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Abstract

A feature-based metric of the waviness of the wintertime, Northern Hemisphere polar and subtropical jets is developed and
applied to three different reanalysis data sets. The analysis first identifies a “core isertel” along which the circulation per unit
length is maximized in the separate polar (315:330K) and subtropical (340:355K) jet isentropic layers. Since the core isertel
is, by design, an analytical proxy for the respective jet cores, the waviness of each jet is derived by calculating a hemispheric
average of the meridional displacements of the core isertel from its equivalent latitude - the southern extent of a polar cap
whose area is equal to the area enclosed by the core isertel. Analysis of the seasonal average waviness over the time series of the
various data sets reveals that both jets have become systematically wavier while exhibiting no trends in their average speeds.
The waviness of each jet evolves fairly independently of the other in most cold seasons and the slow northward creep of the
polar jet is statistically significant. Finally, comparison of the composites of the waviest and least wavy seasons for each species

reveals that such interannual variability is manifest in familiar large-scale circulation anomalies.



PLAIN LANGUAGE SUMMARY

Among the most common structural features of the earth’s atmosphere are the narrow,
meandering ribbons of maximum wind speed known as the jet streams. On any given winter
day, there are usually two such jet streams; one located at ~9 km (the polar jet) and another,
further south, located at ~12 km (the subtropical jet). These jet streams are both important
weather producing features as well as influential governors of regional climate. This study
considers trends in the wintertime waviness of the two jets as portrayed in three different data
sets with long time series. The analysis reveals three important results. First, the waviness of
both jets has been systematically increasing since ~1960. Second, despite their increasing
waviness, the maximum speed of both jets has hardly changed. Third, the polar jet has been
creeping slowly, but persistently, poleward over the last several decades. All three of these
results are consistent with predictions that have recently been made about the behavior of the jets

in a warmer climate and thus offer observational support for these forecasts.
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KEY POINTS

* The tropopause-level, polar and subtropical jet streams are becoming increasingly wavy during
NH winter.

* Despite the increase in waviness, the speed of the jets has remained nearly constant.

* The polar jet is slowly, but systematically, creeping poleward in accord with climate model
projections.
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ABSTRACT

A feature-based metric of the waviness of the wintertime, Northern Hemisphere polar and
subtropical jets is developed and applied to three different reanalysis data sets. The analysis first
identifies a “core isertel” along which the circulation per unit length is maximized in the separate
polar (315:330K) and subtropical (340:355K) jet isentropic layers. Since the core isertel is, by
design, an analytical proxy for the respective jet cores, the waviness of each jet is derived by
calculating a hemispheric average of the meridional displacements of the core isertel from its
equivalent latitude - the southern extent of a polar cap whose area is equal to the area enclosed
by the core isertel. Analysis of the seasonal average waviness over the time series of the various
data sets reveals that both jets have become systematically wavier while exhibiting no trends in
their average speeds. The waviness of each jet evolves fairly independently of the other in most
cold seasons and the slow northward creep of the polar jet is statistically significant. Finally,
comparison of the composites of the waviest and least wavy seasons for each species reveals that

such interannual variability is manifest in familiar large-scale circulation anomalies.
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1. Introduction

Among the most ubiquitous structural features of the Earth’s atmosphere are the narrow,
tropopause-level wind speed maxima known as jet streams or jets. These jets, often found nearly
girdling the globe while exhibiting large meridional meanders, are the primary phenomena at the
interface between synoptic-scale weather systems and the large-scale circulation. Consequently,
they play a substantial role in the production of sensible weather in the mid-latitudes while
serving as particularly influential governors of regional climate. Decades of observational work
has identified two main varieties of jets, distinguished by their underlying dynamical origins.
The polar jet (POLJ) forms as a result of eddy momentum flux convergence associated with the
development of mid-latitude baroclinic waves (e.g. Held 1975; Rhines 1975; Panetta 1993) and
is connected, via the thermal wind relationship, to the troposphere-deep baroclinicity of the
middle latitudes. The subtropical jet (STJ) forms in response to angular momentum transport by
the thermally direct Hadley circulation (Held and Hou 1980) and is, therefore, tied to the
poleward edge of the tropical Hadley Cell. As a consequence of their different origins, the POLJ
and STJ are often widely separated by latitude as well as elevation. The Northern Hemisphere
(NH) jet stream has centers of maximum intensity located over the western Atlantic and western
Pacific Oceans with the wintertime Pacific jet extending from East Asia to the date line. Unlike
the Atlantic jet, the wintertime Pacific jet is regularly characterized by a collocation (or vertical
superposition) of POLJ and STJ components and thus is often a hybrid feature (e.g. Christenson
et al. 2017).

Both species of jets reside near the tropopause — the thermodynamic boundary that

separates the stratosphere from the troposphere. The tropopause is characterized by strong first
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order discontinuities in static stability, the mixing ratios of certain chemical constituents, as well
as potential vorticity (PV). Importantly, the tropopause does not occur at a uniform height over
the entire hemisphere nor does it exhibit a monotonic slope with latitude. Instead, as first
identified by Defant and Taba (1957), there is generally a three-step structure in tropopause
height from equator-to-pole with local regions of steep slope occurring at successively lower
elevation with increasing latitude.

These local maxima in slope are also regions of large PV gradient on isentropic surfaces.
This PV gradient serves as the restoring force for Rossby waves, the ubiquitous, planetary-scale
ridge-trough couplets that are primarily responsible for the production of organized weather
systems in the extratropics. Morgan and Nielsen-Gammon (1998) demonstrated the utility of
maps of 0 and wind speed on the so-called dynamic tropopause (defined as a surface of constant
Ertel (1942) PV) for diagnosing weather systems. In this framework, the maxima in tropopause
slope become regions of large PV gradient on isentropic (potential temperature, or 0) surfaces, or
large 0 gradient on isertelic (constant PV) surfaces, and are theoretically (Hoskins et al. 1985,
Cunningham and Keyser 2004) and empirically (Hoskins and Berrisford 1988, Davies and Rossa
2008) linked to the tropopause-level jet cores.

The behavior of the jets in a warmer climate has been a topic of considerable research
effort recently. The consensus view is that a robust poleward displacement of the jet axes will
likely characterize a warmer world (e.g. Yin 2005, Miller et al. 2006, Swart and Fyfe 2012,
Woollings and Blackburn 2012, Barnes and Polvani 2013). In addition, attempts have been
made, by various methods, to assess the waviness of the mid-latitude flow containing the jets.
Particularly at issue in recent years has been attribution of any such changes to the enhanced

lower tropospheric warming at high latitudes known as Arctic amplification (Serreze et al. 2009,
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Screen and Simmonds 2010 and 2013, Francis 2017, Francis et al. 2018, Vavrus 2018). Nearly
all such attempts have employed analysis metrics involving geopotential height contours or
horizontal wind components in the middle and upper troposphere (e.g. Francis and Vavrus 2012
and 2015, Barnes 2013, Chen et al. 2015, DiCapua and Coumou 2016, Martineau et al. 2017).
However, considered from a PV perspective, the flow at 500 hPa is often strongly influenced by
near surface thermal contrasts (i.e. dynamically equivalent to low-level PV gradients following
Bretherton (1966)), internal diabatic processes and tropopause-level PV anomalies (Hoskins et
al. 1985, Davis and Emanuel 1991). Thus, though the 500 hPa flow often exhibits similarities to
the jet stream flows at higher altitudes, because it is shaped by these lower tropospheric and
diabatic influences to a greater extent than the tropopause-level flow, it might be expected that
tropopause-level jet waviness would differ noticeably from that of the mid-troposphere.
Consistent with this presumption and, despite a number of recent innovations in objective
identification of the jet streams themselves (e.g. Schiemann et al. 2009, Manney et al. 2011,
Limbach et al. 2012, Christenson et al. 2017), agreement on whether or not substantial changes
in jet waviness have been detected does not yet exist (Barnes and Screen, 2015). Underlying this
lack of consensus is the absence of a robust method of assessing the waviness of the tropopause-
level jets. Without regard to the question of possible links to Arctic amplification, the goals of
the present paper are limited to describing a method for separately quantifying the waviness of
the subtropical and polar jets and examining recent trends in both.

The paper is organized as follows. A theoretical and observational background to the
methodology used in the study is given in Section 2 along with a description of the data sets
used. In Section 3 aspects of the long-term trend and interannual variability of the waviness of

the Northern Hemisphere, cold-season subtropical and polar jets are considered. Included here
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are analyses of the differences in the composite, large-scale dynamic and kinematic structures
associated with the waviest and least-wavy cold seasons in both species of tropopause-level jets.

A summary and conclusions, including suggestions for future work, are offered in Section 4.
2. Data and Methodology

In this study, the waviness of the two species of tropopause-level jets is assessed in the
context of understanding their relationships to the gradient of PV in prescribed isentropic layers.
Christenson et al. (2017) presented an objective method for identification of the separate polar
and subtropical jets in 6/PV space. They argued that the Northern Hemisphere cold season
(NDJFM) polar (subtropical) jet core lies on the equatorward, or low PV, edge of a strong PV
gradient in the 315:330 K (340:355K) isentropic layer. Justification for the PV gradient/jet
relationship follows from consideration of the quasi-geostrophic potential vorticity (QGPV)

following Cunningham and Keyser (2004). Recalling that QGPV is given by

1 d

4 =220+ f+-(232) =A@ + f

2
(where A = fiV2 + % (%)) % + %;—pz and ¢ is the geopotential), the cross-jet gradient of QGPV

(% where 7 is the cross-flow direction in natural coordinates) can be expressed as

o= A(38) = ACrY) (1)
after substituting from the natural coordinate expression for the geostrophic wind. Thus, local
maxima in the cross-flow gradient of QGPV are collocated with maxima in the geostrophic wind
speed. The analysis of Davies and Rossa (1998) offers empirical justification for confident

extension of this relationship to gradients in Ertel (1942) PV.
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In the foregoing analysis we employ the zonal (1) and meridional (v) winds as well as
temperature (7) at 6h intervals from three different reanalysis data sets: NCEP/NCAR, JRA-55
and ERAS reanalyses. We use 66 winters (1948 to 2013) of National Centers for Environmental
Prediction (NCEP) — National Center for Atmospheric Research (NCAR) reanalysis. The
NCEP-NCAR reanalysis data are available at 17 isobaric levels to 10 hPa on a 2.5° latitude-
longitude grid (Kalnay et al. 1996; Kistler et al. 2001). We employ 60 winters (1958-2017) of
the Japanese 55-year (JRA-55) reanalysis with data on 60 vertical levels up to 0.1 hPa on a
horizontal grid mesh of ~55 km (Kobayashi et al. 2015). The ERAS data are on 137 vertical
levels from the surface to 80 km with grid spacing at ~31 km covering the period from 1979-
2018 (Copernicus Climate Change Service, CS3, 2017). As will be shown presently, the analysis
method involves assessment of the circulation which requires calculation of contour length.
Consequently, fair comparison among the data sets is best made by adopting a uniform
horizontal grid spacing. Therefore, all three data sets were bilinearly interpolated onto isentropic
surfaces at 5-K intervals (from 300 to 370 K) and 2.5° latitude-longitude grid spacing using
programs within the General Meteorological Analysis Package (GEMPAK) (desJardins et al.
1991). The average PV and average zonal and meridional wind speeds in both the polar jet
(315:330 K) and subtropical jet (340:355K) layers were then calculated four times daily for
every day in the trio of time series.

By virtue of the fact that the jets are always located in a region of strong PV gradient, a
reasonable proxy for the axis of maximum wind speed (or “core”) of each jet is, on any given
day, one of several isertels within the strong gradient region. We shall refer to this particular
isertel as the “core isertel” and note here that it need not have the same value from one day to the

next. We seek to quantify the daily departure from zonality of such core isertels in each jet layer
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as a means of directly assessing the waviness of the jet. In order to perform this analysis, we
first consider the circulation

C=4¢U-di
along isertels ranging from 0.5 to 5.0 PVU (at 0.1 PVU intervals, 1 PVU =10°m? K kg'' s! ) in
each jet layer on every day in each time series. The core isertel in each layer on a given day is
the isertel along which the average |l7 | per unit length is maximized. Examples illustrating the
utility of this method for identifying the meandering cores of the subtropical and the polar jets
are provided in Figs. 1 and 2, respectively. Note that the “stray” jet core in Fig. 1d, an isolated
wind speed maxima far removed from the core isertel in the subtropical (340:355 K) layer, is
actually the vertical extension of an obvious polar jet core in the underlying 315:330 K layer
(Fig. 2d). Conversely, the “stray” wind speed maxima over the Middle East and the Himalaya in
Fig. 2d is the lower portion of the subtropical jet core, identified in the 340:355 K layer (Fig. 1d).
Throughout the time series, a large fraction of such seemingly disconnected isotach maxima in
either layer can be accounted for in a similar fashion.

As stated earlier, the core isertel is not the same for each day in a given time series nor is
it necessarily the same among the data sets on a given day that might be shared by the three time
series. Consequently, its distribution in each jet layer in each data set is worthy of additional
analysis. Figure 3 portrays the cumulative distribution functions for the core isertels of both the
subtropical and polar jets in each of the three reanalysis data sets. The core isertel of the STJ
layer peaks between 2.0 and 2.4 PVU across the three different data sets with the distribution
both widening and shifting toward slightly higher isertelic values from NCEP to JRA-55 and
again to ERAS (Fig. 3a). Considering all three data sets, 79.4% of all DJF days exhibit a core

isertel between 1 and 3 PVU in the STJ layer. The polar jet distribution is shifted toward lower
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PV values (Fig. 3b) consistent with the concept of a “dynamically relevant PV contour” as
described by Kunz et al. (2015). A similar widening, but less shifting, of the distributions is seen
in this layer where the three data sets exhibit a remarkable similarity in the peak of their core
isertelic distributions. Overall, 83.6% of all DJF days had a core isertel between 1 and 3 PVU in
the POLJ layer.

Once the core isertel on a given day in a given layer has been identified, the area enclosed
by that contour is calculated. Next, its equivalent latitude — the southern extent of a polar cap
whose area is equal to the area enclosed by the core isertel — is computed. If A is the area

enclosed by the core isertel at a given time, then the equivalent latitude, ¢., is given by

¢, = arcsin [1 — 21:2 =] where R. is the radius of the Earth. The meridional displacement of the

core isertel from its equivalent latitude is then measured along each longitude line in the manner
illustrated in Fig. 4. For core isertels intersecting a longitude line at multiple points, only those
segments of that longitude line along which the PV is greater (less) than the core isertel value
south (north) of the equivalent latitude are counted. The average latitudinal displacement (ALD)
of a given core isertel is then the sum of the length of all such segments divided by the number of
longitude lines at the resolution of the data (e.g. 2n/2.5° = 144 for the present analysis) and is
converted to degrees for illustration purposes. Note that a perfectly zonal core isertel (i.e. a

zonal jet) would have an ALD of 0.0 with larger numbers representing increasingly wavier jets.
As an example, the ALDs of the tropopause-level jets observed on 18 February 1998 were

3.129° for the STJ (Fig. 4a) and 8.893° for the POLJ (Fig. 4b).

3. Analysis



217  a. Seasonal averages

218 The seasonal average latitudinal displacement of each jet is calculated as a simple 90-day
219  (no leap days) average of the daily ALD in each cold season. The results of this averaging are
220  shown in Fig. 5 and it is immediately apparent that the polar jet is substantially wavier than its
221  subtropical counterpart. Though characterized by considerable interannual variability, both jets
222 exhibit an increase in seasonally averaged waviness over the combined time series with

223 p <<0.001 for both time series (a one-sided Student’s t-test was employed). The remarkable
224 similarity in the three time series of each species testifies to the robustness of this measure of
225  waviness given other differences among the data sets. For comparison, the waviness of the 500
226  hPa geostrophic flow from the NCEP time series was assessed by calculating the aggregate ALD
227  of a set of 5 isohypses ranging from 576 to 528 dm (at 120 m intervals) chosen because they
228  contain the maximum 500 hPa geostrophic wind throughout the cold season. The aggregate
229  ALD is calculated by summing the ALD of each isohypse and dividing by 5. As seen in Fig. 6,
230  employment of isohypses at 500 hPa as a means of assessing the waviness of the mid-latitude
231  flow, as has recently been suggested by a number of studies (e.g. Francis and Vavrus 2012,

232 Barnes 2013, Screen and Simmonds 2014, Overland et al, 2015, DiCapua and Coumou 2016),
233 does not similarly testify to an increase in jet waviness. As suggested earlier, this incongruence
234 is likely borne of the fact that lower tropospheric and diabatic processes exert a stronger

235  influence on the flow at 500 hPa than at the tropopause.

236 Daily time series of the ALD of each jet in a single cold season can also be constructed
237  and compared to one another, as shown, for example, in Fig. 7 for the winter of 1990/91. Of
238 interest in the present study is whether or not, and to what extent, the waviness of the two jets

239  varies together. For the example season of 1990/91 the correlation between the two time series
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is quite low (r=0.2353 for NCEP, 0.2217 for JRA-55 and 0.2481 for ERAS5). In fact, the lack of
even a modest correlation between the waviness of the two jets in a given cold season appears to
be the rule rather than the exception. The two time series are correlated with magnitudes less
than 0.3 in 50 of 66 NCEP cold seasons, 46 of 60 JRA-55 cold seasons and 32 of 40 ERAS5 cold
seasons. Thus, despite synoptic evidence of episodic periods of substantial and impactful
interaction between them (e.g. Uccellini et al. 1984, Bosart et al. 1996, Winters and Martin
2014), it appears that throughout an average NH cold season the waviness of the two jet species
evolves with a fair degree of independence. This characteristic is likely reflective of the fact that
the two jets arise from quite different large-scale forcings.

The feature-based analysis method employed here to measure jet waviness relies upon
calculation of the circulation along a collection of tropopause-level isertels. As described earlier,

the isertel with the greatest circulation per unit length (e.g. the largest average ﬁ) is deemed the

core isertel. Thus, the average U along the core isertel on any given day represents the average
jet speed for that species for that day. Time series of the seasonal average speeds of the
subtropical and polar jet cores from each of the three reanalyses are shown in Fig. 8. A couple of
characteristics of the analysis stand out. First, though the year-to-year variability in ERAS is
identical to that displayed by the nearly coincident NCEP/JRA-55 data, for both the subtropical
and polar calculations, ERAS data return lower values of the jet core speeds — by an average of
3.65 m s’! for the STJ and 2.70 m s'! for the POLJ. Second, focusing on the JRA-55 time series
of both jets, the trends are very small indicating increases of just 0.6 m s™! for the STJ and 1.0. m
s'! for the POLJ spread over 60 years with p-values of 0.1749 and 0.1483, respectively. Hoffman
et al. (2019) showed that the zonally averaged Northern Hemisphere jet in January 2017 was

slightly slower in ERAS than in the ERA-Interim (their Figs. 3 and 4). They suggested that the
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higher spatial and temporal resolution of the ERAS may account for the difference through
improved representation of convective updrafts, gravity waves and other meso- to synoptic-scale
features that can enhance mixing. The persistent discrepancy between the ERAS and
NCEP/JRA-55 jet core wind speeds in the present analysis may have similar origins.
Identification of the core isertel directly leads to calculation of the daily values of the
equivalent latitude, essentially the zonally averaged latitude, of each jet core. Thus, another
intriguing by-product of the analysis is the construction of time series of seasonal average
equivalent latitudes of the subtropical and polar jet cores. Such time series, from each of the
three reanalyses, are shown in Fig. 9. The trend lines through each time series are derived from
the 60-year JRA-55 data. Very little change is suggested in the seasonally averaged latitude of
the STJ (0.4° poleward increase over 60 years, p = 0.222). The polar jet, however, has crept
northward at triple that rate and its trend line has a p-value of 0.008. Trend lines for the NCEP

and ERAS POLIJs have p-values of 0.003 and 0.030, respectively.

b. Impact of variability in jet waviness on Northern Hemisphere wintertime circulation

Using the daily time series from each season, such as that in Fig. 7, it is possible to
identify the waviest and least wavy seasons for each jet species by simply summing the daily
departures from average over the 90 days of each cold season. The list of integrated seasonal
departures from average waviness for each species from each data set (for the overlapping years
only) is shown in Table 1. From this list, the five waviest and five least wavy seasons for each

species were identified. Composites of several variables from the waviest and least wavy POLJ
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and STJ seasons thus selected were constructed. In the subsequent analysis we show differences
in each variable obtained by subtracting the least wavy from the waviest composite.

Figure 10a shows the 1000 hPa geopotential height differences between seasons with the
waviest and least wavy polar jets. Wavy polar jet seasons are attended by height anomalies
reminiscent of the positive North Atlantic Oscillation (NAO) in the north Atlantic (Fig. 10a). The
height differences that exist between extremes of waviness of the subtropical jet share this
positive NAO signal while exhibiting much more robust anomalous ridging centered on the Gulf
of Alaska and extending from the west coast of North America to the dateline (Fig. 10b).

Related to these lower tropospheric height differences are differences in the 300 hPa
zonal wind. In the north Atlantic the wavy polar jet seasons are characterized by a poleward
displacement of the jet axis and a weakening of the zonal wind in a band stretching across the
basin from the Carolina coast to Iberia and the Mediterranean. In the Pacific basin, wavy polar
jet years appear to have little influence on the Pacific jet along nearly the length of its
climatological axis (Fig. 11a). The influence of subtropical jet variability on the circulation
changes in the north Atlantic is quite similar while in the Pacific basin wavy subtropical jet
seasons encourage a poleward displacement of the jet over the Bering Sea and Gulf of Alaska
and a broadly weaker flow equatorward of the climatological jet position in the central Pacific
(Fig. 11b). Such a distribution of anomalies is similar to that associated with north Pacific jet
retractions (Jaffe et. al 2011) which represent one phase of the leading mode of jet variability in
the basin (Athanasiadis et al. 2010).

The circulation differences engendered by the inter-seasonal variability in jet waviness
are apparently not confined to the troposphere. Associated modulations to the lower

stratospheric polar vortex are illustrated in Fig. 12. Wavy polar jet years are associated with an
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intensified polar vortex over the Canadian Archipelago rung by light height rises at middle
latitudes (Fig. 12a). Lower stratospheric circulation changes arising from inter-seasonal
variation in the waviness of the subtropical jet are quite different with the vortex core displaced
much farther west in wavy STJ years while pronounced ridging occurs over Scandinavia (Fig.

12b).

4. Summary

The analysis presented here focuses on observed morphological aspects of the Northern
Hemisphere tropopause-level jet streams during boreal winter (DJF) as portrayed in three
different reanalysis data sets covering parts of the last six and a half decades. Based upon the
definitions of the polar and subtropical jets offered by Christensen et al. (2017), the analysis
identifies a “core isertel” along which the circulation per unit length is maximized in the separate
polar (315:330K) and subtropical (340:355K) isentropic layers for each day in the three time
series. Such a core isertel represents an analytical proxy for the respective jet cores. Calculation
of the hemispheric average latitudinal displacement of the core isertel from its equivalent latitude
is, therefore, a robust, feature-based metric of the waviness of each species of jet. The analysis
reveals that both jets are becoming systematically wavier while exhibiting no trends in their
average speeds. Examination of the daily time series of waviness of the two jets strongly
suggests that one’s undulatory nature develops largely in isolation from the other. Additionally,
while both jet cores are creeping toward the pole over time, only the POLJ encroachment, at

three times the rate of the STJ, is statistically significant.
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The poleward shift of the POLJ revealed here is consistent with observations of
systematic poleward shifts in mid-latitude cloud fields over the past several decades as shown in
the analyses of Bender et al. (2012), Eastman and Warren (2013) and Norris et al. (2016).
Additionally, modelling evidence suggests that increasing greenhouse gases will force the NH
mid-latitude jet poleward in the 21% century (e.g., Barnes and Polvani 2013, Simpson et al.
2014). In fact, in their analysis of CMIP5 model output, Barnes and Polvani (2013) found that
the NH jet shifted ~1° poleward by the end of the century while its core speed remained constant.
Such behavior is consistent with the results of the present observational analysis.

Though the aim of this study is to document, rather than diagnose, increasing jet
waviness, prior work has considered the dynamical interaction between increased waviness and
poleward migration of the jets. A number of investigators (e.g. Thorncroft et al. 1993; Benedict
et al. 2004; Riviere and Orlanski 2007; Martius et al. 2007; Strong and Magnusdottir 2008;
Woollings et al. 2008; Riviere 2009) have examined the poleward momentum flux characteristic
of certain configurations of the large scale flow. These analyses have concluded that individual
synoptic-scale eddies can play an important role in the formation of large-scale flow anomalies
through wave breaking. Vallis and Gerber (2008) have suggested that high impact
teleconnections such as the North Atlantic Oscillation (NAQO), the Pacific North America pattern
(PNA) and the annular modes are fundamentally related to fluctuations in the latitude and
amplitude of the tropopause-level jets. Introduction of the LC1/LC2 life cycle dichotomy by
Thorncroft et al. (1993) represented a recognition that anticyclonic (LC1) and cyclonic (LC2)
wave breaking lay at the heart of the interaction of eddies with the larger scale flow. When
anticyclonic wave breaking occurs near the jet core, the jet is pushed poleward in response to the

associated distribution of momentum fluxes. Framed in terms of the PV gradient, Riviere (2009)
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concluded that a higher latitude jet is more likely to experience anticyclonic wavebreaks which
would, in turn, encourage further poleward displacement. If the increased waviness reported
here has been manifest as an increase in the frequency of positively tilted waves, then the
attendant poleward migration of the jets may bear a direct dynamical link to the waviness.
Examination of this potential connection, dependent on construction of an objective method for
identifying the tilt of the waves, following the work of Wernli and Sprenger (2007) and Martius
et al. (2008), is a subject of ongoing research.

Equally unknown in the wake of the present analysis is the role of the tropics in forcing
the observed increased waviness of the subtropical jet. A recent analysis of the subtropical jet by
Martius (2014) considered the interaction of the tropics and extratropics with the jet from the
perspective of trajectory analysis. She showed that air parcels that ended up in the jet over
Africa (East Asia/western Pacific) ascended over South America (Indian Ocean and the Maritime
Continent) before following an anticyclonic path toward the jet. The analysis showed that the
wintertime Hadley circulation is zonally asymmetric connecting tropical convection in localized
regions to segments of the jet. Whether or not the increased waviness of the subtropical jet is
directly related to changes in such tropical convective forcing is not known though a recent
analysis by Rothlisberger et. al (2018) suggests a connection.

The analysis methodology introduced here has been applied hemispherically but could
equally be employed in regional analyses. Such a regional analysis of the 500 hPa flow over
North America and its relation to Arctic amplification and hemispheric snow cover was recently
performed by Vavrus et al. (2017). A primary motivation for shrinking the analysis domain was
their suspicion that doing so would enhance the strength of the desired signal. Indeed, DiCapua

and Coumou (2016) found that regional trends in their meandering index were 2 to 3 times larger
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than those observed over the full hemisphere. Tracking regional trends in the average latitudinal
displacement of the core isertel would identify which regions are most strongly contributing to
the hemispheric trend identified here. Such an analysis would likely also provide a more detailed
sense of the physical connections between the parade of weather systems and the increased
waviness of the jets.

Finally, use of reanalysis data sets to determine climatological trends can be problematic
for a number of reasons including changing data types and volumes as well as biases in
assimilation systems as suggested by Bengtsson et al. (2004). The results presented here rely on
application of an analysis scheme to three quite different reanalysis data sets, each with its own
advantages and disadvantages. The remarkably similar signals arising from these heterogeneous
inputs suggests a robustness to the underlying signal that this analysis has sought to uncover. A
convincing alternative assessment of these results would result from applying the same analysis
method to output from 20" century GCM runs in the CMIP5 or CMIP6 suites. Such work is

currently ongoing.
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FIGURE CAPTIONS

Fig. 1 Isotachs of the daily average wind speed (contoured every 10 m s™! and shaded above 30
m s!) and the core isertel (bold solid line) in the 340:355 K isentropic layer on (a) 19 January
1958, (b) 26 December 1968, (c) 19 February 1979, and (d) 18 February 1998. The core isertel
has a value of 2.0 PVU in (a), 2.1 PVU in (b), 2.1 PVU in (c), and 1.4 PVU in (d). Blue dashed
line in (d) represents a portion of the axis of the polar jet on the same day in the 315:330 K

isentropic layer (see Fig. 2d and text for explanation).

Fig. 2 Isotachs of the daily average wind speed (contoured every 10 m s™! and shaded above 30
m s!) and the core isertel (bold solid line) in the 315:330 K isentropic layer on (a) 12 December
1954, (b) 8 January 1967, (c) 6 February 1978, and (d) 18 February 1998. The core isertel value
is 1.6 PVU in (a), 1.0 PVU in (b), 1.8 PVU in (¢), and 2.2 PVU in (d). Red dashed line in (d)
represents a portion of the axis of the subtropical jet on the same day in the 340:355 K isentropic

layer (see Fig. 1d and text for explanation).

Fig. 3 Cumulative distribution of core isertel value for each reanalysis time series in (a) the
340:355 K layer and (b) the 315:330 K layer. The dashed vertical lines indicate the peak value
of the core isertel in each layer from each data set. Isertel values given in potential vorticity

units (PVU, 1 PVU = 10K m? kg'!' s1).

Fig. 4 Schematic illustrating the concept of average latitudinal displacement (ALD) for (a) the

340:355 K layer and (b) the 315:330 K layer on 18 February 1998. Bold black line is the core

isertel in each layer (from the NCEP/NCAR Reanalysis), the gray dashed line is its equivalent
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latitude, and the red and blue lines represent latitudinal displacements of the core isertel
poleward and equatorward of the equivalent latitude, respectively. The ALD is the average of

the sum of all such segments divided by the number of such segments available in the data set.

Fig. 5 Seasonal average ALD (in degrees) of the NH wintertime subtropical and polar jets for
each cold season in the three reanalysis time series. The polar jet values are in the three shades
of blue while the subtropical jet values are in the three shades of red. The thin black line through
each time series represents the trend line for each (derived from the JRA-55 data) and is
significant at the 99% level. The “YEAR” on the abscissa indicates the year in which December

of that cold season occurred.

Fig. 6 Seasonal average aggregate ALD (in degrees) of a set of 5 isohypses at 500 hPa
geopotential from the NCEP/NCAR reanalysis data. The thin dashed line is the trend line which
is nearly flat and not statistically significant. For comparison, the light gray shading shows the

same POLJ and STJ time series shown in Fig. 5. See text for additional explanation.

Fig. 7 Time series of the daily ALD of the polar (blue line) and subtropical (red lines) jets from
each of the three data sets for the cold season 1990-91. The correlation between the two times

series from each data set is indicated.

Fig. 8 Seasonal average U along the core isertel for the subtropical (red lines) and polar (blue
lines) jets from each of the three reanalysis data sets. The light gray lines are trend lines for each

time series from the JRA-55 data.
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Fig. 9 Time series of the seasonal average equivalent latitude of the polar (blue lines) and
subtropical (red lines) jets from the three different reanalysis data sets. The thin gray lines are
the trend lines (from the JRA-55 data) which are small and only significant for the polar jet time

series.

Fig. 10 1000 hPa height differences between composite waviest and least wavy (a) polar jet and
(b) subtropical jet seasons constructed from the NCEP/NCAR reanalysis. See Table 1 for
identification of the specific years comprising each composite. Positive (negative) height
differences are in solid red (dashed blue) lines, labeled in m and contoured every 16m (-16m)

beginning at 16m (-16m)

Fig. 11 300 hPa zonal wind differences between composite waviest and least wavy (a) polar jet
and (b) subtropical jet seasons constructed from the NCEP/NCAR reanalysis. See Table 1 for
identification of the specific years comprising each composite. Positive (negative) wind
differences are in solid red (dashed blue) lines, labeled in m s™! and contoured every 5m s (-5 m
s'!) beginning at 5 m s”! (-5 m s™!). Black dashed lines represent climatological axes of the DJF

300 hPa zonal wind.

Fig. 12 50 hPa height differences between composite waviest and least wavy (a) polar jet and
(b) subtropical jet seasons constructed from the NCEP/NCAR reanalysis. See Table 1 for
identification of the specific years comprising each composite. Positive (negative) height
differences are in solid red (dashed blue) lines, labeled in m and contoured every 60m (-60m)

beginning at 60m (-60m).
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, (¢) 19 February

and (d) 18 February 1998. The core isertel has a value of 2.0 PVU in (a), 2.1 PVU in (b), 2.1 PVU in (c), and

1.4 PVU in (d). Blue dashed line in (d) represents a portion of the axis of the polar jet on the same day

in the 315:330 K isentropic layer (see Fig. 2d and text for explanation).
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isertel (bold solid line) in the 340:355 K isentropic layer on (a) 19 January 1958, (b) 26 December 1968

Fig. 1 Isotachs of the daily average wind speed (contoured every 10 m s-!
1979
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(c) 6 February 1978,

and 2.2 PVU in (d).

>

, (b) 8 January 1967
, L8 PVU in (c),

, 1.0 PVU in (b)

Red dashed line in (d) represents a portion of the axis of the subtropical jet on the same day in the 340:355 K isentropic

layer (see Fig. 1d and text for explanation).

Fig. 2 Isotachs of the daily average wind speed (contoured every 10 m s™! and shaded above 30 m s'!) and the core

isertel (bold solid line) in the 315:330 K isentropic layer on (a) 12 December 1954

and (d) 18 February 1998. The core isertel value is 1.6 PVU in (a)
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Fig. 3 Cumulative distriibution of core isertel value for each reanalysis time series in (a) the
340:355 K layer and (b) the 315:330 K layer. The dashed vertical lines indicate the peak
value of the core isertel in each layer from each data set. Isertel values given in potential

675  vorticity units (PVU, 1 PVU = 10K m? kg'! s71).
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Fig. 4. Schematic illustrating the concept of average latitudinal displacement (ALD) for (a)

the 340:355 K layer and (b) the 315:330 K layer on 18 February 1998. Bold black line is the

core isertel in each layer (from the NCEP/NCAR Reanalysis), the gray dashed line is its equivalent
latitude, and the red and blue lines represent latitudinal displacements of the core isertel poleward
and equatorward of the equivalent latitude, respectively. The ALD is the average of the sum of all
such segments divided by the number of such segments available in the data set.
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Fig.5 Seasonal average ALD (in degrees) of the NH wintertime subtropical and polar jets for each cold season in the three reanalysis time series.
The polar jet values are in the three shades of blue while the subtropical jet values are in the three three shades of red. The dashed black line through
each time series represents the trend line for each (derived from the JRA-55 data) and is significant at the 99% level. The “YEAR” on the abscissa
indicates the year in which December of that cold season occurred.
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Fig. 6 Seasonal average aggregate ALD (in degrees) of a set of 5 isohypses at 500 hPa geopotential from the NCEP/NCAR reanalysis data. The
thin dashed line is the trend line which is nearly flat and not statistically significant. For comparison, the light gray shading shows the same POLJ
and STJ time series shown in Fig. 5. See text for additional explanation.
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Fig. 7 Time series of the daily ALD of the polar (blue line) and subtropical (red lines) jets from
each of the three data sets for the cold season 1990-91. The correlation between the two times
680  series from each data set is indicated.
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Fig. 8 Seasonal average U along the core isertel for the subtropical (red lines) and polar (blue lines)
jets from each of the three reanalysis data sets. The light gray lines are trend lines for eachtime series
681  from the JRA-55 data.
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Fig. 9 Time series of the seasonal average equivalent latitude of the polar (blue lines) and subtropical
(red lines) jets from the three different reanalysis data sets. The thin gray lines are the trend lines (from
682  the JRA-55 data) which are small and only significant for the polar jet time series.
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(b)

Fig. 10 1000 hPa height differences between composite waveist and least

wavy (a) polar jet and (b) subtropical jet seasons. See Table 1 for identification

of the specific years comprising each composite. Positive (negaitve) height

differences are in solid red (dashed blue) lines, labeled in m and contoured every
683 16m (-16m) beginning at 16m (-16m).
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Fig. 11 300 hPa zonal wind differences between composite waviest and least wavy
(a) polar jet and (b) subtropical jet seasons constructed from the NCEP/NCAR reanalysis.
See Table 1 for identification of the specific years comprising each composite. Positive

(negative) wind differences are in solid red (dashed blue) lines, labeled in m s'1 and

contoured every 5 m s'1 (-5m s'l) beginning at 5 m s'1 (-5m s'l). Black solid lines
represent climatological axes of the DJF 300 hPa zonal wind.
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Fig. 12 50 hPa height differences between composite waviest and least wavy

(a) polar jet and (b) subtropical jet seasons constructed from the NCEP/NCAR
reanalysis. See Table 1 for identification of the specific years comprising each
composite. Positive (negative) height differences are in solid red (dashed blue)
lines, labeled in m and contoured every 60m (-60m) beginning at 60m (-60m).
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