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ABSTRACT 
 

THE SYNOPTIC-SCALE EVOLUTION DURING THE EXTRATROPICAL 

TRANSITION OF IRENE (2011), SANDY (2012), AND ANDREA (2013) 

by 

Katherine Lorraine Towey 

Plymouth State University, May 2016 

 

 Tropical cyclones (TCs) of varying shapes, sizes, and intensities form in nearly 

every ocean basin and can potentially impact heavily populated areas, threatening human 

life and property. As a TC moves poleward, it can interact with a variety of synoptic-

scale features, which results in either the dissipation of the TC or a transition into an 

extratropical cyclone (EXTC) through the process of extratropical transition (ET). Given 

an ideal synoptic-scale setup, a TC can transition into a fast-moving and rapidly 

developing EXTC, which could extend TC-like conditions such as strong surface winds 

and intense rainfall over a broad area at high latitudes.  

 In recent years, three TCs, Irene (2011), Sandy (2012), and Andrea (2013), 

transitioned to EXTCs while approaching the middle latitudes and subsequently impacted 

the Northeast as EXTCs. In order to analyze the ET of these TCs, the cyclone phase 

space, developed by Hart (2003), was utilized. This product aids in determining the 

structural evolution associated with ET in which a symmetric, warm-core TC transitions 

to an asymmetric, cold-core EXTC. Changes in the structure, motion, and intensity of 

TCs during ET are highly dependent on the midlatitude environment into which the TC 

moves. A variety of factors contribute to the intensity of the resultant EXTC, including 



 

xix 
 

the overall large-scale pattern, track of the TC, time of year, as well as the intensity of the 

TC and the frontal system with which the TC interacts. 

 Synoptic-scale features were analyzed for three phases of evolution throughout 

the ET process: tropical phase, transition period, and post-tropical phase. The TCs were 

not influenced by the upper-level flow until shortly after the onset of transition. It was not 

until the mid-way point of the transition period when the TC circulation was incorporated 

into the flow and began to exhibit baroclinic features. Due to differing tracks and TC 

intensities, the synoptic-scale features analyzed in each phase vary among each case in 

the tropical phase and beginning of the transition period. There are generally more 

similarities in synoptic-scale features between the cases toward the end of the transition 

period and in the post-tropical phase. As these EXTCs impacted the Northeast, reports of 

heavy rainfall and strong surface winds spanned across vast areas of the region. 
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CHAPTER 1 

1. Introduction 

a. Overview 

 Tropical cyclones (TCs) of varying shapes, sizes, and intensities form in most 

ocean basins each year. These TCs can impact densely populated coastal areas and 

threaten human life and property. The United States, in particular, is more vulnerable to 

this threat today as millions of people reside in highly urbanized areas along the 

coastline, despite being more prepared for these storms. The level of interest in a TC 

often diminishes once it moves poleward from the tropics toward the middle latitudes 

(Jones et al. 2003). This lack of attention can be attributed to TCs frequently propagating 

over the open Atlantic, away from affecting any land masses as well as losing its tropical 

characteristics as it interacts with the midlatitude flow. During this poleward movement, 

tropical systems can interact with a variety of synoptic-scale features that result in either 

the weakening and dissipation of the TC or a transition into an extratropical cyclone 

(EXTC) through the process of extratropical transition (ET). When a TC and a synoptic-

scale feature, such as a frontal system or upper-level trough, are in close enough 

proximity to one another, the TC could transition into a fast-moving and rapidly 

developing EXTC. As a result, TC-like conditions such as strong surface winds, high 

waves, and intense rainfall can be extended over a broad area at high latitudes. Recurving 

EXTCs may indirectly reconfigure the extratropical flow pattern and subsequently 

influence the sensible weather downstream (Archambault et al. 2013). While a majority 

of ET events occur over the open ocean (Hart and Evans 2001), EXTCs still have an 

impact on the overall large-scale flow and typically do not receive the same attention as 
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TCs. The TCs that transition to EXTCs prove to be challenging to forecast and when they 

threaten land, can have a substantial societal impact.  

 Along the eastern coastline of the United States, the Northeast is the least 

susceptible area for a landfalling TC. According to the National Hurricane Center (NHC), 

coastal counties in the Northeast have experienced eight or less landfalling hurricanes 

between 1900 and 2010 (Fig. 1). The most vulnerable counties are in Long Island, NY 

and southeastern Massachusetts, likely due to the fact that these areas protrude out farther 

east than the remainder of coastal counties. The return period for a hurricane striking the 

Northeast is substantially greater than that for the Gulf of Mexico (Fig. 2). Return periods 

range from 13 to 19 years along New Jersey, New York, and southern New England to 29 

to 50 years along eastern New England. The return period of TCs that have transitioned 

to EXTCs, however, is comparable to, or higher than that of TCs. Figure 3 suggests that 

areas throughout the Northeast are threatened by a transitioned TC passing within 300 km 

every three to seven years. Major midlatitude cities including Washington D.C., New 

York, and Boston are all directly impacted by a TC passing within 111 km once or twice 

per decade and by an EXTC passing within 111 km every one to two decades (Hart and 

Evans 2001). Therefore, understanding the ET lifecycle and the potential meteorological 

impacts from EXTCs on the Northeast is crucial. 
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Figure 1. Total number of hurricane strikes by counties from 1900 – 2010 (NHC) 

 
Figure 2. Return period of a hurricane striking coastal counties (NHC) 
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Figure 3. Return period of EXTCs passing within 300 km of a given location from 1950 

– 1999 NHC best-track dataset (Hart and Evans 2004) 

b. Tropical cyclogenesis 

 Tropical cyclogenesis is a complex process involving a multifarious interaction 

among varying scales of atmospheric motion. TCs typically originate over tropical 

regions devoid of baroclinic structures (McTaggart-Cowan et al. 2008), in which several 

conditions are necessary to be met for its development. These include a low-level 

cyclonic vorticity maximum, sea surface temperatures (SSTs) of at least 27˚C, 

background planetary vorticity greater than the value of the Coriolis parameter three to 

five degrees away from the equator, as well as vertical wind shear throughout the 850 – 

200 hPa layer normally less than 10 – 15 m s-1 (Bracken and Bosart 2000). The primary 

source of energy for TC genesis, maintenance, and intensification is through latent heat 

release, the result of abundant moisture originating from warm SSTs, which enforces 



 

5 
 

rising motion and ultimately, tropical convection. Low vertical wind shear acts to 

concentrate the latent heat energy near the TC over a small area, maintaining its 

symmetric appearance. High vertical wind shear throughout the TC will distort its 

appearance by spreading its energy over a broader area, making it appear asymmetric.  

 TC genesis can occur among a variety of large scale patterns. Bracken and Bosart 

(2000) indicated that the initial cyclonic vorticity maximum associated with TCs can 

broadly be placed into five categories. These include monsoon troughs or the intertropical 

convergence zone (ITCZ), easterly waves, subtropical frontal zones, old midlatitude 

mesoscale convective systems, and upper-level cutoff lows that penetrate to lower levels. 

McTaggart-Cowan et al. (2008) constructed a climatology of tropical cyclogenesis in the 

North Atlantic basin from 1948 to 2004 that suggested six environments in which TC 

genesis can occur and include nonbaroclinic, low-level baroclinic, transient-trough 

interaction, trough induced, as well as weak and strong tropical transition. Of the 496 

storms analyzed in their study, 40% were classified as forming in a nonbaroclinic 

environment where there was weak synoptic forcing and minimal low-level baroclinicity. 

The remaining 60% of storms formed as a result of baroclinic influenced situations, 

which are more extensively studied in McTaggart-Cowan et al. (2013). 

 According to the NHC, an average North Atlantic hurricane season produces 

approximately 11 named tropical systems, six hurricanes, and two major hurricanes 

(NOAA 2015). However, there is great interseasonal variability in relation to the phase of 

the El Niño-Southern Oscillation (ENSO). Warm (cold) phases of ENSO are known to 

reduce (increase) TC activity in the North Atlantic basin (Smith et al. 2007). For 

example, the years 2011 and 2012 are tied for the third most active seasons on record 
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with 19 named tropical systems, only to be followed by 2013, which experienced the 

fewest hurricanes since 1930 (tied with 1982) with only two. Despite the recent 

technological advances in the field of tropical meteorology along with the usage of 

satellites, many questions still remain regarding TC genesis, development, and 

intensification and the topic remains an active area of research. 

c. Definitions of extratropical transition 

 Broadly, ET is defined as the gradual process in which a warm-core, symmetric 

TC evolves into a cold-core, asymmetric EXTC. The process of ET is complex in nature 

as there are many dynamical processes that occur. Despite the amount of research that 

has gone into understanding it, there remains no consistent methodology for determining 

ET that is widely recognized, easily applied, and consistent across all cases in different 

basins utilizing a variety of datasets (Kofron et al. 2010). Previous attempts at an 

objective definition of ET include using satellite-derived data (Klein et al. 2000) and 

cyclone phase space (CPS) diagrams (Hart 2003, Evans and Hart 2003, Hart et al. 2006). 

 Klein et al. (2000) defined ET in the western North Pacific as a two-stage process. 

The first phase, the transformation stage, consists of a TC evolving into a baroclinic 

storm. This occurs when the satellite imagery suggests an asymmetric appearance in the 

TC with the outermost edge of the TC circulation infringing on a preexisting midlatitude 

baroclinic zone. Once the storm resembles a baroclinic system and the center of the storm 

is embedded in cold, descending air (Klein et al. 2000), the stage is complete. The second 

phase is the reintensification stage, in which the newly transformed storm deepens (sea 

level pressure decreases) as an EXTC. If the TC does not complete both stages, it is 

classified as a decayer for not completing ET (Klein et al. 2000). 
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 More recently, Hart (2003) developed the CPS, which examines three parameters 

that aid in determining the structure of cyclones: lower-tropospheric asymmetry and the 

lower- and upper-tropospheric thermal wind. Since a TC is warm-core, it implies a 

relatively symmetric steady-state vortex in gradient wind balance (Evans and Hart 2003). 

Hart (2003) defined thermal symmetry (the B parameter) as the storm-motion relative 900 

– 600 hPa thickness asymmetry across the 500 km radius of the cyclone: 

𝐵 = ℎ(𝑍600 ℎ𝑃𝑎 − 𝑍900 ℎ𝑃𝑎
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ |𝑅 − (𝑍600 ℎ𝑃𝑎 − 𝑍900 ℎ𝑃𝑎

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ |𝐿) 

where Z is the isobaric height, R (L) indicates right (left) of storm motion, and the overbar 

indicates the areal mean over a semicircle of radius 500 km. The integer h takes a value 

of +(-)1 for the Northern (Southern) Hemisphere. This parameter measures a mean-layer 

temperature gradient perpendicular to the motion of the cyclone. Hart (2003) defined a 

threshold value of 10 m for the thermal asymmetry parameter in order to differentiate 

between a storm being tropical or extratropical. This threshold value was compared to the 

Klein et al. (2000) criteria by Evans and Hart (2003) and found to be generally exceeded 

at or just following the end of the transformation stage. The thermal wind parameters 

(parameters −𝑉𝑇
𝐿 and −𝑉𝑇

𝑈), as defined by Hart (2003), determine whether the cyclone 

has a cold or warm core vertical structure:  

𝜕(∆𝑍)

𝜕 ln 𝑝
|900 ℎ𝑃𝑎

600 ℎ𝑃𝑎 = −|𝑉𝑇
𝐿| and                                            

𝜕(∆𝑍)

𝜕 ln 𝑝
|600 ℎ𝑃𝑎

300 ℎ𝑃𝑎 = −|𝑉𝑇
𝑈|                                                   

where ∆Z is the cyclone height perturbation. Positive (negative) values of -VT indicate a 

warm (cold) core within the layer. A cold (warm) core indicates that a cyclone structure 

has a larger amplitude at the top (bottom) of the layer than the bottom (top). The phase 

will change as the height profile of the cyclone evolves from temperature advection and 
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geostrophic adjustment (Hart 2003). Tropical systems have symmetric structures (B < 10 

m) and are warm core (-VT > 0 m s-1), while extratropical storms have asymmetric 

structures (B > 10 m) and are cold core (-VT < 0 m s-1). Therefore, TCs completing ET 

have a B value that increases to greater than 10 m and -VT values that change from a 

positive value to a negative value (Wood and Ritchie 2014). 

d. Structural changes during extratropical transition 

 Changes in the structure, motion, and intensity of TCs during ET have been found 

to be highly dependent on the nature of the midlatitude circulation into which the TC 

moves (Sinclair 2004). As a TC moves poleward, it experiences changes in its 

environment including increasing baroclinicity and vertical wind shear, temperature and 

moisture gradients, decreasing SSTs, and an increased Coriolis parameter (Jones et al. 

2003). These changes tend to increase the translation speed of the system while 

decreasing the maximum wind speed and increasing the radius of gale-force winds 

(Kofron et al. 2010).  

 As a TC proceeds out of the tropics, the low-level vertical wind shear and strong 

surface convergence associated with the TC advancing into the midlatitudes concentrates 

the lower-tropospheric temperature gradients locally, leading to a sharp contrast between 

the warm, tropical air and the cooler, midlatitude air (Evans and Hart 2003). Increasing 

thermal advection brings cooler and drier air into the western sector of the storm, causing 

the system to acquire the asymmetric cloud and thermal characteristics of a midlatitude 

EXTC (Sinclair 2002). Evans and Hart (2003) revealed that a TC becomes decreasingly 

symmetric as a result of low-level frontogenesis, which is similar to the analysis of Harr 

and Elsberry (2000) and Klein et al. (2000), who describe low-level frontogenesis north 
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and east of the TC center as an indication of ET in the western North Pacific. The 

increasing asymmetry is key in detecting the onset of transition, but it is not unique to 

transitioning cyclones (Evans and Hart 2003).  

 The nearly axisymmetric wind and precipitation distributions that are 

concentrated about the TC center evolve to broad asymmetric distributions while 

expanding greatly in area (Jones et al. 2003). Atallah et al. (2007) found that a left of 

track precipitation distribution is characteristic of TCs undergoing ET, where a positively 

tilted trough approaches the TC from the northwest, shifting precipitation to the north-

northwest of the system.  

 According to Evans and Hart (2003), in order for a TC to complete ET, it must 

develop midlatitude cyclone characteristics, particularly the development of a cold-core 

thermal wind structure in which the geostrophic wind is increasing with height. This 

characterization differs from that of Klein et al. (2000) in that it does not require the 

system to reintensify in terms of a deepening in sea level pressure. 

 The nature of ET evolution and intensity change is sensitive to the scales of 

interaction of the trough and TC, spatially and temporally (Hart et al. 2006). A favorable 

TC-trough interaction is dependent on a scale matching between the two in which the 

effects of the shear associated with the trough eventually become minimized in relation to 

the positive effects of the influx of cyclonic momentum into the TC (Atallah and Bosart 

2003). The scale of a midlatitude trough, however, is generally significantly larger than 

that of a TC. 
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 Potential vorticity (PV) has been utilized in analyzing the interaction between 

midlatitude features and TCs. PV incorporates both dynamic and thermodynamic 

properties of the atmosphere and is conserved for frictionless, adiabatic motion (Molinari 

et al. 1998). A TC is characterized by strong cyclonic flow throughout the troposphere, 

with weak anticyclonic flow at larger radii just below the tropopause (Jones et al. 2003). 

The cyclonic part of the TC consists of a strong, deep positive PV anomaly at small radii, 

which is usually surrounded by a much weaker or negative PV anomaly in the lower and 

middle troposphere that extends out to larger radii, associated with the upper-level 

anticyclone (Jones et al. 2003).  

 Molinari (1995) examined the PV evolution associated with the reintensification 

of Hurricane Elena (1985) and discovered that as a midlatitude trough approached the 

TC, a narrow upper-tropospheric positive PV anomaly extending from the trough became 

partly superimposed over the core of the TC. Intensification of the storm was attributed to 

the combination of two processes: a “constructive interference” between the upper and 

lower PV anomalies and an evaporation-wind feedback by the enhanced surface 

circulation associated with the upper-level PV anomaly (Molinari et al. 1998). Atallah 

and Bosart (2003) found that as the upper-level PV anomaly in the midlatitude trough 

approached the low-level PV anomaly associated with Hurricane Floyd (1999), the low-

level PV anomaly responded by elongating in the direction of the prevailing wind shear, 

while increasing in its areal extent. The poleward and upward transport of low PV air 

associated with TC recurvature tends to amplify the downstream ridge and intensify the 

jet streak along the meridional PV gradient marking the jet stream (Archambault et al. 

2013). The amplification of the ridge and intensification of the jet streak are enhanced 
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through midtropospheric diabating heating related to precipitation processes associated 

with the recurving TC, resulting in cyclonic vorticity advection by the thermal wind over 

the transitioning TC (Atallah et al. 2007) and warm frontogenesis in the northeast 

quadrant of the TC (Harr and Elsberry 2000), which is necessary for the production of 

quasi-geostrophic forcing for ascent. Above the level of maximum diabatic heating, PV is 

reduced in concurrence with diabatic vertical redistribution (Archambault et al. 2013). 

The divergent outflow generated by diabatic heating also advects low PV toward the PV 

gradient (Archambault et al. 2013). If a strong, continuous meridional PV gradient is 

evident, ridge amplification and jet streak intensification will amplify the baroclinic 

Rossby wave train that both disperses eddy kinetic energy and initiates surface 

cyclogenesis downstream (Archambault et al. 2015). As such, the use of a PV perspective 

reveals distinctive circulation signatures associated with PV anomaly interactions. 

e. Previous extratropical transition climatologies 

 The ET of TCs occurs in almost every ocean basin that experiences TCs, with the 

number of ET events following a distribution similar to that of the total number of TC 

occurrences (Fig. 4) (Jones et al. 2003). Detailed climatologies of ET events have been 

completed for the west coast of Australia (Foley and Hanstrum 1994), the southwest 

Pacific (Sinclair 2002, 2004), the western North Pacific (Klein et al. 2000), the eastern 

North Pacific (Wood and Ritchie 2014), and the North Atlantic (Hart and Evans 2001). 

Jones et al. (2003) found that the largest number of ET events occurs in the western 

North Pacific basin, while the North Atlantic basin contains the largest percentage of TCs 

that undergo ET, with 45% during the 30-year period from 1970 to 1999. 
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 Relatively few TCs undergo ET in the southeast Indian Ocean. ET occurs most 

frequently when a large-amplitude cold front approaches from the southwest to within a 

distance of about 1,700 km of a TC (Foley and Hanstrum 1994), which is typical in the 

Southern Hemisphere. All ET events occurred from January through May, the latter part 

of the tropical season in the southeast Indian basin, which is attributed to the northward 

movement of the westerlies over a region of warm SSTs (Foley and Hanstrum 1994). 

 In the southwest Pacific, ET has a significant impact on Australia and New 

Zealand, being triggered by the approach of a midlatitude trough from the west (Sinclair 

2002). Sinclair (2002) showed that TCs in this basin begin to encounter the baroclinic 

westerlies near 20˚S, resulting in an increased eastward and poleward motion as well as 

an early onset of ET compared with their Northern Hemisphere counterparts. Nearly all 

TCs undergoing ET in this basin acquire characteristics of EXTCs by the time they reach 

25 - 30˚S (Sinclair 2004). 

 Klein et al. (2000) determined that 30 out of 112 TCs in the period from 1 June 

through 31 October 1994 – 1998 completed ET, according to the definitions set forth 

previously by Klein et al. (2000), nearly half of which occurred during the month of 

September. Of these 30 cases, 25 were recurving cyclones, while the remaining five 

translated poleward in a reverse-oriented monsoon trough (Klein et al. 2000). 

 Similar to other basins, ET in the eastern North Pacific typically occurs in 

conjunction with the approach of a midlatitude trough. However, the presence of a strong, 

deep subtropical ridge extending westward into the eastern North Pacific has a significant 

impact on the reduced frequency of ET compared with other basins, where only 55 of 631 

TCs (9%) during the 1971 – 2012 period completed ET (Wood and Ritchie 2014). The 
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process of ET in this basin appears to differ from that observed in the North Atlantic and 

western North Pacific, according to Wood and Ritchie (2014). The storms undergoing ET 

in the eastern North Pacific tend to retain their symmetry, but lose their warm core before 

becoming extratropical, likely due to the prevalence of cool SSTs to the west and north of 

the main development region. 

 In the North Atlantic basin, the monthly frequency of TCs that transition to 

EXTCs correlates well with that of TCs, with a peak from August through October (Fig. 

5a). Since 1950, 46% of TCs in the North Atlantic basin have transitioned to EXTCs 

(Hart and Evans 2001). Figure 5a suggests that ET becomes increasingly likely as the 

tropical season progresses. However, this does not account for the fact that many EXTCs 

do not impact land. Ignoring the month of May, (which had only two transitioning cases 

over 97 years) the percentage of landfalling storms decreases as the tropical season 

progresses. This is consistent with the shift in the main development region from the Gulf 

of Mexico and Caribbean early in the season to the open Atlantic late in the season (Hart 

and Evans 2001). Figure 5b suggests that even though the probability is lower later in the 

tropical season, if a storm does make landfall, it is much more likely to undergo ET. This 

can be attributed to the increase in the frequency of troughs and higher baroclinicity over 

land later in the tropical season (Hart and Evans 2001). 
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Figure 4. Monthly total number of tropical cyclones (open bars) during 1970–99 and the 

number of tropical cyclones that underwent extratropical transition (shaded bars) (Jones 

et al. 2003) 

 

 
Figure 5. (a) Frequency of TCs (light shade), EXTCs (dark shade) and percentage of TCs 

that transitioned (solid line). (b) Same as (a), but with TCs that made landfall north of 

25˚N (medium shade), percentage of TCs that made landfall north of 25˚N (short-dashed 

line) and percentage of TCs that made landfall north of 25˚N and transitioned (long-

dashed line) (Hart and Evans 2001) 
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f. Objectives 

 It is important to understand the interaction between landfalling TCs and 

midlatitude features and their subsequent impacts. The main focus of this study is to 

understand the synoptic-scale pattern during the ET of three recent TCs that impacted the 

Northeastern United States: Irene (2011), Sandy (2012), and Andrea (2013). The data and 

methodology is documented in chapter 2. A brief tropical history, examination of the 

synoptic-scale pattern utilizing the definition of ET by Hart (2003), and an analysis of the 

meteorological impacts is presented in chapters 3 – 5 for Irene, Sandy, and Andrea, 

respectively. Chapter 6 discusses the comparisons and differences among the cases as 

well as summarizes the significance of the results. 
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CHAPTER 2 

2. Data and methodology 

a. Overview of cases 

 Three recent TCs, Irene (2011), Sandy (2012), and Andrea (2013), which 

transitioned to EXTCs, were chosen for this study to highlight their uniqueness 

throughout the ET process. These TCs impacted the Northeast region of the United States 

in consecutive years, despite occurring during different seasons, taking varying tracks, 

and being of contrasting spatial scales and intensities. Irene developed in late August and 

tracked up the east coast of the United States, paralleling the coastline as a weakening 

hurricane (Fig. 6). The NHC marked Irene as an EXTC at 0000 UTC 29 August 2011 

while over the Vermont-New Hampshire state border (Avila and Cangialosi 2011). Sandy 

formed in late October and had an unusual track toward the Northeast. It paralleled the 

coastline of the southeastern United States before it turned northwestward toward the 

mid-Atlantic region (Fig. 7). The NHC marked Sandy as an EXTC before it made 

landfall over New Jersey at 2100 UTC 29 October 2012 (Blake et al. 2013). Andrea 

developed in early June over the Gulf of Mexico where it tracked over the Southeast (Fig. 

8). It was declared an EXTC by the NHC at 1800 UTC 7 June 2013 while over North 

Carolina before it tracked toward the Northeast and impacted southern areas of the region 

(Beven II 2013). While these three systems make up a small sample size to analyze, they 

highlight the large variability among scenarios in which ET can occur and subsequently 

impact the Northeast. 
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Figure 6. Best-track positions for Hurricane Irene from 21 – 28 August 2011 (NHC 

Tropical Cyclone Report) 

 

 
Figure 7. Best-track positions for Hurricane Sandy from 22 – 29 October 2012 (NHC 

Tropical Cyclone Report) 
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Figure 8. Best-track positions for Tropical Storm Andrea from 5 – 7 June 2013 (NHC 

Tropical Cyclone Report) 

 

b. Data sources 

 The revised Atlantic hurricane database (HURDAT2) from the Hurricane 

Research Division at the Atlantic Oceanographic and Meteorological Laboratory 

documents details of each TC. The database includes the date and time of each entry, 

which contains the TC status (TD, TS, HU, EX, etc.), latitude and longitude, maximum 

sustained wind (knots), and minimum sea level pressure (hectopascals) among other 

variables. These variables are documented in six-hour intervals at 0000, 0600, 1200, and 

1800 UTC with special entries added at other times as necessary. 

 The gridded data used for the synoptic-scale analysis was obtained from the 

National Oceanic and Atmospheric Administration (NOAA) National Operational Model 

Archive and Distribution System (NOMADS) site. The 1 x 1 National Centers for 

Environmental Prediction (NCEP) Global Forecast System (GFS) dataset was chosen 
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because it has sufficient resolution to analyze synoptic-scale features. The model analyses 

are available in six-hour intervals at 0000, 0600, 1200, and 1800 UTC. Analyses of the 

following variables are examined: mean sea level pressure, precipitable water, 1000 – 

500 hPa and 900 – 600 hPa thickness, 850 – 700 hPa and 300 – 200 hPa potential 

vorticity, 850 hPa frontogenesis, 700 hPa omega and relative humidity, 500 hPa vorticity, 

and 200 hPa winds. 

 Surface analyses were obtained from the National Weather Service (NWS) 

Weather Prediction Center and used to determine the location and magnitude of surface 

features. Infrared satellite imagery was obtained from the Cooperative Institute for 

Meteorological Satellite Studies at the University of Wisconsin – Madison’s TC data 

archive as well as the Mesoscale and Microscale Meteorology Laboratory at the 

University Corporation for Atmospheric Research, the latter from which radar mosaics 

were also obtained. The satellite images were used to analyze the symmetry of the TCs 

throughout their evolution while the radar mosaics showed areas of precipitation. Q-

vector maps were acquired from Heather Archambault’s GFS analysis archive (accessed 

at http://www.met.nps.edu/~hmarcham/) to aid in analyzing regions of quasi-geostrophic 

forcing for ascent. To analyze the societal impacts from each transitioning cyclone, storm 

reports were obtained from the National Centers for Environmental Information’s (NCEI) 

storm events database. These reports contain the type of impact, location, duration, 

intensity, damage to property and crops, deaths, injuries, and details of the event. 

c. Definition of ET 

 Evans and Hart (2003) states that the NHC definition of ET refers to a TC being 

in its tropical phase prior to the point of transition and its extratropical phase after it 

http://www.met.nps.edu/~hmarcham/
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becomes asymmetric in appearance based on its satellite signature. This definition 

suggests that ET occurs abruptly. However, ET is a gradual process that occurs over time. 

Therefore, for the purpose of this paper, ET is defined based on the guidelines set by 

Evans and Hart (2003) that objectively describes the onset and completion of ET. The 

onset of ET is marked by a lower-tropospheric thickness asymmetry of greater than 10 m 

between 900 and 600 hPa. ET is then completed once the vertical structure corresponds 

to a cold-core vortex, reflecting maximum winds aloft. The length of time for the period 

of transition varies significantly from case to case, but the mean length of time appears to 

be around 1.5 days (Fig. 9). When compared to the point of transition as determined by 

the NHC, the objective declaration of ET completion from Evans and Hart (2003) occurs 

slightly earlier than that of the NHC, with a difference of -8.3 h (Fig. 10). 

 
Figure 9. Frequency distribution of ET period length, the time elapsed after B = 10 m 

until −|𝑉𝑇
𝐿| < 0 for 34 of 61 transitioning systems from 1979 to 1993 (Evans and Hart 

2003) 
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Figure 10. Comparison of NHC best-track transition times with the timing of the −|𝑉𝑇

𝐿| 
diagnostic of transition completion for 38 transitioning cyclones between 1979 and 1993 

(Evans and Hart 2003) 

 

d. Methodology 

 The General Meteorological Package (GEMPAK, Koch et al. 1983) was primarily 

utilized to analyze upper-air and surface features. The GFS data files were downloaded in 

Gridded Information in Binary (GRIB) format and subsequently converted into GEM 

files that could be read into GEMPAK by using the NAGRIB function within GEMPAK. 

A nine-point smoothing function was applied to scalar quantities once plotted in 

GEMPAK to smooth out kinks in the variables. 

 In order to analyze the synoptic-scale evolution during the ET process, the CPS 

was utilized. The methodology of Hart et al. (2006) was modified. Three main phases of 

cyclone evolution were analyzed and include the tropical phase, transition period, and 
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post-tropical phase. Within these three phases, seven specific times are analyzed. The 

transition period includes the beginning (TB), middle (TM), and end (TE) of transition. The 

beginning of ET starts when the system becomes asymmetric (B > 10 m) and ends when 

the lower-tropospheric thermal wind indicates a cold-core (−|𝑉𝑇
𝐿| < 0) (Fig. 11). Both TB 

and TE correspond to the closest time of analysis on or after these individual times since 

the CPS is derived from model analyses (Hart et al. 2006). The tropical and post-tropical 

phases are comprised of four times: TB – 24 h and TB – 12 h that correspond to the 24- 

and 12-h periods prior to the onset of ET, respectively and TE + 12 h and TE + 24 h that 

represent the 12- and 24-h periods following the completion of ET, respectively. 

  The Environmental System Research Institute (ESRI) ArcMap 10.3 software was 

utilized to spatially analyze the storm reports for each transitioning cyclone. The 

Northeast region, which includes Pennsylvania, New Jersey, New York, Connecticut, 

Rhode Island, Massachusetts, Vermont, New Hampshire, and Maine, was divided into its 

respective NWS county warning areas (CWAs) (Fig. 12). The storm reports were 

analyzed on the spatial scale of CWAs as opposed to by state or county. Over the 

Northeast, CWAs are of a sufficient size to capture the variety among meteorological 

impacts in relation to their proximity to the system. Individual CWAs that reported 

extensive damage were analyzed in further detail for each transitioning cyclone. 

 Each synoptic-scale analysis was examined individually and not through 

composites since there are only three cases. In this study, composites would mask the 

case to case variability while not addressing the range in synoptic patterns between a TC 

and a midlatitude trough throughout the ET process. 
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Figure 11. Schematic of CPS representative of a completed ET evolution. A and Z 

represent the start and end of the cyclone life cycle resolvable within the dataset. TB and 

TE represent the beginning and end of the transition process. 

 
Figure 12. Tracks of Irene (blue), Sandy (purple) and Andrea (green) overlaid with 

CWAs 
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CHAPTER 3 

3. Atmospheric features and impacts associated with Irene 

a. Overview of tropical history 

 A comprehensive description of the evolution of Irene can be found in Avila and 

Cangialosi (2011). Briefly, Irene attained tropical storm strength shortly before 0000 

UTC 21 August. The TC tracked toward the west-northwest, while continuing to 

strengthen as it passed over Puerto Rico and the Bahamas. The storm reached its 

maximum intensity as a category 3 hurricane at 1200 UTC 24 August with a maximum 

sustained wind speed of 105 knots and a minimum central pressure of 957 hPa. As Irene 

moved closer toward the United States, it began to gradually weaken while turning to the 

north where it made its first of three U.S. landfalls along the east coast near Cape 

Lookout, NC at 1200 UTC 27 August as a category 1 hurricane. The TC then continued 

on a north-northeast track, making its second landfall near Atlantic City, NJ at 

approximately 0935 UTC 28 August. Shortly thereafter, the final landfall occurred over 

Brooklyn, NY around 1300 UTC 28 August. 

 Irene tracked inland over the Northeast before it was marked extratropical by the 

NHC at 0000 UTC 29 August, when the center of the system was located over the New 

Hampshire-Vermont border. The CPS diagram (Evans and Hart 2003) illustrating the 

lifecycle of Irene (Fig. 13) shows that transition began at approximately 1800 UTC 27 

August and ended 24-h later at 1800 UTC 28 August. This time of ET completion based 

on the CPS occurred six hours earlier than that declared by the NHC. 
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Figure 13. CPS diagram for Irene (CPS Image Archive accessed at 

http://moe.met.fsu.edu/cyclonephase/archive/2011/gifs/irene2011/irene2011.a.gfs.57.png) 

 

b. Synoptic overview 

 1) TROPICAL PHASE 

 The tropical phase of Irene includes the times at which Irene was a symmetric, 

warm-core system, as indicated by the CPS. The times presented in this section include 

the 24- and 12-h periods prior to the onset of ET, which occurred at 1800 UTC 26 August 

and 0600 UTC 27 August, respectively. 

 At 1800 UTC 26 August, Irene was situated off the southeastern coast of the 

United States as a category one hurricane (Fig. 14). At this time, Irene was a strong 

warm-core TC with a thickness maximum co-located with the cyclone center (Figs. 15a, 

b). Near saturation in the relative humidity field at 700 hPa located over the center of the 

system suggested symmetry (Fig. 15a). The infrared satellite signature of Irene confirmed 

the symmetric appearance of Irene at this time, with cold cloud top temperatures 

http://moe.met.fsu.edu/cyclonephase/archive/2011/gifs/irene2011/irene2011.a.gfs.57.png
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indicative of deep convection near the center of the system (Fig. 16). The approaching 

frontal system over the Midwest that ultimately interacted with Irene was visible at this 

time in the relative humidity field as an area of high saturation in excess of 70% and in 

the infrared satellite imagery in association with a line of relatively cold cloud top 

temperatures. In the upper levels, the overall flow regime showed a ridge over the 

Southwest along with a trough over south-central Canada (Fig. 17). The jet streak 

upstream of the trough axis is suggestive of a digging trough. A developing shortwave 

trough was also evident over the Ohio River Valley at this time. An area of upper-level 

PV in association with the shortwave trough remained distinct from the low-level PV 

associated with Irene (Fig. 18). This PV maxima separation confirms that at this time, the 

circulation of Irene remained unconnected from the overall flow. The 582-dam outer 

contour of its circulation and its subsequent mid-level cyclonic circulation indicated its 

disconnect from the midlatitude flow (Fig. 19). An abundant source of deep, tropical 

moisture was associated with Irene as the center of its circulation was co-located with 

precipitable water values in excess of 75 mm. While precipitation remained south of the 

Northeast at this time, southeasterly flow along the right side of Irene aided in 

propagating high values of precipitable water toward the Mid-Atlantic and Northeast 

(Fig. 20). 
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Figure 14. Surface analysis valid 1800 UTC 26 August 2011 (NWS Weather Prediction 

Center) 

 

 a)                                   b) 

  
Figure 15. (a) 900 – 600 hPa thickness (dam, purple dashed), 700 hPa relative humidity 

(%, filled) and mean sea level pressure (hPa, black solid) valid 1800 UTC 26 August 

2011; (b) 1000 – 500 hPa thickness (dam, filled), mean sea level pressure (hPa, black 

solid) valid 1800 UTC 26 August 2011 
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Figure 16. Infrared satellite imagery valid 1945 UTC 26 August 2011. Cool (warm) 

colors represent warm (cold) cloud top temperatures (CIMSS) 

 

 
Figure 17. 200 hPa heights (dam, black solid, every 12) and isotachs (m s-1, filled) valid 

1800 UTC 26 August 2011 
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Figure 18. Upper-level PV over 300 – 200 hPa layer (solid, starting at 1.5 PVU) and 

lower-level PV over 850 – 700 hPa layer (filled, starting at 0.8 PVU) valid 1800 UTC 26 

August 2011 

 

 
Figure 19. 500 hPa heights (dam, black solid, every 6) and absolute vorticity (10-5 s-1, 

filled) valid 1800 UTC 26 August 2011 
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Figure 20. Precipitable water (mm, filled), mean sea level pressure (hPa, black solid) and 

925 hPa winds (m s-1, blue barbs) valid 1800 UTC 26 August 2011 

 

 Six hours prior to the first landfall at 0600 UTC 27 August, Irene had propagated 

closer to the Carolina coastline, where it remained a moderate category one hurricane 

(Fig. 21). While the thickness field indicated Irene maintained its warm-core at this time 

with the thickness maximum located within the center of the storm (Figs. 22a, b), the 

infrared satellite imagery depicted slight shearing of Irene’s cloud shield (Fig. 23), 

although deep convection remained over the center of its circulation. This could be 

attributed to increasing vertical wind shear ahead of the approaching upper-level trough. 

As high pressure continued to dominate over the Southwest, the upper-level trough over 

south-central Canada shifted eastward (Fig. 24). The upper-level PV associated with the 

trough and lower-level PV associated with Irene continued to not be influenced by each 

other (Fig. 25). Very high values of precipitable water in excess of 55 mm associated 
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with Irene continued to propagate in the direction of the Northeast due to the 

southeasterly to southerly flow around the northeast quadrant of the system (Fig. 26). 

 
Figure 21. Same as Fig. 14, but valid for 0600 UTC 27 August 2011 

 

 a)                                    b) 

  
Figure 22. Same as Fig. 15, but valid for 0600 UTC 27 August 2011 
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Figure 23. Same as Fig. 16, but valid for 0745 UTC 27 August 2011 

 

 
Figure 24. Same as Fig. 17, but valid for 0600 UTC 27 August 2011 
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Figure 25. Same as Fig. 18, but valid for 0600 UTC 27 August 2011 

 

 
Figure 26. Same as Fig. 20, but valid for 0600 UTC 27 August 2011 
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 2) TRANSITION PERIOD 

 The transition period of Irene includes the times during which Irene transitioned 

from a symmetric, warm-core system to an asymmetric, cold-core system. Throughout 

this phase, Irene was in a hybrid stage where it was classified as an asymmetric, warm-

core cyclone, according to the CPS. The times presented in this section include the 

beginning, middle, and end of ET, which occurred at 1800 UTC 27 August, 0600 UTC 

28 August, and 1800 UTC 28 August, respectively.  

 Based on the CPS, Irene began to transition into an EXTC around 1800 UTC 27 

August. At this time, Irene was located over the Outer Banks of North Carolina as a low-

end category one hurricane (Fig. 27). The thickness maximum remained co-located with 

the center of Irene, suggesting that it had maintained its warm core (Figs. 28a, b). The 

maximum saturation contour in the relative humidity field began to elongate spatially 

(Fig. 28a), suggesting that Irene started to become asymmetric. The infrared satellite 

imagery at this point suggested an asymmetric appearance (Fig. 29) as the outer cloud 

shield of Irene interacted with the upper-level jet streak over northern New England (Fig. 

30), causing a poleward and eastward expansion of its cloud shield. The upper-level PV 

gradient associated with the shortwave trough over the lower Great Lakes strengthened as 

the low-level PV associated with Irene grew closer in proximity to it (Fig. 31). The 

upper-level jet in southern Quebec intensified in part due to the poleward advection of 

low PV air associated with the diabatic driven outflow of the TC. The circulation of Irene 

began to interact with the overall flow as the 582-dam outer contour of its circulation 

became embedded within the mid-level height field (Fig. 32). However, the wind field 

associated with the cyclonic circulation still remained distinct from the overall flow. At 
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this time, the outer rain bands in the precipitation field reached the southern extent of the 

Northeast and New England (Fig. 33). Precipitable water values of 50 to 60 mm just off 

the southern coast of the Northeast propagated toward the Mid-Atlantic and Northeast 

coastlines (Fig. 34). 

 
Figure 27. Same as Fig. 14, but valid for 1800 UTC 27 August 2011 

 

a)                                b)

  
Figure 28. Same as Fig. 15, but valid for 1800 UTC 27 August 2011 
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Figure 29. Same as Fig. 16, but valid for 1945 UTC 27 August 2011 

 

 
Figure 30. Same as Fig. 17, but valid for 1800 UTC 27 August 2011 
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Figure 31. Same as Fig. 18, but valid for 1800 UTC 27 August 2011 

 

 
Figure 32. Same as Fig. 19, but valid for 1800 UTC 27 August 2011 
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Figure 33. Radar mosaic valid for 1755 UTC 27 August 2011 (MMM UCAR image 

archive) 

 

 
Figure 34. Same as Fig. 20, but valid for 1800 UTC 27 August 2011 
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 The half-way point of the ET process occurred at 0600 UTC 28 August. At this 

time, the center of Irene’s circulation remained just to the south of the southern tip of 

New Jersey (Fig. 35). During the ET process, the CPS refers to systems in this phase as 

hybrid cyclones characterized as asymmetric warm-core systems. The infrared satellite 

imagery continued to illustrate the growing asymmetry of the system, with the formation 

of a comma-head shape (Fig. 36), which is typical of midlatitude systems. The near 

saturation contours in the relative humidity field continued to expand across the northeast 

quadrant of the storm (Fig. 37a). The transition from warm-core to cold-core became 

evident in the thickness field at this time. The maximum thickness contour was no longer 

co-located with the center of Irene (Figs. 37a, b), though the system remained broadly 

warm-core. The upper-level trough expanded south as it began to engulf the circulation of 

Irene into the large-scale flow (Fig. 38). As the trough expanded, the upper-level PV 

gradient intensified as the low-level PV elongated due to the growing nearness of the two 

maximums (Fig. 39). The jet streak along the PV gradient in southern Quebec intensified 

significantly with the maximum wind speed in the jet core in excess of 80 m s-1, which 

can be attributed to the poleward transport of the low PV air associated with Irene. 

 Precipitation had spread across the Northeast by this time with embedded bands 

of heavy rain scattered across the region (Fig. 40). The most favorable region for 

continued development of heavy precipitation appeared to be over Long Island and 

southern New England. In addition to the strengthening of warm low-level frontogenesis 

over Southern New England, a broad area of significant rising motion associated with ω 

< 0 (Fig. 41), which can partially be attributed to weak isentropic lift (Fig. 42) developed 

over the same area. Moderate Q-convergence (Fig. 43), associated with quasi-geostrophic 
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forcing for ascent also formed over the eastern half of the Northeast. These factors 

combined with high precipitable water (50 – 60 mm) over the southern portion of the 

Northeast (Fig. 44) supported heavy rainfall across the region. 

 

 
Figure 35. Same as Fig. 14, but valid for 0600 UTC 28 August 2011 

 



 

41 
 

 
Figure 36. Same as Fig. 16, but valid for 0745 UTC 28 August 2011 

 

a)                                  b) 

 
Figure 37. Same as Fig. 15, but valid for 0600 UTC 28 August 2011 
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Figure 38. Same as Fig. 17, but valid for 0600 UTC 28 August 2011 

 

 
Figure 39. Same as Fig. 18, but valid for 0600 UTC 28 August 2011 
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Figure 40. Same as Fig. 33, but valid for 0554 UTC 28 August 2011 

 

 
Figure 41. 850 hPa frontogenesis (10-4 C s-1, red solid) as well as 700 hPa omega (filled) 

and heights (dam, black solid) valid 1800 UTC 27 August 2011 
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Figure 42. Relative humidity (%, shaded), pressure levels (hPa, dark red solid) and wind 

barbs (pink) at 310 K theta surface valid 0600 UTC 28 August 2011  

 

 
Figure 43. 700 hPa heights (dam, solid blue), temperature (˚C, dashed red), Q-vector (Pa 

m-1 s-1, arrows) and term A of the Q-vector form of the quasi-geostrophic (QG) omega 

equation (10-12 Pa m-2 s-1) valid 0600 UTC 28 August 2011 (Heather Archambault’s GFS 

analysis archive accessed at http://www.met.nps.edu/~hmarcham/) 

http://www.met.nps.edu/~hmarcham/
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Figure 44. Same as Fig. 20, but valid for 0600 UTC 28 August 2011 

 

 Irene completed its transition to an EXTC within approximately 24-h, ending at 

1800 UTC 28 August, at which point the center of its circulation was located over the 

New York-Connecticut-Massachusetts border (Fig. 45). After completing ET, the system 

is characterized as asymmetric and cold-core, according the CPS. It is clear at this time 

from the infrared satellite imagery (Fig. 46) as well as the relative humidity field (Fig. 

47a) that Irene was exhibiting asymmetric cloud characteristics. This growing asymmetry 

can be attributed to the increasing thermal gradient near Irene. The circulation of Irene 

became embedded within the thickness field as the thickness contours had taken on a 

broad “S”-shape (Figs. 47a, b), which is typically associated with midlatitude 

cyclogenesis (Atallah and Bosart 2003). This “S”-shape was apparent in the low-level 

thickness field as well, confirming that the low-level circulation was no longer warm-

core. The upper-level trough over the eastern United States had also taken on a negative 
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tilt as the system became engulfed in the upper-level flow (Fig. 48), suggesting that the 

system was now baroclinic in nature. The baroclinic structure can be inferred through the 

near superposition of the upper- and lower-level PV maximums over the Northeast (Fig. 

49). The low-level PV expanded greatly in size in the direction of the prevailing wind 

shear as it was transported poleward, subsequently amplifying the downstream ridge. The 

mid-level circulation of Irene was fully embedded in the upper-level flow at this time, as 

the vorticity associated with it began to spread away from its center (Fig. 50). 

 Drier air had moved in over southern New England and as a result, precipitation 

was restricted to northern and western parts of the Northeast (Fig. 51). This area where 

precipitation was already occurring was the most favorable region for continued 

development of precipitation. Warm low-level frontogenesis intensified significantly 

(Fig. 52) within the prior 12-h period due to the increasing thermal gradient and 

significant warm air advection along the eastern half of the circulation over an area of 

rising motion associated with ω < 0 as well as quasi-geostrophic forcing for ascent 

associated with strong Q-convergence (Fig. 53). Weak isentropic lift, primarily over 

northern New Hampshire and Maine was also evident (Fig. 54). These factors combined 

with high precipitable water (50 – 60 mm) over northern New England (Fig. 55) 

continued to support a favorable environment for heavy rainfall across the region. 
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Figure 45. Same as Fig. 14, but valid for 1800 UTC 28 August 2011 

 

 
Figure 46. Same as Fig. 16, but valid for 1945 UTC 28 August 2011 
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a)                                 b) 

 
Figure 47. Same as Fig. 15, but valid for 1800 UTC 28 August 2011 

 

 
Figure 48. Same as Fig. 17, but valid for 1800 UTC 28 August 2011 
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Figure 49. Same as Fig. 18, but valid for 1800 UTC 28 August 2011 

 

 
Figure 50. Same as Fig. 19, but valid for 1800 UTC 28 August 2011 
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Figure 51. Same as Fig. 33, but valid for 1752 UTC 28 August 2011 

 

 
Figure 52. Same as Fig. 35, but valid for 1800 UTC 28 August 2011 

 



 

51 
 

 
Figure 53. Same as Fig. 43, but valid for 1800 UTC 28 August 2011 

 

 
Figure 54. Same as Fig. 42, but valid for 1800 UTC 28 August 2011 
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Figure 55. Same as Fig. 20, but valid for 1800 UTC 28 August 2011 

 

 3) POST-TROPICAL PHASE 

 The post-tropical phase of Irene includes the times during which Irene was an 

asymmetric, cold-core system, as indicated by the CPS. The times presented in this 

section include the 12- and 24-h periods following the completion of ET, which occurred 

at 0600 UTC 29 August and 1800 UTC 29 August, respectively. 

 At 0600 UTC 29 August, the center of circulation was located over northern 

Maine (Fig. 56). The EXTC at this time was mature and occluding, confirming that it was 

now an asymmetric, cold-core system. As the system exited the Northeast, dry air from 

subsidence behind the frontal system led to an unfavorable area for precipitation to occur 

(Fig. 57). The EXTC was completely embedded within the thickness field, as the 

circulation spanned across a large range of thickness contours (Figs. 58a, b). The 

incorporation of Irene into the midlatitude flow led to a highly amplified flow pattern 
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with a ridge-trough-ridge over the United States and North Atlantic (Fig. 59). The 

downstream Rossby wave train was amplified in part due to the ridge amplification and 

jet streak intensification along the meridional PV gradient (Fig. 60). The superposition of 

the upper- and lower-level PV maximums over the Northeast led to the further expansion 

and weakening of the low-level PV. The vorticity associated with the EXTC weakened 

significantly from a maximum of 32 to 24 x 10-5 s-1, while also continuing to spread away 

from the center of its circulation (Fig. 61). 

 
Figure 56. Same as Fig. 14, but valid for 0600 UTC 29 August 2011 
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Figure 57. Same as Fig. 16, but valid for 0745 UTC 29 August 2011 

 

a)                                    b) 

 
Figure 58. Same as Fig. 15, but valid for 0600 UTC 29 August 2011 
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Figure 59. Same as Fig. 17, but valid for 0600 UTC 29 August 2011 

 

 

 
Figure 60. Same as Fig. 18, but valid for 0600 UTC 29 August 2011 
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Figure 61. Same as Fig. 19, but valid for 0600 UTC 29 August 2011 

 

 

 Twenty-four hours following the completion of ET at 1800 UTC 29 August, the 

EXTC had exited the region and was no longer influencing the weather over the 

Northeast. This area was now encompassed by dry air associated with high pressure 

building into the western extent of the Northeast behind the departing frontal system (Fig. 

62). The frontal system had moved quickly out of the region due to the strong jet streak 

that the circulation of Irene was embedded within (Fig. 63).  
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Figure 62. Same as Fig. 14, but valid for 1800 UTC 29 August 2011 

 

 
Figure 63. Same as Fig. 17, but valid for 1800 UTC 29 August 2011 
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c. Meteorological impacts 

 Throughout the period from 1500 UTC 27 August to 1500 UTC 29 August, 591 

storm reports were recorded throughout the Northeast (Fig. 64). The primary societal 

impacts were the result of heavy rainfall and strong winds, with a large portion of the 

reports attributed to floods (196), tropical storm force winds (166) and flash floods (143). 

According to the storm reports, $2.4 billion in property damage and $1.4 billion in 

agricultural damage were reported. There were 27 deaths and 4 injuries directly credited 

to the effects of Irene. 

 Storm reports came from almost all CWAs, except for Pittsburgh and Cleveland 

in western Pennsylvania. Flooding or flash flooding occurred in all but one CWA (Fig. 

65). Intense winds were reported in each CWA, with tropical storm force winds having 

occurred in CWAs where the track of Irene passed over and high or strong winds 

occurred in CWAs that were further inland. Storm surge also occurred in coastal areas 

within the Philadelphia, New York, and Boston CWAs. Additionally, there were three 

tornado reports, two that occurred in the New York CWA and one that occurred in the 

Philadelphia CWA. 

 The Burlington CWA reported the most damage, despite only accounting for 6% 

of all storm reports in the region. This CWA reported $1.4 billion in property damage and 

$26.9 million in agricultural damage, which accounted for 58% of the total property 

damage, but only 0.02% of the total agricultural damage. A majority of the property 

damage was attributed to floods while $2.8 million in agricultural damage was due to 

high winds. Within the Burlington CWA, each county in Vermont in addition to Clinton 

and Essex counties in New York reported damage due to flooding and/or strong winds 
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(Fig. 66). Since many areas within this CWA are rural, some towns were virtually cut off 

due to floods along with extensive power outages due to high winds. 

 
Figure 64. Frequency of storm reports across the Northeast during Irene 

 
Figure 65. Pie charts show ratio of storm reports per CWA. Blue shading in outline of 

CWA represents amount of property damage recorded. Blue line represents track of 

Irene. 
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Figure 66. Same as Fig. 64, but for the Burlington CWA 
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CHAPTER 4 

4. Atmospheric features and impacts associated with Sandy 

a. Overview of tropical history 

 A complete description of the evolution of Sandy can be found in Blake et al. 

(2013) and Galarneau et al. (2013). Briefly, Sandy became a tropical storm in the 

southwestern Caribbean Sea at 1800 UTC 22 October, six hours after its genesis. It 

attained hurricane intensity at 1200 UTC 24 October, before passing over Jamaica, and 

became a major hurricane prior to making its second landfall in Cuba around 0525 UTC 

25 October. A shortwave ridge over the western Atlantic combined with a negatively 

tilted trough caused a weakening Sandy to slow and turn toward the northwest. Despite 

weakening to below hurricane strength by 0000 UTC 27 August, the size of Sandy 

greatly increased as it turned toward the northeast. Sandy re-intensified early on 29 

October, reaching a secondary peak intensity of 85 knots. The trough over the 

southeastern United States helped accelerate Sandy to the northwest toward the Mid-

Atlantic coastline later on 29 October. 

 Sandy was declared extratropical by 2100 UTC 29 October, with the center of 

circulation approximately 45 miles southeast of Atlantic City, New Jersey. The system 

made landfall just to the northeast of Atlantic City around 2330 UTC with an estimated 

intensity of 70 knots and a minimum pressure of 945 mb. The cyclone then turned toward 

the west-northwest and slowed, gradually weakening over the next few days. The CPS, 

(Evans and Hart 2003) illustrating the lifecycle of Sandy (Fig. 67), shows that its 

transition began at approximately 1200 UTC 26 October and ended four days later at 
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1200 UTC 30 October. This time of completion occurred 15 h later than that declared by 

the NHC. 

 

Figure 67. CPS diagram for Sandy (Image: CPS Image Archive accessed at 

http://moe.met.fsu.edu/cyclonephase/archive/2012/gifs/sandy2012/sandy2012.a.gfs.37.png) 

 

b. Synoptic overview 

 1) TROPICAL PHASE 

 The tropical phase of Sandy includes the times at which Sandy was a symmetric 

warm-core system, as indicated by the CPS. The times presented in this section include 

the 24- and 12-h periods prior to the onset of ET, which occurred at 1200 UTC 25 

October and 0000 UTC 26 October, respectively. 

 At 1200 UTC 25 October, Sandy was located between Cuba and the Bahamas, 

while a strong frontal system was draped across the central Plains (Fig. 68). The center of 

Sandy was co-located with the thickness maximum, indicating that it was warm-core at 

this time (Figs. 69a, b). The frontal system over the central United States was already 

embedded within a tight thickness gradient. The relative humidity field at 700 hPa 

http://moe.met.fsu.edu/cyclonephase/archive/2012/gifs/sandy2012/sandy2012.a.gfs.37.png
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indicates that the moisture field associated with Sandy was in a nearly symmetric state 

(Fig. 69a), though there were some indications that it was beginning to lose its symmetry. 

The developing asymmetric characteristics were seen in the infrared satellite imagery as 

the outer cloud shield of Sandy was beginning to shear away from the center of 

circulation (Fig. 70). However, very cold cloud top temperatures near the center of Sandy 

indicated deep convection. The disruption in its symmetry could have been due to its 

recent landfall over Cuba as well as its proximity to a shortwave trough over the Gulf of 

Mexico, which could inflict vertical wind shear onto its circulation (Fig. 71). A weak 

meridional PV gradient existed in association with the shortwave trough, but remained 

distinct from the low-level PV maximum associated with Sandy (Fig. 72). At this time, 

the circulation of Sandy remained displaced from the overall midlatitude flow (Fig. 73). 

Deep tropical moisture was associated with Sandy at this time with precipitable water 

values in excess of 60 mm in the center of its circulations while the frontal system over 

the Midwest was connected to precipitable water values of 30 – 40 mm (Fig. 74).  
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Figure 68. Surface analysis valid 1200 UTC 25 October 2012 (NWS Weather Prediction 

Center) 

 

a)                 b) 

 
Figure 69. (a) 900 – 600 hPa thickness (dam, purple dashed), 700 hPa relative humidity 

(%, filled) and mean sea level pressure (hPa, black solid) valid 1200 UTC 25 October 

2012; (b) 1000 – 500 hPa thickness (dam, filled), mean sea level pressure (hPa, black 

solid) valid 1200 UTC 25 October 2012 
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Figure 70. Infrared satellite imagery valid 1345 UTC 25 October 2012. Cool (warm) 

colors represent cold (warm) cloud top temperatures (CIMSS) 

 

 
Figure 71. 200 hPa heights (dam, black solid, every 12) and isotachs (m s-1, filled) valid 

1200 UTC 25 October 2012 

 



 

66 
 

 
Figure 72. Upper-level PV over 300 – 200 hPa layer (solid, starting at 1.5 PVU) and 

lower-level PV over 850 – 700 hPa layer (filled, starting at 0.8 PVU) valid 1200 UTC 25 

October 2012 

 

 
Figure 73. 500 hPa heights (dam, black solid, every 6) and absolute vorticity (10-5 s-1, 

filled) valid 1200 UTC 25 October 2012 
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Figure 74. Precipitable water (mm, filled), mean sea level pressure (hPa, black solid) and 

925 hPa winds (m s-1, blue barbs) valid 1200 UTC 25 October 2012 

 

 Twelve hours prior to the onset of transition, Sandy had moved slightly farther 

north and was now located over the Bahamas (Fig. 75). The frontal system over the 

center of the United States propagated farther east while slightly strengthening to a sub-

1000 hPa closed low. The thickness maximum remained co-located within the center of 

Sandy (Figs. 76a, b), indicating it retained its warm core. The cyclone maintained some 

symmetry, though the relative humidity field suggested a more asymmetric appearance 

beginning to develop as the high saturation contours expanded spatially (Fig. 76a). The 

continuing asymmetry of Sandy is further confirmed in the infrared satellite imagery. 

While the center of its circulation was characterized by a broad area of deep convection, 

vertical wind shear caused asymmetries in the outer cloud shield as it was sheared 

poleward (Fig. 77). The upper-level flow over the eastern two-thirds of the United States 
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was highly amplified with a trough over the upper Plains and a ridge over the Northeast 

(Fig. 78). The shortwave trough over the eastern Gulf of Mexico remained rather 

stationary from the previous time period. The deep-layer steer flow associated with the 

close proximity of the trough to Sandy aided in accelerating the motion of Sandy toward 

the north-northeast. The near juxtaposition of the upper-level PV in the shortwave trough 

with the low-level PV maximum transported the low PV air poleward, intensifying the 

downstream jet streak further in addition to the diabatic driven outflow of Sandy (Fig. 

79). The overall precipitable water values within the circulation of Sandy decreased 

slightly, though very high values in excess of 50 mm remained within the broader 

circulation of the cyclone (Fig. 80). The line of moderate precipitable water values along 

the frontal system in the Mid-West persisted as well. 

 
Figure 75. Same as Fig. 68, but valid for 0000 UTC 26 October 2012 
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a)                b) 

 
Figure 76. Same as Fig. 69, but valid for 0000 UTC 26 October 2012 

 

 
Figure 77. Same as Fig. 70, but valid for 0145 UTC 26 October 2012 
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Figure 78. Same as Fig. 71, but valid for 0000 UTC 26 October 2012 

 

 
Figure 79. Same as Fig. 72, but valid for 0000 UTC 26 October 2012 
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Figure 80. Same as Fig. 74, but valid for 0000 UTC 26 October 2012 

 

 2) TRANSITION PERIOD 

 The transition period of Sandy includes the times during which Sandy transitioned 

from a symmetric warm-core system to an asymmetric cold-core system. During this 

phase, Sandy was in a hybrid stage, where it was an asymmetric warm-core cyclone, 

according to the CPS. Warm-secluded cyclones, which Sandy was classified as 

(Galarneau et al. 2013), are also characterized as asymmetric warm-core cyclones. This 

stage took an unusually long amount of time to complete, totaling 96-h. The times 

presented in this section include the beginning, middle, and end of ET, which occurred at 

1200 UTC 26 October, 1200 UTC 28 October, and 1200 UTC 30 October, respectively.  

 According to the CPS, Sandy began to transition into an EXTC at approximately 

1200 UTC 26 October. Over the previous 12-h, the center of circulation of Sandy had 

only moved very slightly to the north (Fig. 81). The center of low pressure associated 

with the approaching frontal system was located over Hudson Bay while its cold front 

extended southward along the western side of the Appalachians toward the southern 
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extent of the United States. Sandy continued to remain warm-core at this time as the 

center of its circulation was co-located with the thickness maximum (Figs. 82a, b). The 

asymmetry of the system was most apparent at this time. The comma-head shape of high 

moisture contours in the relative humidity field is characteristic of asymmetry (Fig. 82a). 

The developing asymmetric cloud characteristic were further seen in the infrared satellite 

imagery, which showed the cloud field wrapping around the system and no longer 

concentrated within the center of Sandy’s circulation (Fig. 83). The upper-level flow 

continued to have an important role on the track of Sandy. Aside from the overall 

amplified flow over the United States and western North Atlantic, the shortwave trough 

over the eastern Gulf of Mexico remained stationary from the previous time (Fig. 84). 

The main upper-level trough over the central United States was associated with a strong 

thickness gradient, which will cause a significant thermal advection over the circulation 

of Sandy as the two features interact. The growing proximity between the weak 

meridional PV gradient and the low-level PV maximum caused the low-level PV to 

elongate in the direction of the prevailing wind shear (Fig. 85). The broad circulation of 

Sandy began to interact with the overall flow as the 582-dam outer contour of its 

circulation became a part of the height field (Fig. 86). However, the cyclonic circulation 

associated with the TC remained distinct from the mid-level flow. The highest values of 

precipitable water, in excess of 55 mm, remained over the northeast quadrant of the 

circulation of Sandy (Fig. 87). Significant warm frontogenetic intensification occurred 

within the northeast quadrant of the system, co-located with a broad area of rising motion 

associated with ω < 0 (Fig. 88). This intensification of warm frontogenesis is indicative 

of a developing warm front. 
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Figure 81. Same as Fig. 68, but valid for 1200 UTC 26 October 2012 

 

a)                b) 

 
Figure 82. Same as Fig. 69, but valid for 1200 UTC 26 October 2012 
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Figure 83. Same as Fig. 70, but valid for 1345 UTC 26 October 2012 

 

 
Figure 84. Same as Fig. 71, but valid for 1200 UTC 26 October 2012 
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Figure 85. Same as Fig. 72, but valid for 1200 UTC 26 October 2012 

 

 
Figure 86. Same as Fig. 72, but valid for 1200 UTC 26 October 2012 
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Figure 87. Same as Fig. 74, but valid for 1200 UTC 26 October 2012 

 

 
Figure 88. 850 hPa frontogenesis (10-4 C s-1, red solid) as well as 700 hPa omega (filled) 

and heights (dam, black solid) valid 1200 UTC 26 October 2012 
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 The mid-way point of the ET process occurred at 1200 UTC 28 October, 48-h 

after the onset of ET. Sandy had progressed toward the north-northeast and was located 

to the east of the North Carolina coastline (Fig. 89). It was at this time that structural 

changes in Sandy were noted in the surface analysis, with a warm front northeast of its 

center, though there was evidence of a warm front 48-h prior to the mid-way point of ET 

in the frontogenesis field. The appearance of Sandy in the infrared satellite imagery was 

distinctive as it reflected asymmetric qualities away from the center of the circulation and 

symmetric qualities near the center. The extensive cloud shield expanded poleward, 

suggesting an asymmetric appearance (Fig. 90). The relative humidity field displayed a 

more symmetric appearance than that found in the satellite imagery, with the highest 

moisture contours found within the circulation of Sandy (Fig. 91a). The warm core of 

Sandy remained intact with the thickness maximum embedded within the center of its 

circulation (Figs. 91a, b). However, due to the growing size of Sandy, spatially, and the 

proximity of it to the upper-level trough, which was becoming negatively tilted (Fig. 92), 

it became embedded within the tight thickness gradient along and to the west of the 

Appalachians. The poleward expansion of the cloud shield aligned with the prevailing 

flow along the downstream side of the upper-level trough. The upper-level PV associated 

with the southward expanding trough had nearly become superimposed over the low-

level PV of Sandy (Fig. 93). The upper-level diabatically driven low PV intensified the 

PV gradient, amplifying the downstream ridge and intensifying the jet streak downstream 

of the trough axis, whose jet core intensified to 70 m s-1.  

 Precipitation occurred across portions of extreme western Pennsylvania and New 

York (Fig. 94). This was a favorable area for precipitation due to the location of it under 
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the equatorward entrance region of the jet streak, where strong surface convergence led to 

upward vertical motion. Warm air advection over New Jersey contributed to the 

development of warm frontogenesis along the Mid-Atlantic coastline, which was co-

located with an area of rising motion associated with ω < 0 (Fig. 95). Precipitation 

associated with Sandy had reached portions of New Jersey and eastern Pennsylvania as 

well, though moderate Q-convergence was the primary synoptic scale forcing for vertical 

motion in this region (Fig. 96). While there was no propagation of tropical moisture into 

the Northeast, the precipitable water field indicated a symmetric moisture field associated 

with Sandy, with the highest values in excess of 65 mm embedded within the center of its 

circulation (Fig. 97). 

 
Figure 89. Same as Fig. 68, but valid for 1200 UTC 28 October 2012 
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Figure 90. Same as Fig. 70, but valid for 1200 UTC 28 October 2012 

 

a)                 b)  

 
Figure 91. Same as Fig. 69, but valid for 1200 UTC 28 October 2012 
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Figure 92. Same as Fig. 71, but valid for 1200 UTC 28 October 2012 

 

 
Figure 93. Same as Fig. 72, but valid for 1200 UTC 28 October 2012 
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Figure 94. Radar mosaic valid for 1157 UTC 28 October 2012 (MMM UCAR image 

archive) 

 

 
Figure 95. Same as Fig. 88, but valid for 1200 UTC 28 October 2012 
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Figure 96. 700 hPa heights (dam, solid blue), temperature (˚C, dashed red), Q-vector (Pa 

m-1 s-1, arrows) and term A of the Q-vector form of the quasi-geostrophic (QG) omega 

equation (10-12 Pa m-2 s-1) valid 1200 UTC 28 October 2012 (Heather Archambault’s 

GFS analysis archive accessed at http://www.met.nps.edu/~hmarcham/) 

 

 
Figure 97. Same as Fig. 74, but valid for 1200 UTC 28 October 2012 

http://www.met.nps.edu/~hmarcham/
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 Shortly prior to the completion of ET and just following its landfall in southern 

New Jersey, a warm seclusion was evident in the thickness field of Sandy. At 0000 UTC 

30 October, the center of Sandy was co-located with the 564-dam thickness maximum 

(Fig. 98). Due to the immense spatial size of Sandy, higher thickness values were 

wrapped along the eastern half of its circulation, while lower thickness values were 

wrapped around the western half. Galarneau et al. (2013) found that cold continental air 

cyclonically encircled Sandy’s warm core, producing a structure similar to the 

extratropical warm seclusion originally described in Shapiro and Keyser (1990).  

 
Figure 98. 1000 – 500 hPa thickness (dam, filled) and mean sea level pressure (hPa, 

black solid) valid 0000 UTC 30 October 2012 

  

 Sandy completed ET at 1200 UTC 30 October, 96-h after the process started and 

approximately 12-h after making landfall. The vast size of this system covered nearly all 

of the United States east of the Mississippi River. The center of the cyclone was located 
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over southern Pennsylvania (Fig. 99). The infrared satellite signature shows the extensive 

asymmetric cloud shield associated with the circulation (Fig. 100). The circulation of the 

cyclone became fully embedded within the thickness field (Figs. 101a, b) and 

subsequently engulfed within the upper-level flow (Fig. 102), signifying that the system 

was now baroclinic in nature. This baroclinicity was further confirmed through the 

wraparound of the upper-level PV with the expansion of the low-level PV maximum 

(Fig. 103). The diabatically enhanced upper-level outflow associated with Sandy 

reinforced the negative tilt and cyclonic wave break of the upper-level trough through 

negative PV advection by the divergent wind on the forward flank of the trough 

(Galarneau et al. 2013). The vorticity concentrated within the center of Sandy began to 

spread out while also merging with a separate area of vorticity upstream from the trough 

axis (Fig. 104).  

 At this time, precipitation circulated around the center of the cyclone, with 

scattered rain bands across much of the Northeast, outside of Pennsylvania and New 

Jersey where it was more stratiform in structure (Fig. 105). Although this region was 

characterized by weak Q-convergence (Fig. 106) and midtropospheric instability, the lack 

of more stratiform precipitation could be attributed to the depleted source of tropical 

moisture as precipitable water values were below 30 mm over the Northeast (Fig. 107). 
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Figure 99. Same as Fig. 68, but valid for 1200 UTC 30 October 2012 

 

 
Figure 100. Same as Fig. 70, but valid for 1345 UTC 30 October 2012 
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a)                                                                     b) 

 
Figure 101. Same as Fig. 69, but valid for 1200 UTC 30 October 2012 
 

 
Figure 102. Same as Fig. 71, but valid for 1200 UTC 30 October 2012 
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Figure 103. Same as Fig. 72, but valid for 1200 UTC 30 October 2012 

 

 
Figure 104. Same as Fig. 73, but valid for 1200 UTC 30 October 2012 
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Figure 105. Same as Fig. 94, but valid for 1157 UTC 30 October 2012 

 

 
Figure 106. Same as Fig. 96, but valid for 1200 UTC 30 October 2012 
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Figure 107. Same as Fig. 74, but valid for 1200 UTC 30 October 2012 

 

 3) POST-TROPICAL PHASE 

 The post-tropical phase of Sandy includes the times at which Sandy was classified 

as an asymmetric cold-core system, as indicated by the CPS. The milestones presented in 

this section include the 12- and 24-h periods following the completion of ET, which 

occurred at 0000 UTC 31 October and 1200 UTC 31 October, respectively. 

 At 0000 UTC 31 October, the center of the circulation moved slightly toward the 

northwest, where it was located over Lake Erie (Fig. 108). The infrared satellite imagery 

illustrated the asymmetric and occluded nature of the system, with the cloud shield 

rotating around its center (Fig. 109). The EXTC exhibited a cold core, with the 318-dam 

low-level thickness maximum partially co-located within the center of the circulation 

(Fig. 110a). The integration of Sandy into the upper-level flow led to an immense 

negatively-tilted trough over the eastern two-thirds of the United States with a cut-off 
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over Pennsylvania as well as a significant ridge over the North Atlantic (Fig. 111). The 

upper-level PV continued to wrap around the expanding and weakening lower-level PV 

(Fig. 112). This transport of low PV air enhanced the amplified downstream response. 

 
Figure 108. Same as Fig. 68, but valid for 0000 UTC 31 October 2012 

 

 
Figure 109. Same as Fig. 70, but valid for 0145 UTC 31 October 2012 
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a)                                                                    b) 

 
Figure 110. Same as Fig. 69, but valid for 0000 UTC 31 October 2012 

 

 
Figure 111. Same as Fig. 71, but valid for 0000 UTC 31 October 2012 
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Figure 112. Same as Fig. 72, but valid for 1200 UTC 30 October 2012 

 

 

 Twenty-four hours after ET was completed, at 1200 UTC 31 October, the cyclone 

remained rather stationary from its previous position over Lake Erie. At this time, the 

remnants of the cyclone merged with a preexisting frontal system located to the north of 

the cyclone (Fig. 113). The upper-level cut-off diminished, though the flow remained 

amplified with the negatively-tilted trough over the eastern United States and the ridge 

over the North Atlantic remaining (Fig. 114). 



 

93 
 

 
Figure 113. Same as Fig. 68, but valid for 1200 UTC 31 October 2012 

 

 
Figure 114. Same as Fig. 71, but valid for 1200 UTC 31 October 2012 
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c. Meteorological impacts 

 Throughout the period from 1700 UTC 28 October to 0400 UTC 31 October, 384 

storm reports were recorded across the Northeast (Fig. 115). The main societal impact 

throughout the Northeast was the result of high winds, which accounted for over 56% of 

the total storm reports with 216. Cyclones that deepen during the warm seclusion phase 

have been known to produce damaging low-level winds (Galarneau et al. 2013). 

According to these accounts, $25.04 billion in property damage was reported. There were 

74 deaths and 12 injuries directly attributed to the effects of Sandy. 

 Storm reports came from each CWA throughout the Northeast, despite the track 

of Sandy being along the southern extent of the region. While the meteorological impacts 

varied greatly among CWAs, high or strong winds were noted within all of them (Fig. 

116). Due to the interaction of Sandy with a strong frontal system and cold air on the 

backside of the front, heavy snow was reported in the southwestern corner of 

Pennsylvania, with one report in the Pittsburgh and State College CWAs, respectively. 

Strong onshore flow resulted in high surf reports along the New Jersey shoreline. After 

high winds, coastal flooding was the second most frequent impact reported, occurring in 

the Philadelphia, New York, Boston, and Gray CWAs. Devastating storm surge across 

the Northeast coastline from New Jersey to Rhode Island was driven by the strong 

pressure gradient on the north side of Sandy and the long fetch of near-surface easterly 

flow extended across the entire North Atlantic basin (Galarneau et al. 2013). 

 The Philadelphia CWA reported the most damage among CWAs in the Northeast, 

with 18% of all reports. This CWA accounted for $24.98 billion of the total property 

damage reported in the Northeast. Of this, $20.98 billion was the result of severe coastal 
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flooding. The coastal counties of Ocean and Monmouth accounted for the most damage 

within the CWA (Fig. 117). The New York CWA reported the most deaths directly 

attributed to the effects of Sandy. While there were 74 across the Northeast, 61 occurred 

within the New York CWA, 39 of which were attributed to the effects of coastal 

flooding. 

 
Figure 115. Frequency of storm reports across the Northeast during Sandy 

 
Figure 116. Pie charts show ratio of storm reports per CWA. Blue shading in outline of 

CWA represents amount of property damage recorded. Purple line represents track of 

Sandy. 
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Figure 117. Same as Fig. 116, but for the Philadelphia CWA 
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CHAPTER 5 

5. Atmospheric features and impacts associated with Andrea 

a. Overview of tropical history 

 A complete description of the evolution of Andrea can be found in Beven II 

(2013). Briefly, Andrea became a tropical storm near 1800 UTC 5 June 2013 about 270 

miles southwest of St. Petersburg, Florida. The TC accelerated toward the northeast early 

on 6 June as it became embedded in southwesterly flow between an upper-level trough 

over the Gulf of Mexico and a subtropical ridge to its east. Andrea reached its peak 

intensity of 55 knots by 1200 UTC 6 June, only attaining tropical storm strength during 

its lifecycle. By 2200 UTC 6 June, the center of Andrea made landfall along the 

northwestern coast of the Florida Peninsula before accelerating toward the northeast 

across the Southeast. As Andrea moved over South Carolina, it began to merge with a 

baroclinic zone, which caused it to become extratropical at 1800 UTC 7 June. The storm 

then moved rapidly across eastern North Carolina, over the Atlantic near the New Jersey 

coast and across eastern Long Island to eastern Massachusetts by 1100 UTC 8 June. The 

CPS (Evans and Hart 2003), illustrating the lifecycle of Andrea (Fig. 118), shows that its 

transition began at approximately 1800 UTC 6 June and ended 30-h later at 0000 UTC 8 

June. This time of completion occurred 6-h later than that declared by the NHC. 
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Figure 118. CPS diagram for Andrea (CPS Image Archive accessed at 

http://moe.met.fsu.edu/cyclonephase/archive/2013/gifs/andrea2013/andrea2013.a.gfs.17.

png) 

 

b. Synoptic overview 

 1) TROPICAL PHASE 

 The tropical phase of Andrea includes the times at which Andrea was a symmetric 

warm-core system, as indicated by the CPS. The times presented in this section include 

the 24 and 12 hour periods prior to the onset of ET, which occurred at 1800 UTC 5 June 

and 0600 UTC 6 June, respectively. 

 At 1800 UTC 5 June, a low-pressure system associated with the development of 

Andrea was located over the east-central Gulf of Mexico (Fig. 119). Concurrently, a 

stationary front existed across the southeastern United States while an occluded frontal 

system was draped across the central Plains. The relatively weak center of low pressure 

was not co-located within a low-level thickness maximum and instead broadly remained 

http://moe.met.fsu.edu/cyclonephase/archive/2013/gifs/andrea2013/andrea2013.a.gfs.17.png
http://moe.met.fsu.edu/cyclonephase/archive/2013/gifs/andrea2013/andrea2013.a.gfs.17.png
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within the maximum thickness contour (Figs. 120a, b). High moisture was contained 

along the eastern side of low-pressure circulation, which is further confirmed in the 

infrared satellite imagery where the deepest convection was displaced to the right of the 

circulation (Fig. 121). Andrea formed around this time on the eastern flank of this low-

pressure system, where the strongest convection existed. The overall upper-level pattern 

showed a trough over the central Plains and a shortwave trough over the Gulf Coast states 

(Fig. 122). Both the upper- and lower-level PV maxima in association with the shortwave 

trough and Andrea, respectively, were weakly defined at this point (Fig. 123). The 

circulation associated with Andrea, resolvable in the 500-hPa wind field, remained 

displaced from the overall flow pattern (Fig. 124).  In addition, the highest precipitable 

water values remained dislocated from the center of low pressure to the right side of the 

circulation (Fig. 125), co-located with the deep convection. 

 
Figure 119. Surface analysis valid 1800 UTC 5 June 2013 (NWS Weather Prediction 

Center) 
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a)                                    b) 

 
Figure 120. (a) 900 – 600 hPa thickness (dam, purple dashed), 700 hPa relative humidity 

(%, filled) and mean sea level pressure (hPa, black solid) valid 1800 UTC 5 June 2013; 

(b) 1000 – 500 hPa thickness (dam, filled), mean sea level pressure (hPa, black solid) 

valid 1800 UTC 5 June 2013 

 

 
Figure 121. Infrared satellite imagery valid 1945 UTC 5 June 2013. Cool (warm) colors 

represent cold (warm) cloud top temperatures (CIMSS) 
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Figure 122. 200 hPa heights (dam, black solid, every 12) and isotachs (m s-1, filled) valid 

1800 UTC 5 June 2013 

 

 
Figure 123. Upper-level PV over 300 – 200 hPa layer (solid, starting at 1.5 PVU) and 

lower-level PV over 850 – 700 hPa layer (filled, starting at 0.8 PVU) valid 1800 UTC 5 

June 2013 
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Figure 124. 500 hPa heights (dam, black solid, every 6) and absolute vorticity (10-5 s-1, 

filled) valid 1800 UTC 5 June 2013 

 

 
Figure 125. Precipitable water (mm, filled), mean sea level pressure (hPa, black solid) 

and 925 hPa winds (m s-1, blue barbs) valid 1800 UTC 5 June 2013 
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 Twelve hours following its development into a tropical storm as well as prior to 

the onset of its transition, Andrea appeared in the surface analysis and was located over 

the eastern Gulf of Mexico (Fig. 126). The occluded frontal system, now located over the 

Midwest and southern Plains, advanced eastward from its position 12-h prior. The 

circulation of Andrea broadly remained within the maximum thickness contour, 

suggesting it was a moderate to shallow warm-core system (Figs. 127a, b). Andrea did 

not appear entirely symmetric, as the infrared satellite imagery suggested an asymmetric 

appearance. The system’s strongest convection remained east of its center and its 

proximity to the two frontal systems over the south-central and southeastern United 

States likely inflicted vertical wind shear on Andrea (Fig. 128), causing the asymmetry in 

the could field. The placement of the shortwave trough over the Gulf Coast states assisted 

in accelerating Andrea toward the north-northeast (Fig. 129). The near collocation of the 

upper-level PV maximum in the shortwave trough with the low-level PV maximum in 

association with Andrea caused the low PV to elongate in the direction of the prevailing 

wind shear (Fig. 130). The highest precipitable water values in excess of 50 mm aligned 

with the cloud shield to the north and east of the closed 1008 hPa contour (Fig. 131). 
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Figure 126. Same as Fig. 119, but valid for 0600 UTC 6 June 2013 

 

a)                                                                     b) 

 
Figure 127. Same as Fig. 120, but valid for 0600 UTC 6 June 2013 
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Figure 128. Same as Fig. 121, but valid for 0745 UTC 6 June 2013 

 

 
Figure 129. Same as Fig. 122, but valid for 0600 UTC 6 June 2013 
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Figure 130. Same as Fig. 123, but valid for 0600 UTC 6 June 2013 

 

 
Figure 131. Same as Fig. 125, but valid for 0600 UTC 6 June 2013 
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 2) TRANSITION PERIOD 

 The transition period of Andrea includes the times during which Andrea 

transformed from a symmetric warm-core system to an asymmetric cold-core system. 

During this phase, Andrea was in a hybrid stage, where it was an asymmetric warm-core 

cyclone, according to the CPS. This stage took just longer than a day, at 30-h to 

complete. The times presented in this section include the beginning, middle, and end of 

ET, which occurred at 1800 UTC 6 June, 0900 UTC 7 June, and 0000 UTC 8 June, 

respectively. Since the mid-way point of ET occurred at a time when GFS analysis was 

not computed, the synoptic variables were analyzed at 1200 UTC 7 June, three hours 

later. 

 According to the CPS, Andrea began to transition into an EXTC at 1800 UTC 6 

June. The center of its circulation remained just off the northwestern coastline of Florida 

(Fig. 132), as it was hours away from making landfall. The stationary front over the 

Southeast 12-h before had merged with the advancing frontal system from the Plains. 

Andrea remained broadly within the maximum thickness contour, continuing to maintain 

its weak warm core (Figs. 133a, b). The asymmetric appearance of Andrea was very 

evident at this time, as the cloud shield portrayed a comma-head shape (Fig. 134) 

typically associated with midlatitude cyclones. The shortwave trough over the Gulf Coast 

became negatively-tilted and as a result, steered Andrea into northern Florida and 

accelerated it to the north-northeast (Fig. 135). Despite the strengthening of the lower-

level PV maximum, the proximity of the weak upper-level PV maximum in association 

with the shortwave trough continued to elongate the low-level PV (Fig. 136). The 

vorticity associated with Andrea appeared embedded within the overall flow pattern 
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while the flow associated with the mid-level circulation maintained a slight distinct 

separation from the overall flow (Fig. 137). The highest precipitable water values in 

excess of 50 mm resembled the comma-head shape appearance of the cyclone in the 

satellite imagery, with the highest precipitable water values in the northeast quadrant of 

the circulation (Fig. 138).  

 
Figure 132. Same as Fig. 119, but valid for 1800 UTC 6 June 2013 

 

a)                                                                     b) 

 
Figure 133. Same as Fig. 120, but valid for 1800 UTC 6 June 2013 
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Figure 134. Same as Fig. 121, but valid for 1945 UTC 6 June 2013 

 

 
Figure 135. Same as Fig. 121, but valid for 1800 UTC 6 June 2013 
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Figure 136. Same as Fig. 123, but valid for 1800 UTC 6 June 2013 

 

 
Figure 137. Same as Fig. 124, but valid for 1800 UTC 6 June 2013 
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Figure 138. Same as Fig. 125, but valid for 1800 UTC 6 June 2013 

 

 The mid-way point of the ET process occurred at 0900 UTC 7 June, 15-h after the 

onset of ET. Andrea propagated toward the north-northeast and was located over the 

South Carolina coastline (Fig. 139). The frontal system advanced further toward Andrea 

and began to interact with its circulation. A stationary front also formed to the north of 

Andrea. The cyclone showed no symmetry in the infrared satellite imagery. The cloud 

shields from the aforementioned frontal systems were in close proximity to the distorted 

comma-head shape of Andrea (Fig. 140). The deepest convection associated with Andrea 

was removed from the center of the system and remained along the tail of the comma-

head feature. 
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Figure 139. Same as Fig. 119, but valid for 0900 UTC 7 June 2013 

 

 
Figure 140. Infrared satellite imagery valid 0900 UTC 7 June 2013. Cool (warm) colors 

represent cold (warm) cloud top temperatures (MMM UCAR image archive) 

 

 Shortly after the mid-way point, Andrea moved slightly further up the South 

Carolina coastline (Fig. 141). A stationary front extended southward toward its 
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circulation from an area of low pressure over Maryland. The primary frontal system 

advancing eastward remained in close proximity behind Andrea. The TC continued to 

exhibit an asymmetric comma-head shape in the infrared satellite imagery with most of 

its highest and coldest cloud tops in the northeast quadrant of the storm (Fig. 142). The 

relative humidity field further confirmed the asymmetric appearance of the system at this 

time, with the highest moisture contours following that shape (Fig. 143a). Andrea 

remained broadly warm-core as the thickness gradient was in closeness to the circulation 

of Andrea (Figs. 143a, b) ahead of the upper-level trough (Fig. 144). The upper-level PV 

previously associated with the shortwave trough remained influential on the low-level PV 

connected to Andrea as it elongated and increased in size (Fig. 145). Precipitation over 

southern portions of the Northeast began in advance of the frontal system (Fig. 146). This 

area of precipitation was characterized by a broad area of rising motion associated with ω 

< 0 (Fig. 147) and marginal Q-convergence with weak warm air advection over the 

coastline (Fig. 148). Despite the lack of forcing, high precipitable water values 

propagated into the region as a result of southeasterly flow (Fig. 149). 



 

114 
 

 
Figure 141. Same as Fig. 119, but valid for 1200 UTC 7 June 2013 

 

 
Figure 142. Same as Fig. 121, but valid for 1345 UTC 7 June 2013 
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a)                                                                     b) 

 
Figure 143. Same as Fig. 120, but valid for 1200 UTC 7 June 2013 

 

 
Figure 144. Same as Fig. 122, but valid for 1200 UTC 7 June 2013 
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Figure 145. Same as Fig. 123, but valid for 1200 UTC 7 June 2013 

 

 
Figure 146. Radar mosaic valid for 1157 UTC 7 June 2013 (MMM UCAR image 

archive) 
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Figure 147. 850 hPa frontogenesis (10-4 C s-1, red solid) as well as 700 hPa omega 

(filled) and heights (dam, black solid) valid 1800 UTC 6 June 2013 

 

 
Figure 148. 700 hPa heights (dam, solid blue), temperature (˚C, dashed red), Q-vector 

(Pa m-1 s-1, arrows) and term A of the Q-vector form of the quasi-geostrophic (QG) 

omega equation (10-12 Pa m-2 s-1) valid 1200 UTC 7 June 2013 (Image: Heather 

Archambault’s GFS analysis archive accessed at http://www.met.nps.edu/~hmarcham/) 

http://www.met.nps.edu/~hmarcham/
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Figure 149. Same as Fig. 125, but valid for 1200 UTC 7 June 2013 

 

 Andrea concluded ET at 0000 UTC 8 June, 30-h following the onset of the 

process. The center of the system, from which a warm front extended northeastward, was 

located over the Delmarva peninsula (Fig. 150). The fully asymmetric comma-head 

appearance of the EXTC was evident in the infrared satellite imagery (Fig. 151). The 

circulation of the cyclone became embedded within the thickness field (Figs. 152a, b) and 

consequently immersed within the upper-level flow (Fig. 153). The upper-level jet streak 

downstream of the trough axis strengthened, with its jet core reaching 70 m s-1. This 

strengthening can be attributed to the poleward transport of the elongated low PV (Fig. 

154). The weak vorticity associated with the circulation was fully embedded within the 

upper-level flow (Fig. 155). Precipitation continued to spread across the Northeast, most 

of which was ahead of the warm front at this time (Fig. 156). The heaviest precipitation 

remained closer to the coastline of southern New England where isentropic ascent was 

evident (Fig. 157). This area was favorable for the continued development of 
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precipitation as it was characterized by a broad area of rising motion associated with ω < 

0 (Fig. 158). A warm frontogenetic region formed in the northeast quadrant of the 

circulation, where warm air advection was apparent and Q-convergence developed (Fig. 

159). Tropical moisture propagated into the southern portion of the Northeast where 

precipitable water values in excess of 40 mm existed over coastal areas (Fig. 160).  

 

 
Figure 150. Same as Fig. 119, but valid for 0000 UTC 8 June 2013 
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Figure 151. Same as Fig. 121, but valid for 0145 UTC 8 June 2013 

 

a)                                        b) 

 
Figure 152. Same as Fig. 120, but valid for 0000 UTC 8 June 2013 
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Figure 153. Same as Fig. 122, but valid for 0000 UTC 8 June 2013 

 

 
Figure 154. Same as Fig. 123, but valid for 0000 UTC 8 June 2013 
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Figure 155. Same as Fig. 124, but valid for 0000 UTC 8 June 2013 

 

 
Figure 156. Same as Fig. 146, but valid for 2356 UTC 7 June 2013 
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Figure 157. Relative humidity (%, shaded), pressure levels (hPa, dark red solid) and 

wind barbs (pink) at 310 K theta surface valid 0000 UTC 8 June 2013 

 

 
Figure 158. Same as Fig. 147, but valid for 0000 UTC 8 June 2013 
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Figure 159. Same as Fig. 148, but valid for 0000 UTC 8 June 2013 

 

 
Figure 160. Same as Fig. 125, but valid for 0000 UTC 8 June 2013 
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 3) POST-TROPICAL PHASE 

 The post-tropical phase of Andrea includes the times at which Andrea was 

classified as an asymmetric cold-core system, as indicated by the CPS. The times 

presented in this section include the 12- and 24-h periods following the completion of 

ET, which occurred at 1200 UTC 8 June and 0000 UTC 9 June, respectively. 

 Twelve hours following the completion of ET, at 1200 UTC 8 June, the center of 

the circulation was located over Cape Cod and was developed as an EXTC with a warm 

and cold front extending from it (Fig. 161). The infrared satellite imagery portrayed the 

asymmetric, mature EXTC with a well-defined comma-head shape (Fig. 162). Much of 

the system was now fully embedded within the thickness gradient (Figs. 163a, b) with the 

“S”-shape thermal structure, indicative of a baroclinic environment. The near 

juxtaposition of the upper-level PV in association with the upper-level trough with the 

elongated lower-level PV (Fig. 164) continued to amplify the downstream flow. 

 
Figure 161. Same as Fig. 119, but valid for 1200 UTC 8 June 2013 
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Figure 162. Same as Fig. 121, but valid for 1345 UTC 8 June 2013 

 

a)                  b) 

 
Figure 163. Same as Fig. 120, but valid for 1200 UTC 8 June 2013 
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Figure 164. Same as Fig. 123, but valid for 1200 UTC 8 June 2013 

 

 Twenty-four hours after ET was completed, at 0000 UTC 9 June, the cyclone was 

located over Nova Scotia (Fig. 165). The cyclone matured and occluded and its 

associated cold front stretched toward the Southeast United States. The near 

superimposed PV maxima observed in the previous 12-h amplified the downstream flow 

pattern with a deep trough over the eastern United States and a significant ridge over the 

North Atlantic (Fig. 166). 
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Figure 165. Same as Fig. 119, but valid for 0000 UTC 9 June 2013 

 

 
Figure 166. Same as Fig. 122, but valid for 0000 UTC 9 June 2013 
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c. Meteorological impacts 

 Throughout the period from 0500 UTC 7 June to 1100 UTC 8 June, 50 storm 

reports were recorded across the Northeast (Fig. 167). The main societal impact was 

caused by heavy rainfall with floods and flash floods, together accounting for 94% of the 

total storm reports with 31 and 16 reports, respectively. According to these reports, 

$120,000 in property damage was reported and there were no deaths or injuries directly 

attributed to the effects of Andrea. 

 Storm reports only came from three CWAs – Philadelphia, New York, and 

Boston. Floods were reported in each of the affected CWAs (Fig. 168). Strong winds 

were noted only in the Boston CWA. The Boston CWA was the only CWA to report 

damage due to the effects of Andrea, accounting for the aforementioned $120,000 in 

property damage. A majority of this damage occurred in Bristol county in Massachusetts, 

with the remaining having occurred in the surrounding counties (Fig. 169). 

 
Figure 167. Frequency of storm reports across the Northeast during Andrea 
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Figure 168. Pie charts show ratio of storm reports per CWA. Blue shading in outline of 

CWA represents amount of property damage. Green line represents track of Andrea 

  
Figure 169. Same as Fig. 168, but for the Boston CWA 
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CHAPTER 6 

6. Concluding discussion and future work 

a. Summary of case studies 

 Based on the CPS, the tropical phase characterizes TCs as symmetric, warm-core 

systems. All three cases exhibited a warm core in both the low-level and 1000 – 500 hPa 

thickness field with the thickness maximum co-located with the center of the cyclone. 

During the tropical phase, the TC had yet to be influenced by or interact with the upper-

level trough upstream of the TC. The upper-level pattern varied among each case due to 

the different locations of the TCs, but they all contained an upstream trough. During the 

24- and 12-h prior to their respective onset of transition, Irene was located off the 

coastline of the Southeast, Sandy was located over the Bahamas, and Andrea was located 

over the eastern Gulf of Mexico. In the case of Irene, a ridge dominated over the 

Southwest and the central North Atlantic, while a trough was located over the upper Mid-

West. The upper-level flow in the case of Sandy was highly amplified from the beginning 

with a trough over the central United States and a ridge over the eastern United States. 

Andrea was surrounded by a ridge to its east and a trough to its northwest. The satellite 

imagery suggested a symmetric appearance for all the TCs, with deep convection near the 

center of each TC. A small, circular low-level PV maximum associated with the TC was 

observed with an area of upper-level PV located in conjunction with the upper-level 

trough. 

 At the onset of transition, the beginning of the interaction of the TC with the 

upper-level flow is observed. The center of each TC remained warm-core, embedded 

within the thickness maximum, indicating no thermal asymmetries at the onset of 
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transition. However, asymmetric cloud characteristics, observed by the shearing of the 

cloud shield, developed as the B parameter became larger than 10 m. At 500 hPa, the 

outer height contour of the circulations of Irene and Sandy became embedded within the 

flow. Due to the weak nature of Andrea, no height contours were resolved at 500 hPa; 

however, the maximum cyclonic vorticity associated with Andrea appeared embedded 

within the 500 hPa flow. The wind field associated with the TC at 500 hPa, however, 

remained distinct from the large-scale flow. In the case of Sandy, a significant warm 

frontogenetic region developed in the northeast quadrant of the circulation (Sinclair 

2002) associated with the diabatic driven outflow of the transitioning TC. 

 Between the onset and completion of ET, the cyclones are characterized as 

asymmetric, warm-core systems, according to the CPS. Most of the dynamical and 

physical processes associated with ET were first observed at the mid-way point of the 

transition period. The TCs continued to broadly maintain their warm cores, though the 

thermal gradient associated with the upstream trough was introduced onto the TCs. The 

thickness gradient was much tighter in the case of Sandy as opposed to a slightly more 

relaxed thickness gradient in the cases of Irene and Andrea. The cloud shield associated 

with the TCs continued to shear poleward and eastward from the center of their 

circulation. Frontal features were observed within the circulations of the TCs at this 

point. Despite earlier discrepancies in the upper-level flow in the tropical phase and at the 

onset of transition, an upper-level trough was located over the eastern two-thirds of the 

United States at this time in each case. Each TC was broadly located within the right 

entrance region of their respective jet streak. The upper-level jet streak downstream of the 

trough axis intensified significantly at the mid-way point of the transition period. This 
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intensification was attributed to the upper-level PV superimposed over the lower-level 

PV, which caused the low-level PV to expand. This low PV was transported upward and 

poleward, subsequently amplifying the downstream ridge and intensifying the jet streak 

(Archambault et al. 2013).  

 At the completion of transition, the TC circulation was introduced into the 

thermal gradient and now exhibited a broad cold-core structure. Increasing thermal 

advection brought cooler and drier air into the western sector of the storm, causing the 

TC to acquire thermal and cloud characteristics of a midlatitude cyclone (Sinclair 2002). 

The upper-level height field showed a pronounced negative tilt of the upper-level trough 

associated with Sandy, a slight negative tilt associated with Irene, and a neutral trough 

with Andrea. The low-level PV maxima significantly elongated in the direction of the 

prevailing wind shear while expanding in size due to the juxtaposition of the upper-level 

PV over the low-level PV (Atallah and Bosart 2003). The low-level PV maximum 

associated with Sandy enlarged the most out of the three cases due to the wraparound of 

the upper-level PV maximum. Significant warm frontogenetic intensification was 

observed at this time in the cases of Irene and Andrea in addition to strong warm air 

advection and Q-convergence. Low-level frontogenesis can be characterized as a shift to 

a sustained asymmetry in the thickness field in the region of the storm (Evans and Hart 

2003). The rate of increase in frontogenesis peaks at a time that may be defined as the 

transition time (Harr and Elsberry 2000). Moderate to high values of precipitable water 

were advected into the Northeast in the cases of Irene and Andrea; however, little to none 

significant precipitable water remained with Sandy. 
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 The post-tropical phase, according to the CPS, characterizes the EXTCs as 

asymmetric, cold-core systems. These TCs evolved into baroclinic systems with their 

circulations fully embedded within the thickness gradients with a cold core reflecting 

maximum winds aloft (Evans and Hart 2003). A significant increase in size was observed 

among all the cases from their TC size to their EXTC size. The low-level PV maximum 

continued to expand in size while weakening in magnitude as the superposition of the 

upper- and lower-level PV maxima continued. The continued poleward transport of the 

low PV in addition to the diabatic driven outflow of the EXTC amplified the downstream 

ridge (Archambault et al. 2013). Dry air behind the cyclone wrapped around the southern 

side of the cyclone in the cases of Irene and Andrea, giving way to the comma-head 

appearance in the satellite imagery, typical of midlatitude cyclogenesis (Atallah and 

Bosart 2003). In the case of Sandy, dry air wrapped around the system from the northeast, 

leading to an apostrophe shape in the satellite imagery. 

 Among the meteorological impacts from the ET of Irene, Sandy, and Andrea, 

1,025 storm reports were recorded across the Northeast. The main societal impacts were 

caused by heavy rainfall (floods, flash floods) and strong surface winds (high winds, 

tropical storm forced winds) (Fig. 170). High waves in combination with strong surface 

winds can lead to coastal flooding and storm surge, which was reported in Sandy and less 

so in Irene. These impacts confirm the fact that TCs transitioning into EXTCs can extend 

TC-like conditions such as strong surface winds, high waves, and intense rainfall over a 

broad area at high latitudes. The ET process and its subsequent impacts prove to be a 

challenge to forecast, adding to the issue of substantial societal impacts occurring on 

larger areas unfamiliar to these impacts. Depending on the time of the year and overall 
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large scale pattern, less common events, such as heavy snow during Sandy and tornadoes 

in Irene can also occur.  

 
Figure 170. Frequency of storm reports across the Northeast during Irene (blue), Sandy 

(teal) and Andrea (yellow) cumulatively 

 

b. Conclusion 

 The main objective of this study was to analyze the synoptic-scale environment 

throughout the ET process, including the times prior to and following the onset and 

completion of ET, respectively. The CPS, developed by Hart (2003), provides an 

objective metric for determining the structural evolution of cyclones, including the 

transition of a symmetric, warm-core TC to an asymmetric, cold-core EXTC. The 

analysis of the ET of the TCs Irene, Sandy, and Andrea displayed the varying 

environments and large-scale patterns that ET can occur in and subsequently impact the 

Northeast. Due to differing tracks and TC intensities, the placement of the synoptic-scale 

features analyzed in each phase varies for each case in the tropical phase and beginning 

of the transition period. However, they display enough similarities to suggest a useful 
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conceptual model of the evolution of the synoptic-scale and structural features during ET 

(Fig. 171). Overall, there are more similarities in these features among the cases toward 

the end of the transition period and in the post-tropical phase. 

 Understanding the dynamical processes involved in ET remains a challenge. A 

variety of factors contribute to the intensity of the resultant EXTC, including the overall 

large-scale pattern, track of the TC, time of year, as well as the intensity of the TC, and 

the frontal system with which the TC interacts. Given an average climatological pattern, 

the ET of a TC in June, such as Andrea, will typically, drastically differ from the ET of a 

TC in October, such as Sandy, and subsequently produce different meteorological 

impacts over an area of a varying size. 

 For the three cases analyzed in this study, the TCs reached their strongest warm-

core intensity based on the low-level thermal wind roughly within the 24-h period prior to 

the onset of transition. The TCs exhibited asymmetric cloud characteristics as ET began, 

likely due to the influence of vertical wind shear from the approaching upper-level 

trough. It was not until the mid-way point of the transition process when the thermal 

gradient was introduced onto each of the TCs and its circulation was incorporated into the 

flow and began to exhibit baroclinic features, such as frontal structures and a thickness 

gradient. The poleward and upward transport of the low PV amplified the downstream 

Rossby wave train (Archambault et al. 2013). After the transition was completed, the 

systems associated with the TC-remnants of Irene and Andrea quickly propagated toward 

the northeast while Sandy meandered over the Northeast before being absorbed by 

another EXTC. As these EXTCs impacted the Northeast, reports of heavy rainfall and 

strong surface winds spanned vast areas of the region. 
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 The CPS was utilized in this study in order to determine the timing associated 

with the structural evolution throughout the ET process. This metric only analyzes the 

lower-tropospheric asymmetry and the lower- and upper-tropospheric thermal wind of a 

cyclone. The symmetry and thermal wind of a cyclone broadly separate cyclones into 

four groups – TCs (symmetric, warm-core), hybrid cyclones (asymmetric, warm-core), 

developing/mature EXTCs (asymmetric, cold-core) and occluded EXTCs (symmetric, 

cold-core). Based on these parameters, easily resolvable aspects of structural changes in 

cyclones can be analyzed.  

 Based on the CPS, the transition period varied in time among the cases – Irene, 

Sandy, and Andrea completed ET in 24-, 96- and 30-h, respectively. This “hybrid phase” 

can be extended as a result of competing forcings driving structural changes in the 

cyclone: the TC-trough interaction, which drives asymmetric, cold-core development, 

and the Gulf Stream which forces symmetric, warm-core development (Evans and Hart 

2003). As a result, the system can be characterized as a hybrid cyclone for an extended 

amount of time until one forcing dominates over the other or dissipation occurs.  

 Changes in the structure, motion, and intensity of TCs during ET are highly 

dependent on the midlatitude environment into which the TC moves (Sinclair 2002). 

Complex structural differences between a TC and an EXTC and their surrounding 

environments present a challenging aspect to forecasting not only the evolution of the 

cyclone, but its subsequent impacts on society. 



 

138 
 

 

Figure 171. Conceptual model depicting structural and environmental changes 

throughout the ET process based on the CPS 

 

c. Future Work 

 Despite the effort of past research to understand ET, there remain a lot of 

unknowns in regard to the process. Today, there is no methodology for determining ET 

that is widely recognized, easily applicable, and consistent across all cases of ET in 

different basins. The CPS provides an excellent metric to determine the timing of ET. 

However, as was the case in this study, the times of phase changes were associated with 

differing synoptic-scale features and large-scale patterns among the cases, despite similar 

end results.  

 It is difficult to compare storms that occur in different seasons, take different 

tracks, and are of different magnitudes. As such, these are three variables that should be 

considered in future studies. Incorporating more case studies into an analysis will lead to 

more substantial conclusions on the dynamical and synoptic processes involved in ET. 
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This study presented a case study of ET during astronomical spring, summer, and fall. 

The season in which ET occurs may have a large role in the magnitude of the ET that will 

unfold. Large-scale patterns differ among each season and thus have a significant role in 

the favorable or unfavorable environment into which a TC moves. Therefore, analyzing 

cases over similar regions within a specific season may portray more similarities than 

studying cases over the span of different seasons. Expanding to other regions of the 

United States, including the Southeast and central Plains would be beneficial as well. 

Varying large-scale patterns will lead to different TC tracks into other regions of the 

country. Outside immediate impacts on the United States, EXTCs impact southeastern 

Canada and western Europe. Thus, it would be informative to study the impacts of 

EXTCs that occur over and near the United States as well as over the North Atlantic and 

their subsequent impacts downstream over those regions. 

 The CPS provides an objective metric used to determine conventional (TC 

intensification, frontal formation) and unconventional (warm-seclusion, subtropical 

development) lifecycles of cyclones, including ET. It allows the diagnosis of structural 

changes based on the asymmetry and thermal wind of the cyclone. Aside from these 

parameters, other variables not reflected in the CPS may be useful in determining the 

time of ET such as the dynamic tropopause, jet stream configuration, surface roughness 

and surface moisture availability. The phase space is also only as good as the dataset 

from which the analyses are resolved. Analyzing the relationship of the B parameter with 

respect to time may also aid in determining the intensity of features throughout ET. 

While these diagrams are informative by themselves in terms of structural evolution, it is 

crucial to compare with observations and synoptic-scale analyses. 
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 Aside from understanding the large-scale environment and synoptic-scale 

variables that contribute to ET, understanding the societal impacts from these systems is 

also essential. Storm reports retrieved from the NCEI storm database have an important 

role in evaluating the scope of meteorological impacts across an area, but do not 

necessarily illustrate the full severity of the events. These reports tend to have a bias 

toward more heavily populated areas, as they are conveyed by human beings. As a result, 

impacts in more rural areas may sometimes go underreported. Nevertheless, utilizing 

these storm reports in conjunction with rainfall and wind speed observations would 

provide more useful information regarding societal impacts. 

  It is crucial to understand the effects of EXTCs not just on the Northeast, but also 

on any populated region, as they can occur at any time that TCs develop, and produce 

varying impacts. The further study of cyclones needs to include TCs and EXTCs 

together, when applicable. Understanding cyclone structure and the processes involved 

with ET will lead to a better understanding of the ET evolution, ultimately aiding in 

better forecasts that can help protect lives and property. 
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