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ABSTRACT

Since more research is needed on subtropical cyclones (STCs) formed within the North Atlantic eastern

basin, this survey analyzes them from a synoptic point of view, on a climatological basis, with the main aims of

studying their common features, complementing other studies of these storms in the North Atlantic, and

aiding the forecasting community. Fifteen cases of STCs were identified during the period 1979–2011 by

applying a set of criteria from two databases. Composite analysis reveals that an extratropical depression acts

as a precursor when it is isolated from the westerlies and then suffers a deepening when becoming subtropical

instead of decaying through occlusion. This process is accompanied by an atmospheric circulation, within the

North Atlantic, whose main feature is characterized by notable departures from the climatological pattern

with a statistically significant anomalous high pressure to the north of the STCs. Three conceptual models of

synoptic pattern of subtropical cyclogenesis are derived and show that these departures appeared because the

westerly circulation moves poleward and/or the flow has a great meridional component, with the possibility of

a blocked flow pattern occurring. Moreover, the identified STCs predominantly formed in a highly sheared

(.10m s21) environment with low sea surface temperature values (,258C), which differs from the dominant

features of STCs in the North Atlantic, especially within its western region. Finally, a recent (2010) STC,

identified by the authors, is synoptically discussed in order to achieve a better interpretation of the general

results.

1. Introduction

Subtropical cyclones (STCs) are low pressure systems

showing characteristics of both tropical and extra-

tropical cyclones, thus being between the theoretical

extremes of cyclones. They have a hybrid thermal

structure with cold upper-tropospheric and warm lower-

tropospheric thermal anomalies as main feature. In re-

cent years, there has been a growing interest in STCs

because of their recognition as damaging weather sys-

tems, such as pre–Hurricane Karen’s landfall over Ber-

muda in October 2001 (Steward 2001; Guishard et al.

2007) to mention just one example. They tend to de-

velop in environments with little low-level baroclinicity

in conjunction with diabatic processes.

The formation, development, maturity, and decay of

cyclones have been studied for decades, and it was

generally believed that tropical cyclones had a life

cycle that was distinct from extratropical cyclones. For

instance, midlatitude cyclones grow mainly because

of baroclinic instability, which requires that there are

horizontal temperature gradients and vertical wind
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shear, and then decay as this instability is removed

(Bjerknes and Solberg 1922; Charney 1947; Eady 1949;

Holton 2004). The thermal structure is asymmetrical,

with cold advection generally to the north and to the

west of the surface low, and warm advection to the south

and to the east; if the cyclone is cut off from the west-

erlies, the thermal structure will have a deep cold core

located over the surface pressure minimum. Satellite

imagery of baroclinic cyclones reveals an asymmetric

cloudiness pattern associated with horizontal thermal

contrast.

Unlike extratropical cyclones, tropical cyclones de-

velop in a barotropic environment with no important

horizontal thermal gradients, depending strongly on la-

tent and sensible heat fluxes from the ocean (Charney

and Eliassen 1964), since their main source of potential

energy is the thermodynamic imbalance between the

atmosphere and the underlying ocean (Ooyama 1969;

Emanuel 1988). They are governed by latent heat re-

lease through cumulus convection (Kuo 1965), and

the mechanism of air–sea interaction (Emanuel 1986;

Rotunno andEmanuel 1987) is a crucial requirement for

their intensification. Tropical cyclones have a suitable

development in environments with large-scale low-level

convergence and upper-level divergence, small amounts

of vertical wind shear, high values of low-level vorticity

that may be associated with large horizontal shear, and

conditions favorable for barotropic instability (McBride

and Zehr 1981). The thermodynamic structure in the

vertical has a well-defined warm deep core above the

center, and satellite imagery reveals an eyelike feature

and an axisymmetric shape.

However, it seems that there is no sharp dividing line

between tropical and midlatitude cyclones. In this way,

Davis and Bosart (2003) outlined a new mechanism for

the development of a tropical cyclone, linking both

classical archetypes of cyclones. They called this process

tropical transition, whereby a baroclinically induced

surface depression may initiate via quasigeostrophic

dynamics and amplify through convective diabatic

heating to build a warm thermal core from the lower

troposphere upward once the development and main-

tenance of convection near the center is established. The

hybrid nature of these cyclones, with a cold core aloft

and a warm core near the surface, is characteristic of

STCs, which results from the lack of sustained convec-

tion near the cyclone center, unlike tropical cyclones.

Thus, the distinction between a subtropical depression

that goes through its life cycle in a sheared environment

and a tropical cyclone that forms via the tropical tran-

sition process is often subtle.

One of the major justifications for the study of STCs is

that they are associated with both damaging winds and

rainfalls and the public expect warnings on such systems.

Indeed, the motivation of this study is as a result of the

landfall of an STC over the Canary Islands and the

Iberian Peninsula at the beginning of February 2010.

Since this event was unusual in that region, knowing

whether there were more STC cases in the past or it was

a unique occurrence is necessary in order to provide

a context for STC development of use to the forecasting

community, especially in the eastern part of the North

Atlantic (ENA), where they are less known and have

not been studied as a whole. In addition, this study will

serve as a basis for creating a future objective climatol-

ogy of STCs over this basin. In contrast, STCs have been

researched by Guishard et al. (2007) near Bermuda, by

Evans and Guishard (2009) within the western North

Atlantic (WNA), and by Guishard et al. (2009) over the

entire North Atlantic basin. Apart from the North At-

lantic, they have been also studied in other regions such

as the South Atlantic (Evans and Braun 2012), central

Pacific (Otkin and Martin 2004), and Tasman Sea

(Holland et al. 1987; Browning and Goodwin 2013).

Hereafter, the reader should note that any reference to

characteristics of STCs over other regions will be based

on these studies, although they will not be quoted to

avoid excessive repetition of references.

This survey analyzes STCs formed over the ENA

basin during the last three decades from a synoptic point

of view, on a climatological basis, with the objectives of

1) highlighting their common features when they evolve

over this basin, 2) complementing and contrasting the

studies of STCs mentioned above within the North At-

lantic, and 3) determining the conditions under which

ENA STCs occur, thus providing support for the suc-

cessful forecasting of such system. These aims are

addressed by constructing a database of STCs based on

specific criteria, exploring the dynamics with the aid of

composite analysis, and classifying the events according

to environmental parameters and synoptic patterns.

Data used and our methodology are documented in

section 2. The temporal and spatial characteristics of the

STC cases are presented in section 3. In sections 4 and 5,

respectively, the composite analysis and stratification of

the STCs based upon their genesis environments are

presented. A synoptic pattern classification is proposed

in section 6 in order to facilitate the identification of the

atmospheric patterns that may favor the subtropical

formation. For illustrative purposes and to complement

the general results, the STC formed in 2010 is described

as a case study in section 7, detailing its synoptic evo-

lution and some characteristics related to the other

sections. In addition, the consideration of this cyclone as

subtropical with the inclusion in our dataset is justified

in this section, which is the main reason for selecting
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this cyclone for further analysis. Finally, the results are

summarized in section 8.

2. Data and methodology

A set of STCs formed within the ENA is studied

herein with the main objective of examining its common

climatological and synoptic features. For this purpose,

ERA-Interim (Dee et al. 2011) gridded data (sampled to

0.758 3 0.758 resolution) are utilized.

a. Databases used

Two databases for the identification of STCs in the

ENAbasin are used in this survey. They are compared in

section 2b. On the one hand, the first and only objective

STC climatology within the North Atlantic (hereinafter

referred to as ERA-40 climatology), built by Guishard

et al. (2009), is employed. Only STCs formed over the

domain 208–408N, 308W–08 were selected. Cyclones are

included in the climatology if they do the following:

1) Attain gale-force winds (17ms21) on the 925-hPa

surface at some time during its life cycle, within the

208–408N latitude band.

2) Exhibit a hybrid structure for at least 36h, as deter-

mined by the cyclone phase diagram (CPS; Hart 2003)

with the criteria of 2jVL
T j . 210 and 2jVU

T j , 210.

This feature is illustrated with examples in sections

2c and 7.

3) Become subtropical (i.e., attain a hybrid structure)

within 24h, if identified first as a purely cold- or

warm-core system.

On the other hand, STCs identified by National

Hurricane Center (NHC) were added as well. This

NHC database (hereinafter referred to as the NHC-

HURDAT database) was obtained by means of the

IBTrACS project (revision v03r01) (Knapp et al. 2010).

We used only STCs formed over the domain between

40.58W and 08 with no limit on latitude, from 1979 to

2011, and those that attained subtropical storm intensity

(17.5m s21, using a 1-min average). This last criterion is

used to be more consistent with ERA-40 climatology

(first criterion).

NHC policy for classification of STCs has been the

same since 1975, with the use of the first and only ob-

jective Hebert–Poteat (HP) satellite classification sys-

tem (Hebert and Poteat 1975). This satellite recognition

technique was implemented, as a complement to the

Dvorak technique for tropical cyclone intensity classi-

fication (Dvorak 1975), for estimating STC intensity. Its

goals were to use cloud features associated with STCs in

order to be able to 1) distinguish them from tropical

cyclones in the formative stages, 2) estimate their

intensity, and 3) have criteria that would intermesh with

the Dvorak technique when systems become tropical.

The method outlined has elements of subjectivity in-

trinsic to this type of categorization, yet its application is

supported by its use by forecasters experienced in using

satellite classification techniques. Although satellite

resolution has improved vastly since it was developed,

the HP technique provides the only guidance for remote

sensing of different intensities of STCs.

Apart from this technique, NHC has started to use

new tools and data sources that have become available

in the past few years (Landsea 2007), one of which is the

above-mentioned CPS. The CPS is a three-dimensional

descriptor of the cyclone structure, in which structure

types are thermodynamically classified by reference to

their horizontal symmetry (B: thermal symmetry pa-

rameter) and vertical thermal structure (2VL
T , 2VU

T :

thermal wind parameters) (Hart 2003). Despite its ad-

vantage of being objective, this diagnostic tool should be

used in conjunction with synoptic fields, satellite imag-

ery, and other analysis tools in order to produce an

evaluation of the cyclone structure type as reliable as

possible (Guishard et al. 2009).

Our database of STCs identified within the ENA was

increased by adding the STC occurred in 2010, which has

been identified by the authors in this study. In section 7,

both the recognition of this cyclone as subtropical sys-

tem and its inclusion in our study are justified in detail.

b. Comparison of the NHC-HURDAT database with
ERA-40 climatology

The way a cyclone is included slightly differs de-

pending on the database to which it belongs. In ERA-40

climatology, model reanalysis and the CPS are used to

isolate cyclones that are unambiguously identified as

STCs by applying an objective, consistent, and largely

automated method. In contrast, the NHC-HURDAT

database (Jarvinen et al. 1984) does not incorporate

any objective methodology to include a cyclone since it is

derived primarily from subjectively reanalyzed opera-

tional data and thus it may be inconsistent and biased.

However, ERA-40 climatology and NHC-HURDAT

database consider STCs nearly the same structure. For

instance, they both use the HP technique (in ERA-40

climatology, it is used to verify the nature of the storms).

In addition, during the last decade NHC has focused

more on the thermal structure of cyclones thanks to the

advent of the mentioned new tools. This, together with

the information provided in section 2c, allows justifying

the use of both databases since the objective of this study

is related to the phenomena that favor the successful

development of hybrid structures that lead to STCs,

more than to specific aspects of their definition. This
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latter issue, especially in the case of ENA STCs, needs

more research and discussion in order to deal in greater

depth with their definition. This is why part of this study

is focused on the creation of a future objective clima-

tology of this type of phenomena in the eastern part of

North Atlantic, by gaining insight into such processes.

The overlap or coincidence between the two data-

bases during the period 1957–2002 is considerable but

not perfect (Guishard et al. 2009), as would be expected

as a result of the different techniques and criteria used.

ERA-40 climatology exclude systems with subtropical

characteristics for a variety of reasons—for instance,

those systemswith no gales associated, those formed over

land, or those having hybrid characteristics not observed

for the required 36h, among others. As to NHC-

HURDAT database, this excludes systems with marked

frontal character at surface. Therefore, the selection

methodology used herein has the advantage of identify-

ing asmany STCs as possible in the region of study, which

is the main reason for the inclusion of both datasets.

Comparing quantitatively the identification of STCs

in the two databases, it can be seen that 92 (361) out of

453 cyclones were operationally deemed subtropical

(tropical) in the NHC-HURDAT database. Also, 197

STCs were found in ERA-40 climatology; 65 of the 92

STCs found in NHC-HURDAT did not meet the STC

criteria in ERA-40 climatology. Conversely, 53 are

named cyclones (subtropical or tropical) in NHC-

HURDAT database that overlap with ERA-40 clima-

tology; 26 of these 53 did meet ERA-40 STC criteria but

were not labeled as subtropical but as tropical. The

remaining 27 (i.e., 92 2 65) were identified as STC in

both databases, which is thus the key overlap and en-

compasses 29% (27/92) of the NHC-HURDAT data-

base and 14% (27/197) of the ERA-40 climatology. It is

important to note that this analysis is based on the pe-

riod 1957–2002 (including the presatellite era). Never-

theless, 1979–2002 is the period common to the STC

databases used in the present study, a period when sat-

ellite observations were commonly used. Therefore, it is

likely that the percentage overlap shown above could be

increased by an examination of cyclones only during the

period 1979–2002 because of the advent of routine sat-

ellite observations during this period.

It is highly likely that more STCs than those obtained

herein have formed during the period of study of both

databases (1979–2002 for ERA-40 climatology and

1979–2011 for the NHC-HURDAT database). The cri-

teria imposed to identify STCs in the ERA-40 clima-

tology are rather restrictive, especially within the ENA

region. Moreover, STCs have been inconsistently han-

dled by NHC with a high degree of subjectivity as evi-

denced, for instance, in the policy for naming or issuing

advisories on them, especially in the 1980s and 1990s.

For instance, the abovementioned STC formed in 2010

was not studied by NHC. This is one of the reasons why

this cyclone has been individually included as a case

study in section 7.

c. Analysis of the STCs from the NHC-HURDAT
database in the terms of the CPS

In this subsection, an analysis of two examples of cy-

clones detected in NHC-HURDAT database that are

not included in ERA-40 climatology, and that have been

used to carry out this study (see section 3), is provided.

This analysis, based on the CPS, serves as a means of

justifying the inclusion of the five cyclones from the

NHC-HURDAT database, which allows one to add

consistency to the use of both databases. For simplicity,

the analysis of the other three cyclones is not shown

herein given that they have a similar behavior.

1) STC4 (1990)

According to Fig. 1a, this STC started as a gale-force

extratropical system at 0000 UTC 3 August in the CPS

based on ERA-40. Then, after 30 h it acquired hybrid/

subtropical structure (2jVL
T j . 210 and 2jVU

T j , 210;

shallow warm core) through the tropical transition

process by 0600 UTC 4 August and became extra-

tropical again at 0000 UTC 6 August.

This system was therefore not included in ERA-40

climatology because the third criterion listed in section

2a was not fulfilled. However, it does meet the first and

second (the most important one) criteria. The third

criterion was included in ERA-40 climatology for op-

erational forecasting considerations since the inten-

tion was to filter out systems that, previously to the

achievement of the hybrid structure, had gale-force

winds and thus systems that would have already likely

been monitored by forecasters, limiting the chances of

a surprise storm. In other words, the intention in ERA-

40 climatology was to study STC cases essentially

formed in situ. However, we emphasize that this is not

the aim of this survey, which is to study all STC cases

occurred in the ENA basin instead, since there is less

knowledge about ENA STCs and forecasters are less

aware of them. We are more interested in the phe-

nomenon itself, that is, the development of enough

convection to transition into a subtropical system (ac-

quisition of a hybrid structure). This is the reason why

the third criterion has been omitted in this study.

2) STC14 (2007)

According to Fig. 1b, this gale-force cyclone started

with a hybrid structure (2jVL
T j.210 and2jVU

T j,210;

shallow warm-core) at 0000 UTC 3 October in the CPS
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based on ERA-Interim. After 48 h it clearly developed

a warm core (2jVL
T j.210 and2jVU

T j.210) in upper

levels, which gave it a tropical cyclone structure by

0000 UTC 5 October. Later on, it acquired a cold-core

structure at 0000 UTC 7 October. This system would

have been included in the ERA-40 climatology, if not

for the fact that the cyclone did not attain gale-force

winds within the 208–408N latitude band, which is

FIG. 1. (a) ERA-40 of STC4 and (b) ERA-Interim of STC14, plotted in the CPS (VL
T vs VU

T ).

The A indicates the beginning of the plotted life cycle within the reanalysis and the Z indicates

the end. A marker is placed every 6 h. The shading of each marker indicates cyclone MSLP

intensity and the size of the circular marker indicates the relative size (mean radius) of the

925-hPa gale-force (.17m s21) wind field. Positions at 0000 UTC are labeled with the day.

Because of visual considerations, the life cycle of STC4 has been stopped at 0000 UTC 6 Aug,

before the timeZ [Available online for (a) at http://moe.met.fsu.edu/cyclonephase/archive/1990s/

and for (b) at http://moe.met.fsu.edu/cyclonephase/archive/2007/gifs/aleman22007/].
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a requirement added in ERA-40 climatology only to

reduce the possibility of introducing pure extratropical

or tropical systems and therefore is not applied herein.

d. Methodology

Once STCs are identified, themethodology associated

with this survey has been characterized by the de-

termination of

1) maps of geopotential height at 300hPa and mean sea

level pressure (MSLP) during the life cycle of the

cyclones with the purpose of performing the synoptic

classification;

2) composite maps of geopotential height at 300 hPa

and MSLP fields in order to carry out the analysis;

3) monthly-mean reanalysis fields for the period of

1979–2012 to define the mean climate structure in

constructing the composite anomalies; and

4) sea surface temperature (SST) and vertical wind

shear (WS) within a domain centered at the low pres-

sure minimum. This will enable the environmental

classification.

The three last steps were completed following Evans

and Guishard (2009), with the objective of comparing with

their results. Yet the calculation of deep layer WS has dif-

fered in this study.CalculatingWSby layerswas considered

more robust than by levels. Thus, WS is calculated as

WS5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(uU 2 uL)

2 1 (yU 2 yL)
2

q
, (1)

where the subscript U is for the average of 200, 250, and

300 hPa (upper layer), whereas the subscript L is for the

average of 700, 850, and 925 hPa (low layer).Wind speed

components are denoted by u and y.

3. Identified subtropical cyclones

A set of 15 STCs formed within the ENA have been

detected during the period of 1979–2011. Note that

ERA-40 climatology as used here only covers the period

of 1979–2002. Nine of those belong to ERA-40 clima-

tology and five belong to the NHC-HURDAT database.

The last cyclone is the STC that originated in 2010 and is

identified by the authors in this study. Table 1 contains

further information from ERA-Interim about the STCs

identified. It is worth noting that STC4, STC12, and

STC13 constituted the early stages of Tropical Storm

Edouard (Case 1990), Hurricane Vince (Franklin 2006),

and Tropical Storm Delta (Beven 2006), respectively.

Figure 2a depicts the tracks of the cyclones and their

location at the formation time t0, that is, the first moment

when they were designated as subtropical systems in the

databases (subtropical storms in NHC-HURDAT). It

highlights the erratic features of the movements of the

cyclones, which is in reality a manifestation of autonomy

or isolation of the cyclones from the basic flow in middle

latitudes. In contrast, STCs that developed within the

WNA exhibit far more linear paths. This difference

arises as a result of the existence of a climatological

trough over this region (see Fig. 4), which is indicative of

the continuous crossing of troughs steering STCs toward

the east. In contrast, troughs frequently evolve into cy-

clones isolated from the westerly circulation (cutoff

lows) over the ENA basin. Indeed, Nieto et al. (2005)

noted that one of the three preferred areas of cutoff

low occurrence in the Northern Hemisphere extends

through southern Europe and the eastern Atlantic coast.

The idea of the baroclinic origin of STCswithin theENA

basin is further developed in the following sections.

TABLE 1. STCs identified from ERA-Interim during the period of 1979–2011. The number in parentheses after the names of the

cyclones indicates the database from where the cyclone comes: 1 for the climatology of Guishard et al. (2009) and 2 for the NHC-

HURDAT database. STC15 was identified by the authors.

Storm Formation time (t0) MSLP (hPa) Lat (8N) Lon (8W)

STC1 (1) 0000 UTC 12 Nov 1981 1010.7 29.25 27.75

STC2 (1) 0600 UTC 16 Mar 1984 1014.0 39.75 26.25

STC3 (1) 0000 UTC 2 Mar 1988 1004.2 30.00 9.75

STC4 (2) (pre-Edouard) 1200 UTC 3 Aug 1990 1009.4 39.75 22.50

STC5 (1) 0600 UTC 4 Dec 1991 991.2 32.25 24.00

STC6 (1) 0000 UTC 17 Feb 1996 1013.6 27.00 20.25

STC7 (1) 1800 UTC 19 Feb 1996 1012.6 27.75 26.25

STC8 (1) 1800 UTC 4 Mar 1996 999.0 31.50 23.25

STC9 (1) 0000 UTC 29 Jan 1997 1004.3 36.00 26.25

STC10 (1) 0000 UTC 6 Mar 2000 1014.0 28.50 20.25

STC11 (2) 1200 UTC 4 Oct 2005 1012.1 36.00 30.00

STC12 (2) (pre-Vince) 0600 UTC 8 Oct 2005 1002.6 32.25 21.00

STC13 (2) (pre-Delta) 1800 UTC 22 Nov 2005 980.2 30.75 40.50

STC14 (2) 0600 UTC 6 Oct 2007 998.9 42.75 25.50

STC15 1800 UTC 29 Jan 2010 996.3 30.75 31.50
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Temporal analysis (Fig. 2b) suggests that subtropical

cyclogenesis has a preferred seasonality. Note that 14

out of the 15 cyclones have in fact formed from October

to March, which would be consistent with their baro-

clinic origin since midlatitude circulation moves

southward in winter and therefore cutoff lows would be

more likely to reach low mid- and subtropical latitudes.

However, cutoff lows seem to be more frequent in

summer over the ENA basin and Mediterranean Sea

(Nieto et al. 2005). This inconsistency is likely to be as

a result of the difference in temperature between SST

and the cold air in the upper troposphere associated with

depressions. This difference would be bigger in winter

mainly because of much deeper upper-level cold lows,

causing a greater destabilization of the atmosphere, and

thus the associated convection would bemore significant

than in summer. The more convection originates within

the center of the cyclone, the more likely its transition to

a subtropical system (Guishard et al. 2009). Neverthe-

less, more research on this issue is needed to clarify the

relation between cutoff lows and STCs within the ENA.

Another issue worth highlighting is the formation of

STC4 in August since it was the only STC formed in

summer and also because it then evolved into a tropical

cyclone. By examining its synoptic history (not shown),

it can be seen that it was the digging of a trough near the

Azores, with the subsequent formation cutoff low, that

led to the development of the STC, consistent with the

genesis mechanism of the rest of the cyclones. This low

then remained stationary for three days, which helped it

to make a transition to its tropical stage.

A comparison with other studies in order to contrast

our temporal distribution of the cyclones is needed.

STCs within the entire North Atlantic predominantly

formed during the midhurricane or warm season up to

its end (i.e., from September to November) as a conse-

quence of WNA STC prevalence over the North At-

lantic. WNA STCs mostly form during this time of the

year because relatively warm SSTs reach their north-

ernmost extent, which contributes to the fact that the

overlap between the baroclinic zone and the warm SST

zone is as large as possible, particularly in October

(Guishard et al. 2009). In fact, Bermuda subtropical

storms, as part of the WNA STCs, show a remarkable

peak in September. However, Fig. 2b does not display

any leading peak in autumn, but shows the pre-

dominance of ENA STCs events in winter, which may

give an idea of the differences between both types of

STCs since WNA STCs tend to form in the season when

SSTs are warmest whereas ENA STCs tend to form

when midlatitude circulation reaches its southernmost

extent. It can be therefore inferred that the major factor

(SST or midlatitude circulation) that leads to the for-

mation of an STC may differ depending on the basin,

which is a result that will be also supported by the en-

vironmental classification shown in section 5. Although

warm SSTs and midlatitude circulation (cutoff lows)

would be considered to be necessary factors for the

successful development of an STC, future work is

needed to clarify the key (necessary and sufficient)

factors that determine whether a low would evolve into

an STCor not (Evans andGuishard 2009; Guishard et al.

2009), especially within the ENA basin.

4. Composite analysis

Geopotential height at 300 hPa andMSLP composites

have been represented in this section to describe the

common synoptic features arising within the North At-

lantic when STCs formed at t0 (North Atlantic basin

FIG. 2. (a) Initial geographic locations, tracks and (b) monthly

distribution of the STCs identifiedwithin eastern basin of theNorth

Atlantic during the period of 1979–2011. The crosses indicate the

position of the cyclones at the time of their formation (t0) and the

numbers are associated with the cyclones’ names as described in

Table 1. The tracks have been only displayed within the time in-

terval when the lows were considered to be subtropical cyclones in

the databases.
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composites; section 4a) and in the surroundings of the

cyclones following their tracks (storm-centered com-

posites; section 4b). The anomaly composites have been

also constructed so as to reveal more detailed environ-

mental features that are not evident in the non-anomaly-

composited fields on their own. The anomalies represent

departures from long-term ERA-Interim (Dee et al.

2011) monthly-mean values for the period of 1979–2012.

To ensure that the synoptic-scale features associated

with STC genesis are captured, they are computed over

a cyclone-centered (at the MSLP minimum) 308 3 258
grid in 6-h intervals from 24h prior to genesis to 24 h

after—that is, from t02 24h to t01 24 h. In this regard, it

should be noted that the synoptic influence common to

all STC cases may not be as obvious as they are in an

individual case. With this in mind, it is advisable to

perform case studies to complement the compositing

approach. Hence, the synoptic evolution of STC15 has

been analyzed in section 7.

a. North Atlantic basin composites

Figure 3a reveals the main descriptive feature of the

atmospheric circulation pattern in the North Atlantic

basin at the moment when the 15 STCs formed. As can

be seen from this figure, a trough to the south of the

ENA is located just to the southwest of the Iberian

Peninsula and involves a ridge to the north, with its axis

just to the west of the British Isles. This upper-level

pattern influences the low-level pattern to strengthen

a high pressure structure centered at the southwest of

the British Isles that spreads over a large extent of the

ocean. There is also an area of low pressure below the

trough, associated with the STCs. Therefore, Fig. 3a

shows that these STCs form in a meridional trough,

with the westerly midlatitude flow blocked over Eu-

rope and North Africa by constructive reinforcement

between the subtropical anticyclone and the high

pressure ridge in the extratropical longwave. Such

a pattern differs from the long-term climatological one

(see Fig. 4). This latter is characterized by an upper

subtropical ridge over the ENA basin associated with

the Azores high, which provides a wide region of stable

climate.

The remarkable anomalies associated with STC for-

mation can be seen in Fig. 3b. It shows a widespread area

of negative anomalies just to the west of the Canary

Islands associated with the cyclone anomaly, and

a broad and band-shaped area of positive anomalies

encompassing from Newfoundland to the British Isles

and Scandinavia. The positive anomalies are located

around 608Nwhereas the negative anomalies are around

308N (Fig. 3b). This blocked flow pattern (Doblas-Reyes

et al. 2002), as described in the nonanomaly composites,

is the main feature of the atmospheric circulation over

the North Atlantic Ocean when the STCs developed

within the eastern basin. In addition, it can be noted that

these upper-level anomalies are reproduced signifi-

cantly at low levels, especially in the case of the anom-

alous high pressures. The center of this positive surface

anomaly is shifted to the east with respect to the upper

anomaly (as expected in an extratropical system). In the

case of the negative anomaly, its center is just beneath,

which is more typical of a tropical circulation. The sta-

tistical significance analysis of these anomalies as well as

that of Figs. 5d–f (see section 4b) is available in the

supplemental material.

To facilitate the interpretation of the composites just

described here, three obtained conceptual models of

atmospheric patterns when the STCs formed (section 6)

and the study of the synoptic evolution of the STC15

(section 7) are included in this survey.

b. Storm-centered composites

The resulting storm-centered composites are depicted

in Figs. 5a–c. They display a relevant structure of the

common synoptic environment of the cyclones, which is

linked to the atmospheric pattern revealed by the At-

lantic composites to a great extent. The presence of an

upper trough in the westerlies promotes a quasigeo-

strophic (QG) forcing for the development of the low

pressure at the surface just to the south-southeast of the

trough center. This becomes the dominant feature prior

to the onset of STC genesis (t0 2 24h; Fig. 5a). In each

STC case, a trough was likewise evident in proximity to

the surface low although not all the troughs were in the

same state of evolution at t0 2 24h. There were certain

cases in which the trough was amplified, almost forming

a cutoff low, whereas there were other cases in which the

trough was embedded in the westerlies in a previous

stage of a digging trough (i.e., just before it began to

amplify). As time passes, the wave at 300 hPa evolves

into a closed system and deepens as the upper ridge

downstream of the trough weakens through the time

(evident in the 926 dam isopleth at t01 24h; Fig. 5c). All

these features indicate that the cyclone evolves into

a closed low, isolated from the midlatitude circulation.

The deepening STC tends to become vertically stacked

(Figs. 5a–c), which leads to a lesser QG forcing and

a greater diabatic heating forcing associated with the

latent heat release provided by convection just below

the upper cold air core, and therefore the cyclone adopts

a more tropical structure. There is more agreement

among the STC cases at t0 1 24h, when a cutoff low was

evident in nearly all the cases.

This latter forcing can be explained in terms of the

Lagrangian tendency of potential vorticity (PV) due to
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FIG. 3. (a) Composite (all 15 STCs) of 300-hPa geopotential height (shaded and gray

contours; dam) and mean sea level pressure (white contours; hPa) at t0 (0 h). (b) Also plotted

is the anomaly composite. Statistical significance of (b) is available in the supplemental

material.
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a diabatic heat source represented by (Hoskins et al.

1985)

r
dPV

dt
5ha � $ _u , (2)

where r is the atmospheric density, ha is the three-

dimensional absolute vorticity vector, and _u is the dia-

batic warming rate (i.e., du/dt). Equation (2) states that

potential vorticity can be redistributed vertically by in-

troducing a differential diabatic heat source (e.g., latent

heat release) into the column. Assuming that the dia-

batic heating maximum is situated in the midtropo-

sphere and the absolute vorticity vector is nearly

vertical, PV will tend to increase (decrease) in the layer

below (above) the heating maximum (Raymond 1992).

This heating will involve an anomalously high PV in the

lower troposphere with lower values near the tropo-

pause. The deepening of the STC can be thus explained

by this forcing since higher PV values in the lower tro-

posphere lead to an increased circulation of the cyclone

related to a decreased pressure at its center. This

mechanism is in fact consistent with the concept of

a warm core lower-tropospheric cyclone, characteristic

of STCs, resulting from the large amount of released

latent heat. Diabatic effects of cyclone intensification

are also observed in extratropical cyclone formation

(Romero 2001) and contribute to the enhancement of

their warm-seclusion process as well (Gyakum 1983a,b).

When observing the temporal animation (from t0 2
24h to t01 24h every 6h; not shown), the variation of the

previously described features are in fact larger once the

cyclone acquires subtropical characteristics (t0), in-

dicating the crucial difference in the structure and envi-

ronment of the cyclone when this undergoes a transition

to a subtropical state. Thus, these results suggest that

there exist some extratropical cyclones that become

subtropical and generally intensify instead of filling when

they are isolated from the westerlies, along their path

over the northeastern Atlantic. This process is well

documented in the South Hemisphere (Holland et al.

1987; Evans and Braun 2012; Browning and Goodwin

2013). Cutoff lows commonly weaken and occlude as

theymove toward subtropics and baroclinicity decreases,

which differs from the results obtained in this section.

Anomaly composites (Figs. 5d–f) reveal a region of

negative anomalies in both fields, associated with the

subtropical depressions. These anomalies are initially on

the order of 10hPa in the MSLP and 25 dam in the geo-

potential height. Both anomalies evolve deepening up

to 15hPa and 30 dam, respectively, which is consistent

with the previously described nonanomaly composites.

The strengthening and positioning of the positive

anomalies just to the north of the negative anomalies, as

FIG. 4. Long-term (1979–2012) ERA-Interim climatology over theNorthAtlantic of 300-hPa

geopotential height (shaded and gray contours; dam) and mean sea level pressure (white

contours; hPa).
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time passes, is themost important feature of the anomaly

composites. These positive anomalies evolve covering

a widespread region of110hPa at t01 24h, whichwould

denote the reinforcing of a ridge just to the north of the

cyclone and thus a greater blocked flow regime feature.

The synoptic evolution described in the storm-

centered composites is consistent with the idea of the

isolation from the general circulation that the cyclone

undergoes when evolving into a subtropical stage, which

would be a requirement for an auspicious development.

Furthermore, as with WNA STCs, the greater curvature

of the flow observed in the region of the upper-level

cyclone, causing anticyclonic shear just to the north of

the surface depression, is consistent with a Rossby wave

breaking event (Thorncroft et al. 1993). This feature is

verified when doing the description of the synoptic his-

tory of STC15 in section 7.

In addition, the results just described here are also

consistent with the WNA STC composites in that the

average cyclone deepens once it acquires a subtropical

structure, and the shape of the anomalies tend to re-

semble each other even though the anomalies are greater

here, which is reasonable since the western basin is rather

different from the eastern basin in terms of climate. Note

that the climatological pattern over the North Atlantic

(Fig. 4) is characterized by a subtropical ridge, with its

associated Azores high over the eastern basin while

a trough is located over the western side. The reinforcing

and strengthening of the anomalous high pressure just to

the north of the cyclonic anomalies, which Evans and

Guishard (2009) considered to be the manifestation of

a Rex block pattern, is the main common feature of both

studies. Nevertheless, it can be seen that the nonanomaly

composites are differentiated from each other, in the

sense that western composites do not evolve into a closed

upper-level contour despite the fact that both composites

have the same contour interval as Figs. 5a–c. This dif-

ference would indicate that the evolution of the trough

into a cutoff low, or at least into anupper-level closed low,

in the WNA is not as common as in the ENA, which re-

inforces the idea of the difference in the environments

between the two basins when STCs form. It is also im-

portant to note that composites of Fig. 5 are consistent

with results obtained, in MSLP composites, by Browning

and Goodwin (2013) for southern secondary low (SSL)

events, and by Otkin and Martin (2004) for cold-frontal

cyclogenesis/trade winds easterlies (CT) kona lows.

5. Environmental classification of subtropical
cyclogenesis

An environmental classification of the identified

STCs is undertaken in this section. As in the case of

Evans and Guishard (2009), the 15 STC cases have been

partitioned into four classes based upon their WS and

SST characteristics in the surrounding of the cyclones

when they formed (i.e., t0). These four environments are:

tropical (T: SST $ 258C, WS # 10ms21), subtropical

(ST: SST $ 258C, WS . 10m s21), the classical extra-

tropical type 1 (E1: SST , 258C, WS . 10ms21), and

the low-shear extratropical type 2 (E2: SST , 258C,
WS# 10ms21). They calculated WS by taking a 58 3 58
average centered on the cyclone whereas SST averages

were calculated for a 28 3 28 grid box.With our intention

of being as consistent as possible with their methodology

and because of the different grid resolution (0.758), for
this study we had two alternatives for the size of the grid

boxes, which were 1.58 3 1.58 for SST and 4.58 3 4.58 for
WS, and 38 3 38 for SST and 68 3 68 for WS. Table 2

shows that SST is not very sensitive to changes in the size

of the calculation domain, showing insignificant differ-

ences, while WS is. For instance, STC8 and STC11 are

located in different extratropical environment of for-

mation, associated with different WS, depending on the

calculation box. Therefore, an interval of uncertainty

should be introduced in the partitions of the environ-

ments although the results presented here (Fig. 6) are

associated with a single grid box (38 3 38 for SST and

68 3 68 for WS) in order to be able to contrast them

better with the other studies. The larger grid boxes have

been chosen for a better representation of the structure

of the cyclones.

The two parameters used above to obtain the classifi-

cation of the STC environments are associated with pro-

cesses that have been demonstrated to be involved in the

development of cyclones. The ratio between these pro-

cesses plays a decisive role in determining the final

structure type (tropical, extratropical, or hybrid) attained

by cyclones. Two of the large-scale conditions considered

to be necessary but not sufficient for tropical cyclogenesis

are weak wind shear and warm SST (Gray 1968; Evans

1993). As such, the tropical environment is the most fa-

vored of the four types for tropical cyclogenesis and thus

the lack of STCs in this environment within the region of

study is logical. The subtropical class also has a near-

surface thermodynamic forcing resulting from heat and

moisture fluxes from the warm ocean below. However, it

has an environment of strong wind shear, which increases

the likelihood of baroclinic development and therefore is

the most adequate environment for the subtropical cy-

clogenesis. A baroclinic system in the upper westerlies,

consistent with QG theory, tends to force mass ascent,

which, in close conjunction with the warm moist near-

surface layer, favors the generation of deep convection

and decreasing static stability. In this neutral atmosphere,

forced ascent can extend down to the surface and
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convective feedback can lead to STC genesis and poten-

tially also to tropical cyclogenesis. Nevertheless, this

subtropical environment does not involve the formation

of STCs in our case, as noted below.

In contrast, the extratropical environments (E1 and

E2) are characterized by cold SST. Thus, the proximity of

an upper-level trough will leadmore likely to a baroclinic

development of a more purely extratropical storm struc-

ture than tropical, since lower ocean surface tempera-

tures tend to limit enthalpy fluxes at the storm’s lower

levels. Nevertheless, E2 environment is characterized by

low wind shear, which may aid the maintenance of con-

vection in case of its development and thus favors the

accumulation of the released latent heat. This accumu-

lation of heating leads to the building of the warm core in

low levels of the troposphere, which is characteristic of an

STC structure. If this process continues, the cyclone de-

velops a tropical structure. To sum up, the successful

development of the STCwill then depend on the different

acting forcings and on the extent in that they act.

The identified cyclones are classified in the diagram of

Fig. 6, in which the predominance (71.4%) of the classical

extratropical environment (E1), characterized by high

wind shear and low SST values, is noticeable. Since STC3

formed just off the African coast, its SST values are in-

accurate over the calculation domain and thus this cyclone

must be left out of the environmental classification. It is

worth noting that STC11 is located in the diagram re-

markably close to the subtropical and tropical environ-

ments boundaries, originating over the warmest waters

(;258C) with respect to the other cyclones. This happens

because of the season (October) when it formed. Warm

SSTs come far to the north of their usual position in late

summer and early autumn. The rest of the cyclones

(28.6%) originate in the low-shear extratropical environ-

ment (E2) although they are all close to the boundary with

E1. In addition, it can be seen that there is no linearity

between SST and wind shear at the moment of the cy-

clones’ formation. It is worth noting that 3 out of the 15

cases (STC4, STC12, and STC13) becameofficially (NHC)

tropical cyclones after the subtropical development, which

denotes the potential for the transition to tropical cyclones

of these types of cyclones despite not having been sur-

rounded by suitable environments (E1 and E2).

Unlike ENA STCs, WNA STCs formed predominantly

in the subtropical (38.9%) and tropical (38.9%) environ-

ments. Of the 18 cyclones identified in the western basin

(Evans and Guishard 2009), only one and three cyclones

originated under E1 and E2 situations, respectively. This

relative paucity of extratropical genesis environments is

due to the focus on the hurricane season, which is reason-

able given the observed high incidence of North Atlantic

STC events (Guishard et al. 2009) during the hurricane

season. This last-mentioned climatology highlights anew

the predominance of both the subtropical (33%) and

tropical (24.4%) environments, which is an indication that

WNA STCs influence the climatological environmental

features of North Atlantic STCs more than ENA STCs,

although in this caseE1 andE2 environments had a greater

frequency with 23.4% and 19.3%, respectively. In contrast,

STCs over the SouthAtlantic (SA)mostly originated in the

E1 environment (88%) based upon the survey of Evans

and Braun (2012), which indicates that ENA STCs re-

semble SA STCs more than WNA STCs.

As has been noted, the cyclones studied here differ

from those originating within the WNA in their forma-

tion environments, and they are also a special case of

North Atlantic STC. Indeed, the predominance of the

TABLE 2. Selected parameters associated with the STCs’ environments (ENV) at their genesis (t0). Subscripts 1 and 2 are for the smaller

and larger grid boxes, respectively.

Storm SST1 (8C) SST2 (8C) WS1 (m s21) WS2 (m s21) ENV1 ENV2

STC1 22.73 22.74 17.95 18.44 E1 E1

STC2 14.81 14.83 15.33 15.82 E1 E1

STC3* 6.07* 4.57* 34.47 34.18 — —

STC4 (pre-Edouard) 21.83 21.82 15.73 17.12 E1 E1

STC5 20.21 20.21 13.06 14.67 E1 E1

STC6 20.32 20.24 41.42 40.43 E1 E1

STC7 20.05 20.06 18.58 18.75 E1 E1

STC8 17.93 17.95 9.22 11.53 E2 E1

STC9 16.90 16.92 6.57 8.74 E2 E2

STC10 19.53 19.47 18.94 19.34 E1 E1

STC11 24.76 24.73 9.53 10.04 E2 E1

STC12 (pre-Vince) 23.67 23.63 6.50 8.96 E2 E2

STC13 (pre-Delta) 23.31 23.37 9.78 9.77 E2 E2

STC14 19.62 19.63 9.40 8.79 E2 E2

STC15 19.84 19.88 13.78 14.48 E1 E1

* The cyclone does not originate completely over ocean surface.
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extratropical environment when ENA STCs form is the

main reason why they are frequently confused with

extratropical depressions. This disagreement is reason-

able given the difference in the climatological environ-

ment between the two basins and may also suggest

different environments in which an STC originates.

Therefore, as was also noted in section 3, it can be de-

duced that ENA STCs are more similar to extratropical

cyclones whereasWNASTCs aremore similar to tropical

cyclones. However, both types of STCs can have the same

impact and even both can make a transition to a tropical

cyclone in the same manner. For instance, STC4, STC12,

and STC13 were ENA STCs that then evolved into

tropical cyclones (Case 1990; Franklin 2006; Beven 2006),

as happened in the case of Hurricanes Karen or Michael

within the WNA (Evans and Guishard 2009).

The potential development of the eastern STCs in an

unsuitable environment characterized by high wind shear

and low SST may be explained by two fundamental rea-

sons. On the one hand, as was noted with WNA STCs,

convection might be forced either by development over

warm SST or warm-air advection for ultimately inducing

a hybrid STC structure. In this way, analyzing moist-air

advection from the tropics when precursors of STC move

southward might also provide some responses. On the

other hand, genesis and maintenance of subtropical

structures in a high shear environment may be due to

shallow convection that accompanies these systems, as

may also happen in tropical cyclones that form in envi-

ronments with cool SST and high wind shear over the

northeastern Atlantic Ocean. These types of tropical cy-

clones were studied by Mauk and Hobgood (2012). They

found that the reduced depth of convection associatedwith

tropical cyclones from nontropical precursors limits the

effects of 850–200-hPa wind shear on those systems. This

result would be supported by the higher sensitivity to the

wind shear of tropical cyclones developing over high SSTs

found by Nolan and Rappin (2008). Therefore, it is possi-

ble that the presence of low SSTs may reduce the sensi-

tivity of tropical cyclones to wind shear by inducing

shallower convection.

6. Synoptic classification of subtropical
cyclogenesis

As already mentioned, one of the goals of this survey is

to bring some operational assistance to forecasters. With

this in mind, this section focuses on the aid consisting of

identification and monitoring of atmospheric situations

that are conducive to the development of STCs that can

represent a threat for the countries of the eastern Atlantic

coast. This objective is addressed by examining subjectively

the 300-hPa geopotential height field at t0 for the 15

cases so as to capture the main features of atmospheric

FIG. 6. Partition of the 14 STC cases based upon characteristics of their synoptic environment

at genesis time (t0). Number is associated with the name of the cyclone. Uncertainty bars in-

dicate the standard deviation.
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patterns over the Atlantic Ocean basin when the iden-

tified STCs were forming. Based upon this analysis, one

might argue that STCs formed within the ENA region

tend to be developed according to one of the three

idealized models shown in Fig. 7.

The cutoff/isolation model (Fig. 7a) idealizes the typical

situation in which a depression embedded in the zonal

flow cuts off from this. The circulation just to the north

continues to be zonal and slightly undulated without

great deformations although it tends to move to the

north. Occasionally, the surface low is not originated

by an upper cutoff depression but itmay be formed by

a trough that is not associated with the midlatitude

circulation [a tropical upper tropospheric trough

(TUTT)]. STC1, STC4, STC10, STC11, STC12,

and STC14 are the cyclones fitting this first model.

The bifurcation model (Fig. 7b) whose main feature is

a blocked pattern flow with the center of the ridge/

high located in the vicinity of the British Isles. It

resembles a Rex block, as was noted inWNA STCs.

This pattern fosters the appearance of an extra-

tropical jet becoming undulated. STCs form just to

the southeast of the ridge. STC2, STC5, STC9,

STC13, and STC15 are associated with this model.

The prolongation conceptual model (Fig. 7c) is associ-

ated with a highly meridional circulation as well,

although in this case it is stimulated by a marked

elongation northward of the subtropical ridge with its

axis in a southwest–northeast orientation within the

mid-Atlantic Ocean. There exists a depression (STC)

just to the southeast of the subtropical ridge, which is

a prolongation of a primary trough associatedwith the

westerlies and located over central Europe.Occasion-

ally, the subtropical ridge may be related to an omega

blocked flow pattern. STC3, STC6, STC7, and STC8

fit this last model. This model is different from the

cutoff/isolation model in that the midlatitude circula-

tion seems to be highly disturbed with a great merid-

ional movement mainly due to the displacement of

the subtropical ridge toward the north.

The main common feature of the three described

conceptual models is the notable departure from the

climatological atmospheric circulation, as was remarked

in section 4. This deviation is related to the fact that the

westerly circulation is shifted poleward and/or is char-

acterized by a large meridional component of the flow

with even the possibility of the appearance of a blocked

flow pattern. Therefore, the synoptic classification just

described could also usefully complement the in-

formation on the composite anomalies, which can be

explained by the deviations mentioned.

Results obtained in this section need to be com-

plemented with more research in order to be of further

help to forecasting community. For instance, one aspect

of interest would be to perform some kind of evaluation

of the frequency of these patterns. Another useful issue

could be to analyze the probability of occurrence of

formation of an STC when one of the model patterns is

identified. This topic is hoped to be addressed by the

authors in a future paper, in conjunction with the search

of teleconnection patterns that might favor the appear-

ance of STCs within the ENA.

7. Case study: Synoptic evolution of STC15

The synoptic history of the STC formed in 2010 (see

Table 1) is described here in a way that can help to

achieve a more detailed view of the results obtained in

the previous sections. In addition, other characteristics

FIG. 7. Conceptual models of geopotential height at 300-hPa

patterns at the formation of the cyclones (t0): (a) cutoff/isolation,

(b) bifurcation, and (c) prolongation. The arrows indicate the ap-

proximately sense of the flow at 300 hPa;H denotes a region of high

pressure and L denotes a region of low pressure, where the sub-

script STC denotes the subtropical cyclone.
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are detailed in order to justify the recognition of this

system as subtropical and its inclusion in our database.

During 24 and 25 January 2010, the atmospheric cir-

culation over the North Atlantic is characterized by

a notable undulation in the geopotential field, associated

with a Rossby wave that has both significant amplitude

and wavelength. This wave favors the formation of

a ridge over the eastern North Atlantic with its axis lo-

cated just to the west of the Iberian Peninsula, and also

favors the existence of a trough over the western North

Atlantic, located to the north of Bermuda. The persis-

tence of this trough over a baroclinic zone brings about

the repeated formation of depressions downstream by

QG forcing. By 26 January, the elongation of the ridge

northward and the trough southward produce an omega

blocked pattern flow as can be seen in Fig. 8a. By the

next day, the resulting digging trough has formed a cut-

off cyclone (Fig. 8c). Therefore, the surface low is now

sustained by the upper positive PV anomaly inducing a

cyclonic circulation thatweakens toward the ground, aided

by the weakly stable environment underneath (Hoskins

et al. 1985). This described atmospheric pattern is con-

sistent with the results obtained in section 4, with an

upper-level ridge and its associated surface anticyclone to

the west of the British Isles, and a region of low pressure

just to the south of the ridge, which developed into STC15.

From a PV perspective, by the 26 January a cyclonic

Rossby wave breaking (RWB) event [life cycle 2 (LC2);

Thorncroft et al. 1993] can be identified to the northwest of

Azores (Fig. 8b). There also exists an anticyclonic RWB

FIG. 8. Geopotential height (shaded and gray contours; dam) at 300 hPa and MSLP (white contours; hPa) at (a) 0000 UTC 26 Jan and

(c) 1800 UTC 27 Jan 2010. Also shown is potential vorticity on the 315-K potential temperature surface (shaded) at (b) 0000 UTC 26 Jan

and (d) 1800 UTC 27 Jan 2010. The grayscale color interval for (b) and (d) is 1 PVU starting at 2 PVU [1 potential vorticity unit (PVU)5
1026 K kg21 m2 s21].
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[life cycle 1 (LC1)] just to the west of the cyclonic RWB.

Both RWBs promote the break of the serpentine-shaped

pattern and the isolationof relatively highpotential vorticity

values associated with the cutoff low mentioned above

(Fig. 8d). At the same time, a RWB-type LC1 is occurring

just to the north of Iberian Peninsula. All these wave-

breaking events are associatedwith the omega blocked flow

pattern referred to above. RWBs were found to have ac-

companied the formation of WNA STCs and events that

suffered tropical transitions (Davis and Bosart 2003) as

well. In fact, Evans and Guishard (2004) took this phe-

nomenon into consideration when they proposed a poten-

tial vorticity mechanism for subtropical cyclogenesis and

tropical transition.

Once the depression is cut off from the westerlies and

diminishes its horizontal scale, the atmospheric pattern

remains nearly stationary because of the blocked flow

pattern, making the low pressure region persist isolated

from the general circulation (i.e., detached from the

main baroclinic zone). The surrounding environment

then becomes more barotropic and the cyclone begins to

occlude. This barotropic environment, in conjunctionwith

the stationarity of the cyclone, provokes a decreasing in

vertical wind shear from 28m s21 at 24 h prior to the

formation of the STC to 4m s21 at 24 h afterward.

However, the system formed in an environment type

E1 with high wind shear (;14.5ms21), as seen in section

5, which is provided by a negatively tilted secondary

upper-level trough located to thewest of the cyclone. This

seems to imply that the subtropical cyclogenesis was not

caused by the decrease in vertical wind shear. In contrast,

this cyclogenesis is likely to have caused the sharp wind

shear weakening due to vertical distribution of PV as

mentioned in section 4b, and the above described syn-

optic environment could have been involved in the sub-

sequent STC maintenance.

Two days after the isolation of the precursor cyclone

from themidlatitude circulation, a remarkable deepening

of about 10hPa takes place (not shown) once it experi-

ences the transition to a subtropical stage. This deepening

differs from the classical decay of extratropical cyclones

at the end of their life cycles as the baroclinicity is re-

moved and the cyclone fills. This feature also supports the

results of storm-centered composites described in section

4b and implies that the cyclone is mostly governed by the

PV positive anomaly created in the lower troposphere,

which is caused by latent heat released by the significant

convection originated around the center of the cyclone, as

is shown below. In addition, a weakening of the ridge

located to the east of the cyclone is evident from the

temporal animation of the synoptic pattern (not shown),

which, added to the positioning of this ridge just to the

north of the cyclone as time approaches the moment t0, is

also in agreement with storm-center composites. Yet

there is no strengthening of its associated surface high

pressure after the subtropical cyclogenesis.

A fundamental feature of the atmospheric circulation

over the North Atlantic during this episode is the per-

sistence of the blocked flow, whose pattern is associated

with the bifurcation conceptual model described in

section 6. Furthermore, as Fig. 9 shows, as time ap-

proaches the moment of the subtropical cyclogenesis

(t0), the anomaly pattern over the North Atlantic tends

to resemble the anomaly composite map (Fig. 3b) of

section 4a, with positive anomalies around 608N and

negative anomalies around 308N associated with the

cyclone. This pattern shows the potential for a sub-

tropical development 60 h prior to the formation of the

STC. However, after the time t0 there is not any

strengthening of the upper and surface positive anom-

alies to the north of the cyclone anomaly (not shown),

which is related to the abovementioned lack of re-

inforcement of the ridge and surface high pressure, thus

being not supported by Figs. 5d–f described in section 4b

either.

The series of satellite images (Fig. 10) reveals per-

fectly the transformation of the cloudiness pattern as-

sociated with the cyclone during its life cycle. Once the

cyclone cuts off from the westerlies, it experiences the

transition from a baroclinic environment to an increasingly

barotropic state. This barotropic environment is related to

the disappearance of the frontal structures. The depression

has initially an asymmetric pattern (Fig. 10a) whose fronts

then tend to disappear (Figs. 10b,c), with scattered con-

vective cloudiness mostly created as a result of the thermal

forcing of the upper troposphere cold core. The most

eastern convective clouds are hypothesized to be gener-

ated by residual QG forcing. The decreasing of the wind

shear, as noted above, down to 4ms21 about 24h after

starting the subtropical cyclogenesis, might have helped

the formation of a formidable convective cell (Fig. 10c),

resembling the typical convective cloudiness pattern of

tropical cyclones. Nevertheless, this cyclone exhibits a rel-

atively convection-free circulation center in comparison

with the tropical cyclones, which often have deep and

persistent convection at their centers. It is worth noting the

similarity of the cloudiness pattern of this cyclone to that of

theTropical StormGrace,which also originated in a nearly

stationary occluding low near the Azores in early October

2009 (Mauk and Hobgood 2012).

The CPS (Hart 2003) is used here to complement the

synoptic history and satellite images of the cyclone.

ERA-Interim data were used to derive the CPS path

through the life cycle of STC15 (Fig. 11). As can be

deduced from Fig. 11a, the system began on 27 January

with a cold anomaly at both low levels (900–600 hPa)
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and upper levels (600–300 hPa)—that is, with a deep

cold core—and therefore it was a purely extratropical

depression. By 1800 UTC 29 January, the storm had

become a shallow warm-core system, consistent with

a STC structure, and even by 30 January the system

contained a moderate warm core when it started to have

a warm thermal anomaly aloft for several hours, which is

more consistent with the structure of a tropical cyclone.

Thus, it is worth noting that despite the low SST values

(;208C), consistent with the season when it developed

(winter), the storm almost suffered a complete tropical

transition, which might have been favored by the

stationarity and the decreased wind shear mentioned

above. Later on, the system became extratropical again

by 1200 UTC 31 January (after 36h) and remained with

a mix of hybrid and extratropical structure during the next

four days. It is likely that real thermal anomalies were

deeper than those shown here since theCPSbased onGFS

analysis (0.58) and Climate Forecast System Reanalysis

(CFSR; 0.58) show a significant shallowwarm core on 3 and

4 of February (see link in Fig. 11), which would suggest the

need for a mesoscale study of these types of cyclones.

Based uponFig. 11b, the systemappears to have formed

in a baroclinic environment (B ; 50), consistent with an

FIG. 9. Anomaly of geopotential height (shaded; dam) at 300 hPa and anomaly ofMSLP (white

contours; hPa) at 0600 UTC 27 Jan 2010.

FIG. 10. Sequence of satellite imagery [channel 9 fromMeteosat SecondGeneration 2 (MSG2 orMeteosat-9)] during the development of

STC15 at (a) 1200 UTC 26 Jan, (b) 0600 UTC 30 Jan, and (c) 0000 UTC 31 Jan 2010. Source: EUMETSAT–Dundee Satellite Receiving

Station (University of Dundee).
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extratropical structure, tending to occlude when moving

toward a weak baroclinic environment (B; 0), which is

in agreement with the satellite images shown in Fig. 10

and the isolation of the cyclone from the westerlies. By

30 January, the system already contained a symmetric

(nonfrontal) warm-core cyclone and remained nearly

symmetric up to the end of its life cycle based on the

CPS. The mean radius of 925-hPa gale-force winds is

FIG. 11. ERA-Interim of STC15 plotted in the CPS: (a) VL
T vs VU

T and (b) VL
T vs B. The

A indicates the beginning of the plotted life cycle within the reanalysis and the Z indicates the

end. A marker is placed every 6 h. The shading of each marker indicates cyclone MSLP in-

tensity and the size of the circular marker indicates the relative size (mean radius) of the

925-hPa gale-force (.17m s21) wind field. Positions at 0000 UTC are labeled with the day.

(Available online at http://moe.met.fsu.edu/cyclonephase/archive/2010/gifs/juanje32010/).
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also shown in Fig. 11, decreasing from,300 to,200 km

by the end of the day 28, when the cyclone started to go

directly toward a subtropical structure. This weakening

was also perceived on day 31, involving a cyclonic

structure with a radius around 100 km.

The CPS reinforces thus the idea of the subtropical

behavior of the depression from a thermal point of view,

which, added to the gale-force winds, matches the main

features for a cyclone to be considered an STC based on

the criteria (see section 2a) employed in ERA-40 cli-

matology, as discussed in section 2c. Therefore, STC15 is

a suitable candidate for being included in our study. It

should be noted that despite the fact that the cyclone

was in the tropical cyclone region in the CPS for several

hours (i.e.,2jVL
T j.210 and2jVU

T j.210), we decided

that this is not a fundamental reason to exclude this

system from the set of ENA STCs, given its transitional

nature and observed genesis environment (González-
Alemán et al. 2014). All the characteristics mentioned

above together with the evolution toward a symmetric

depression in the CPS are in agreement with the STC

definition of NHC, which made it a suitable candidate

for being monitored by the NHC.

8. Conclusions

By applying a set of criteria from two databases, a to-

tal of 15 STCs were identified to form during the period

of 1979–2011 within the ENA and have been examined

from a synoptic point of view, on a climatological basis,

in this study.

October–March is their preferred season with 14 of

these cases. Storm-centered composites (section 4b)

depicted an extratropical cyclone as a precursor em-

bedded in the westerly circulation that was undergoing

a process of detachment and isolation from the mid-

latitude flow and gradually acquired the characteristics

of an STC with an associated deepening, rather than

a weakening as would be expected for a typical mid-

latitude depression after its evolution into a cutoff low.

Another issue worth highlighting in these composites is

the presence of a ridge intensifying just to the north of

the cyclonic anomaly, which gives added strength to the

idea that the cyclone becomes increasingly isolated.

The North Atlantic basin composite maps (section 4a)

revealed a synoptic patterndifferent from the climatological

counterpart, corresponding to a large region of positives

anomalies to the north of the North Atlantic (;608N) and
a region of negative anomalies to the south (;308N). The

causes of this deviation were demonstrated, in section 6, to

be due to a northward displacement of the westerly circu-

lation and/or a largemeridional component of the flowwith

even the possibility of appearance of a blockedflowpattern.

These features were identified in the synoptic classification

of subtropical cyclogenesis, in which the genesis-related

synoptic patterns were separated into three conceptual

models based on the geopotential height at 300hPa (i.e.,

cutoff/isolation, bifurcation, and prolongation). In our

opinion, this might be of special interest to forecasters of

eastern Atlantic to anticipate the formation of an STC by

only examining the atmospheric synoptic pattern.

The analysis of the environmental features that af-

fected the cyclone at its formation phase was evaluated

through SST and vertical wind shear, leading to the

environmental classification in section 5. This analysis

noted that ENASTCs seem to occur in a highwind shear

(.10m s21) and cold SST (,258C) environment (E1),

with 71.4% of the cyclones being developed in this state.

The other 28.6% of the cyclones formed in the E2,

characterized by lower wind shear (#10m s21). This

causes ENA STCs to differ from their western coun-

terparts (Evans and Guishard 2009) as regards their

initial environments, making them a special case of

North Atlantic STC (Guishard et al. 2009). ENA STCs

have more similarities to extratropical cyclones while

WNA STCs are more similar to tropical cyclones.

However, ENA STCs tend to resemble SA STCs (Evans

and Braun 2012) since substantial subsets of both types

of STC form in the open ocean, in regions of much

stronger shear and cooler SSTs than WNA STCs.

Finally, the above analysis was complemented with

the study of the evolution of the cyclone originated in

2010 (STC15), which allowed us to interpret the general

results more specifically. Consistent with results of sec-

tion 4, STC15 was a typical extratropical cyclone in its

early stage that detached from the midlatitude circula-

tion and became a stationary cutoff low. It then un-

derwent a transition from extratropical into subtropical

cyclone in an atmospheric blocked pattern different

from the climatology, leading to its inclusion in the bi-

furcation conceptual model of the synoptic classification

undertaken in section 6.When becoming subtropical the

system underwent a deepening, which matches reason-

ably well the storm-centered composites. The cyclone’s

path in the CPS was also described, showing a shallow

warm core, and it even almost attained a completely

tropical thermal structure, which represents the poten-

tial for a tropical cyclone genesis mechanism from

a subtropical stage.

Certain questions have arisen, which motivates more

research on ENA STCs. Apart from the basis for

a future objective climatology of STCs within the

ENA, which takes into consideration their special

characteristics, the authors consider that this work opens

up new lines of study in this subject in the selected spatial
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domain with the objective of answering the following

main questions: Why are convection and warm core sus-

tained in high wind shear and low SST environments? Is

there any atmospheric pattern that most favors the sub-

tropical cyclogenesis? Are STCs related to any tele-

connection pattern? Is there any relation between them

and global warming? And the crucial question: Which

factors induce a subtropical structure in an extratropical

depression that is isolated from the westerlies? Or in

other words, what differences exist in the environment,

when cyclones become isolated from the westerlies,

between an extratropical cyclone that occludes and

an extratropical one that becomes subtropical?
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