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1.6.1. Introduction
Since the IWTC in 2006, there has appeared increasing documentation and evidence in the refereed literature of extratropical processes occurring in association with named tropical cyclones.  Such cases are typically classified as either subtropical (STC) or hybrid cyclones.

Because of the proximity of STC and hybrid storms to important features of the midlatitude flow (upstream troughs, blocks, cutoffs, etc.), the influence of the TC - and in particular the region of diabatically reduced PV in the upper-level outflow - is readily amplified. This interaction mechanism is similar to that observed during extratropical transition, but can occur over an extended period of time since the STC or hybrid vortex may not yet have undergone recurvature into the midlatitude westerlies.
A review of contributions in this area of research is provided.

1.6.2. Classifying subtropical and hybrid systems

Hybrid cyclones have energetics and structures of both tropical and baroclinic cyclones.  Many TCs form outside of the main development region in the North Atlantic via baroclinic processes. Sadler (1976, 1978) showed that some North Pacific TCs formed from weakly baroclinic tropical upper tropospheric troughs (TUTTs, or cold lows). A modern view of TUTTs is that they are vortices that form from fractures of thinning potential vorticity (PV) streamers in the aftermath of anticyclonic wave-breaking events. Bosart and Bartlo (1991) showed that the predecessor baroclinic cyclone to TC Diana (1984) formed via midlatitude quasi-geostrophic (QG) processes east of Florida ahead of an upper-level cold low that formed via the PV fracture process. Subsequently, the baroclinic cyclone transitioned from a cold-core disturbance to a warm-core TC by what is now known as the tropical transition process (TT) (Davis and Bosart 2003, 2004). Rapid vertical wind shear (VWS) reduction occurs prior to TC development in conjunction with diabatically enhanced turbulent momentum fluxes that act to homogenize the wind profile.  The vertical PV redistribution results in upper-level PV depletion in the immediate environment of the developing TC (e.g., Hulme and Martin 2009a,b; Galarneau 2010).
Hess et al. (1995) and Elsner et al. (1996) showed that baroclinic processes were a factor in the development of almost 50% of all North Atlantic TCs. McTaggart-Cowan et al. (2008) expanded on this idea and showed that three distinct baroclinic genesis pathways existed for North Atlantic TCs during 1948-2004.

There is another category of storms known as subtropical cyclones (hereafter, STC; Hebert and Poteat 1973; Evans and Guishard 2009; Guishard et al. 2009; Davis 2010) or hybrid cyclones that possess attributes of both TCs (e.g., they have low-level warm cores) and ordinary baroclinic cyclones (e.g., they are governed by QG processes) with attendant frontal structures. STCs differ from ordinary baroclinic cyclones in that they develop in environments with little low-level baroclinicity in conjunction with diabatic processes.  The distinction between a STC that goes through its life cycle in a sheared environment and a TC that forms via the TT process is often subtle. 
1.6.2.1 Tools for classifying subtropical and hybrid systems
There has been recent documentation of subtropical and hybrid systems in areas outside the typical TC track region, such as Spain and surroundings.  Additionally, these regions have been impacted by extratropical cyclones resulting from the transition of tropical cyclones and hurricanes. Although the frequency of occurrence is relatively low, these systems present a significant challenge for the forecasters and cause extensive life and property damages. From a general point of view, the cyclones could be clustering into three categories. By far, the most intense systems hitting Spain are extratropical cyclones resulting from extratropical transitions, ET. A second group includes systems that develop in association with a deep cut-off.  A special case of tropical-like cyclones appears on the Mediterranean basin. They are known as “medicanes” and develop from a combination of deep convection and typical mid-latitude baroclinic processes.  Finally, there also are other hybrid systems that develop over the Atlantic Ocean and may affect in some occasions the Canary Islands.
There are some basic and frequent characteristics common to this variety of systems and meteorological situations. Highlights include:

· These cyclones can develop in regions where SST values are colder than the typical 26°C needed for a tropical storm to form in the North Atlantic basin.

· Usually there is an interaction between a baroclinic disturbance, e. g., an upper level trough or a cut-off low, and the preexisting subtropical or tropical system. This process produces an intensification of the system and changes in the internal and external cyclone structure. In the case of the ET affecting Spain they use to produce a significant impact with strong winds over larger areas than those affected by the previous tropical cyclone or STC.
· Another feature that is common to this kind of systems is a low level shallow warm core that clearly appears in some stage of the storm life cycle.
Hybrid storms with these characteristics are not unique to the North Atlantic basin.  Forecasters at the JWTC use several tools to determine cyclone type.  These tools are listed below.
1) Visible and infrared satellite imagery (data sources: various)
The satellite analyst and forecaster use visible and infrared satellite imagery to examine convective distribution around a cyclone center.  Subtropical and hybrid cyclones typically exhibit relatively convection-free circulation centers surrounded by extensive deep convection, while tropical cyclones often have deep and persistent central convection at their centers (Herbert and Poteat 1975).
2) AMSU temperature anomaly cross sections (data sources: CIRA RAMMB: http://rammb.cira.colostate.edu/products/tc_realtime/ and UW-CIMSS: http://amsu.ssec.wisc.edu/)
The forecaster may use AMSU cross sections to spot the core temperature anomaly structure typically associated with STCs, namely a shallow warm anomaly (if sufficient shallow convection is present) underlying a broader cold anomaly in the lower to mid-levels and a subsidence-induced warm anomaly aloft in approximately the 150 to 300 mb layer (Simpson 1952; Erickson 1967; Knaff et al. 2000).  The forecaster considers potential sources of error and biases in these AMSU cross sections by examining visible, IR, and water vapor satellite imagery of the cyclone at the time of the AMSU sensor pass (“Interpreting UW-CIMSS”).   Tropical transition is indicated when a warm core anomaly revealed in these cross sections develops in the middle to upper troposphere over time, in response to developing central convection, and replaces the mid-level cold anomaly (Davis and Bosart 2004).
3) 1000-500 hPa thickness and 850 hPa temperature analyses and forecasts (data sources: numerical models, various)
The 1000-500 hPa thickness field, and 850 hPa temperature fields can reveal interaction between a cyclone and the midlatitude baroclinic zone.   Separation between the cyclone’s outermost closed thickness isoline and midlatitude thickness isolines implies minimal interaction and “tropical” structure, whereas merging between these thickness isolines implies subtropical, hybrid, or even extratropical structure (at least in the model analysis).  Satellite imagery is consulted to “quality check” the model analyses.  Increasing (decreasing) separation between the cyclone and baroclinic zone in model forecasts may indicate potential transition to tropical (subtropical/hybrid) structure (Davis and Bosart 2003; Frank 1977).
4) Cyclone phase space diagrams (data source:  http://moe.met.fsu.edu/cyclonephase/)
Assuming that model resolution and data assimilation are adequate, a subtropical or hybrid cyclone will typically exhibit an asymmetric, shallow warm or cold core structure in model-based cyclone phase space products.  A shift over time toward a deep warm core structure in a given model phase space forecast implies transition into a tropical cyclone.  However, the forecaster cautiously interprets these phase space products, ensuring, for example, that model vortex tracks depicted on the phase space page are consistent with the current and anticipated synoptic steering patterns (Hart 2003).  When multiple models with reasonable forecast tracks indicate tropical transition, the forecaster may become more confident that such a transition will occur.
5) Sea surface temperature (data sources: various)
Although SST is not a direct measure of cyclone structure, a forecaster may infer – when other data sources support such a position – that cyclones developing over water cooler than 26° C derive some of their growth from a baroclinic energy source and may thus be considered subtropical or hybrid.  This is particularly true for developing systems with minimal central convection.  Anticipated movement of a cyclone over water warmer than 26° C is one indicator of potential transition into a tropical cyclone (Davis and Bosart 2003; Gray 1968; Emanuel 1986).
6) Scatterometer and multi-source satellite wind data (data sources: ASCAT active and Windsat passive scatterometers; multisource satellite wind estimates - http://rammb.cira.colostate.edu/products/tc_realtime/index.asp)

A radius of maximum winds (RMW) greater than 100 nm noted in scatterometer or multisource satellite wind data (“Real-time tropical cyclone products”) suggests a subtropical or hybrid structure (although a smaller RMW does not necessarily rule out subtropical or hybrid structure).  Contraction of the RMW over time is one indicator of tropical transition (“Glossary of NHC terms,” Frank 1977).
7) Vertical soundings (data sources: various)

Based on the thermal wind relationship, an increase in wind speed with height indicates a cold core structure characteristic of extratropical and subtropical/hybrid systems, while decreasing wind speed with height indicates a warm core structure characteristic of tropical cyclones.  In-situ soundings are rarely available within the core of a cyclone in JTWC forecast basins.  However, cloud drift winds may sometimes be applied as a proxy for in-situ data if these remotely sensed winds are available near a cyclone at multiple levels in the troposphere.
8) 500 to 300 hPa heights (data sources: numerical models, various)

By examining and comparing multiple upper-level height fields, the forecaster can determine the amplitude of a cyclone aloft, its vertical tilt, and the extent of occlusion (if applicable).  Separation between a cyclone and the primary upper level jet increases the likelihood of tropical transition (Davis and Bosart 2003).

9) Total precipitable water (data sources: various)

 As a tropical cyclone develops, the troposphere moistens significantly at the center of circulation (Frank 1977; Emanuel 1986).  Conversely, developing subtropical and hybrid systems can experience advection of dry air around and into their circulation centers (Davis and Bosart 2003).  TPW data show the distribution of dry and moist air characteristic of both cyclone types.  Tropical transitions are indicated when TPW increases at the core of the cyclone and lower TPW values remain on the periphery.

10) Vertical wind shear (data sources: atmospheric sounding, UW-CIMSS)

Cyclones that develop under moderate to strong full-column vertical wind shear (e.g., >20 kts) are often partially baroclinic and, thus, either extratropical or subtropical / hybrid.   A subtropical / hybrid system entering a lower vertical wind shear regime increases its potential to undergo tropical transition (Davis and Bosart 2003).
1.6.2.2 Tropical cyclone development pathways as a means of classifying subtropical and hybrid systems

The description of the tropical transition (TT) development pathway (Davis and Bosart 2004) has spurred new interest in TC initiation that does not adhere to traditional tropical norms. During TT, a precursor vortex of midlatitude origin interacts with an upper-level trough, providing large-scale QG (Sutcliffe 1947; Trenberth 1978) forcing for ascent that enhances deep moist convection near the center of the developing storm. Vertical transport of PV and momentum reduces shear and eventually weakens the interacting trough as the lower-level system acquires a symmetric structure with a pronounced outflow at upper levels. This warm-core, vertically stacked tropical cyclone intensifies through the air-sea interaction process (Bosart and Bartlo 1991; Montgomery and Farrell 1993; Davis and Bosart 2001, 2003, 2004).  Prior to and during the transformation period, the vortex often displays characteristics of a subtropical or hybrid system whose evolution can be considered generally analogous to that of a midlatitude occlusion occurring over warm waters with an ample supply of lower-level moisture (Hulme and Martin 2009a, b).  Davis and Bosart (2004) suggest that the path to occlusion in transition events is driven by diabatic heating.  This is consistent with the view of the extratropical occlusion process, suggested by the analysis of Posselt and Martin (2004), in which latent heating is an essential component.  The conceptualization of the life cycle of the TT process, contributed by Martin, is shown in Fig. 1.
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FIG. 1 - Schematic illustrating the synoptic-scale evolution of a tropical transition event. (a) T=0: Initial development of the precursor
extratropical cyclone in the subtropics. Upper tropospheric wave (represented by the PV = 2 PV U isertel at 250 hPa (bold black line))
spawns a region of cyclonic vorticity advection (CVA) by the thermal wind (light gray shading). Surface development takes place along
a stalled front in the subtropics, south of the 26°C sea-surface temperature (SST) isotherm (dashed line). (b) T=12h: Surface cyclone
continues to develop. Strong lower tropospheric frontogenesis (dark gray shading) occurs along the warm front/bent-back front and
convection erupts to the west of the SLP minimum (i.e. upshear convection, white shading). Diabatic heating erodes tropopause-level PV
in that location. (¢) T+24h: Continued upshear convection contributes to the formation of the treble clef PV structure characteristic of
occluded cyclones. SLLP minimum is located at the base of a column with little horizontal PV gradient (i.e. little vertical shear). Air-sea
interaction becomes the main energetic mechanism for development upon occlusion over such warm water. Dashed frontal symbols
indicate the weakening of the frontal structures at this time. (d) T+36h: Tropopause-level PV cuts off in the subtropics with newly formed
tropical cyclone benecath its center.






	Figure 1.  Schematic illustrating the synoptic-scale evolution of a tropical transition event.  (a) T=0: Initial development of the precursor extratropical cyclone in the subtropics.  Upper tropospheric wave (represented by the PV = 2 PVU isertel at 250 hPa (bold black line)) spawns a region of cyclonic vorticity advection (CVA) by the thermal wind (light gray shading).  Surface development takes place along a stalled front in the subtropics, south of the 26(C sea-surface temperature (SST) isotherm (dashed line).  (b) T=12h: Surface cyclone continues to develop.  Strong lower tropospheric frontogenesis (dark gray shading) occurs along the warm front/bent-back front and convection erupts to the west of the SLP minimum (i.e. upshear convection, white shading).  Diabatic heating erodes tropopause-level PV in that location.  (c) T+24h: Continued upshear convection contributes to the formation of the treble clef PV structure characteristic of occluded cyclones.  SLP minimum is located at the base of a column with little horizontal PV gradient (i.e. little vertical shear).  Air-sea interaction becomes the main energetic mechanism for development upon occlusion over such warm water.  Dashed frontal symbols indicate the weakening of the frontal structures at this time.  (d) T+36h: Tropopause-level PV cuts off in the subtropics with newly formed tropical cyclone beneath its center (contributed by Jonathan Martin). 


A climatological study by McTaggart-Cowan et al. (2008) used a pair of metrics based on the TT paradigm (lower-level thickness asymmetry and upper-level Q-vector divergence) to classify North Atlantic TC development events between 1948 and 2004. The evolution of the metrics over the 36-h period leading up to each TC initiation (defined as the first entry in the best track record for the storm) was categorized using latent trajectory modelling (LTM; Lazarsfeld and Henry 1968). Following synthesis of the discovered development groupings, McTaggart-Cowan et al. (2008) showed that there are six leading classes of TC development in the North Atlantic: non-baroclinic (40%), low-level baroclinic (13%), transient trough interaction (16%), trough induced (3%), weak TT (13%) and strong TT (16%).

The spatial distribution of the development events in each category shown in Fig. 2 highlights the fact that different development pathways are preferred in different areas of the basin. Of the primary hybrid pathways, transient trough, weak TT and strong TT developments occur at progressively higher latitudes along an axis extending from the Gulf of Mexico along the eastern seaboard and into the central North Atlantic. Unlike previous studies of North Atlantic TC development types (Elsner et al 1996), the classifications made by McTaggart-Cowan et al. (2008) are based on the dynamics of the near-storm environment rather than geographical constraints, making this separation of the initiation locations highly meaningful.
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	Figure 2.  Development location by category (from McTaggart-Cowan et al. 2008).


The McTaggart-Cowan et al. (2008) North Atlantic climatology has recently been extended to all basins using a linear discriminant analysis that both eliminates latency and permits the diagnostic calculation of preferred development pathway (McTaggart-Cowan et al. 2010). The simplified statistical technique is able to reproduce adequately the LTM results, with approximately 85% correct reclassification in the North Atlantic. As shown in Fig. 3, the preferred development pathways are dramatically different in other basins, with a much larger fraction of traditional tropical pathways (non-baroclinic and low level baroclinic) in general. The western North Pacific shows a peak in trough-induced and weak TT events that may be associated with transient upper-tropospheric trough (TUTT) cells, while the South Pacific displays a secondary maximum in hybrid TT-type developments.
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	Figure 3.  Membership in development category by basin (from McTaggart-Cowan et al. 2010).



These genesis pathways are investigated further with a focus on TCs that form in conjunction with extratropical precursors. The aim of this work is to determine the structure of these precursor disturbances and assess the physical and dynamical mechanisms that are relevant to TC genesis among these genesis pathways via composite analysis.

An automated vortex-tracking algorithm was used to objectively locate and track 900-hPa vortices in the 1.0( NCEP Global Forecast System analyses during May–November of 2004–2008 to build a case list of developing and nondeveloping North Atlantic disturbances. In order for a 900-hPa vorticity center to be included in the case list, the disturbance must (i) be trackable [area-average (360(360 km) 900-hPa relative vorticity (1.5(10(5 s(1] for at least 48 h, (ii) be located over sea surface temperatures (25(C for at least 24 consecutive hours, and (iii) have an area-average 900-hPa relative vorticity (4.0(10(5 s(1 for at least 24 consecutive hours. The vortex-tracking algorithm identified 158 null cases and 84 TCs during the 2004–2008 North Atlantic seasons. The nondeveloping disturbances (incipient TCs) were categorized by their TC genesis pathway, as in McTaggart-Cowan et al. 2010, at 12 h prior to their initial peak intensity (TC genesis). The developing and nondeveloping disturbances in the extratropical genesis pathways, defined as trough-induced, weak TT, and strong TT, were then stratified by the character of the synoptic-scale flow pattern as defined by the 300-hPa streamfunction at T-12h. Three distinct composite categories emerged: tropospheric-deep cutoff low (CUTOFF), upstream trough (TROUGH), and foldover ridging (FOLDOVER).


CUTOFF composite precursor disturbances occur in conjunction with cyclonic wave breaking associated with a mature extratropical cyclone (Fig. 4a). Convection develops along an axis of strong low-level frontogenesis north and northwest of the low-level disturbance and is important in vertical potential vorticity (PV) redistribution and vertical wind shear reduction as described by Hulme and Martin (2009a) (not shown). The attendant intensification of the low-level disturbance results in the transformation of a deep cold core extratropical cyclone to a warm core STC (and eventual TC). CUTOFF composite null cases are fast moving cutoff disturbances that are strongly influenced by the downstream confluent jet entrance region (Fig. 4b). Convection is concentrated on the northeast flank of the low-level disturbance, well removed from the center, and vertical wind shear remains strong throughout. 


For the TROUGH composite category, developing TCs occur on the eastern flank of a narrow upper-level trough and have characteristics of STCs (Fig. 4c). The upper-level trough structure resembles the “Bahamas” developments described in Bracken and Bosart (2000; their Fig. 2b). Convection organizes in conjunction with deep-layer QG forcing for ascent on the eastern flank of the upper-level trough (not shown). Nondeveloping disturbances are associated with a much larger-scale and stronger upper-level trough (Fig. 4d). The attendant stronger deformation and vertical wind shear for nondevelopers facilitates dry air entrainment and mitigates the coupling of convection with low-level cyclonic vorticity. The difference in scale of the precursor upper-level trough between developing and nondeveloping disturbances suggests that scale matching between the upper- and lower-level disturbances may be an important discriminator for TC genesis (Hanley et al. 2001).


For the FOLDOVER composite category, TCs occur most commonly on the southeast flank of an upper-level PV streamer (Fig. 4e) in a region of upper-level QG forcing for ascent. This type of development is similar to central and western North Pacific TC genesis events that are influenced by TUTTs as described by Sadler (1976, 1978). Nondeveloping disturbances exhibit similar structure, except that the upper-level PV streamer is larger in horizontal scale and stronger (Fig. 4f), and has a deeper vertical structure (not shown). The attendant stronger vertical wind shear and deeper cold core structure makes it more difficult to couple convection and low-level cyclonic vorticity and build a deep warm core.
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	Figure 4: Composite at 12-h prior to TC genesis (for developers) or initial maximum intensity (for nondevelopers) of 300-hPa streamfunction (solid contours every 6.0(106 m2 s(1), relative vorticity (shaded according to the colorbar in 10(5 s(1), and nondivergent wind (standard barbs in kt) for (a) developing CUTOFF, (b) nondeveloping CUTOFF, (c) developing TROUGH, (d) nondeveloping TROUGH, (e) developing FOLDOVER, and (f) nondeveloping FOLDOVER. Note that FOLDOVER composite is in ridge-relative coordinates while CUTOFF and TROUGH are in disturbance-relative coordinates. (contributed by Thomas J. Galarneau, Jr.)


1.6.3 Examples of subtropical and hybrid systems


The section summarizes the research of several case studies.  Because of space limitations, no supporting figures are shown.  Therefore, the reader should refer to the supporting references in order to fully appreciate this discussion.
1.6.3.1 Delta (2005)
Galarneau (2010) investigated eastern North Atlantic TC Delta (19-30 November 2005), a storm that formed via TT in conjunction with an upper-level cutoff cyclone, and then moved eastward toward the coast of northwest Africa. Dynamic tropopause maps show the baroclinic development process. Between 0000 UTC 22-23 November, Delta possessed a shallow warm core below 600 hPa. At 0600 UTC 22 November (defined as ‘T-12’), coincident with the initial storm warm core development, Delta is situated east of an upstream PV maximum, along the edge of an area of vigorous 500-hPa ascent, and near the western tip of a high precipitable water streamer. QG forcing for ascent over the 400-200 hPa layer is situated over and to the east of Delta ahead of the 300 hPa trough axis. Although a baroclinic environment is present based upon the analyzed 900-hPa thermal gradient and the associated 900-hPa frontogenesis, a closed 950-850 hPa PV maximum inside the closed 24(C potential temperature contour near the storm center is indicative of a small-scale warm-core structure (. An infrared satellite image at 0600 UTC 22 November indicates that convection is concentrated in the region of Q-vector forcing for ascent immediately northwest of Delta and to the east and south of Delta. It is likely that this deep convection acted to weaken temporarily the upper-level trough to the west and reduce the VWS through vertical PV and momentum redistribution. However, Delta’s lifetime as a warm-core TC was relativey short (< 24 h) as increasing 900-200-hPa shear over the storm center after T+12 short-circuited further intensification.
Delta, later in its life cycle, transformed into a strong extratropical low and reintensified, and impacted the Canary Islands during 28 and 29 November 2005, with hurricane force winds up to 150 km/h in some populated places.  Delta’s reintensification was associated with a) intense warm frontogenesis associated with the rapid poleward displacement towards a baroclinic zone, b) the interaction of the cyclone with an upper-tropospheric PV maximum and extratropical trough (Sánchez-Laulhé and Martin 2006). 

1.6.3.2 Three “Perfect storms” (1991)
Cordeira and Bosart (2010a, b) conducted a multiscale analysis of the three “Perfect Storms” of late October and early November 1991. Here we restrict ourselves to a discussion of TC Grace (HG) (Pasch and Avila 1992), the actual “perfect storm” (PS) (Cardone et al. 1996), and an intense extratropical cyclone (EC1) that underwent two development phases. HG formed initially as a subtropical storm on 26 October and then became a TC via the TT process on 27–28 October. HG contributed to the first phase of the EC1 development through static stability reduction and the creation of enhanced baroclinicity that favored deep convection along a warm front located to the northeast of HG. In the first growth phase of EC1 the storm exhibited characteristics of a diabatic Rossby vortex (Moore and Montgomery 2004, 2005; Moore et al. 2008).  In the second (rapid) growth phase of EC1 the storm deepened explosively (Sanders and Gyakum 1980) by 49 hPa in the 24 h period ending 1800 UTC 30 October as it interacted with a PVD of arctic origin and crossed the time-mean Eady baroclinic growth rate maximum. The PS, which formed southeast of Nova Scotia on 29 October, retrograded toward the northeast U.S., underwent a warm seclusion process (e.g., Shapiro and Keyser 1990) and also went through TT. The PS became a weak unnamed hurricane beneath a near-stationary and weakening upper-level trough on 1 November as deep convection along the PS warm front, influenced by HG, acted to thin and subsequently fracture the incipient PV streamer on 30 October. A representative backward trajectory from the region of eroded upper-level PV at 1200 UTC 30 October suggests air parcel ascent and deep convection (brightness temperature values <240 K) earlier on 30 October contributed to the vertical PV and momentum redistribution that resulted in the thinning of the PV streamer and trough fracture. 

1.6.3.3 Bonnie (1998)
The wind field evolution of a hybrid cyclone (Bonnie 1998) was simulated in Evans and Hart (2008).  Of particular interest was the source of wind field expansion that occurs during the transition of the cyclone.   A complete momentum tendency budget was calculated to determine the source of wind field expansion and outer-wind field acceleration.     Outer wind field acceleration was found to be a result of the tilting of the previously barotropic tropical cyclone through the introduction of shear and the associated temperature gradients.   The resulting tilt leads to an advection of angular momentum into the lower tropospheric circulation from aloft, a process that was not possible as an untilted tropical cyclone.    The cooling in the storm core results not so much a result of temperature advection (although that does play a role), as the cessation of diabatic heating (convection and fluxes) leading to the QG-omega-based adiabatic cooling response overwhelming the diabatic for the first time in the post-tropical TC.    While the wind field expansion at the surface is markedly right of track, this asymmetry was considerably different above the PBL and especially in the middle troposphere.   A striking tightening of the height field to the northwest of the cyclone was found during ET that lead to a dramatic wind maximum to the northwest side of the transitioning TC at those higher levels.   This striking rotation of structure with height is consistent with the development of intense conveyor belts typically found with conventional baroclinic systems.

1.6.3.4 New England Hurricane (1938)
The availability of the CIRES/NOAA 20th Century Reanalysis (V1 and V2) made possible for the first time the simulation of historical hybrid systems prior to the 1950s.    In Hart (2010) these reanalyses were utilized for WRF simulation of the 1938 New England Hurricane.  With 56 ensemble members available for the reanalysis, this provided the ability to study not only the possible structural evolutions of this infamous hybrid storm, but also its predictability, and speculate on the tantalizing question of “what would models do today with such an anomalous storm?”     The results of a three-nested simulation indicate an extremely low predictability on track and intensity, not only associated with landfall time.   Not surprisingly, there is great structural forecast variability in the 56-member ensemble:  from a 5-day forecast as a strong TC yet to make landfall, to a weak cold-core post-tropical cyclone, to a very intense warm-seclusion post-tropical cyclone.   Nonetheless, what is most evident is an unusually large number of ensemble members that correctly simulated the (rare) west-of-north movement into New England as an extremely strong hybrid system, largely driven by an unusually strong (for September) negatively tilted trough.    While such results are not forecasts (since they use reanalyses for BCs), they give an insightful perspective on what may happen in the forecast environment should another such event occur today.  While there would be great uncertainty in the details of the track and intensity evolution, there would be a significant probability of a grave threat to the northeast U.S. and the Canadian Maritimes, and most likely there would be some advance warning despite the rapid translation speed of the storm.    These conclusions are tempered by the fact that the timing of landfall on average was 9 h too late in the model.

1.6.3.5 Catarina (2004)
The first officially recognized hurricane in the South Atlantic basin occurred in March 2004 and was dubbed "TC Catarina" because of its landfall in the Santa Catarina province of Brazil (SBMET 2005).  Since this event was the first of its kind since the advent of the satellite era 40 years ago, it made landfall in a region that was ill-prepared for hurricane force winds and the heavy rains associated with the weakening system. As a result, two deaths were reported, 75 people were badly injured and $350M in insured damages occurred. The storm formed following a subtropical development pathway [specifically tropical transition (TT) as defined by Davis and Bosart (2004)] over relatively cool waters and interacted with a midlatitude blocking pattern throughout its lifecycle. It was therefore of interest to TC researchers as well as policy-makers (McTaggart-Cowan et al. 2006). 
The initial disturbance tracked southeastward from the Brazilian coast into the South Atlantic, but did not begin to intensify until it reached a region of reduced shear associated with a long-lived dipole block (Rex 1950) east of the South American contient. This blocking event - which had persisted in the region for almost two weeks leading up to Catarina's development - prevents the southeastward progression of the vortex and creates a favourable low-shear region in which convection helped to stretch vertical vorticity in the incipient vortex. The important role of this extratropical feature on the development of Catarina provides evidence of large-scale influences on the storm's non-traditional lifecycle.
Sea surface temperatures beneath Catarina remained below 25 (C as the TC intensified, although a warm core ring may have increased upper-oceanic heat contents locally (Filho et al. 2009). Despite the implied unfavourable inflow temperature, potential intensity values (Bister and Emanuel 2002) reached well over 50 m s-1 because of cold upper-tropospheric temperatures associated with the equatorward component of the dipole block. Such upper tropospheric cooling in advance of baroclinic troughs can be as effective as lower tropospheric warming in destabilizing the troposphere and permitting deep convection to form.  This demonstrates the effectiveness of upper tropospheric troughing in assisting TC development following a subtropical pathway, provided that shear can be kept to a minimum.
The release of latent heat from Catarina's developing circulation led to the development of a poleward outflow channel that reinforced the ridge component of the dipole block. This change to the large-scale flow enhanced the easterly steering wind and accelerated the developing storm towards the Brazilian coast. The interaction of the hybrid system and extratropical structures that comprise its high-latitude environment is one of the key elements of Catarina's lifecycle.

1.6.4 Forecasting considerations
JTWC forecasts track, intensity, and wind radii for tropical cyclones, but not for subtropical or hybrid cyclones.  Cyclones deemed subtropical or hybrid are instead described on JTWC “significant tropical cyclone advisories” (ABPW covering the western North and South Pacific Ocean and ABIO covering the Indian Ocean) and closely monitored for transition into tropical cyclones.  When transition into a tropical cyclone is expected to occur within 24 hours and maximum sustained wind speeds will meet warning criteria (discussed in the background section above) a Tropical Cyclone Formation Alert (TCFA) will be issued.  Because JTWC does not currently warn on subtropical or hybrid systems, the challenges of forecasting track and intensity change are delayed until TT has occurred.  However, satellite analysts and forecasters must still analyze and describe (on tropical weather advisories and TCFAs) the structural characteristics and dynamical mechanisms driving STC and hybrid cyclone development and characterize the potential for these cyclones to undergo TT.
The impacts of hybrid or STCs are similar to those of tropical storms - high winds, heavy rains, and storm surges in coastal areas.  In most cases, these systems transition into TCs at or before the winds reach hurricane force.  Systems that remain hybrid are typically not of hurricane intensity, and the wind and surge impacts are generally not severe.  However, a few cases have developed hurricane-force winds without developing full TC structure, such as the December 1994 storm in the western Atlantic (Beven 1997).  The rainfall – and resulting flooding impacts – of a hybrid cyclone can be as large as that of a TC.

The Unites States TC warning/response process is triggered by NHC products on STCs and TCs, and it often involves significant response by emergency managers (EM).  The warning and response system for non-tropical cyclones is not as centralized, and it normally includes a lower level of EM response.  This difference adds a potential non-meteorological factor to any NHC decision to designate a transitioning cyclone as a STC or TC, as the warning/response process changes significantly when the NHC initiates advisories on a system.  This can make a cyclone undergoing TT near land especially challenging.  The black/white dichotomy of the warning/response process stands in contrast to the shade-of-gray continuum of cyclone types and their ability to change types.

1.6.5 Recent research in forecasting subtropical and hybrid systems

Hybrid systems have, it seems, notoriously low predictability in numerical models and the forecast setting in general.    The structural evolution of the hybrid system is often a consequence of a tug-of-war between forcing mechanisms seeking dominance of the evolution through their respective forcing.    This predictability of hybrid systems has been researched in several ways by the author’s group since IWTC6, including:  a) composite analysis (Hart et al. 2006) and b) numerical simulation (Evans and Hart 2008; Hart 2010), described earlier in sections 1.6.3.3 and 1.6.3.4.   A brief summary of the composite results is given below.

Composite Analysis:
In Hart et al. (2006), the evolutions of several dozen extratropically transitioning Atlantic tropical cyclones were normalized by their cyclone phase space evolutions, with the objectively defined start of transition (TB) and end of transition (TE) serving as the anchor points for the lifecycle.   Although at least six different lifecycle evolutions were noted (post-ET cold-core weakening, post-ET cold-core strengthening, post-ET warm seclusion, extended hybrid existence, absorption, ET-interruptus and reacquired TC structure), only a select few subsets are discussed here.  Accordingly, the cases were then subcomposited based upon their future (post-tropical) evolutions:  rapid/slow transitioning, post-ET intensification/weakening, and post-ET cold-core/warm seclusion evolution.   There were statistically significant differences preceding TE (and even often TB) that highlighted the structure of the future TC.   Particularly significant precursor signals were:

i.
the horizontal tilt (+/-) of the atmospheric trough interacting with the TC helping to determine the post-ET intensity change,

ii.
the relative dynamic scales of the trough (as measured by PV) and TC (as measured by PV and the size of the TC wind field) that determines future cold-core vs. warm seclusion development, with scale-matching the most obvious precursor for warm-seclusion post-ET development,

iii.
The direction of motion during ET helping to determine the speed of transition, with slow transitioning systems moving more zonally and typically straddling the Gulf Stream’s northern edge across the Atlantic, resulting in a dual source of energy (diabatic warmth for warm-core development and baroclinicity and shear for baroclinic development) that slows the transition process and encourages (an albeit unbalanced or at best meta-stable) hybrid existence.

It was noted that the differences between these evolutions, while significant, were often subtle and well below the margin of error in track (and thus timing) and intensity forecasts that currently exists in operational NWP.   This illustrated well why structural prediction of hybrid systems such as ETs is poor in operational models.

1.6.6 Climatological analyses of subtropical and hybrid processes
Subtropical and other hybrid cyclones often occur outside of the climatological areas for TCs, as shown by the March 2010 South Atlantic cyclone (Fig. 5), and at times distinct from those expected from climatology (Table 1).  In addition, the marginal tropical character of these systems raises questions about their inclusion in seasonal TC counts.  Currently, the National Hurricane Center (NHC) only includes them if they clearly become STCs or TCs.  Any change in this practice would impact TC climatology.  It is possible that older storms in the Atlantic TC tracks database were hybrid for some or all of their life, with the contemporary observations insufficient to distinguish the various phases.
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	Figure 5.  NASA MODIS image of the South Atlantic Subtropical or Tropical Storm 1323 UTC 9 March 2010.  (Image courtesy of NRL Monterey and John Beven, NHC)


	Start Date
	End Date
	Type
	Impacts
	Remarks

	26 Dec 2007
	31 Dec 2007
	Hybrid/STC
	None
	Open water south of Azores

	23 Sep 2008
	28 Sep 2008
	Hybrid/STC
	Tropical-storm- force winds and heavy rains in North and South Carolina
	Was transitioning to a TC or STC as it made landfall

	7 Sep 2009
	12 Sep 2009
	Hybrid
	Tropical-storm- force winds and heavy rains Mid-Atlantic States
	Organized central convection with a warm core formed by seclusion – too frontal to be considered as STC

	31 Jan 2010
	4 Feb 2010
	Hybrid/STC
	Heavy rains and floods Canary Islands
	May have become STC or TC after winds fell below 18 ms-1

	6 Mar 2010
	13 Mar 2010
	STC/Tropical Storm
	None
	South Atlantic just east of southern Brazil

	21 May 2010
	28 May 2010
	Hybrid/STC
	High surf in Mid- Atlantic States
	Western Atlantic between Bermuda and the U. S.


Table 1. Notable Atlantic Subtropical and Hybrid Cyclones 2007-2010 (courtesy of John Beven).

1.6.6.1 South Atlantic and Tasman Sea climatology
The development of Hurricane Catarina in the South Atlantic in March 2004 was unexpected and poorly understood. In an analog study of the long-lived blocking pattern associated with Catarina's subtropical development, McTaggart-Cowan et al. (2006) identified six regional blocking events between 1971 and 2001 that lasted for a period of at least 10 days. The March 1974 event is shown to have led to the development of a subtropical system reminiscent of Catarina, but that is unable to move westward towards the Brazilian coast. This shows that persistent blocking over the western South Atlantic can lead to the development of hybrid systems despite cool SSTs and strong climatological shear. While not an active basin for pure TCs, the development and possible TT of subtropical makes the study of such features of practical importance for the region. The possibility that similarly subtropical developments of this type may be more common than previously understood or that their incidence may be changing in time lead to an investigation of ST incidence in the South Atlantic (Evans and Braun 2010; Braun 2009). Comparisons were drawn with ST activity in the South Atlantic with the Guishard et al. (2009) North Atlantic STC climatology; incidence of STC in the Tasman Sea off Australia was also investigated (Braun 2009; Evans and Braun 2010).
To accomplish this objective, the Evans and Guishard (2009) definition of STC as systems of mixed baroclinic and convective origin was used. The same methodology was followed, but due to the fundamental differences in the southern hemisphere and North Atlantic mean climates, additional criteria were applied: (i) a cyclonic signature must be present at 500 hPa; (ii) this cyclone must be cut-off from the midlatitude flow; and (iii) a comma-shaped cloud signature must be present with convection absent in the core. Lifted index (LI; °C), CAPE (J Kg-1), and convective inhibition (CIN; J Kg-1) were calculated to ensure that these systems had convection present (Braun 2009).
A 51-year climatology (1957-2007) was compiled using a combination of the ECMWF Reanalyses (ERA-40) and NWS GFS global forecast model analyses to identify STC. The results of Manning and Hart (2007) were used to ensure that the threshold criteria used to track the candidate systems in the ERA-40 were appropriate and the two year (2000-2002) overlapping period between the ERA-40 and GFS analyses was used to tune these thresholds to ensure the climatology was consistent throughout the entire climatology.
For the 51-year period 1957-2007, 63 STCs were detected in the South Atlantic and 111 in the Tasman Sea. The monthly distributions are shown in Fig. 6.  These southern hemisphere systems are larger (greater near-surface mean gale wind radius) and less symmetric than those in the North Atlantic. Consistent with the stronger baroclinic zone in the southern hemisphere, South Atlantic and Tasman Sea STC typically develop in stronger background shear and cooler SST environments than their North Atlantic counterparts (Evans and Braun 2010 and Guishard et al. 2009).
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	Figure 6.  Mean monthly distribution of STC occurrences in the South Atlantic, the Tasman Sea, and the North Atlantic basins. The South Atlantic had a total of 63 STC developments, the Tasman Sea had a total of 111 STC developments, and the North Atlantic basin had a total of 197 STC developments (contributed by Jenni Evans).


1.6.6.2 Climatological analyses of Atlantic STCs using ERA40 reanalysis
Guishard has utilized the ERA40 reanalysis to construct a climatology using an automated algorithm to detect and track cyclones in the Atlantic basin. The cyclones are then filtered using the criteria based on a) gale-force winds, b) a hybrid structure in the Cyclone Phase Space of warm lower core and cold upper core, for not less than 36 hours (6 reanalysis times), and c) development over the subtropical ocean (latitude and SST constraints), with no prior tropical or extratropical signature. This method was developed using the same criteria imposed upon case studies in the GFS Analyses 1999-2004, in which confirmation of STC genesis is supported via interpretation of satellite signatures (HP75), synoptic scale analyses of surface observations and upper air soundings. 
The results of this process reveal 197 storms in the period September 1957 to August 2002, inclusive, 53 of which are identified as systems which developed tropical characteristics and were named storms in the Best Track database of Atlantic tropical cyclones, comprising 12% of tropical cyclogenesis in the Atlantic in this time period. 
STCs are tied to SST, but not as limited by SST as TCs (Gray 1968). In the ERA40, 74 cases of STC formation over SST < 25ºC have been documented, but most occur over water temperatures exceeding 25ºC. It is proposed that ‘warm’ SSTs are a limiting factor, but that if there is a threshold SST for ST cyclogenesis, it is lower than that of tropical cyclogenesis.
STCs form in a stronger deep layer (925-200hPa) shear environment than TCs with an average shear of 11 m s-1 over all 197 ST cyclogenesis events in the ERA40 reanalyses.
STC formation is most common in a dipole/diffluent block pattern (Rex 1950), allowing persistent superposition of a cold upper low over relatively warm SST. The surface-500hPa temperature difference is typically of the order 35-40(C.
Those STCs transitioning to TCs (Davis and Bosart 2004) must overcome/weaken the deep layer shear which was associated with their initial development. This is achieved via a redistribution of PV through diabatic processes (i.e. convection) .
Most years in the ERA40 reanalyses (1957-2002) experienced between 2 and 5 subtropical storms, with five notable exceptions. There were peaks in activity in 1969, 2001, and1992 of 16, 14 and 9 storms respectively, and only two years when no subtropical storms were recorded: 1968 and 1980. 
The El Niño Southern Oscillation and the North Atlantic Oscillation show insignificant correlations with the yearly and monthly distribution of subtropical storm numbers at a variety of lead and lag times. The best linear regression between the Southern Oscillation Index and subtropical storm numbers returned an r2 value of 0.0132, and the best linear regression between the North Atlantic Oscillation Index and subtropical storm numbers had an r2 of 0.0055.  
The geographic distribution of cyclogenesis origins (when gales are first detected in the ERA40) is biased to the western Atlantic, further supporting the hypothesis of a link between SST and ST cyclogenesis.
1.6.6.3 Climatological analysis of northeastern Atlantic STCs using NCEP/NCAR reanalysis
The research of Mauk investigates the environmental conditions immediately preceding 21 tropical cyclone (TC) formation events over the northeastern Atlantic Ocean during the months of October, November, and December. 
Twenty-one TCs were identified in the NHC Best Track records from 1975-2009 as forming between 1 October and 31 December over the Atlantic Ocean east of 60°W and north of 20°N. Air temperature and wind fields were derived from NCEP/NCAR reanalysis data (Kalnay et al. 1996). Air temperature was calculated using a 10° square storm-centered box, and wind was calculated on a 5° square storm-centered box. SSTs for post-1982 TCs were derived from the Reynolds-Smith SST OI.v2 weekly dataset using a 5° square storm-centered box (Reynolds et al. 2002). SSTs for pre-1982 TCs were derived from the Extended Reconstructed SST v3b monthly dataset using a 4° square storm-centered box (Smith et al. 2008). 
TC development from baroclinic sources dominates the northeastern Atlantic basin by early October. Eighteen TCs developed from non-tropical systems, usually occluded cyclones or dissipating fronts. Three TCs developed from tropical waves. The 18 TCs with baroclinic origins exhibited some non-tropical characteristics even after official classification as tropical by NHC. Satellite imagery of these TCs usually showed asymmetrical convective patterns composed of mostly shallow convection with sporadic deeper convective bursts. In some cases, the TC was located at the center of a larger extratropical cyclone. 
TCs with baroclinic origins formed over cooler SSTs than the TCs with tropical origins. TCs with baroclinic precursors tracked over SSTs cooler than 27°C during the 24 h prior to formation. The median SST for the 18 baroclinic cases was 23.8°C; three TCs formed over sub-22°C SSTs. In contrast, the three cases with tropical origins formed over 27-28°C SSTs. 
Wind shear magnitudes varied between TCs and often fluctuated during individual storm events. Five cases formed in environments with 850-200 hPa shear exceeding 15 m s-1 for at least 12 h of the 24 h prior to TC formation. Fourteen cases formed in environments with 850-200 hPa shear exceeding 10 m s-1 for at least 12 h of the 24 h prior to TC formation. Shear magnitudes decreased by an average of 30% when 300 hPa was used as the top level of the layer. A local shear minimum was observed in proximity to the developing TC in all baroclinic cases, likely due to the upper-level cyclone associated with the original system.

Vertical temperature profiles in the storm-local environment were consistent with a hybrid structure. Relatively warm temperatures were observed from the surface to 700 hPa, and relatively cool temperatures from 500 hPa to the top of the system. This structure created large temperature gradients between the surface and 300 hPa, which is one condition necessary for creating an environment favorable for convection. Upper-level cold pools were not observed in TCs with tropical origins. 
Calculations of CAPE and equilibrium level (EL) in the storm environment indicated differences between the TCs with baroclinic origins and the TCs with tropical origins. Overall, CAPE values for the TCs with baroclinic origins were one-quarter to one-half the CAPE values for the TCs with tropical origins. A few of the baroclinic cases exhibited strong warming at 850- or 700 hPa, resulting in two ELs. Median upper ELs ranged from 320 - 230 hPa for the baroclinic cases. In contrast, tropical cases had median ELs in the 205-185 hPa range. Consistent differences are found in CAPE and EL values between baroclinic and tropical systems. 
Environmental conditions observed during TC formations from baroclinic systems differed from the conditions usually observed during TC formation from tropical waves. Most TCs originated from baroclinic systems, suggesting that tropical transition (e.g., Davis and Bosart 2004) is an important mechanism of TC formation in the region. Satellite imagery indicated that non-tropical characteristics (asymmetrical cloud patterns and sporadic deep convection) persisted for many systems, even during the official tropical period.  Prior to formation, all baroclinic cases were over SSTs cooler than 27°C. Thus, marginal SSTs may preclude the achievement of an entirely tropical structure. Lower equilibrium levels and modest CAPE, as observed in the baroclinic cases, also suggest a hybrid structure. Strong vertical wind shear in the 850-200 hPa layer would likely have limited effects on shallow storms, which may explain some of the problems with intensity guidance experienced by NHC.
1.6.7 Recommendations to the IWTC working group
The continued research of tropical cyclone development pathways may yield predictive benefits, since the ability of traditional analysis techniques and numerical models to forecast such events may depend significantly on the subtropical or hybrid natures of the systems themselves during the development process.

There is presently no single set of objective criteria that, if applied, would irrefutably support a forecaster’s analysis of cyclone type (subtropical, hybrid or tropical).  In light of the ambiguities that often arise when classifying cyclones, the IWTC working group could make a substantial contribution to the operational TC forecasting community by recommending a “universal” cyclone classification methodology based on the latest research, operational forecasting capabilities, and real-time data availability.
Once an accepted definition of STC is established, then an accepted, and maintained, database of STCs (based on reanalysis data) would allow for needed analysis and diagnosis of such STCs.

The limited predictive capability of subtropical and hybrid systems is concerning, especially as such systems’ impacts are typically as significant as for TCs.  Operational centers changing the designation of a TC to that of a non-tropical system (as in a hybrid system) do so at the risk of lowering emergency manager response.  Warnings for subtropical storms tend to be worded in a manner similar to those warnings for extratropical systems (e. g., gale warnings).  Such warnings do not articulate the very real possibility of hybrid/subtropical systems’ potential for either rapid intensification or for evolving into a tropical system.  Enhanced communication of subtropical and hybrid system impacts to emergency managers is necessary.  In the absence of a more appropriate warning system, it may be preferable to continue to use TC warning systems for subtropical/hybrid systems.

Though there is general acceptance that model’s perform poorly in STC and hybrid systems’ evolution, a comprehensive study addressing the quality of such performance is needed.  Furthermore, a study examining STC impacts on downstream predictability is needed, considering the STCs’ interactions with extratropical flows.

The results of section 1.6.5 suggest that crucial, yet subtle, differences in environmental structures are associated with the future state of hybrid systems.  Such subtle distinctions may be well below the margin of error in both our analysis and forecast systems.  Thus, studies are needed that evaluate the effectiveness of our current data collection and analysis systems as they relate to STCs.  Studies are also needed that investigate possible improvements in predictability that could be obtained from environmental and/or targeted sampling programs.
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