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A B S T R A C T   

A tropical transition (TT) is the process whereby a baroclinic, high-to-moderate vertical wind shear, extratropical 
or subtropical cyclone is transformed into a warm-core, low vertical wind shear, tropical cyclone. Thirty TT 
events were identified over the central and eastern North Atlantic basin during the period 1979–2019. The TT 
process is here studied from a synoptic storm-centered composite climatology and an environmental classifica-
tion perspective. The aim is to study their common features and highlight their differences. The storm-centered 
composite analysis reveals that a westerlies meridional trough with quasigeostrophic forcig acts as precursor. TT 
environments are characterized by a trough at 300 hPa geopotential and the increase of the 1000–500 hPa 
thickness, i.e., the system evolves into a warm-core, and a strong anticyclone is located north of the surface 
cyclone. The transition is accompanied by a large latent heat release which promotes the vertical redistribution 
of potential vorticity and a reduction of the 850–300 hPa vertical wind shear. The identified TTs in the central 
North Atlantic predominantly developed in environments with warm sea surface temperatures (> 25 ◦C) and 
low-to-moderate wind shear (10–15 m s− 1). In contrast, the eastern North Atlantic TTs transitioned in low sea 
surface temperature values (< 25 ◦C) and high wind shear (> 15 m s− 1). Finally, the statistically significant 
differences in the environmental classification encouraged further analysis of their environments via storm- 
centered composites, revealing that eastern North Atlantic cyclones have a more defined extratropical struc-
ture, while central North Atlantic cyclones show more tropical characteristics.   

1. Introduction 

Tropical cyclones (TCs) are associated with high impact to the gen-
eral population and ecological systems. These impacts cover a wide 
range of damage, from agriculture and human losses to tourism and 
infraestructures, including security issues and environmental hazards 
(Peduzzi et al., 2012; Lenzen et al., 2019). Tropical cyclogenesis occurs 
from a series of precursor disturbances within appropriate atmospheric 
environments (e.g., warm sea surface temperatures, strong divergence in 
upper levels, weak vertical wind shear, low-level cyclonic vorticity and 
moist in mid-levels; Gray, 1968; DeMaria et al., 2001; McTaggart-Cowan 
et al., 2013). One of these disturbances can be in the form of a tropical 
transition (TT; Davis and Bosart, 2004). TCs formed via TT are likely to 

affect Europe, since they occur in the subtropics and midlatitudes. Over 
the last 15 years, western Europe has been threatened by anomalous TCs 
that resulted from TTs, with hurricanes such as Ophelia, Leslie or Vince 
(Tapiador et al., 2007; Beven, 2008; Steward, 2018). Therefore, im-
provements in the understanding of these events could yield an impor-
tant socioeconomic benefit for this region (Galarneau et al., 2015). 

Tropical cyclogenesis is generally considered to occur in regions 
devoid of baroclinic structures; however, an appreciable number of TCs 
evolve in extratropical environments. McTaggart-Cowan et al. (2013) 
indicates that 16% of the tropical cyclogeneses recorded globally in the 
period 1948–2010 came from TTs, increasing this value over the North 
Atlantic (NATL) basin. The TT is a form of tropical cyclogenesis rela-
tively recently described (Davis and Bosart, 2004) and associated with 
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extratropical precursors, i.e., is the process by which a baroclinic 
cyclone, with an upper-tropospheric disturbance from mid-latitudes 
origin, evolves and mutates into a TC. Commonly, the upper- 
tropospheric disturbance is forming in conjunction with Rossby waves 
breaking (McIntyre and Palmer, 1983; Thorncroft et al., 1993; Martius 
et al., 2008). These breakings can result in a variety of phenomena, 
namely, cutoff lows (Palmen and Newton, 1969; Nieto et al., 2005), 
potential vorticity (PV) streamers (Martius et al., 2008; Galarneau et al., 
2015), and tropical upper-tropospheric trough cells (Sadler, 1976; Fer-
reira and Schubert, 1999; Patla et al., 2009). Thus, upper-tropospheric 
disturbances have the potential to promote TTs in environments char-
acterized by low sea surface temperature, (SST; McTaggart-Cowan et al., 
2015) and moderate-to-high vertical wind shear (Bracken and Bosart, 
2000; Molinari et al., 2004; McTaggart-Cowan et al., 2008, 2013). 

TTs develop more frequently in the western NATL, being less com-
mon over the eastern NATL since the environmental conditions for their 
formation or maintenance are marginal over the latter (Galarneau et al., 
2015). TTs tend to develop in the subtropical ocean (~30◦N latitude) 
where mid-latitude cyclones can ingest considerable moisture from the 
underlying ocean and tropical regions (Davis and Bosart, 2003, 2004). 
Compared to the western NATL at the same latitudes, SSTs over eastern 
NATL are lower, the vertical wind shear is higher, and, during summer, 
the subsidence associated to the descending branch of the Hadley cir-
culation creates more stable and dry conditions (Hoskins et al., 2020). 
However, during autumn and winter these regions change their condi-
tions and can be occasionally affected by TTs (Knapp et al., 2010). 

Previous studies by Evans and Guishard (2009a), Galarneau et al. 
(2015), González-Alemán et al. (2015) and Bentley et al. (2017) used 
cyclone-relative composites to examine the upper-tropospheric features 
associated with NATL cyclones formation and transition processes. Both 
Evans and Guishard (2009b) and González-Alemán et al. (2015) suggest 
that the upper-tropospheric precursors to the formation of western 
NATL and eastern NATL subtropical cyclones differ in their structures 
across geopotential composites members (Figs. 7 and 5, in the respective 
articles). Galarneau et al. (2015) indicates that the key difference in 
synoptic-scale flow between developing and non-developing TC cases is 
the strength of the anticyclone located to the north of the incipient 
tropical disturbance. Bentley et al. (2017) separated subtropical cy-
clones that undergo a TT into three categories, based on the upper- 
tropospheric features associated with their formation (cutoff lows, 
meridional troughs, or zonal troughs) and revealed that ~61% of the 
subtropical cyclones form in association with an anticyclonic wave 
breaking. 

This current study analyzes TTs over the central NATL and eastern 
NATL basins during the last four decades from a synoptic point of view, 
on a climatological basis. The main objective of this survey is to high-
light the common features which lead these cyclones to evolve into TCs, 
with the aid of composite analysis of different fields and classifying the 
events according to environmental parameters. Statistical analyses to 
examine the TTs structure and thermodynamic differences between 
central NATL and eastern NATL have also been used. Additional pur-
poses lie in analyzing the main differences between the two oceanic 
domains, and determining the conditions under which TTs occur in the 
North Atlantic. To address all these objectives, a group of TTs is built 
based on the Hurricane Database 2 (HURDAT; Landsea and Franklin, 
2013) and specific criteria. 

The organization of this paper is as follows. The datasets and the 
description of the methodology to identify the TTs in the HURDAT 
database, compute the storm-centered composites and the environ-
mental classification are defined in Section 2. Section 3.1 explains the 
differences in TT density and life cycles in both domains and temporal 
distribution. Section 3.2 shows the storm-centered composites 
computed for the different dynamic fields. Section 3.3 explains the re-
sults of the environmental classification and the composites for both 
domains. Finally, the general conclusions are summarized in Section 4. 

2. Data and methodology 

2.1. Datasets used 

A list of individual TTs formed over the NATL during 1979–2019 was 
compiled from HURDAT, identified by the National Hurricane Center. In 
this study, their common climatological and synoptic characteristics are 
studied. For this purpose, the ERA-5 climate reanalysis (Hersbach et al., 
2020) is utilized. This reanalysis is generated by the European Centre for 
Medium-Range Weather Forecasts, being the evolution of ERA-40 
(Uppala et al., 2005) and ERA-Interim (Dee et al., 2011). ERA-5 im-
proves the spatial and temporal resolution by increasing to hourly out-
puts and to a 0.25◦ x 0.25◦ grid. Different studies show that ERA-5 
outperforms its predecessors in many climatological applications and as 
an initial conditions dataset (Taszarek et al., 2020; Coffer et al., 2020; 
Alonso-González et al., 2021; Calvo-Sancho and Martín, 2021). A more 
complete explanation about ERA-5 climate reanalysis characteristics can 
be found in Hersbach et al. (2020). 

From the ERA-5 reanalysis dataset several fields are used: geo-
potential height at 300 (GEO300), 500 and 1000 hPa, potential vorticity 
(PV) at 300 and 200 hPa, specific humidity, horizontal wind field 
components (u, v), potential temperature at dynamic tropopause (DT – 2 
PVU, θ-DT), mean sea level pressure (MSLP) and SST. From these ERA-5 
basic atmospheric fields, some derived fields are also computed: thick-
ness between 1000 and 500 hPa (1000–500 THICK), 300–200 hPa layer 
averaged PV (300–200 APV), 925–500 hPa layer averaged PV (925–500 
APV), equivalent potential temperature at 850 hPa (850 θE) and vertical 
wind shear between 850 and 300 hPa (850–300 WSH). In addition, the 
coupling index (CI; Bosart and Lackmann, 1995) is used. Bosart and 
Lackmann (1995) defined the CI as the difference between on the θ-DT 
and at 850 θE and McTaggart-Cowan et al. (2015) used it to approximate 
the bulk column stability associated with TCs forming in the presence of 
an upper-tropospheric disturbance. In addition, the 1979–2019 ERA-5 
climatology of every aforementioned field is computed. 

Cyclones from HURDAT are selected as follow: the TCs formed from 
the TT process from 1979 to 2019 over the region of the North Atlantic 
which encompasses >60◦W of longitude and > 20◦N of latitude. For a 
TC to be considered as TT, the cyclone must transition from low, 
extratropical cyclone, subtropical depression or subtropical storm (LO, 
EX, SD or SS as named in HURDAT; Landsea and Beven, 2019) into 
tropical depression, tropical storm or hurricane (TD, TS or HU as named 
in HURDAT). An additional criterion is applied to filter out possible TCs 
forming from tropical easterly waves which could have been named as 
low and not tropical wave (WV as named in HURDAT): the TC report 
from the National Hurricane Center must not mention that a tropical 
wave intervened in the tropical cyclogenesis process. One of the TTs 
identified was deleted because it did not meet the minimum temporal 
requirement for storm-centered composite (48 h previous and 24 h after 
the TT). The National Hurricane Center uses the Dvorak technique for 
classifying the intensity of a TC (Dvorak, 1975). Although this method 
has elements of subjectivity, its use is supported by senior forecasters for 
satellite classification. Nevertheless, in the last decades, the National 
Hurricane Center has started to use new tools and data sources to sup-
plement this technique, which also make this database incoherent 
within the selected period. For simplicity in this work any of the 
abovementioned tropical structures will be named as TCs. 

2.2. Storm-centered composites and environmental classification 
methodology 

Composite analyses of the 30 NATL TTs are constructed in a storm- 
centered relative framework for each atmospheric field used in this 
study. This allows us to describe the common synoptic features of the 
atmosphere in the proximities of the cyclones along their track. The 
composites are centered at the MSLP minimum, using a domain 
delimited by +40◦/− 15◦ in latitude and + 030◦/− 030◦ in longitude. 

C. Calvo-Sancho et al.                                                                                                                                                                                                                         



Atmospheric Research 278 (2022) 106353

3

Timewise, the domain is centered at the time of the TT (t0), using 24-h 
intervals from t0–48 h to t0 + 24 h. This grid ensures that the synoptic- 
scale features associated in the prior moments of the TT are adequately 
captured (González-Alemán et al., 2015). 

A cyclone environmental classification provides us a context for TTs 
and, thus, gives a helpful tool to the forecasters. We based on Evans and 
Guishard (2009a) and González-Alemán et al. (2015) to generate the 
environmental classification of the chosen TTs cases. The transitions 
have been subdivided into four different environmental groups based 
upon their WSH and SST characteristics in the proximities of the 
cyclone. These four environments are: T (SST ≥ 25 ◦C, WSH ≤ 10 m s− 1), 
ST (SST ≥ 25 ◦C, WSH > 10 m s− 1), the classical extratropical type 1 (E1: 
SST < 25 ◦C, WSH >10 m s− 1), and the low-shear extratropical type 2 
(E2: SST < 25 ◦C, WSH ≤ 10 m s− 1). Following González-Alemán et al. 
(2015), WSH and SST are computed using two different grids centered 
on the cyclone in which these two variables are averaged. The used grids 
comprise 3◦ x 3◦ for SST and 6◦ x 6◦ for WSH [Grid 1], and 1.5◦ x 1.5◦ for 
SST and 4.5◦ x 4.5◦ for WSH [Grid 2]. Additionally, an interval of un-
certainty of SST and WSH using the standard deviation is introduced in 
the partitions of the environments for a better overview of the proxim-
ities where an extratropical or subtropical cyclone transitioned to TC. 

The Mann-Whitney U test (Mann and Whitney, 1947) has been used 
to check statistically significant differences between the results. This test 
is a non-parametric test of null hypothesis: distributions of both pop-
ulations are equal. With the Mann-Whitney U test, two populations are 
compared in order to check the independence of both groups. The p- 
value used is 0.05. 

3. Results and discussion 

3.1. Identified tropical transitions 

Following the above-mentioned methodology, a set of 30 TTs within 
the eastern NATL and central NATL basins have been detected for the 
period of 1979–2019. Table 1 contains further information taken from 
HURDAT about the TTs identified. More than 70% of TTs transitioned 
from subtropical cyclones, only one transitioned from an extratropical 
cyclone, as classified in HURDAT and not-identified was noted for the 
remainder cyclones. 70% of the systems acquired tropical storm cate-
gory at the moment of the TT, but only a few cyclones transitioned into 
tropical depression (13.3%) or into hurricane (16.7%) category. How-
ever, more than half of the storms reached the hurricane category at 
their maximum intensity after the TT (e.g., Ophelia, Vince or Leslie). 

Fig. 1 depicts the tracks of the cyclones and their location at t0, that 
is, the first moment when they were designated as TCs in the HURDAT 
database. Since the high density of cyclones found in the central NATL 
domain contrast to those noticed in the eastern NATL area, the analysis 
of the TTs is performed taking the two subdomains into account. Con-
cerning the cyclone tracking, it is interesting to remark that the life 
cycles were longer in central NATL than in eastern NATL. Furthermore, 
the tropical systems cannot only organize in-situ over eastern NATL, but 
those which transitioned over central NATL can also enter the eastern 
NATL basin, driven by the westerly large-scale steering flow. This can be 
noted in Fig. 1 where the TT locations at different cyclone lifetimes show 
some systems evolving from central NATL to eastern NATL and vice 
versa. 

The monthly TTs distribution (Fig. 2a) indicates that >70% are 
concentrated in autumn (September to November). This is consistent 
with their baroclinic origin (Davis and Bosart, 2003, 2004), as mid-
latitude circulation moves southward, and thus, PV streamers and cutoff 

Table 1 
TTs identified from the HURDAT database during the period of 1979–2019. Domain is shown as eastern NATL (eNATL) and central NATL (cNATL). Transition time is 
referred as hour in UTC. The status is referred as follow: tropical depression (TD), hurricane (HU) and tropical storm (TS).  

NHC code Storm name Domain Transition time (t0) Status Lat (◦N) Lon (◦W) MSLP (hPa) Wind speed (Kt) 

AL141980 IVAN eNATL 1200 1980 OCT 04 TD 36.5 023.5 1009 30 
AL181980 KARL cNATL 1800 1980 NOV 25 HU 37.7 044.7 994 65 
AL201984 LILI cNATL 1200 1984 DEC 20 HU 31.1 052.4 1002 70 
AL061990 EDOUARD eNATL 1800 1990 AUG 06 TD 37.5 033.5 1012 25 
AL141990 LILI cNATL 0000 1990 OCT 11 HU 31.2 055.9 1005 65 
AL111994 FLORENCE cNATL 1800 1994 NOV 03 TD 25.3 052.2 1005 30 
AL162001 NOEL cNATL 1200 2001 NOV 05 HU 37.8 050.3 994 65 
AL172001 OLGA cNATL 1200 2001 NOV 24 TS 29.5 049.8 1000 50 
AL122002 KYLE cNATL 0000 2002 SEP 23 TS 33.2 049.1 1009 35 
AL212003 PETER cNATL 0600 2003 DEC 09 TS 20 037.4 998 40 
AL162004 OTTO cNATL 1800 2004 NOV 30 TS 31.7 051.0 1001 40 
AL242005 VINCE eNATL 1200 2005 OCT 09 TS 33.8 019.3 1006 55 
AL292005 DELTA cNATL 1200 2005 NOV 23 TS 27.4 041.2 989 50 
AL112007 JERRY cNATL 0000 2007 SEP 24 TS 37.1 046.3 1003 35 
AL122008 LAURA cNATL 1200 2008 SEP 30 TS 40.6 048.9 1000 50 
AL092009 GRACE eNATL 0600 2009 OCT 04 TS 38.5 029.5 998 40 
AL032012 CHRIS cNATL 1200 2012 JUN 19 TS 39.4 058.7 1003 40 
AL142012 NADINE eNATL 0000 2012 SEP 23 TS 30.4 025.9 1001 45 
AL192012 TONY cNATL 1800 2012 OCT 22 TD 21.9 051.8 1006 30 
AL142013 MELISSA cNATL 0600 2013 NOV 20 TS 34.1 051.4 995 45 
AL012016 ALEX eNATL 0600 2016 JAN 14 HU 29.3 029.6 998 65 
AL102016 IAN cNATL 1200 2016 SEP 15 TS 36.3 051.5 1005 45 
AL012017 ARLENE cNATL 0000 2017 APR 20 TD 32.8 039.6 998 30 
AL172017 OPHELIA cNATL 0600 2017 OCT 09 TS 30.9 040.0 1012 35 
AL042018 DEBBY cNATL 0000 2018 AUG 08 TS 39.7 049.2 1010 35 
AL052018 ERNESTO cNATL 1800 2018 AUG 16 TS 42.4 042.1 1007 40 
AL102018 JOYCE cNATL 0000 2018 SEP 14 TS 33.1 044.4 1006 35 
AL132018 LESLIE cNATL 1800 2018 SEP 29 TS 34.3 051.3 994 45 
AL162018 OSCAR cNATL 1800 2018 OCT 27 TS 27.1 049.9 1005 50 
AL182019 PABLO eNATL 1800 2019 OCT 25 TS 35.9 032.7 995 40          

Avg   15 SEP  33.2 043.4 1002.0 44.2 
Std dev   8.76 days  05.4 010.3 5.9 12.2  
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lows are more frequent over the region due to the increase of bar-
oclinicity. Although there is some TTs in spring and December, the TTs 
for the central NATL domain mainly cover autumn, with peaks from 
September to November. This might be linked with the high activity in 
these months of PV streamers (Papin et al., 2020) and tropical upper- 
tropospheric troughs (Sadler, 1976). PV streamers climatology shows 
higher occurrence frequency over central NATL from July to October 
(Papin et al., 2020), while the peak activity of tropical upper- 
tropospheric troughs is September and concentrated between 030◦- 
040◦N and 040◦-060◦W (Postel and Hitchman, 1999). The weakening of 
the subtropical anticyclonic ridge, and an increase of cut-off lows 
overlapping with relatively warm SSTs reaching their northernmost 
extent (Font, 1983), might be behind the maximum activity of TTs found 
for the eastern NATL domain in October. Furthermore, this eastern 
NATL maximum activity in autumn can also be linked to a negative 
North Atlantic Oscillation (NAO) since its minimum phase is recorded in 
October, as per the monthly averages computed (not shown). On the 
other hand, TTs frequency show secondary minimum values in winter. 
In these months, latent heat release is not so prevalent as in the autumn, 
so convection does not play that relevant role to promote TTs. 

79% of the total TTs have been recorded in the current century, and 
more precisely, 48% of all TTs have been recorded in the last decade 
(Fig. 2b). Even if HURDAT is a subjective database which may not be 
completely coherent during the whole period, the results show that the 
number of TTs has greatly increased. This could be partially related to 
results obtained by Muñoz et al. (2020), who indicate an increase of 
cut-off lows over the North Hemisphere in the last 70 years. Further-
more, TTs have an important contribution for the annual tropical 
cyclone genesis frequency (shown in supplementary material S1). As an 
example, 33.3% of tropical cyclones were generated by a TT in 2018. 

3.2. Storm-centered composites 

Composites of several basic and derived atmospheric fields are 
analyzed in this section to describe the common synoptic features of the 

cyclones evolving into a TC in the North Atlantic basin. Composites of 
GEO300, MSLP, 1000–500 THICK, 850 θE, 300–200 APV, 925–500 APV, 
850–300 WSH, θ-DT and CI are computed as well as the anomaly 
composites to show more detailed environmental features. 

A westerlies meridional trough promotes a low-pressure system at 
surface via quasigeostrophic forcing, just to the south of the trough's 
axis. This becomes the dominant feature prior to the transition into TC 
(Fig. 3a, b). In addition, the TTs are characterized by a strong anti-
cyclone to the north-northeast of the surface cyclone (Fig. 3c), which 
provides moisture to the cyclone by the enhanced surface latent heat 
fluxes in the regions of strong pressure gradient (Galarneau et al., 2015). 
In almost every TT case, a trough was likewise visible close to the surface 
low while not all the troughs were in the same state of evolution at t0–24. 
As time passes, the trough at 300 hPa and the 1000–500 THICK evolve to 
increase the geopotential height (Fig. 3c, d, g, h), which could indicate a 
warm core transition. Nevertheless, a remarkable deepening of MSLP 
cannot be observed. This could be because the cyclones begin to be 
governed by diabatic processes when they transition, which cannot be 
properly represented in ERA5 because of its spatial resolution (Bolgiani 
et al., 2022). This weak MSLP deepening can be indeed related to the 
convective activity via greater diabatic heating forcing associated with 
its latent heat release (shown in supplementary material S2). This dia-
batic heating forcing can be seen in the convective precipitation field, 
which displays an increase of convective activity just below the upper- 
level disturbance (shown in supplementary material S3). Therefore, 
the cyclone adopts a more tropical structure (Fig. 3d, h). 

The diabatic heating forcing can be explained in terms of the 
Lagrangian tendency of potential vorticity (PV) due to a diabatic heat 
source represented by (Hoskins et al., 1985). 

ρ dPV
dt

= ηa⋅∇θ̇  

where ρ is the atmospheric density, ηa is the three-dimensional absolute 
vorticity vector, and θ̇ is the diabatic heating rate (i.e., dθ/dt). The PV 
can be redistributed vertically by introducing a differential diabatic heat 

Fig. 1. Tracks of the identified cyclones that transitioned into a TC within NATL during the period 1979–2019. The crosses indicate the position of the cyclones at the 
time of the transition (t0). The red domain is for central NATL and the blue domain is for eastern NATL. 
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source (e.g., latent heat release) into the column. Assuming that the 
diabatic heating maximum is situated in the mid-troposphere and the 
absolute vorticity vector is nearly vertical, PV will tend to increase 
(decrease) in the layer below (above) the heating maximum. This 
heating will therefore be reflected as an anomalously high PV in the 
lower troposphere with lower values near the tropopause, which is in 
line with Hulme and Martin (2009), who state that in the moments 
previous to the TT large releases of latent heat promote a low-level in-
crease of PV and intensifies the circulation around the cyclone center in 
the lower troposphere. As it can be seen in Fig. 4, the PV decreases in the 
upper troposphere as the moment of TT approaches (Fig. 4b, c) while in 
the lower troposphere the values are increasing (Fig. 4f, g). However, it 
is practically constant after t0 when the system is already a tropical 
cyclone. 

In the composite results, there is an apparent inconsistency in the 

mechanism associated with the Lagrangian tendency of PV, as the 
decrease in higher levels is not matched by the behavior in lower levels 
after the TT. The low-level PV behavior can be explained by the non- 
advective PV tendency that considers the three-dimensional gradient 
of the diabatic heating due to latent heat release (Cammas et al., 1994; 
Emanuel, 1986; Hulme and Martin, 2009). As it is abovementioned, if 
there is a heating maximum in the middle troposphere levels and an 
upward-directed absolute vorticity vector, this maximum will be rein-
forced (weaken) by PV in low (upper) levels (Raymond, 1992). To 
illustrate this result, the non-advective PV tendency is derived for all the 
selected TTs (not shown). While the non-advective PV tendency values 
are increasing from t0–48h to t0 in low levels (900–800 hPa) around the 
surface cyclone, the values are reducing in upper-levels (200–300 hPa). 
From t0, the non-advective PV tends to vanish in low-levels and 
upper-levels, being consistent with the redistribution of the potential 
vorticity. Analyzing each result of every TT, the role of the latent heat 
release in this kind of systems and their transitions, and its influence 
over the non-advective PV, is highlighted. The derived composites of the 
non-advective PV tendency (shown in the supplementary material S4) 
verify increases (decreases) of PV throughout the evaluated period in 
low (upper) levels. The averaged PV vertical profile obtained in 300 
km-radious around the cyclone center (shown in the supplementary 
material S5) also depicts a PV increase (decrease) at low (upper) levels 
throughout the life cycle of the TTs. 

Fig. 4 shows how the APV in 300–200 hPa (900–800 hPa) depicts 
decreasing (increasing) values from t0–48 h to t0. The quasi-constant 
APV values in 900–800 hPa from t0 are related to the sustained non- 
advective PV tendency. In fact, the evolution of averaged non- 
advective PV tendency in a radius of 300 km centered in the cyclones 
displays values of 1.5 × 10− 6 K h− 1 (t0–48 h), 1.0 × 10− 6 K h− 1 (t0–24 h), 
0.4 × 10− 6 K h− 1 (t0 h) and 0.4 × 10− 6 K h− 1 (t0 + 24 h). The differences 
between individual TT results of APV (not shown), with more clear and 
noticeable latent heat release effect, and the composite APV results 
(Fig. 4) are promoted by the averaged values of various vertical levels 
for several TTs, blurring, in some way, the individual results. 

The 850–300 WSH composite (Fig. 5) shows a decrease in the envi-
ronmental wind shear due to the occlusion process of the extratropical 
cyclone, which indicates a transition into a barotropic environment as 
expected in a TT process (Davis and Bosart, 2004). Wind shear is 
consequently reduced by vertical redistribution of PV due to the above- 
mentioned differential diabatic heating. 

Contrary to the historic reasoning, TCs evolving from TTs have the 
potential to form over SSTs <26.5 ◦C in environments characterized by 
notably reduced stability (Mauk and Hobgood, 2012; McTaggart-Cowan 
et al., 2015). This reduction of bulk column stability over ‘low’ SSTs is 
typically associated with the presence of an upper-tropospheric distur-
bance that lowers the DT height, steepening environmental lapse rates 
and facilitating the development of deep convection that serves as a 
catalyst. The θ-DT field shows a decrease of DT height, which fosters 
deep convection (Fig. 6a, b, c). The slight rise in θ-DT values over the 
cyclone center after the transition moment (Fig. 6d), corresponding to 
an approximate reduction of 0.5 PVU in the 300–200 APV values over 
the cyclone center (Fig. 4d), indicates that the upper-tropospheric 
disturbance is being dissipated by the diabatic vertical redistribution. 

The CI composite shows a reduction which indicates enough envi-
ronmental instability for TT (Fig. 6e, f, g, h). McTaggart-Cowan et al. 
(2015) suggest a CI global value of 22.5 ◦C as the upper limit for TTs 
developments. This reduction of tropospheric stability facilitates the 
development of the deep convection which feeds the cyclone and allows 
it to accomplish the TT. The increase of instability (reduced CI) in the 
previous stages to the TT is coherent with the deepening of the upper- 
tropospheric precursor (Fig. 6b, c) and the increase in low-level θE, 
being this increase related to enhanced surface latent heat fluxes and 
more intense than the deepening of θ-DT values. 

Fig. 2. (a) Monthly and (b) yearly distribution of the TTs identified within the 
NATL basin during the period 1979–2019. 
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Fig. 3. Storm-centered composited for the 33 TTs evaluated in NATL. (a) t0–48 h, (b) t0–24 h, (c) t0, (d) t0 + 24 h of GEO300 (shaded, dam) and MSLP (black 
contours, hPa); (e) t0–48 h, (f) t0–24 h, (g) t0, (h) t0 + 24 h of 1000–500 THICK (shaded, dam) and MSLP (black contours, hPa). 
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Fig. 4. As in Fig. 3, except for (a), (b), (c) and (d) 300–200 hPa APV (shaded, PVU) and MSLP (black contours, hPa); (e), (f), (g) and (h) 900–800 hPa APV (shaded, 
PVU) and MSLP (black contours, hPa). 
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3.3. Environmental classification 

An environmental classification of the identified TTs is undertaken in 
this section. As mentioned in Section 2.3, the TTs have been subdivided 
into four different environments (tropical, subtropical, E1 and E2) based 
upon their WSH and SST environmental values around the cyclone, from 
t0–48 h to t0 + 24 h. These two atmospheric variables used to retrieve 
the classification of the TT environments are linked with processes 
involved in the development of cyclones. The proportion between these 
processes plays an influential role in determining the final cyclone 
structure (Davis and Bosart, 2003, 2004). As it is abovementioned, two 
grids are used to locate a TT in its corresponding environmental group. 
Both WSH and SST are derived by taking the variable averaged in the 
corresponding grid centered on the cyclone. Although SST values show 
more similarity in both grids (mean SST1 = 23.8, mean SST2 = 22.5 
corresponding to Grid 1 and Grid 2, respectively), the WSH show lower 
values in Grid 2 than in Grid 1 (mean WSH1 = 11.3, mean WSH2 = 9.4). 
González-Alemán et al. (2015) highlight, using similar grids, lack of 

sensitivity in the SST to changes in the size of the grid box with no 
significant differences, and significant ones in WSH. Here, there is some 
sensitivity of the SST to changes in the domain grid resolution and WSH 
shows more sensitive to them. Small differences are found in SST and 
WSH when Grid 1 and Grid 2 are used except for some TTs located in 
different extratropical environment of formation associated to different 
WSH but with similar SST. Thus, it is necessary to take an uncertainty 
interval into account (Fig. 7). As few studies consider this kind of 
methodology at knowledge of the authors (Evans and Guishard, 2009b; 
González-Alemán et al., 2015), to contrast the results with such studies 
and for a better representation of the cyclone structures, the Grid 1 has 
been finally chosen. 

The tropical environment most prone to cyclogenesis is the tropical 
group, characterized by low WSH and warm SST. The ST environment 
shares warm SSTs with the T environment, which contributes with near- 
surface thermodynamic forcing via moisture and sensible fluxes. 
Nonetheless, the ST environment is characterized by a strong WSH, i.e., 
more favorable for baroclinic development. In contrast, the extratropical 

Fig. 5. As in Fig. 3, except for (a), (b), (c) and (d) 850–300 hPa WSH (shaded, m s-1) and MSLP (black contours, hPa).  
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Fig. 6. As in Fig. 3, except for for (a), (b), (c) and (d) θ-DT (shaded, PVU) and MSLP (black contours, hPa); (e), (f), (g) and (h) CI (shaded, PVU) and MSLP (black 
contours, hPa). 
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environments (E1 and E2) are characterized by cooler SSTs. Thus, the 
presence of an upper-level trough will more likely force a baroclinic 
cyclone development. However, the E2 environment is characterized by 
weak WSH, which may enable the convective activity to be maintained if 
developed, because of instability, and favors the accumulation of the 
latent heat released. This accumulation of heating could produce a warm 
core thermal structure in the lower and middle (upper) levels of the 
troposphere, which is characteristic of subtropical cyclones (TC) 
structures. 

The diagrams of Fig. 7 depict a predominance of extratropical 
environment instead of tropical/subtropical environment (66.7% and 
33.3%, respectively) at t0 (Fig. 7c). It is remarkable that >50% of the 
cyclones transitioned into TC in extratropical environments, 

characterized by cold SSTs and relatively high WSH. However, between 
t0–48h and t0 -24h, 78.7% of the cyclones present reduced WSH and 
45% increased SST (Fig. 7a, b). This reduction in WSH and increase in 
the SST favors the convective activity and the warm core development 
via the accumulation of latent heat release. 

The differences between central NATL and eastern NATL are 
remarkable. Cyclones in central NATL transitioned into TC predomi-
nantly in E1 environments (39.1%), while 26.1% and 17.4% of the cy-
clones transitioned in tropical and subtropical environments, 
respectively. In other words, 50% of the cyclones transitioned in envi-
ronments with cooler SSTs and low/medium WSH. On the other hand, 
cyclones in eastern NATL transitioned predominantly in E1 (71.4%) and 
E2 (28.6%) environments. However, no cyclones have undergone TT in 

Fig. 7. Partition of the 33 TT cases based upon characteristics of their synoptic environment at (a) t0–48, (b) t0–24, (c) t0 and (d) t0 + 24. Red dots: central NATL; blue 
dots: eastern NATL. Grid 1 used. Uncertainty bars indicate the standard deviation. 
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tropical environment in eastern NATL. Thus, the central NATL shows a 
more tropical environment while the eastern NATL exhibits an extra-
tropical environment when cyclones transitioned. The obtained results 
for both WSH and SST between central NATL and eastern NATL are 
statistically significant at 95% level (p-value 0.025 and 0.0001, 
respectively). 

Evans and Guishard (2009a) identified 18 subtropical cyclones in 
western NATL, formed predominantly in subtropical and tropical envi-
ronments, each representing 38.9% (7 cyclones) of the total. However, 
only one and three cyclones formed under E1 and E2 environments, 
respectively. These results contrast with González-Alemán et al. (2015), 
whose results show that all subtropical cyclones formed within the 
eastern NATL basin did in extratropical environments (71.4% E1 and 
28.6% E2). Although these distinctions between the western NATL and 
eastern NATL domains are related only to subtropical cyclones, they are 
consistent with our results, revealing more extratropical genetic envi-
ronments in eastern NATL and more tropical environments in central 
NATL. 

The statistically significant differences obtained in the environ-
mental classification between the central NATL and eastern NATL basins 
instigates us to further analyze their atmospheric conditions. Storm- 
centered composites for different cyclones developed in each basin are 
next examined for possible synoptic features differences. 

3.4. Storm-centered composites – central NATL vs. eastern NATL basin 

Comparing the environment at the eastern NATL basin against cen-
tral NATL, the GEO300 field displays a deeper trough, a stronger anti-
cyclone north of the surface cyclone (Fig. 8a, b, c, d) and a lower 
1000–500 THICK (Fig. 8e, f, g, h). The GEO300 field for the central 
NATL basin displays a quasi-isolated upper-tropospheric disturbance, 
while for eastern NATL the disturbance is more connected to the west-
erly circulation. For central NATL, the synoptic environment favors the 
transition with a more robust warm core (isohypses are shifted north-
ward) while for eastern NATL they transition in environments with 
enhanced surface latent heat fluxes (shown in supplementary material 
S6). The MSLP field shows a deep low just below the upper-level 
disturbance for eastern NATL at t0–24 h, however it is not deepening 
at t0. In contrast, the central NATL cyclones evolve into a deeper pres-
sure system at t0. 

From a 300–200 APV perspective, there are remarkable differences 
between eastern NATL and central NATL (Fig. 9a, b, c, d). For the eastern 
NATL basin, the upper-tropospheric PV values in the center and in the 
proximities of the cyclone are higher than for the central NATL basin, 
which indicates a deeper upper-level disturbance, consistent with the 
GEO300 field (Fig. 8). The CI field reveals higher instability for eastern 
NATL than for central NATL at t0–24 and t0 (Fig. 9c, d, e, f). This is 
associated with higher values of θ-DT in central NATL than in eastern 
NATL (shown in supplementary material S7), i.e., the upper- 
tropospheric disturbance influences more in the CI than the low-levels 
moisture advection. In fact, the θ-DT values for eastern NATL are 
lower than for central NATL, indicating that the upper-tropospheric 
disturbance is promoting lower heights of DT (shown in supplemen-
tary material S7). Therefore, the decrease of the bulk column stability, as 
noted by the CI, favors the development of deep convection, which in 
turn promotes TTs even over lower SSTs, as is the case for eastern NATL. 
In other words, instability seems to play more notable role for eastern 
NATL transitions than for central NATL ones. 

Unlike the eastern NATL cyclones, the central NATL cyclones tran-
sition in environments characterized by low vertical WSH (< 10 m s− 1; 
Fig. 10a, b, c, d), possibly due to more barotropic environments, related 
to broader regions of warmer SSTs and lower horizontal thermal gra-
dients (not shown). The cyclones in the eastern NATL basin are associ-
ated with moderate WSH environments at t0–24 h, highlighting a 
decrease of WSH at t0. This is because eastern NATL transitions are 
characterized by a more extratropical environment, i.e., more 

baroclinicity than for central NATL. The moderate WSH values are also 
associated with higher PV gradients for eastern NATL when compared to 
central NATL (Fig. 9a, c). 

Once the system is a TC (t0 + 24), differences for both basins are 
maintained, which can be also seen in additional fields. Outgoing 
longwave radiation composites for central NATL exhibit widespread 
lower values surrounding the cyclone (not shown) in comparison with 
the eastern NATL ones. Moreover, the total column water (Fig. 10e, f, g, 
h) and 850 θE fields also show higher values in wider areas for central 
NATL cyclones than for eastern NATL ones. All these features make 
central NATL TT-generated TCs to be more robust and bigger than in 
eastern NATL, as noted by an inspection of satellite images (not shown). 
This is also confirmed by a more symmetrical and deeper MSLP field in 
central NATL TCs. 

4. Summary and conclusions 

This study develops a climatology of TTs in the North Atlantic basin 
and analyzes the synoptic and environmental features during the 
1979–2019 period using ERA-5 reanalysis data. TTs are identified in the 
HURDAT database through cyclones in baroclinic structures transi-
tioned to TC. Subtropical cyclones are the most likely cyclonic structure 
to transition to TC, having made up 70% of all TTs. At the TT time almost 
all TTs had tropical storm category, albeit more than half of the TTs 
evolving to hurricane in their maximum intensity. The highest density 
and longest life cycles of TTs in North Atlantic begin in central NATL 
basin; however, the TTs transitioned over the central NATL can enter 
into the eastern NATL basin driven by the westerlies flow. The central 
NATL basin maximum is in autumn, linked with the warmer SSTs and 
might be related with tropical upper-tropospheric trough cells. The 
eastern NATL basin maximum activity is in October, linked with the 
warmer SSTs that reach their northernmost extend, as well as an 
increasingly frequent of cutoff lows, causing the region to become 
favorable for deep convection development. TT is favored in environ-
ments that overlaps a baroclinic zone with warmer SSTs. 

The storm-centered composite maps reveal a strong anticyclone 
northern to the surface cyclone and the trough at GEO300 and 1000–500 
THICK, which evolves into a warm core through an increase in the 
geopotential height. The reduction of tropospheric stability, displayed in 
the CI field, in the previous moments to the TT time indicates enough 
thermal instability for TT to occur and facilitates the development of 
deep convection. Deep convection favors latent heat release which 
promotes the vertical redistribution of the PV, with a drop (increase) 
aloft (low levels) of PV values at the time of TT and a reduction of the 
850–300 WSH, which confirms the transition to a more barotropic 
environment. 

The environmental classification showed that there is a predomi-
nance of extratropical instead of tropical/subtropical environment 
(66.7% and 33.3%, respectively); however, >50% of the cyclones 
transitioned to TC in non-tropical environments. The differences be-
tween central NATL and eastern NATL are remarkable: 43.5% of the 
central NATL cyclones transitioned in environments characterized by 
warm SSTs and low-to-moderate WSH, while >70% of eastern NATL 
cyclones transitioned in environments characterized by cold SSTs and 
moderate-to-high WSH. Therefore, the central NATL TTs show a more 
tropical environment. 

The storm-centered composite maps differences between central 
NATL and eastern NATL were prompted by the statistically significant 
differences found in the environmental classification. The composite 
maps reveal important and statistically significant spatial differences 
comparing both basins. The eastern NATL cyclones transitioned in en-
vironments with high 300–200 PV and CI values, and enhanced surface 
latent heat fluxes, while central NATL cyclones transitioned in a more 
barotropic environment characterized by low 850 WSH and warm SSTs. 
The most remarkable synoptic environment difference between both 
basins lies in the higher PV values at upper levels, which can be located 
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Fig. 8. Storm-centered composites for the central NATL and eastern NATL basins (a, c) t0–24 h, (b, d) t0 of GEO300 (shaded, dam) and MSLP (black contours, hPa); (e, f) t0–24 h, (g, h) t0 of 1000–500 THICK (shaded, 
dam) and MSLP (black contours, hPa). 

C. Calvo-Sancho et al.                                                                                                                                                                                                                         



AtmosphericResearch278(2022)106353

13

Fig. 9. As in Fig. 8, except for for (a), (b), (c) and (d) 300–200 APV (shaded, PVU) and MSLP (black contours, hPa); (e), (f), (g) and (h) CI (shaded, PVU) and MSLP (black contours, hPa).  
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Fig. 10. As in Fig. 8, except for for (a), (b), (c) and (d) 850–300 WSH (shaded, PVU) and MSLP (black contours, hPa); (e), (f), (g) and (h) total column water (shaded, PVU) and MSLP (black contours, hPa).  
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in the center of the cyclone for eastern NATL. These differences make 
central NATL TCs show a more tropical and robust structure than in 
eastern NATL. 

The analysis presented here has pointed to the importance of the 
environmental and dynamical synoptic distributions in numerous TTs 
events. Although ERA-5 resolution improves old reanalysis, more 
research is needed in high-resolution models, allowing the study of the 
interactions between large-scale and convection processes in the TTs. 
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