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ABSTRACT 

 Tropical cyclones can form from many different precursors, including baroclinic systems. 

The process of an extratropical system evolving into a warm core tropical cyclone is defined by 

Davis and Bosart (2004) as a Tropical Transition (TT) with further classification of systems into 

Weak Extratropical Cylclones (WEC) and Strong Extratropical Cyclones (SEC). It is difficult to 

predict which systems will make the transition and which will not, but the description of a 

common type of TT occurring along a front will aid forecasters in identifying systems that might 

undergo TT. A wind speed and SST relationship thought to be necessary for this type of 

transition is discussed.  

QuikSCAT and other satellite data are used to locate TT cases forming along fronts and 

track their transformation into tropical systems. Frontal TT is identified as a subset of SEC TT 

and the evolution from a frontal wave to a tropical system is described in five stages. A frontal 

wave with stronger northerly wind and weaker southerly wind is the first stage in the frontal 

cyclogenesis. As the extratropical cyclogenesis continues in the next two stages, bent back warm 

front stage and instant occlusion stage, the warmer air of the bent back front becomes surrounded 

by cooler air . Next, in the subtropical stage the latent heat release energy from the ocean surface 

begins ascent and forms a shallow warm core. As the energy from surface heat fluxes translates 

to convection within the system, the warm core extends further into the upper levels of the 

atmosphere in the final, tropical stage of TT. 

 Model data from MM5 simulations of three storms, Noel (2001), Peter (2003) and Gaston 

(2004) are analyzed to illustrate the five stages of frontal TT. Noel is found to have the most 

baroclinic origin of the three and Gaston the least.  



 1 

CHAPTER 1 

 

INTRODUCTION 

 The Atlantic basin contains several unusual methods of tropical cyclogenesis, including 

easterly tropical waves, and a larger percentage of tropical cyclogenesis form baroclinic 

precursors (McBride 1995). Previous studies have categorized the Atlantic basin baroclinic 

systems in different ways. Most recently the term Tropical Transition (TT) was coined, which 

describes the transition of a cyclone into a tropical system. This TT designation complements the 

definition of an Extratropical Transition (ET) which describes a transition from a tropical into an 

extra-tropical cyclone (Davis and Bosart 2004). Only a few papers have discussed the TT 

process; these have attempted to identify the thresholds of wind shear, SST, wind speed or 

organization of convection that may lead to TT (Davis and Bosart 2003, 2004). Distinctions have 

been made between types of TT where the organization is largely surface driven, and those where 

the upper atmosphere is more important in organizing the transition. Tropical Transition 

prediction is problematic because as a storm system changes from a baroclinically driven system 

to a tropical system it may simultaneously have characteristics of both in the transition process. 

While much has been studied about extratropical and tropical systems independently, not enough 

is known about TT when the baroclinic processes become less important, and when the tropical 

processes dominate. These systems occasionally transition near the east coast of North America. 

Marine interests would like as much warning as possible that a decaying extratropical system 

could re-intensify as a tropical cyclone, in some cases transitioning from gale force to hurricane 

wind speeds within a matter of hours, as Noel did in 2001 (Franklin 2001; OPC surface analysis 

chart). This study investigates a type of TT, specifically a TT where the extratropical disturbance 

forms along a front, in pursuit of concrete indicators to predict this type of TT.  This Frontal TT 

subset is described in a series of stages. Furthermore, both surface wind speeds and SST are 

found to be important considerations in determining if conditions are suitable for successful 

frontal TT. 

Dividing the Atlantic basin tropical cyclogenesis into tropical and non-tropical categories 

was initiated by Elsner (1999) when he separated hurricanes into three categories. Tropical only 

hurricanes (65% of total) form in the tropics where cyclogenesis originates at the ocean surface, 
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generally are Cape Verde storms, and are never subjected to baroclinic influences throughout 

their lifecycle. Non-tropical only hurricanes (35% of total) are further divided between 

Baroclinically-Initated (BI) and Baroclinically-Enhanced (BE) tropical cyclones where BE can 

form from non-tropical waves or other disturbances or are storms of tropical origin which are 

ameliorated by interaction with mid-latitude baroclinic features while intensifiying to hurricane 

strength.  Baroclinically-Initated systems form from an occluded extra-tropical system or a 

frontal trough creating a surface low pressure system that transitions to a hurricane, or an upper 

level cut off low (Elsner 1999). The systems Elsner labled BI or BE would be categorized as  TT 

by Davis and Bosart (2004).  

Davis and Bosart (2004) segregate TT into two classes, Strong Extratropical Cyclones 

(SEC) and Weak Extratropical Cyclones (WEC). The SEC cases have winds capable of 

sustaining wind-induced surface heat exchange (WISHE) (Emanuel, 1986), some have a bent 

back frontal structure, and the convection upshear of the surface low leads to weakening of the 

shear over the low (Davis and Bosart 2004). The convection of WEC must organize before the 

surface circulation is strong enough to intensify into a tropical cyclone. Upper air features are 

more important in this type of transition. 

Since its publication in 2003, cyclone phase space (Hart) has been used to track the 

evolution of both ET and TT. Cyclone phase space (CPS) is a comparison of three parameters, 

the thickness asymmetry in a storm track reference frame; and in two layers of equal mass, the 

vertical derivative of the change in height field within a 500km radius of the system. The three 

parameters can be used to track changes from an extratropical cyclone with asymmetrical 

thickness and large asymmetrical height slopes aloft, to a tropical cyclone with symmetrical 

thickness and large symmetrical height slopes nearer the surface, and any type of hybrid system 

falling between these two extrema. The model based CPS represents a summary of these 

characteristics, displayed in a two image format. The study of the evolution of TT can also 

benefit from the examination of the height anomalies with a finer resolution model. 

One type of cyclogenesis discussed in this study has been described as secondary frontal 

cyclogenesis (Thorncroft and Hoskins 1990). Davis and Bosart (2003) noted that Michael’s 

(2001) genesis began with this specific type of frontal cyclogenesis being induced by a cut off 

upper level low. Schar and Davies (1990) detail a different type frontal cyclogenesis where 

instability in warm sector leads to an unstable mode amplifying wave cyclogenesis. The frontal 
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cyclogenesis examined in the present study is mostly of the top down type as the satellite images 

are observed to follow the instant occlusion cyclogenesis category in Evans et al. (1994). Of the 

four classifications of marine cyclogenesis Evans detailed, the instant occlusion is induced by a 

“baroclinic leaf” upper air structure approaching a surface frontal zone causing a bent back warm 

front and occluded structure described by other authors (McGinnigle, 1988; Browning and Hill, 

1985; Mullen, 1983).  

The details above are used to describe the five stages in the frontal TT evolution. Chapter 

2 compiles an observational study of secondary cyclogenesis and tropical transition, providing 

examples of these five stages. A relationship between maximum wind speed and co-located SST 

is found in 16 Frontal TT cases. The correlation between maximum wind speed and SST 

indicates that a minimum threshold for either variable is not ideal for prediction of successful TT; 

however a combination of the two is more effective. Section 3 compares the modeling studies of 

three storms and their Frontal TT process. Conclusions from both the observational and modeling 

sections are combined in Section 4. On one end of the Frontal TT spectrum, the model evolution 

of Noel clearly shows a point where neither temperature advection nor vorticity advection 

contribute to Noel’s height falls. Noel’s later stage maximum precipitation and upper level warm 

temperature anomaly are attributed to surface fluxes within its vortex. It is not as clear in the 

model evolution of Peter where the baroclinic contributions to height falls end or at what point 

the fluxes dominate. Gaston may be at the opposite end of the Frontal TT spectrum from Noel, 

and is the least baroclinic of the three storms. Gaston appears to begin with similar frontogenesis 

as Noel and Peter, but does not follow an entirely similar evolution to a tropical system.  
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CHAPTER 2 

 FRONTAL CYCLOGENESIS AND TROPICAL TRANSITION 

Methodology 

Finding Secondary Frontal Cyclogenesis and Tropical Transition 

Tropical cyclone reports from NOAA’s National Hurricane Center (NHC) are consulted 

to determine which Atlanic systems from 1999 through 2005 have formed from non-tropical 

precursors. QuikSCAT data (from Remote Sensing Systems) and NCDC archived geostationary 

IR satellite images are used to determine which of the non-tropical systems formed along fronts. 

QuikSCAT images of surface winds illustrate movement of fronts, frontal wave formation, and 

times and locations of closed surface circulations. When systems fitting both the secondary 

frontal cyclogenesis and SEC tropical transition form are found, the AVN/GFS 1°x1° operational 

analyses and a new .25° x .25° Sea surface temperature data set are used in further analysis. 

QuikSCAT swath data are also used to find the maximum wind speed up to 33 hours prior to 

being declared a tropical system by the NHC. These maximum wind speeds are co-located with 

SST. The Reynolds Optimally Interpolated Sea Surface Temperature (OISST) is based upon 

NODC’s AVHRR Pathfinder Version 5 along with ship and buoy data, augmented with AMSR-E 

data available since 2002 (Reynolds et. al. 2007).  

Non-transitioning Cases 1999-2004 

Tropical Transtion cases can be found by sifting through NHC storm reports, but finding 

non-transtioning frontal cyclogenesis cases necessitates the use of different observational data. 

Systems forming along a front are located by use of QuikSCAT, satellite imagery, and NOAA’s 

Ocean Prediction Center (OPC) 6 hourly Atlantic Ocean surface analysis charts. Since the 

majority of the transitioning cases occur in the months August through December (the outlier 

being Ana in April 2003), non-transitioning cases are limited to these months. These non-

transitioning cases are tracked from frontal wave stage to closed circulation and the maximum 

wind speed per QuikSCAT overpass is collected to be compared to the SST at that location. If the 

QuikSCAT swath does not contain the center of circulation, the wind speed data are not included. 



 5 

 

Fig1. OPC surface analysis chart 1800 UTC 26 August 2004. 

 

Data analysis 

Gaston and Hermine (2004) 

On 22 August 2004 the trailing cold front attached to a large extra-tropical cyclone north 

of Newfoundland was located in a NE to SW direction and slowly moving further offshore. Over 

the next 6 days this front would station itself over the Western Atlantic, form several waves along 
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the front, and on 26 August produce three distinct baroclinic low pressure centers, at 44°N-50°W, 

32°N-63°W, and 32°N-79°W (Fig. 1). The upper level flow across the eastern U.S. was directed 

to the NE in a blocking pattern and would only affect the track of the northern-most low center. 

This northern low would remain stationary over SST of 20°C and dissipate two days later. The 

other two lows were located over SST of 28°C (western low) and 27°C (eastern low), and began 

the SEC TT process. The western most tropical system was Gaston, designated as a tropical 

depression on August 27 at 1200 UTC (Franklin et al. 2004), and the eastern system was 

Hermine, designated as a tropical storm on August 27
 
at 1800 UTC (Avila 2004). Although 

Gaston’s bent back warm front is not clearly evident on a satellite image, it still had sufficient 

surface circulation and wind speed prior to its tropical depression stage to be called a SEC by 

Davis and Bosart standards. In the absence of influence from upper or mid levels it can be 

assumed that this secondary cyclogenesis starts from the surface as instability in the warm sector 

and builds upward as described by Schar and Davies (1990). The fact that the front had been 

stalled over the Western Atlantic for several days does bring into question the amount of 

baroclinicity in the frontal zone, an issue investigated with MM5 data in section 3. For this part 

of the discussion, it is assumed that when converging winds along a front line are found via 

QuikSCAT the stronger winds to the north pushing cooler air over weaker winds to the south lead 

to low or negative static stability. 

Noel (2001)  

A large extra-tropical low forms south of Newfoundland on 29 October 2001 and quickly 

heads towards the northeast trailing a meridional cold front at 48°W, whose tail leads off to the 

west at lower latitudes. Along this north/south front, a wave and low pressure center forms on 1 

November, QuikSCAT observations of this front show, low stability is evident in the form of 

much stronger winds on the north side of the front, pushing the colder air over the warmer 

southern side of the front. On 2 November an upper level trough approaches this surface low and 

induces secondary cyclogenesis. By 1200 UTC 3 November the cut-off upper level low is 

collocated with the surface low and the system reaches its lowest surface pressure of 984 mb 

(OPC). This baroclinic system has a maximum wind speed of 33 m s
-1

 at 2100 UTC on 3 

November (QuikSCAT data) and transits over a maximum SST of 26°C on 4 November as it 

transitions to a warm core system. Its SEC structure shows a bent back warm front at 0600 UTC 
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on 3 November that further wraps the warm air into an instant occlusion structure at 1800 UTC 

on 3 November (Fig. 2).  As the extratropical Noel begins to weaken, its central pressure climbs 

to 993 mb, but it also begins to resemble a subtropical storm and is classified as one at 0000 UTC 

4 November with a wind speed of 45 kts (Franklin 2001). Subtropical Noel deepens in pressure 

over the next day and a half, and as the convection becomes more symmetrical, the wind speed 

increases to 65 kts and Noel attains hurricane status for the last 12 hours of 5 November with a 

minimum surface pressure of 986 mb. Noel spent the extra-tropical portion of its life over 23.5-

25°C water, the subtropical portion of its life over 22-26°C water and during the tropical portion 

of its life encountered very cold 12-23.5°C water causing its hurricane status to be very short 

lived.   

(a) (b)  

 

Fig. 2. IR satellite images of Pre-Noel (2001) showing a bent back front (a) at 0600 UTC 3 

November with observed pressure of 1000 mb, and an instant occlusion (b) at 1800 UTC 3 

November with observed pressure of 984 mb. Images are from NESDIS GIBBS website: 

http://www.ncdc.noaa.gov/oa/rsad/gibbs/gibbs.html  

Peter (2003) 

 On 3 December 2003 an extratropical cyclone forms in the northwestern Atlantic and over 

the next two days tracks northward passing northeast of Newfoundland and continues into the 

Labrador Sea. As this parent cyclone continues northward, its cold front becomes aligned from 

north to south, disconnects from the cyclone, and slowly drifts a few degrees east over the next 

few days. A weak surface low forms along this front at 1200 UTC 5 December. The following 

day at 1200 UTC, the upper level flow splits at 45°N-40°W with a branch headed north and a 

southern branch forming a trough just west of the weak extra-tropical surface low. The 
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interaction with this upper level trough causes the front to bend back around to the west, evident 

in the satellite image at 0600 UTC 7 December. The bent back front continues to wrap up into an 

instant occlusion, shown in satellite image six hours later at 1800 UTC, similar to the instant 

occlusion detailed by Evans et. al. (1994) or the polar low cyclogenesis described by 

Montgomery and Farrell (1992). By 0000 UTC 8 December the upper level low is directly over 

the surface low and remains this way for the rest of the storms lifecycle. Unlike Noel, this system 

steadily deepens in pressure as it travels southwest and encounters increasingly warmer water, 

21-25°C on 7 December, 22-27.5°C on 8 December and 24.5-27°C on 9 December. Since the 

system remained co-located with the upper level low, this deepening in pressure cannot be 

attributed to upward motion induced by the upper levels. This further deepening in pressure must  

be the result of latent heat release aloft as Peter’s surface flux driven convection warms the 

atmosphere. Peter was designated a subtropical storm at 1800 UTC 8 December with a maximum 

QuikSCAT wind speed of 31 m s
-1

, and a tropical storm by 0600 UTC 9 December (Avila 2003). 

It reached a southern most latitude of 19.5°N at 1200 UTC 9 December, with a central pressure 

and wind speed estimated to be 990 mb and 30 m s
-1

 respectively. The quarter degree resolution 

of the OISST data set allows us to see that on 8 December Peter’s center passes 175 km to the 

east of a 27-27.5°C warm eddy (rectangle shaped 120 km by 225 km). The tropical portion of 

Peter’s lifecycle was short-lived and by 10 December Peter was headed northward towards cooler 

water and a larger shear environment.  

Frontal Tropical Transition 

Frontal TT cases. The storms detailed above and listed in Table 1 all formed in a similar 

fashion, called Frontal Tropical Transition. This particular type of TT is best described as a 

subset of a SEC TT as it begins with a baroclinic frontal zone, involves one of the previously 

mentioned secondary cyclogenesis pathways (Thorncroft and Hoskins 1990) to a cyclone 

structure with sufficient wind speed to induce WISHE. It is necessary to distinguish this type of 

frontal zone cyclogenesis from others by noting that these fronts have low static stability due to 

stronger northerly winds pushing colder air over warmer air with weak southerly wind. Tropical 

systems such as Beryl (2006) have formed along fronts where stronger winds are on the south 

side of the front, pushing warmer air over cooler air to the north, leading to an increase, not 
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decrease in static stability. This type of cyclogenesis is better classified as tropical cyclogenesis 

and since its origins are not baroclinic, and consequently cannot be described as a TT. 

Table 1 lists all Frontal TT storms from 1999, when QuikSCAT was available, until the 

end of the 2006 hurricane season. It is noted that Arlene in 1999 was a Frontal TT, but 

QuikSCAT coverage began one month later; and no Frontal TT cases occurred in 2006. A closed 

circulation is defined herein as QuikSCAT wind vectors in a circular pattern. In Table 1, surface 

wind speed is the maximum QuikSCAT wind speed in the circulation (at times displaced from 

the center of the circulation) prior to transition. Latitude and longitude are the position of this 

wind speed, and the SST in Table 1 is the OISST at the location of the maximum wind speed. 

These SST and wind speeds are an example of one point in the lifecycle of the Frontal TT but 

may not be the warmest water the storm encounters.  

Even if no two Frontal TT cases are exactly alike, all follow the same progression detailed 

in the following discussion section. A few systems are different enough to note a distinction from 

the others. The TT of both Kyle (2002) and Otto (2004) is interrupted by the shear introduced by 

the passage of the tail end of another front. The shear inhibits the convection in  the TT process, 

but in each of these cases, the circulation formed by the original cyclogenesis remains intact 

enough to continue the TT process after the front and its shear departs to the northeast. 

Ultimately, the time from frontal wave to tropical system is longer for Kyle and Otto than the 

other systems in the group. Epsilon (2005) is unique in that its front originated from tropical 

storm Delta (2005), but it is evident in QuikSCAT images on 27 November that this front has 

much stronger northeasterly winds on its north side and weaker winds on the southern side. A 

frontal wave is not observed, but the front is bent back around to the west and instantly occludes, 

wrapping the warmer air into the center, and continues in the TT process. 

The path to TT is not always straightforward, and at times is difficult to classify; 

however, the details of the formation of Dean (2001) and Juan (2003) illustrate this classification 

process. Dean was a unique storm because it formed as a tropical system on 22 August 2001, but 

then encountered enough environmental shear to disrupt its closed circulation. The remnants of 

Dean then moved northward, encountered a cold front on 25 August and transitioned back into a 

tropical system the following day. Dean’s maximum wind speed and lowest central pressure were 

observed in its second tropical phase, 60 kts and 994 mb at 1800 UTC 27 August 2001 (Avila 
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2001). The cold front that caused the rebirth of Dean is shown by QuikSCAT early 25 August to 

be 10-15 m s
-1

 on the north side of the front and less than 5 m s
-1

 to the south of the front. This  

frontogenetic region at 36°N is reinforced by the arrival of warm southerly flow from the 

remnant of Dean and the system bends this warm front back to the west as it starts its Frontal TT.  

 

Table 1: Frontal Tropical Transitioning storms from 1999-2006. 

  Prior to Transition  

Name Time and date of 

closed circulation 

Max. 

Surface 

wind 

speed 

(m s
-1

) 

Lat(°N)-

Lon(°W) 

SST 

(°C) 

NHC declares 

Tropical 

Florence 2200 UTC 9 Sep 2000 21 30-72 27.7 0600 UTC 11 Sep 2000 

Michael 2300 UTC 13 Oct 2000 23 31-71 25.7 0000 UTC 17 Oct 2000 

Dean 1000 UTC 24 Aug 2001 24 35-66 27.7 1800 UTC 26 Aug 2001 

Karen 1000 UTC 11 Oct 2001 34 32-64 24.1 0600 UTC 13 Oct 2001 

Noel 1000 UTC 1 Nov 2001 28 34-48 23.2 1200 UTC 5 Nov 2001 

Olga 0900 UTC 23 Nov 2001 27 28-46 24.6 1200 UTC 24 Nov 2001 

Josephine 2100 UTC 15 Sep 2002 24 34-50 26.1 1200 UTC 17 Sep 2002 

Kyle 2100 UTC 19 Sep 2002 23 33-50 24.6 0000 UTC 23 Sep 2002 

Ana 0900 UTC 17 Apr 2003 28 36-69 21.6 0000 UTC 21 Apr 2003 

Peter 2000 UTC 6 Dec 2003 28 24-36 25.1 0600 UTC 9 Dec 2003 

Gaston 1000 UTC 25 Aug 2004 22 31-77 27.9 1200 UTC 27 Aug 2004 

Hermine 2100 UTC 24 Aug 2004 21 31-63 27.9 1800 UTC 27 Aug 2004 

Otto 0800 UTC 26 Nov 2004 27 30-46 24.1 1200 UTC 30 Nov 2004 

Delta 0800 UTC 21 Nov 2005 33 30-39 23.8 1200 UTC 23 Nov 2005 

Epsilon 2100 UTC 27 Nov 2005 30 32-48 22.6 0600 UTC 29 Nov 2005 

Zeta 1200 UTC 29 Dec 2005 19 22-32 24.3 0000 UTC 30 Dec 2005 

 

 It appears that Juan formed in circumstances similar to Dean, a tropical wave colliding 

with a front; however, a closer inspection of the front on 23 September 2003 shows it to be more 

of a stalled front with easterly winds to the north and very weak southerly flow to the south. As a 
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tropical wave encounters this front from the south there is not much of a temperature gradient, so 

while there may be convergence along this stalled front, it has large static stability, and the 

cyclogenesis must be attributed to the tropical wave. Juan could be classified as another type of 

TT but not a Frontal TT so it is not included in Table 1. 

 

Wind Speed and SST. The empirical SST threshold of 26.5°C has long been established as one 

condition necessary for tropical cyclogenesis (Palmen 1948; Gray 1968), though many cases of 

tropical systems forming over water cooler than this have been documented (Shapiro and 

Goldenberg 1998; McTaggart-Cowan 2006; Emanuel 2005; Guishard 2006; Nolan et al. 2007).  

Recently, the case study of Hurricane Catarina (2004) forming in the South Atlantic with SST of 

25°C has suggested that this SST constraint may need to be relaxed to allow for tropical systems 

forming over water cooler than 26.5°C (McTaggart-Cowan et al. 2006). Guishard (2006) used 

ERA40 data to compile a climatology of North Atlantic subtropical storms and found that these 

hybrid storms formed over SST as low as 15°C. Using the onset of gale force winds as a 

benchmark, he found a mean SST of 24.6°C with a standard deviation of 3.5°C. Slightly less than 

half (43%) of these hybrid storms formed over water less than 25°C implying that high SST was 

not necessary for warm core lower to form (Guishard 2006). Emanuel (2005) designed a simple 

modeling experiment to form a hurricane under an upper level cut off low using a SST of 22°C 

and derived a modified potential intensity for hurricane formation under an upper level low. This 

modified potential intensity accounts for the upper level low increasing the convective instability 

and lowering the tropopause temperature, and is a better measure of potential intensity in a non-

tropical environment. 

More than half of the 16 storms in Table 1 transition over water that is less than 26°C. 

The latitude of the maximum wind and the SST are uncorrelated, but the wind speeds in Table 1 

are negatively correlated with SST. In order to investigate this last relationship further, all 

maximum QuikSCAT wind speeds up to 33 hours prior (to include three QuikSCAT overpasses) 

to each system becoming tropical are compared to the SST at that time and location. These 

variables have the virtue of being available in near real time. The correlation between wind speed 

and SST is -0.63 and the best fit line (Fig. 3) is the following: SST = -.22(± 0.045)WIND + 

30.33(± 1.07). This implies that for Frontal TT to occur at higher SST the wind speed need not be 
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as large, but at a lower SST a larger wind speed may be a requirement, as would be expected to 

generate sufficient energy transfer to initiate WISHE.  

 The SST and wind speed relationship in 17 non-transitioning storms is investigated to test 

the significance of the correlation of the TT cases. Table 2 lists 17 storms forming along fronts 

and includes two storms that NHC designated as subtropical only and did not finish the transition 

to tropical. Each blue diamond in Fig. 3 represents a maximum QuikSCAT wind speed and 

corresponding SST while the system maintained a closed circulation. This distribution is 

markedly more scattered than the TT distribution, has a correlation of -0.31, and a line of best fit 

of SST = -.12(± 0.042)WIND + 27.01(± 0.94). Several of the non-TT points above and to the 

right of the line of best fit correspond to subtropical systems or storms where the convection 

appears to be sheared away from the center of the surface circulation. There are other 

environmental factors to consider as a system transitions to tropical, but it becomes apparent that 

a certain minimum threshold for wind speed or SST may not be the best predictor of successful 

TT but that a combination of wind speed and SST is necessary for TT to occur. It would be 

beneficial to investigate this relationship further using Emanuel’s modified potential intensity for 

upper level low pressure systems, but that is beyond the scope of this study and awaits observed 

tropopause temperature data accurate enough to be used in conjunction with the QuikSCAT and 

SST data.  
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Fig. 3. Frontal TT cases 2000-2005, maximum QuikSCAT wind speed observed less than 33 

hours prior to TT and co-located SST, (black). Two data points (red) are discarded due to very 

high wind speed and very low SST. The remaining TT distribution has a correlation of -0.63. 

Maximum QuikSCAT wind speed and SST of Non-Transitioning cases (blue) observed in a 

closed circulation after the system has formed along a front (includes subtropical storms). 
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Table 2. Non-Transitioning storms 1999-2004. 

Year Time and date of 

closed circulation 

Max. 

Surface 

wind 

speed 

(m s
-1

) 

Lat(°N)-

Lon(°W) 

SST 

(°C) 

1999 - A 0800 UTC  5 Nov  24 34-22 24.0 

1999 - B 2100 UTC 12 Nov 18 23-38 26.5 

2000 - A 0800 UTC 12 Sep 23 37-50 25.7 

2000 - B 1000 UTC 1 Oct  29 35-74 24.5 

2000 – C 

Subtropical  
1000 UTC 25 Oct 35 37-66 25.2 

2001 - A 2300 UTC 30 Sep  26 40-72 20.5 

2001 - B 0900 UTC 29 Oct 33 40-60 24.3 

2001 - C 2300 UTC 11 Dec 23 37-67 22.3 

2002 - A 1000 UTC 10 Aug  22 39-68 24.6 

2002 - B 0900 UTC 21 Aug 21 38-45 25.7 

2002 - C 2300 UTC 27 Aug 18 41-65 24.9 

2002 - D 0900 UTC 2 Sep 18 39-50 26.2 

2002 - E 2100 UTC 5 Oct 18 29-60 26.5 

2002 - F 0900 UTC 12 Nov 33 30-47 24.8 

2003 - A 0900 UTC 10 Oct 31 38-70 25.2 

2003 - B 2200 UTC 14 Oct 27 36-45 24.3 

2004 

Subtropical 

Nicole 

2200 UTC 8 Oct 29 33-63 25.5 

 

Discussion 

 The observed progression of Frontal TT can be described in 5 stages. First a wave forms 

along the front, then (second) the warm sector of this frontal wave bends back around to the west 

forming a bent back warm front as mentioned in Davis and Bosart (2004). Third, this bent back 

front continues its instant occlusion with a closed circulation, as demonstrated with QuikSCAT 

observations. The next stage is a hybrid, subtropical system with characteristics of both 

extratropical and tropical systems. As surface fluxes contribute to convection and deepening via 

WISHE, the convection warming the upper levels extends to upper troposphere and the system is 

fully tropical.  



 15 

The duration of each of these stages varies, depending on the amplitude of the wave along 

the front, the strengh of the convergence along the front, as well as the secondary cyclogenesis 

mechanism. When an upper level trough is the genesis mechanism, the placement and timing of 

the upper level system would affect the duration of the first three stages. Using Noel as an 

example, the frontal wave stage is from 0000 UTC 1 November until 2100 UTC 2 November, the 

bent back warm front lasts until 1200 UTC 3 November, and the instant occlusion stage is 

evident in satellite images until 0900 UTC 4 November. The first stages of this process are 

baroclinic owing to the frontal zone and the upper level low displaced upstream from the surface 

low which increases upward motion and surface pressure falls as it approaches the front. This 

baroclinic, large shear environment is replaced by a lower shear environment as the system 

becomes vertically stacked with the upper system moving over the surface system as the storm 

wraps up into an instant occlusion structure. Noel is observed to be subtropical for 27 hours and 

is declared a tropical system at 1200 UTC 5 November (Franklin 2001). Of the 16 storms that 

completed the entire transition process, the time between the end of the instant occlusion stage 

and being declared tropical varied from 0 to 81 hours with the average time being 18 hours and 

the mode being 12 hours. There is no evidence of higher SST or wind speed increasing or 

decreasing the subtropical stage time, Ana (2003) had the lowest SST of 21.6°C with a time of 15 

hours and Otto (2004) with an SST of 24.1°C and wind speeds up to 24 m s
-1

 had the longest time 

between these stages with 81 hours.  

 More than half of these Frontal TT cases transitioned and formed warm core systems over 

water less than 26°C. While the number of cases studied here may not be enough to make 

sweeping statements about the SST required for TT, these findings do support the proposal made 

by McTaggart-Cowan et al. (2006) that the 26.5°C constraint for tropical cyclogenesis should be 

relaxed outside the tropics. The previously mentioned trend shown in Figure 3 suggests there are 

many pathways to forming a lower warm core system and that a lower wind speed with a higher 

SST may work just as well as a higher wind speed with a lower SST.  
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CHAPTER 3 

MODELING FRONTAL TT 

 Previous studies of TT have used case studies or simulations of selected storms to 

elucidate mechanisms necessary for TT to occur. The resolution of operational or reanalysis data 

may not be fine enough to investigate the physics of a Frontal TT. The following storm 

simulations were run in order to investigate TT processes on a sub-synoptic scale.  

Methodology 

Tropical Transition Simulation 

AVN/GFS 1°x1° operational analyses are used to initialize Penn State/NCAR Mesoscale 

Model version 3.5 (MM5) and simulate the transitions of Noel (2001), Peter (2003), and Gaston 

(2004), with these same analyses inserted as boundary conditions every 12 hours thereafter.  All 

model runs include 3 domains: domain 1, whose initial and hourly boundary conditions are used 

as input to domain 2, whose initial and hourly boundary conditions are used as input to domain 3. 

Domain 1 has 36 km grid spacing and domain 2 has 12 km grid spacing with both domains 1 and 

2 having dimensions of 226 grid-points by 226 grid-points. Domain 3 has 4km grid spacing and a 

size that varies by storm. The previously mentioned OISST data sets are used, both of .25° by 

.25° grid spacing, one with AVHRR data and one with the more recent addition of AMSRE data.  

Every domain has SST interpolated separately for each run, i.e. the 36km, 12km, and 4km lower 

boundary fields are produced from the OISST field, where Noel uses solely AVHRR data and 

Peter and Gaston use the combination AVHRR and AMSRE data (Reynolds et al. 2007). The 

model was found to be sensitive to SST resolution: noticeable differences in minimum sea level 

pressure were evident between a SST resolution of .5° (the resolution of NCEP’s real time global 

SST product) and the data set otherwise used in this study. Each model run uses 31 terrain 

following levels from the surface to the upper boundary of 50 mb. These levels are calculated 

using the following formula : " = (p # ptop ) /(psfc # ptop )  where p is the pressure at the σ level, 

ptop is the pressure at the upper boundary, and psfc is the pressure at the surface leading to σ level 

differences of 10 mb in the boundary layer, 19 mb just above the boundary layer, 48 mb in the 

middle levels and 38 mb from 470 mb to the top of the model domain. 
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Noel (2001). The 1200 UTC analysis on 1 November, 2001 is used to start domain 1 of Noel with 

Betts-Miller implicit convection scheme, Goddard microphysics, and Blackadar boundary layer 

(Haagenson et al. 1994). The center of this domain is 35°N and 50°W, and the 0000 UTC output 

on 3 November is used to nest to domain 2.  Domain 2 has a lower left corner at 21°N 62°W uses 

the same convection and microphysics as domain 1 but with Gayno-Seaman boundary layer. 

Domain 3 begins at 1200 UTC on 3 November with its lower left corner at 27°N 58°W and a 361 

grid-point by 361 grid-point domain. The 4km domain can support an explicit convection scheme 

using Goddard microphysics along with the Gayno-Seaman boundary layer and is run until 1800 

UTC on 5 November. The Gayno-Seaman boundary layer scheme is similar to the Blackadar 

boundary layer except that liquid-water potential temperature is conserved allowing the boundary 

layer to be more accurate in saturated conditions, and the addition of a TKE predictive scheme 

(Shafran et. al. 2000). The Gayno-Seaman boundary layer was used in domains two and three 

because it was found to have mean sea level pressures closer to observed pressures than the 

Blackadar boundary layer. 

 

Peter (2003). Peter’s model physics for each domain are the same as those used for Noel. 

Domain 1 begins on 1200 UTC December 7, 2003 and is centered at 30°N and 35°W It is nested 

to domain 2 using the initial and boundary conditions of the 1200 UTC 7 December analysis. 

Domain 2 has a lower left corner at 12°N 51°W uses the same convection and microphysics as 

domain 1 but with Gayno-Seaman boundary layer. Domain 3 begins its lower left corner at 16°N 

44°W with a 286 gridpoint by 286 gridpoint domain at 1200 UTC on 8 December using Goddard 

microphysics along with the Gayno-Seaman boundary layer and is run until 1200 UTC on 10 

December.  

 

Gaston (2004). The model of Gaston is different from the previous two storms in that only two 

domains produce adequate results. The results of domain 3 are not realistic, most likely due to 

boundary layer friction while the system is partially over land. The difference between the model 

simulation and the actual track of Gaston is sensitive to the location of the Gulf Stream; the 

model track did not remain over the Gulf Stream as long as the actual storm did. Domain 1 is 

initialized with the 1200 UTC analysis on August 25, 2004 with the nested domain 2 beginning at 
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the same time. Both domains use Betts-Miller implicit convection scheme, Goddard 

microphysics and the Blackadar boundary layer and are run through 1200 UTC on August 29. 

Model validation 

Model track and minimum MSLP are compared to OPC surface analysis prior to tropical 

transition, and NHC best track analysis after transition. Modeled integrated cloud liquid water is 

compared to visible or IR satellite images, and maximum 10 m wind speed for a model run is 

compared to maximum QuikSCAT wind speed observed. Minimum MSLP attained through the 

lifecycle of the storm is compared to Minimum MSLP estimated by the NHC best track data set. 

Model data analysis 

 MM5 has two types of model output, those that are direct output: sea level pressure, u and 

v wind, geopotential height, air temperature, upward motion, cloud water, sensible and latent heat 

flux and those that are derived from model output: integrated cloud water, vorticity, PV and 

temperature advection. All model surface fluxes employ the Blackadar High-resolution model 

method of calculating sensible and latent heat flux divided into 4 possible stability cases based on 

Richardson number and Monin-Obukhov length (Haagenson et al. 1994). Integrated cloud water 

images have been twice smoothed with a simple 9 point box smoother to make the image less 

noisy. When the model run is mentioned in a time series herein, unless other wise stated, it is the 

inner most nest of the model that is being discussed. It is assumed that the best resolution will be 

the best representation of the atmosphere, which is explored in the sensitivity to resolution 

section. Air temperature and geopotential height anomalies are calculated by subtracting the 

average value across the domain from each point. Vertical wind shear is measured by subtracting 

the u and v components of the wind at 850 mb from those at 250 mb.  

 

Results 

Model validation 

To verify that the model is effectively reproducing what occurred in the atmosphere, the model 

data are compared to observations collected by the OPC and the NHC. Before these systems were 

tropical, the OPC tracked them on their surface charts, and when they became subtropical or 
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tropical systems the NHC indicated the track location in their Tropical Cyclone Reports. The 

location of the storm (Fig. 4) is determined to be the center of the lowest closed isobar and all 

distances between model and observed track are great circle distances. Although the tracks paths 

are closely aligned, differences in the exact time the storm changes direction lead to larger track 

error per 6 hour time step (Table 3) than is apparent by the track path alone. 

A better representation of the difference between the model and the observation is shown 

by a time series of observed and model central pressure (Fig. 5). The model run of Gaston has a 

central pressure that is several mb lower than observed until 0000 UTC 28 August when the 

model is then consistently higher than observed. This is not surprising since the observed and 

model track diverged at time 60 hours, with the observed track keeping Gaston over the warmer 

axis of the Gulf Stream and the model track taking it ashore into North Carolina. The model of 

Peter also begins with a central pressure lower than observations, until the system becomes 

tropical at a model time of 42 hours. At this point it seems the model fails to capture the rapid 

deepening of the system over a course of 18 hours with the same robustness observed by the 3 

hourly average objective Dvorak technique used by the NHC (Avila 2003). The model of Noel 

has a central pressure similar to observed until the front begins to bend back around to the west at 

a model time of 30 hours. Here the model and the observations are quite different for the next 24 

hours until the difference is only 2 mb at the start of the subtropical stage. The model then 

remains at a pressure around 986 mb, whereas the observed pressure increased until a model time 

of 78 hours (subtropical stage) then deepened again in the tropical stage.  The lowest observed 

pressure, 984 mb, occurred just prior to Noel’s subtropical stage whereas the lowest model 

pressure, 985.5 mb, occurred 12 hours later in the model’s subtropical stage. These two lowest 

pressures show remarkable agreement in that the lowest pressure occurs prior to the tropical 

phase, and the difference in the timing is not deemed significant since the designation of systems 

as subtropical is subjective.  
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Fig. 4. Observed track (blue) and Model track (black) for Gaston(2004), Peter(2003) and 

Noel(2001). 
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Table 3. Track and Central pressure error (observed – model) for models of Gaston, Peter 

and Noel. 

Model run 

hour 

Gaston 

Track error 

km 

Noel Track 

error km 

Peter Track 

error km 

Gaston 

pressure 

error (mb) 

Noel 

pressure 

error (mb) 

Peter 

pressure 

error (mb) 

0 203.6 187.6 105.7 0.0 -0.5 1.5 

6 49.9 133.8 148.7 3.0 -5 3 

12 69.2 180.0 90.0 4.5 0 3.5 

18 153.9 150.7 80.0 6.0 4 3 

24 114.8 167.7 99.5 6.0 5.5 3.5 

30 81.9 128.2 100.0 4.5 3.5 5.5 

36 135.6 191.8 33.2 5.5 8 3 

42 146.5 293.4 121.7 4.0 9.5 1 

48 144.0 219.1 222.1 3.5 5.5 -3 

54 190.0 206.6 142.3 3.5 -2 -7 

60 202.5 116.6 87.5 1.5 1.5 0 

66 222.9 155.6 73.0 -3.0 4.5 4 

72 265.4 142.2 107.3 -7.0 6 0.5 

78 266.0 203.4  -8.0 7  

84 260.4 250.5  -8.5 5  

90 253.6 255.8  -10.0 2  

96 263.1 238.2  -13.5 -1  

102  217.3   -2  
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Figure 5. Model and observed central pressure (mb) for Noel, Gaston, and Peter. 

 

 QuikSCAT observations of Noel show a maximum wind speed of 33 m s
-1

 at 2200 UTC 3 

November 2001 which is not surprising given a central pressure of 984 mb on the OPC surface 

chart. Noel’s largest model wind speed does not coincide with its lowest central pressure (985.5 

at 0600 UTC 4 November), the 33 m s
-1

 model wind speed at 0600 UTC 3 November 

corresponds to a central pressure of 990.5 mb during the instant occlusion stage. The maximum 

model wind speed Peter attains is 30 m s
-1

 on 9 December 2003 at the beginning of its tropical 

stage and although QuikSCAT wind speeds up to 31 m s
-1 

were observed, they occurred 2 days 

earlier during the system’s instant occlusion stage. Prior to transition Gaston’s simulated wind 

speed is a maximum of 14 m s
-1 

at 0000 UTC on 26 August 2004 which is little different than 15 

m s
-1

 observed by QuikSCAT
 
at 2300 UTC later that day. As the model Gaston shows more of a  

tropical signature with a large warm temperature anomaly aloft and it’s maximum precipitaion 

within a 100km radius, the maximum model wind speed is only 18 m s
-1

 at 1200 UTC on 29 

August which is far below the hurricane force wind speeds (32 m s
-1

) observed at landfall two 

hours later (Franklin et. al., 2004). 

Images of model integrated cloud water are compared to satellite images to visually judge 

how well the model recreated each system’s structure. Noel’s instant occlusion in Figure 2 is 

compared to the integrated cloud water in Figure 6. Individual cloud clusters in the 4km model 
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make the image appear noisy, but the overall spiral shape is similar to the satellite image. 

Integrated cloud water images of Peter are also similar to the satellite pictures. Figure 7 compares 

a 1 km GOES satellite image at 1015 UTC 9 December to a model 4km Peter integrated cloud 

water image at a similar stage in its tropical development. Again, the model image is noisy but 

banding features are present and intense convection in the eastern eyewall is evident. Overall 

when model integrated cloud water images are compared to satellite images, the previously 

discussed stages of frontal TT can be distinguished so it is assumed that the model is recreating a 

similar evolution of frontal TT to what actually occurred in the atmosphere. 

 

 

 

Figure 6. Model integrated cloud water for 4km Noel in grayscale to be compared with satellite 

image in Figure 2.  
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Figure 7. GOES image on the left at 1015 UTC 9 December (from 

http://www.nrlmry.navy.mil/tc_pages/ ) and 4 km Peter integrated cloud water in grayscale for 

comparison. 

Model Sensitivity to Resolution 

Because there are three different model runs of the same storm it seems necessary to 

discuss the effect that changing the model resolution has on the model output. Other variables are 

altered when the resolution is changed from coarsest to finest, the boundary layer is different for 

the 36 km run of Noel and the convection becomes explicit in the 4 km run. Figure 8 shows the 

central pressure differences between the various resolutions of Noel and the central pressure 

observations, and it is not surprising that with identical boundary layer conditions the 12km and 

the 4 km model runs are very much alike. Though none of the model runs actually capture the 

observed minimum during the instant occlusion stage, rise in pressure as the baroclinic system 

decays and the pressure falling again as the system transitions to tropical, the ability of the higher 

resolution model runs to nearly match the observed pressure at model hour 96 suggests a 

combination of variables is necessary to model this storm to its deepest pressure. Also the one 

way nesting to the explicit convection in the 4 km model run leads to the formation of hot towers 

as shown in the temperature anomaly cross sections in the model analysis section. Thus, the 

result is a high resolution model with results that simulate the atmosphere effectively in most 

respects but is not yet an exact copy of the observed atmosphere. 
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Figure 8. Comparison of pressure differences between central pressure of each model domain of 

Noel and the central pressure observed. 

Tropical transition model analysis 

Measuring Baroclinicity. Frontal TT begins with a baroclinic zone, suggesting that the 

comparison of maximum frontogenesis values is a suitable place to start the model analysis. 

Frontogenesis is calculated by neglecting tilting and diabatic heating terms and assuming the 

wind does not vary in magnitude along the front. Bluestein’s derivation is used here: 
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Where θ is potential temperature at the surface and u and v are components of the wind 

(Bluestein 1993). The maximum 36km resolution frontogenesis for Noel increases to .053 °C m
-1

 

s
-1

 at 0000 UTC 2 November from a value of  .014 °C m
-1

 s
-1

 12 hours prior at the model start 

time. This indicates that the convergence and implied upward motion along this front is 

increasing as the frontal wave amplifies.  The frontogenesis in domain one of  Peter’s model has 

a similar evolution from .015 °C m
-1

 s
-1

 at the model start to .028 °C m
-1

 s
-1

 at 0000 UTC 8 

December, and 36km Gaston begins with .004 °C m
-1

 s
-1

 and reaches a maximum frontogenesis 

of  .018 °C m
-1

 s
-1

 at 0000 UTC 26 August. Including Peter’s comparison may be biased, because 

the model run of Peter begins at the end of the bent back warm front stage so its true maximum 
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frontogenesis most likely occurred the day before the model run began. The magnitude of the 

frontogenesis and the surface winds contributing to the frontogenesis are shown in Fig. 9. Since 

Noel’s front has the most convergence (and implied upward motion) it is not surprising that 

Noel’s central surface pressure was the lowest of the three storms, at 986 mb in the instant 

occlusion stage. Peter’s lowest pressure in its instant occlusion stage was only 1000 mb and 

Gaston’s pressure at this stage was only 1012 mb. 

  

 

 

Figure 9. 36 km Noel frontogenesis (°C m
-1

 s
-1

), surface wind, and mean sea level pressure in 

frontal wave stage. 
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Another method of illustrating the difference between a baroclinic system and a 

barotropic system is with a cross section of geopotential height anomaly through the center of the 

storm. Differences in these height anomaly cross sections are noted between the three storms and 

throughout the stages of Frontal TT. From quasigeostropic theory, an upper level trough would 

induce upward motion as it approaches a lower level system (Bluestein 1993). Large negative 

height anomalies aloft would indicate such a trough and would cause upward motion above a 

surface negative height anomaly downstream from it. A barotropic tropical environment would 

not have an upper level negative height, but would show positive height anomalies aloft 

corresponding with divergence and outflow and negative height anomalies at the surface (Hart 

2003). The stages of the modeled TT storms can be categorized as baroclinic or barotropic by the 

magnitude and placement of their negative height anomalies. The upper level trough causing 

upward motion above Noel’s surface low pressure center is illustrated by the large negative 

height anomaly aloft (Fig. 10a). This upper level anomaly moves eastward, becomes much less of 

a negative height anomaly as it becomes co-located with the surface system. This is regarded as 

the end of  Noel’s instant occlusion stage (Fig.10b) because as the upper level anomaly becomes 

stationed directly above the negative surface anomaly it will no longer contribute to the upward 

motion above the low pressure center. The transitional subtropical stage is indicated by a very 

weak negative height anomaly aloft (Fig. 10c) which eventually becomes a positive height 

anomaly (Fig, 10d) when Noel is tropical. The designation of subtropical or tropical by height 

anomaly alone is very subjective, but the height anomaly differences between the beginning 

stages of Noel’s model and the ending stages are quite marked. Noel’s height anomaly signature 

evolves from one where the surface low is fed by an upper level height anomaly to one where the 

surface low is not influenced by any upper level feature and therefore is maintained by surface 

fluxes alone. 

The magnitude and evolution of Gaston’s height anomalies are much different from 

Noel’s. Noel’s maximum upper level negative height anomaly (Fig. 10) is 135 m, but the 

maximum upper level negative height anomaly in Gaston’s model is only 24 m in the frontal 

wave stage. What is surprising is that Gaston appears to skip the instant occlusion and subtropical 

stages where Noel’s upper level anomaly gradually became less negative. Gaston’s slight 

negative upper level height anomaly on 25 August in the frontal wave stage gives way to a 

positive height anomaly late on 26 August as it jumps directly to the tropical stage. Gaston’s 
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cyclogenesis is not influenced by any upper air feature. When Peter’s simulation begins at the 

end of the bent back warm front stage the upper level negative height anomaly is almost directly 

above the surface height anomaly. Peter is similar to Noel in that once the upper level negative 

height anomaly becomes co-located with the surface low, it decreases in magnitude as the surface 

low deepens. Where Peter differs from Noel is that Peter’s upper level negative height anomaly 

does not change from negative to positive above the storm until the tropical stage is in decay at 

the end of the model run. In its tropical stage (Fig. 11), Peter has a slope at 200 mb with higher  

(a)       (b) 

   

(c)       (d) 

   

 

Figure 10. Height anomaly cross sections (m) of Noel in Frontal TT stages: (a) bent-back warm 

front, (b) instant occlusion, (c) subtropical, (d) tropical. 

 

 



 29 

 

 

Figure 11. 4km Peter height anomaly (m) in tropical stage. 

 

heights to the west and lower heights to the east. This could be an indication of upper level shear, 

but certainly leads to the conclusion that the surface low was still interacting with upper level 

features and could not be designated as an entirely surface driven system as Noel was at a similar 

stage.   

 Either cyclonic vorticity advection or warm (cold) advection increasing (decreasing) with 

height can contribute to height falls (Carlson 1998). Individual terms of the quasi-geostrophic 

geopotential height tendency equation (Bluestein 1993) can be used to determine height falls due 

to a baroclinic environment.  
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Where " = #$ /#t  or change of geopotential height with time, σ is density, p is pressure, vg is 

geostrophic wind, ζ is vorticity, T is temperature, Q is heating, R is the dry air gas constant, and 

Cp is heat capacity at constant pressure. Model output vorticity and temperature advection are 

used to calculate the first two terms on the right hand side, changes due to horizontal advection of 

vorticity, and the vertical derivative of horizontal temperature advection. The third term on the 

R.H.S. is the diabatic heating term. Latent heat release from convection would lead to height rises 

above the convection and height falls below the convection (Carlson 1998) but is not addressed  
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(a)  

(b)  

Figure 12. Hovemoller diagrams of 36 km Noel, (a) vertical derivative of horizontal temperature 

advection over the center of the storm as shown through the entire model run and (b) 3 hour 

average horizontal advection of vorticity per 20 km radius ring from the low pressure center. 

 

in this study. From 1200 UTC 2 November to 1200 UTC 3 November in the 400-200mb layer 

and the 900-800 layer an increase (decrease) of warm (cold) advection with height leads to height 

falls at those pressure levels (Fig. 12a). Vorticity advection contributes to height falls throughout 
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Noel’s model run, but the maximum contribution ends by 0000 UTC 3 November (Fig. 12b). 

While both terms contribute to height falls prior to 1200 UTC 3 November, neither contribute 

substantially after this time, thereby requiring another source of energy to maintain the low 

pressure of 986 mb for the next 48 hours. Figure 12 makes a clear delineation between the end of 

Noel’s baroclinicity in the instant occlusion stage, but Peter’s baroclinic stage is more ambiguous 

when the individual terms of the height tendency equation are applied. The previously mentioned 

slope of the 200 mb level causes temperature advection aloft throughout Peter’s model run. There 

is no time where the upper level temperature advection becomes a minimum, indeed the 

maximum upper level temperature advection occurs on 9 December during Peter’s tropical stage. 

An investigation into the amount of shear (250mb-850mb) affecting Peter at this time indicates 

that this temperature advection is due to large shear to the west of Peter and minimal shear to the 

east. This too illustrates the slope of the upper levels of the atmosphere during Peter’s  

tropical stage. The average shear in a 4°x4° storm centered box is examined in a time series; the 

shear above Peter begins to increase at the beginning of the tropical stage and reaches a 

maximum 24 hours later. The advection of vorticity term also contributes to height falls during 

Peter’s tropical stage when it is maximum at 0900 UTC 9 December. While Peter’s model 

baroclinicity shows no clear end point, Gaston’s evolution is quite different. Gaston’s 

temperature advection is much less than the other two systems. Only in the lower levels, 950-850 

mb at 1500 UTC 26 August in the bent back warm front stage, is there any influence of changing 

advection with height leading to surface height falls. An inspection of Gaston’s other height 

tendency term shows very slight vorticity advection at 0000 UTC 26 August in the frontal wave 

stage, then increasing vorticity advection begins 0000 UTC 28 August, and continues through the 

rest of the model run. 

Gaston’s small amount of frontogenesis, lack of upper level negative height anomalies 

and temperature advection suggests that its cyclogenesis was less baroclinic when compared to 

Peter or Noel.  Because there is no specific time in Peter’s model run where advection of 

temperature aloft becomes trivial it is impossible to state that at a certain time Peter no longer had 

substantial baroclinic influences contributing to it. Indeed the height anomalies, upper level 

temperature advection and the large amount of shear all indicate that Peter did not have a purely  

tropical signature at all model levels in the tropical stage designated by this study. The large 

amount of shear influencing Peter’s tropical stage is not observed in the model of Noel where 
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shear is a minimum in the bent back warm front stage then remains between 17-22 m s
-1

 as Noel 

finishes its TT (Fig. 14). Noel clearly had a time where baroclinicity stopped contributing to 

height falls, which makes it possible to label Noel’s first three stages as baroclinic and its last two 

barotropic. 

 

Measuring the warm core. As frontogenesis and location of height anomalies each demonstrate 

baroclinicity, temperature anomalies across the model domain can show of the amount of heat 

released in the upper atmosphere from condensation of water vapor. Cross sections of 

temperature anomalies show (Fig. 13a) the warm side and cold side of Noel’s front in the bent 

back warm front stage. Warmer air surrounds cooler air (Fig. 13b) in the wrapped up instant 

occlusion stage. Noel’s subtropical stage is very brief, only 12 hours and the warm temperature 

anomalies soon show the magnitude of the convection and the altitude it reaches in the tropical 

stage. This convection and the heat attributed to the deep convection are shown (Fig. 13d) for a 

hot tower (at 50W). If the maximum temperature anomaly at 400 mb is due to convection, then, 

assuming Noel’s baroclinic stages have ended, the energy source for the convection can be 

attributed to maximum latent heat release (Fig. 15) during the instant occlusion stage. Noel’s 

maximum precipitation at a radius of 150 km (Fig. 16) occurs 36 hours after the maximum latent 

heat release, and corresponds to the most intense warm temperature anomalies and hot towers. 

Noel’s warm core begins increasing at 0000 UTC 4 November in the subtropical stage and  

continues its rise in temperature at a larger rate in the tropical stage (Fig. 14) soon after the 

maximum value of surface heat flux. Peter’s subtropical and tropical stage temperature anomalies 

are very similar to Noel’s, with less warming in the subtropical stage and smaller magnitude hot 

towers in the tropical. The temperature anomaly at the 250 mb level is split with a warm anomaly 

to the west and a cold anomaly to the east, which serve as further indication of baroclinicity and 

temperature advection in the upper levels in the tropical stage. Latent and sensible heat release in 

Peter’s simulation have two maxima of approximately the same magnitude, though the second is 

smaller and of a smaller radius. The magnitude of the maximum average flux vary by only 50 (W 

m
-2

) between storms, with Noel’s being larger than Peter’s. Gaston’s surface fluxes vary 

diurnally, and the maximum flux does not lag the precipitation maximum by 36 hours as the 

other two model’s do. It is difficult to attribute Gaston’s weak warm temperature anomaly at 300 

mb at 0000 UTC 27 August to warming of the atmosphere by convection, as it appears that the 
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center of Gaston is just slightly warmer that the surrounding upper air. By 0300 29 August two 

days later there is much more of a temperature anomaly with a classic tropical system signature. 

(a)       (b) 

    

   (c) 

 

 

Figure 13. Temperature anomaly cross sections (°C) of Noel in Frontal TT stages: (a) bent-back 

warm front, (b) instant occlusion, (c) tropical. 
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Fig. 14. Noel average (4°x4° storm centered box) latent and sensible heat flux (W m
-2

) (solid 

black triangles, scale far left), 450 mb temperature (°K) (solid black circles, center scale), and 

magnitude of the 250-850 wind shear (m s
-1

) (open circles, far right scale).   

 

When temperature anomalies are compared the stages of TT are discernable in the model 

data, though they are different from those observed in the atmosphere. While designating a 

system subtropical or tropical must be easier with model data than in the real atmosphere (lack of 

observations), both are subjective in nature. The lengthy subtropical stages observed in the 

atmosphere were not reproduced by the models of Noel and Peter. Noel and Peter display warm 

anomaly signals where convection has warmed the upper atmosphere, with individual hot towers 

being evident in the 4 km domains of the models. As surface fluxes are examined through time 

and radius it is noted that the simulated systems have a lag between the maximum latent and 

sensible heat fluxes and the maximum temperature. This is not surprising as it will take some 

time for the energy obtained from the ocean surface to travel aloft and release heat in the form of 

condensation and precipitation aloft. 
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Figure 15. 36 km Noel average latent and sensible heat flux (W m
-2

)
 
per 50 km radius ring from 

the low pressure center. 

 
 

Figure 16. 36 km Noel average accumulated precipitation (cm) per 50 km radius ring from the 

low pressure center. 
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A Rossby Deformation Radius (RDR) can be estimated from the width of the warm 

temperature anomaly or the radius outside which vorticity decreases rapidly. Peter’s vorticity 

declines rapidly at a radius of 140km and the radius of the warm core anomaly could be estimated 

at 120 km. If this RDR is employed, then a portion of the larger values of Peter’s surface flux are 

outside of this radius. As the radius of maximum flux decreases, a larger portion of the flux 

energy would remain in the system. Noel’s RDR is a small as 130 km (based on vorticity) and 

grows to 180 km on 3 November, and could be estimated as 200 km based on Figure 13b. A 

portion of the flux in Figure 15 will be lost with a RDR this small, but enough will remain within 

the system to lead to the precipitation the model produces later. 

 

Frontal TT Stages: Model versus Observation. Designation into certain stages of Frontal TT is 

subjectively based on observational data or model data. The timing, length and central pressure of 

the Frontal TT stages in the model and the observations of Noel are illustrated by Fig. 17. 

Observed Noel deepens in pressure in its first three stages, then weakens in its hybrid, subtropical 

stage, and deepens in pressure in its tropical stage. Model Noel stages are closely aligned with the 

observed stages through the subtropical stage. Here it is easier to gauge the difference between 

subtropical and tropical by consulting temperature anomalies so the model Noel appears to be 

fully tropical prior to observed.  
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Figure 17. Model and observed central pressure divided into frontal TT stages as per legend. 
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CHAPTER 4 

  

CONCLUSIONS 

 

Frontal Tropical Transition is described in five stages based on observations and 

simulation of three different storm systems. A frontal wave with low static stability due to faster 

cooler air on the northern side being pushed over warmer air to the south begins cyclogenesis 

with a bent back warm front seen previously in some SEC TT cases (Davis and Bosart 2004). 

This type of secondary cyclogenesis has been labeled an instant occlusion in previous studies; 

most recently Evans et al. (1994) distinguished instant occlusions from other forms of marine 

secondary cyclogenesis. The third stage, instant occlusion, has the storm with weak shear over 

the center, large wind speed from the previous baroclinic development and an increased surface 

heat flux due to this wind speed. In this stage, the role of baroclinicity seems to end (or be much 

less important) as flux driven convection begins to dominate intensification in the following 

stages. A shallow warm core is the next, subtropical stage. More of the energy from surface heat 

fluxes translates to convection within the RDR, and the warm core extends further into the upper 

levels of the atmosphere in the final tropical stage of TT. 

 An empirically derived wind speed and SST relationship suggests a minimum threshold 

for wind speed or SST may not be the best predictor of frontal TT. Frontal TT is shown to occur 

throughout a spectrum of wind speeds and SSTs, but the robustness of the negative correlation   

(-.63) between the two suggests that a combination of wind speed and SST is required for 

successful Frontal TT. Combinations of higher SST and lower wind speed or lower SST and 

higher wind speed lead to Frontal TT but are not the only requirement. Non-transitioning cases 

were observed with sufficient wind speed and SST combination where large-scale factors such as 

the speed of the system or the amount of wind shear encountered negatively impacted the Frontal 

TT process. The importance of the combination of wind speed and SST suggests that the 

magnitude of surface turbulent heat fluxes plays a large role in TT. 

The stages of Frontal TT were observed from remotely sensed and model data, but the 

variety within the Frontal TT data set should be noted. Frontal TT is shown to progress in stages, 

but the size of the systems or the time it takes to transition largely depends upon amplitude of the 

frontal wave and interaction with the large-scale environment. The three simulations employed in 
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this paper show a range of baroclinic cyclogenesis from weakest in Gaston to strongest in Noel. 

Peter began as a baroclinic system and transitioned into a tropical system but still had baroclinic 

influences in the form of shear, and whether this shear helped or hindered Peter is not within the 

scope of this study.  

Frontal TT will not always easily distinguishable like Noel. Storms like Peter, where the 

upper levels cannot be ruled out as baroclinic enhancers of a tropical system or storms which are 

less baroclinic in their genesis, such as Gaston, make Frontal TT a forecasting challenge. 

  

 

 

 

 

 

 

 

 

 

 



 40 

APPENDIX 

MM5 OUTPUT IN STAGES OF FRONTAL TT 

 

Fig.A1. 36 km Peter frontogenesis (°C m
-1

 s
-1

) in instant occlusion stage. 

 

 

Fig.A2. 36 km Gaston frontogenesis (°C m
-1

 s
-1

) in frontal wave stage. 
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Fig.A3. 12 km Gaston height anomaly (m) in frontal wave stage. 

 

 

Fig.A4. 12 km Gaston height anomaly (m) at start of tropical stage. 
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Fig.A5. 36 km Peter height anomaly (m) at end of bent back warm front stage. 

 

 

Fig.A6. 36 km Peter height anomaly (m) in instant occlusion stage. 
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Fig.A7. 4km Peter height anomaly (m) in subtropical stage. 

 

 

Fig.A8. 36 km Noel temperature advection above the low pressure center through time. A 

derivative with respect to height was take to make it easier to visually show height falls at the 

surface corresponding to increasing(decreasing) warm(cold) advection with height.  
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Fig.A9. Same as A8 but for 36 km Peter. 

 

 

Fig.A10. 36 km Peter vertical derivative of horizontal temperature advection  

over the center of the storm through the entire model run. 
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Fig.A11. 4km Peter magnitude of wind shear in m/s 

 

 

Fig.A12. 36 km Peter average vorticity per 20 km radius ring from the low pressure center. 
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Fig.A13. 36 km Peter average horizontal advection of vorticity per 20 km radius ring from the 

low pressure center. 

 

 

Fig.A14. Same as figure A10 but for 12 km Gaston. 
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Fig.A15. Same as figure A11 but for 36 km Gaston. 

 

Fig.A16. Same as figure A12 but for 36 km Gaston. 
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Fig.A17. Same as figure A11 except for 36 km Noel. 

 

 

Fig.A18. 4km Peter temperature anomaly in subtropical stage. 
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Fig.A19. 4km Peter temperature anomaly in tropical stage. 

 

 
Fig.A20. 36 km Peter average latent and sensible heat flux (W m

-2
)

 
per 50 km radius ring from 

the low pressure center. 
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Fig.A21. 36 km Peter average accumulated precipitation (cm) per 50 km radius ring from the low 

pressure center. 

 

 

Fig.A22. Model and observed pressure in Frontal TT stages as per legend. 
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Fig.A23. Peter average (4°x4° storm centered box) latent and sensible heat flux (W m
-2

) (solid 

black triangles, scale far left), 450 mb temperature (°K) (solid black circles, center scale), and 

magnitude of the 250-850 wind shear (m s
-1

) (open circles, far right scale). 
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Fig.A24. 12 km Gaston temperature anomaly at start of tropical stage. 

 

 

Fig.A25. 12 km Gaston temperature anomaly in fully tropical stage. 
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