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ABSTRACT

This study investigates mechanisms for changes in wintertime extratropical cyclogenesis over North
America and the North Atlantic during different phases of El Nifio-Southern Oscillation (ENSO). Insights
into the relationship between the ENSO-North Atlantic teleconnection and the cyclogenesis changes are
provided by diagnosing the relative roles of stationary wave propagation and transient eddies in setting
cyclogenesis-conducive large-scale circulation anomalies. During La Nifia winters, Rocky Mountain and
Greenland cyclogenesis are enhanced, while Gulf Stream cyclogenesis is reduced. Diagnostics suggest that
stationary waves of tropical origin work in tandem with transient eddies to amplify the ridge over the
northeastern Pacific, establishing background flow anomalies that favor Rocky Mountain cyclogenesis;
downstream, more transient eddies with an anticyclonic tilt push the North Atlantic jet poleward, favoring
cyclogenesis near Greenland, while contributions from stationary waves are small. During central Pacific El
Niflo winters, the cyclogenesis situation is essentially the opposite: Rocky Mountain and Greenland cyclo-
genesis are reduced, while Gulf Stream cyclogenesis is enhanced. The analyses are consistent with stationary
waves and transient eddies acting to weaken the climatological ridge over the northeastern Pacific, creating a
more zonal Pacific jet; downstream, transient eddies with a cyclonic tilt push the North Atlantic jet equa-
torward, favoring Gulf Stream cyclogenesis. Anomalies in cyclogenesis frequencies, and the relative roles of
transient and stationary waves, during eastern Pacific El Nifio winters are associated with larger uncertainties.

1. Introduction hemispheric-spanning teleconnection patterns [Exner
1914; Horel and Wallace 1981; Hurrell 1996; Trenberth
et al. 1998; Trenberth and Caron 2000; Alexander et al.
2002; Ciasto and Thompson 2008; Frauen et al. 2014;
Deser et al. 2017; and see extended reviews in Hoerling
Denotes content that is immediately available upon publica- ~and Kumar (2002) and Stan et al. (2017)]. The dominant

tion as open access.
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Tropical Pacific sea surface temperatures (SSTs)
influence midlatitude atmospheric variability through
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mode of tropical Pacific SST variability, El Nifio—-
Southern Oscillation (ENSO), affects weather and cli-
mate over much of the globe even in high-latitude regions
with potential impacts on surface temperature trends over
Greenland (Ding et al. 2014), Arctic sea ice variability
(Wettstein and Deser 2014; Ding et al. 2017), and heat
transport into polar regions (Park et al. 2015). In the North
Atlantic-European sector, however, determining the ro-
bust signals of ENSO has been a challenge (Bronnimann
et al. 2007). During El Nifio winters, there is a tendency
for negative North Atlantic Oscillation (NAO)-like con-
ditions (i.e., equatorward-shifted North Atlantic jet, lower
than normal temperatures over northern Europe; in-
creased precipitation over southern Europe), and vice
versa during La Nifia (van Loon and Madden 1981; May
and Bengtsson 1998; Moron and Plaut 2003; Bronnimann
et al. 2007; Garcia-Serrano et al. 2011; Li and Lau 2012a;
Rodriguez-Fonseca et al. 2016) although there is some
debate over whether ENSO truly triggers the NAO
(Garcia-Serrano et al. 2011).

A classical view on how these teleconnection signals
are transmitted is via stationary Rossby wave propaga-
tion that alters the time-mean extratropical flow (Hoskins
and Karoly 1981; Hoskins and Ambrizzi 1993; Honda
et al. 2001; Held et al. 2002; Moron and Gouirand 2003).
The Rossby waves follow great-circle pathways from the
tropics into the midlatitudes (Hoskins and Karoly 1981;
Hoskins and Ambrizzi 1993), along ray paths that depend
on the midlatitude flow (Branstator 1985). In this way,
tropical Pacific SST variability is assumed to drive changes
in midlatitude storm tracks (e.g., May and Bengtsson 1998;
Moron and Plaut 2003; Eichler and Higgins 2006; Ciasto
et al. 2016; Branstator 2014) and consequently regional
climate, for example, seasonally averaged precipita-
tion and surface temperatures over North America
(e.g., Ropelewski and Halpert 1987; Halpert and
Ropelewski 1992; Gershunov and Barnett 1998; Seager
et al. 2010; Smith and Sardeshmukh 2000; Yu et al. 2012).

This classical view on the way ENSO teleconnections
are transmitted has been gradually augmented by new
insights into how transient eddies help to shape the ob-
served midlatitude circulation response, in particular
over the North Atlantic. This extension of the classical
stationary wave perspective assumes that the extra-
tropical circulation response to tropical variability arises
from an interplay between the stationary large-scale
flow changes and transient extratropical eddy activity,
rather than from the first alone (May and Bengtsson
1998; Moron and Plaut 2003; Pozo-Vazquez et al. 2005;
Toniazzo and Scaife 2006; Li and Lau 2012b,a; Drouard
et al. 2015). This combined interaction produces what is
commonly referred to as ENSO’s tropospheric pathway
into the North Atlantic. The general idea is no surprise.
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Held et al. (1989) used a linearized stationary wave
model to argue that the extratropical wave trains simu-
lated by a GCM forced by anomalous tropical heating
combine a direct effect of the heating and a modulating
effect of the anomalous transients (Held et al. 1989).
This is also true for relatively short-lived tropical heating
events in idealized atmospheric GCM experiments
(Branstator 2014).

The important role of transient upper-level eddies
(i.e., troughs and ridges) in shaping the North Atlantic
circulation response during ENSO-affected winters was
recently solidified by studies relying on reanalysis data.
In late winter (January—March), for example, it matters
how exactly transient upper-level eddies form and prop-
agate downstream from North America (Li and Lau
2012b,a). During La Nifia winters, an amplified stationary
ridge over the northeastern Pacific is associated with
transient eddies that tend to have a more equatorward
orientation, favoring anticyclonic wave breaking over the
North Atlantic and pushing the North Atlantic jet pole-
ward (positive NAO-like); the opposite occurs during El
Nifio winters to produce a negative NAO-like response
(Li and Lau 2012b,a; Drouard et al. 2015). The described
mechanism has been confirmed using quasigeostrophic
modeling experiments (Drouard et al. 2013). A pre-
liminary first link between the different downstream
propagating upper-level transient eddies and the North
Atlantic surface storm track is provided by Schemm
et al. (2016), who showed a preference for Gulf Stream
cyclogenesis to occur below the North Atlantic jet
exit rather than in the climatologically preferred lo-
cation below the jet entrance. Consequently, this study
is motivated to extend the results of Schemm et al.
(2016) by

e investigating changes in all cyclogenesis regions that
feed into the North Atlantic storm track during all
phases of ENSO,

« identifying the large-scale dynamics associated with
the differences, and

« linking differences in the large-scale flow to the earlier
findings on upper-level transient eddies and stationary
wave propagation.

For completeness, we note that there is an alterna-
tive pathway for ENSO teleconnections to the North
Atlantic. It is proposed to work via a response in the
stratospheric circulation to ENSO (Bronnimann et al.
2004; Manzini et al. 2006; Garfinkel and Hartmann 2008;
Ineson and Scaife 2009; Butler et al. 2014; Domeisen
et al. 2015), and a subsequent downward propagation of
temperature anomalies (Plumb and Semeniuk 2003;
Hardiman and Haynes 2008; Ineson and Scaife 2009;
Polvani et al. 2017). Research on this ‘‘stratospheric
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ENSO pathway” is vital but complicated by the fact that
it seems to be nonstationary, dependent on multidecadal
variability (Greatbatch et al. 2004; Toniazzo and Scaife
2006; Garfinkel and Hartmann 2008; Zanchettin et al.
2008; Richter et al. 2015; Lopez-Parages et al. 2016), and
possibly affected by tropospheric and event-to-event
ENSO variability (Garfinkel and Hartmann 2008; Garfinkel
et al. 2012, 2013a,b). Further, the mutual interaction be-
tween the stratospheric and the tropospheric pathways is
still under investigation (Butler et al. 2014; Jiménez-Esteve
and Domeisen 2018).

The study is organized as follows. Data and methods
are presented in section 2. In section 3, we explore the
cyclogenesis regions relevant for the North Atlantic
storm track, including their climatology and associated
large-scale upper-level dynamics. In section 4, we ex-
amine extratropical cyclogenesis frequency and related
large-scale dynamics during different ENSO phases
and how they differ relative to the climatological mean
discussed in section 3. In section 5 we study the role of
stationary and transient waves for creating the back-
ground flow anomalies that are associated with vari-
ability in extratropical cyclogenesis during ENSO. A
summary is presented in section 6.

2. Data and methods
a. Surface cyclone and cyclogenesis detection

The detection of surface cyclones and cyclogenesis is
based on the method introduced by Wernli and Schwierz
(2006). The scheme identifies closed contours in sea
level pressure (SLP) and tracks them in 6-hourly ERA-
Interim data (1979-2015) during December—February.
A track is accepted if the minimum lifetime exceeds
24 h. The point of cyclogenesis is defined as the location
of the minimum SLP inside a closed SLP contour at the
first time step of a surface cyclone track. Further re-
finements introduced to the original scheme include the
treatment of splitting and merging events, as described
in Sprenger et al. (2017). These refinements do not affect
the results of this study.

b. Lagrangian parcel trajectories and probability
density

The computation of Lagrangian parcel trajectories
and probability densities of trajectories follows Schemm
et al. (2016). Trajectory calculations are performed us-
ing the Lagrangian Analysis Tool (LAGRANTO) of
Sprenger and Wernli (2015). For every cyclogenesis
event, trajectories are calculated backward starting
at each grid point within a 500-km radius centered on
the location of cyclogenesis. In the vertical, the starting
positions are staggered by increments of ShPa in the
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400-200-hPa layer. To obtain a smooth, gridded posi-
tion density field from the bundle of backward calcu-
lated trajectories, all grid points within a radius of
300km around the interpolated position of the indi-
vidual trajectories are flagged with a value of one to
indicate the presence of a trajectory. The resulting sum
at every grid point represents the number of trajecto-
ries located near this grid point at a certain time step,
for example, 48h before cyclogenesis. The summed
field is normalized by the gridpoint area and the total
number of trajectories, then by its integral over Earth’s
surface such that we obtain an air-parcel probability
that integrates to unity at each time step.

c¢. Horizontal wind decomposition

To understand the precyclogenesis dynamics, we
adopt a traditional eddy—-mean flow perspective to de-
compose the total horizontal wind field into a transient
flow component, computed using a 6-day high-pass fil-
ter, and a slowly varying background flow component,
computed using a 10-day low-pass filter. A Lanczos filter
with 21 weights is applied to 6-hourly ERA-Interim data
to obtain high- and low-pass-filtered wind velocities.
(The two components do not sum to the total flow field,
but the discrepancy is not problematic for the descrip-
tive part of our study.) The frequency-filtered flow fields
are computed on 400-, 300-, and 200-hPa levels and av-
eraged in the vertical. To depict anomalies in the
background flow component, the long-term (1979-2015)
climatological mean is subtracted.

d. ENSO definition

The definitions of El Nifio and La Nifia seasons are
based on the NOAA oceanic Nifio index (ONI), which is
computed by applying a 3-month running mean of the
SST anomaly in the Nifio-3.4 region (5°N-5°S, 120°-
170°W) with a 30-yr mean removed. Historically, ONI
values below/above 0.5 are considered to be affected by
ENSO if the threshold is met for a minimum of five con-
secutive overlapping 3-month seasons (spanning 7 months
in total). For the definition of EP and CP El Nifio winters
(December-February) we use three different methods
proposed by Kao and Yu (2009), Yeh et al. (2009), and
Ashok et al. (2007) and rely on a consensus (at least two
out of three methods agree) as suggested by Yu et al.
(2012). This gives four EP El Nifio winters (1982/83,
1986/87, 1997/98, and 2006/07); six CP El Niflo winters
(1987/88,1991/92, 1994/95, 2002/03, 2004/05, and 2009/10);
and five strong La Nifia winters (ONI < —1; 1988/89,
1998/99, 1999/2000, 2007/08, and 2010/11). Section 2e
describes our approach for significance testing. A con-
sensus between all three methods exists for only three out
of six identified CP (i.e., 1994/95, 2004/05, and 2009/10)
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and EP (i.e., 1982/83, 1997/98, and 2006/07) El Nifio
winters. Accordingly, our findings may deviate from the
results of previous studies if these are based on a single
method. For example, Graf and Zanchettin (2012) classify
the winter 1986/87 as CP El Nifio, which is in agreement
with the method of Kao and Yu (2009). However, the two
other methods classify this season as EP El Nifio, as do we.

e. Significance

To assess the significance of our cyclogenesis com-
posites, we use random sampling techniques. For ex-
ample, to test the significance of results that are based on
five La Nifia winters, we randomly choose with re-
placement five winter seasons 2000 times from all win-
ters between 1979 and 2015, to produce a randomized
distribution of five-winter composites. This distribution
is used to assign a p value to every grid point in the La
Nifia composite, indicating the probability that a similar
or more extreme result would be observed by chance
(i.e., the null hypothesis is that the result is random
noise). Then, we test for global (i.e., field) significance
following the approach of Wilks (2016). Local (grid
point) null hypotheses are rejected only if their p value is
below a global p value defined by p* = max[p; = (i/N)«],
where N is the total gridpoint number, i is the rank in the
sorted distribution of all p values and « a chosen control
level that corresponds to the fraction of grid points in the
domain that are erroneously rejected (we start with
a=0.1). The North American and Atlantic domains
over which p* is computed are shown in the figures.

Further, we use a bootstrapped statistic to determine
how sampling variability influences the result that tropi-
cal Pacific SST variability changes the odds of a season
having higher/lower than normal cyclogenesis counts in
the regions of interest. Following Deser et al. (2017), the
procedure is based on the assumption that ENSO events
are exchangeable (Deser et al. 2017). We compute a large
ensemble of randomized synthetic ENSO composites by
randomly sampling 10° times with replacement, for the
period 1979-2015, 11 winters from all 11 winters with a
high (=0.5) ONI index, 11 winters with replacement from
all 11 winters with a low (=-0.5) ONI index, and 12
winters with replacement from all 12 neutral winters. For
each of the 10° synthetic composites, each consisting of 11
or 12 randomly selected winters, we compute the mean
cyclogenesis number per winter in the region of interest.
The three obtained distributions are used to assess
whether there is a systematic change in the odds for cy-
clogenesis over different regions.

f- Wave propagation diagnostics

To diagnose the influence of wave propagation on the
low-frequency midlatitude flow, we use the wave activity
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flux formulation derived by Plumb (1985) for stationary
waves, and the E vector of Hoskins et al. (1983) and
Trenberth (1986) for transient waves.

1) STATIONARY WAVE PROPAGATION

The wave activity flux formulation derived by Plumb
(1985) is well suited to depict large-scale stationary wave
propagation on a steady mean flow. In the examples
presented in Plumb (1985) and Karoly et al. (1989), the
wave activity flux is used to identify diabatic processes,
jet instabilities, and orography as the primary sources of
climatological Rossby wave trains in the midlatitudes. In
another example presented by Ding et al. (2014), the
wave activity flux is applied to identify the tropical
forcing of the recent warming over Greenland. We re-
strict our analysis to the horizontal components of the
wave activity flux formulated in pressure coordinates:

1 [ A4
242 cos?(¢) <ﬁ> B A2
F, = pcos(d) . (@)
1 oy oY
2a? cos(¢) (ﬁ b 4 A a¢)

where p denotes the pressure divided by 1000hPa,
a is the radius of Earth, and ¢ is the stationary
streamfunction anomaly. The first term in each com-
ponent represents the eddy transport of meridional
and zonal momentum, respectively. The second terms
relates to the convergence of eddy-induced ageostrophic
geopotential flux [see also Eq. (7.1) in Plumb (1985)]. The
conventional procedure to obtain the anomalous sta-
tionary streamfunction is to remove the zonal mean
from a time-averaged flow field. For anomalies associated
with ENSO winters, an extra step is required. First we
time average the low-frequency flow over all El Nifio or
La Nifia winters and subtract the long-term winter cli-
matological mean before removing the zonal mean to
obtain the stationary streamfunction anomalies. The
wave activity flux is generally interpreted as the contri-
bution by stationary Rossby waves to the formation of
stationary asymmetries in the time-mean zonal flow.
More detailed examples for interpreting this diagnostic
are presented in Karoly et al. (1989) and Nakamura et al.
(1997). For example, Nakamura et al. (1997) show that
during the growing phase of a blocking event, wave ac-
tivity is typically absorbed prior to Rossby wave breaking,
while during the breakdown of a blocking event, wave
activity is emitted.

2) TRANSIENT WAVE PROPAGATION

To analyze the transient eddy mean—flow inter-
action, we employ the E vector formulation of
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Hoskins et al. (1983) in the version presented in
Trenberth (1986). The E vector is defined as

Y | o

%k
—uv

where the overbar indicates a time average, and the
asterisk indicates a deviation from the time average. We
use the high-frequency-filtered flow component (6-day
cutoff) to obtain the transient zonal (1*) and meridional
(v*) flow anomalies at 6-hourly time steps before time
averaging the vector components over all El Nifio and
La Nifio seasons. The E vector divergence (conver-
gence) suggests regions of eddy-induced acceleration
(deceleration) of the zonal mean flow (Hoskins et al.
1983). The E vector orientation represents the horizontal
eddy orientation: equatorward-pointing E vectors indicate
southwest—northeast-oriented eddies, which corresponds
to a more anticyclonic tilt, while poleward-pointing E
vectors indicate southeast-northwest-oriented eddies, or
a cyclonic tilt (Hoskins et al. 1983; Riviere et al. 2003;
Drouard et al. 2015). For meridionally (zonally) elon-
gated eddies, the E vector points eastward (westward).

3. Extratropical cyclogenesis and related
background flow anomalies in the full
winter climatology

In this section, we examine the large-scale dynamics
preceding cyclone formation in the main cyclogenesis
regions for the North Atlantic storm track. This anal-
ysis considers the full winter climatology, without yet
distinguishing between ENSO phases.

a. Preferred regions of surface cyclogenesis for the
North Atlantic storm track

Enhanced extratropical cyclogenesis frequency,
which is the relative fraction of time steps affected by
cyclogenesis, occurs in several preferred regions (Fig. 1):
leeward of mountains, for example, east of the Rocky
Mountains (labeled 1 and 2); in regions of enhanced
baroclinicity, for example, over the Gulf Stream (la-
beled 3); and southeast of Greenland, which shares both
characteristics (labeled 4). Further, cyclogenesis fre-
quencies are enhanced at the end of the North Atlantic
storm track (labeled 5), and in the Mediterranean (la-
beled 6). Downstream development (Simmons and
Hoskins 1979; Chang 1993) and cyclone splitting likely
contribute to cyclogenesis at the end of the storm track,
while frontal wave cyclogenesis (Parker 1998; Schemm
and Sprenger 2015) can play an additional role. The
findings are qualitatively in good agreement with earlier
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FIG. 1. Cyclogenesis climatology (color; %) for December—
February (1979-2015). Frequency indicates the number of time
steps affected by a cyclogenesis event.

studies, including studies that relied on different tech-
niques to identify extratropical cyclones (Hoskins and
Hodges 2002, their Fig. 5c). Because the cyclogenesis
regions west of Norway and over the Mediterranean do
not feed into the North Atlantic storm track, these two
regions are excluded from the rest of the analyses.

Extratropical cyclogenesis influences overall cyclone
frequencies, but in different ways for different regions
(Fig. 2). Cyclones that form in the lee of the Rockies
make up approximately 70% of all cyclones over the
central United States, decreasing to 10% of all cyclones
south of Greenland (Fig. 2a). Cyclone formation over
the southern tip of Greenland (Fig. 2b) accounts for up
to 40% of the cyclone frequency in the storm track at
Greenland. Cyclones with genesis below the North
Atlantic jet entrance (southern part of red box in Fig. 2¢)
account for up to 70% of the total cyclone frequency in
the Gulf Stream area. Cyclones forming below the
North Atlantic jet exit (northern part of red box in
Fig. 2d) account for 30% of all cyclones over the Gulf
Stream area. Gulf Stream and Greenland cyclones
jointly account for approximately 80% of all cyclones in
the North Atlantic storm track.

b. Precyclogenesis upper-level flow dynamics for
Rocky Mountain, Gulf Stream, and
Greenland cyclogenesis

Are there large-scale upper-level circulation anoma-
lies that tend to favor cyclogenesis in the regions of
interest? Quasigeostrophic (QG) theory predicts
large-scale upward motion east of an upper-level trough
caused by forcing by upper-level divergence (Bluestein
1993; Holton 2004). The formation of surface low pres-
sure systems are frequently observed east (ahead) of
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FIG. 2. Relative contributions (color; %) of different cyclogenesis regions to the total cyclone frequency [black
contours; 10%, 20%, 30%, and 40%; (a) additionally shows 5%] for cyclogenesis (a) leeward of the Rocky
Mountains, (b) at Greenland, and below the North Atlantic jet (c) entrance and (d) exit regions.

troughs, where vertical stretching of the tropospheric air
column increases vorticity (Holton 2004). Thus, the
presence of an upper-level trough prior to cyclogenesis
can be expected, positioned slightly upstream of where
the surface pressure low eventually forms.

The following precyclogenesis composites comprise
approximately 500 Rocky Mountain cyclogenesis events,
400 Greenland cyclogenesis events, and 350 (450) Gulf
Stream exit (entrance) cyclogenesis events. Particular
focus is on the background wind (computed using a
10-day low-pass filter), its anomalies with respect to the
climatological mean, and transient waves (computed
using a 6-day high-pass filter).

1) ROCKY MOUNTAIN CYCLOGENESIS

At 72h before Rocky Mountain cyclogenesis, the
background wind exhibits anomalies (black contour in
Fig. 3g) relative to the climatological mean (green
contours in Fig. 3g) near the exit region of the Pacific
jet. The background winds are enhanced in a band
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extending from the Bay of Alaska toward western
Canada. Two days before Rocky Mountain cyclogen-
esis, a transient wave train develops in the exit region
of the Pacific jet (color shading in Fig. 3e). During the
following 24 h, it propagates eastward, confined to the
band of anomalously strong background wind. The tran-
sient wave amplifies while crossing the Rocky Mountains
(Figs. 3a,c). Once the leading edge of the trough anomaly
(red shading in Fig. 3a) arrives in the target region, cy-
clogenesis occurs 6 h later.

The right panels of Fig. 3 illustrate the Lagrangian
perspective of the precyclogenesis dynamics, which al-
lows us to identify the source region of cyclogenetic air,
air parcels in the upper troposphere above the surface
cyclone at genesis. In the case of Rocky Mountain cy-
clogenesis, the cyclogenetic air originates from the exit
region of the Pacific jet (Fig. 3h). Throughout the 72-h
precyclogenesis period (Figs. 3b-h), the air advects
eastward into the target region [i.e., the cyclogenetic
air follows a pathway along the band of enhanced
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F1G. 3. Rocky Mountain precyclogenesis composites at (a),(b) 6; (c),(d) 24; (e),(f) 48; and
(g),(h) 72 h prior to cyclogenesis. (left) High-frequency meridional wind (color; ms™'; 6-day high
pass), background wind (green contours; ms™'; 10-day low-pass zonal wind), and background wind
anomaly (black contours; negative dashed, positive solid; 1.5ms™1). All fields are vertically aver-
aged between 400 and 200 hPa. (right) Probability density for air parcels located at cyclogenesis
between 400 and 200 hPa (color). Black contours show high-frequency meridional wind. Yellow
markers highlight the maximum in the density.
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background winds along with the transient wave train
(Fig. 3; left column)].

2) GREENLAND CYCLOGENESIS

Greenland cyclogenesis (Fig. 4g) is also preceded by
background flow anomalies, in this case, enhanced
westerlies across the North Atlantic from Newfound-
land toward the United Kingdom (Fig. 4¢g, solid black
contour). Two days before Greenland cyclogenesis, a
transient wave develops over the Gulf Stream (Fig. 4g),
subsequently amplifies (Figs. 4c—e), and the transient
trough anomaly enters the target region 6 h before cy-
clogenesis (red shading in Fig. 4a), after which a surface
cyclone forms.

For Greenland cyclogenesis, the source region of the
cyclogenetic air is above Hudson Bay (Fig. 4h). Subse-
quently, the air advects eastward within the narrow band
of enhanced background wind and aligns with the
leading edge of the transient trough at Greenland’s
southern tip 6 h before cyclogenesis (Fig. 4a). We note
that while the transient wave develops over the Gulf
Stream area, the air constituting the surface cyclone in
the upper troposphere has its origin farther poleward
over Hudson Bay.

3) GULF STREAM CYCLOGENESIS

Gulf Stream cyclogenesis will be split into two cases:
events that occur near the right jet entrance, and events
that occur near the left jet exit. Both regions experience
large-scale lifting, and hence are favorable for the for-
mation of cyclones.

For Gulf Stream entrance cyclogenesis, it appears
that a transient wave train begins developing before any
background flow anomaly (Fig. 5g), in contrast to Rocky
Mountain or Greenland cyclogenesis. By 24h before
cyclogenesis, both features are well developed (Fig. 5¢).
The transient trough anomaly arrives in the target
region just before cyclogenesis occurs (Fig. 5a). The
cyclogenetic air for entrance cyclogenesis comes from
Pacific, taking a subtropical path across North America
(Figs. 5h,f,d,b) as described in Schemm et al. (2016).

Gulf Stream cyclogenesis below the jet exit is perhaps
the most complex case. Three days before cyclogenesis
(Fig. 6g), a well-developed transient wave train is al-
ready in place over North America. Upstream, two
possible pathways for a second wave train are observed
(black asterisk in Fig. 6g). During the following 24 h, the
leading transient wave train propagates eastward over
the North Atlantic. The transient trough anomaly that
triggers cyclogenesis (black asterisks in Fig. 6e) ap-
proaches the target region from the northwest. The
wave train passes by the left entrance of the jet, where
there is large-scale sinking (rather than lifting) that
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tends to suppress cyclone formation (Bluestein 1993;
Holton 2004). It is only when the transient trough
anomaly reaches the left jet exit that cyclogenesis can
occur (Fig. 6a). Other factors, such as jet curvature
(Clark et al. 2009) or surface fronts (Graf et al. 2017,
Schemm et al. 2018), are additional factors that can
foster cyclogenesis near the jet exit rather than in the
entrance region (Clark et al. 2009).

For Gulf Stream exit cyclogenesis, a broader source
region of cyclogenetic air is identified in agreement with
the previously described pathways of the transient wave
train (Fig. 6h). Upper-level air masses above the surface
cyclone at genesis originate off the U.S. West Coast and
poleward over northwestern Canada three days be-
forehand (yellow asterisks in Figs. 6f and 6h). The
pathway is shifted poleward relative to the pathway for
Gulf Stream entrance cyclogenesis, consistent with
previous findings described in Schemm et al. (2016).

4) SUMMARY OF PRECYCLOGENESIS DYNAMICS

In all three examined regions, cyclogenesis is pre-
ceded by the formation of an upper-level transient
wave train. For the Rocky Mountain and Greenland
cases, the wave trains are associated with the presence
of preexisting (at least 72 h before cyclogenesis) back-
ground flow anomalies; for the Gulf Stream case, the
background flow anomalies develop in a relatively
shorter time window preceding surface cyclogenesis.
The transient trough anomaly is observed to arrive at
the target area just before surface cyclogenesis. Verti-
cal lifting ahead of the trough (Bluestein 1993; Holton
2004) promotes cyclogenesis (e.g., Graf et al. 2017),
resulting in the formation of a surface cyclone down-
stream (east) of the upper-level trough. For the case of
Gulf Stream cyclogenesis a detailed discussion of the
precyclogenesis dynamics in the middle and lower
troposphere is provided in Schemm et al. (2016).

Finally, the “‘significance” of the transient wave trains
deserves some comment. Upper-level troughs are highly
variable features of wide-ranging size, shape, and orien-
tation. Visual inspection of individual cyclogenesis cases
confirms that the precyclogenesis wave trains exhibit
substantial diversity. The transient wave train signal
emerging in the Rocky Mountain cyclogenesis composite
(500 events) is approximately 0.6-0.7 standard deviations
of the climatology; for Greenland cyclogenesis (400
events), it is 0.5-0.6 standard deviations; for Gulf Stream
entrance cyclogenesis (450 events), it is 0.4-0.5 standard
deviations; and for Gulf Stream exit cyclogenesis (350
events), it is 0.1-0.2 standard deviations. Gulf Stream exit
cyclogenesis hence exhibits the highest case-to-case var-
iability, resulting in a weak signal relative to the clima-
tological mean. However, because cyclogenesis occurs for
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FIG. 4. As in Fig. 3, but for Greenland cyclogenesis (boxed).
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FIG. 5. As in Fig. 3, but for Gulf Stream cyclogenesis below the jet entrance (lower part of dashed box over Gulf
Stream region).

all cases, we consider each individual wave train in the
composite as physically relevant, despite the high case-to-
case variability that results in weak statistical significance.

4. Extratropical surface cyclogenesis and related
background flow anomalies during ENSO

Next, we turn our attention to the cyclogenesis
anomalies associated with ENSO. It will be shown that
the three examined cyclogenesis locations (Rocky Moun-
tains, Greenland, and Gulf Stream regions) exhibit distinct
anomalies in cyclogenesis frequency during EP El Nifio,
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CP EIl Nifio, and La Nifa winters. Seasonal-mean
background flow anomalies associated with the three
different ENSO phases resemble the background flow
anomalies seen climatologically at cyclogenesis in the
three examined regions.

a. Variability in extratropical cyclogenesis for
different ENSO phases

During La Nifia winters, cyclogenesis frequencies
are enhanced leeward of the Rocky Mountains and
around the southern tip of Greenland, while they are
reduced over the Gulf Stream region (shading in
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FIG. 6. As in Fig. 3, but for Gulf Stream cyclogenesis below the jet exit (upper part of dashed box over Gulf
Stream region). Black marker indicates transient trough anomaly associated with cyclogenesis. Yellow marker

indicates the maximum in cyclogenetic air density.

Fig. 7a). These changes in cyclogenesis frequency are
associated with clear changes in total cyclone fre-
quency farther downstream (solid contours in Fig. 7a),
where we see more cyclones across the Iceland and
Nordic seas, and fewer cyclones into the United
Kingdom and Europe. Relative to the climatological
mean, the reduction in cyclogenesis over the Gulf
Stream is approximately 10% and the increase leeward
of the Rocky Mountains is approximately 32%
(Table 1). The corresponding signal in cyclone fre-
quency downstream is, however, weak, suggesting that
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these cyclones have a relatively short lifetime and do not
propagate downstream.

During CP El Niiio winters (Fig. 7b), anomalies in
cyclogenesis frequency are reversed in the three key
cyclogenesis regions compared to La Nifia winters. We
find reduced cyclogenesis frequencies leeward of the
Rocky Mountains and at Greenland, whereas the cy-
clogenesis frequencies are enhanced over the Gulf
Stream region (Fig. 7b). However, there are also en-
hanced cyclogenesis frequencies in the Nordic seas, as
for La Nifia. Anomalies in cyclone frequency (black
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FIG. 7. Standardized cyclogenesis (color; units: root-mean-
square deviation from climatological mean) and cyclone frequency
anomalies (black contours; units: root-mean-square deviation
from climatological mean, —1 (dashed) and +1 (solid) RMSD for
(a) La Niiia, (b) CP El Nifio, and (c) EP El Nifio winters. Stippling
indicates field-significant grid points (tested through control of the
false discovery rate). Shown are only grid points where the clima-
tological cyclogenesis frequency is detected at least at 0.5% of all
time steps.

contours) are consistent with anomalies in cyclogenesis
frequencies (shading), although the effects seem not to
extend as far downstream. There is also a modest signal
over North America, with fewer cyclones in the band
extending from the central United States across the
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TABLE 1. Change in Rocky Mountain, Gulf Stream, and
Greenland cyclogenesis relative to the climatological mean for
various ENSO phases.

Rocky Mountain Gulf Stream Greenland
La Nifa +32% —-10% +6%
CP Nifio —27% +11% 7%
EP Nifio *0% *0% +8%

Great Lakes to Québec, Canada. Relative to the cli-
matological mean, the increase in cyclogenesis over the
Gulf Stream is approximately 11% and the decrease
leeward of the Rocky Mountains is approximately 27 %
(Table 1).

The situation during EP El Nifio winters is less clear.
There is slightly enhanced cyclogenesis in the Gulf
Stream region (Fig. 7c), similar to CP El Nifio winters
(Fig. 7b). But otherwise, the EP El Nifio cyclogenesis
anomalies are much patchier, with enhancements over
northern Canada and the Gulf of Mexico. Only for the
cyclogenesis anomaly over the Gulf of Mexico, is there a
clear downstream signal in total cyclone frequencies.
The associated Gulf of Mexico cyclogenesis anomaly is
near the North Atlantic jet entrance (e.g., located near
the westerly anomaly in the background flow wind; see
the black solid contour in Fig. 5a), but located upstream
of the climatologically preferred region for Gulf Stream
jet entrance cyclogenesis (cf. Fig. 1).

1) FIELD SIGNIFICANCE TEST

To assess the significance of the ENSO-related cy-
clogenesis anomalies, we compare them against a ran-
domized distribution of cyclogenesis anomalies. The
distribution is obtained from a large ensemble of com-
posites, each of which contains the same number of
events as the corresponding ENSO composite, popu-
lated by randomly selected seasons instead of ENSO
seasons. If, for example, a positive cyclogenesis anomaly
in the La Nifia composite is above the 95th percentile of
the randomized distribution, the chance that this
anomaly is a random result is below 5%. This corre-
sponds to a p value of 0.1 for a two-sided test since the
sign of the anomaly is not known a priori. Every grid
point in the map of ENSO-related cyclogenesis anom-
alies receives a p value relative to the randomized dis-
tribution. We then control for the false discovery rate in
our entire domain following Wilks (2016). For a control
level of a=0.1 (see methods section), we calculate a
global p value p* = 0.05 for CP/EP winters and p* = 0.04
for La Nifia winters. Cyclogenesis anomalies in Fig. 7 are
considered significant if the local p value is less than p*
(this is a stricter measure of significance than using
p<0.1).
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The field significance test indicates that ENSO-related
anomalies are mostly significant during La Nifia and CP
El Nifio winters downstream of the Rocky Mountains,
over the Gulf Stream, and at Greenland (Figs. 7a,b), but
less so during EP El Nifio winters (Fig. 7c¢).

2) CHANGING THE ODDS IN SURFACE
CYCLOGENESIS FREQUENCY

The field significance results give some indication that
there are changes in extratropical cyclogenesis over
North America and the North Atlantic during different
phases of ENSO. To test if there is a systematic change
in the probability of seasons with higher/lower than
normal cyclogenesis, we compute bootstrapped ensem-
bles (random sampling with replacement) from all
winter seasons with high (=0.5), low (=-0.5), and
neutral ONI values (see method section for more de-
tails). Figure 8a suggests that we can expect enhanced
Rocky Mountains cyclogenesis during winters with
low ONI (La Nifa) relative to winters with high ONI
(El Nifio), with a shift in mean cyclogenesis events
of almost one standard deviation (computed from all
winters). For the Gulf Stream (Fig. 8b), we can ex-
pect enhanced cyclogenesis during winters with high ONI
(El Nifio) relative to those with low ONI (La Nifia), again
with a mean shift of about one standard deviation. The
influence on Greenland cyclogenesis is weakest (Fig. 8c),
with a modest increase seen for low ONI winters. High-
ONI winters exhibit a similar distribution to neutral
winters, likely because EP and CP El Nifio have opposite
effects on Greenland cyclogenesis (Figs. 7b,c).

b. Background flow anomalies for ENSO phases

The various ENSO phases have been shown to be as-
sociated with changes in cyclogenesis in the lee of the
Rocky Mountains, over the Gulf Stream, and at the
southern tip of Greenland (cf. Fig. 7 and Table 1). Now,
we examine the link to large-scale flow anomalies seen in
seasonal-mean composites of the various ENSO phases.

During La Nifia winters, the background wind
anomalies are consistent with those that precede Rocky
Mountain and Gulf Stream cyclogenesis. As during
Rocky Mountain cyclogenesis (Fig. 9b), La Nifia winters
(Fig. 9a) exhibit a zonal band of enhanced westerlies
that extends from the Bay of Alaska toward the west
coast of North America, indicating a more active sub-
polar jet across the Pacific consistent with earlier results
(Trenberth et al. 1998; NOAA 2005). Over the North
Atlantic, background flow anomalies in the La Nifia
seasonal-mean composite (Fig. 9a) resemble those dur-
ing Greenland cyclogenesis (Fig. 9c), with a band of
enhanced westerlies extending across the North Atlantic
(Fig. 9c), consistent with a poleward-shifted jet.
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FI1G. 8. Bootstrapped distribution of cyclogenesis numbers for
(a) Rocky Mountain, (b) Gulf Stream, and (c) Greenland during winters
with high ocean Nifio index (red; ONI = 0.5, corresponding to El Nifio),
low ONI (blue; =—0.5, corresponding to La Nifia), and neutral ONI
(gray) cases. Whiskers range between the minimum and the maximum
values. Box spans the interquantile range. Vertical line inside each box
indicates the median value. The shift between high and low ONI medians
is indicated by a black arrow and measured by the standard deviation from
the climatological mean. See method section for bootstrapping details.

For El Nino, both CP and EP events exhibit back-
ground flow anomalies reminiscent of a zonally ex-
tended Pacific jet stream (Figs. 10b,d), which is known
to be characteristic for El Nifio winters (Trenberth
et al. 1998; NOAA 2005). However, the comparison to
the background wind anomalies that precede Gulf
Stream cyclogenesis (Figs. 10a,c), which is favored
during El Nifo, is not as compelling as in the case of La
Nifia. Still, there is a consistent dipole pattern with
enhanced westerlies on the equatorward flank of the jet
and weakened westerlies on the poleward flank. In
addition, there is a consistent northeastward displace-
ment of background flow anomalies from EP El Nifio to
CP El Nifo from the jet entrance to the jet exit region
(Figs. 10b,d).
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FIG. 9. Composite of (a) La Nifia seasonal-mean background
wind and anomaly (black contours; 15,25, and 35 m s, 10-day low-
pass zonal wind) and its deviation from its climatological mean
(color). Composite for (b) Rocky Mountain cyclogenesis back-
ground wind and anomaly (at zero lag) with similar contours as in
(a). (c) As in (b), but for Greenland cyclogenesis. All fields are ver-
tically averaged between 400 and 200 hPa. Green contours indicates
background wind anomalies but standardized (see text for details).

Once again, comparing to large ensembles (10°) of
randomized background flow composites, we find that
the background flow anomalies in the cyclogenesis
composites (Figs. 9a,c and 10a,c) are on the order of +3
standard deviations (of the corresponding randomized
ensemble) in all three examined regions (see green
contours). The seasonal-mean background flow anom-
alies during ENSO-affected winters (Figs. 9a and 10b,d)
are on the order of 0.5-1 standard deviations of the
seasonal means of the 37 winters available in the ERA-
Interim period.
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Regarding decadal variability, we would like to note
that there is an increase in the number of CP El Nifio
events during the second half of the record, raising the
possibility that decadal variations play a role in creating
the differences observed in the composites of the two
types of El Nifio events in Fig. 10. Repeating the com-
posite analysis with lower-frequency variations filtered
out (8-yr high-pass filter) yields very similar results (not
shown), suggesting that the influence of decadal vari-
ability is small. This is consistent with the study of
Varino et al. (2018), which indicates that Northern
Hemisphere extratropical cyclones are only weakly
affected by decadal variability during the period
1980-2010 (our study period is 1979-2014).

5. On the formation of cyclogenesis-conducive
background flow anomalies during ENSO

Finally, this section probes the mechanisms by which
the background flow is modified during ENSO-affected
winters to promote changes in cyclogenesis over the
various regions that feed the North Atlantic storm
track (section 4b and Table 1). In particular, we explore
the relative roles of stationary and transient wave
propagation in setting the large-scale background flow
anomalies that seem to be conducive for cyclogenesis
during La Nifia and CP El Nifio winters, the two sea-
sons for which the cyclogenesis anomalies are clearest
and of opposite sign. As this is a purely diagnostic
study, we cannot quantitatively attribute the observed
cyclogenesis differences to changes in and interactions
between stationary and transient waves. However, in
using diagnostics that closely track the dynamics of
wave-mean flow interactions, we believe the results
can offer useful new insights into the important mecha-
nisms at play.

a. La Nifia

During La Nifia winters (Fig. 11a), anomalous sta-
tionary wave propagation is mainly of tropical origin
and indicates that stationary waves help to maintain the
streamfunction anomalies over the Pacific, as demon-
strated in previous studies (Nakamura 1994; Nakamura
et al. 1997; Takaya and Nakamura 2001). The stationary
wave activity flux points northward around the date line,
turns northeastward in midlatitudes, and dissipates over
western Canada. The associated streamfunction anom-
aly over the Pacific-North America sector (Fig. 11a; red
shading) shows an intensification of the climatological
ridge over the west coast of North America. A northwest—
southeast band of enhanced zonal wind stretches across
the Pacific-North America sector. This zonal wind
anomaly is in close agreement with the background flow



NOVEMBER 2018 SCHEMM ET AL. 3957

b CP El Nifio seasonal anomaly

a Gulf Stream exit cyclogenesis

T

60°N -

50°N -

40°N

30°N .

20°N -

120°W 90°W 60°W 30°W  120°W 60°W 30°W

C__Gulf Stream entrance cyclogenesis
7T . \;u,% T"‘;‘ 73

oN -
60°N e

50°N -

40°N

30°N —\
5 N

20°N -

120°W 30°W  120°W

[m/s]
[

-4 -3 -2 -1 0 1 2 3 4
FIG. 10. Composite of (a) Gulf Stream entrance cyclogenesis background wind (black contours; 15, 25, 35, and
45ms”!, 10-day low-pass zonal wind) and its deviation from the climatological mean (color). (b) EP El Nifio
seasonal background wind and anomaly with similar contours as in (a). (c) As in (a), but for Gulf Stream exit
cyclogenesis. (d) As in (b), but for CP El Nifio seasons. All fields are vertically averaged between 400 and 200 hPa.

Green contours indicate background wind anomalies but they are standardized.

anomaly seen in the Rocky Mountain cyclogenesis com-
posite (cf. Fig. 9a).

The E vectors suggest an additional contribution by
transient eddies to the formation of the zonal wind anom-
alies over the eastern North Pacific (Figs. 12a,b). Here,
enhanced E vector divergence associated with the more
equatorward-oriented E vectors (red shading in Fig. 12b)
indicates eddy momentum flux convergence caused by
transient eddy activity, and collocates with an enhancement
of the zonal wind in the eastern North Pacific.

While there is no indication for an anomalous down-
stream propagation of stationary Rossby waves into the
North Atlantic that would potentially contribute to the
formation of background flow anomalies at Greenland
(Fig. 11a), the E vectors suggest an important contri-
bution by transient upper-level eddies (Fig. 12a). The E
vectors point stronger equatorward, relative to the cli-
matology, indicating a stronger anticyclonic orientation
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of downstream propagating transient eddies from North
America into the North Atlantic (yellow shading in
Fig. 12a). Over the North Atlantic, enhanced E vector
divergence relative to the climatology (red shading in
Fig. 12b) indicates an increase in eddy momentum flux
convergence, suggesting a contribution by transient
eddies to the formation of the background flow anomaly
at Greenland (solid black contours in Fig. 12b). The si-
multaneous eddy momentum flux divergence that ex-
tends along a zonal band at 30°N (blue shading in
Fig. 12b) shows the transient eddies’ contribution to
weakening of the background flow (dashed black con-
tours in Fig. 12b). Over the North Atlantic, this pattern
resembles a poleward-shifted eddy-driven jet.

b. CP El Nifio

During CP El Nifio winters, anomalous stationary
wave propagation is of tropical origin with an additional
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FI1G. 11. The 300-hPa stationary wave activity flux (arrows;
Jkg ') for (a) La Nifia, (b) CP El Nifio, and (c) EP El Nifio winters.
Additionally shown are the corresponding stationary stream-
function (color; 10°m?s™ ') and background flow anomalies (gray
contours; solid positive and dashed negative values from —8 to
8ms ! by 2ms ™, zero contour omitted).

contribution from subtropical sources upstream of the
international date line (Fig. 11b). The stationary wave
train from the tropics propagates northward and dissi-
pates over a ridge anomaly (positive streamfunction)
over Canada. The wave activity fluxes converge into the
negative streamfunction anomaly (i.e., a trough anom-
aly) near the the Bay of Alaska, which acts to weaken
the climatological ridge over the east Pacific and results
in more zonal westerlies and a marked extension of the
Pacific jet at 30°N. Similar to La Nifia, there is no clear
signal of a downstream propagation of stationary waves
into the North Atlantic.

The anomalous E vector convergence (corresponding
to momentum flux divergence) over the Bay of Alaska
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(blue shading in Fig. 12d) suggests a contribution from
transient upper-level eddies to the weakening of the
background flow and the climatological ridge in this
sector. The E vectors over the eastern North Pacific and
over North America are less equatorward pointing rel-
ative to the climatological mean (blue shading in
Fig. 12c). Downstream over the Gulf Stream the E
vectors point more poleward across the entire North
Atlantic relative to the climatological mean and La Nifia
(blue shading in Fig. 12c). The associated eddy mo-
mentum flux convergence is anomalously equatorward
as suggested by the anomalous E vector divergence
pattern (Fig. 12d); acting to shift the North Atlantic jet
equatorward over the western North Atlantic.

To conclude on CP El Nifio, both the anomalous quasi-
stationary wave and transient waves play a key role in the
formation of background flow anomalies in the eastern
North Pacific that are less favorable to Rocky Mountain
cyclogenesis. The anomalous quasi-stationary wave train
has less amplitude over the U.S. East Coast, which suggests
that its contribution to Gulf Stream cyclogenesis-conducive
background flow anomalies is less important than transient
eddies. Farther downstream, near 45°N, the background
flow anomalies that are less favorable to Greenland cy-
clogenesis are more likely due to transient waves only.

c. EP El Niio

The situation for EP El Nifio winters is less clear. The
reflection of the easternmost stationary wave train back
into the tropics over the Gulf of Mexico complicates the
situation (Fig. 11c), but the large-scale trough anomaly
over the northeast Pacific is similar to that during CP
Nifio winters. However, over the Gulf Stream and in the
North Atlantic, no coherent picture emerges from the E
vectors (Figs. 12e.f).

Our findings are consistent with earlier studies that
have highlighted the relative importance of propagating
transient eddies in setting the North Atlantic circulation
response during ENSO. As suggested in Drouard et al.
(2013) and Drouard et al. (2015), a Pacific ridge anomaly
during La Nifia reinforces the equatorward orientation
of transient upper-level eddies over North America
relative to the climatological mean. In other words, upper-
level eddies have more of an anticyclonic (southwest—
northeast) tilt during La Nifia winters, which was found to
result in more anticyclonic wave breaking in the North
Atlantic and a poleward-shifted North Atlantic jet. In
addition our separation of CP and EP El Nifio events
highlights that a North Atlantic teleconnection opposite
to that seen during La Nifia winters emerges in particular
for CP El Nifio winters. Further, our study supports the
idea that stationary Rossby waves do not play a direct role
in setting the North Atlantic teleconnection, but may
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FIG. 12. (left) The 300-hPa E vectors (black arrows; J kg ~?!) for (a) La Niiia, (c) CP El Nifio, and (e) EP El Nifio
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dicates stronger poleward orientation and red stronger equatorward orientation), and background flow anomaly
(gray contours; solid positive and dashed negative values from —8 to 8ms ™! by 2ms ', zero contour omitted).
(right) Anomalous E vector divergence [shading; J kg™! (100km) '] and background flow anomalies (as in left
column) for (b) La Niiia, (d) CP El Nifio, and (f) EP El Nifio winters.

indirectly contribute to it by altering the propagation
characteristics of transient eddies and how they will de-
posit momentum in the North Atlantic.

6. Summary

This study investigates the dynamics of transient eddies
and stationary waves in setting the tropospheric ENSO
teleconnections to the North Atlantic during boreal
winter (DJF) and their relative roles in the formation of
cyclogenesis-conducive background flow anomalies. The
results further explored the linkages between ENSO-
related background wind anomalies and extratropical sur-
face cyclogenesis in three regions feeding into the North
Atlantic surface storm track: the lee of the Rocky Moun-
tains, over the Gulf Stream, and south of Greenland.

We observe the following relationships between
extratropical cyclogenesis and ENSO (Table 1). During
La Nifia winters, Rocky Mountain cyclogenesis is en-
hanced by over 30% and Greenland cyclogenesis is
enhanced by 6%; Gulf Stream cyclogenesis is reduced
by 10%. During CP El Nifio winters, the situation is
reversed, with anomalies of approximately the same
amplitude. Bootstrapping suggests that the observed
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cyclogenesis anomalies for La Nifia and CP El Nifio are
robust, while EP El Nifio winters show weak anomalies
with large uncertainties (Fig. 7).

The presented results augment previous findings about
the tropospheric ENSO pathway and what emerges is
a richer picture of the dynamics at play during ENSO-
affected winters. The schematic in Fig. 13 summarizes the
investigated mechanisms for the observed cyclogenesis
anomalies, which form a plausible and consistent picture
but cannot be viewed as conclusive in the absence of
further modeling experiments.

 During La Nifia winters (Fig. 13a), our analysis suggests
that stationary and transient wave propagation con-
tribute to the formation of seasonal-mean flow anom-
alies like those occurring prior to Rocky Mountain
cyclogenesis, with a stronger subpolar jet (left red
arrow) and an enhanced ridge over the northeastern
Pacific. The enhanced ridge is associated with transient
upper-level eddies that propagate with a stronger
equatorward orientation across North America and
the North Atlantic (resulting in more anticyclonic
wave breaking, see also Drouard et al. 2015), as
indicated by the equatorward-oriented E vectors
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FIG. 13. Schematic representation of the dynamical building blocks underlying a plausible and consistent potential
tropospheric ENSO pathway during (a) La Nifia and (b) CP and (c) EP El Nifio winters. Shown are background flow
anomalies at the jet-stream level (red arrows), the 300-hPa winter mean flow (gray contours), E vectors, and the
identified preferred locations of extratropical cyclogenesis (cyclone symbols). The North Atlantic circulation response
to La Nifia and CP El Nifio tends to be of opposite sign. For EP El Nifio winters, the situation is more uncertain.

(black arrows). The associated anomalous eddy mo-
mentum flux convergences would act to push the
eddy-driven jet stream poleward (right red arrow),
consistent with large-scale flow anomalies that pre-
cede Greenland cyclogenesis. This poleward migra-
tion of the North Atlantic jet is also consistent
with a positive late-winter NAO-like response during
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La Nifia winters identified in previous studies (Li and
Lau 2012b,a; Drouard et al. 2015), though it is unclear
whether an actual NAO event is triggered (Garcia-
Serrano et al. 2011). The observed cyclogenesis changes
at Greenland, however, are modest, suggesting an im-
portant role for additional mechanisms controlling
Greenland cyclogenesis (e.g., low-level cold-air advection).



NOVEMBER 2018

e During CP El Nifio winters (Fig. 13b), our analysis
suggests that stationary and transient wave propaga-
tion contribute to the formation of seasonal-mean flow
anomalies like those occurring prior to Gulf Stream
cyclogenesis. The stationary and transient waves induce
a zonally extended Pacific jet (left red arrow) and
a weak ridge over the northeastern Pacific. The role of
the stationary wave weakens downstream over North
America and is negligible over the North Atlantic. The
equatorward-shifted jet in the western North Atlantic,
which is a favorable situation for Gulf Stream exit
cyclogenesis, is shown to be partly due the stationary
and transient waves. The stronger poleward propaga-
tion of transient upper-level eddies (black arrows) from
North America downstream over the North Atlantic
and associated anomalous eddy momentum flux di-
vergence help to push the North Atlantic jet equator-
ward, consistent with a negative late-winter NAO-like
response (Li and Lau 2012b,a; Drouard et al. 2015).

e During EP El Nifio winters (Fig. 13c), the large-scale
circulation response in the North Pacific is similar to
that during CP El Nifio winters, but cyclogenesis and
North Atlantic circulation signals are weak.

The analyses presented here aim for a better un-
derstanding of the coupling between tropical Pacific
SST variability and the North Atlantic storm track
through changes in cyclogenesis. The results are
clearest for La Nifa and CP El Nifio events, suggesting
that ENSO diversity (Capotondi et al. 2015) and the
relative low number of events could be a factor in the
ongoing struggle to isolate the ENSO-related extratropical
circulation response outside the Pacific sector (Deser et al.
2017). The number of cyclones within the North Atlantic
storm track is inherently linked to the number of cyclo-
genesis events, but a range of other synoptic to large-scale
influences should be considered, including variability in
cyclolysis and the interaction between the troposphere
and stratosphere. Future work may also address differ-
ences in the cyclogenesis response to tropical forcing
during late fall versus early winter (King et al. 2018), or
whether the mechanisms described here are subject to
multidecadal variability (Varino et al. 2018).
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