Bermuda high� is often used when the 

anticyclone is in the western North Atlantic Ocean, unsurprisingly, in the vicinity of the island of 

Bermuda. This high pressure system is one of the main centers of action over the North Atlantic 

Ocean. In this study the subtropical anticyclone is studied during its summer mode, as this is 

when tropical cyclone activity occurs.  During the summer this high pressure system dominates 

the North Atlantic Ocean basin, and is a dominant force in the track taken by tropical cyclones. 

The configuration of the summer Atlantic subtropical anticyclone is well explained in Liu 

et al. (2004).  Radiative cooling over the oceans allows for the development of an anticyclone in 

lower-layers and a cyclonic circulation in upper layers. Based on such a statement one might get 

the impression that the anticyclone is located over the central part of the ocean basin, but this is 
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not the case.  In reality the subtropical anticyclones are located over the eastern parts of the 

world�s ocean basins. 

Along the ridgeline of the subtropical anticyclone zonal winds are very weak and for an 

initially zonal flow the meridional winds are also negligible.  It then follows that the horizontal 

advection is very small.  Based on those assumptions, in Liu et al. (2004), a Sverdrup balance, 

0,
)(

≠
∂
∂+

≈ z

z z

Qf
v θ

θ
ζ

β ,       (1.1) 

is used to explain the asymmetrical nature of the subtropical anticyclones.  Based on the 

Sverdrup balance it can be implied that without horizontal advection and in a steady state, the 

increase (decrease) of the relative vorticity as a consequence of vertical differential heating will 

be compensated by planetary vorticity advection brought in through meridional winds from low 

(high) latitudes. Thus, a thermally forced circulation in the subtropics depends greatly upon the 

vertical profile of heating. Since f  is positive north of the equator and negative south of it, in a 

statically stable atmosphere )0( >zθ  heating that increases (decreases) with height will generate 

poleward (equatorward) flow.  Over the eastern side of a continent and nearby ocean strong and 

deep condensation heating is at a maximum in the upper troposphere.  This is accompanied by 

upper-tropospheric equatorward flow and weaker lower-tropospheric poleward flow.  Strong 

longwave radiative cooling is at a maximum at the top of the planetary boundary layer over the 

eastern ocean, which is accompanied by strong surface equatorward flow and weaker upper-layer 

poleward flow.  Thus, the center of the subtropical anticyclone shifts eastward and towards the 

western coast of the continent, and the result is the asymmetric configuration of the anticyclone 

over the ocean.  In their experiments Liu et al. (2004) showed that negative vorticity forcing near 

the ocean surface due to radiative cooling over the eastern oceans allows for this asymmetrical 

configuration of the subtropical anticyclone relative to the ocean basin. 
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CHAPTER 2 

FSU GLOBAL SPECTRAL MODEL 

 

 

2.1 Overview of the FSUGSM 

 

 

In order to conduct this study it is necessary to create 120-hour forecasts with a global 

model that includes full physics and dynamics.  The Florida State University Global Spectral 

Model (FSUGSM) is able to provide the necessary forecasts and could be modified as needed.  

This model has in the past been applied to various topics.  These include the sensitivity of the 

Indian monsoon onset to physical initialization and envelope orography; the formation of Bay of 

Bengal monsoon depressions; formation of a surge vortex over the South China Sea; the 

formation and motions of tropical cyclones in the Atlantic and Pacific Oceans; and model 

sensitivity to surface processes and to physical processes among others (Krishnamurti et al. 

1991).   

It has been realized that the triangular truncation of spherical harmonics is better suited 

for tropical forecasts within a global model compared to rhomboidal truncation (Krishnamurti et 

al. 1989).  Here triangular truncation at wavenumber 126 (T126) is used.  Thus, there is a grid 

size of about 0.94° of latitude and longitude near the equator.  An x, y, σ coordinate system is 

used where spp=σ .  Here p  is the pressure level in question and sp  is the surface pressure.  

It follows that 0=σ  is at the top of the atmosphere and 1=σ  is at the earth�s surface.  There are 

18 vertical levels spaced at irregular intervals between 1000 and 10 hPa. 

The most basic equations governing atmospheric motion are the momentum equations, 

the thermodynamic equation, and the mass continuity equation.  On large scales most 
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atmospheric motion is in the horizontal plane with only very small vertical motions.  In such a 

case, the vertical momentum equation can be approximated with the hydrostatic assumption. As 

such, the equations for the global model from Krishnamurti et al. (1998) are the following: 

• The hydrostatic equation 

RT−=
∂
∂
σ
φ

σ          (2.1) 

• The horizontal momentum equation 

( ) FpRT
VVV

Vkf
t

V
s

r
rrr

&
rr

r

+∇−






 ⋅
+∇−

∂
∂

−×+−=
∂
∂

ln
2

φ
σ

σζ    (2.2) 

• The thermodynamic equation 

T

p

HV
c

RT
TV

t

T
+








∂
∂

+⋅∇−−∇⋅−=
∂
∂

σ
σ

γσ
&r

&
r

     (2.3) 

• The mass continuity equation 

σ
σ

∂
∂

−⋅∇−∇⋅−=
∂

∂ &rr
VpV

t

p
s

s ln
ln

      (2.4) 

• The equation of state 

RTp =ρ .         (2.5) 

In a global spectral model it is more convenient to write the horizontal momentum 

equation (2.2) as two equations.  These two equations are the vorticity equation and the 

divergence equation.  Following Krishnamurti et al. (1998): 

• The vorticity equation 

( ) 







−

∂
∂

+∇×∇⋅−+⋅−∇=
∂
∂

F
V

pRTkVf
t

s

r
r

&
rr

σ
σζ

ζ
ln    (2.6) 

• The divergence equation 

( ) 






 ⋅
+∇−








−

∂
∂

+∇⋅∇−+×∇⋅=
∂
∂

2
ln

2 VV
F

V
pRTVfk

t

D
s

rr
r

r

&
rr

φ
σ

σζ . (2.7) 

Equations (2.1), (2.3), (2.4), (2.5), (2.6), (2.7) comprise a closed system of equations for 

this model.  In the above equations, jviuV
rrr

+=  is the horizontal wind vector, t  is time, 

gz=φ is the geopotential, f  is the Coriolis parameter, T  is the temperature, dtdσσ =&  is the 

vertical velocity, F
r

 is the frictional force vector, σσγ ∂∂−= TcRT p  is the static stability, 
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pT cQH &=  represents all the diabatic heat sources and sinks, ζ  is the vorticity, D  is the 

horizontal divergence, and R  is the dry air gas constant. 

Moisture can be incorporated into a model a number of ways.  In the case of the 

FSUGSM the moisture variable is dewpoint depression dTT − .  Krishnamurti et al. (1998) 

developed a prediction for dewpoint depression and it is 

( )
( ) MT

d

d

p

HHD
TL

RT
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SDSV

t
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−+







 −
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∂
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−−

∂
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−+⋅−∇=
∂
∂

σ
σ

σ
σ

εσ
σ

&&
&

r 2

. (2.8) 

The symbols in (2.8) are defined the same as before.  In addition, here, dTTS −=  is the 

dewpoint depression, 622.0=ε is the ratio of the molecular weight of water vapor to the 

molecular weight of dry air, L  is the latent heat of phase change, and MH  denotes all of the 

moisture sources and sinks. 

Prior to transforming the equations into spectral form the linear and non-linear parts must 

be separated.  This is required in order to integrate the model using a semi-implicit time 

integration scheme. The linear terms are integrated implicitly, whereas the non-linear terms are 

integrated explicitly.  For this time integration scheme an Asselin time filter is used to reduce 

computational errors (Krishnamurti et al. 1989).  The horizontal wind components, u  and v , 

have a singularity issue at the poles.  They can be expressed by a series of spherical harmonics, 

but the derivative of such a series may not always converge.  For this reason flow across the 

poles cannot be expressed by a series.  To counteract this problem the wind components are 

represented by Robert functions.  Only now are the equations transformed into spectral form.  In 

post-processing the output is transformed back into real space coordinates (i.e. longitude, 

latitude, and pressure). 

The physical processes in the FSUGSM are: large-scale condensation (Kanamitsu 1975), 

dry convective adjustment (Kanamitsu 1975), shallow convection (Tiedke 1984), deep moist 

convection based on the Arakawa-Schubert scheme (Arakawa and Schubert 1974), the planetary 

boundary layer in which surface fluxes are based on the similarity theory while the vertical 

distribution of fluxes is Richardson number dependent, among others that are described in 

greater detail in Krishnamurti et al. (1989) and Krishnamurti et al. (1998).  A band model 

handles the radiative processes.  This includes cloud feedback processes, threshold relative 

humidity for cloud definition, and diurnal change.  Ground surface temperature is calculated 
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from the surface energy balance over the land.  This is coupled to surface fluxes with the 

inclusion of a surface hydrology.   Sea surface temperature is based on 10-day mean values.  The 

band model will be described in greater detail in the next section. 

 

 

2.2 The Band Model 

 

 

The band model has been shown to be better choice than the emissivity model.  The 

greatest difference is stronger cooling in the troposphere in the band model.  This strong 

radiative cooling is an important factor in many tropical processes (Krishnamurti et al. 1998). 

The radiative computations in the band model are divided into two parts: longwave radiation and 

shortwave radiation.  In the troposphere water vapor (H2O) is the main absorber of shortwave or 

solar radiation.  Ozone (O3) is the main absorber of shortwave radiation in the stratosphere.  In 

the case of longwave radiation the chief absorbers are water vapor, carbon dioxide (CO2), and 

ozone. For practicality, radiative transfer models avoid being computationally costly by using 

assumptions concerning the distribution of spectral lines in the various absorption bands of the 

aforementioned atmospheric components by the development of approximate band models.  The 

band model used here is derived from the University of California, Los Angeles/Goddard 

Laboratory for Atmospheric Studies General Circulation Model (UCLA/GLAS GCM) 

(Harshvardhan and Corsetti 1984). 

2.2.1 Longwave Radiation 

The longwave radiation calculations are divided into clear sky and cloudy sky conditions.  

The equations for upward and downward fluxes in clear sky conditions are given as 

( ) ( )[ ] ( ) ( )[ ]ssssclr pTppGTppGpTBpF ,,,, −+=↑  

               
( )[ ]

( )

( ) ( )pdT
T

pTppGspT

pT
′

∂

′′∂
+ ∫

,,
,     (2.9) 

( ) ( )[ ] ( )[ ]ttclr pTppGpTBpF ,,−=↓  

               
( )[ ]

( )

( ) ( )pdT
T

pTppGtpT

pT
′

∂

′′∂
+ ∫

,,
,     (2.10) 
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where 

( )[ ] ( ) ν
ν ν dTBpTB ∫= , 

( ) ( ) ντ νν
dTBppTppG ∫∆ ′=′ ,),,( , 

( ) ( ) ( )
ντ ν

ν ν d
T

TB
pp

T

TppG

∂
∂′=

∂

′∂
∫∆ ,

,,
. 

Here ( )TBν  is the blackbody flux at surface temperature T  and wavelength ν , sp  is the surface 

pressure, tp  is the pressure at the top of the atmosphere, ( )pT ′  is the air temperature at pressure 

p′ , and ( )pp ′,ντ  is the diffuse transmittance between levels p  and p′ .  

The transmission functions used for computing G  vary slightly for each atmospheric 

constituent (i.e. H2O, CO2, O3).  Chou and Arking (1980) and Chou (1984) developed the 

functions for water vapor.  Chou and Peng (1983) developed the function for carbon dioxide. 

Lastly, the ozone function is from the method of Rodgers (1968). 

Concerning water vapor, the IR spectrum can be grouped in three divisions: the water 

vapor band, the 15-µm band, and the 9.6-µm band.  Following Chou and Arking (1980) the 

diffuse transmittance associated with a molecular line at wave number ν  is 

( ) ( ) ( )
µµ

µ
τ ν

ν d
ppwTpk

pp rr∫ 






 ′−
=′

1

0

,,
exp2, ,    (2.11) 

where νk  is the molecular line absorption coefficient obtained from line-by-line calculations, T  

is the temperature, µ  is the cosine of the zenith angle, p  is the pressure, rp  is the reference 

pressure, rT  is the reference temperature, and w  is a scaled water vapor amount.  The scaled 

water vapor amount w  is given by 

( ) ( )[ ] ( )
pd

g

pqpTR

p

p
ppw

p

p
r

′′
′′′′′′

=′ ∫
′

, ,      (2.12) 

where g  is gravity, q  is water vapor mixing ratio, and ( )TR  is the temperature-scaling factor 

given by ( ) ( )[ ]rTTrTR −= exp .  The factor r  is from Chou (1984), and along with the spectral 

range, rp , and rT  are given in Table 2.1. 

For e-type absorption the diffuse transmittance is 

( ) ( ) ( )
µµ

µ
σ

τ ν
ν d

ppuT
pp ∫ 







 ′−
=′

1

0

0 ,
exp2, ,     (2.13) 
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where νσ  is the e-type absorption coefficient stated in Roberts et al. (1976), 2960 =T K, and u  is 

a scaled water vapor amount given as 

( ) ( )
( )

( )
pd

g

pq

TpT
peppu

p

p
′′

′′
















−

′′
′′=′ ∫

′

0

11
1800exp, .   (2.14) 

Here ( )pe  is the water vapor pressure in units of atmospheres, 0T  is as earlier defined, and 1800 

is in units of Kelvin and it is a temperature dependent constant as stated in Roberts et al. (1976).  

Note that the molecular line absorption is weak in 9.6-µm band.  Thus, only the e-type absorption 

is considered. 

 

 

 

 

Table 2.1.  Water Vapor Absorption Parameters based on Chou (1984). 

 H2O 

Band Center 

H2O 

Band Wings 

15-µm 

Band 

9.6-µm 

Spectral Range 

(cm
-1

) 

0-340 

1380-1900 

340-540 

800-980 

1100-1380 

1900-3000 

540-800 980-1100 

pr (hPa) 275 550 550 � 

Tr (K) 225 256 256 � 

r (K
-1

) 0.005 0.016 0.016 � 

 

 

 

 

 Radiative cooling due to CO2 is the dominant factor in the stratosphere.  Cooling here is 

largely due to the absorption band center. In the lower troposphere, the downward radiative flux 

at the surface is a crucial factor affecting the surface temperature.  In this part of the atmosphere 
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the radiative cooling is mostly due to the band wings.  The transmission function for carbon 

dioxide (CO2) is 

( ) ( ) ( )
µµ

µ
τ ν

ν d
ppwTpk

pp rr∫ 






 ′−
=′

1

0

,,
exp2, ,    (2.15) 

 where ( )ppw ′,  is the scaled CO2 amount and is written as 

( ) ( ) ( )[ ]
pd

g

pTpfpc
ppw

p

p
′′

′′′′′′
=′ ∫

′ ,
, .      (2.16) 

Here, ( )pc ′′  is the concentration of CO2, ( )[ ]pTpf ′′′′ ,  is a scaling function, and the remaining 

symbols are as described earlier.  The spectral range, rp , and rT  are given in Table 2.2 based on 

the work of Chou and Peng (1983). 

 

 

 

 

Table 2.2.  Carbon Dioxide Spectral Band Parameters based on Chou and Peng (1983). 

Band Wings  Band Center 

Narrow Wide 

Spectral Range (cm
-1

) 620-720 580-620 

720-760 

540-620 

720-800 

pr (hPa) 30 300 300 

Tr (K) 240 240 240 

 

 

 

 

 

Ozone (O3) is a main absorber of longwave radiation.  Rodgers (1968) defines the O3 

transmission function for a Lorentz line shape as 

( )























−








+

−
= 1

4
1

2
exp,,

5.0

p

kmp
pmkT i παδ

πα
,     (2.17) 
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where α  is the line width at one atmosphere, δ  is the mean spectral interval, k  is the line 

strength, and m  is the O3 concentration.  From equation (2.17) Rodgers (1968) found an 

absorption equation for the 9.6-µm ozone band.  This absorption equation is stated generally as 

( ) ( )[ ]pmkTapmA i

i

i ,,1, −≈∑ ,      (2.18) 

where ia  is the spectral interval for the ith absorption band.  The coefficients were empirically 

chosen by Rodgers (1968) and are given in Table 2.3.  Since transmission is simply one minus 

the absorption, Harshvardhan and Corsetti (1984) were able to obtain the ozone transmission 

through the atmosphere by subtracting equation (2.18) from one. 

 

 

 

 

Table 2.3.  Ozone Coefficients from Rodgers (1968). 

k 

(cm g
-1

) 

a 

(cm
-1

) 

α 

(cm
-1

) 

∆ 

(cm
-1

) 

208 81.21 0.28 0.1 

 

 

 

 

Up to this point only clear sky conditions have been considered.  The equations for the 

upward and downward fluxes with clouds are quite similar to equations (2.9) and (2.10).  It 

should be noted that clouds are assumed to be non-reflective.  All this considered, for a level 

below the cloud, equation (2.10) may now be rewritten as  

( ) ( )[ ] ( ) ( )[ ]tttcld pTppGppCpTBpF ,,,+=↓  

               ( )
( )

( ) ( )[ ] ( )pdT
T

pTppG
ppC

tpT

pT
′

∂

′′∂′+ ∫
,,

, ,    (2.19) 

and equation (2.9) may now be amended as 

( ) ( )[ ] ( ) ( ) ( )[ ]{ }ssssscld pTppGTppGppCpTBpF ,,,,, −+=↑  
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               ( )
( )

( ) ( )[ ] ( )pdT
T

pTppG
ppC

spT

pT
′

∂

′′∂′+ ∫
,,

, .    (2.20) 

Here tp  is pressure at the top of the atmosphere, sp  is the surface pressure, and ( )ppC ′,  is the 

probability of a clear line of sight from p  to p′ .  In the model there is the possibility of cloud 

overlap.  Equations (2.19) and (2.20) are still valid when there is overlap.  If this is the case, a 

random overlap is used to compute ( )ppC ′,  and is equal to the product of all the fractional cloud 

amounts for all levels where clouds are present.   

 Once all the longwave computations have been made the output of the longwave 

radiation of the model can be stated in the form of the radiative cooling rate.  It is given by  

( )
dp

FFd

c

g

dt

dT

p

↑↓ −
=







− .       (2.21) 

2.2.2 Shortwave Radiation 

 This is the solar (shortwave) radiation reaching the earth that is the initial source of 

energy and cause of atmospheric motions.  The key absorbers of solar radiation are water vapor 

in the troposphere and ozone in the stratosphere.  The absorption by water vapor is mainly in the 

near-infrared range, 0.7 µm < λ < 4 µm.  Ozone (O3) primarily absorbs in the ultraviolet range, λ 

< 0.35 µm, and in the visible range, 0.5 µm < λ < 0.7 µm.   

 Like the longwave radiation, the shortwave radiation is also based on the UCLA/GLAS 

GCM and is described in Davies (1982) and Harshvardhan et al. (1987).  The methods of Lacis 

and Hansen (1974) are also used to develop the shortwave scheme.  Based on all this, the transfer 

of downward solar flux at height z  assuming no scattering is given by 

( ) ( ) ( )00 ,, µτµ ∞∞=↓ zSzS .       (2.22) 

Here ( )zS ↓  is the downward radiation having a net solar radiance ( )∞S  at the top of the 

atmosphere and at a zenith angle 0θ  ( 00 cosθµ = ), and ( )0,, µτ ∞z  is the mean transmission 

function.  The mean transmission function itself can be defined as 

( ) ( ) νµ
ν

µτ
ν ν ddukmz

z
r∫ ∫∆

∞





−

∆
=∞ 00 exp

1
,, ,    (2.23) 

where νk  is the absorption coefficient, u  is the optical path length, ( )0µrm  is the relative air 

mass fraction.  The relative air mass fraction takes into account the curvature of the earth and 

atmospheric refraction.  It is given by 
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( )
( ) 5.02

0

0

11224

35

+
=

µ
µrm .       (2.24) 

 The upward solar radiative flux at level z  by reflection from the ground can be defined 

similarly to equation (2.22).  It is written as 

( ) ( ) ( )*

0 uRSzS gτµ ∞=↑
,       (2.25) 

where gR  is the surface albedo integrated over the entire spectral range, and *u  is the effective 

optical path crossed by the diffusively reflected radiation.  The effective optical path is defined 

by 

( ) ( )muuumu r −+= 000

* µ ,       (2.26) 

where 0u  is the total thickness from the ground upwards and m  is an effective magnification 

factor for diffuse radiation (Lacis and Hansen 1974). 

 The heating rate due to shortwave radiation is 

( )↓↑ −=
∂
∂

SS
dp

d

c

g

t

T

p

,       (2.27) 

where 

( ) ( ) ( )[ ] ( )[ ]{ }ppuApuARSSS
dp

d
g ∆+−∞≈− ↓↑ **

0µ  

                        ( ) ( )[ ] ( )[ ]{ } pppuApuAS ∆∆+−∞− 0µ .   (2.28) 

In equation (2.28) the absorption function A  is given by τ−= 1A .  Thus, the heating rate due to 

shortwave radiation is proportional to dpdA .   

 The parameterization of the absorption and transmission functions is described in Davies 

(1982).  This includes a parameterization of the absorption processes at the earth�s surface, in the 

troposphere, and in the stratosphere.  The parameterization is a function of cloud coverage, water 

vapor distribution, ozone distribution, zenith angle, and surface albedo.  The absorption done by 

ozone and water vapor is taken into account in the previously described absorption function.  

Multiple scattering is considered wherever necessary.  

2.2.3 Defining Clouds in the FSUGSM 

 In the FSUGSM clouds are defined by a threshold value of relative humidity (Slingo 

1985).  Clouds can fall into one of three categories: low, middle, and high.  Their height levels 

are as follows: low clouds occur between 900 and 700 hPa, middle clouds occur between 700 



 17

and 400 hPa, and high clouds are present between 400 and 100 hPa.  Clouds are assumed to 

occur whenever the mean relative humidity RH  exceeds the threshold relative humidity cRH .  

The cloud amount N  for each cloud category is given as 

c

c

c
HorML RHRH

RH

RHRH
C ≥









−
−

= ,
1

2

,, .     (2.29) 

Here cRH  is set to 0.66, 0.50, and 0.40 for low, middle, and high clouds, respectively.  If 

cRHRH < , the cloud amount N  is set to zero, and the maximum possible value of N  is 1.  

Based on this definition for clouds and allowing for overlap there are eight possible categories of 

sky conditions which are as follows: 

• Clear sky 

( )( )( )HML CCCC −−−= 1111  

• Low clouds only 

( )( )HML CCCC −−= 112  

• Low and middle clouds 

( )HML CCCC −= 13  

• Low, middle, and high clouds 

HML CCCC =4  

• Middle clouds only 

( )( )HLM CCCC −−= 115  

• Middle and high clouds 

( )LHM CCCC −= 16  

• High clouds only 

( )( )MLH CCCC −−= 117  

• High and low clouds 

( )MHL CCCC −= 18 . 

The relative humidity distribution in the atmosphere determines the low LC , middle MC , and 

high cloud HC  amounts.   
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In regards to radiation calculations, they are first computed eight times with a weight of 

one for the eight cloud categories listed above.  Next, the radiative fluxes are weighted by the 

fractional cloud coverage for each of the eight aforementioned categories to give a total flux at 

any level i , which is given as 

↑

=

↑ ∑= in

n

ni FCF
8

1

.        (2.30) 
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CHAPTER 3 

SENSITIVITY TO RADIATIVE TRANSFER 

 

 

3.1 Overview 

 

 

 As stated previously, the main goal of this study is to examine the effect of radiation on 

the subtropical anticyclone and the subsequent effect of the tracks of tropical cyclones traversing 

the periphery of the anticyclone.  In order to accomplish this it is necessary to have a suitable 

model and candidate hurricanes among other things.  Two versions of the same model were 

required; the full unadulterated model, and a version with no radiation.  The full model is 

described in Chapter 2.   

The no radiation model is exactly the same as the full model except that the time 

tendencies of shortwave and longwave radiation for all vertical levels, and shortwave and 

longwave radiation calculations at the surface are all disabled.  Thus, none of the radiative 

processes described in Chapter 2 are allowed to occur.  The output from this model is checked to 

ensure that radiative processes had been shutdown.  The no radiation model represents an 

extreme case and will show the most dramatic effects of radiation on the subtropical high and 

hurricane tracks. 

Both of the models ingest data in the same way.  Data at 0.5°×0.5° resolution from the 

European Centre for Medium Range Weather Forecasts (ECMWF) is first interpolated to the 

resolution of the model (T126).  Next, the spectral coefficients are computed for the dependent 

variables, and this is used to run the model.  The output is finally post-processed back into real-

world coordinates allowing for analysis of the experiments.  The five-day forecast results from 

the two model versions are given in the subsequent sections. 
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3.2 Results 

 

 

 Based on the results it is possible to examine and explain the consequences of radiation 

on the subtropical anticyclone, the steering flow, and the tracks of tropical cyclones.  First, plots 

of MSLP from the radiation and no radiation model runs are superimposed over each other for 

the five-day forecasts at 6-hourly intervals.  For practical purposes, an overlay from each day for 

each of the three cases will be shown.  The surface presentation of the subtropical anticyclone is 

examined for a five day (120 hour) forecast for three cases.  These cases coincide with 

occurrence of the hurricanes mentioned previously.  The mean sea level pressures (MSLP), 

position and orientation of the subtropical anticyclone as seen in the radiation and no radiation 

model runs are compared.  Second, five day forecast tracks of Hurricanes Cindy, Gert, and Isaac 

will be considered.  Notably, there is a divergence in the tracks taken by the hurricanes beginning 

on the third forecast day, which can be attributed to changes in the anticyclone and the steering 

environment due to the effects (or lack of) radiation.  Lastly, the steering environment is 

examined in two ways: steering flow streamlines, and steering vectors.  Again, these are five-day 

forecasts done at 6-hourly intervals.  For practicality one steering flow graphic for each day for 

every case will be shown.  

3.2.1 Surface Presentation of Subtropical Anticyclone 

 Here daily averages of MSLP over the Atlantic basin are compared.  The daily average of 

MSLP from the no radiation model is subtracted from that of the radiation model.  Here the 

surface presentation of the subtropical anticyclones is examined.  This is done for three cases.  

The dates for these three sets of five-day forecasts are 12Z 26 August 1999 through 12Z 31 

August 1999, 12Z 18 September 1999 through 12Z 23 September 1999, and 12Z 26 September 

2000 through 12Z 01 October 2000.  These in return are related to the occurrences of Hurricanes 

Cindy, Gert, and Isaac, respectively.  Overlays of MSLP are also shown for a more detailed 

comparison of the radiation and no radiation models. 
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For the band model the longwave cooling rates are on the order of 1°-2°C day
-1

 

(Krishnamurti et al. 1991).  It could be expected that given the lack of radiative properties 

especially radiative cooling in the no radiation model that degradation of the subtropical 

anticyclone would occur as well as a change in its location.  Without radiative cooling 

maintaining the anticyclone it will weaken (pressure lowers) and expand westward.  This effect 

does not occur instantaneously, but rather takes about three days to become quite evident.  This 

delay was also observed by Krishnamurti et al. (1991).   

Hurricane Cindy case.  In the first case, 12Z 26 August 1999 through 12Z 31 August 

1999, the MSLP overlay plots for this event (Figure 3.1) reveal that during the first day the 

isobars are overlapping and parallel.  The anticyclones and Hurricane Cindy in both versions of 

the model are identical in strength, location, and orientation.  The same can be stated for day 2, 

but it should be noted that the high-pressure center near the Azores is now 2 hPa weaker in the 

no radiation model.  The differences are more apparent by day 3.  At this time Hurricane Cindy 

is slightly more to the south and further west in the no radiation scheme.  In the transition zone 

between the hurricane and the anticyclone (the northeastern quadrant of the hurricane�s MSLP 

signature) the 1012-1018 hPa isobars are more to the south and west in the no radiation version 

than in the radiation version of the model.  This is indicative of the breakdown of the anticyclone 

without radiation.  It starts to broaden and to diminish in strength.  Days 4 and 5 continue the 

trend seen on day 3.  The tropical cyclone is more to the south and west in the no radiation 

version of the model as the high weakens and expands. 

 In Figure 3.2 there is no MSLP difference over the Atlantic on the first day.  However, 

by the second day there is a 2-4 hPa difference (2-4 hPa higher with radiation) in MSLP to the 

northeast of the Azores.  Near 27°N, 60°W a small pressure difference can be seen associated 

with Hurricane Cindy.  On the third day the situation is fairly similar to that of the second day 

except for higher MSLP in the radiation model east of Newfoundland.  By days 4 and 5 pressures 

are now much higher in the region near the Azores and off the east coast of the United States.  

By day 5 the pressure is as much as 6 hPa higher in the radiation model near the Azores and 

southeast coast of the United States.  These pressure differences seen on the periphery of the 

subtropical high seem to be indicative of an anticyclone that is broader and weaker in the no 

radiation model.   

   Hurricane Gert case.  This case lasted from 12Z 18 September 1999 through 12Z 23 
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MSLP Overlays: Hurricane Cindy Case 

    08/26/99 18Z                                                  08/27/99 18Z 

 

   08/28/99 18Z                08/29/99 18Z 

 

   08/30/99 18Z 

 

Figure 3.1.  Selected MSLP overlays with one image for each day in the period 12Z 26 August 1999 through 12Z 31 

August 1999.  The contour interval is 2 hPa. 
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Daily Averaged MSLP Differences: Hurricane Cindy Case 

    Day 1                 Day 2 

 

   Day 3                 Day 4 

 

    Day 5 

 

Figure 3.2.  Daily averaged MSLP for the period 12Z 26 August 1999 through 12Z 31 August 1999.  The shaded 

regions are in 2 hPa increments. 
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September 1999 the superimposed MSLP plots for this case (Figure 3.3) reveal a similar trend to 

that seen in the Hurricane Cindy case.  The first two days show little difference between the 

radiation and no radiation versions of the model.  However, by day 3 (18Z 20 September) the 

degradation of the high-pressure center near 30°N, 40°W is evident in the no radiation case.  A 

second and more robust high-pressure center south of Newfoundland is showing signs of 

broadening in the vicinity of the northern quadrant of Hurricane Gert in the no radiation case.  

On days 4 and 5 the weakening and broadening of this high is more apparent.  The highest 

pressures are lower in the no radiation model and isobars of equal value are farther south and 

west in the region east of the hurricane.  As the subtropical high expands and weakens, without 

the forcing of radiative cooling, the orientation of the high changes such that the hurricane takes 

a track that is further west in the no radiation scheme.  

In Figure 3.4 a similar pattern is found to that seen in the Cindy case.  The first day of 

daily averaged MSLP difference revealed no differences.  By day 2 there is a region of higher 

pressures northeast of the Azores in the radiation version of the FSUGSM.  There is also a 

pressure signature related to Hurricane Gert appearing near 27°N, 60°W.  Day 3 shows that the 

radiation version has higher pressures in a larger region near the Azores with pressures as much 

as 6 hPa greater.  The situation on day 4 near the Azores is not unlike day 3.  Now there is a 

region of pressure differences as great as 6 hPa off the North Carolina coast.  It is on day 4 that 

the region of Hurricane Gert�s location has a lobed appearance.  This is in part due to the 

divergence in the hurricane�s track in the two versions of the model, and the twelve-hour 

difference in Gert�s demise with the no radiation Gert undergoing an extratropical transition 12 

hours sooner.  Interestingly, on the last day of the forecast the pressures near the Azores in the 

radiation model are now only 2-4 hPa higher rather than 6 hPa.  The region of higher pressure off 

the North Carolina coast has expanded in area, but is still only 4-6 hPa higher than the no 

radiation version of the model.  The pressure differences in the Canadian Maritimes are 

attributable to the fact that Hurricane Gert was absorbed by an extratropical low 12 hours sooner 

in the no radiation model compared to the radiation model. 

Hurricane Isaac case.  This case is not unlike the previous two.  Unsurprisingly, in 

Figure 3.5 days 1 and 2 indicate that the two versions of the model are in nearly identical states; 

the isobars are overlapping and parallel.  More notable changes are apparent into the third day.  

At this point the no radiation anticyclone has begun to weaken (has lower MSLP).  The situation 
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MSLP Overlays: Hurricane Gert Case 
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Figure 3.3.  Selected MSLP overlays with one image for each day in the period 12Z 18 September 1999 through 12Z 

23 September 1999.  The contour interval is 2 hPa. 
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Daily Averaged MSLP Differences: Hurricane Gert Case 
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Figure 3.4.  Daily averaged MSLP for the period 12Z 18 September 1999 through 12Z 23 September 1999.  The 

shaded regions are in 2 hPa increments. 
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changes more dramatically on days 4 and 5 with the obvious displacement of Hurricane Isaac in 

the two models and in the subtropical anticyclone.  The high-pressure ridge north of the 

hurricane has caused it to travel on a more southward and ultimately more westward path in the 

no radiation version of the model.  On day 5 a strong high-pressure area develops on the eastern 

shore of the United States.  As suspected, the radiation model high is stronger.  Also on day 5, in 

the northern Atlantic midway between the Newfoundland and the Azores there is a pronounced 

trough in the radiation version.  In contrast, over this same region in the no radiation model we 

have an expansion of the anticyclone near the eastern United States.  This allows Hurricane Isaac 

to progress toward the west in this version of the model.  In the eastern Atlantic, a relatively 

weak high is in the vicinity of the Azores in the radiation model, but is absent in the no radiation 

case. 

The MSLP differences (Figure 3.6) associated with the subtropical anticyclone emerge on 

the third day with pressures up to 6 hPa greater in the radiation version of the model.  Here the 

higher pressure region is more to the west of the Azores rather than more to the east as seen at 

this stage in the previous two hurricanes.  However, by day 4 this region of higher pressures 

spreads eastward.  Pressure in this area is now as much as 8 hPa higher in the radiation version.  

A region of higher pressure is near the Mid-Atlantic States and is 4-6 hPa higher in the radiation 

model than in the no radiation model.  The area of lower pressure near Newfoundland is the 

result of the development of trough in the radiation version that does not develop in the other.  

This pattern is still seen on day 5.  At this time the area of higher pressure near the Azores has 

diminished some, whereas near the Mid-Atlantic States the pressure is now as much as 8 hPa 

greater in the radiation model than in the no radiation model. 

The daily averaged MSLP plots and MSLP overlays reveal several important 

observations.  The differences due to the lack of radiative forcing, especially radiative cooling, 

take about three days to become apparent in the Atlantic subtropical anticyclone and in the 

location of the hurricane traversing the ocean.  In the daily averaged MSLP plots two distinct 

regions of higher pressure occur when radiative processes are allowed.  These regions are the 

near the Azores and off the eastern coast of the United States.  In each case, the anticyclones 

under no radiation conditions weaken and have a tendency to broaden.  This is most evident in 

the outermost isobars of the anticyclone often to the north and east of the tropical cyclone.  In 

this area the anticyclone�s isobars extend further west than the isobar of the same value in the 
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MSLP Overlays: Hurricane Isaac Case 
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Figure 3.5.  Selected MSLP overlays with one image for each day in the period 12Z 26 September 2000 through 12Z 

01 October 2000.  The contour interval is 2 hPa. 
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Daily Averaged MSLP Differences: Hurricane Isaac Case 
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Figure 3.6.  Daily averaged MSLP for the period 12Z 26 September 2000 through 12Z 01 October 2000.  The 

shaded regions are in 2 hPa increments. 
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radiation case.  This broadening of the anticyclone has the effect of �pushing� the hurricanes 

more to the west.  The tropical cyclones also have a tendency to be more to the south without 

radiation compared to the case with radiation at a specific time.   

  The degradation of the subtropical anticyclone manifests itself in the tracks of the 

tropical cyclones involved.  The changes happening with the subtropical high alter the steering 

currents guiding the tropical cyclone�s path.  By or on the third forecast day the tracks of the 

hurricanes begin to diverge.  This is consistent with the observations of the anticyclones over the 

forecast period, which also begins to show marked changes around the third day.  The tracks of 

the hurricanes are examined in the next section. 

3.2.2 Hurricane Tracks 

 The model-based tracks of Hurricanes Cindy, Gert, and Isaac are constructed from MSLP 

data and total wind vectors at 1000 hPa.  The center of the hurricanes was tracked by lowest 

pressure with guidance from the total wind vectors and plotted every six hours until the storm 

was no longer discernible (dissipated or absorbed by another cyclone).  Although forecasts are 

made for 120 hours, the tropical cyclone may not last that long.  However, it is required that the 

tropical cyclone last longer than four days for viability in this study.  The observed track is used 

as a point of reference for all three hurricane cases.  Each of these three cases has some unique 

aspects. 

 Hurricane Cindy tracks.  Figure 3.7 shows the two model tracks and the observed track 

for the five days of the forecast.  Generally, the model tracks followed the trend seen in the 

observed track.  The model storms execute roughly C-shaped tracks, but unlike the observed 

hurricane they were over 1000 km further west by the last forecast day.  In both the radiation 

model and the no radiation model Hurricane Cindy dissipates at hour 114.   

 The hurricanes follow nearly the same exact track for the first few days and then diverge 

greatly.  The no radiation track is further west and south in the last half of the forecast period.  

Figure 3.8 is a graph of the distance between the two model tracks computed using a 

�Haversine� formula.  For the first 24 hours the radiation and no radiation tracks are less than 25 

km apart.  There is a sudden increase in the distance at hour 30, but then only increase their 

separation distance slightly by hour 60 and remain less than 77 km apart.  The rate of separation 

on day 3 was twice as large as that seen on day 2.  It continues to increase each day for the 

remainder of the forecast period.  The increase in the rate of separation occurs on the same time  
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Cindy Tracks 08/26/99 12Z � 08/31/99 12Z 

 

Figure 3.7.  Model tracks and observed track for a 120-hour forecast.  The black X�s indicate position markers for 

temporal reference (hour 114). 

 

 

 

 

Distance Between the Model Tracks for Hurricane Cindy 

 

Figure 3.8.  The separation distance between the model tracks increases at a faster rate after hour 60. 
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scale, as the changes seen in the subtropical anticyclone; three days.  

 Hurricane Gert tracks.  The model tracks and observed track of Hurricane Gert from 

12Z 18 September 1999 through 12Z 23 September 1999 are given in Figure 3.9.  This case is 

unique in three aspects.  First, in this case the model tracks closely follow the observed track for 

the majority of the time period.  Second, the model hurricanes did not last the same amount of 

time.  The tropical cyclone in the radiation version of the model is tracked for an additional 12 

hours and lasts until the end of the forecast period.  Third, this is the only case where any of the 

model tracks are to the east of the observed track.  This occurs in the radiation case for several 

forecast times, but then the track crosses back and remains to the west of the observed track in 

the later forecast times. 

As in the Hurricane Cindy case the model tracks follow each other closely and then begin 

to diverge.  However, Hurricane Gert had the least amount of separation between the radiation 

and no radiation tracks as seen in Figure 3.10.  The rapid increase in the distance between the 

radiation and no radiation cyclones occurs latest in this case.  There were a couple of instances 

where the separation distance decreases between the two model tracks.  There are decreases at 

hour 42 and hour 60.  After hour 60 the separation distance increases for the remainder of the 

time both the radiation and no radiation tropical cyclones exist. 

The rate of separation was 2 km h
-1

 or less for nearly three days.  Late on the third 

forecast day the rate of separation increases greatly and is about 11 km h
-1

 by day 4.  By hour 

108 the radiation and no radiation hurricanes are 354 km apart.  No further comparison could be 

made between the radiation and no radiation model tracks due to the dissipation of the latter at 

hour 108.  The divergence of the tracks corresponds to the noticeable breakdown seen in the 

subtropical high during the third forecast day. 

Hurricane Isaac tracks.  The radiation, no radiation, and the observed track are plotted 

in Figure 3.11.  In the previous hurricane tracks, the two model tracks have some semblance to 

the observed track.  Only the first half of the forecast mirrors the trend seen in the observed 

track, and thereafter the tracks are quite different.  Previously, the model tracks diverged but 

were more or less parallel.  The model tracks of Hurricane Isaac diverge and proceed in two 

different directions.  The radiation hurricane turns to the north, slows, and dissipates. The no 

radiation storm continues westward and dissipates.  In contrast, the model track is C-shaped.  

Both models storms survive until the end of the five-day forecast. 
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Gert Tracks 09/18/99 12Z � 09/23/99 12Z 

 

Figure 3.9.  Model tracks and observed track for a 120-hour forecast.  The black X�s indicate position markers for 

temporal reference (hour 108). 
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Figure 3.10.  The separation distance increases the fastest after hour 72. 
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Figure 3.12 shows the separation distance between the model storms over the course of 

the forecast.  Generally, the separation distance increases with time.  There are two decreases in 

the separation distance.  The first decrease was at hour 12 and a much larger decrease at hour 42. 

The separation distance seen at hour 42 is not accomplished again until hour 60 and thereafter 

continues to increase. 

During the first two days the rate of separation between the radiation and no radiation 

tropical cyclones is about 1 km h
-1

.  By the third day the separation distance increases greatly to 

nearly 10 km h
-1

, and continues to increase in the remaining forecast days.  At hour 120 the 

radiation and no radiation tropical cyclones are nearly 1000 km apart.  This is the largest 

separation distance observed of the three hurricanes. 

The substantial changes seen around the third forecast day in the MSLP plots also 

manifest themselves in the hurricane tracks.  Just as the subtropical anticyclone begins to weaken 

and broaden by day 3.  The tracks of the model storms seem to begin to diverge at much faster 

rates around this time.  The model tracks are almost always to the west of the observed track, but 

with a small exception seen in the case of Hurricane Gert.  This may be due to model bias, but in 

any event this is a track based on model output.  Radiation model hurricanes tracks are more to 

the north and east of the no radiation model hurricane tracks.  The differences in the model tracks 

are looked at more closely by examining the steering currents over the five day forecast period.  

Based on earlier findings it is expected that steering currents in the two models will become 

markedly different around the third forecast day.  The steering around the Atlantic subtropical 

anticyclone is ultimately responsible for the tracks taken by the tropical cyclones.  Other 

atmospheric features may have a role to play. 

3.2.3 Steering Flow 

 In order to understand the changes in the tracks of tropical cyclones in the 

radiation and no radiation models it is necessary to extract the synoptic flow of the cyclones� 

environment.  Understanding the steering flow is crucial in determining weather a tropical 

cyclone will recurve out in the Atlantic or continue westward.  Extracting this information is no 

trivial task, and no one method has all the answers.  For this study a method employed by 

DeMaria (1985) is used to isolate the large-scale steering flow.  In order to isolate the steering 

flow a nine point spatial smoother is applied 40 times to reduce the vorticity of the tropical 

cyclones by about 90%.  During the course of this study it is discovered that applying the spatial 
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Isaac Tracks 09/26/00 12Z � 10/01/00 12Z 

 

Figure 3.11.  Model tracks and observed track for a 120-hour forecast.  The black X�s indicate position markers for 

temporal reference (hour 120). 

 

 

 

 

Distance Between Model Tracks for Hurricane Isaac 

 

Figure 3.12.  After hour 60 the separation distance is always greater than at any previous forecast time. 
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smoother to a pressure layer between 700 and 850 hPa provides a good depiction of the steering 

flow.  The choice of this layer is based on the work done by Velden (1993).  The smoothed data 

is averaged over the layer to obtain the steering flow in the form of streamlines.  The streamlines 

are done for every forecast time for the entire five-day forecast.  A representative image for each 

day is shown. There are also plots of the radiation and no radiation streamlines superimposed 

over each other for enhanced visual comparison.  The streamlines give a general idea of the 

steering currents at a particular time, strictly speaking.  However, if one assumes that the flow 

does not change dramatically over a short period of time (six or so hours) then the streamlines 

could indicate the short-term movement of the cyclone.  The hurricane track should parallel the 

streamlines at the time in question.  Occasionally, features that have no reflection in the MSLP 

plots manifest themselves in the streamline plots.  

Hurricane Cindy steering flow.  The streamlines depicting the ideal steering flow for 

Hurricane Cindy with radiation is given in Figure 3.13.  In the first example (18Z 26 August), the 

streamlines depict a large anticyclonic gyre dominating the Atlantic Basin.  This regime 

continues into the next day, indicating a steering pattern that would take the tropical cyclone to 

the west-northwest.  By the third day the hurricane begins to approach the periphery of the 

anticyclonic gyre, slows and should soon begin recurvature.  On days 4 and 5 the flow on the 

eastern side of the anticyclone is northward and the storm track follows this pattern.  Day 5 

shows an eastward component to the flow and track.  A trough also erodes the northwestern 

quadrant of the anticyclone enhancing the northward flow. The flow in the vicinity of Cindy at 

each time corresponds well with the path around each time.   

The no radiation case (Figure 3.14), on first inspection, shows nearly the same steering 

situation as seen in the radiation case.  Upon close inspection and with the aid of the overlaid 

streamline plots (Figure 3.15) the pattern seen in the no radiation case is quite similar but is 

displaced to the south and west.   

In Figure 3.15 the streamlines overlap and are parallel over the first two or so days.  

Three days into the forecast the differences in the steering becomes more apparent in the 

streamlines. They overlap less and are parallel in fewer regions especially in the Caribbean Sea 

and over northern South America.  The fourth and fifth forecast days show that the pattern of 

steering flow in the no radiation case is displaced westward.  At 18Z 29 August (day 4) the 

anticyclonic circulation centers show this trait.  Day 5 also shows this along with a southward 



 37

Hurricane Cindy Track and Steering Flow: Radiation Case 
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Figure 3.13.  Selected streamline plots showing the averaged 700-850 hPa layer steering flow with one image for 
each day in the period 12Z 26 August 1999 through 12Z 31 August 1999.  The black X�s mark the location of the 

hurricane at the time given with radiation. 
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Hurricane Cindy Track and Steering Flow: No Radiation Case 
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Figure 3.14.  Selected streamline plots showing the averaged 700-850 hPa layer steering flow with one image for 

each day in the period 12Z 26 August 1999 through 12Z 31 August 1999.  The black X�s mark the location of the 

hurricane at the time given with no radiation. 
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Streamline Overlays: Hurricane Cindy Case 
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Figure 3.15.  Selected streamline overlays showing the averaged 700-850 hPa layer steering flow with one image for 

each day in the period 12Z 26 August 1999 through 12Z 31 August 1999.  Note the displacement of the no radiation 

steering pattern in the last two days. 
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displacement of the easternmost anticyclonic circulation center.  On this day Cindy is located 

close to 30°N, 65°W in both cases.  The radiation storm is slightly to the east of this point and 

the no radiation storm to the west of this point.  Note the flow at day 5 shows a more eastward 

component in the radiation case than in the no radiation case.  This is also reflected in the tracks 

of Hurricane Cindy where the radiation track shows the commencement of motion with an 

eastward component.  The no radiation track is nearly due north.  

Hurricane Gert steering flow.  The evolution of the steering pattern for the radiation 

case involving Hurricane Gert is depicted in Figure 3.16.  The Hurricane Gert case, in general, is 

somewhat different than the Hurricane Cindy case.  In the latter, the steering regime is 

dominated by anticyclonic flow with flow around a trough having some influence in the last half 

of the forecast period.  In this case three players are key in the steering: anticyclonic flow over 

the Atlantic, cyclonic flow to the southwest of the storm, and a trough in the northeast Atlantic.  

For the first three days of the forecast the tropical cyclone is sandwiched between a large region 

of anticyclonic flow to the east and a small cyclonic circulation to the west.  During this time 

Gert moves as the steering flow suggests, which is to the northwest.  By 18Z 21 September 1999 

the cyclonic circulation to the west of the hurricane has merged with a trough descending from 

the north.  Around this time Hurricane Gert ceases moving to the northwest and shifts to a north-

northeastward track.  In the last forecast day the storm moves northward mirroring the path of 

the streamlines.  The flow around the trough at the later forecast times are the dominant steering 

force. 

 In Figure 3.17 the streamlines of the no radiation case show a steering pattern that is quite 

similar to that of the radiation case at first glance.  The tropical cyclone moves in a 

northwestward direction between a large anticyclonic circulation to the east and a smaller 

cyclonic circulation to the west.  This pattern continues for about three days.  By the next day the 

storm has begun to move northward.  On the last forecast day the storm is still moving 

northward. 

 The differences that manifest themselves in the forecasts are best seen in the overlays of 

the radiation and no radiation steering flow streamlines as seen in Figure 3.18.  First, note that 

streamlines are overlapping and parallel in the first and second day, but much less so as time 

progresses.  On day 3 (18Z 20 September) the anticyclonic gyre in eastern Atlantic near Africa is 

displaced westward in the no radiation model relative to the radiation model.  However, both 
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Hurricane Gert Track and Steering Flow: Radiation Case 
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Figure 3.16.  Selected streamline plots showing the averaged 700-850 hPa steering flow with one image for each day 

in the period 12Z 18 September 1999 through 12Z 23 September 1999.  The black X�s mark the location of the 

hurricane at the time given with radiation. 
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Hurricane Gert Track and Steering Flow: No Radiation Case 
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Figure 3.17.  Selected streamline plots showing the averaged 700-850 hPa steering flow with one image for each day 

in the period 12Z 18 September 1999 through 12Z 23 September 1999.  The black X�s mark the location of the 

hurricane at the time given with no radiation. 
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Streamline Overlays: Hurricane Gert Case 
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Figure 3.18.  Selected streamline overlays showing the averaged 700-850 hPa layer steering flow with one image for 

each day in the period 12Z 18 September 1999 through 12Z 23 September 1999.  Note the displacement of the no 
radiation pattern relative to the radiation pattern beginning to manifest itself on day 3 and becoming more 

pronounced on days 4 and 5. 
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models still have a cyclonic circulation in the western Atlantic in the same configuration.  A day 

later both models have the aforementioned cyclonic circulation that was southwest of the 

hurricane merged with a trough.  On day 4 the no radiation steering pattern is displaced to the 

west relative to the radiation steering pattern.  This can be seen in two areas.  First, notice the 

westward displaced anticyclonic circulation in the mid-Atlantic.  Second, the trough axis located 

in the western Atlantic is further west in the no radiation case.  This same trend continues into 

the last forecast day.  The no radiation steering pattern continues to present itself west of the 

radiation pattern.  These differences in the steering flow account for the westward position of the 

no radiation tropical cyclone track when compared to the one seen in the radiation model.

 Hurricane Isaac steering flow.  The steering flow pattern concerning Hurricane Isaac is 

reminiscent of the Hurricane Gert case; a small cyclonic circulation to the southwest of the 

tropical cyclone was a factor in the track taken by the tropical cyclone.  The orientation of this 

cyclonic circulation relative to the Hurricane Isaac makes a notable difference in the path taken 

in the radiation and no radiation model runs.   

In Figure 3.19 the steering flow streamlines are shown with the track taken by Hurricane 

Isaac with radiation in the model.  For the first two forecast days the hurricane moves generally 

to the west-northwest.  During this time a large anticyclonic circulation north of Isaac and 

spanning across the entire North Atlantic Basin dominates the steering pattern.  By the third day 

an inverted trough develops in the eastern Caribbean and adjacent Atlantic waters.  With Isaac 

between this feature and the anticyclone to its north, it begins to move on a more northwestward 

track.  The inverted trough closes off and moves to the north by day 4.  In response, Hurricane 

Isaac turns to the north-northwest.  During this time the tropical cyclone is still on the western 

periphery of the anticyclonic circulation.  By day 5 the cyclonic feature merges with a trough to 

the north leaving Isaac behind.  Isaac slows and as the anticyclone begins to build back, the 

storm begins to move back toward the northwest.  It is during the last three days of the forecast 

period that changes in the steering pattern lead to different tracks in the radiation and no 

radiation models.   

 Figure 3.20 shows the track of Hurricane Isaac and the steering flow in the no radiation 

model.  The first two days show little departure from the steering flow pattern seen in the 

radiation case.  Day 3 reveals the first major changes.  The inverted trough seen on 18Z 28 

September in the radiation case is already a closed cyclonic circulation by this time in the no 
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radiation case.  The orientation of Hurricane Isaac, the cyclonic circulation to the southwest, and 

the larger anticyclonic gyre to the northeast send the hurricane on a west-northwestward course 

rather than a northwestward track taken in the radiation model.  Rather than being caught 

between the cyclonic and anticyclonic circulation seen in the radiation model, the no radiation 

Isaac is now north of the cyclonic gyre.  This no radiation cyclonic gyre degrades into an 

inverted trough.  By day 5 the inverted trough loses some of its amplitude and coupled with 

expansion of the anticyclonic circulation across most of the North Atlantic Basin, Isaac moves 

on a more westward course through the remainder of the forecast.    

 The streamline overlays in Figure 3.21 show the difference in steering that contribute to 

the different track outcomes.  The first two forecast days show little difference in the steering 

regime, just as there is virtually no change in the radiation and no radiation tracks at these times.  

The third day shows the different locations of the inverted trough/cyclonic feature in the eastern 

Caribbean.  At this time the anticyclonic circulation is in the same location in both versions of 

the model.  The fourth day shows a marked change as that trough/cyclonic feature moves north 

and merges with another trough from the north in the radiation case, while in the no radiation 

case it remains farther south and does not merge with a trough.  It should also be mentioned that 

of the two anticyclonic features present on day 4 in both versions of the model, those in the no 

radiation case are slightly more to the south.  Day 5 shows the most dramatic changes between 

the two versions of the model.  The streamline overlay shows two anticyclonic circulations in the 

Atlantic in the radiation version and just one large anticyclonic gyre from North America to 

Africa.   

It is the orientation of these features that accounts for the different outcomes in the 

hurricane tracks, which are a result of the radiative properties of the models.  The differences 

become most apparent by the third forecast day.  The steering pattern in the no radiation case 

often appears to be a southward and westward translation of the radiation steering pattern 

especially after day 3. 

3.2.4 Steering Vectors 

In an effort to quantify and further explain the role of radiation (or a lack of) steering 

vectors are developed.  The steering vectors that best represent the motion of the topical cyclones 

tracks in the radiation and no radiation versions of the FSUGSM are those developed by using 

the 700-850 hPa layer averaged wind within an annulus centered at the location of the tropical  
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Hurricane Isaac Track and Steering Flow: Radiation Case 
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Figure 3.19.  Selected streamline plots showing the averaged 700-850 hPa steering flow with one image for each day 

in the period 12Z 26 September 2000 through 12Z 01 October 2000.  The black X�s mark the location of the 

hurricane at the time given with radiation. 
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Hurricane Isaac Track and Steering Flow: No Radiation Case 
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Figure 3.20.  Selected streamline plots showing the averaged 700-850 hPa steering flow with one image for each day 

in the period 12Z 26 September 2000 through 12Z 01 October 2000.  The black X�s mark the location of the 

hurricane at the time given with no radiation. 
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Streamline Overlays: Hurricane Isaac Case 
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Figure 3.21.  Selected streamline overlays showing the averaged 700-850 hPa layer steering flow with one image for 

each day in the period 12Z 26 September 2000 through 12Z 01 October 2000.  Note the dramatic differences in the 

steering pattern on days 4 and 5 between the radiation and no radiation cases. 
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cyclone. This is a similar methodology that has been used by George and Gray (1976), Chan and 

Gray (1982), Holland (1984), and Evans et al. (1991).  The annulus used in this study has radii of 

300 and 500 km. 

The steering by the total wind is the dominant influence in the environmental steering. 

Additional factors including beta drift, asymmetric convection, and surface friction among others 

may contribute to the steering (Carr and Elsberry 1990).  In this study only the effect of the 

environmental steering by the wind will be considered.  It is expected that steering vectors 

defined by the wind over an annulus would differ from the actual motion of the tropical cyclone 

by some amount.  Notably, the tropical cyclones generally move faster than the steering vectors 

would suggest and at a slightly different angle (George and Gray 1976; Brand et al. 1981; Chan 

and Gray 1982; DeMaria 1985; Chan and Williams 1987; Fiorino and Elsberry 1989; Carr and 

Elsberry 1990).  The situation was no different in this study and deviations from the true track 

were in the ranges found in Chan and Gray (1982). 

 The steering vector is separated into two components: speed and direction.  In this way 

the timing and role of radiation in the steering and track differences could be determined for each 

tropical cyclone.  First, both the speed and direction of the steering vector are compared to the 

speed and direction derived from the model track.  Then the radiation and no radiation cases are 

compared.  In order to obtain the speed from the model tracks backward differencing is 

performed. The travel direction from the model tracks is calculated using a �Haversine� 

equation.  For consistency in making comparisons between the model tracks and the steering 

vectors only times when both sets of data are available are considered.  Hence, there is one fewer 

forecast time in the graphs.    

Hurricane Cindy steering vectors.  Based on the radiation and no radiation model 

tracks Hurricane Cindy has a translation speed of 20.5 km h
-1

 and 21.5 km h
-1

, respectively, 

averaged over the entire forecast period.  The corresponding averages from the steering vector 

are 14.6 km h
-1

 for the radiation case and 15.2 km h
-1

 for the no radiation case. A few things can 

be gleaned from this.  Foremost, as seen in other studies, the steering vector is slower than the 

actual.  The difference is 5.9 km h
-1

 in the radiation case and 6.0 km h
-1

 in the no radiation case.  

Secondly, both the model track and steering vector indicate that the no radiation Cindy is faster 

over the forecast time.  Figure 3.22 shows the differences between the model track and the 

steering vector speed for the radiation case.  Figure 3.23 does the same, but for the no radiation 
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case.  A comparison between the radiation and no radiation steering vectors is given in Figure 

3.24.  The 0.6 km h
-1

 difference in the speed averaged over the forecast period between the 

radiation and no radiation cases is barely perceptible in the graph.  The translation speed makes 

for a small contribution to the differences seen in the radiation and no radiation tracks by the end 

of the forecast period.  The separation distance of the radiation and no radiation hurricanes by the 

end of the forecast period is much larger than speed alone could suggest. 

 While the translation speed of the tropical cyclone may give the no radiation storm a 

slight edge, it is the travel direction of that plays a more prominent role in the differences seen in 

the tracks in the 3 to 5 day time period.  Observe in Figure 3.25 that the steering vector departs 

on average 13° from the model in the radiation case.  The no radiation case (Figure 3.25) is 

similar and had a 13° difference from the no radiation model track.  This falls in the 10°-20° 

range found in Chan and Gray (1982).   

 In Figure 3.25 (radiation case) the steering vector precedes the model by six hours for 

when Hurricane Cindy ceases to move with a westward component.  The times are coincident in 

the no radiation case (Figure 3.26).  Both the radiation and no radiation steering vectors parallel 

the trends in direction seen in the model tracks.  Thus, the direction given by the steering vectors 

is a reasonable approximation for the travel direction of Hurricane Cindy.  Based on the steering 

vectors (Figure 3.27), the no radiation cyclone maintains a track that is more westward and 

begins moving eastward at a later time.  The no radiation storm begins moving with an eastward 

component 18 hours later than the radiation storm.  The radiation tropical cyclone was on a 

heading that was more north of west than with no radiation and recurved eastward sooner.  

Coupling this observation with the slightly faster forward speed of the no radiation hurricane it is 

no surprise that its track mirrors the radiation track, but is displaced more to the south and west. 

 Hurricane Gert steering vectors.  In Figures 3.28 and 3.29 the translation speed of 

Hurricane Gert derived from the steering vectors is of course slower, but mimics the trends seen 

in the model tracks well.  The steering vectors are about 2 km h
-1

 slower.  All of this is the case 

for both the radiation and no radiation versions of the FSUGSM.  In contrast to the Hurricane 

Cindy case, with Hurricane Gert the radiation case is always faster even if the time period 

considered is limited to one in which the radiation and no radiation storms are both in existence.  

When the steering vector speeds for the radiation model and no radiation model are compared 

(Figure 3.30) it is quite evident that the no radiation case is slower.  This is unlike the Hurricane  
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Hurricane Cindy Translation Speed for Radiation Case;  

Model Track v. Steering Vectors 

 

Figure 3.22.  A comparison of the translation speed derived from the model track and steering vectors of Hurricane 

Cindy in the radiation case.  Note that the steering vectors are slower. 

 

 

 

 

Hurricane Cindy Translation Speed for No Radiation Case;  

Model Track v. Steering Vectors 

 

Figure 3.23.  A comparison of the translation speed derived from the model track and steering vectors of Hurricane 
Cindy in the no radiation case.  Note that the steering vectors are slower. 
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Hurricane Cindy Translation Speed Based on Steering Vectors 

 

Figure 3.24.  A comparison of the translation speed based on the steering vectors for Hurricane Cindy.  Note that the 
no radiation case is generally faster. 

 

 

 

 

 

Hurricane Cindy Travel Direction for Radiation Case; 

Model Tracks v. Steering Vectors 

 

Figure 3.25.  A comparison of the travel direction derived from the model track and steering vectors of Hurricane 

Cindy in the radiation case.  For the most part the model track and steering vectors show a similar trend. 
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Hurricane Cindy Travel Direction for No Radiation Case; 

Model Tracks v. Steering Vectors 

 

Figure 3.26.  A comparison of the travel direction derived from the model track and steering vectors of Hurricane 

Cindy in the no radiation case.  Note that the eastward turn took place at the same time. 

 

 

 

 

Hurricane Cindy Travel Direction Based on Steering Vectors 

 

Figure 3.27.  A comparison of the travel direction based on the steering vectors for Hurricane Cindy.  Note that the 

no radiation case gains an eastward component to its motion 18 hours after the radiation case. 
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Cindy case were the no radiation case was always faster that the radiation case. 

 A comparison between the model track and the steering vectors for the travel direction is 

given in Figure 3.31 and 3.32 for the radiation and no radiation cases, respectively.  It shows that 

over the forecast period the average departure of the steering vector from the model track is  

about 20° for both radiation and no radiation cases.  For the most part both the radiation and no 

radiation steering vectors follow the trend in direction seen in the model tracks. 

 Earlier it was seen that in the case of Hurricane Gert the radiation and no radiation model 

tracks had the least degree of separation.  This is also evident upon examination of the steering 

vectors (Figure 3.33).  Both followed a similar heading during the course of their existence.  It 

seems more in this case that the faster movement of the radiation hurricane by the steering is the 

more influential factor in the difference between the tracks.  The 15° difference (on average) in 

the travel direction is the smallest difference seen in any case. This situation was different in the 

Hurricane Cindy case. In Hurricane Cindy�s case travel direction seemed to be more influential.  

Nevertheless, these differences are a result of the radiation (or the lack of) and its effects on the 

subtropical anticyclone and thus the steering currents. 

 Hurricane Isaac steering vectors.  Like the three previous cases the steering vectors 

indicate a slower speed than the track would suggest (Figures 3.34 and 3.35).  The steering 

vectors were approximately 3 km h
-1

 slower in the radiation case and 6 km h
-1

 slower in the no 

radiation case over the entire forecast period.  Although the steering vectors are slower, they 

generally mirrored the trends in speed seen in the model track throughout the five-day forecast.  

The no radiation model track is about 3 km h
-1

 faster than the radiation track over the forecast 

period.  However, the steering vectors show little disparity in travel speed when averaged over 

the entire forecast period (Figure 3.36).  Upon closer inspection, the steering vectors show that in 

the last day or so of the forecast Hurricane Isaac slows in the radiation case and became slower 

than the no radiation case.  This follows what is observed in the model tracks. 

 Considering that the radiation and no radiation tracks of Hurricane Isaac do not resemble 

translations of each other as seen with Hurricanes Cindy and Gert, but rather the tracks diverge 

on two different courses.  The travel heading directed by the steering currents is the crucial factor 

in the track differences in the Hurricane Isaac case.  The radiation model track and steering 

vector are very close in their travel direction (Figure 3.37).  Over the course of the forecast 

period the average difference between the model and the steering vector for the radiation case is  
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Hurricane Gert Translation Speed for Radiation Case;  

Model Track v. Steering Vectors 

 

Figure 3.28.  A comparison of the travel direction derived from the model track and steering vectors of Hurricane 

Gert in the radiation case.  The steering vectors are slower, but this is mostly in the last 12 hours of the forecast. 

 

 

 

 

Hurricane Gert Translation Speed for No Radiation Case;  

Model Track v. Steering Vectors 

 

Figure 3.29.  A comparison of the translation speed derived from the model track and steering vectors of Hurricane 

Gert in the no radiation case.  Note that the steering vectors are slower. 



 56

Hurricane Gert Translation Speed Based on Steering Vectors 

 

Figure 3.30.  A comparison of the translation speed based on the steering vectors for Hurricane Gert.  Note that here 
the radiation case is faster. 

 

 

 

 

Hurricane Gert Travel Direction for Radiation Case; 

Model Tracks v. Steering Vectors 

 

Figure 3.31.  A comparison of the travel direction derived from the model track and steering vectors of Hurricane 

Gert in the radiation case.  Generally, the model track and steering vectors show a similar trend. 
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Hurricane Gert Travel Direction for No Radiation Case; 

Model Tracks v. Steering Vectors 

 

Figure 3.32.  A comparison of the travel direction derived from the model track and steering vectors of Hurricane 

Gert in the no radiation case.  Note the similarity between the model track and the steering vectors. 

 

 

 

 

Hurricane Gert Travel Direction Based on Steering Vectors 

 

Figure 3.33.  A comparison of the travel direction based on the steering vectors for Hurricane Gert.  Note that in 

both cases the storm followed a similar northward heading. 
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about 10°.  The no radiation steering vectors also mirror the trend seen in the no radiation model 

track (Figure 3.38).  The average difference between the no radiation steering vectors and the no 

radiation model track is 13° over the entire five day forecast. 

 Figure 3.39 shows the divergence in travel direction between the radiation and no 

radiation steering vectors.  Around day 3 of the forecast the tropical cyclones are being steered in 

two very different headings and this remains so until the end of the forecast.  The steering 

vectors have Hurricane Isaac starting on a westward course and progressing to a more northward 

track by the end of the forecast period when radiative properties are present.  In the absence of 

radiation the steering vectors suggest a course that begins westward and is west-northwestward 

at the end of the five-day forecast.  Although the speeds of the radiation and no radiation 

Hurricane Isaac were different the data suggests that the direction of travel was more influential 

in the different tracks taken.  If both the radiation and no radiation cases were prescribed the 

same forward speed the difference in track would be greater than if both were prescribed the 

same travel direction.  

It is evident that the different radiative properties have a profound effect on the steering 

currents and the features that drive them like the Atlantic subtropical anticyclone.  The steering 

vector analysis reveals similar findings seen in other portions of this study.  Again, note the three 

day delay in the appearance in major differences between the radiation and no radiation case.  

Furthermore, the steering vectors reveal that the no radiation storms in general were farther west 

than the radiation case especially after day 3. 
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Hurricane Isaac Translation Speed for Radiation Case;  

Model Track v. Steering Vectors 

 

Figure 3.34. A comparison of the travel direction derived from the model track and steering vectors of Hurricane 

Isaac in the radiation case.  The steering vector closely mirrors the model track over the entire forecast period. 

 

 

 

 

Hurricane Isaac Translation Speed for No Radiation Case;  

Model Track v. Steering Vectors 

 

Figure 3.35. A comparison of the travel direction derived from the model track and steering vectors of Hurricane 
Isaac in the no radiation case.  The steering vector mirrors the model track over the entire forecast period. 
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Hurricane Isaac Translation Speed Based on Steering Vectors 

 

Figure 3.36.  A comparison of the translation speed based on the steering vectors for Hurricane Isaac.  Note the 
slower radiation steering vectors compared to the radiation steering vectors on the last forecast day. 

 

Hurricane Isaac Travel Direction for Radiation Case;  

Model Track v. Steering Vectors 

 

Figure 3.37.  A comparison of the travel direction derived from the model track and steering vectors of Hurricane 

Isaac in the radiation case.  The model track and steering vectors are very similar for this cyclone. 
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Hurricane Isaac Travel Direction for No Radiation Case;  

Model Track v. Steering Vectors 

 

Figure 3.38.  A comparison of the travel direction derived from the model track and steering vectors of Hurricane 

Isaac in the no radiation case.  The model track and steering vectors are very similar for this cyclone. 

 

 

 

 

Hurricane Isaac Travel Direction Based on Steering Vectors 

 

Figure 3.39.  A comparison of the travel direction based on the steering vectors for Hurricane Isaac.  Note how the 

radiation track moves on a more northward course with time, while the no radiation case changes slightly with time. 
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CHAPTER 4 

SUMMARY AND FUTURE WORK 

 

 

4.1 Discussion and Conclusions 

 

 

 The aim of this study is to examine the effect of radiation on the Atlantic subtropical 

anticyclone and the tropical cyclones circumnavigating the subtropical anticyclone.  The 

subtropical anticyclone is the dominant steering force of these tropical cyclones.  Since radiative 

cooling plays a very significant role in the formation, location, and maintenance of the 

subtropical anticyclone it follows that removing the radiative properties from the model would 

have a deleterious influence on it.  From this study it is observed that these effects took 

approximately three days to manifest itself in the subtropical anticyclone and in the tracks of the 

tropical cyclones traversing the Atlantic.   

It is observed that under no radiation conditions the subtropical high had a MSLP that 

was weaker by 4-8 hPa when a daily average was taken.  The MSLP overlays reveal not only 

that the no radiation subtropical anticyclone is weaker, but also that it has a tendency to expand.  

After three days it is observed that isobars of equal value extended farther west in the no 

radiation case and thus the tropical cyclone in question would also be more to the west.   

 The tropical cyclone model tracks show a common pattern.  The no radiation track is 

often to the south and/or west of the no radiation track.  The tracks also reveal the delay of 

radiative effects noted previously.  It took about three days before the tracks began to separate 

appreciably.  The rate of separation often increases dramatically beginning on the third day and 

continues to do so for the remaining days of the forecast.  All this is a consequence of the 

changes in the subtropical anticyclone and associated steering pattern. 
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 The steering flow analysis brought the subtle differences between the radiation and no 

radiation steering to light.  In each case the steering flow is virtually identical for the first two 

days.  Pronounced changes become evident on the third and subsequent days.  The difference in 

the orientation of the atmospheric steering features (anticyclonic and cyclonic gyres, troughs) 

lead to different track outcomes.  The steering flow pattern in the no radiation case often appears 

as a westward and sometimes southward translation of the radiation steering pattern.  The most 

extreme case in steering pattern is seen in Hurricane Isaac where by the end of the forecast 

period the radiation and no radiation steering patterns bore no resemblance to one another.   

 The steering vectors are used to quantify the steering pattern.  They also elucidate the role 

of translation speed and travel direction in determining the tropical cyclones� tracks.  The 

deviations in translation speed and travel direction fall in the ranges observed in previous studies.  

Therefore, the steering vectors are a reasonable representation of the steering regime.  In the 

cases of Hurricane Cindy and Isaac it appears that the greatest differences in track could be 

attributable to the travel direction.  Even if speed differences are accounted for, the travel 

direction is more influential in the differences seen. Hurricane Gert was the exception.  In fact, 

Hurricane Gert shows the least separation between the radiation and no radiation tracks and was 

the only case where on radiative scheme (no radiation) was consistently slower.  Furthermore, 

there is a greater westward trend seen in the no radiation cases. In the Hurricane Cindy case the 

no radiation cyclone maintains a westward direction for about 12 more hours.  In the case of 

Hurricane Isaac the no radiation cyclone continues on nearly the same heading throughout the 

forecast, which is more westward than the radiation case.   

 Overall, the study reveals that under the extreme case, without radiative properties, the 

subtropical anticyclone weakens and expands.  In doing so the steering pattern shifts westward. 

Thus, the tropical cyclones under this condition also move further west.  These findings coincide 

with what is seen in model tracks.     
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4.2 Future Work 

 

 

The role of radiation is not unimportant.  It must be carefully considered and modeled 

properly in order to obtain a more accurate forecast.  For the same basic model a variety of 

different radiation schemes could be used and compared to each other to determine their 

accuracy against the real-life outcome.  Obviously, any scheme that yields a poorer forecast than 

a no radiation condition lacks skill.  It makes sense that given the role of radiation on tropical 

cyclone tracks that having the preeminent radiation scheme incorporated into a model would 

yield better forecasts three days and longer.   

 A more specific study of radiation on the subtropical anticyclone could focus on the role 

of clouds.  Clouds have a profound impact on the radiative properties of the atmosphere.  The 

way clouds are defined in a model can alter the effectiveness of the model.  Too few or too many 

clouds generated by the model will throw off the forecast. Accurately representing clouds in the 

model will yield more desirable results and would give a more accurate base from which 

radiative calculations related to the clouds can be done.  This in turn would lead to the 

development of a more reasonable forecast. 
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