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ABSTRACT: Extratropical cyclone (ETC) tracks across eastern Canada are examined by applying a Lagrangian tracking
algorithm to the lower-tropospheric relative vorticity field of reanalysis data. Both the seasonal cycle and the interannual
variability of ETCs are quantified in terms of overall cyclone frequency, intensity, and regions of development and decay. We
find that ETCs travelling to eastern Canada tend to develop over the Rockies, the Great Lakes and the US East Coast. The ETCs
are most intense over Newfoundland and the North Atlantic Ocean, confirming previous findings. While ETCs at cities along
the Atlantic coastline (e.g. St. John’s) are dominated by East Coast cyclones (which are intense in winter), those inland (e.g.
Toronto) track primarily from the Great Lakes. ETCs that develop over the Gulf of Mexico affect eastern Canada infrequently,
but those that do tend to be intense. The interannual variability of the wintertime ETCs is influenced by the El Niño-Southern
Oscillation (ENSO). Significant ENSO-related variability is found over most regions of southern Canada, except on the east
coast. Although ETCs at Toronto are significantly modulated by ENSO, no visible changes are found at St. John’s. These
ENSO-related ETC changes are mostly due to the shifts in ETC development regions, with minor changes in the travelling
direction of ETCs.
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1. Introduction

The midlatitude climate and weather are modulated by suc-
cessions of extratropical cyclones (ETCs) (Klein, 1951;
Reitan, 1974). It was found that in some parts of North
America, ETC activity may account for as much as 70%
of the seasonal precipitation (Hawcroft et al., 2012). Given
this important implication to the climate system (and more
generally the water cycle), global and regional character-
istics of ETCs have been extensively examined since the
late 19th century. Recently, the future projection of ETC
activity has also become of great interest (Bengtsson et al.,
2009; Chang et al., 2012).

Many automated Lagrangian schemes for ETC detection
and tracking have been developed to characterize seasonal,
interannual and decadal variability of ETCs (Murray and
Simmonds, 1991; Hodges, 1994; Sinclair, 1994; Serreze,
1995). These tracking algorithms have been applied to
gridded reanalysis data (e.g. Hoskins and Hodges, 2002)
and general or regional circulation model outputs (e.g.
Notaro et al., 2006; Zappa et al., 2013) to examine the
life cycles and tracks of ETCs. Although the large num-
ber of algorithms, designed for different purposes, causes
a spread of the results between studies (Neu et al., 2013)
there is general agreement that North American cyclones
usually form over the lee of the Rockies or the US east
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coast, travel northeastward and decay over Greenland, the
Norwegian sea or Northwestern Europe. The seasonal and
interannual variability of the North American cyclones is
also well documented. For example, summer ETC tracks
shift poleward and are more longitudinal in compari-
son to winter tracks (Klein, 1957; Zishka and Smith,
1980; Hoskins and Hodges, 2002). The southeastward
shift of the ETC tracks during the positive phase of the
El-Niño-Southern Oscillation (ENSO) is also well known
(Eichler and Higgins, 2006; Grise et al., 2013). However,
automated tracking algorithms have seldom been used to
quantify the climatology and variability of ETCs at specific
cities.

A few studies examining ETC activity over regional
domains documented that ETC characteristics are region-
ally dependent. For example, Isard et al. (2000) examined
ETCs across the Canadian and US Great Lakes and found
seasonal cycles that are partly dependent on the latitudinal
location of the cyclones’ origin. Hirsch et al. (2001)
isolated US east coast cyclones called ‘Nor’easters’ from
other North American ETCs and documented that their
frequency increases with latitude along the U.S. east coast.
Regional details also emerged in the interannual variabil-
ity of cyclone activity. In Canada, different teleconnection
regimes were shown to be of varying dominance in dif-
ferent provinces, with ENSO dominating the cyclone
variability in Ontario and Quebec (Wang et al., 2006) and
the North Atlantic Oscillation (NAO) dominating that of
the Atlantic provinces (Wang et al., 2006; Grise et al.,
2013).
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Regional ETC activity has often been studied by
tracking cyclones that are travelling from regions of
frequent cyclogenesis (e.g. Alberta clippers, Colorado
lows, Nor’Easters). Only a few studies have analysed how
those cyclones affect the ETC activity at a location of
interest, such as a specific city. A majority of these studies
examined the local climate variability that directly impacts
human activity, such as surface air temperature and pre-
cipitation variations (Archambault et al., 2008; Birk et al.,
2010; Frankoski and DeGaetano, 2011). Although tem-
perature and precipitation variations are intimately related
to ETC activity, detailed characteristics of regional ETCs
themselves are rarely investigated, especially over eastern
Canada.

The goal of this study is to document the climatology and
interannual variability of ETCs across eastern Canada. An
automated tracking algorithm is used to identify and track
cyclones over North America. A subset of ETC tracks that
affect eastern Canada, especially Toronto and St. John’s, is
then examined in detail.

This paper is organized as follows. A short description
of the data and methods is presented in Section 2. The
seasonal mean properties of local cyclone activity are then
documented in Section 3, followed by the interannual
variability related to ENSO in Section 4. Summary and
conclusions are presented in Section 5.

2. Data and methods

2.1. Data

The data used in the present study are taken from the
6-hourly data of the European Center for Medium-Range
Weather Forecast Interim reanalysis (ERA-Interim) over
the period of 1979–2009 (Dee et al., 2011). The wind
speed and temperature that characterize the background
flow are taken on pressure levels. However, as detailed
in Grise et al. (2013), the relative vorticity fields, which
are used in detecting and tracking ETCs, are taken on the
hybrid sigma-pressure level closest to 850 hPa. To remove
spurious noise, relative vorticity fields are filtered to the
synoptic scale (wave numbers 5–42) before extracting
ETC tracks as in Hoskins and Hodges (2002). While
the 850-hPa isobaric surface is often used for cyclone
tracking (Hoskins and Hodges, 2002), the model level used
in this study has the advantage of further reducing the
tracking problems around high topography (Grise et al.,
2013). It is shown in the Appendix that while most of
the results are insensitive to this choice, growth rates on
the lee side of the Rockies, where the 850-hPa isobaric
surface intersects topography, are somewhat sensitive to
the choice of vertical coordinate. This, however, does
not change the overall conclusions of the present study
(see Appendix).

The interannual variability of local ETC activity is
examined in the context of ENSO. The ENSO index
is taken from NOAA’s monthly El Niño Oceanic Index
(ONI), which is a 3-month mean of Sea Surface Temper-
ature (SST) anomalies in the Niño 3.4 region (5∘N–5∘S,

120–170∘W) using ERSSTv3b data (Smith et al., 2008).
For the 1979–2009 period, strong ENSO months are
selected when the ONI exceeds ±1 standard deviation
(STD). No time-lag was used on the ENSO index, as
results were found to have a negligible sensitivity to the
use of lags -1 and -2 months (not shown).

2.2. Tracking algorithm

A tracking algorithm developed by Hodges (1994, 1995,
1999) is used in this study to detect and track ETCs, which
are essentially local maxima in the relative vorticity field.
Since relative vorticity fields tend to be noisy, ETCs with
very small intensities (<1 cyclonic vorticity unit (CVU), or
1.0× 10− 5 s− 1) are omitted (see Appendix for the sensitiv-
ity to this threshold). The most realistic track ensemble is
then selected using an iterative cost function that is based
on a set of physical constraints (Hodges, 1999). This cost
function takes into account the cyclone’s former speed and
position to constrain the succession of track points, keep-
ing tracks with minimal velocity changes (speed or direc-
tion) instead of the classic nearest-neighbour approach.
These constraints are adaptive to individual cyclone prop-
erties, e.g. less restrictive in direction changes for slower
cyclones and more restrictive for fast moving cyclones
commonly found at higher latitudes. The propagation
speed (i.e. distance between two subsequent cyclone cen-
tres over a given time) is also limited according to the
latitude of the cyclones, with a maximum upper bound dis-
placement of six great circle degrees. Further details are
discussed in Hodges (1994, 1995, 1999).

In this study, ETC tracks over the domain of 25–90∘N
are analysed if the cyclone centre (i.e. vorticity maxima)
exceeds 1 CVU for at least eight consecutive time steps (2
days) and travels at least 1000 km. In this regard, a ‘track’
refers to the complete path of a given cyclone, while ‘track
point’ refers to the individual cyclone detection point at
any given time ‘t’.

2.3. Cyclone properties

ETC activity is characterized with the following track
statistics:

• Cyclone frequency: Number of cyclone tracks that tra-
verse a unit area per month (Klein, 1957; Colucci, 1976;
Zishka and Smith, 1980).

• Cyclone intensity: Relative vorticity value (in CVU) at
any track point.

• Cyclone growth and decay rates: For a cyclone detected
at time t, the change in cyclone intensity (in CVU day− 1)
between time t - 1 and time t+ 1 (over 12 h).

• Direction of propagation: Direction (following meteo-
rological convention) between cyclone positions at time
t− 1 and time t+ 1 (over 12 h).

The cyclone frequency is the most consistent method
to count the number of cyclones at a given location and
insures that no cyclones are double-counted at any grid
point. The cyclone frequency is qualitatively comparable
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to the ‘track density’ used by Hoskins and Hodges (2002).
The above properties are binned in 1.5 × 1.5∘ boxes. To
account for the synoptic scale, an area of ETC influence
of 555 km radius (invariant with latitude) is assigned to
each grid point. Statistics are then computed on these equal
areas (hereby referred to as ‘unit area’, about 106 km2) to
avoid any latitudinal bias (Changnon et al., 1995). Except
for cyclone frequency, all other statistics are defined only at
the grid points where the mean cyclone frequency is higher
than 0.3 cyclones per month.

2.4. Analysis domains

In this study, the region of specific interest is eastern
Canada. In particular, ETCs that travel near Toronto and
St. John’s are examined in detail. Toronto is located close
to the Great Lakes, far from the Atlantic coast. On the other
hand, St. John’s is the easternmost city of North America
and is bordered by the Atlantic Ocean to the East and by
the Gulf of St-Lawrence to the South. These geographi-
cal positions provide a good basis to characterize conti-
nental and maritime ETC activity across eastern Canada.
The same analysis applied to other northeastern North
American cities in fact shows an ETC climatology that
resembles either that of Toronto or St. John’s, or a blend of
the two.

To select ETCs that impact these two cities, a radius
of influence of 555 km is assigned to the exact loca-
tion of each city (i.e. not at the closest grid point). The
size of radius of influence is chosen to account for the
synoptic-scale extent of ETCs, while being small enough
to allow local characteristics to influence the climatolo-
gies. The results are not sensitive to the exact value of the
radius of influence (see Appendix). The ETC tracks pass-
ing through these areas are then isolated to characterize the
local ETC activity.

To isolate different types of ETCs, cyclone development
regions are delimited in this study. Specifically, cyclones
are grouped according to the region where they experience
the maximum growth rate prior to their passage at the
cities. Thus, growth and decay rates are used to determine
cyclogenesis and lysis instead of the first and last cyclone
track points, which is common in the literature (Hoskins
and Hodges, 2002). This allows multiple growing and
decay regions if the cyclone undergoes multiple life
cycles. When cyclogenesis is considered specifically,
only one region of genesis (or origin) is associated with
each cyclone. If the re-development is more explosive
than the earlier development, the re-development region
is considered to be the cyclone’s most relevant vorticity
source. In case of a tie, the earliest development region is
chosen. As discussed in Grise et al. (2013), this approach
renders the geographical distribution of cyclogenesis and
lysis to be less sensitive to the detection scheme and
tracking parameters. In this analysis, we define ‘local
cyclone activity’ as the collection of cyclone tracks that
pass near a city of interest, and ‘regional cyclone activity’
as the collection of cyclone tracks that originate from a
given development region.

3. Climatology and seasonal cycles

3.1. North American ETCs

The seasonal climatology of mean cyclone frequency and
intensity over North America is presented in Figure 1. The
mean winter cyclone frequency (top left) is highest over the
lee side of the Canadian Rockies, the Great Lakes, New-
foundland and the North Atlantic. As continental cyclones
tend to remain weak until they reach the Atlantic coast,
the mean winter cyclone intensity is only maximized over
Newfoundland and the North Atlantic Ocean. This con-
trasts with summer cyclone activity (third row), which
features smaller cyclone frequency over the lee of the
Rockies, and stronger intensity over Hudson Bay. It is also
evident that the ETC tracks shift poleward during summer
along with the jet stream, and that the region of maxi-
mum cyclone frequency becomes more longitudinal. Dur-
ing equinox seasons (second and bottom rows), ETC tracks
are generally lower in frequency and more evenly dis-
tributed. All of these results are consistent with those docu-
mented in previous studies (Gyakum et al., 1989; Hoskins
and Hodges, 2002; Mesquita et al., 2008).

Figure 1 also shows the regional differences in ETC
activity. For instance, in the North Atlantic, the mean inten-
sity of cyclones weakens in summer, but their frequency
remains rather constant. In contrast, in Northern Canada,
ETC frequency decreases in summer while the mean inten-
sity increases, speculatively due to greater moisture supply
from the ice-free Hudson Bay, documented to play a role
in the strength of Hudson Bay polar lows (Albright and
Reed, 1995). In the southern United States, the summer
ETC activity is nearly absent both in frequency and inten-
sity.

The seasonal cycle of ETC activity is highly associated
with the seasonality of growth and decay of ETCs over
different regions. The mean growth and decay rates of
North American ETCs (Figure 2) are similar to those docu-
mented in previous studies (Gyakum et al., 1989; Hoskins
and Hodges, 2002; Eichler and Higgins, 2006; Mesquita
et al., 2008; Grise et al., 2013). The winter cyclone growth
rate is strongest in the lee of the Rockies where lee cycloge-
nesis frequently occurs and along the U.S. east coast where
the SST gradient is maximum. In summer, rapid cyclonic
development largely disappears. However, this weakening
in cyclone growth rate is not uniform, and regional varia-
tions are commensurate with the mean intensity changes in
Figure 1. For example, cyclogenesis over the US east coast
greatly weakens in summer. This contrasts with the almost
constant cyclone development in the lee of the Canadian
Rockies throughout the year, becoming the main region
of summer cyclone development in North America. The
Great Lakes region also shows weak growth rates through-
out the year, but has a larger relative influence during the
fall and spring seasons.

The regions of ETC dissipation (Figure 2, right column)
exhibit a rather weak seasonal cycle in geographic dis-
tribution. Only mean magnitudes vary over the seasons,
with the largest decay rates occurring in winter. Most
Pacific cyclones decay near the west coast of Canada
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Figure 1. Climatological ETC frequency (left, in number of tracks per month) and intensity (right, in CVU) over North America for DJF, MAM, JJA
and SON, binned on a 1.5 × 1.5 degree grid. Each grid box is assigned to a 555-km radius region of influence, in which individual tracks can only be
counted once. Regions where ETC frequency is <0.3 per month are excluded when computing ETC intensity. Thick solid lines denote topography

with contour intervals of 1000 m.

and United States, while continental ETCs decay in the
Labrador Sea or the North Atlantic, close to Greenland.
These results suggest that ETCs developing in the lee of
the Rockies travel eastward, weaken over the northeastern
Canada and dissipate near Greenland. Similarly, ETCs
developing along the US east coast travel northeastward
and dissipate near Greenland or the North Atlantic Ocean.
These hypotheses are confirmed in Figure 3.

To examine the specific contribution of ETCs devel-
oping in different regions, North America is divided into
six main regions of cyclone development: i.e. the Gulf
of Mexico, Central Rockies, Northern Rockies, Great
Lakes, East Coast and Hudson Bay. The tracks of ETCs
that develop in these regions are presented in Figure 3.
Cyclones developing in different regions show very dif-
ferent track distributions. ETCs developing in the South
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Figure 2. Same as Figure 1, but for ETC growth rate (left) and decay rate (right) in CVU day−1. Only points featuring cyclonic development (≥0
CVU day−1) are used in the growth climatology, and points featuring cyclonic dissipation (≤0 CVU day−1) are used in the decay climatology.

tend to have well-defined and consistent northeastward
tracks (e.g. Gulf of Mexico and Central Rockies), while
those developing in the North are rather scattered with
southeastward or eastward propagation (e.g. Northern
Rockies and Hudson Bay). The largest ETC frequency is
observed along the US east coast due to strong cyclogen-
esis along the Gulf Stream (Figure 2, see also Grise et al.,
2013). In general, the regional ETC tracks are similar to
specific cyclone classifiers discussed in meteorological

textbooks (e.g. Alberta clippers over the Northern Rockies
and Nor’Easters over the East Coast), but they are not
equivalent, as these specific types of cyclones are defined
by more restrictive characteristics.

3.2. ETCs across eastern Canada

To characterize the ETC activity across eastern Canada,
the local cyclone activity at Toronto and St. John’s is
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Figure 3. Winter ETC frequency for each cyclone development region. Only the tracks of ETCs that experience maximum growth in the region of
interest are used in the computation.

closely examined in this section. The typical ETCs travel-
ling near the two cities are presented in Figure 4. Toronto’s
cyclones tend to track from the Rockies to the Great Lakes
region, travelling west to east, whereas most cyclones that
impact St. John’s travel along the Atlantic coastline from
the Southwest. The mean intensity of the ETCs (shad-
ing, bottom row) reveals a tendency for the cyclones to
remain weak until they reach the Atlantic coast, with
stronger cyclones around St. John’s than around Toronto.
While St. John’s cyclones mainly feature quick intensifi-
cation over the East Coast, Toronto’s cyclones show more
complex life cycles with a local minimum in mean inten-
sity around 80∘W.

Figure 5 features the 6-hourly tracks of the 25 most
intense ETCs that pass through the regions of Toronto and
St John’s along with their composite evolution of relative
vorticity, wind speed and mean sea level pressure (MSLP).
Here, lag 0 indicates when each ETC is located closest
to Toronto or St. John’s, and relative vorticity and wind
speed are evaluated on the hybrid sigma-pressure level
near 850 hPa, where the ETC tracking is performed. It is
evident from Figure 5 that these intense ETCs typically
have a single life cycle with a maximum value of relative
vorticity shortly after lag 0. Although some of Toronto’s
intense ETCs re-intensify in time as they approach the
Atlantic (top left panel), the relative vorticity of most of
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Figure 4. Cyclone frequency (top, in number of tracks per month) and mean intensity (bottom, in CVU) of winter ETCs across Toronto (left) and St.
John’s (right). The area of interest is indicated by a thick circle.

the intense cyclones decays after passing through Toronto.
This indicates that the mean intensity of all of Toronto’s
ETCs, which is maximized over the Atlantic (bottom left
panel of Figure 4), is mostly due to the cyclones that are
rather weak near Toronto and develop later.

The most intense ETCs over Toronto’s region reach a
maximum relative vorticity of ∼9 CVU, an MSLP of ∼990
hPa and a maximum wind speed of 16 ms− 1 at lag 0. The
growth rate of these cyclones is rather gradual as they
are already quite intense at lag=−48 h (i.e. 4–5 CVU
intensification in 2 days). Interestingly, while the relative
vorticity of these cyclones weakens shortly after lag 0,
their wind speed and MSLP continue to intensify as they
approach the East Coast, reaching a maximum of ∼24
ms− 1 and a minimum of less than 985 hPa, respectively,
more than 24 h after lag 0. This suggests that the spatial
scale of the ETCs increases in time as they continue
northeastward towards the Atlantic.

St. John’s severe cyclones are much more intense in
comparison to those over Toronto. While Toronto’s most
intense cyclones showed substantial intensity long before
their passage through the city (about 5.5 CVU at lag
-48 h), St. John’s cyclones only start growing over the
Atlantic, relatively close to the city (about 3.5 CVU at lag
-48 h). Their composite relative vorticity, wind speed and
MSLP reach ≃12 CVU, 30 ms-1, and less than 965 hPa,
respectively, soon after lag 0. More importantly, their
composite relative vorticity grows and decays much faster
than Toronto’s intense ETCs (almost twice as fast). Their
wind speed and MSLP weaken after lag 0, although the

decay rates are slower than the decay rates of relative
vorticity, also suggestive of an increase in scale as the
cyclones travel northward. These differences in intensity,
wind and life cycle between Toronto and St. John’s most
intense cyclones are indicative of the different physical
properties between intense coastal cyclones (e.g. those
near St. John’s) and relatively strong continental cyclones
(e.g. those near Toronto). The dynamics of the stronger
coastal cyclones are distinguished from those of the
continental ETCs in several ways. The coastal cyclones
are stronger, and grow faster, because of their proximity
to the relatively warm ocean (particularly during their
cold-season peak frequencies), their relatively weak strat-
ification and reduced roughness as compared with the
continental environment. The interannual variability of
the continental and coastal cyclone track and intensity
may be influenced differently by low-frequency patterns
such as ENSO, as will be discussed in the next section.

Characteristics of ETCs affecting the two cities are
further illustrated in Figure 6. Windrose distributions are
used to illustrate the directions from where the ETCs
travel, and colours are used to denote the intensity of
the cyclones. During winter, an average of 6.6 (STD of
1.6) cyclones per month travel across Toronto’s region
(Figure 1), typically travelling from the west with an
intensity of 2–6 CVU and occasionally reaching a maxi-
mum intensity of 10 CVU (top left panel of Figure 6). The
track direction shows little seasonal cycle. In contrast, St.
John’s cyclones are more intense and predominantly come
from the Southwest (top right). An average of 7.1 (STD
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Figure 5. Composite evolution of the top 25 most intense cyclones at Toronto (left) and St. John’s (right) regions. Top: 6-hourly ETC tracks are
shown in lines with their central location (dot) and intensity (colour, in CVU). Bottom: Composite relative vorticity (CVU), wind speed (in m s− 1),
and MSLP (in hPa) are shown as a function of time. Relative vorticity and wind speed are computed at the hybrid sigma-pressure level near 850 hPa,

where the ETC tracking is performed. On the abscissa, lag 0 denotes the time when the ETCs are located closest to Toronto or St. John’s.

of 1.1) cyclones are observed in winter, with a typical
intensity between 6 and 10 CVU, the maximum intensity
exceeding 12 CVU. In both cities, cyclones travelling
from the southwest are generally more intense than the
others, as they approach the polar jet stream along their
track. This relationship is more important for St. John’s,
as the ETCs further benefit from the warm Atlantic Ocean.
During summer, track directions show little change (third
row of Figure 6), with only a slight change observed for St.
John’s cyclones (e.g. about 25% of St. John’s ETCs travel
from 180∘–225∘ in winter vs. about 12% in summer).
The number of ETCs decreases in summer in Toronto (5.6
(STD of 1.2) cyclones per month), and the mean intensity
becomes weaker in summer in both cities.

Figure 4 suggests that the local ETC activity is influ-
enced by cyclones that develop and travel from various
regions. To examine this, cyclones travelling to Toronto
and St. John’s are grouped according to their development
regions and binned in number and intensity (Figure 7).
Although there is a dominant cyclone development region
for each city (e.g. the Great Lakes for Toronto and the

East Coast for St. John’s), ETCs crossing each city orig-
inate from multiple development regions. Although these
development regions are carefully selected to include
most ETCs’ origins, some cyclones form outside of the
six selected development regions. Specifically, 5% of
Toronto’s and 13% of St. John’s ETCs originated from
other regions.

A significant number of ETCs travelling to Toronto form
over the Central Rockies and the Great Lakes regions,
peaking in number at an intensity of 4 CVU in most
seasons (left column of Figure 7). There is a substan-
tial contribution to Toronto’s cyclones from the North-
ern Rockies and the Hudson Bay development regions
in winter, although these cyclones rarely get stronger
than 8 CVU. Toronto is also affected by cyclones devel-
oping close to the Gulf of Mexico. Although not as
numerous, they peak at about 7 CVU, representing a
significant fraction of Toronto’s intense winter cyclones.
In St. John’s, cyclone activity is largely dominated by East
Coast cyclones and their strong seasonal cycle (right col-
umn of Figure 7). The number of East Coast cyclones
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Figure 6. Seasonal distribution of Toronto and St. John’s ETCs in terms of intensity (colour, in CVU) and travelling direction. Bars extend towards
the direction that cyclones are coming from. The length of the bars is proportional to the percentage of cyclones found in each category. Dotted

circles indicate 5%, 10% and 15% of the total number of cyclones.

that approach St. John’s peaks at an intensity of 6 CVU
in winter (see also Figure 4), but only at 3 CVU in
summer. This strong seasonality is also evident in their
travelling direction. In summer, the relative number of con-
tinental cyclones (from the Great Lakes) increases at St.
John’s, consistent with the seasonal shift in ETC travel-
ling direction (see Figure 6). These results, which differ
from Toronto’s cyclone activity, suggest that the local ETC
activity in eastern Canada is highly dependent on loca-
tion. Grise et al. (2013) in fact showed that while Toronto’s

cyclone activity is affected by the Pacific North Ameri-
can teleconnection (PNA) on intra-seasonal timescales, St.
John’s cyclone activity is more or less modulated by a tele-
connection similar to the NAO.

4. Interannual variability associated with ENSO

This section examines the impact of ENSO on the North
American ETC activity, focusing on those travelling over
the regions of Toronto and St. John’s. Here, ENSO years

© 2014 Royal Meteorological Society Int. J. Climatol. 35: 2759–2776 (2015)
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Figure 7. ETC statistics in terms of cyclone development regions for Toronto (left) and St. John’s (right). Vertical axis denotes the number of cyclones,
and horizontal axis denotes the intensity of cyclones.

are selected when the ONI is greater or less than 1 STD
(see Section 2). As the climatological ETC activity is
seasonally dependent, the impact of ENSO on cyclone
activity varies considerably between seasons. However,
for conciseness, only the winter season [from December
to February (DJF)], during which the ENSO is known to
exert a larger influence on the Canadian weather (Shabbar
and Barnston, 1996), is presented. Figure 8 presents the
composite anomalies of 250-hPa wind, ETC frequency and
mean intensity for each phase of ENSO. Values that are sta-
tistically significant at the 95% confidence level are shaded
in colour. During the negative phase of ENSO (-ENSO),
the westerly jet shifts poleward and become more lon-
gitudinal, with a dipole anomaly about the axis of the
climatological jet especially at the jet entrance region. The
opposite pattern is observed during the positive phase of

ENSO (+ENSO), with broader and stronger mid-latitude
westerly anomalies than during -ENSO years. This subtle
difference is due to slight asymmetry between the two
phases of ENSO and the related teleconnection patterns.

The ENSO-related ETC frequency anomaly closely
resembles the 250 hPa wind speed anomaly, highlighting
the dependence of ETC activity to the Atlantic westerly
jet position. During+ENSO winters, ETC frequency sig-
nificantly increases over the Southern U.S. but decreases
at higher latitudes, indicating an equatorward shift of
the ETC tracks. The equivalent and opposite pattern is
also observed during -ENSO winters with a significant
decrease in ETC frequency over the Gulf of Mexico.
These results are largely consistent with previous find-
ings (e.g. Eichler and Higgins, 2006). Interestingly, the
ETC frequency over northern Quebec exhibits negative
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Figure 8. Top: DJF wind speed anomaly at 250 hPa (top, in m s− 1), ETC frequency anomaly (middle, in number of cyclones per month) and ETC
intensity anomaly (bottom, in CVU) during ENSO months. Thick contours indicate the climatology in contour intervals of 10 m s− 1. Shading
indicates the values that are statistically significant at the 95% confidence level. For reference, Toronto and St. John’s regions are indicated by thick

circles.

anomalies during both phases of ENSO. This is caused by
different responses of regional ETC tracks to ENSO, as
discussed later in this section.

The mean intensity change of ETCs with ENSO phases
is presented in the bottom row of Figure 8. Significant
changes are evident over the Atlantic and northeastern
North America. The equatorward shift in cyclone tracks
during +ENSO winters is generally associated with
anomalously strong cyclones in the Gulf of Mexico and
along the US East Coast and anomalously weak cyclones
at mid- and high-latitudes. In contrast, the mean intensity
change of continental ETCs is rather weak during -ENSO
years.

The ETC frequency anomaly associated with -ENSO
and +ENSO are detailed in Figures 9 and 10, respec-
tively. In these figures, individual ETCs are grouped into
their development regions. It is found that the latitudinal

shift of the ETC tracks during ENSO winters does not
result from a latitudinal shift of all types of ETC tracks.
In general, the frequency of ETCs from the Central
Rockies and the Great Lakes significantly decreases dur-
ing +ENSO, but the frequency of ETCs from the East
Coast and the Gulf of Mexico increases (vice versa
during -ENSO). This pattern has often been described
as an ENSO-related oscillation between continental and
maritime cyclones (Noel and Changnon, 1998; Hirsch
et al., 2001; Bradbury et al., 2003), implying that local
ETC activity across eastern Canada is likely determined
by the competition between continental and maritime
cyclones.

The response of regional ETC frequency is not always
opposite during the two phases of ENSO. For example,
while the frequency of ETCs developing over the Central
Rockies increases only slightly during -ENSO winters,
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Figure 9. ETC frequency anomaly (in number of cyclones per month) in terms of development regions during -ENSO.

it decreases substantially over a broader region during
+ENSO winters. Additionally, while ETCs developing
over the Great Lakes experience no significant change
during −ENSO winters, they significantly decrease in
frequency during +ENSO winters. The decrease in
frequency of ETCs developing over the Central Rock-
ies and the Great Lakes (Figure 10) causes the ETC
frequency over northern Quebec to be anomalously low
during +ENSO winters (middle row of Figure 8), even
though ETCs developing over the Hudson Bay are more

frequent. In contrast, during -ENSO winters, the negative
anomalies observed over Northern Quebec are mostly
due to the reduced frequency of ETCs from Hudson
Bay and the East Coast, with a negligible contribution
from Great Lakes ETCs (Figure 9). These results suggest
that ENSO-induced ETC variability is not symmetric
between the two phases at regional scales. These results
also indicate that local ETC activity can be significantly
modulated by the changes in ETCs that develop in remote
regions.
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Figure 10. ETC frequency anomaly (in number of cyclones per month) in terms of development regions during +ENSO.

The ETC activity near Toronto and St. John’s is only
marginally affected by ENSO, as shown in Figure 8.
Nonetheless, for Toronto, important interannual variability
is observed when the development regions are taken into
account. Figure 11 shows the frequency, intensity and trav-
elling direction of ETCs tracking close to Toronto during
ENSO winters. For reference, the climatology is shown in
the thick empty bars. As discussed in the previous section,
most of the ETCs travelling across Toronto’s region form
in the Great Lakes (2.5 cyclones per month, STD of 0.9)

and the Central Rockies (1.9 cyclones per month, STD of
0.6) regions. ETCs from other regions are more sporadic,
with 0.75 from the Northern Rockies (STD of 0.7), 0.6
from the Gulf of Mexico (STD of 0.4) and 0.5 from Hudson
Bay (STD of 0.5). The missing portion (≤0.5 cyclones per
month) represents weak cyclones developing outside of the
six regions defined in Figure 3.

Although the total number of ETCs at Toronto does not
change much during -ENSO winters (Figure 8 middle
left), a noticeable change is observed in their development
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Figure 11. Frequency (left, in number of tracks per month), mean intensity (middle, in CVU) and travelling direction (right column) of Toronto’s
winter cyclones from each development region during ENSO (coloured bars) along with the long-term climatology (thick, empty bars). The difference
between the coloured and empty bars represents the anomaly associated with the given development region and the anomalies that are statistically

significant at the 90% confidence level are indicated by dots.

regions. For example, a smaller number of ETCs track
from the Gulf of Mexico, while more cyclones travel
from the Central Rockies, consistent with the changes
in cyclone development shown in Figure 9. The mean
intensity of Toronto’s cyclones slightly increases during
−ENSO (Figure 8 bottom left). This is mainly due to an
increase in the number of strong cyclones during −ENSO
(about 30% more cyclones ≥6 CVU than normal). During
+ENSO winters, Toronto’s cyclone frequency decreases
(Figure 8 middle right), mostly due to the reduction of
ETCs from its two predominant development regions
(Central Rockies and Great Lakes) and the Hudson Bay.
This decrease is partly compensated by an increase in
the frequency of ETCs from the Gulf of Mexico. In
general, the mean intensity of ETCs is weaker than nor-
mal because of the reduced number of ETCs from the
Central Rockies and the Great Lakes, which are gen-
erally strong over Toronto (Figure 7). It is also found
that the travelling direction of ETCs does not change
much (right column of Figure 11), simply reflecting ETC
changes from different regions with a wider spread during
+ENSO years.

In contrast to Toronto’s cyclone activity that is
largely controlled by continental cyclones, St. John’s
cyclone activity is dominated by East Coast ETCs.
Because East Coast ETCs that propagate Northward
are less sensitive to ENSO than continental ETCs,
the ENSO-related interannual variability of St. John’s

cyclones is rather weak (Figure 8). Indeed, no significant
ENSO-related changes in ETC frequency and intensity are
observed.

5. Summary and conclusions

The characteristics of North American ETCs are exam-
ined with a focus on the regional climatology and
interannual variability over Eastern Canada, partic-
ularly near two cities: Toronto and St. John’s. The
automated detection scheme developed by Hodges (1999)
is applied to the vorticity field taken from ERA–Interim’s
hybrid sigma-pressure level closest to 850 hPa over the
1979–2009 time period (Grise et al., 2013). ETC statistics
such as cyclone frequency, mean intensity, growth, decay,
and travelling speed and direction are quantified. Unlike
previous studies, ETC tracks are also grouped according
to their development (or genesis) regions, defined as the
region in which the most explosive growth occurred along
any given track.

It is found that ETCs that form in different regions
have different characteristics. The cyclones developing
along the US East Coast are typically strong and most
frequent during winter, as rapid growth is favoured by
high baroclinicity due to strong land-sea contrasts and
SST gradients. The mean intensity of East Coast cyclones,
however, becomes significantly weaker in summer. A
similar seasonality is also observed for ETCs developing
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over the Gulf of Mexico and Southern U.S. with almost
no ETCs in summer due to the poleward shift of the
westerly jet. The ETCs originating from the Central
Rockies and the Great Lakes, however, tend to have a
rather weak seasonality with a maximum frequency in
equinox seasons, when continental cyclones are favoured
by the highly variable jet between the Rockies and the
East Coast. Lastly, the cyclones developing at high lat-
itudes (Northern Rockies or Hudson Bay regions) are
found to be weak and more frequent in the summer. In
terms of travelling direction, it is also found that while
the ETCs developing over the central Rockies, Great
lakes, Gulf of Mexico and East Coast travel northeast-
ward along the westerly jet, those developing over the
Northern Rockies and Hudson Bay travel eastward or
southeastward.

The above regional characteristics of ETCs have a
significant influence on cyclone activity over Eastern
Canada. This is anticipated because most of the conti-
nental and some of the East Coast ETCs travel towards
Eastern Canada and dissipate there or close to Green-
land. While the most important cyclones (in terms of
number of cyclones) to Eastern Canada are those devel-
oping over the Central Rockies and the Great Lakes,
cyclones from other regions also play a non-negligible
role, especially in the seasonal cycle. For example, ETCs
developing over the Gulf of Mexico and Southern U.S.
typically do not travel to the Eastern Canada, but those
that do are a significant source of intense winter cyclones
(>10 CVU).

Local characteristics of ETCs in Eastern Canada are
further investigated for the regions of Toronto and St.
John’s. Toronto is found to be predominantly influenced
by ETCs from the Great Lakes and the Central Rockies,
with rather small variations in ETC frequency and intensity
between seasons, except for a significant decrease in ETC
intensity in summer. Although not shown, a similar result
is also found for Montreal and Quebec city. In contrast,
the activity of ETCs travelling across St. John’s region is
predominantly influenced by East Coast cyclones, which
exhibit a significant seasonal cycle with larger frequency
and mean intensity in winter.

The interannual variability of the ETC tracks is deter-
mined by the combined effect of various regional cyclones.
The ENSO oscillation between continental and coastal
cyclones is confirmed, with an increase in the frequency
of ETCs developing over the Gulf of Mexico and the East
Coast but a decrease in the frequency of those develop-
ing over the Central Rockies and the Great Lakes during
+ENSO winters. The opposite is largely true for -ENSO
winters. Interestingly, ETC frequency around northern
Quebec decreases during both phases of ENSO. This neg-
ative anomaly is caused by the reduced frequency of ETCs
developing over the East Coast and Hudson Bay during
-ENSO winters and the reduced frequency of ETCs travel-
ling from the Central Rockies and the Great Lakes during
+ENSO winters.

Specifically, ENSO-related ETC variability is observed
at Toronto. The frequency and the mean intensity of

Toronto’s ETCs decrease in +ENSO winters as the west-
erly jet shifts equatorward. Even if the total number of
ETCs found close to Toronto does not change much, their
origin and mean intensity are modulated by ±ENSO, pos-
sibly resulting in different surface weather. No significant
ENSO-related variability, however, is identified for ETCs
near St. John’s.

These results provide additional insights into North
American ETCs, especially those passing through Eastern
Canada. However, there are several issues and limitations,
which need to be addressed in future studies. First, our
results might be somewhat sensitive to the choice of data
set (Froude, 2010), tracking variable (e.g. MSLP instead
of relative vorticity; Hoskins and Hodges, 2002) and track-
ing algorithm (Neu et al., 2013). Although the qualitative
results will likely remain unchanged, they could affect
quantitative details and statistical significance. Secondly,
the cyclone development regions defined in this study can-
not be directly compared with specific cyclones that are
widely used in synoptic meteorology (e.g. Nor’Easters and
Alberta Clippers), as these are defined by more restric-
tive criteria. This has to be considered when comparing
the present study with previous studies. Lastly, the cur-
rent study does not explicitly relate ETC activity with
surface weather. The relationship between the regional
ETC tracks and surface weather properties (e.g. temper-
ature, precipitation and wind speed) needs to be better
determined.
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Appendix

One recurring issue in cyclone tracking studies is
the poor representation of synoptic scale features over
high terrain, especially when using pressure levels that
intersect the surface (Lareau and Horel, 2012). Grise
et al. (2013) showed that tracking ETCs on hybrid
sigma-pressure level helps to circumvent this effect over
the Rockies. Figure A1 features the winter frequency,
intensity, growth and decay rates of ETC tracks com-
puted on the 850-hPa pressure level, to be compared with
the hybrid sigma-pressure coordinate results shown in
Figures 1 and 2.

A direct comparison of ETC statistics between hybrid
sigma-pressure and pressure coordinates reveals a dis-
cernible sensitivity only around the Rockies. Specifically,
the 850-hPa ETC statistics exhibit a smaller number of
ETCs with a weaker intensity over the Rockies (see also
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Figure A1. Same as top rows of Figures 1 and 2, but with ETC tracks computed on ERA-Interim 850 hPa pressure level: Climatological winter ETC
frequency, intensity, growth and decay.

Grise et al., 2013). Because ETC intensity is almost iden-
tical in other regions, this results in stronger growth rates
on the lee side of the Rockies and faster decay rates along
the western coast of North America in isobaric ETC statis-
tics. However, the physical meaning of this sensitivity
is unclear as the 850-hPa isobaric surface intersects the
ground in these regions. Note here that because ETC statis-
tics at a given grid point account for all ETCs within a
555-km radius (see Section 2.3), the artefacts of ground
intersection are experienced over a broad region in our
ETC statistics.

The above sensitivity can affect the characteristics of
local ETC activity. An example is illustrated in Figure A2
(top panel bars) for Toronto. The ETCs originating from
the Central Rockies become more frequent but those from
the Great Lakes become less frequent when isobaric ETC
statistics are used instead of hybrid sigma-pressure level
statistics. More quantitatively, about 20% of Toronto’s
ETCs that develop over the Great Lakes and Hudson Bay
are redistributed as cyclones from the Central and Northern
Rockies in Figure A2. This result is consistent with an
enhanced growth rate on the lee side of the Rockies in
isobaric coordinates (Figure A1).

However, it is important to note that qualitative results
do not change much even if the uncertainty associated
with the choice of vertical coordinate is taken into account.
For instance, the two dominant regions of Toronto ETC
development are the Central Rockies and Great Lakes.
Their variabilities during ENSO years are also very
similar in the two vertical coordinates (coloured bars
of Figure A2). Providing that isobaric ETC statistics
around the Rockies may not be physically meaningful,
these similarities suggest that a hybrid sigma-pressure
level is a useful alternative for North American cyclone
studies.

Figure A2 also presents the sensitivity of Toronto ETCs
to the intensity threshold and the radius of influence used to
calculate the ETC statistics. It is shown that changing the
intensity threshold of ETC from 1 to 3 CVU has virtually
no impact on the results (middle row). Similarly, although
changing the radius of influence from 333 to 777 km
increases the number of cyclones detected, the relative
number of cyclones originating from each development
region remains unchanged until the radius is large enough
to reach the East Coast and is contaminated by East Coast
cyclones.
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Figure A2. Sensitivity of the distributions of the origin of ETCs near Toronto to: (a) the use of 850-hPa pressure level instead of 857-hPa hybrid
sigma-pressure level, (b) the minimum intensity required for cyclone detection, (c) the radius of influence associated with the city. The empty

bars denote the climatology, and the coloured bars denote the +ENSO anomaly.
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