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ABSTRACT
Cool-season extreme weather events (EWEs) (i.e., high-impact weather events that are societally disruptive, geographically widespread, exceptionally prolonged, and climatologically infrequent) are typically associated with strong extratropical cyclones (ECs). The opportunity to investigate the genesis locations, tracks,
and frequencies of ECs leading to EWEs over central and eastern North America and compare them to those
of ordinary ECs forming over and traversing the same region motivates this study. ECs leading to EWEs are
separated from ordinary ECs according to the magnitude, areal extent, and duration of their 925-hPa standardized wind speed anomalies in the 0.58 NCEP CFSR dataset. This separation allows for the construction of
an October–March 1979–2016 climatology of ECs leading to EWEs over central and eastern North America.
The climatology of ECs leading to EWEs over central and eastern North America reveals that these ECs
typically form in the lee of the Rocky Mountains, over the south-central United States, and along the east
coast of North America at latitudes equatorward of the typical genesis locations of ordinary ECs. ECs leading
to EWEs exhibit equatorward-shifted tracks relative to ordinary ECs, likely associated with an equatorward
shift in the position of the subtropical or polar-front jet. ECs leading to EWEs form most frequently in
November and March, when the seasonal alignment of baroclinic and diabatic forcings is maximized. Similar
to ordinary ECs, the genesis locations, tracks, and frequencies of ECs leading to EWEs are partially determined by the states of the Pacific–North American pattern and North Atlantic Oscillation.

1. Introduction
Extratropical cyclones (ECs) play a major role in
determining day-to-day weather conditions in the middle latitudes during the cool season. Particularly strong
ECs, such as the infamous Superstorm of March 1993
(SS93) (e.g., Huo et al. 1995; Kocin et al. 1995; Uccellini
et al. 1995; Alfonso and Naranjo 1996; Bosart et al. 1996;
Dickinson et al. 1997; SPC 1999), can have considerable
socioeconomic impacts on the regions they traverse due
to their frequent association with damaging winds and
heavy precipitation (e.g., Salmon and Smith 1980;
Gyakum 1983a,b; Uccellini et al. 1984, 1985; Hakim
et al. 1995, 1996; Mailier et al. 2006; Dacre et al. 2012).
Particularly strong ECs forming over and traversing
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densely populated regions of central and eastern North
America have the potential to lead to extreme weather
events (EWEs), defined in the present study as highimpact weather events that are societally disruptive,
geographically widespread, exceptionally prolonged,
and climatologically infrequent. Figure 1 illustrates the
mean sea level pressure (MSLP), 925-hPa winds, and
925-hPa standardized wind speed anomalies associated
with SS93 at 0000 UTC 14 March 1993. The areal extent
and magnitude of 925-hPa standardized wind speed
anomalies associated with SS93 in Fig. 1 are characteristic
of the 925-hPa standardized wind speed anomalies associated with SS93 throughout the majority of its 84-h
life cycle (1200 UTC 12 March–0000 UTC 16 March
1993), suggesting that SS93 meets the definition of an
EC leading to an EWE. This suggestion is supported
by the first-place ranking of SS93 on the Northeast
Snowfall Impact Scale (Kocin and Uccellini 2004),

DOI: 10.1175/MWR-D-18-0453.1
Ó 2019 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Unauthenticated | Downloaded 01/09/23 04:55 AM UTC

1472

MONTHLY WEATHER REVIEW

FIG. 1. Analysis showing MSLP (black contours, hPa), 925-hPa
winds (flags and barbs, kt), and 925-hPa standardized wind speed
anomalies (shaded, s) associated with SS93 at 0000 UTC 14 March
1993 in the 0.58 NCEP Climate Forecast System Reanalysis
(CFSR) dataset.

which classifies SS93 as the highest-impact Northeast
U.S. EC since 1950 (NCEI 2018).
ECs forming over and traversing central and eastern
North America were extensively documented during
the twentieth and early twenty-first centuries (Table 1).
Early climatologies of North American ECs were
painstakingly created using paper maps and hand
analyses (e.g., Saucier 1949; Hurley 1954; Petterssen
1956; Klein 1957). The advent of reanalysis datasets
during the late twentieth century allowed the meteorological community to construct comprehensive, longterm climatologies of ECs over central and eastern
North America using high-resolution gridded datasets
(e.g., Hoskins and Hodges 2002; Hodges et al. 2011;
Tilinina et al. 2013; Grise et al. 2013). Despite differences in their construction, both early and recent climatologies of ECs over central and eastern North
America (Table 1) reveal that these ECs typically
form in the lee of the Rocky Mountains and along
the east coast of North America before traversing the Great Lakes and western North Atlantic,
respectively. ECs forming in the lee of the Rocky
Mountains typically develop in response to vortex
tube stretching occurring downstream of a mountain
barrier (e.g., Petterssen 1956, section 13.5) in the presence of an upper-tropospheric trough (e.g., Palmén and
Newton 1969; Bannon 1992; Davis 1997), whereas ECs
forming along the east coast of North America typically develop in association with the semipermanent
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baroclinic zone created by the juxtaposition of the
relatively warm waters of the Gulf Stream and relatively cold continental air moving off the eastern edge
of North America (e.g., Sanders and Gyakum 1980).
Surface fluxes of heat and moisture may also contribute to
the formation and maintenance of ECs along the east coast
of North America (e.g., Roebber 1989a; McTaggartCowan et al. 2017), often enhancing diabatic processes
during the evolution of individual ECs (e.g., Atlas 1987;
Uccellini et al. 1987; Davis and Emanuel 1988; Roebber
1989b, 1993).
In addition to forming more frequently over certain
regions, ECs over central and eastern North America
form more frequently during certain times of the year.
Whittaker and Horn (1981) and Changnon et al. (1995)
both determined that ECs over central and eastern
North America form more frequently during the cool
season (October–March) than during the warm season
(April–September), with a seasonal peak in the frequency of EC formation during January–March. The
frequent formation of ECs over central and eastern
North America during the cool season is likely associated with the presence of relatively strong horizontal temperature gradients over these regions during
October–March that are maximized during Northern
Hemisphere winter. The frequent occurrence of rapidly
deepening ECs along the east coast of North America
during October–March (e.g., Sanders and Gyakum
1980) is also likely associated with the presence of
relatively strong horizontal temperature gradients over
the region during this period. The frequent occurrence
of rapidly deepening ECs along the east coast of North
America as opposed to in the lee of the Rocky
Mountains suggests that a combination of baroclinic
and diabatic processes may be required for rapid cyclogenesis to occur (e.g., Tracton 1973; Sanders and
Gyakum 1980; Roebber 1984; Reed et al. 1988, 1992,
1993a,b; Reed and Simmons 1991; Kuo et al. 1996;
Roebber and Schumann 2011). Studies investigating
rapidly deepening ECs over the Kuroshio of the western
North Pacific, another location where rapid cyclogenesis
frequently occurs (Sanders and Gyakum 1980), have
also suggested the importance of baroclinic and diabatic
processes during the evolution of rapidly deepening ECs
(e.g., Gyakum et al. 1992; Bullock and Gyakum 1993;
Gyakum and Danielson 2000).
Despite the extensive documentation of ECs over
central and eastern North America during the twentieth
and early twenty-first centuries (Table 1), few studies
have examined ECs leading to EWEs forming over and
traversing the same region. A climatology of ECs leading to EWEs over central and eastern North America
during October–March 1979–2016 will be constructed
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TABLE 1. Examples of climatologies that document ECs over the
Northern Hemisphere, North America, the United States, and
regions comprising central and eastern North America (i.e., Rocky
Mountains, central United States, and east coast of North America).
Climatologies are separated into regions according to the genesis
location of ECs included in the climatology. The period of study and
applicable reference are given for each climatology. An asterisk next
to a reference indicates that the climatology exclusively identifies
rapidly deepening ECs.

Region
Northern
Hemisphere
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Period of
study

1899–1936
1899–1936
1979–2000
1958–2001
1979–2009
1950–2010
1979–2010
North America
1951–70
1976–79
1950–77
1958–77
1976–82
1950–93
1971–2000
1982–2011
United States
1892–1912
1905–54
Rocky Mountains
1958
1961–90
1988–92
1986–2001
Central United
1899–1939
States
1920–29
1950–74
1950–2000
East coast of
1929–39
North America
1921–62
1964–73
1885–1978
1948, 1951–97
1979–2004

Reference
Petterssen (1956)
Klein (1957)
Hoskins and Hodges (2002)
Wernli and Schwierz (2006)
Hodges et al. (2011)
Eichler and Gottschalck (2013)
Tilinina et al. (2013)
Reitan (1974)
Sanders and Gyakum (1980)*
Zishka and Smith (1980)
Whittaker and Horn (1981)
Roebber (1984)*
Changnon et al. (1995)
Eichler and Higgins (2006)
Grise et al. (2013)
Bowie and Weightman (1914)
Hosler and Gamage (1956)
Chung et al. (1976)
Bierly and Harrington (1995)
Hutchinson (1995)
Thomas and Martin (2007)
Saucier (1949)
Hurley (1954)
Brennan and Smith (1978)
Changnon et al. (2008)
Miller (1946)
Mather et al. (1964)
Colucci (1976)
Hayden (1981)
Hirsch et al. (2001)
Colle et al. (2013)

in the present study in order to document the location
and frequency of these high-impact weather events.
Such a climatology will allow the genesis locations,
tracks, and frequencies of ECs leading to EWEs to be
compared to those of ordinary ECs over central and
eastern North America, providing insight into the climatological differences between these two categories
of ECs.
The remainder of this paper is organized as follows.
The data and methodology used to identify ECs leading
to EWEs over central and eastern North America are
described in section 2. Section 3 contains a climatology
of ECs leading to EWEs over central and eastern North
America during October–March 1979–2016, as well as a
comparison of the location and frequency of these ECs

to the location and frequency of ordinary ECs forming
over and traversing the same region during the same
period. Results of this study are summarized and future
work is proposed in section 4.

2. Data and methodology
a. Candidate ECs leading to EWEs
Northern Hemisphere cyclone tracks [provided by
B. A. Colle (Stony Brook University)] are identified during
October–March 1979–2016 by applying the Hodges
(1994, 1995) tracking algorithm to the MSLP field obtained from the 0.58 NCEP Climate Forecast System
Reanalysis (CFSR) dataset (Saha et al. 2010) using the
methodology of Colle et al. (2013). The time of cyclone formation (t0) is defined as the first time a cyclone
is identified using the Hodges (1994, 1995) tracking
algorithm. The tendency for the Hodges (1994, 1995)
tracking algorithm to delay the identification of cyclones
by several hours and to underestimate the central MSLP
value of the cyclones it identifies has been documented
(P. J. Roebber 2019, personal communication), but
these tendencies do not dramatically affect the identification of ECs leading to EWEs in the present study.
As will be shown in section 2b, the identification of ECs
leading to EWEs in the present study is not dependent
on the characteristics of individual cyclones at times
relative to t0 nor the central MSLP value of individual
cyclones during their life cycle.
To be included in a list of potential candidate ECs leading to EWEs over central and eastern North America
(N 5 2332), Northern Hemisphere cyclones are required
to form over and traverse the region surrounding central
and eastern North America between t0 and t0 1 48 h.
Cyclones whose tracks correspond to tropical cyclones
included in the International Best Track Archive for
Climate Stewardship dataset (Knapp et al. 2010) are removed from the list of potential candidates (N 5 12).
Cyclones remaining in the list of potential candidates
after the removal of tropical cyclones are considered
candidate ECs leading to EWEs over central and eastern
North America (N 5 2320). A track map of the 2320
cyclones considered candidate ECs leading to EWEs over
central and eastern North America, as well as the region
over which they are required to form and traverse between t0 and t0 1 48 h, is shown in Fig. 2.

b. Identification of ECs leading to EWEs
ECs leading to EWEs (i.e., high-impact weather
events that are societally disruptive, geographically
widespread, exceptionally prolonged, and climatologically infrequent) are identified as those ECs included
in the list of 2320 candidates that exhibit the strongest
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FIG. 2. Tracks of candidate ECs leading to EWEs over central and eastern North America
during October–March 1979–2016, shaded according to their central MSLP value (hPa). The
black polygon denotes the region over which candidate ECs leading to EWEs are required to
form and traverse between t0 and t0 1 48 h.

lower-tropospheric winds within a large geographic
area for the longest period of time. To assess the
strength of the lower-tropospheric winds associated with
candidate ECs leading to EWEs, area-averaged 925-hPa
standardized wind speed anomalies are calculated with
respect to a 1979–2009 climatology [constructed using the
methodology of Brammer and Thorncroft (2015)] within
1200 km of each candidate during its life cycle. A radius of
1200 km, equivalent to the maximum mean effective radius of Northern Hemisphere ECs (Rudeva and Gulev
2011), was selected to ensure that the region within which
area-averaged 925-hPa standardized wind speed anomalies are calculated is representative of the area affected by
relatively large ECs. An example of the distribution and
evolution of 925-hPa standardized wind speed anomalies
within 1200 km of SS93 is shown in Fig. 3. Area-averaged
925-hPa standardized wind speed anomalies within
1200 km of SS93 are ,1s at 1200 UTC 12 March 1993
(Fig. 3a), increase to .2s as SS93 matures and traverses
the east coast of North America between 1200 UTC
13 March and 14 March 1993 (Figs. 3b,c), and decrease
to ,1s as SS93 weakens near the southern tip of
Greenland at 1200 UTC 15 March 1993 (Fig. 3d).
Candidate ECs leading to EWEs are separated into
two categories, ordinary ECs and ECs leading to EWEs,
based on the number of hours (if any) that each candidate attained an area-averaged 925-hPa standardized
wind speed anomaly $1s. Figure 4 depicts the frequency distribution of candidate ECs leading to EWEs
binned by the number of hours that each candidate
attained an area-averaged 925-hPa standardized wind
speed anomaly $1s. Figure 4 indicates that candidate
ECs leading to EWEs that attained an area-averaged
925-hPa standardized wind speed anomaly $1s for ,36 h

represent 95% of all candidates and are identified as ordinary ECs (N 5 2202). Candidate ECs leading to EWEs
that did not attain an area-averaged 925-hPa standardized wind speed anomaly $1s (i.e., the 0-h bin in Fig. 4)
are included in this category. Candidate ECs leading to
EWEs that attained an area-averaged 925-hPa standardized wind speed anomaly $1s for $36 h represent
the top 5% of all candidates (i.e., the tail of the distribution) and are identified as ECs leading to EWEs
(N 5 118). The right-skewed structure of the frequency
distribution shown in Fig. 4 is similar to the rightskewed structure of the frequency distribution of 24-h
EC deepening rates shown by Roebber (1984, his Fig. 3),
with both ECs leading to EWEs and rapidly deepening ECs occurring in the tails of their respective distributions. A track map of the 118 cyclones identified as
ECs leading to EWEs over central and eastern North
America during October–March 1979–2016 is shown
in Fig. 5. Noteworthy ECs leading to EWEs over central and eastern North America during October–March
1979–2016 include SS93 (e.g., Huo et al. 1995; Kocin et al.
1995; Uccellini et al. 1995; Bosart et al. 1996; Dickinson
et al. 1997), the 9–11 November 1998 central U.S. cyclone
(Iacopelli and Knox 2001), and the 26–27 October 2010
central U.S. cyclone (WPC 2010).

3. Climatological results
a. Genesis locations
Figure 6 compares the genesis densities of ordinary
ECs and ECs leading to EWEs over central and eastern North America during October–March 1979–2016.
Figure 6a reveals that ordinary ECs may develop almost
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FIG. 3. Analyses showing MSLP (black contours, hPa), 925-hPa winds (flags and barbs, kt), and 925-hPa standardized wind speed anomalies within 1200 km of SS93 (shaded according to color bar, s) at (a) 1200 UTC 12 March,
(b) 1200 UTC 13 March, (c) 1200 UTC 14 March, and (d) 1200 UTC 15 March 1993. Area-averaged values of 925-hPa
standardized wind speed anomalies within 1200 km of SS93 are shown in the lower-right corner of (a)–(d).

anywhere over central and eastern North America during
the cool season, preferentially forming in the lee of the
Rocky Mountains and along the east coast of North
America. The stronger maximum in the genesis density of ordinary ECs east of the Canadian Rocky
Mountains relative to the weaker maximum in the
genesis density of ordinary ECs east of the Colorado
Rocky Mountains likely reflects the stronger time-mean
flow across the Canadian Rocky Mountains during the
cool season (not shown). The results of the present study
are consistent with the previous results of Zishka and
Smith (1980, their Fig. 2b) and Hodges et al. (2011, their
Fig. 1b), who also found maxima in the genesis density of North American ECs in the lee of the Rocky

Mountains and along the east coast of North America.
In the present study (Fig. 6a), a third, weaker, maximum
in the genesis density of ordinary ECs exists over the
central United States that was not observed by Zishka
and Smith (1980) nor Hodges et al. (2011). Ordinary
ECs that form over this region typically result from either 1) the initial development of an EC downstream of
an upper-tropospheric trough or 2) the redevelopment
of a weak lee cyclone along a lower-tropospheric baroclinic zone over the central United States. The absence
of this third, weaker, maximum in the genesis density of
North America ECs in the climatologies of Zishka and
Smith (1980) and Hodges et al. (2011) may be due to the
different time periods and datasets used to construct
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FIG. 4. Frequency distribution of candidate ECs leading to
EWEs binned by the number of hours that each EC attained an
area-averaged 925-hPa standardized wind speed anomaly $1s.
Blue and red regions represent the number of candidate ECs
leading to EWEs classified as ordinary ECs and ECs leading to
EWEs, respectively.

each climatology, as well as the requirement that ECs
form over and traverse the region surrounding central
and eastern North America between t0 and t0 1 48 h in
the present study. Genesis densities in the present
study may also differ from those in previous studies
due to differences in their definition of the cool season.
It is possible that expanding the cool season used in the
present study (October–March) to include April and
May, when ordinary ECs frequently form in the lee of
the Colorado Rocky Mountains (e.g., Whittaker and
Horn 1981; Wernli and Schwierz 2006), would result in
slightly different genesis densities.
Figure 6b reveals that ECs leading to EWEs typically
form over the southern portions of the three maxima in
the genesis density of ordinary ECs, with ECs leading to
EWEs preferentially forming 1) in the lee of the Rocky
Mountains, 2) over the south-central United States, and 3)
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along the east coast of North America. This equatorward shift in the genesis locations of ECs leading to
EWEs relative to the genesis locations of ordinary
ECs is likely associated with an equatorward shift in
the position of the subtropical or polar-front jet, or the
phasing of these jets at relatively low latitudes (e.g.,
Gaza and Bosart 1990; Winters and Martin 2017;
Christenson et al. 2017). Stronger horizontal temperature gradients and higher moisture content in
the vicinity of the southern Rocky Mountains, Gulf
of Mexico, and western North Atlantic during the
evolution of ECs leading to EWEs than in the vicinity
of the northern Rocky Mountains, Great Plains, and
northwestern North Atlantic during the evolution of
ordinary ECs may also contribute to the equatorward
shift in genesis locations of ECs leading to EWEs relative to those of ordinary ECs. The presence of stronger
horizontal temperature gradients and higher moisture
content in the vicinity of the southern Rocky Mountains,
Gulf of Mexico, and western North Atlantic during the
evolution of ECs leading to EWEs likely results in larger
contributions from baroclinic and diabatic processes
during their life cycles—factors known to contribute to
the formation and maintenance of exceptionally strong
ECs (e.g., Tracton 1973; Sanders and Gyakum 1980;
Roebber 1984; Roebber and Schumann 2011). The contributions from baroclinic and diabatic processes during
the life cycles of ordinary ECs and ECs leading to EWEs
will be explored in greater detail in a subsequent study.
The presence of three distinct maxima in the genesis
density of ECs leading to EWEs (Fig. 6b) allows ECs
leading to EWEs to be subjectively categorized as those
that form in the lee of the Rocky Mountains (N 5 44),
over the south-central United States (N 5 42), along
the east coast of North America (N 5 21), or over unclassifiable regions (N 5 11). Figure 7 depicts the 118

FIG. 5. As in Fig. 2, but for ECs leading to EWEs over central and eastern North America
during October–March 1979–2016.
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FIG. 6. Genesis density of (a) ordinary ECs and (b) ECs leading to EWEs during October–
March 1979–2016, shaded according to the percentage of ECs forming within 350 km of a given
grid point when normalized by the number of ECs included in each category. The black
polygon in (a) and (b) denotes the region over which ordinary ECs and ECs leading to EWEs
are required to form and traverse between t0 and t0 1 48 h.

individual genesis locations of ECs leading to EWEs,
shaded according to the region over which EC formation
occurs. The distinct separation in the genesis locations of
ECs leading to EWEs that form in the lee of the Rocky
Mountains and those that form over the south-central
United States is likely associated with the confinement
of orographic forcing for cyclogenesis to the eastern
Rocky Mountains (Chung et al. 1976) and the confinement of moisture from the Gulf of Mexico to the
south-central United States (Saucier 1949). The distinct separation in the genesis locations of ECs leading
to EWEs that form over the south-central United States
and those that form along the east coast of North
America is likely associated with the physical separation
of the Gulf of Mexico and Gulf Stream, which were
identified as separate locations of tropical moisture export into the middle latitudes by Knippertz and Wernli
(2010). The occasional displacement of Loop Current

eddies into the Gulf of Mexico (e.g., Hurlburt and
Thompson 1980; Hamilton et al. 1999; Sturges et al.
2010) could expedite the formation of ECs leading to
EWEs over this region by steepening lapse rates and
facilitating the development of deep convection, which
could serve as a catalyst for EC formation (e.g., Roebber
1989a). The subjective categorization of ECs leading
to EWEs based on their location of formation shown
in Fig. 7 will be used throughout the remainder of this
study to discuss the differences between ECs leading to
EWEs that form over different regions.

b. Track density
Figure 8 compares the track densities of ordinary
ECs and ECs leading to EWEs over central and eastern
North America during October–March 1979–2016.
Figure 8a reveals that ordinary ECs frequently travel
from northwest to southeast across southern Canada,
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FIG. 7. Genesis locations of ECs leading to EWEs during October–March 1979–2016, shaded
according to the region over which EC formation occurs. The black polygon denotes the region
over which ECs leading to EWEs are required to form and traverse between t0 and t0 1 48 h.

as well as from southwest to northeast along the east
coast of North America. The results of the present
study are consistent with the previous results of Zishka
and Smith (1980, their Fig. 2d) and Hodges et al. (2011,
their Fig. 1a), who also identified maxima in the
track density of North American ECs across southern
Canada and along the east coast of North America.
Similar to ordinary ECs (Fig. 8a), ECs leading to EWEs
(Fig. 8b) frequently travel from southwest to northeast
along the east coast of North America. Both ordinary
ECs and ECs leading to EWEs benefit from enhanced
sensible and latent heat fluxes over this region (e.g.,
Roebber 1989a,b), as well as more moisture available for condensational heating. In contrast to ordinary ECs, ECs leading to EWEs rarely travel from
northwest to southeast across southern Canada in association with lee cyclogenesis along the southern
Canadian Rocky Mountains. Instead, ECs leading to
EWEs frequently travel from southwest to northeast
across the central United States from the Colorado
Rocky Mountains and from southwest to northeast
across the Mississippi Valley from the south-central
United States (Fig. 8b). ECs forming over the southcentral United States and traveling from southwest to
northeast across the Mississippi Valley have been
previously referred to as ‘‘Texas–West Gulf cyclones’’
(Saucier 1949), and have the potential to produce
heavy precipitation along the Gulf Coast during the
cool season.
ECs leading to EWEs that form over different regions
may be associated with different cyclone tracks. The
track densities of ECs leading to EWEs that form in

the lee of the Rocky Mountains, over the south-central
United States, along the east coast of North America,
and over unclassifiable regions are shown in Fig. 9.
Figure 9a reveals that ECs leading to EWEs that form
in the lee of the Rocky Mountains typically travel from
northwest to southeast along the eastern edge of the
Colorado Rocky Mountains early in their life cycle before turning to the northeast and traversing the western
Great Lakes. As opposed to ordinary ECs forming in
the lee of the Canadian Rocky Mountains (Fig. 8a), ECs
leading to EWEs forming in the lee of the Colorado
Rocky Mountains (Fig. 9a) are located far enough
south to potentially tap into moisture from the Gulf of
Mexico, enhancing diabatic processes during their life
cycles. ECs leading to EWEs that form over the southcentral United States typically travel from southwest
to northeast over the southeast United States before
traversing the east coast of North America (Fig. 9b). A
subset of ECs leading to EWEs that form over the
south-central United States also travel from southwest
to northeast over the Mississippi Valley and the eastern
Great Lakes. ECs leading to EWEs that form along the
east coast of North America typically traverse the east
coast of North America and Canadian Maritimes during
their life cycle (Fig. 9c). ECs leading to EWEs that form
over unclassifiable regions exhibit the typical track of
Alberta clippers (e.g., Thomas and Martin 2007, their
Fig. 1), traveling from northwest to southeast over the
Great Lakes region before turning poleward in the
vicinity of the east coast of North America (Fig. 9d).
The majority of Alberta clippers remain relatively
weak as they traverse central and eastern Canada,
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FIG. 8. Track density of (a) ordinary ECs and (b) ECs leading to EWEs during October–
March 1979–2016, shaded according to the percentage of ECs passing within 350 km of a given
grid point when normalized by the number of ECs included in each category. The black
polygon in (a) and (b) denotes the region over which ordinary ECs and ECs leading to EWEs
are required to form and traverse between t0 and t0 1 48 h.

only attaining characteristics of ECs leading to
EWEs as they approach the region of strong horizontal temperature gradients and high moisture
content along the east coast of North America
(not shown).

c. Intraseasonal variability
Figure 10 illustrates the intraseasonal variability associated with the formation of ordinary ECs and ECs
leading to EWEs during October–March 1979–2016.
Figure 10 reveals that the total number of ordinary ECs
and ECs leading to EWEs remains relatively uniform
throughout the cool season, with ECs forming most
frequently in October and January and least frequently in November and March. The results of the
present study are similar to those of Whittaker and
Horn (1981) and Changnon et al. (1995), who also document relatively uniform numbers of North American

ECs throughout the cool season. Figure 10 also reveals
that, despite ordinary ECs forming most frequently
in October and January and the least frequently in
November and March, ECs leading to EWEs form
most frequently during November and March and the
least frequently in October and January. The frequent
formation of ECs leading to EWEs in November and
March is likely related to the seasonal alignment of
baroclinic and diabatic forcings associated with the
formation and maintenance of strong ECs (e.g., Tracton
1973; Sanders and Gyakum 1980; Roebber 1984, 1989a,b).
The infrequent formation of ECs leading to EWEs in
October is likely associated with the presence of relatively weak baroclinic forcing over central and eastern
North America at the beginning of the cool season.
The infrequent formation of ECs leading to EWEs in
January is likely associated with reduced moisture
available for condensational heating during the peak of
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FIG. 9. Track density of ECs leading to EWEs that form (a) in the lee of the Rocky Mountains, (b) over the south-central United States,
(c) along the east coast of North America, and (d) over unclassifiable regions during October–March 1979–2016, shaded according to the
number of ECs leading to EWEs passing within 350 km of a given grid point. The black polygon in (a)–(d) denotes the region over which
ECs leading to EWEs are required to form and traverse between t0 and t0 1 48 h.

the cool season (Chang 2001), as well as the suppression of the formation and maintenance of strong
ECs by enhanced static stability over often snowcovered continental interiors.
Figure 11 provides a closer examination of the intraseasonal variability associated with the formation
of ECs leading to EWEs during October–March 1979–
2016, with ECs leading to EWEs shaded according to
the number of ECs that form in the lee of the Rocky
Mountains, over the south-central United States, along
the east coast of North America, and over unclassifiable
regions. In addition to emphasizing the intraseasonal
variability associated with ECs leading to EWEs, Fig. 11
reveals the intraseasonal variability associated with ECs
leading to EWEs that form over different regions. ECs
leading to EWEs that form in the lee of the Rocky
Mountains and over the south-central United States
develop most frequently in November, February, and
March, when baroclinic and diabatic forcings associated
with their formation and maintenance are relatively
strong. ECs leading to EWEs that form along the east
coast of North America develop most frequently in
November and December, when the semipermanent
baroclinic zone created by the warm waters of the Gulf
Stream and relatively cold continental air moving off
the eastern side of North America becomes increasingly

pronounced and diabatic forcings are still relatively
strong. ECs leading to EWEs that form along the east
coast of North America also develop frequently in
March (e.g., SS93), when baroclinic and diabatic forcings begin to increase again along the east coast of North
America. The ECs leading to EWEs that form over
unclassifiable regions develop most frequently in October.
Many of the ECs leading to EWEs that form over

FIG. 10. Frequency distribution of the formation of ordinary ECs
(blue) and ECs leading to EWEs (red) during 1979–2016 binned by
month (October–March). The percentages of ordinary ECs and
ECs leading to EWEs forming during a given month are written in
dark blue and dark red, respectively, in each column.
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FIG. 11. Frequency distribution of the formation of ECs leading to
EWEs during 1979–2016 binned by month (October–March) and
shaded according to the region over which EC formation occurs.

unclassifiable regions develop near the Great Lakes
(Fig. 7), likely in association with sensible and latent heat
fluxes from the Great Lakes when they are warmer than
the overlying cool air (e.g., Petterssen and Calabrese 1959;
Weiss and Sousounis 1999).

d. Teleconnections
Previous studies have established the importance of
the states of the Pacific–North American (PNA) pattern
and North Atlantic Oscillation (NAO) in determining the location and frequency of North American ECs
(e.g., Wallace and Gutzler 1981; Barnston and Livezey
1987; Angel and Isard 1998; Isard et al. 2000; Archambault
et al. 2008; Grise et al. 2013). In a previous study, Isard
et al. (2000) concluded that the frequency of North
American ECs was not determined by the state of
the PNA at the time of cyclogenesis. An examination
of daily PNA indices (CPC 2017a) valid at t0 for ECs
leading to EWEs (Fig. 12) reveals comparable results,
with ECs leading to EWEs forming with similar frequency when the PNA index is negative (,20.5s) and
positive (.0.5s). Figure 12 also reveals that ECs
leading to EWEs form statistically significantly more
frequently when the PNA index is neutral (20.5 to
0.5s) than when the PNA index is negative or positive,
indicating than a neutral PNA state does not inhibit the
formation of ECs leading to EWEs. The 90% confidence interval for the number of ECs leading to EWEs
included in each PNA state was determined using
bootstrap random resampling tests (e.g., Wilks 2006,
section 5.3.4). These bootstrap random resampling
tests were used to construct new climatologies of ECs
leading to EWEs, equal in size to the original climatology
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FIG. 12. Number of ECs leading to EWEs that form when the
PNA index is negative (,20.5s), neutral (20.5 to 0.5s), and
positive (.0.5s) at t0. The 90% confidence interval for each bin is
shown using a black line segment. The 90% confidence interval for
each bin was constructed using bootstrap resampling tests described in section 3d.

(N 5 118), by randomly drawing a new set of ECs leading
to EWEs with replacement from the original climatology.
PNA indices associated with ECs leading to EWEs included in each new climatology were binned according
to PNA state. A total of 10 000 iterations of the bootstrap random resampling test were used to determine
the 90% confidence interval.
Previous studies have established that North American
ECs are more likely to form in the lee of the Rocky
Mountains when the PNA index is negative and over the
southern United States when the PNA index is positive
(e.g., Isard et al. 2000; Grise et al. 2013). Similar results
are indicated west of the Mississippi River in Fig. 13 of
the present study, which illustrates the genesis locations
of ECs leading to EWEs over central and eastern North
America shaded according to the value of the PNA index at t0. Figure 13 reveals that ECs leading to EWEs
form more frequently in the lee of the U.S. Rocky
Mountains and over the upper Midwest when the PNA
index is negative, and form more frequently in the lee of
the Sierra Madre Oriental and over the south-central
United States when the PNA index is positive. These
formation locations are consistent with the synopticscale structure of the North Pacific jet and downstream
flow pattern over North America in different PNA
states. A negative PNA index is indicative of a retracted
North Pacific jet, as well as an upper-tropospheric
trough and jet streak over western Canada and the
western United States (not shown). The presence of an
upper-tropospheric trough and jet streak over western
Canada and the western United States suggests the
potential for ECs leading to EWEs to form downstream in the lee of the U.S. Rocky Mountains over the
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FIG. 13. Genesis locations of ECs leading to EWEs during October–March 1979–2016,
shaded according to the value of the PNA index at t0. The black polygon denotes the region
over which ECs leading to EWEs are required to form and traverse between t0 and t0 1 48 h.

upper Midwest. A positive PNA index is indicative of
an elongated North Pacific jet, as well as an uppertropospheric trough and jet streak over the southwest
United States and northern Mexico (not shown). The
presence of an upper-tropospheric trough and jet streak
over the southwest United States and northern Mexico
suggests the potential for ECs leading to EWEs to form
downstream in the lee of the Sierra Madre Oriental and
over the south-central United States. ECs leading to
EWEs that form along the east coast of North America
do not appear to develop in any preferred PNA state,
possibly due to the distance of these ECs from the
main regions used to calculate the PNA index (e.g.,
Archambault et al. 2008, their Fig. 1).
If the value of the PNA index at t0 can influence the
genesis locations of ECs leading to EWEs, it is possible
that differences in the value of the PNA index at t0 may
be associated with subsequent track differences in ECs
leading to EWEs. Figure 14 illustrates these track differences, separating the track densities of ECs leading to
EWEs by the state of the PNA at t0. Figure 14a reveals
that ECs leading to EWEs that form when the PNA
index is negative frequently travel from the Colorado
Rocky Mountains over the Great Lakes and from the
east coast of the United States over eastern Canada in
the left exit region of an upper-tropospheric jet streak
located over the central United States (not shown). The
results of the present study are consistent with the previous results of Grise et al. (2013, their Fig. 5), who
document an increase in North American EC tracks
over the Great Lakes and eastern Canada when the
PNA index is negative relative to when the PNA index is
positive. Unlike ECs leading to EWEs that form when

the PNA index is negative (Fig. 14a), ECs leading to
EWEs that form when the PNA index is positive (Fig. 14b)
frequently traverse the southeast United States and east
coast of North America in the left exit region of an
upper-tropospheric jet streak located over the southeast United States (not shown). These results are also
consistent with the previous results of Grise et al.
(2013, their Fig. 5), who document an increase in North
American EC tracks over the southeast United States
and along the east coast of North America when the
PNA index is positive relative to when the PNA index
is negative.
In addition to being partially determined by the state
of the PNA, the frequency and location of ECs leading
to EWEs over central and eastern North America may
be partially determined by the state of the NAO. An
examination of daily NAO indices (CPC 2017b) valid
at t0 (Fig. 15) reveals that ECs leading to EWEs form
statistically significantly less frequently when the
NAO index is negative (,20.5s) than when the NAO
index is neutral (20.5 to 0.5s) or positive (.0.5s).
Figure 15 also reveals that ECs leading to EWEs form
most frequently when the NAO index is neutral, but
not statistically significantly more frequently than
when the NAO index is positive. Figure 16 illustrates
that the state of the NAO does not appear to determine the genesis locations of ECs leading to EWEs,
with ECs leading to EWEs forming in the lee of
the Rocky Mountains, over the south-central United
States, and along the east coast of North America in
association with negative, neutral, and positive NAO
indices. These results are consistent with the previous
results of Grise et al. (2013, their Fig. 3), who found
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FIG. 14. Track density of ECs leading to EWEs that form when the PNA index is (a) negative
(,20.5s) or (b) positive (.0.5s) at t0, shaded according to the percentage of ECs passing
within 350 km of a given grid point when normalized by the number of ECs included in each
category. The black polygon in (a) and (b) denotes the region over which ECs leading to EWEs
are required to form and traverse between t0 and t0 1 48 h.

little correlation between the genesis locations of
North American ECs and the state of the NAO.
Figure 17 illustrates the track density of ECs leading
to EWEs over central and eastern North America in the
present study, separated by the state of the NAO at t0.
Figure 17a reveals that ECs leading to EWEs that
form when the NAO index is negative frequently
traverse the southeast United States and east coast of
North America in the right entrance region of an
upper-tropospheric jet streak located over the western North Atlantic (not shown). In contrast to ECs
leading to EWEs that form when the NAO index
is negative (Fig. 17a), ECs leading to EWEs that
form when the NAO index is positive (Fig. 17b) frequently travel from the Colorado Rocky Mountains
over the Great Lakes in the left exit region of an
upper-tropospheric jet streak located over the western United States (not shown). ECs leading to EWEs
that form when the NAO index is positive (Fig. 17b) also
frequently travel from the east coast of the United States
over eastern Canada in the right entrance region of an
upper-tropospheric jet streak located over the northwestern

North Atlantic (not shown). These tracks and uppertropospheric jet streak configurations are consistent
with the synoptic-scale structure of the North Atlantic
jet and upper-tropospheric flow pattern over central
and eastern North America in different NAO states. A
negative NAO index is indicative of a retracted and
equatorward-shifted North Atlantic jet, consistent with
ECs leading to EWEs frequently traversing the southeast
United States and east coast of North America. The results of the present study are consistent with the previous
results of Grise et al. (2013, their Fig. 3), who document
an increase in North American EC tracks over the
southeast United States and east coast of North
America when the NAO index is negative relative to
when the NAO index is positive. A positive NAO index
is indicative of an elongated and poleward-shifted
North Atlantic jet, consistent with ECs leading to
EWEs frequently traversing the Great Lakes and
eastern Canada. These results are also consistent with
the previous results of Grise et al. (2013, their Fig. 3),
who document an increase in North American EC
tracks north of the Great Lakes and near the southern
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FIG. 15. Number of ECs leading to EWEs that form when the
NAO index is negative (,20.5s), neutral (20.5 to 0.5s), and
positive (.0.5s) at t0. The 90% confidence interval for each bin is
shown using a black line segment. The 90% confidence interval
for each bin was constructed using bootstrap resampling tests
described in section 3d.

tip of Greenland when the NAO index is positive relative to when the NAO index is negative.

4. Summary and future work
Particularly strong ECs forming over and traversing
densely populated regions of central and eastern North
America have the potential to lead to EWEs (i.e., highimpact weather events that are societally disruptive,
geographically widespread, exceptionally prolonged,
and climatologically infrequent). The EC climatology
constructed in the present study differs from the previous EC climatologies listed in Table 1 by identifying

VOLUME 147

ECs leading to EWEs in terms of the magnitude, areal
extent, and duration of their 925-hPa standardized wind
speed anomalies and separating them from ordinary
ECs. The October–March 1979–2016 climatology of
ECs leading to EWEs over central and eastern North
America constructed in the present study allows for
the genesis locations, tracks, and frequencies of ECs
leading to EWEs to be compared with those of ordinary
ECs forming over and traversing the same region. This
comparison provides insight into the climatological
differences between these two categories of ECs and
the basis for future studies investigating processes associated with their formation and maintenance.
The results of the present study reveal that ECs
leading to EWEs typically form 1) in the lee of the
Rocky Mountains, 2) over the south-central United
States, and 3) along the east coast of North America, at
latitudes equatorward of the typical genesis locations of
ordinary ECs. This equatorward shift in the typical
genesis locations of ECs leading to EWEs is likely associated with an equatorward shift in the position of the
subtropical or polar-front jet, or the phasing of these jets
at relatively low latitudes (e.g., Gaza and Bosart 1990;
Winters and Martin 2017; Christenson et al. 2017).
Stronger horizontal temperature gradients and higher
moisture content located at relatively low latitudes
during the evolution of ECs leading to EWEs than at
relatively high latitudes during the evolution of ordinary
ECs may also contribute to the equatorward shift in
genesis locations of ECs leading to EWEs relative to
those of ordinary ECs. The presence of stronger horizontal temperature gradients and higher moisture content during the evolution of ECs leading to EWEs likely

FIG. 16. Genesis locations of ECs leading to EWEs during October–March 1979–2016,
shaded according to the value of the NAO index at t0. The black polygon denotes the region
over which ECs leading to EWEs are required to form and traverse between t0 and t0 1 48 h.

Unauthenticated | Downloaded 01/09/23 04:55 AM UTC

MAY 2019

1485

BENTLEY ET AL.

FIG. 17. Track density of ECs leading to EWEs that form when the NAO index is (a) negative
(,20.5s) or (b) positive (.0.5s) at t0, shaded according to the percentage of ECs passing
within 350 km of a given grid point when normalized by the number of ECs included in each
category. The black polygon in (a) and (b) denotes the region over which ECs leading to EWEs
are required to form and traverse between t0 and t0 1 48 h.

results in larger contributions from baroclinic and diabatic processes during their life cycles. The importance
of larger contributions from baroclinic and diabatic
processes during the life cycles of ECs leading to EWEs
is also illustrated by their intraseasonal variability. ECs
leading to EWEs form most frequently in November
and March (i.e., the shoulder seasons), when the seasonal alignment of baroclinic and diabatic forcings is
maximized. ECs leading to EWEs form least frequently
in October and January, likely due to the presence of
relatively weak baroclinic forcing at the beginning of the
cool season and reduced moisture available for condensational heating during the peak of the cool season,
respectively. In contrast to ECs leading to EWEs, ordinary ECs exhibit relatively little intraseasonal variability, forming slightly more frequently during the peak
of the cool season when baroclinic forcings are the most
pronounced and the subtropical and polar-front jets
are located over North America (e.g., Manney et al.
2014; Christenson et al. 2017).
The results of the present study also reveal that ECs
leading to EWEs forming over different regions are

associated with different intraseasonal variability and
cyclone tracks. ECs leading to EWEs that form in the lee
of the Rocky Mountains and over the south-central
United States develop most frequently in November,
February, and March, when baroclinic and diabatic
forcings associated with their formation and maintenance are relatively strong. ECs leading to EWEs that
form in the lee of the Rocky Mountains typically travel
from northwest to southeast along the eastern edge of
the Colorado Rocky Mountains early in their life cycle
before turning to the northeast and traversing the
western Great Lakes, consistent with ECs forming in the
lee of the Colorado Rocky Mountains in previous climatologies (e.g., Hodges et al. 2011, their Fig. 1a). ECs
leading to EWEs that form over the south-central
United States typically travel from southwest to northeast over the southeast United States before traversing
the east coast of North America, consistent with the
tracks of previously documented ‘‘Texas–West Gulf
cyclones’’ (Saucier 1949). ECs leading to EWEs that
form along and traverse the east coast of North America
exhibit different intraseasonal variability than those
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forming over and traversing other regions, developing
most frequently in November and December when the
semipermanent baroclinic zone created by the warm
waters of the Gulf Stream and relatively cold continental air moving off the eastern side of North America
becomes increasingly pronounced and diabatic forcings
are relatively strong over the western North Atlantic
(e.g., Sanders and Gyakum 1980; Roebber 1984). ECs
leading to EWEs that form along and traverse the east
coast of North America also frequently form in March,
when baroclinic and diabatic forcings begin to increase
again along the east coast of North America (e.g.,
Mather et al. 1964, their Table 2). Few ECs leading to
EWEs exhibit the typical northwest to southeast track of
Alberta clippers (e.g., Thomas and Martin 2007, their
Fig. 1), which comprise a large subset of ordinary ECs,
likely due to the absence of strong horizontal temperature gradients and high moisture content in the vicinity
of southern Canada during the cool season.
The present study demonstrates that, much like North
American ECs in previous studies (e.g., Isard et al.
2000), the location and frequency of ECs leading to
EWEs over central and eastern North America are
partially determined by the state of the PNA and NAO
at the time of EC formation (t0). ECs leading to EWEs
form statistically significantly more frequently when the
PNA index is neutral than when it is negative or positive,
indicating that a neutral PNA state (in which the North
Pacific jet is neither elongated nor retracted) does not
inhibit the formation of ECs leading to EWEs. ECs
leading to EWEs also show little preference for formation between negative or positive PNA states. ECs
leading to EWEs form more frequently in the lee of the
U.S. Rocky Mountains and over the upper Midwest
when the PNA index is negative and in the lee of the
Sierra Madre Oriental and over the south-central
United States when the PNA index is positive. In addition to influencing the genesis locations of ECs leading
to EWEs, the value of the PNA index at t0 may influence
the subsequent track of ECs leading to EWEs over
central and eastern North America. ECs leading to
EWEs that form when the PNA index is negative frequently travel from the Colorado Rocky Mountains
over the Great Lakes in the left exit region of an uppertropospheric jet streak located over the central United
States, whereas ECs leading to EWEs that form when
the PNA index is positive frequently traverse the
southeast United States and east coast of North America
in the left exit region of an upper-tropospheric jet streak
located over the southeast United States.
The present study also demonstrates that ECs leading
to EWEs form statistically significantly less frequently
when the NAO index is negative than when it is neutral
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or positive, suggesting that a weaker and retracted
North Atlantic jet may be less conducive to the formation of ECs leading to EWEs over central and eastern
North America than a stronger and elongated North
Atlantic jet. Little preference for formation between
neutral or positive NAO states is shown in the present
study. The state of the NAO at t0 does not appear to
determine the genesis locations of ECs leading to
EWEs, consistent with the results of previous EC studies
(e.g., Grise et al. 2013, their Fig. 3). However, the state
of the NAO at t0 does appear to be associated with the
subsequent track of ECs leading to EWEs over central
and eastern North America. ECs leading to EWEs that
form when the NAO index is negative frequently traverse the southeast United States and east coast of
North America in the right entrance region of an uppertropospheric jet streak located over the western North
Atlantic. ECs leading to EWEs that form when the
NAO index is positive frequently travel from the east
coast of the United States over eastern Canada in the
right entrance region of an upper-tropospheric jet streak
located over the northwestern North Atlantic. ECs
leading to EWEs that form when the NAO index is
positive also frequently travel from the Colorado Rocky
Mountains over the Great Lakes in the left exit region of
an upper-tropospheric jet streak located over the western United States.
The October–March 1979–2016 climatology of ECs
leading to EWEs over central and eastern North America
constructed in the present study provides the foundation
on which to investigate baroclinic and diabatic processes
associated with the formation and maintenance of ECs
leading to EWEs. Based on their equatorward-shifted
tracks and seasonal peak in frequency during the shoulder seasons, the authors hypothesize that ECs leading to
EWEs are associated with contributions from baroclinic
and diabatic processes that are considerably larger than
those associated with ordinary ECs during their life
cycles. In addition to baroclinic and diabatic processes,
barotropic processes (i.e., the conversion of kinetic
energy of the midlatitude jet into the kinetic energy
of an EC) can also contribute to the formation
and maintenance of ordinary ECs and ECs leading
to EWEs. Metrics representing baroclinic, diabatic,
and barotropic processes will be formulated in a subsequent study and calculated throughout the life cycle
of individual ordinary ECs and ECs leading to EWEs.
An examination of these metrics could provide further
insight into baroclinic, diabatic, and barotropic processes associated with the formation and maintenance
of ordinary ECs and ECs leading to EWEs over central and eastern North America, as well as over other
regions.
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