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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 Þndings
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, conÞrming 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 PaciÞc 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

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), airÐ
iceÐsea 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 deÞne the location of
the jet on shorter time scales (e.g., Fig. 4 ofSpensberger
et al. 2017). Further, Spensberger et al. (2020)docu-
mented that geopotential-based variability patterns are

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 conÞned 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 deÞne 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
deÞned in this way typically encompass several to many
distinct wind speed maxima. Consequently, jet bodies
potentially mask essential features associated with in-
ternal ßow structures.
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Other schemes track meridional maxima of zonal
wind, allowing for zonal discontinuities and highlighting
key aspects of the ßow 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 theSpensberger
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 PaciÞcÐNorth 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 Þnding 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 PaciÞc, Eichelberger and Hartmann

(2007) and Li and Wettstein (2012) identiÞed two domi-
nant modes of month-to-month jet variability: Þrst, 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
(ÔÔeddy forcingÕÕ) versus externally driven variability
induced by the Hadley circulation (ÔÔtropical forcingÕÕ)
(Li and Wettstein 2012). While Wettstein and Wallace
(2010) and Athanasiadis et al. (2010) conÞrmed 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 Þrst 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
PaciÞc 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

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.
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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 Þrst 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 1979Ð2018, interpolated
onto a 0.58 3 0.58horizontal grid ( Dee et al. 2011). We
use the data on preinterpolated pressure levels and the
6 2-PVU surface (where 1 PVU 5 102 6m2s2 1K kg2 1),
as provided by the European Centre for Medium-Range
Weather Forecasts (ECMWF).

We detect jet axes using the algorithm ofSpensberger
et al. (2017) without modiÞcations, where we use a
detection threshold of K 5 2 5.5 3 102 9 s2 2 to iden-
tify well-deÞned wind maxima in the instantaneous
wind Þeld. As in Spensberger et al. (2017)we spec-
trally truncate the input wind Þeld 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; Rivi ère
2009; Barnes and Hartmann 2012).

Based on these jet detections, we construct time-
average and composite ÔÔjet axis distributionsÕÕg,

g 5
1

AN
�
N

i5 1
li , (1)

where N is the number of time steps included in the
average or composite,A is the area covered by a grid
cell, and li 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.

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 andManney
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 [deÞned similarly toKoch
et al. (2006)] 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
PaciÞc 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 PaciÞc Ocean in the Northern Hemisphere and from
the Indian to the PaciÞc Ocean in the Southern
Hemisphere. Further, in both hemispheres, the sub-
tropical and eddy-driven jet in the east PaciÞc merge
over the American continent into one jet in the west
Atlantic. These mergers suggest that the Atlantic sector
can be inßuenced by disturbances originating in both the
subtropical and the extratropical PaciÞc. 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 PaciÞc 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 PaciÞc, 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 PaciÞc (Fig. 2b).
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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 PaciÞc (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 AsianÐPaciÞc jet is very zonal and
only displays a poleward tilt in the east PaciÞc close to
the North American coastline.

The jet detection schemes ofKoch 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 ofManney
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

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-
Þltered 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.

FIG . 2. Annual average jet axis distribution [average line length; km (1000 km)2 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.
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