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ABSTRACT

Jets in the upper troposphere constitute a cornerstone of both synoptic meteorology and climate dynamics,
providing a direct link between weather and midlatitude climate variability. Conventionally, jet variability is
often inferred indirectly through the variability of geopotential or sea level pressure. As recent findings
pointed to physical discrepancies of this interpretation for the Southern Hemisphere, this study presents a
global overview of jet variability based on automated jet detections in the upper troposphere. Consistent with
previous studies, most ocean basins are dominated by variability patterns comprising either a latitudinal shift
of the jet or a so-called pulsing, a broadening/narrowing of the jet distribution without a change in the mean
position. Whereas previous studies generally associate a mode of storm track variability with either shifting or
pulsing, jet-based variability patterns frequently represent a transition from shifting to pulsing, or vice versa,
across the respective ocean basin. In the Northern Hemisphere, jet variability is consistent with geopotential
variability, confirming earlier analyses. In the Southern Hemisphere, however, the variability of geopotential
and jets often indicates different modes of variability. Notable exceptions are the consistent dominant modes
of jet and geopotential variability in the South Pacific and, to a lesser extent, the south Indian Ocean during
winter, as well as the dominant modes in the South Atlantic and south Indian Ocean during summer. Finally,
tropical variability is shown to modulate the jet distribution in the Northern Hemisphere, which is in line with
previous results. The response in the Southern Hemispheric, however, is shown to be markedly different.

1. Introduction largely independent from jet and storm track variability
for several regions in the Southern Hemisphere. We
thus present a global climatology of upper tropospheric
jets and their variability based on a feature-based jet
detection and compare our results to geopotential-based
analyses for each ocean sector in both hemispheres.
Several jet detection schemes have been developed to
investigate the synoptic evolution of weather systems
and assess climate variability. Gallego et al. (2005) tracked
selected circumpolar streamfunction contours in the
Southern Hemisphere and associated these with the jet
location. This procedure, however, does not account for
the often zonally confined nature of the jet stream.
Instead of focusing on contour lines, Koch et al. (2006)
and Archer and Caldeira (2008) use a wind speed thresh-
old to define jet bodies and track the occurrence of high
wind events. Limbach et al. (2012) extend this approach
to three dimensions, identifying jet volumes. While this
approach allows for zonal discontinuities, jet bodies
defined in this way typically encompass several to many
distinct wind speed maxima. Consequently, jet bodies
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Jets in the upper troposphere signify regions of strong
baroclinicity, a prerequisite for the development of
extratropical cyclones (e.g., Lorenz 1955; Lindzen and
Farrell 1980) and storm tracks (Chang et al. 2002; Wirth
et al. 2018). Jets also demarcate the Rossby waveguide,
as they are usually associated with strong gradients in
potential vorticity (Hoskins and Ambrizzi 1993; Martius
et al. 2010). In climate dynamics (e.g., Wallace and
Gutzler 1981; Limpasuvan and Hartmann 1999), air-
ice-sea interactions (e.g., Hall and Visbeck 2002), and
paleoclimate (e.g., Van Meerbeeck et al. 2009), both the
climatological state and its variability are most com-
monly inferred from time-mean geopotential. However,
monthly and longer-term averages of geopotential do
not capture weather events that define the location of
the jet on shorter time scales (e.g., Fig. 4 of Spensberger
et al. 2017). Further, Spensberger et al. (2020) docu-
mented that geopotential-based variability patterns are
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FIG. 1. Conceptual schematic of (a) latitudinal shifting and (b) pulsing-type jet variability based on the distri-
bution of the location of the jet axis. Latitudinal shifting alternates the focus of the jet axis distribution (solid lines)
relative to the climatological mean jet position, leading to a dipolar structure in the detection anomalies (dash-
dotted lines). In contrast, pulsing narrows/broadens the jet axis distribution without displacing its center latitudi-
nally, leading to a tripole distribution centered around the climatological mean jet position.

Other schemes track meridional maxima of zonal
wind, allowing for zonal discontinuities and highlighting
key aspects of the flow structure (Manney et al. 2011;
Pena-Ortiz et al. 2013; Manney et al. 2014,2017). However,
as they only consider wind maxima along meridians,
their approach may underrepresent meridionally ori-
ented jets, which frequently occur during Rossby wave
breaking [cf. LC1 and LC2 in Thorncroft et al. (1993)].
For this reason, we base our analyses on the Spensberger
et al. (2017) jet axis detection scheme, which is similar to
that of Manney et al. (2014) but detects jets with no
potential bias in their orientation.

Despite the availability of these automated jet de-
tection schemes, jet variability is commonly character-
ized indirectly through, for example, the North Atlantic
Oscillation (NAO), the Pacific-North America pattern
(PNA), or the southern annular mode (SAM), which are
based on the variability of geopotential or sea level
pressure (e.g., Wallace and Gutzler 1981; Limpasuvan
and Hartmann 1999). Using 700-hPa geopotential,
Spensberger et al. (2020) however demonstrated that
the connection between geopotential and jet variability
fails for SAM. This finding is consistent with Thompson
and Woodworth (2014), who demonstrated that eddy
kinetic energy and the midlatitude meridional heat
transport vary largely independently from SAM.
Wettstein and Wallace (2010) and Athanasiadis et al.
(2010) documented better correspondence between the
eddy-covariance and geopotential-based perspectives
for Northern Hemisphere variability, although their
eddy-covariance-based results emphasize different as-
pects and regions of the storm track than geopotential-
based variability. Thus, geopotential variability does not
necessarily describe the variability of the storm track
or jets.

Based on the zonal-mean zonal wind over the North
Atlantic and North Pacific, Eichelberger and Hartmann
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(2007) and Li and Wettstein (2012) identified two domi-
nant modes of month-to-month jet variability: first, a
latitudinal shifting of the jet position, and second, a var-
iation in strength without a change in location, which they
refer to as pulsing of the jet. The respective dominance of
either shifting or pulsing depends on the geographic
separation between the eddy-driven and the subtropical
jet (Eichelberger and Hartmann 2007) as well as the
relative importance of internally driven variability
(“eddy forcing”) versus externally driven variability
induced by the Hadley circulation (“‘tropical forcing™)
(Li and Wettstein 2012). While Wettstein and Wallace
(2010) and Athanasiadis et al. (2010) confirmed these
two types of variability in their analysis of eddy and
geopotential variability, eddy-driven and subtropical
jets are shown to be closely related dynamically (Lee
and Kim 2003), and most jets display both characteristics
to a varying degree (e.g., Manney et al. 2014). Further, it
remains largely unclear how variability in the occur-
rence of jet features would project on the variability
associated with these two jet archetypes.

A first step in establishing a link between geopotential
and feature-based jet variability was taken by Strong
and Magnusdottir (2008), using a jet body detection
scheme similar to that of Koch et al. (2006). They,
however, focus their analysis on a domain covering most
of the Northern Hemisphere, and thereby likely entan-
gle unrelated variability in the North Atlantic and North
Pacific sectors (e.g., Ambaum et al. 2001). We extend
their analysis to ocean sectors in both hemispheres, and
complement their analysis by using jet axes instead of
jet bodies.

Jet axes are well suited to capture the shifting and
pulsing type variability. Latitudinal shifts in the jet lo-
cation will be apparent as latitudinal displacements in
the occurrence of jet axes (Fig. 1a). Further, Woollings
et al. (2018) showed that strong jets predominantly
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occur close to their climatological mean position,
whereas weaker jets generally exhibit pronounced me-
anders around that position (their Fig. 4). Variations in
jet intensity would thus manifest themselves as a tripole
pattern, in which jet detections are either concentrated
on the climatological mean position or spread over a
wider range of latitudes (Fig. 1b). Along the same lines,
it has been proposed that an expected increase in so-
called waviness (i.e., the amplitude of jet meanders) with
global warming could be related to an increasing num-
ber of extreme events in the middle and high latitudes
(Francis 2017, and references therein). Following these
ideas, we first present a global climatology of the oc-
currence of jets, followed by systematically contrasting
jet and geopotential variability for all ocean basins for
both winter and summer.

2. Data and methods

We base our investigation on 6-hourly ERA-Interim
reanalysis data for the period 1979-2018, interpolated
onto a 0.5° X 0.5° horizontal grid (Dee et al. 2011). We
use the data on preinterpolated pressure levels and the
+2-PVU surface (where 1 PVU = 10 °m?s 'Kkg ™),
as provided by the European Centre for Medium-Range
Weather Forecasts (ECMWF).

We detect jet axes using the algorithm of Spensberger
et al. (2017) without modifications, where we use a
detection threshold of K = —5.5 X 10~ ?s ™% to iden-
tify well-defined wind maxima in the instantaneous
wind field. As in Spensberger et al. (2017) we spec-
trally truncate the input wind field to T84 resolution.
The algorithm separates areas of cyclonic and anticy-
clonic shear, thereby identifying both eddy-driven and
subtropical jets as lines on the 2-PVU surface that is
often referred to as the dynamical tropopause [see
Spensberger et al. (2017) for details]. These shear-based
jet axes thus also separate areas of different baroclinic life
cycles (e.g., Davies et al. 1991) and regions of different
types of wave breaking (Thorncroft et al. 1993; Riviere
2009; Barnes and Hartmann 2012).

Based on these jet detections, we construct time-
average and composite “‘jet axis distributions” vy,

1 N
=— Y1 1
vyl M

where N is the number of time steps included in the
average or composite, A is the area covered by a grid
cell, and /; denotes the length of a jet axis line, which is
zero if no jet is detected, over the respective grid cell
during time step i. With this procedure, jet axis distri-
butions represent the average length of jet lines per unit
area for a given time interval or composite.
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We compare our climatological jet axis distribution
with previously published climatologies based on alter-
native jet detections (Gallego et al. 2005; Koch et al.
2006; Manney et al. 2014), as well as cyclone tracks (Neu
et al. 2013), and Rossby wave packets (Souders et al.
2014; Wirth et al. 2018). In this intercomparison, the
Koch et al. (2006) scheme serves as a representative for
all 2D and 3D jet body detection schemes and Manney
et al. (2014) as a representative for all schemes based on
meridional maxima of the zonal wind. We contrast the
variability of the jet axis distribution with the variability
of the occurrence of jet bodies [defined similarly to Koch
et al. (2000)] in Strong and Davis (2008) and the vari-
ability of eddy-covariance-based diagnostics for the storm
track (Chang et al. 2002). Such patterns have been reported
for the Northern (Athanasiadis et al. 2010; Wettstein
and Wallace 2010) and Southern Hemisphere (Thompson
and Woodworth 2014).

3. Jet stream climatology
a. Annual mean

In both hemispheres, the annual mean jet axis distri-
bution features a pair of poleward spiraling storm tracks
winding around each other [Fig. 2; cf. Williams et al.
(2007) for the Southern Hemisphere]. In both hemi-
spheres, these spirals originate in the central subtropical
Pacific and Atlantic, respectively. As part of these spi-
rals, both hemispheres feature strong and zonally ex-
tended subtropical jets, extending from the Atlantic to
the Pacific Ocean in the Northern Hemisphere and from
the Indian to the Pacific Ocean in the Southern
Hemisphere. Further, in both hemispheres, the sub-
tropical and eddy-driven jet in the east Pacific merge
over the American continent into one jet in the west
Atlantic. These mergers suggest that the Atlantic sector
can be influenced by disturbances originating in both the
subtropical and the extratropical Pacific. The spirali-
form structure also suggests a gradual transition from
subtropical to eddy-driven jets (cf. Lee and Kim 2003;
Manney et al. 2014).

Despite these symmetries, each hemisphere has dis-
tinctive features. For the Northern Hemisphere, for
example, the Pacific jet displays a marked poleward tilt
eastward of the date line in tandem with the emergence
of a separate subtropical jet in the annual mean (Fig. 2a).
Only the eastern North Atlantic, and to some extent the
eastern North Pacific, feature a double-jet structure in
the Northern Hemisphere (Fig. 2a). In the Southern
Hemisphere, on the other hand, a double-jet structure is
evident across the eastern South Atlantic, the entire
Indian Ocean, and about the western two-thirds of the
South Pacific (Fig. 2b).
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FIG. 2. Annual average jet axis distribution [average line length; km (1000 km) 2] based on 6-hourly detections
for the (a) Northern and (b) Southern Hemisphere. Light gray contours in both (a) and (b) show 700 hPa-

geopotential height with a contour interval of 200 m.

b. Northern Hemisphere seasonality

When interpreting the annual climatologies, it is im-
portant to keep in mind the large seasonal variability of
the jet (e.g., Manney et al. 2014; Manney and Hegglin
2018). For example, the double-jet structures in the
annual mean climatology for the Northern Hemisphere
are only present during winter and spring in the North
Atlantic (Figs. 3a,b), or spring and summer in the east-
ern North Pacific (Figs. 3b,c). The structure of the two
interwoven spirals noted in the annual mean is apparent
during all seasons (Fig. 3), but most pronounced during
the transition seasons (MAM and SON; Figs. 3b,d).
During winter, the Asian—Pacific jet is very zonal and
only displays a poleward tilt in the east Pacific close to
the North American coastline.

The jet detection schemes of Koch et al. (2006, their
Fig. 4) and Manney et al. (2014, their Fig. 2) yield gen-
erally similar climatologies for the Northern Hemisphere,
although the Koch et al. (2006) scheme yields a much
more pronounced seasonal cycle with barely any detec-
tions during summer. This pronounced seasonality is
most likely associated with an implicit bias of the scheme
due to the wind speed threshold, which is exceeded much
less frequently during summer than during winter. Due
to the similarities between our scheme and that of Manney
et al. (2014), the differences are less apparent. Nevertheless,
Manney et al. (2014) consistently detect fewer jets
near the termini of storm tracks. This difference is likely
due to the under-representation of meridionally oriented
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jets in the Manney et al. (2014) scheme, which occur
more frequently in these regions where cyclones reach
the end of their baroclinic life cycle (Thorncroft
et al. 1993).

Our jet climatology is also consistent with climatol-
ogies of storm-track diagnostics, such as bandpass-
filtered geopotential variance (e.g., Fig. 2 of Chang
et al. 2002). Disregarding jet detections at subtropical
latitudes that are detached from the main storm track,
the overall best agreement between our jet axis clima-
tology and a variance-based metric is with the variance
of upper-level meridional wind (Fig. 2b of Chang et al.
2002). However, these variance and covariance-based
storm track metrics are mainly associated with the eddy-
driven jet and thereby omit signals that would be asso-
ciated with the subtropical jet.

Comparing our jet climatologies to cyclone track
densities (Neu et al. 2013, their Fig. 1) is challenging.
First, Neu et al. (2013) report large differences in the
cyclone track densities obtained for different tracking
schemes. Second, the reported results tend to be rather
noisy. Nevertheless, some differences between jets and
cyclone tracks emerge for nearly all cyclone tracking
schemes. Relative to our jet climatology, fewer cyclones
are detected over land and in the vicinity of orography,
whereas more cyclones are detected close to the termini
of storm tracks as well as in higher latitudes. Consistent
with variance-based storm track metrics, cyclone tracks
mainly follow the eddy-driven jets and only few cyclones
are detected at subtropical latitudes.
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FIG. 3. Seasonal average jet axis distribution [average line length; km (1000 km) 2] based on 6-hourly detections
for the Northern Hemisphere in (a) DJF, (b) MAM, (c) JJA, and (d) SON. Light gray contours in (a)—(d) show 700

hPa-geopotential height with a contour interval of 200 m.

Finally, we note a considerable difference between
our seasonal jet climatology and the monthly average
Rossby wave packet (RWP) activity (Fig. 5 of Souders
et al. 2014). First, RWPs exhibit a pronounced seasonal
cycle with hardly any RWP activity during July. Second,
the contrast between detections over the ocean and
continents is more pronounced for wave packets, with
very little RWP activity over Asia. Third, the RWP ac-
tivity is concentrated in comparatively zonal bands
centered around 45°-50°N. Thus, the spiraliform struc-
ture and poleward tilt of the storm tracks are not re-
flected in the RWP perspective. With these considerable
differences, RWPs might be the storm track diagnostic
that our jet detections are least consistent with. This
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seems surprising, because, conceptually, the jet consti-
tutes a waveguide to Rossby waves, such that RWPs
should predominantly propagate along the jet.

An important difference between the RWP diagnostic
and our jet detection is the use of time filtering. Souders
et al. (2014) detect RWPs using a 30-day running average
as mean state, such that one might expect these waves to
propagate relative to the 30-day average waveguide.
However, jet detections based on the monthly average
winds in Fig. 4 of Spensberger et al. (2017) still show a
spiraliform structure and frequent jets over the continents.
It thus seems unlikely that the discrepancies between the
RWP and the jet perspective on storm tracks arise solely
because of the difference in time filtering.
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FIG. 4. As in Fig. 3, but for the Southern Hemisphere.

¢. Southern Hemisphere seasonality

Compared to the Northern Hemisphere, the Southern
Hemisphere jet axis distributions are more persistent
throughout the seasons (Fig. 4). Similar to the annual
mean, a pronounced subtropical jet covers most of the
Indian Ocean and about the western two thirds of the
South Pacific during austral autumn, winter, and spring
(Figs. 4b—d). During austral summer, parts of the sub-
tropical jet persist around Australia and New Zealand
(Fig. 4a). These parts are accompanied by jet detections
in the tropical South Pacific, which are associated with
the “westerly duct” that has been documented in this
region (Webster and Holton 1982; Hoskins and Ambrizzi
1993; Manney et al. 2014).
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For all seasons, the Southern Hemisphere jet clima-
tology shows a more zonal structure than its Northern
Hemisphere counterpart (cf. Figs. 3 and 4). This zonality
is particularly pronounced during austral summer
(Fig. 4a), where the eddy driven jet displays a closed
annular structure centered around Antarctica. During
the other seasons, the storm track emerging over the
subtropical east Pacific and in the lee of the Andes
displays a marked poleward tilt throughout the South
Atlantic and into the Indian Ocean. Double jet structures
are common in the Indian Ocean and South Pacific
during all seasons.

The streamline tracking algorithm of Gallego et al.
(2005, their Fig. 5) yields a similar seasonal cycle. During
summer, they identify the eddy-driven jet at the latitude
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TABLE 1. Correlation coefficients between the monthly NAO, EA, PNA, and WP indices provided by the Climate Prediction Center
(CPC) of the National Oceanic and Atmospheric Administration (NOAA) and our geopotential (“Z’’) and jet axis-based (‘“JA”’) EOFs
in the Atlantic (““Atl”") and Pacific (‘‘Pac’’) domains. Correlations interpreted as representing the same phenomenon are marked bold.

Correlation coefficients below 0.3 have been omitted. All shown correlations are significant at the 99.9% level based on a two-tailed

Student’s ¢ test. All correlations are for winter.

Atl-Z1 Atl-Z2 Pac-Z1 Pac-Z2 Atl-JA1 Atl-JA2 Pac-JA1 Pac-JA2
NAO 0.84 0.72
EA 0.37 0.74 -0.32 0.61
WP 0.63 0.61
PNA 0.77 0.71
Atl-Z1 0.32 0.64 0.52
Atl-Z2 —0.56 0.65
Pac-Z1 0.86
Pac-72 0.66

where we noted the annulus in Fig. 4a. During winter,
they predominantly identify a double-jet structure,
consistent with our detections in the Indian Ocean and
South Pacific. Due to the limitations of detecting cir-
cumpolar streamlines, the Gallego et al. (2005) method
does not capture the zonally asymmetric structure in the
South Atlantic.

As in the Northern Hemisphere, our climatology is
consistent with the results of Koch et al. (2006), Manney
etal. (2014), and Neu et al. (2013). The Koch et al. (2006,
their Fig. 5) scheme again displays a more pronounced
seasonal cycle, the Manney et al. (2014, their Fig. 3)
scheme shows a tendency for fewer jet detections near
the termini of the storm tracks (e.g., the eastern South
Pacific), and the Neu et al. (2013) intercomparison
indicates a tendency for relatively more frequent cy-
clone detections at sub-Antarctic latitudes. In contrast
to Koch et al. (2006), the Manney et al. (2014) scheme
also detects jets in the so-called westerly duct. Opposite
to the Northern Hemisphere, the RWP activity in the
Southern Hemisphere is largely consistent with our jet
detections (Fig. 6 of Souders et al. 2014). Both seasonal
variations and zonal asymmetries are comparatively
small and RWP activity is consistently located slightly
equatorward of the eddy-driven jet in our climatologies.

4. Jet stream variability

We derive the intrinsic jet variability from the domi-
nant EOFs of the monthly jet axis distribution for
the different ocean sectors in both hemispheres. The
monthly jet axis distributions are calculated following
Eq. (1) in section 2. For the calculation of the EOF
patterns, seasonal averages are removed and the stan-
dard deviation is scaled following the square root of the
cosine of latitude to account for the convergence of the
grid toward the poles.

Spensberger et al. (2020) demonstrated that geo-
potential variability does not necessarily align with jet-
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based variability. We thus contrast the dominant
intrinsic modes of jet variability with geopotential var-
iability and widely used variability indices for the
Northern Hemisphere. Specifically, we use the monthly
index time series for the NAO, the east Atlantic pattern
(EA), the PNA, and the west Pacific pattern (WP)
provided by the Climate Prediction Center (CPC) of
the National Oceanic and Atmospheric Administration
(NOAA),! and refer to them as ““canonical” variability
indexes. For the Northern Hemisphere, Table 1 provides
an overview of the correlation coefficients between the
EOF patterns derived for this study and the respective
canonical variability patterns.

For the Southern Hemisphere, the dominant variability
pattern is called the Antarctic Oscillation (AAO), which is
closely related to the SAM (Limpasuvan and Hartmann
1999). However, as Spensberger et al. (2020) found no
significant relation between SAM and the jet axis distri-
bution, we follow their recommendation and consider
each ocean sector of the Southern Hemisphere indepen-
dently. We will thus for the first time systematically
present sector-specific geopotential and jet variability
for the Southern Hemisphere.

We present both our jet-based and our geopotential-
based EOFs as regressions. The regression x,., of a
variable y against EOFj of variable ¢ is calculated based
on the instantaneous projection of ¢ on the EOF pat-
tern. We calculate the regressed fields for a variable y

N

Xieg = 2 [EOF ) 1x;. )

where i represents an index over all available time steps
N in the respective season and EOF;() is the jth spatial
EOF pattern for a variable ¢. If y; is the “instantaneous

! See http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/
nao.shtml.
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FIG. 5. Regressed jet axis distributions [average line length; km (1000 km) 2] based on (a),(b) EOF1 and (d),(e) EOF2 of (left) 700-hPa
geopotential and (center) the monthly jet axis distribution in the North Atlantic domain marked in green. All EOFs are for boreal winter.
The geopotential-based EOFs in (a) and (d) correspond to the NAO and the EA, respectively. Black contours show the winter mean wind
speed with an interval of 10 ms ™! starting at 30 ms ™!, and the blue-white lines connect maxima in the seasonal jet axis distribution. (c),(f)
700-hPa geopotential (m”s~?) regressed onto the jet axis-based EOFs (shading) of (b) and (e), respectively, and the corresponding
geopotential-based EOFs (contours; contour interval of 200 m; the outermost contours represent the +100-m isohypses). The label “ev”

indicates the respective explained variance of the underlying EOF.

jet axis distribution” [/[/A in the nomenclature of
Eq. (1)], we refer to the resulting x.q as the “‘regressed
jet axis distribution.” For simplicity, we will in the fol-
lowing refer to xyc, as the “EOF pattern of variable y” if
x = ¥ (i.e., if referring to a regression of a variable onto
its own EOF pattern).

a. North Atlantic

1) WINTER VARIABILITY

The two dominant modes of geopotential and sea
level pressure variability for the boreal winter (DJF)
represent the NAO and the EA (Wallace and Gutzler
1981), respectively. Both the geopotential and the jet-
based patterns leave a clear imprint on the regressed jet
axis distribution over the North Atlantic as well as on
the subtropical jet from Africa to Asia (Figs. 5a,b,d,e).
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The first EOFs are characterized by either a compara-
tively zonal and merged eddy-driven and subtropical jet
(cf.NAO") or a regime with a northward displaced eddy-
driven jet and a separate subtropical jet (cf. NAO™)
(Fig. 5a). Our patterns are thus consistent with the widely
recognized interpretation of the NAO as a latitudinal
shift of the North Atlantic jet (cf. Fig. 1a). In addition,
they also suggest that the NAO constitutes a covariability
of the eddy-driven and subtropical jet. For our EOFs, this
covariability of the subtropical jet leads to a latitudinal
shifting of the subtropical jet over the Asian continent
and west Pacific.

The imprint of our second EOF on the jet is struc-
turally very similar to that of the first, but latitudinally
shifted by about half the meridional extent of the
anomalies such that the patterns are nearly in quadra-
ture (cf. Figs. 5a,d). The tripole pattern in the jet axis
distribution over the U.S. East Coast indicates that the
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EA represents a pulsing-type variability in this region
(Fig. 5d). As Fig. 1b illustrates, a variation between a
stronger jet occurring in a spatially confined area, and a
weaker meandering jet yields a tripolar pattern in the jet
axis distribution. In the east Atlantic, however, the cli-
matological mean jet position (blue-white line) is located
in the center between two anomaly lobes of opposite sign,
indicating predominantly latitudinal shifting around the
climatological jet position (Fig. 5e¢). The reduced fre-
quency of jet detections to the south of the climatological
jet position is consistent with the pronounced anticyclonic
anomaly over the British Isles (cf. EA™) documented by
Wallace and Gutzler (1981). Similar to our first EOF, our
second EOF represents a covariabilty of the eddy-driven
and subtropical jet. In the geopotential-based EOF, the
subtropical jet consistently shifts from West Africa
throughout most of the Pacific sector (Fig. 5d) and thus
bears some resemblance to the first hemispheric EOF in
Strong and Magnusdottir (2008).

The intrinsic jet variability in the North Atlantic is
consistent with the canonical NAO and EA patterns and
indexes (Figs. 5b,e; Table 1). Naturally, the regressions
based on the jet axis-based EOFs lead to stronger
anomalies than those based on the geopotential-based
EOFs, but the spatial configuration and extent of the
anomalies is nearly identical. The main difference is the
anomaly over Asia, which is somewhat more diffuse in
the jet axis—based EOFs, in particular for the one cor-
responding to the EA (Fig. 5e). The regressions of the
jet axis—based EOFs onto geopotential recover the
canonical NAO and EA patterns (Figs. 5c.f). Overall,
the geopotential-variability-based patterns in the North
Atlantic thus capture the intrinsic variability of the
jet well.

The correspondence of the NAO and the EA to
either a latitudinal shifting or pulsing-type variability
is, however, less straightforward. The EA describes a
changeover from predominantly pulsing over the U.S.
East Coast toward latitudinal shifting over the east
Atlantic. Conversely, the NAO represents a clear lat-
itudinal shift of the jet over the U.S. East Coast, but
toward Europe the pattern becomes more tripolar, in-
dicating that a northward displaced jet over the U.S.
East Coast corresponds to a less meandering and hence
more intense jet over Europe (NAO™) and vice versa.

Our results are largely consistent with Athanasiadis
et al. (2010) and Wettstein and Wallace (2010), who
considered the intrinsic variability of the upper-level
zonal wind and meridional wind variance, as well as the
variance of midtropospheric geopotential. In all their
EOFs, the two dominant patterns clearly correspond to
the NAO and the EA, respectively, and the association
of the obtained variability patterns with either shifting
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or pulsing jet variability is rather straightforward.
However, each variable yields a different type of var-
iability for either the NAO or EA. Thus, their results
do not allow unequivocal characterization of the NAO
or EA as either a shifting or pulsing type of storm-track
variability. This ambiguity in pulsing and shifting is
in line with the results of Woollings et al. (2010),
who documented that both the NAO and the EA
represent a concomitant variability in the intensity
and the location of the maximum low-level winds
in the North Atlantic. It thus seems impossible to
uniquely associate either the NAO or the EA with
one of these conceptually well-founded archetypes
of storm track variability.

2) SUMMER VARIABILITY

The correspondence between geopotential and jet
variability applies also to summer variability in the
North Atlantic (Fig. 6). The first EOF again represents
the NAO, and the second the EA. The spatial patterns
of these patterns, however, differ between summer
and winter. Not only are the amplitudes of the anom-
alies, in particular for geopotential, considerably smaller
in summer compared to winter, but also the locations of
the anomalies differ. For example, the positive anomaly
of the NAO pattern is located at 45°W during summer,
but at around 20°W in winter (Figs. 5Sc and 6¢). Further,
in summer the positive geopotential anomaly in the
NAO pattern is part of a circumpolar, though not par-
ticularly annular, band of positive anomalies.

In addition, the association of the NAO and the EA
with shifting and pulsing-type variability appears dif-
ferent during summer than during winter. In the NAO-
like EOF1, the climatological mean jet axis marks the
center of a tripolar pattern, indicating pulsing associated
with the NAO during summer. Conversely, for the EA
the climatological mean axis appears centered between
the lobes of a dipole, suggesting an association of the EA
with latitudinal shifting during summer.

b. North Pacific

1) WINTER VARIABILITY

The canonical variability patterns over the North
Pacific are the Pacific-North America pattern and the
west Pacific pattern (Wallace and Gutzler 1981). The
order in which these patterns appear in an EOF anal-
ysis depends on the variable or diagnostic in question
(Lau 1988; Athanasiadis et al. 2010; Wettstein and
Wallace 2010) as well as on the exact definition of the
considered season (not shown). To be consistent with
our seasonal climatologies as well as the analyses for
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FIG. 6. As in Fig. 5, but for the summer.

the other ocean basins, we first diagnose the boreal winter
variability (DJF).

For this definition of winter, the dominant pattern for
both geopotential and jet axis variability corresponds to
the WP (Figs. 7a—c). Analogously to the North Atlantic,
the first pattern in the North Pacific describes a lat-
itudinal shift of the jet in the western part of the ocean
basin, and a pulsing-type tripole or double-jet structure
in the eastern part of the ocean basin (Figs. 7a,b). In
addition, the regression of geopotential onto the jet
axis—based EOF is structurally similar to the NAO with
a negative anomaly at subpolar latitudes accompanied
by a positive anomaly in the midlatitudes. The existence
of NAO-like variability in the North Pacific was already
suggested by Walker and Bliss (1932) and is consistent
with Wallace and Gutzler (1981), associating this NAO-
like variability with the WP. The regression of our jet
axis—based EOF onto geopotential is consistent with the
canonical WP (see Table 1), but the pattern is shifted
by approximately 20°-30° eastward toward the central
Pacific (Fig. 7c).
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The second EOFs of both the geopotential and the
jet axis distribution correspond to the PNA (Figs. 7d-f).
The regression of geopotential onto the jet axis—based
EOF is consistent with the variability of geopotential
itself, even though the subtropical anticyclonic anomaly
is less pronounced in the jet axis-based pattern (Fig. 7f).
From a jet axis perspective, both of our EOFs feature
a tripole pattern throughout the Pacific (Figs. 7d,e),
suggesting a comparatively clear-cut association of
these patterns with a pulsing-type variability (Eichelberger
and Hartmann 2007; Woollings et al. 2018) influenced
by tropical heating (Li and Wettstein 2012). It is thus
not surprising that the PNA has been shown to be
modulated by both ENSO (e.g., Renwick and Wallace
1996) and the MJO (e.g., Moore et al. 2010). Note,
however, that the climatological jet axis is not centered
on the central lobe of the tripole, suggesting a slight
component of latitudinal shifting associated with our
patterns in addition to the pulsing (Figs. 7d,e).

Considering the total jet axis distributions (not
shown), our second EOFs represent variations in how
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FIG. 7. As in Fig. 5, but for the North Pacific, where the two dominant EOFs correspond to the WP and the PNA, respectively.

far east the coherent and strong united eddy-driven and
subtropical jet extends across the North Pacific. During
the negative phase (cf. PNA ™), the jet axis distribution
becomes markedly broader eastward of the the date
line, indicating a meandering jet in the eastern Pacific. In
contrast, during their positive phase (cf. PNA™) the jet
distribution is focused on the climatological mean jet
position for most of the east Pacific.

Our results feature only minor deviations in the
location and strength of the anomaly lobes compared
to the canonical PNA and WP patterns. Further, our
results are in line with the documented variability of
the upper-level zonal wind, upper-level meridional
wind variance, and midtropospheric geopotential var-
iance (Athanasiadis et al. 2010; Wettstein and Wallace
2010). Correlations between our and the canonical in-
dexes are between 0.61 and 0.77 (Table 1).

A complicating factor for any study of North Pacific
winter variability is the midwinter suppression of storm
track activity (Nakamura 1992; Afargan and Kaspi 2017).
This suppression is most pronounced during January
and February, suggesting that the exact definition of
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the winter season can have a considerable impact
on the dominant variability patterns. Using DJF, we
largely characterize variability of the suppressed storm
track, whereas analyses based on extended winter
seasons [December—March in Athanasiadis et al. (2010);
November-March in Lau (1988) and Wettstein and
Wallace (2010)] inevitably include more of the storm
track transitions in and out of the suppressed state in
their patterns.

2) SUMMER VARIABILITY

In the Pacific, only the first EOF remains consistent
between summer and winter (Fig. 8). As in winter, the
first EOF marks a latitudinal shift of the jet over large
parts of the North Pacific and the Asian continent
(Figs. 8a—c). For the second EOF, however, geopotential
and jet axes represent different variability patterns
(Figs. 8d—f). Whereas the regression of the geopotential-
based EOF2 is also associated with a latitudinal shift of
the jet (Fig. 8d), the jet-based EOF?2 represents the ap-
pearance or disappearance of a subtropical jet over the
eastern North Pacific (Fig. 8e).
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FIG. 8. As in Fig. 5, but for the North Pacific and summer.

c. South Atlantic
1) WINTER VARIABILITY

The South Atlantic is characterized by a rather broad
band (30°-50°S) of moderate wind speeds without a
well-defined climatological maximum, which is most
likely associated with both the subtropical and eddy-
driven jet being frequently present in this ocean
basin (Figs. 4 and 9a,b). However, it is not straight-
forward to disentangle these two jet types in this
region, because a new storm track emerges in the lee
of the Andes at comparatively low latitudes [see
low-latitude cyclone detections for many schemes in
Neu et al. (2013)] and cyclogenesis spreading from
the subtropics to Drake Passage along the South
American east coast (Reboita et al. 2010). This broad
latitudinal spread of cyclogenesis is consistent with the
climatologically broad range of moderately strong wind
speeds between about 30° and 50°S and a vacillation
between a one-jet and a two-jet state in the South
Atlantic.
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The leading EOFs of geopotential and jet axis distri-
bution do not bear any strong similarities (cf. Fig. 9a
with Fig. 9b, and Fig. 9d with Fig. 9¢). While the jet axis—
based EOFs have a comparatively zonally symmetric
structure (Figs. 9b,e), the regression of the jet axis dis-
tribution onto the geopotential-based EOFs features
pronounced zonal asymmetries (Figs. 9a,d). Conversely,
the regression of geopotential onto the jet axis—based
EOFs yields rather weak anomalies that do not corre-
spond to the intrinsic geopotential variability (Figs. 9c,f).

The discrepancy between the geopotential and jet
axis—based perspectives on South Atlantic variability
indicates either that the chosen variables are not the
most pertinent for this region or that the boundaries of
the region are chosen such that they do not capture the
dominant physical processes. Given the conceptual and
physical importance of the selected storm track metrics,
the choice of the metrics is an implausible explanation
for the discrepancy. Regarding the choice of the region,
Spensberger et al. (2020) reported analogous results for
an annular domain covering the southern midlatitudes,
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FIG. 9. As in Fig. 5, but for the South Atlantic and austral winter.

which also renders the choice of the region an unlikely variability is expressed as a dipole with one anomaly
explanation for the discrepancy. lobe covering most of Antarctica and the other lobe in
Consequently, the most likely reason for the discrepancy ~ the South Atlantic midlatitudes (Fig. 10c). The midlat-
is the choice of the method. Although an EOF analysis itude anomaly goes along with hints of an annular
successfully identifies variability patterns in the Northern structure in the midlatitudes, made up by some traces of
Hemisphere, EOFs may not inevitably yield physically similar anomalies in the south Indian Ocean and the
meaningful variability patterns for all ocean sectors, irre-  South Pacific. From a jet perspective, this pattern mostly
spective of the chosen variable. Alternative approaches represents a latitudinal shift of the eddy-driven jet in the
such as cluster analysis as well as indices based directly on ~ South Atlantic (Figs. 10a,b), as the climatological jet po-
physical processes might prove to be more insightful for sition is generally centered between two anomaly lobes.
this region. For example, the documented preferred lati- The shifting pattern is clearly concentrated in the South
tudes of cyclogenesis along the South American east coast  Atlantic, but extends also well into the south Indian Ocean
(Reboita et al. 2010) might provide the basis for a regime when the EOF is based on geopotential (Fig. 10a).
index analogous to the Woollings et al. (2010) North The respective second EOFs of the jet axis distribu-
Atlantic jet latitude index. Alternatively, a more thorough tion and geopotential again point to different kinds of
classification into weather regimes could be used to iden-  variability (Figs. 10d—f). From a jet perspective, the
tify consistent variability patterns (e.g., Grams et al. 2017).  second EOF represents a latitudinal shift in the eastern
half of the domain that is associated with a dipole in
geopotential (Fig. 10e, shading in Fig. 10f). In contrast,
In contrast to winter, the respective first EOFs of geo-  the second EOF of geopotential is a monopole (contours
potential and jet variability during summer point to the in Fig. 10f), associated with a tripole in the jet axis dis-
same kind of variability (Figs. 10a—c). In geopotential, this  tribution (Fig. 10d).

2) SUMMER VARIABILITY
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FIG. 10. As in Fig. 5, but for the South Atlantic and austral summer.

d. South Indian Ocean

1) WINTER VARIABILITY

Both leading jet-based EOFs in the south Indian
Ocean represent a latitudinal shift of the subtropical jet
(Figs. 11b,e), where an equatorward shift of the sub-
tropical jet is associated with the appearance of a sepa-
rate eddy-driven jet in EOF1 (Fig. 11b) and with with an
equatorward shift of the eddy-driven jet in EOF2 (Fig. 11e).
The latitudinal shift of the subtropical jet is associated with
weak geopotential anomalies (Figs. 11c,f). For EOF1, a
pronounced anticyclonic anomaly in the midlatitudes extends
far enough equatorward to slightly decrease the geopotential
gradient on the poleward side of the climatological subtrop-
ical jet position (Fig. 11c). For EOF2, a slightly weakened
subtropical anticyclone is associated with a poleward shift of
the subtropical jet, while a more pronounced midlatitude
anticyclone displaces the eddy-driven jet (Fig. 11f).

The respective leading patterns of geopotential and
jet axis variability yield consistent projections on
geopotential and the jet axis distribution (Figs. 11a—c).
The correspondence between jet axis and geopotential
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variability for EOF1 makes the pattern a candidate to
further investigate the physical mechanisms driving var-
iability in the south Indian Ocean sector (Spensberger
et al. 2020). A similar latitudinally shifting variability was
also found by Ogawa et al. (2016), although their pattern
features stronger zonal asymmetries.

2) SUMMER VARIABILITY

The first EOFs representing south Indian Ocean summer
variability are consistent with each other (Figs. 12a—) and
structurally similar to the respective patterns for the South
Atlantic (Figs. 10a—). As in the South Atlantic, the pattern
represents a latitudinal shift of the eddy-driven jet
(Figs. 12a,b) and a dipole in geopotential between the
Antarctic continent and the midlatitudes (Fig. 12c). Asin the
South Atlantic, there are traces of an annular structure in
the midlatitude geopotential anomalies. However, in con-
trast to the South Atlantic, the eddy-driven jet in the south
Indian Ocean is hardly correlated with other ocean sectors.

These findings are partly in line with the discussion
of winter SAM in Spensberger et al. (2020). As during
winter, these patterns in the South Atlantic and south
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FIG. 11. As in Fig. 5, but for the south Indian Ocean and austral winter.

Indian Ocean exhibit stronger hemispheric correlations  during summer. These differences suggest that, in con-
for geopotential than for the jet axis distribution, and trast to winter, there might be a relation between SAM
for geopotential over Antarctica than geopotential and the Southern Hemisphere summer storm track.
in the midlatitudes. These parallels suggest that the The respective second EOFs of summer variability in
Spensberger et al. (2020) interpretation of winter SAM  the south Indian Ocean again point to different kinds of
might at least partly apply also during summer. They variability. The second jet-based EOF is the only jet-
interpreted SAM as predominantly capturing sea level based EOF in this study with marked zonal asymmetries
pressure and temperature variations along the Antarctic  across the domain. The pattern is associated with a clear
coastline and over the Antarctic continent. wave train in geopotential, although the jet axis distri-
Nevertheless, there are important differences be- bution fits neither the latitudinal shifting nor the pulsing
tween winter SAM and the summer patterns discussed archetypes and is thus difficult to interpret. In contrast,
here. First and foremost, during winter Spensberger the geopotential-based second EOF constitutes a weak
et al. (2020) found hardly any correlation between SAM  dipole in geopotential associated with a pulsing tripole
and the jet axis distribution, whereas the first summer centered on the eddy-driven jet.
EOFs in the South Atlantic and south Indian Ocean e. South Pacific
both exhibit a covariability of the jet and the geo-
potential. Further, during winter, the hemispheric cor-
relations in geopotential vanish when Antarctica is
excluded from the EOF domain (Spensberger et al. As documented by Spensberger et al. (2020), the
2020). We use the same cutoff latitude (65°S) here asin  closest correspondence between geopotential and jet
Spensberger et al. (2020), but nevertheless uncover axis—based variability in the Southern Hemisphere is for
large-scale geopotential variations over Antarctica the leading EOFs in the Pacific sector. Analogously to

1) WINTER VARIABILITY
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FIG. 12. As in Fig. 5, but for the south Indian Ocean and austral summer.

the NAO and the WP (Figs. 5a—c and 7a—c), the leading
EOF represents predominantly a latitudinal shifting in
the western part of the ocean basin, which gradually
changes character toward predominantly pulsing in the
eastern part (Figs. 13a—c). Both the leading EOFs in the
South Pacific and the NAO are associated with a pro-
nounced dipole in geopotential (Figs. 5¢c and 13c).
Comparing the jet axis and geopotential-based vari-
ability in the South Pacific, the jet axis—based EOF
emphasizes variability toward the end of the storm
track, but the overall structure is very consistent
(Figs. 13a—c).

Spensberger et al. (2020) show that the time series
of this leading pattern of South Pacific variability is
highly correlated with the first mode of the Pacific—
South America pattern (PSA) (Lau et al. 1994;
O’Kane et al. 2017). However, in contrast to the NAO,
Lau et al. (1994) interpret the two modes of the PSA as a
moving wave train in the South Pacific. This interpre-
tation is inconsistent with our results, as we do not find
an equivalent to PSA2 in the South Pacific based on jet
axis variability, even though our EOF domain encom-
passes the wave trains documented by Lau et al. (1994).
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For the respective second EOFs in the Pacific sector,
the geopotential and jet axes again yield different pat-
terns of variability (Figs. 13d-f). The correspondence of
the regressions is weak and the jet axis-based and
geopotential-based EOFs project on different structures
in the jet axis distribution (Figs. 13d—f). The jet axis—
based EOF?2 yields a latitudinally shifting pattern of the
subtropical jet throughout the South Pacific. When
shifted equatorward, the subtropical jet is more fre-
quently accompanied by a separate eddy-driven jet be-
tween 45° and 60°S. In contrast, the imprint of the
geopotential-based EOF2 on the subtropical jet is zon-
ally asymmetric (Fig. 13d), associated with the wave
train in geopotential (Fig. 13f), with no coherent signal
associated with the eddy-driven jet. Despite the wave train—
like appearance of the geopotential-based EOF2 (contours
in Fig. 13f), Spensberger et al. (2020) documented a weak
correlation (0.42) of the corresponding index time series
with PSA2.

2) SUMMER VARIABILITY

For the South Pacific summer (Fig. 14), we do not find
an equivalent to the SAM-like patterns we observed for
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FIG. 13. As in Fig. 5, but for the South Pacific and austral winter, where Spensberger et al. (2020) reported a correlation of 0.69 between
EOF1 and the first mode of the Pacific-South America pattern (PSA1).

the South Atlantic and the south Indian Ocean. Indeed,
for neither of the leading two EOFs do we find a cor-
respondence between geopotential and the jet axis dis-
tribution. This difference between the South Pacific and
the other ocean sectors in the Southern Hemisphere
challenges our interpretation of the South Atlantic and
south Indian Ocean patterns as representing some as-
pect of SAM during summer. Either the relation be-
tween our patterns in these sectors and summer SAM is
weak, or the name ‘‘annular mode” is misleading in that
the mode of variability primarily arises from two ocean
sectors rather than the entire hemisphere.

5. Influence of tropical variability

Tropical variability has been shown to significantly
impact storm tracks (e.g., Moore et al. 2010; Li and
Wettstein 2012; Schemm et al. 2016, 2018). We therefore
discuss the impact of El Niflo—Southern Oscillation
(ENSO) and the Madden—Julian oscillation (MJO) on
the jet axes and storm tracks in both hemispheres. We
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base our analyses on the second version of the multi-
variate ENSO index (MEILV2) of Zhang et al. (2019),
and the Wheeler and Hendon (2004) MJO index.

a. Correlation with ENSO

In both hemispheres, ENSO leaves a clear imprint
on the jet axis distribution during boreal winter
(Figs. 15a,b). The most pronounced anomalies occur in
the Northern Hemisphere, constituting an equatorward
shift of the subtropical jet from East Africa throughout
Asia and into the western Pacific during ENSO™. This
latitudinal shift is associated with a comparatively
weaker and more diffuse tripole pattern over the eastern
North Pacific (Fig. 15a), similar to the pulsing tripole
observed for the PNA (Figs. 7d,e). The ENSO-related
tripole is, however, located farther eastward than the
one related to the PNA. Nevertheless, the similarity is
consistent with the results of Renwick and Wallace
(1996), who documented a covariability of ENSO and
the PNA together with a tendency for more frequent
blocking in the eastern North Pacific during ENSO ™.
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FIG. 14. As in Fig. 5, but for the South Pacific and austral summer.

In the Southern Hemisphere, the strongest signal
during boreal winter appears in the tropical South
Pacific centered around 10°S (Fig. 15b). This signal is
associated with the regular occurrence of westerlies
throughout the tropics, which is referred to as the
westerly duct as it allows the propagation of Rossby
waves across the equator (Webster and Holton 1982;
Hoskins and Ambrizzi 1993). Consistently with Manney
et al. (2014) and Manney and Hegglin (2018), the
strongly negative anomaly associated with ENSO™
(Fig. 15b) suggests that the westerly duct preferentially
occurs during phases of La Nifia (ENSO ™). This relation
is consistent with the finding of Waugh and Polvani
(2000), who document a reduced frequency of intrusions
of midlatitude air toward the westerly duct during
ENSO™, suggesting that El Nifio events reduce, or po-
tentially even block, the interhemispheric communica-
tion through the westerly duct.

During austral winter, ENSO mainly affects the
Southern Hemisphere jet axis distribution (Fig. 15d) and
the signal in the Northern Hemisphere is weak and in-
coherent (Fig. 15c). The effect on the Southern
Hemisphere is mostly analogous to the effect on the
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Northern Hemisphere boreal winter jet axis distribution
(Fig. 15a), although more diffuse. Starting in the
Atlantic, throughout the Indian Ocean, up to the west-
ern South Pacific, the subtropical jet shifts equatorward
during ENSO™ (Fig. 15d). This latitudinal shift is asso-
ciated with a pulsing tripole in the eastern Pacific with a
more focused single jet during ENSO™ (Fig. 15d). The
full jet axis distribution indicates a tendency for a
double-jet structure in the eastern South Pacific during
ENSO™ (not shown).

b. Correlation with the MJO

The response of the jet distribution to the MJO is
broadly similar to that of ENSO (Figs. 15 and 16). As for
ENSO, the response in the Northern Hemisphere is
largely limited to boreal winter (Figs. 16a,c). Over East
Africa and the Asian continent, the jet predominantly
shifts poleward with an active MJO in the region
(Fig. 16a). Over the North Pacific, the jet predomi-
nantly displays a pulsing-type variability with a stron-
ger more focused jet and amplified tropical convection
over the central Pacific during MJO phase 7 compared
to phase 3.
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FIG. 15. Difference in the jet axis distribution [average line length; km (1000 km) 2] between the positive and
negative phases of the multivariate ENSO index (MELv2; Zhang et al. 2019) for (a),(b) DJF and (c),(d) JJA for the
(left) Northern and (right) Southern Hemisphere. Black contours show the winter mean wind speed with an interval

of 10ms™! starting at 30ms ™"

Despite these parallels, the pulsing tripole in response
to the MJO is considerably more focused than that in
response to ENSO (Figs. 15a and 16a). The response to
the MJO is comparable in scale to the PNA, but is fo-
cused more on the east Pacific (Figs. 7d,e). Consistent
with the results of Moore et al. (2010) and Henderson
et al. (2016), this indicates a clear tendency toward the
positive phase of the PNA during amplified tropical
convection in the Pacific sector. Conversely, the undu-
lating or double-jet structure in the eastern half of the
North Pacific is related to amplified convection over
the eastern Indian Ocean, which is consistent with the
simultaneously increased frequency of blocks in the
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eastern North Pacific (Moore et al. 2010; Henderson
et al. 2016).

Similar to ENSO, the strongest signal in the Southern
Hemisphere summer is associated with the modulation
of the occurrence of the westerly duct (Fig. 16b). In the
subtropics and midlatitudes, the signal is less coherent
with only a weak tendency for a latitudinal shift of the
subtropical jet around Australia. During austral winter,
however, the signal associated with the westerly duct
disappears and the signal associated with the subtropical
jet sharpens (Fig. 16d). The subtropical jet is located
more equatorward over Australia and the western
Pacific during phase 3 than during phase 7 of the MJO.
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FIG. 16. As in Fig. 15, but for phase 3 minus phase 7 of MJO index of Wheeler and Hendon (2004).
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In addition, there is a tendency for a more poleward
location of the subtropical jet in the eastern Pacific and
the South Atlantic sector (Fig. 16d). Together, these
latitudinal shifts in opposite direction and at opposite
longitudes suggest an overall displacement of the an-
nular westerly circulation around Antarctica toward or
away from the Australian sector.

Despite the clear parallels in the spatial structures
associated with the jet response to ENSO and the MJO,
the hemispheres differ in the sign of the response. In the
Northern Hemisphere, the response to ENSO is most
similar to MJO phase 7 with a reversed sign in Fig. 16a
compared to Fig. 15a. In contrast, the jet response to
ENSO in the Southern Hemisphere is most similar to
MJO phase 3 (Figs. 15b,d and 16b,d). Forcing-wise,
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ENSO™ is similar to MJO phase 7, as both are associated
with increased convection in the central tropical Pacific
as well as decreased convection over the eastern Indian
Ocean and Maritime Continent. The similarities in
forcing most likely explain the similarities in the north-
ern hemispheric response to ENSO and the MJO. The
antisymmetry documented for the Southern Hemisphere,
however, cannot be explained that way.

Studies relating the MJO and the Southern
Hemisphere storm track are unfortunately compara-
tively scarce. Fukutomi and Yasunari (2014) investi-
gated the effect of the storm track over the south Indian
Ocean on the initiation of MJO events, but we are not
aware of any studies considering effects of the MJO on
the Southern Hemisphere storm track. The presented
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discrepancies in the Southern Hemispheric response to
the MJO and ENSO call for a more systematic investi-
gation of tropical-extratropical interactions in both
hemispheres.

6. Conclusions

We presented a climatology as well as the variability
of jets based on an automated detection scheme for jet
axes. Although closely related, jet axes differ from most
diagnostics of the storm track in that they provide a si-
multaneous view on both the eddy-driven and
subtropical jet.

In the midlatitudes, the climatology and seasonal cy-
cle of the jet axis distribution are broadly consistent with
those of other storm track diagnostics. In line with ear-
lier findings, the spiraliform structure of the storm tracks
indicated by the jet axes suggests a gradual transition of
initially subtropical jets toward more and more eddy-
driven jets in conjunction with their poleward propa-
gation. Rather than distinct categories, it might thus be
more appropriate to regard the eddy-driven and sub-
tropical archetypes as two limits in a spectrum of pos-
sible jet types.

In the Northern Hemisphere, jet axis—based variabil-
ity is consistent with canonical geopotential-based var-
iability patterns as well as the variability of common
storm track diagnostics. Despite the consistency be-
tween the geopotential and jet axis—based perspectives,
the latter indicates some novel aspects about Northern
Hemisphere variability. First, the midlatitude jet vari-
ability described by the NAO and the EA is associated
with variability of the North African subtropical jet. This
covariability of the subtropical jet extends downstream
all the way to East Asia. Second, with the exception of
the PNA, none of the Northern Hemisphere variability
patterns can be uniquely associated with either a lat-
itudinal shifting or a pulsing type of jet variability. In
contrast, the NAO and WP change in character from a
latitudinal shifting-type variability toward a pulsing-
type variability across the respective ocean basins.
Analogously, the EA represents predominantly pulsing
in the western Atlantic, but predominantly shifting in
the eastern Atlantic. Consequently, it seems unlikely
that any of the NAO, EA, or WP patterns can be strictly
associated with either eddy or tropical driving.

We identified a rather weak correspondence between
jet axis and geopotential variability in the Southern
Hemisphere. During winter, we only found consistent
patterns for the dominant modes of variability in the
South Pacific and, to a lesser extent, in the south Indian
Ocean. The South Pacific mode of variability is struc-
turally very similar to both the NAO and the WP.
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During summer, we identified patterns in the South
Atlantic and south Indian Ocean, respectively, that might
be related to SAM. We however found no equivalent in
the South Pacific, which calls into question either the
association of SAM with these patterns or the annular
nature of summer SAM.

Finally, we showed how tropical variability associated
with ENSO and the MJO modulates the jet distribution
in both hemispheres. For the Northern Hemisphere, our
results are in line with previous analyses and highlight
interactions between the tropics and the subtropical jet
over Asia and the North Pacific. The imprint of tropical
variability on the jet can, however, be markedly differ-
ent in the Southern Hemisphere. For example, during
MJO phase 3, the jet is deflected poleward over Africa
and Asia during boreal winter compared to phase 7,
whereas it is deflected equatorward over Australia
during austral winter.

Opverall, our analyses call for further investigation of,
in particular, the Southern Hemisphere storm track.
Both sector-wise storm track variability and the inter-
action with the tropics exhibit marked differences
compared to the Northern Hemisphere, and appear so
far largely unexplored. Further, EOF analyses appear to
be considerably less likely to yield physically mean-
ingful results in the Southern Hemisphere than in
the Northern Hemisphere. We might thus need
new approaches to better characterize the southern
storm track in order to gain a better dynamical
understanding.
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