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Abstract. This chapter assesses the representation of the two-way coupling between the troposphere and the strat-
ospheric polar vortices in the reanalysis products. This coupling is evaluated over a broad range of time scales, from
sub-seasonal to decadal, with a particular emphasis on Sudden Stratospheric Warming (SSW) events, which are
among the clearest manifestations of coupling between the tropospheric and stratospheric circulations. Coupled
variability on synoptic to seasonal time scales is evaluated by comparing the timing, evolution, and dynamical con-
sistency of SSW events and Final Warming events, and the representation of the Annular Mode indices. Variability
on interannual time scales is evaluated by comparing the modulation of sub-seasonal stratosphere-troposphere
coupling by El Nifio-Southern Oscillation (ENSO) and the Quasi-Biennial Oscillation (QBO). Finally, variability on
decadal time scales is evaluated by comparing atmospheric circulation trends driven by the depletion of stratospher-
ic ozone over Antarctica.
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As the large-scale circulation cannot easily be characterized from direct observations, this chapter has largely focused on the con-
sistency between the reanalyses, asking the question: would the characterization of stratosphere-troposphere coupling provided
by a given reanalysis differ from that provided by another? The internal self consistency of reanalyses has also been evaluated,
allowing for more objective grading of the reanalyses. In the satellite era, there is generally good agreement among full-input re-
analyses (which assimilate all available observations, including satellite measurements) on stratosphere-troposphere coupling on
synoptic to interannual time scales. In addition, conventional-input reanalyses (which exclude satellite observations, and hence
full-input reanalyses before the introduction of satellites) are fairly consistent as far back as 1958 in the Northern Hemisphere.
There is, however, demonstrable evidence of improvement in the more recent reanalyses. While results in prior studies based on
older reanalyses will generally not be significantly different from comparable results based on the modern reanalyses, due to large
sampling uncertainty, we strongly recommend that users discontinue use of older reanalyses such as NCEP R1, NCEP R2 and
ERA-40 since they provide limited data (i.e., lower model top) and are biased with respect to modern products.

The dominance of sampling uncertainty implies that our assessment of stratosphere-troposphere coupling is limited by the
length of the reanalysis records. Consequently, the availability of high quality pre-satellite era reanalysis in the Northern Hem-
isphere reduces our uncertainty in the tropospheric response to SSWs by approximately 20 %.

Among the more modern reanalyses, a consistent trend in the coupled stratosphere-troposphere circulation is found, associated
with ozone loss in the Southern Hemisphere. Caution should always be employed in the assessment of decadal variations and
trends in stratosphere-troposphere coupling, however, due to changes in the observational network. It is also shown that uncer-
tainties in older and conventional-input reanalyses increase with height, particularly above 10hPa, and that satellite observa-
tions appear to be critical for an assessment of stratosphere-tropospheric coupling in the austral hemisphere. Finally, surface-in-
put reanalyses have also been evaluated. While they should not be used in place of a full-input reanalysis, there is evidence that
ERA-20C captures a substantial fraction of the variability between the troposphere and stratosphere, and so may be valuable for
research into low frequency variations in stratospheric-troposphere coupling.
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6.1 Introduction

In this chapter, we assess the representation of coupling be-
tween the troposphere and stratosphere across all reanal-
yses, with a focus on interaction through the stratospheric
polar vortices. While this coupling is primarily manifested
on daily to seasonal time scales, low frequency modulation
by other modes of internal variability (e.g., the Quasi-Bien-
nial Oscillation) and external forcings (e.g., stratospheric
ozone loss) require an analysis across a wide range of time
scales. The global nature of these low frequency changes
also requires consideration of links between variability in
the tropics and extratropics.

Our focus on the influence of the stratosphere on tropo-
spheric weather and variability presented two challenges
to this chapter. First, this report has sought to evaluate
reanalyses against direct measurements, ideally measure-
ments that are not assimilated into the reanalyses them-
selves. The large-scale weather and variability of the tropo-
sphere, however, is not easily characterized or verified with
single measurement records. We have attempted to com-
pare with observation-constrained measures where avail-
able, but generally, this chapter evaluates the consistency
of the reanalyses, or lack thereof, as opposed to verifying
them against some objective standard.

A second challenge that we face in this chapter are limitations
to our understanding imposed by the natural variability of
the atmosphere. A common theme is the relative importance
of sampling errors, associated with the finite length of the
reanalysis records, compared to the differences between the
reanalyses themselves. We term the latter a “reanalysis un-
certainty”, to differentiate it from the sampling uncertainty.
While we find evidence for an improvement in more recent
reanalysis products, overall we find that our characteriza-
tion of stratosphere-troposphere coupling is dominated by
sampling uncertainty. As such, the choice of one reanalysis
over another would not affect the scientific conclusions of a
particular study, with certain exceptions, e.g., the use of re-
stricted input reanalyses, as documented below.

Sampling uncertainty can appear in subtle ways. Strato-
sphere-troposphere coupling is often evaluated through
the analysis of events that are identified by threshold cri-
teria, e.g., a Sudden Stratospheric Warming (SSW) is iden-
tified by a reversal of the winds at 10hPa and 60°. As a
result, subtle differences between reanalyses can lead to
the identification and examination of different events. This
effectively aliases sampling error into a comparison of rea-
nalyses, giving a false impression of disagreement between
different reanalysis products. To address this concern, we
suggest the use of a uniform set of events when evaluating
different reanalysis products.

After a brief introduction to stratosphere-troposphere cou-
pling (Section 6.2), we describe the reanalysis datasets in Sec-
tion 6.3. We then present our methodology for identifying,

characterizing, and evaluating SSW events in Section 6.4.
Stratosphere-troposphere coupling on daily to seasonal time
scales is further evaluated in Sections 6.5 and 6.6, where we
evaluate the representation of the annular modes and final
warming events, respectively. Section 6.7 then examines the
modulation of stratosphere-troposphere coupling on inter-
annual time scales by El Nifo-Southern Oscillation (ENSO)
and the Quasi-Biennial Oscillation (QBO). Section 6.8 com-
pares the representation of the vertical coupling forced by
ozone depletion over interdecadal time scales. Finally, Section
6.9, provides a summary of our results and conclusions and a
compact list of key findings and recommendations.

6.2 Context and background

The troposphere and the stratosphere, the two lowermost
layers of the Earth’s atmosphere, contain together about
99% of the atmospheric mass. The troposphere is the por-
tion of the atmosphere in close contact with Earth’s surface.
It is the region where day-to-day weather systems evolve
and impact human life; in this sense it could be viewed as a
boundary layer, albeit one that occupies roughly 80-90% of
the atmospheric mass. The stratosphere is found from about
10- 16km, depending on the latitude, to about 50km above
the surface (Andrews et al., 1987). What sets these two layers
apart is mainly the stability of the layers: whereas temper-
ature decreases with height in the troposphere at a rate of
about 7K per kilometer - making it nearly neutral to moist
convection - stratospheric temperatures increase with height
owing to the absorption of ultraviolet radiation by ozone.
This stratification gave the “sphere of layers” its name.

The stratosphere’s large stability sets it dynamically apart
from the troposphere as it prevents the penetration of at-
mospheric convection from the surface, and inhibits the
propagation and growth of baroclinic disturbances that
make up a great fraction of tropospheric weather. Yet, de-
pending on the season, it can be a dynamically active region
subject to large variability. Large equator-to-pole temper-
ature gradients favor the formation of strong westerly vor-
tices in the winter stratosphere (Waugh et al., 2017). These
strong westerlies act as a window for the propagation of
tropospheric disturbances, allowing planetary-scale waves
to go through while preventing the propagation of synop-
tic-scale systems (Charney and Drazin, 1961).

When planetary-scale waves propagate vertically from
the troposphere to the stratosphere, they interact with
the mean flow and sometimes break (McIntyre and Palm-
er, 1983, 1984) causing an irreversible mixing of potential
vorticity leading to a long-lasting weakening of the west-
erly winds. One of the most extreme examples of strato-
spheric variability, Sudden Stratospheric Warming (SSW)
events, which are characterized by an abrupt deceleration
and reversal of the zonal-mean zonal wind, are the result
of such interactions between planetary-scale waves and
the stratospheric vortex (Matsuno, 1971; Limpasuvan et
al., 2004; Polvani and Waugh, 2004).
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The vortices in the Northern Hemisphere and Southern
Hemisphere are known to behave quite differently. While
the Northern Hemisphere vortex is often disturbed by
SSW events in December - January - February, the South-
ern Hemisphere vortex is more quiescent. These differ-
ences are attributable mainly to differences in topography
and land-sea temperature contrasts which are known to
generate stronger planetary-scale waves in the Northern
Hemisphere (Plumb, 1989, 2010; Randel, 1988). Because of
the comparatively weaker wave drag in the Southern Hem-
isphere, zonal winds are too strong to allow vertical prop-
agation of waves which limit wave-mean flow interactions
and the variability of the vortex (Plumb, 1989).

As mentioned earlier, a large fraction of stratospheric
variability is the result of temporal fluctuations in plan-
etary-scale wave propagation from the troposphere to the
stratosphere. It is therefore of great importance to under-
stand how these waves are amplified or reduced in the
troposphere. Garfinkel and Hartmann (2010) has shown
that the intensification of wavenumber-1 and wavenum-
ber-2 waves in the Northern Hemisphere are important
precursors of stratospheric polar vortex weakening. One
specific tropospheric circulation pattern, atmospher-
ic blocking, has garnered particular attention due to its
ability to modulate planetary-scale wave fluxes. Nishii et
al. (2011), for instance, have shown that there are preferred
regions where upward-propagating wave packets from
blocking events can interfere constructively with station-
ary waves to produce large bursts of upward-propagating
wave activity, ultimately causing SSW events. The role of
such interference in modulating stratospheric variabili-
ty was also discussed in Smith and Kushner (2012). The
coupling between the stratosphere and the troposphere
is not limited to an upward coupling where the evolution
of the stratosphere is influenced by upward-propagating
waves. The coupling is actually two-way. Events of weak
stratospheric vortex anomalies, such as SSW events, were
shown to affect weather at the surface by, notably, favor-
ing the negative phase of the related North Atlantic Os-
cillation (NAO) and Northern Annular Mode (NAM)
patterns, and shifting the storm track southward (Bald-
win and Dunkerton, 2001). This coupling, which is often
attributed to balance arguments (e.g., Black, 2002; Haynes
et al., 1991) and eddy feedback mechanisms (e.g., Kush-
ner and Polvani, 2004; Song and Robinson, 2004), has im-
plications for the predictability of tropospheric weather.
Mounting evidence suggests that the state of the strato-
sphere influences the skill of numerical weather forecasts
(e.g., Domeisen et al., 2019b; Tripathi et al., 2015; Sigmond
et al., 2013; Baldwin et al., 2003).

Although the extratropical stratosphere itself has no in-
terannual memory, essentially due to the opacity to wave
propagation of the summertime easterly circulation
which resets the state of the vortex every year, it does vary
on interannual time scales because of dynamical linkag-
es with other modes of atmospheric variability. A clear
example of such influence is the connection between

ENSO and the fluxes of planetary-scale waves from the
troposphere to the stratosphere which can modulate the
frequency of SSW events (Domeisen et al., 2019a; Wein-
berger et al., 2019; Song and Son, 2018; Calvo et al., 2017;
Cagnazzo and Manzini, 2009). In fact, the stratosphere
can play a significant role in setting the extratropical re-
sponse to ENSO events (Polvani et al., 2017; Butler et al.,
2015; Iza and Calvo, 2015). Unlike the extratropics, the
equatorial stratosphere does possess an intrinsic interan-
nual memory which manifests itself as the Quasi-Biennial
Oscillation (QBO). The QBO is characterized by an oscil-
lation between westerly and easterly winds which occurs
approximately every 28 months (Baldwin et al., 2001). The
QBO can induce interannual variability in the extratropi-
cal stratosphere through the modulation of upward fluxes
of planetary-scale wave activity in the extratropics (Hol-
ton and Tan, 1980) and influence atmospheric circulation
at the surface (Gray et al., 2018).

On interdecadal to longer time scales, the stratospheric
state is influenced by modes of sea surface temperature
variability such as the Atlantic Multidecadal Oscillation
(Omrani et al., 2014) and the Pacific Decadal Oscillation
(Woo et al., 2015) and anthropogenic forcing. Perhaps the
clearest example of human influence to date is the destruc-
tion of ozone which cools the polar stratosphere. This per-
turbation of the stratosphere has in turn affected the trop-
ospheric circulation by inducing a poleward shift of the
storm track and mid-latitude westerly jet through changes
in wave forcing and wave mean-flow interactions (Son et
al., 2018; Orr et al., 2012). Finally, increasing greenhouse
gas concentrations continue to cool the stratosphere (e.g.,
Steiner et al.; 2020, Ramaswamy et al., 2001), and may ul-
timately have the largest impact as the ozone hole recovers
over the next decades.

A substantial fraction of the progress made in understand-
ing these features of the stratospheric circulation and its
coupling to the troposphere is owed to the development of
reanalysis data sets which have greatly facilitated the study
of the dynamical phenomena that regulate the coupling.
Reanalysis systems integrate both forecasts from numeri-
cal models and observations through data assimilation to
produce a best guess of the true state of the atmosphere.
However, as discussed in Chapter 2 (see also Fujiwara et
al., 2017), reanalysis data sets differ by the models, obser-
vations and assimilation techniques they utilize. As such,
they produce different versions of the thermodynamic and
kinematic properties of the atmosphere.

As a notable example of the differences in the representa-
tion of the stratosphere among reanalyses, Charlton and
Polvani (2007), and more recently Butler et al. (2017),
have highlighted discrepancies in the onset dates of
SSW events between NCEP RI1 and ERA-40 data sets.
However, subsequent studies have revealed that the de-
piction of the evolution of SSW events is fairly similar
among data sets (Martineau et al., 2018b; Butler et al.,
2015; Palmeiro et al., 2015; Martineau and Son, 2010).
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The biases among reanalyses are limited enough as to
not significantly alter our understanding of the phys-
ical processes regulating the evolution of SSWs. More
generally, vortex variability was also shown to be sim-
ilar among reanalyses during both strong and weak
stratospheric vortex states (Martineau et al., 2016). On
interannual time scales, Mitchell et al. (2015) recently
compared reanalysis datasets and found a remarkable
consistency between them in the context of the variabil-
ity of the circulation associated with volcanic eruptions,
ENSO, QBO and the solar cycle. Despite these recent
findings, there is a growing need to better quantify and
understand the differences in the representation of at-
mospheric processes among reanalyses as the number
of available data sets grows with the development of
more sophisticated reanalyses incorporating advanced
modeling and assimilation components.

6.3 Reanalysis datasets

The reanalyses assessed in this chapter are listed in Ta-
ble 6.1. The reader is referred to Fujiwara et al. (2017)
and Chapter 2 for an exhaustive description of reanaly-
ses. Variables analyzed include geopotential height, tem-
perature and three-dimensional wind components, all of
which are analyzed on pressure levels, as well as the mean
sea level pressure.

In order to facilitate the comparison of zonal-mean quanti-
ties, a standardized data set of zonal mean dynamical and
thermodynamical variables, the S-RIP: Zonal-mean dynam-
ical variables of global atmospheric reanalyses on pressure

Table 6.1: List of reanalysis data sets compared.

Name type Reference
ERA-40 full-input Uppala et al. (2005)
ERA-Interim full-input Dee et al. (2011)
ERA-20C surface-input Poli et al. (2016)
JRA-25 full-input Onogi et al. (2007)
JRA-55 full-input Kobayashi et al. (2015)
JRA-55C conventional-input | Kobayashi et al. (2014)
JRA-55AMIP SSTs only Kobayashi et al. (2014)
MERRA® full-input Rienecker et al. (2011)
MERRA-2" full-input Gelaro et al. (2017)
NCEP-R1 full-input Kalnay et al. (1996)
NCEP-R2 full-input Kanamitsu et al. (2002)
CFSR full-input Saha et al. (2010)
CFSv2 full-input Saha et al. (2014)
20CR v2 surface-input Compo et al. (2011)
20CRv2c surface-input Compoetal. (2011)

® For MERRA and MERRA-2, only the assimilated state
(ASM) products are used (see discussion in Chapter 2 and
Fujiwara et al., 2017).

levels (Martineau et al., 2018c; Martineau, 2017), was pre-
pared for this chapter and made public at http://dx.doi.org/
10.5285/b241a7f536a244749662360bd7839312. Details
about the variables archived, the grids and numerical
methods are provided in Martineau et al. (2018¢c). Anal-
yses of the zonal mean circulation in this chapter made
use of this data, with the exception of Section 6.6. Sections
6.4.2, 6.7.1 and 6.7.2, involved additional analysis of the full
three-dimensional circulation.

6.4 Sudden stratospheric warming events

A Sudden Stratospheric Warming is a dramatic break-
down of the climatological stratospheric polar vortex in
the winter hemisphere, first observed in post-war Berlin by
Scherhag (1952). The name itself encapsulates the essential
features of these events. They are sudden, or, in the original
language of Scherhag, explosive: the entire vortex breaks
down in a few days, being associated with a remarkable
warming of the winter pole, typically on the order of 10s
of degrees Celsius at 10hPa, sometimes exceeding 50°C
or 60°C. They are primarily a Northern Hemisphere phe-
nomenon, and only one major SSW (in 2002) has been
observed in the Southern Hemisphere. We therefore focus
exclusively on SSWs in the Northern Hemisphere.

SSWs tend to come in two flavors, splits and displace-
ments. In the former, the climatological vortex splits
into two vortices of similar size at the time of the warm-
ing, while in the latter, the vortex shifts off the pole. In
both cases, the vortex(ices) are ultimately sheared apart,
leading to an irreversible mixing of potential vorticity
and the deceleration of the polar vortex. Equivalently,
splits are associated with comparatively more wavenum-
ber-2 activity, while displacements are primarily asso-
ciated with wavenumber-1. Recent work has suggested
that the type of warming may have significant implica-
tions to the mechanism of the warming and its impact
on the surface (Mitchell et al., 2013; Esler and Matthew-
man, 2011; Matthewman and Esler, 2011) although this
sensitivity is not observed in all studies (White et al.,
2019; Maycock and Hitchcock, 2015). While many SSWs
can be characterized unambiguously (e.g., 22 February
1979 is a classic split), a nontrivial number (roughly 1/3,
as we will see) are not so easy to classify. There are also
substantial sampling uncertainty issues, particularly
when assessing the influence of anthropogenic forcing
(e.g., Maycock and Hitchcock, 2015).

A key result of this section is shown in Table 6.2 and
Figure 6.2, where a standardized list of SSW event
dates and classifications for the period 1957 to 2011 are
provided. We refer the reader to the SSW compendium
(Butler et al., 2017) for an up-to-date list of SSW events
(https://www.esrl.noaa.gov/csd/groups/csd8/sswcom-
pendium/majorevents.html). Results of SSW classifi-
cation performed independently for each reanalysis are
listed in the Appendix, Tables A6.4- A6.7.
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6.4.1 Identifying SSW events

A number of definitions have been proposed to characterize
SSWs in reanalyses and models, all ultimately establishing a
key threshold to define the onset of an event. This threshold
nature of SSWs makes them sensitive to subtle differences
between the reanalyses (Butler et al., 2015). For example, the
most commonly used criteria, as adopted by the World Me-
teorological Organization (WMO; McInturff, 1978), requires
that the zonal mean zonal wind reverses at 60° and 10hPa.
If the zonal mean winds drop just below zero in one reanal-
ysis, but to only +0.1 ms-! in another, only one would count
as an event (Kim et al., 2017). Given the large variation be-
tween SSW events, this can alias sampling error into a com-
parison of events across reanalyses. In our hypothetical case
above!, a trivial difference in the reanalysis winds (0.1 ms-!
compared to a climatological variability on the order of
10ms-1) could mistakenly imply a large difference between
two products that are actually very similar.

To account for this issue, we identify a standardized set of
SSW dates for use across all reanalyses. This was obtained
by first identifying events for each reanalysis individually,
similarly to Butler et al. (2017), based on a reversal of the
daily mean, zonal mean zonal wind at 60°N and 10hPa
from November to April, as listed in Table A6.4. The cen-
tral date is defined by the day the daily mean wind first
reverses, not necessarily the date on which the instantane-
ous zonal mean wind first reverses. Two criteria to ensure
events are independent, and not the final reversal of the
polar vortex to its summertime state, are also imposed.
Following Charlton and Polvani (2007), the winds must
return to a westerly direction for at least 20 consecutive
days between independent events, and for at least 10 con-
secutive days prior to April 30.

The standard WMO definition also requires a reversal of
the temperature gradient at 10hPa. This gradient reversal is
not well defined. Commonly it is interpreted that the zon-
al-mean temperature at the pole (here, 87.5°N is used to
avoid the singular nature of the zonal mean at 90°N) must
exceed the zonal-mean temperature at 60°N, but this puts
a great deal of weight on the temperature near the pole. In
practice, this criterion rarely matters; the stratosphere re-
mains in geostrophic balance during an SSW, such that a
reversal of the 10hPa winds implies a reversal in the tem-
perature gradients below 10hPa, which are highly correlat-
ed with the 10hPa temperatures. Only a few events would be
excluded (two from NCEP R1, and just one from JRA-55, as
delineated by the green boxes in Table A6.4). We therefore
omit the temperature gradient criterion for classifying SSW
events in this work.

To establish the standard set of dates listed in Table 6.2,
events were defined when a majority of the reanalyses

identify a SSW around the same time, i.e., prior to 1979,
2 out of 3 reanalyses must detect the event and post 1979,
at least 4 reanalyses must detect the event. The onset date
was then set by taking the median across the dates given
by each reanalysis. In recent decades, the dates rarely vary
by more than a day or two across reanalyses, but there are
a few events at the beginning of the reanalysis record, as in
December 1965, where the spread was more than a week.
In this case the date was set by the average of the two more
modern reanalyses.

The frequency and seasonality of SSWs determined from
each reanalysis separately were examined, as detailed
in Ayarzagiiena et al. (2019). In both periods, historical
(1958-1978) and satellite (1979 - 2012), there is a good agree-
ment in the mean frequency of SSWs between all reanalyses.
This frequency is very similar in both eras, with 5.9 events
per decade for the historical period and 6.5 events per dec-
ade for the satellite period.

In contrast, larger differences are found for the seasonali-
ty of SSWs. Figure 6.1 shows the SSW decadal frequency
distribution within +10-day periods. The historical period
shows the largest spread. ERA-40 and JRA-55 display an
increasing SSW occurrence from early winter that maxi-
mizes in January and decreases by late winter (Figure 6.1a).
On the contrary, the intraseasonal distribution of SSWs for
NCEP R1 shows three sharp maxima in early, mid and late
winter, in agreement with the evolution of the standard de-
viation of the polar night jet (PN]) for this reanalysis.

In the satellite period, the results are similar across rea-
nalyses (Figure 6.1b). For this time period, the maximum
occurrence is shifted to late winter in all datasets, unlike
the distributions of ERA-40 and JRA-55 in the historical
period. Similar differences in the intra-seasonal distribu-
tion of events were already documented by Goémez-Esco-
lar et al. (2012) for the pre/post 1979 periods. The distri-
bution of events in the two periods were compared with a
two-sample Kolmogorov-Smirnov test: the null hypothesis
that both samples came from the same probability distri-
bution can be rejected. This may indicate low frequency
variations in the seasonality of SSWs, although we have less
confidence in the pre-satellite distribution given differenc-
es between reanalyses.

6.4.2 Characterizing SSW events

Recent work has suggested that there may be fundamental dif-
ferences between the two types of sudden warmings. For in-
stance, Matthewman et al. (2009) have shown that while split
events typically have deep equivalent-barotropic structures,
vortex displacement events have clear baroclinic structures. In
addition, the impact of the event on the troposphere may dif-
fer between the two types of events (e.g., Mitchell et al., 2013).

! This case is actually not hypothetical; a similar situation, for example, occurred in February 2002, when MERRA missed an event

detected by MERRA-2 by only 0.07 ms-1.
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Figure 6.1: Decadal frequency distribution of SSW events within + 10 day-periods from the date displayed in the axis for: (a)
the historical period (1958 - 1978) and (b) the satellite period (1979-2012). Data was smoothed with a 10-day running mean.

Reproduced from Ayarzagiiena et al. (2019).

The limited sample size, however, leads to large uncertainty,
such that alternative studies come to differing conclusions
(e.g, Maycock and Hitchcock, 2015). The topic is further
muddied by the fact that different studies have utilized al-
ternative definitions of SSWs, leading to a proverbial apples
vs. oranges situation.

To provide greater clarity, while acknowledging that the
topic is still an area of active research, we have taken the
following approach. First, we consider only wind reversal
events: classification schemes were applied to the 36 SSWs
identified in the previous subsection. Second, we have ap-
plied four alternative classification schemes, described in
more detail below, chosen to capture the range of ideas in the
current literature. We provide a standardized classification
of each event, listed in Table 6.2, based on the agreement of
the classification applied separately to each reanalysis.

We compare three schemes designed to characterize wheth-
er the polar vortex is split (S) or displaced (D) during the
warming event with another classification scheme that fo-
cuses primarily on the wave activity that precedes the vortex
breakdown. The three schemes have been tuned to produce
approximately the same rates of S and D events, all three
reporting slightly more displacements than splits. The wave
based diagnostic is different in that it focuses on the period
leading up to the warming, as opposed to the evolution of
the warming itself. It reflects the climatological dominance
of wavenumber 1, classifying a clear majority of the events
as wave 1-type. All the schemes are detailed below.

(1) The Seviour et al. (2013) classification scheme is
based on geometric moment diagnostics of the geopoten-
tial height field at 10hPa. The use of 10hPa geopotential
heights, which is output from all reanalyses, makes the
scheme more practical than previous moment diagnostic
techniques which rely on isentropic tracers, such as N,O or

potential vorticity (Mitchell et al., 2011, 2013; Waugh and
Randel, 1999; Waugh, 1997). The Seviour et al. (2013) ap-
proach was originally designed to characterize event dates
as well; e.g,, a split event was triggered when the aspect ra-
tio of the vortex remained higher than 2.4 for 7 days or
more. However, only half of the major splits/displacements
using this method are in common with those detected us-
ing the zonal-mean zonal wind reversal.

We therefore adapted the method to classify reversal events.
We apply the same methodology as in Seviour et al. (2013),
but only to days - 10 to + 10 surrounding the wind reversal.
The diagnostic is based on both the aspect ratio of the vortex
(the number of days the aspect ratio is above 2.4) and the dis-
placement of the centroid (the number of days the centroid
of the vortex stays below 66 degrees latitude). If the latter is
greater than the former, then the event is classified as a dis-
placement. Conversely, if the former is greater than the lat-
ter, the event is classified as a split. If the numbers are equal
(or both are zero) we consider the event “unclassifiable”.
Note that if this adapted technique is applied to the events of
Seviour et al. (2013), it yields identical classifications (W. Se-
viour, personal communication). Table A6.5 shows results
based on analysis of each individual reanalysis.

(2) The ”Shibata” scheme was originally developed by
Kiyotaka Shibata, and first described in Ayarzagiiena et
al. (2019). It focuses on non-zonal anomalies in the ab-
solute vorticity at 10hPa over a 16 day period starting 5
days before the central date of the SSW and ending 10
days later. Application of this scheme to each reanalysis
is listed in Table A6.6.

The method is based on the algorithm suggested by Char-
Iton and Polvani (2007), but with a few important modi-
fications, as detailed in Ayarzagiiena et al. (2019). Briefly,
the algorithm identifies a local maximum in the vorticity.
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Table 6.2: Sudden Stratospheric Warming dates and clas-
sifications, according to the four schemes: D refers to a dis-
placement, S to a split, and U, for an event that was unclas-
sifiable, while W1 and W2 refer to events preceded by wave
forcing at that number. The symbol * indicates that there
was disagreement between the reanalyses; a t indicates
that only a single reanalysis disagreed (after 1979 only).

date Seviour |Shibata [Lehtonen | Barriopedro and Calvo

30-Jan-58 D S S W1
17-Jan-60 S* D* D* W1
29-Jan-63 S S D* W2
17-Dec-65 D D* D W1
23-Feb-66 D* D S W1
7-Jan-68 S S S W2
28-Nov-68 D D D W1
13-Mar-69|  §* D D W1
2-Jan-70 S D D* W1
18-Jan-71 S S S W2
20-Mar-71 D D D W1
31-Jan-73 S S S W1
9-Jan-77 S D S W1
22-Feb-79 S S S W2
29-Feb-80 D D D W1
4-Mar-81 D D D W1
4-Dec-81 V) Dt D W1
24-Feb-84 D D D W1
1-Jan-85 S S* S W2
23-Jan-87 D D D W1
8-Dec-87 S S* S W1
14-Mar-88 S S S W1
21-Feb-89 St S S W2
15-Dec-98| D* S D W1
26-Feb-99 S S S W1
20-Mar-00| U* Dt D W2
11-Feb-01 S Dt S* W1
31-Dec-01 S D D W1
18-Jan-03 S St S W1
5-Jan-04 D D D W1
21-Jan-06 D D D W1
24-Feb-07 D D D W1
22-Feb-08 D D D W2
24-Jan-09 S S S W2
9-Feb-10 u* S S W1
24-Mar-10 D D D W1

If two vorticity maxima are detected in diametrically op-
posing sectors, and the secondary maximum is at least
half as strong as the first, the event is classified as a split.
Otherwise it is a displacement. The main differences with
the strategy of Charlton and Polvani (2007) consist in the
definition of the sector around the strongest vorticity max-
imum, and the fact that the second sector must be located
diametrically opposed to the first one.

(3) The Lehtonen and Karpechko (2016) classification,
applied to all reanalyses in Table A6.7, shares features with
both of the previous methods. It is based on a analysis of
geopotential height at 10hPa (as with the Seviour method),
but with a goal similar to that of the Shibata approach: to
separate cases where there are two independent vortices (as
in a split event) from cases where there is essentially one
vortex at any given time (as in a displacement).

The algorithm seeks out the two minima in the 10hPa ge-
opotential height, spaced apart by at least 1500km in the
horizontal and separated by a ridge of at least 375 m. If this
condition is met on at least three consecutive days over
the period from 5 days prior to the event onset to 10 days
after, then the SSW is classified as a split. Otherwise, it is
classified as a displacement. These parameters in the clas-
sification were selected to give the best agreement with the
classification of major SSWs during 1958-2002 presented
by Charlton and Polvani (2007).

Finally, the (4) Barriopedro and Calvo (2014) method
classifies SSWs into wave 1 (W1) and wave 2 (W2) types by
focusing on wave activity over just the period leading up to
the SSW. The method is based on earlier work by Bancald
et al. (2012). It was applied to all reanalyses (with the excep-
tion of MERRA-2), and there was universal agreement on
the classification of all 36 warmings across all the datasets.
Briefly, this approach considers a Fourier decomposition of
geopotential height anomalies at 50hPa and 60°N over an
11-day period; days -10 to O relative to onset. An SSW is
classified as a W2 event if the amplitude over the 11-day
period associated with wave 2 is equal or larger than that
of wave 1, or if the wave 2 amplitude mean exceeds that of
wave 1 by 200m or more for at least one day of the period.
Otherwise, the SSW is classified as a W1 event. In most
cases, the former condition determines the type of SSW.
The latter was included because the build up of W2 events
is generally more abrupt than W1 events. The 50 hPa pres-
sure level was chosen because wave 2 reaches its climato-
logical maximum at this level.

As shown in Figure 6.2, 11 of the 36 SSWs observed be-
tween 1958 and 2011 are unanimously classified as splits by
all three schemes, and 12 unanimously as displacements.
The remaining 13 events differ depending on the classifi-
cation scheme. These events, however, are more likely to be
classified as a displacement: 8 events were displacements
according to 2 of the 3 schemes, while only 5 were splits
according to 2 of the 3 schemes.

We find that more than half of split events are preceded
by enhanced wavenumber-2 activity (see the Barriopedro
and Calvo (2014) method described above), as one might
expect but the rest do not have prominent wavenumber-2
precursors. These may correspond to events that are pre-
conditioned by wavenumber-1 forcing (Bancald et al.,
2012; Labitzke, 1977) which reduces the necessity for large
wavenumber-2 forcing prior to the onset in comparison to
“pure” wavenumber-2 events. Perhaps more surprisingly,
2 displacement events (20 March 2000 and 22 February
2008) - one that was unambiguous across all classification
schemes (the latter) — were also preceded by enhanced wav-
enumber-2 forcing.

Compared to the timing of event dates, there is more spread
in the classification analysis between different reanalysis
products. In a few instances, a tie had to be broken, in which
case we gave greater weight to more modern reanalyses.
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Figure 6.2: Agreement between the SSW classification ap-
proaches. SSS and DDD refer to cases where all three schemes
identified a split, displacement, respectively. SSD refers to
cases where two schemes indicate the event is a split while
one characterizes it as a displacement, SSU refers to a similar
case, but where the third scheme was unable to classify the
event, and so forth. Each bar is then divided into cases where
the wave amplitude at 50 hPa over the 11 days preceding the
event (see the Barriopedro and Calvo (2014) method for more
detail) was primarily wave 1 (blue) or 2 (yellow).
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In addition, the Seviour scheme considers a few (3 of 36)
events to be “unclassifiable”, as they reflect too much of a
mixture of properties of splits and displacements. In some
cases, an event was unclassifiable for the individual reanal-
yses; in others, there was so much spread between products
that we felt “unclassifiable” was the most reasonable desig-
nation. The classification schemes were applied to the wind
reversal SSW events as above. There are a number of small
differences in the dates and classifications based on individ-
ual reanalyses, as detailed in Tables A6.4, A6.5, A6.6 and
A6.7. Hence two studies based exclusively on two different
reanalyses will not find the same SSW frequency, or pro-
duce the same composite fields. We find, however, that these
differences are generally not significant if one accounts for
sampling error. That is to say, the differences in the SSW
frequency, or event composites, based on the two different
reanalyses, would not be statistically significant.

Asan example, consider a comparison of the dynamical evo-
lution of W1 and W2 SSW, classified with the Barriopedro
and Calvo (2014) method, across different reanalyses. Key
characteristics of SSWs, such as the warming of the lower and
middle polar stratosphere, the deceleration of the polar vor-
tex, and theinjection of tropospheric wave activity, were com-
pared across reanalyses by Ayarzagiiena et al. (2019) based on
the diagnostic benchmarks by Charlton and Polvani (2007).
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Figure 6.3: (a) REM composited time evolution of the total anomalous eddy heat flux averaged over 45°N-75°N (Kms-1)
at different levels from 29 days before to 30 days after the occurrence of W1 SSWs in the comparison period. Contour in-
terval: 20Kms-1. (b) Same as (a) but for the standard deviation of the reanalyses with respect to the REM. Contour interval:
2Kms1. (e) and (f) Same as (a) and (b) but for the interaction between climatological and anomalous waves. Contour in-
terval: 10Kms-1. (i) and (j) Same as (a) and (b) but for the contribution of the intrinsic wave activity associated with wave
anomalies to the total anomalous heat flux. (c), (d), (g), (h), (k) and (I) Same as (a), (b), (e), (f), (i) and (j) respectively but for W2
SSWs. Shading in (a), (e), (i), (c), (g) and (k) denotes statistically significantly anomalies at a 95 % confidence level (Monte-Carlo

test). Adapted from Ayarzagliena et al. (2019).
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Common events were considered to avoid possible dis-
crepancies between reanalyses due to a different sampling.
In both the pre- and post satellite periods of comparison,
the agreement between datasets is very high. Only small
discrepancies are found for the deceleration of the polar
vortex at 10hPa in the case of NCEP RI, particularly in
the historical period. These discrepancies are probably re-
lated to the lowest model top and vertical resolution of the
NCEP R1 model, since other SSW properties computed at
lower levels do not present discrepancies between reanalyses.

As shown in Figure 6.3, anomalous meridional eddy heat
flux (HF), averaged between 45°N and 75°N, and its dif-
ferent contributing terms (Nishii et al., 2009) have been
computed as a function of height about the onset date of
SSWs. Since some previous studies have shown differenc-
es in mechanisms triggering different types of SSWs (e.g.,
Barriopedro and Calvo, 2014; Smith and Kushner, 2012),
the heat flux analysis is shown separately for W1 and W2
SSWs in the comparison period. The results of the Reanal-
ysis Ensemble Mean (REM) resemble very much those by
Smith and Kushner (2012) for D and S events, respectively,
despite the lack of a one-to-one correspondence between
W1 (W2) and D (S) SSWs.

W1 events are mainly triggered by the interaction between

Z500 [-10,0]-day period
b SD W1

a REM W1

climatological and anomalous waves (Figures 6.3a, e and
i) during persistent and moderately intense peaks of HF
anomalies. Conversely, W2 events are related to intense
but short pulses of HF arising from anomalous wave pack-
ets (Figures 6.3¢c, g and k). The comparison among rea-
nalyses results reveals that all datasets can reproduce the
different mechanisms involved in W2 and W1 SSWs. The
spread is higher for W2 SSWs than for W1 SSWs particu-
larly during the days immediately before the occurrence of
SSWs (Figures 6.3b, d, f, h, j, and 1). This is probably due
to the smaller sample of W2 SSW.

The tropospheric circulation associated with the occur-
rence of W1 and W2 SSWs in the satellite period has also
been explored (Figure 6.4). The tropospheric patterns
preceding the SSWs have been computed by analyzing
the averaged geopotential height anomalies at 500hPa
in the [-10,0]-days prior to the central date of each type
of SSW, while the surface signal after the occurrence
of W1 and W2 SSWs has been analyzed by composit-
ing the mean sea-level pressure (MSLP) anomalies in
the [5,35]-days after these dates. The precursor signals
for W1 SSWs and W2 SSWs show predominant W1-like
and W2-like structures, respectively, that are similar
to the precursors of the most intense events of strato-
spheric vortex deceleration (Martineau and Son, 2015).

SLP [+5,+35]-day period

e REM W1 f SDWwl1

Figure 6.4: (a) Reanalysis ensemble mean (REM) of W1 SSW-based composites of 500 hPa geopotential height anomalies (con-
tour interval 20 m) over the [-10, 0]-day period before events for the comparison period (1979-2012). Only statistically significant
anomalies at the 95 % confidence level of the same sign (Monte Carlo test) in at least 66.7 % of all reanalyses are shaded. (b)
Standard deviation of the reanalyses with respect to the REM divided by the square root of the number of reanalyses for W1 SSWs
(contour interval is 1 gpm). (c, d) Same as (a) and (b) but for WN2 SSWs, respectively. Green contours in (a) and (c) show the REM
climatological W1 and W2 of 500 hPa geopotential height from November to March, respectively (contours: 40 and 80gpm). To
the right, the MSLP is composited over the [5, 35] day period after SSWs. The panels follow the same order as the Z500 precursors.
Contour interval is 2 hPa for REM composites and differences and 0.1 hPa for the standard deviation of the reanalyses. Adapted

from Ayarzagtiena et al. (2019).
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We refer the reader to Cohen and Jones (2011) for earli-
er precursors. The SSW impact shows a negative North-
ern Annular Mode (NAM) pattern with positive MSLP
anomalies over the polar cap in both cases, but some dif-
ferences are found in lower latitudes of the Northeastern
Pacific and Atlantic basins. The Pacific responses resemble
the tropospheric precursor patterns therein, suggesting a
possible remainder signal. In both cases (precursors and
responses), the agreement among reanalyses is very good
and almost no differences have been detected.

This analysis shows overall very good agreement among
reanalyses in the representation of the main features,
triggering mechanisms and surface fingerprint of SSWs.
Despite this, some differences are found among reanaly-
ses, particularly in the historical period and concerning
the NCEP R1 reanalysis. Before 1979, SSWs in NCEP R1
show a lower mean frequency and a different seasonal dis-
tribution with respect to JRA-55 and ERA-40 (Figure 6.1).
This disagreement also extends to climatological fields and
their variability in upper levels. A plausible cause of this
discrepancy is the strong artificial temperature trend af-
fecting the early record of NCEP R1 (Badin and Domeisen,
2014). Arguably, the characteristics of the reanalysis mod-
els play an important role in this period, since the number
of available data to be assimilated at upper levels is limited.
Thus, we do not recommend the use of this reanalysis in
the historical period for model evaluation initiatives.

6.4.3 Sampling uncertainty vs. reanalysis uncertainty

Studies of stratosphere-troposphere coupling are limited
by the considerable dynamical variability present in both
the stratosphere and the troposphere below. This varia-
bility introduces considerable sampling uncertainty into
composite analyses, for example, and it is thus of interest
to use all the data that is available. The amount of observa-
tional data increased considerably after 1979 when global
satellite observations became broadly available. However,
the basic theory underlying the occurrence of SSWs was
formulated by Matsuno (1971), and several well-known re-
views of the dynamics of these events were published well

(a) JRA-55 36 events

(b) 21 Feb 1989
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before a significant time series of satellite observations was
available (McIntyre, 1982; Labitzke, 1977), indicating that
the observational record largely based on radiosondes is of
considerable value. This can be expected to be even more
the case within the troposphere which is more easily ob-
served with radiosondes.

Indeed, the uncertainty arising from dynamical variability
that is intrinsic to the global circulation is far larger than
the uncertainty arising from observational uncertainty and
the process of assimilating this data into reanalysis products
(Hitchcock, 2019). This is demonstrated in Figure 6.5. Fig-
ure 6.5a shows the time-series of zonal mean zonal wind at
10hPa, 60°N, around 36 major sudden stratospheric warm-
ings from a single reanalysis, JRA-55. Events post 1979 are
in solid lines, while those prior to 1979 are in dashed lines.
The broad spread across events at all lags from the central
date is evident, and the character of the variability in the
two periods is not obviously different. This inter-event var-
iability can be compared with the differences for individual
events across reanalysis products.

Figure 6.5b shows the corresponding time series for one
event (21 February 1989) during the post-1979 period, for
each of the 12 reanalyses. With the exception of the two
reanalyses that ingest only surface observations (ERA-
20C, 20CR v2), the time-series are nearly indistinguish-
able relative to the inter-event variability highlighted in
Figure 6.5a. This is even more the case if one omits NCEP-
NCAR RI and NCEP R2 whose forecast model top lies at
10hPa. Although relatively few reanalyses extend prior to
1979 (and only one of the more modern products), this
close agreement holds nearly as well for the pre-1979 pe-
riod (Figure 6.5¢).

Including the 21 years from 1958 to 1979, in addition to
the 32 years from 1979 through 2010, can be expected to
shrink confidence intervals by a factor of /32/53 = 0.78;
about a 20% reduction. For instance, Figure 6.6 shows
the impact of including this period on the estimated
frequency of SSWs. Here the Lehtonen and Karpech-
ko (2016) classification method is used to define SSWs.
Although not shown, similar results are found for the

(c) 23 Feb 1966
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Figure 6.5: (a) Zonal winds at 10hPa and 60° N from JRA-55 for 36 sudden warmings. Events from the satellite period are in dark grey,
those from the radiosonde period are in light grey and are dashed. (b) Winds for a single satellite-period event for all reanalyses; this event
is shown by the black line in (a). (c) Zonal winds at 10hPa and 60° N for a single radiosonde-period event for all reanalyses covering this
period; this event is shown by the dashed black line in (a). Reproduced from Hitchcock (2019).
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other classification methods. The
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a year is chosen multiple times,
the events that occurred dur-
ing these years are also included
multiple times. This is carried
out 10000 times; the 2.5th and
97.5th percentiles then define the
confidence interval. A similar
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Figure 6.7: (a) Composite mean of vertically averaged (100
to 1000 hPa) zonal wind anomalies, averaged over lags 5 to
60 days following major warmings. The solid line shows the
composite for all events while the dashed line shows the com-
posite for the satellite era alone. Confidence intervals for the
whole period are shaded while those for the satellite era are
indicated by thin dashed lines. (b) Similar but for vertically
integrated momentum fluxes. (c) Similar but for meridional
heat fluxes at 100 hPa, averaged over lags -15 to 0 (in red), and
over lags 5 to 60 (in blue). Reproduced from Hitchcock (2019).
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Figure 6.6: (a) Frequency of all SSW events, and of events classified as splits
or displacements for the satellite period versus the entire period where qual-
ity reanalyses are available. (b) Same as (a) but for each month of extended
winter. Error bars indicate 95% confidence intervals, see text for details. Repro-
duced from Hitchcock (2019).

procedure is used for the confidence intervals on the
whole 1958 - 2010 period but using sets of 53 years.

The resulting confidence intervals are indeed reduced
by a factor close to the 20 % estimate given above. The
overall event frequency and the frequency of splits and
displacements are somewhat reduced. The seasonal dis-
tribution of events is more substantially affected; within
the broader record more events occur in January that in
any other month; the period from 1979 - 2010 had rela-
tively few January events and relatively many February
events resulting in a rather different seasonal distribu-
tion as shown in Figure 6.1 (though one well within
sampling uncertainty).

Similar reductions in confidence intervals can be found
for more dynamical quantities. Figure 6.7 shows three
such examples. Figure 6.7a shows the anomalous zonal
wind, integrated from 1000 hPa to 100 hPa, from days 5
to 60 following the central date. Figure 6.7b shows the
anomalous meridional momentum flux, also integrated
from 1000 hPa to 100 hPa and averaged from days 5 to
60 following the central date. Finally, Figure 6.7c shows
the meridional heat flux at 100 hPa, averaged from days
-15 to 0, prior to the central date (in red), and averaged
from days 5 to 60 following the central date (in blue).
In all cases confidence intervals are generated by a
similar bootstrapping procedure; however in this case
the events themselves are sub-selected, rather than the
years.

Again, in all cases, including the whole period results
in a slightly different meridional structure. The low-lat-
itude easterly response is somewhat weaker in Figure
6.7a, the momentum flux response is somewhat more
positive at all latitudes (Figure 6.7b), and the heat flux-
es in the recovery period are somewhat more reduced
(Figure 6.7c). More importantly, the reduction in con-
fidence intervals provides a stronger constraint for dy-
namical understanding and for model evaluation.
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6.4.4 Assessing the internal consistency of SSW events
in Reanalyses

Given that the sampling error tends to overwhelm differ-
ences in the representation of SSWs in different reanalysis
products, we consider an alternative approach to evaluat-
ing their fitness: an assessment of their internal consisten-
cy. Many studies have investigated the evolution of zonal
mean zonal wind using zonal-mean momentum budgets
applied to reanalysis data (e.g., Martineau and Son, 2015;
Limpasuvan et al., 2004). Reanalysis data sets, however,
are known to present biases with respect to observations
and with respect to each other. For instance, recent studies
by Lu et al. (2015) and Martineau et al. (2016) have high-
lighted discrepancies among data sets concerning the mo-
mentum budget. Here we summarize and show key figures
from the analysis of Martineau et al. (2018b), which quan-
tified uncertainties in the zonal momentum budget among
the reanalysis data sets.

The comparison is performed among all conventional rea-
nalysis data sets except for ERA-40 whose deficiencies are
well documented in the literature (e.g., Martineau et al.,
2016) and which terminates in 2002, limiting the sample
of SSW events. The common dates identified in Table 6.2,
beginning with the 29-Feb-80 event and ending with the
24-Mar-10 event, are used to perform composites of the
momentum budget for SSW events. The zonal-mean mo-
mentum budget can be written as follows:

i 7 1 d(cos’puv’) _ 1 d(icos ) 5 on O w) R
M_ v ot _Auwdw)
ot ~—— acos’¢p ¢ acos¢p 0P op ap (6 l),
IS —_———
v [dy Advs Adv,  dww [dp

where f is the Coriolis parameter, u, v, w are the zonal,
meridional, and vertical components of wind, ¢ is the lat-
itude, p is the pressure, and a is the mean radius of the
Earth (6371km). Overbars and primes denote zonal mean
and anomalies with respect to the zonal mean, respective-
ly. While the left-hand side term expresses the zonal-mean
zonal wind tendency, terms of the right-hand side rep-
resent forcing terms. They are, in order, the acceleration
due to the Coriolis torque, the meridional convergence of
momentum fluxes, the advection of zonal momentum by
the meridional wind, the vertical advection of zonal mo-
mentum by the vertical wind, and the vertical convergence
of vertical momentum fluxes. The last term, R, is referred
to as the residual and represents sub-grid scale process-
es such as gravity wave drag and numerical diffusion. It
also includes imbalances in the momentum equation in-
troduced by the data assimilation process (analysis incre-
ment), errors due to the interpolation from model levels to
pressure levels, and errors related to the numerical meth-
ods employed to evaluate each term of the equation. All
calculations are based on the zonal-mean data set of global
atmospheric reanalyses on pressure levels (Martineau et
al., 2018¢c; Martineau, 2017) which provides dynamical
variables on a common 2.5° by 2.5° latitude-longitude

grid for all reanalysis datasets at six-hour intervals. The
diagnostics presented here are markedly more sensitive to
the choice of data set than horizontal resolution (Marti-
neau et al., 2018c).

Figure 6.8 shows the composite evolution of all terms of
the zonal-mean momentum equation during SSW events.
In addition to the terms evaluated and shown for each indi-
vidual data set, the standard deviation among an ensemble
of the latest reanalysis data (CFSR, ERA-Interim, JRA-55
and MERRA-2) is displayed. SSW events are characterized
by an intense deceleration (up to - 7ms-1day-! at 3hPa) of
the zonal-mean zonal wind in the mid-stratosphere. Un-
certainties in the zonal wind tendency are typically small
in comparison to other terms of the momentum equation
and are largest several days before the onset date (day 0).
The dominant forcing terms are those that are typically in-
cluded in the quasigeostrophic version of the momentum
equation - i.e., the acceleration due to the Coriolis torque
and the convergence of meridional fluxes of momentum.
These two forcings are strongly opposed, but not complete-
ly. Their sum results in a net deceleration before the onset
of SSW events. Uncertainties in these forcing terms due to
inter-reanalysis discrepancies typically peak several days
before the onset of SSW events. Other forcing terms that
are left out of the QG approximation have smaller magni-
tudes and show better agreement among the reanalyses.
Finally, the residual is typically negative before the onset
of SSW events, in part due to the exclusion of gravity wave
drag from our analysis (Martineau et al., 2016). It becomes
more neutral after the onset, suggesting a more dynami-
cally quiet period.

It is worth noting that preceding lag 0, JRA-25 shows a
markedly larger residual in comparison to other reanaly-
ses both in the mid and upper stratosphere. This large neg-
ative residual may be attributed to an underestimation of
deceleration by the Coriolis torque in the mid stratosphere
and an overly strong momentum flux convergence in the
upper stratosphere in comparison to other reanalyses (not
shown, see Martineau et al. (2016) for more details). Note
that NCEP R1 and NCEP R2 are also clear outliers for
these two forcings in the mid-stratosphere. Their residual
is however not shown here since vertical motion is not pro-
vided in the stratosphere.

The vertical profiles of the forcing terms and their uncer-
tainties are shown in Figure 6.9. Here, the inter-reanalysis
standard deviation is shown separately for the ensemble
of latest reanalyses and an ensemble of all reanalyses (list-
ed in legend). Overall, all forcing terms display an expo-
nential increase of uncertainties with height in the strat-
osphere. Again, the Coriolis torque and the convergence
of meridional momentum fluxes dominate in terms of
uncertainty. It is also noteworthy that uncertainties of the
latest reanalysis ensemble are always smaller than the all
reanalysis ensemble in the stratosphere which suggests an
enhanced consistency in the representation of the atmos-
pheric circulation in the modern reanalysis products.
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Figure 6.8: Evolution of forcing terms of the zonal-mean momentum equation at 10 hPa (dashed lines) and 3 hPa (solid
lines) in the course of SSW events. All variables are averaged from 45°N to 85°N. Note that the range of the y axis in each
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are expressed in ms-day-'. Reproduced from Martineau et al. (2018b).
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Martineau et al. (2018a) have noted that not only the
mean forcings between the Coriolis torque and mo-
mentum flux convergence are strongly opposed, but
also the inter-reanalysis discrepancies in the Coriolis
torque are often compensated for by inter-reanalysis
discrepancies in the momentum fluxes. This results in
a seemingly better self-consistency of the momentum
equation (small residual) although the disagreement
between data sets about the dominant momentum
forcing terms can be large. This compensation could
be the result of an induced meridional overturning cir-
culation in response to biases in wave drag from plan-
etary waves or gravity waves among the data sets. The
meridional overturning circulation is an ageostrophic
circulation and is thus not constrained by the thermal
structure of the atmosphere like the zonal mean zonal
winds which largely obey geostrophic and hydrostatic
balance in the extratropics.

The aforementioned results characterized uncertain-
ties of the momentum budget in reanalysis data sets by
considering all SSW events but the study of Martineau
et al. (2018a) provides a more thorough analysis by in-
vestigating differences between SSW events character-
ized by a split or displacement of the stratospheric polar
vortex. The classification is done by both using vortex
moment diagnostics (see Section 6.4.2) and by identi-
fying the dominant fluxes of wave activity from the
troposphere to the stratosphere (whether dominated by
wavenumber 1 or 2) prior to the events. Overall, there
is no striking difference in the uncertainties of the mo-
mentum budget between these different types of events.
It is rather found that the intensity of the event, evaluat-
ed by the magnitude of the deceleration of zonal-mean
zonal wind prior to the reversal, is more relevant for the
agreement between reanalysis data sets. As is somewhat
intuitive, the events that showed the strongest decelera-
tion and largest forcing terms were shown to suffer from
larger inter-reanalysis uncertainties.

In summary, there is generally a good agreement be-
tween the various terms of the zonal-mean momentum
budget among reanalysis data sets. The discrepancies
are small enough as to not introduce important uncer-
tainties in our understanding of the dynamical evolu-
tion of SSW events. Inter-reanalysis uncertainty typi-
cally increases exponentially with height as the forcing
terms also grow in magnitude. The dominant forcing
terms, i.e., momentum flux convergence and the Co-
riolis force, dominate the budget and have the largest
uncertainties. The residual also increases with height,
indicative of the greater role played by gravity waves
in the momentum budget in the mid- to-upper strato-
sphere. Differences in the contribution of gravity waves
to the momentum budget among reanalyses are hard to
evaluate since gravity wave drag is not commonly pro-
vided for the reanalysis data sets; we therefore recom-
mend that future data sets provide daily parameterized
gravity wave drag on the standard pressure levels.

6.5 Annular modes

The annular modes have been used to quantify the coupling
between the stratosphere and troposphere, particularly that
associated with SSW events (e.g., Kushner, 2010; Baldwin and
Dunkerton, 2001; Thompson and Wallace, 2000). In the trop-
osphere, the annular modes characterize meridional shifts
in the extratropical jet streams; a positive index indicates the
jet is located poleward of its climatological position. The jet
streams are associated with the extratropical storm tracks,
so that the annular modes are linked with shifts in storm
activity, particularly in Northern Europe and eastern North
America (e.g., Thompson and Wallace, 1998). In the strato-
sphere, the annular modes chiefly characterize variations in
the strength of the polar vortex. A positive index indicates a
stronger than average vortex, so that the breakdown of the
vortex in an SSW is associated with an abrupt shift to a very
negative annular mode index in the stratosphere.

The negative shift in the stratospheric annular mode index
associated with an SSW typically precedes a similar (albeit
weaker) shift towards a negative annular mode index in the
troposphere by a few days (Baldwin and Dunkerton, 2001;
Karpechko et al., 2017). The equatorward shift in the trop-
ospheric jet stream persists on the order of 30 to 60 days,
associated with the slow recovery time scale of the lower
stratospheric vortex (e.g., Gerber et al., 2010) and potential
feedback with baroclinic eddies in the troposphere (e.g,
Song and Robinson, 2004). SSWs are therefore important
for seasonal to subseasonal forecasts (e.g., Butler et al., 2019;
Domeisen et al., 2019b; Sigmond et al., 2013).

In addition, the annular modes have been used to inves-
tigate cases where the polar vortex is stronger than aver-
age (Baldwin and Dunkerton, 2001; McDaniel and Black,
2005). These “Polar Vortex Intensification” events (hereaf-
ter strong vortex events) are somewhat of an opposite an-
alogue to a SSW, but lack a clear, abrupt onset. A stronger
than average polar vortex (i.e., a positive annular mode
state in the stratosphere) is typically associated with a
poleward shift in the tropospheric jet (i.e., a positive annu-
lar mode in the troposphere).

6.5.1 Consistency of the annular mode index across

reanalyses in the post and pre-satellite periods

As detailed by Gerber and Martineau (2018), we use a
simplified procedure to compute the daily annular mode
indices from the reanalyses. As proposed by Baldwin and
Thompson (2009), the annular mode index is defined by
the polar cap averaged geopotential height (all latitudes
poleward of 65°), normalized to have zero mean and
unit variance. To ensure that the annular mode indices
characterize meridional shifts in geopotential height at
all levels, the global mean geopotential height on each
pressure level is first removed at each time step before
computing the polar cap averages (Gerber et al., 2010).
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Figure 6.9: Vertical profiles of each term in the momentum equation averaged from lags 5 to 0 days before SSW events.
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from Martineau et al. (2018b).

In keeping with the sign convention of Thompson and
Wallace (2000), we also reverse the sign, so that a high
index state is associated with a lower than average polar
cap geopotential height.

This definition of the annular mode requires extrap-
olation of data to pressure levels below the surface in
regions of high topography, which was done by the
reanalysis centers with the exception of the MERRA
products. To avoid introducing extrapolation errors,
we omit MERRA and MERRA-2 from comparisons be-
low 700 hPa. We focus on a subset of the pressure levels

between 1000 hPa and 1hPa that were shared by all re-
analyses. Levels above 10 hPa, however, are unavailable
for NCEP R1/NCEP R2 and 20CR v2/v2c reanalyses.

For the satellite era, 1979 onward, Gerber and Marti-
neau (2018) found that a reanalysis ensemble mean
(REM) constructed from the most recent reanalyses
(ERA-Interim, JRA-55, and CFSR) provided a reliable
benchmark for comparison. MERRA-2 was not in-
cluded in the REM due to missing data below 700 hPa,
but the results are nearly identical if it is included.
The annular mode indices in the modern reanalyses are
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correlated R2 >0.96 with each other at all levels in the
Northern Hemisphere and up to 3hPa in the Southern
Hemisphere; CFSR’s correlation with the others drops
to R2=0.9 at 1 hPa in the Southern Hemisphere. For the
pre- satellite period, it was unclear if a REM was meaning-
ful, particularly in the austral hemisphere. In the analysis
shown in Figure 6.10, JRA-55 is chosen among modern
full-input reanalyses as an arbitrary point of comparison.

Figure 6.10 contrasts consistency between the reanalyses
in the post- and pre-satellite periods. To assess perfor-
mance during the satellite era, Figures 6.10a and ¢ cor-
relate the annular modes computed from each individual
reanalysis with the REM index over the standard WMO
climatological period, 1981 -2010. Essentially the same re-
sults would be found for any period after 1979, with some
evidence of greater agreement in the last decades at upper
levels (not shown). In the Northern Hemisphere, the annu-
lar mode indices computed from all of the full-input rea-
nalyses are almost indistinguishable (the squared correla-
tions are near one). In the Southern Hemisphere, there is
reasonable agreement between all the full-input reanalyses
(R2>0.95 up to 10hPa), but with evidence of tighter agree-
ment amongst the more recent reanalyses (R2 =0.99 up
to 3hPa). While not shown here, an early output of ERA5

a) NAM 1981-2010

b) NAM 1958-1978
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(2008 -2016) was compared with the other modern reanal-
yses by Gerber and Martineau (2018) and shown to be as
good as the other modern reanalyses.

In the Northern Hemisphere, the conventional-input
JRA-55C reanalysis provides a very good estimate of the state
of the annular mode up to 10hPa. JRA-55C’s annular mode
index, however, is noticeably less correlated with the REM in
the Southern Hemisphere, suggesting the satellite observa-
tions are critical for quantifying the large-scale circulation of
the austral hemisphere. At the surface, and throughout most
of the troposphere, the surface-input reanalyses 20CRv2/v2c
and ERA-20C are also well correlated with the REM. The an-
nular mode indices in the 20CR reanalyses, however, quickly
decorrelate with the REM above the tropopause, suggesting
that these reanalyses cannot effectively capture stratospheric
variability. ERA-20C also loses skill in the stratosphere, but
much more slowly, particularly in the Northern Hemisphere.
The R2 of approximately 0.6 at 10 hPa indicates that ERA-20C
captures 60% of the variance in the annular mode at this
height in the stratosphere. As discussed in greater detail by
Gerber and Martineau (2018), ERA-20C appears to capture
approximately half of the observed SSWs, and simulates the
same frequency of events overall.

We note that the JRA-55AMIP in-
tegration does not meaningfully

| capture any of the annular mode
3t | variability. This was an expected
E 1o} | result; this integration is not a rea-
£ nalysis, but rather the JRA-55 model
2 30f I forced with observed SSTs, as in a
2 100b l standard Atmospheric Model Inter-
s I comparison Project (AMIP) simula-
S0t | tion. Knowledge of the sea surface
1000 l . . . . . . . . . 1 temperature is not sufficient to con-
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Figure 6.10: The squared correlation between the (a, b) Northern and (c, d) Southern
Annular Mode indices computed from each individual reanalysis with (g, ¢) a Reanalysis
Ensemble Mean (REM) for the period 1981-2010, and (b, d) with the Annular Mode index
of JRA-55 for the pre-satellite period, 1958-1978. As detailed in the text, the REM for the
more recent period is constructed from three of the most recent reanalyses (ERA-Interim,
JRA-55, and CFSR). In the pre-satellite period, a REM proved less meaningful. Comparable
plots are obtained if NCEP R1 or ERA-40 are used instead of JRA-55. Adapted from Gerber

and Martineau (2018).

or NCEP R1 is used instead. In the
Northern Hemisphere, we find that
the annular mode is consistently rep-
resented in the full-input reanalyses,
with growing uncertainty above 10
hPa (where NCEP R1 is not available).
This result is consistent with the abili-
ty of the conventional input reanalysis
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JRA-55C to capture Northern Annular Mode variability in
the satellite period.

While ERA-20C still captures more of the variability in the
stratosphere in comparison to the 20CR reanalyses, the R2
correlation is weaker in the pre-satellite period. At 10hPa,
ERA-20C captures only 40 % of the variability in the full-input
reanalysis JRA-55 (or equivalently, ERA-40 and NCEP R1),
compared to 60% in in the satellite era. This could be due to
fewer surface observations during this earlier period.

In the Southern Hemisphere, the situation is different. There
is little agreement between JRA- 55 and the other reanalyses.
Similarly poor agreement is found if NCEP R1 or ERA-40 is
chosen as the reference time series (not shown), though we
do find the NCEP RI is somewhat better correlated with the
surface-input reanalyses in the troposphere than either JRA-
55 or ERA-40. The poor consistency between the reanalyses
in the pre-satellite period was somewhat expected, given the
inability of JRA-55C to capture the Southern Annular Mode
in recent years. But the fact that JRA-55C still captures 85%
or more of the variance in the REM at nearly all levels sug-
gests that a scarcity of conventional observations before 1979
is a larger part of the problem.

As discussed in Gerber and Martineau (2018), it is difficult
to assess the synoptic variability of the Southern Annular
Mode from direct measurements. On monthly time scales,
Marshall (2003) has constructed a station based index that
is correlated at approximately R=0.85 with the 850hPa
Southern Annular Mode index in all reanalyses over the
period 1979-2001. (This period was chosen to allow com-
parison with ERA-40.) For JRA-55 and ERA-40, this cor-
relation drops markedly (to approximately 0.5) in the
pre-satellite period 1958 - 1978. NCEP R1’s correlation also
weakens, but only drops to approximately 0.7. In contrast,
the surface based reanalyses ERA-20C and 20CR maintain
their correlation with the Marshall (2003) index.

The 20CR products, however, have been shown to miss most
of stratospheric variability in earlier periods. Thus, for probing
the large-scale circulation of the stratosphere-troposphere in
the pre-satellite Southern Hemisphere atmosphere, ERA-20C
might actually provide a more reliable estimate, even though
NCEP R1, ERA-40, and JRA-55 assimilate radiosonde data
and other free atmosphere observations.

6.5.2 Sampling uncertainty vs. reanalysis uncertainty

As found with the evolution of the stratosphere during
an SSW event in Section 6.4.3, our ability to quantify the
large-scale tropospheric response to SSWs and strong vor-
tex events is primarily limited by the finite length of the
reanalysis records, not differences between the reanaly-
ses. Figure 6.11 compares the sampling uncertainty in the
“dripping paint” plots of Baldwin and Dunkerton (2001) to
uncertainty associated with differences in the reanalyses.
Panels (a) and (b) provide an update on the evolution of the

annular mode index about weak and strong vortex events,
now based on almost 6 decades of JRA-55 reanalysis. Fol-
lowing Baldwin and Dunkerton (2001), composites are cen-
tered about the date the 10hPa index drops below -3 (rises
above 1.5) standard deviations. The asymmetry in event cri-
teria was based in part on the fact that the annular mode in-
dex at this level is skewed negative on account of SSWs, but
1.5 standard deviations is a much weaker threshold, such
that more strong events are identified.

Gerber and Martineau (2018) show that using a consistent
set of event dates is important for this comparison. The
threshold nature of the event detection implies that very
small differences between reanalyses can lead to the detec-
tion of different events (or more frequently, a shift in the
timing of a given event). This effectively aliases sampling
uncertainty in a comparison of reanalyses: the key is that
the annular mode indices vary very little between reanaly-
ses (differences are on the order of 1%), but the inter-event
variance is of order unity.

The weak vortex composite (Figure 6.11a) shows a rapid
breakdown of the stratospheric polar vortex in the week
preceding an event, evident first at upper levels, but become
nearly synchronous in height by the time of onset. The strat-
ospheric vortex then slowly recovers, from top to bottom,
taking nearly three months in the lower stratosphere. Dur-
ing this long period of recovery, the tropospheric annular
mode tends to be weakly negative, indicating an equator-
ward shift in the jet stream.

The strong vortex events (Figure 6.11b) exhibit a similar
structure, but shifted earlier in time relative to date of event
onset. The stratospheric vortex exhibits a positive annular
mode (i.e., is stronger than average) for over a month in ad-
vance, associated with a positive tropospheric annular mode
(poleward shift in the tropospheric jet) that is already fully
developed by the onset. This shift is partly due to the fact
that strong vortex events tend to build slowly, on the time
scale of radiative forcing, and so are harder to align in time.
With respect to the amplitude of these events, pay close at-
tention to the color scale. A weak vortex event is associated
with a 3 standard deviation drop in the annular mode index
in approximately 1 week, corresponding to a 1.4km rise in
the 10hPa surface height at the pole. In contrast, the strong
vortex event is associated with a more gradual 0.7km drop
in the 10hPa surface over a month.

Figures 6.11c and d show the 1 standard deviation er-
ror bound on the weak and strong vortex composites, re-
spectively. As shown by Gerber and Martineau (2018), in-
ter-event variance of the annular mode indices is on the
order of unity at all times except in the stratosphere at event
onset (which occurs by construction: the 10hPa index an-
nular mode is always approximately -3 or 1.5 at lag 0). The
sampling uncertainty of the composite is thus approx-
imately 1 over the square root of the number of events.
For weak vortex cases, where we have only 32 events, this
is approximately 0.2, of the same order as the signal at any
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of sampling error. Adapted from Gerber and Martineau (2018).

given time! As argued by Baldwin and Dunkerton (2001),
the tropospheric response is only significant if one averages
over an extended period. This takes advantage of the fact
that the tropospheric annular mode tends to exhibit memo-
ry on the order of 10 days (e.g., Gerber et al., 2010). If we ask
for a 95 % confidence interval at any given time, we need the
signal to be about equal to two standard deviations, requir-
ing on the order of 100 events, a point we just approach in
the case for strong vortex events.

Differences between the reanalyses are an order of mag-
nitude smaller than the sampling error, as shown in Fig-
ures 6.11e and f. This measure of the “reanalysis uncertain-
ty” was constructed by comparing weak and strong vortex
composites based on the most recent reanalyses (ERA- In-
terim, JRA-55, MERRA-2, and CFSR/CFSv2) separately. We
find that composites based on one reanalysis versus another
are almost indistinguishable, provided one uses a standard-
ized set of event dates. As the uncertainty is more than 10
times smaller than the sampling uncertainty, we’d need a
record 100 times as long (i.e., 6000 years!) for the choice of
reanalysis to become as important as sampling uncertainty.

A similar conclusion applies to other measures of the cou-
pling between the stratosphere and troposphere through

the polar vortex, such as the variance and persistence of the
annular mode indices as a function of season explored by
Baldwin et al. (2003) and Gerber et al. (2010): results based
on one reanalysis are not significantly different from those
based on another with respect to the sampling uncertainty.
This suggests that lengthening the reanalysis record has a
substantial effect on our ability to quantify the coupling be-
tween the troposphere and stratosphere.

The sampling uncertainty shown in Figures 6.11c and d
was based on JRA-55, which provides two additional dec-
ades (30 % more years) than the other most recent reanaly-
ses which are restricted to the satellite era. As the sampling
error decays with the square root of the number of events,
these error bounds are 20 % smaller than could be obtained
from the other modern reanalyses. This reduction depends
on the assumption that JRA-55’s reanalysis from 1958 - 1978
is of sufficiently high quality, supported by our comparison
of the pre-satellite era reanalyses in Figure 6.10, and the
fact that JRA-55C does a good job of capturing annular var-
iability since 1979 without the aid of satellite observations.
We look forward to assessing the ERAS5 reanalysis, which is
planned to extend back to 1950.
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6.6 Stratospheric final warming events

The extratropical stratosphere exhibits a pronounced seasonal
cycle with westerly winds in the winter hemisphere (with the
exception of SSW events) and easterly winds in the summer
hemisphere. The final transition from the westerlies to the
easterlies, which occurs every year, is referred to as a Strato-
spheric Final Warming (SFW) event. Similar to SSW events,
SFW events show a signature of zonal-mean zonal wind decel-
eration in the troposphere, indicative of a downward coupling,
and a signature of enhanced upward Eliassen-Palm (EP) flux
propagation to the stratosphere prior to the events (Sun and
Robinson, 2009; Black and McDaniel, 2007). As such, they
allow us to evaluate the representation of stratosphere-tropo-
sphere dynamical coupling in both hemispheres.

There is greater variability of final warmings in the North-
ern Hemisphere compared to the Southern Hemisphere, but
stratospheric ozone loss has influenced their statistics in the
Southern Hemisphere. Given their influence on the tropo-
sphere, the timing of the final warming has implications for
seasonal forecasting (e.g., Butler et al., 2019; Byrne and Shep-
herd, 2018; Lim et al., 2018; Hardiman et al., 2011; Ayarzagiie-
na and Serrano, 2009).
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The final warming of the polar vortex is of key importance
in chemistry-climate models. Once the polar vortex has
broken down, ozone rich air can be transported to polar
latitudes again. In the Southern Hemisphere, a late final
warming in models will mean that the simulated Ant-
arctic ozone hole persists longer through the year than is
observed. A bias in the final warming time is also an in-
dication of polar temperature biases, which will adversely
affect the modelling of heterogeneous ozone destruction
there (Eyring et al., 2006). Adequate representation of the
timing of the final warming in reanalysis data sets there-
fore has important implications for the evaluation of
chemistry-climate models.

The final warming date is defined here as the day on which
the zonal mean zonal wind at 60° becomes easterly for the
final time during winter/spring. This can be sufficiently di-
agnosed using monthly mean data (calculating the day of
the final warming using linear interpolation and assuming
the monthly mean value represents the value on day 15 of
the month) and occurs first in the mesosphere in the South-
ern Hemisphere (Fig. 6.12; shown only up to 1 hPa) but first
in the mid-stratosphere in the Northern Hemisphere (Fig
6.12). With the exception of 20CR, all reanalysis products
agree on the mean final warming date to within 6 days.
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Figure 6.12: The final transition of zonal mean zonal wind from westerly to easterly at (a) 60°S and (c) 60°N is shown
for the period 1979-2010 for all reanalysis data products except 20CR v2 (which uses 1979-2009) and ERA-40 (which uses
1979-2002). The reanalysis ensemble mean (REM) is shown as a thick brown line, and uses data from all products except 20CR
v2. The dark gray shading indicates the inter-reanalysis standard error (again excluding 20CR v2), scaled to represent a 95%
confidence interval. The difference, in the final warming times shown in panels a and c, of each reanalysis from the multi-
reanalysis mean is shown in (b,d). 20CR v2 is excluded from the REM since final warming times, especially in the Northern
Hemisphere, are significantly later in this reanalysis and, given the remarkable agreement in final warming times across all
other reanalysis datasets, the final warmings in 20CR v2 are very likely to be biased late.
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A closer study of the final warming in the Northern Hem-
isphere reveals that in some years the final warming oc-
curs first in the mid-stratosphere (“10hPa-first years”), but
in some years occurs first in the mesosphere (“lhPa-first
years”) (Figure 6.13). In 27 of the 32 years used, the rea-
nalysis products all agree on the final warming type. Al-
though there is generally a good agreement among full-in-
put reanalyses, ERA-40 shows larger discrepancies in the
mid- to lower- stratosphere transition date with respect to
other data sets.

Correctly simulating the proportion of 10hPa-first years
and 1hPa-first years is an area in which climate models do
not currently perform well. In the reanalyses 68-79% of
years are 10 hPa-first years, whereas only 36 % of all modeled
years, using the chemistry-climate models participating in
phase 2 of the Chemistry-Climate model Validation activity
(CCMVal-2) are 10hPa-first years (Hardiman et al., 2011).
Thiéblemont et al. (2019) note a similar underestimation of
10hPa-first years in the CESM and EMAC climate models.

6.7 Modulation of stratosphere-troposphere coupling
by ENSO and QBO

The Northern-Hemisphere winter stratospheric polar vor-
tex varies in strength from year to year with several external
factors (Yoden et al., 2002). One prominent source for this
interannual variability is ENSO, the main mode of interan-
nual variability in the tropical troposphere. During its warm
phase (El Nifno), Rossby wave trains propagate towards
mid-latitudes in the Northern Hemisphere (NH) in boreal
winter, strengthening the Aleutian low (e.g., Horel and Wal-
lace, 1981). As a consequence, upward propagation of plan-
etary waves into the stratosphere is enhanced, which results
in a weaker and a warmer polar stratosphere (e.g., Cagnazzo
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and Manzini, 2009; Bronnimann, 2007). Although its tele-
connectivity to the stratosphere is weaker than El Nifio, the
cold ENSO phase, La Nifa, weakens the Aleutian low lead-
ing to reduced upward-propagating wave activity into the
stratosphere and a strengthening of the polar vortex (Iza et
al., 2016; Butler and Polvani, 2011). For a comprehensive re-
view of ENSO-stratosphere teleconnections, see Domeisen
et al. (2019a).

ENSO’s influence on the extratropical circulation is not lim-
ited to the time-mean flow. Barriopedro and Calvo (2014)
found an ENSO modulation of the blocking precursors of
SSWs, leading to distinctive wave signatures of SSWs dur-
ing opposite ENSO phases: during El Nifio, SSWs are pre-
dominantly associated with wavenumber-1 amplification in
the lower stratosphere, whereas La Nifia SSWs tend to occur
after wavenumber-2 amplification (see also Song and Son
(2018)). The way blocking events interfere with stationary
waves and either amplify or damp the total injection of wave
activity into the stratosphere depends critically on their lo-
cation (e.g, Nishii et al., 2011; Castanheira and Barriopedro,
2010; Woollings et al., 2010; Martius et al., 2009).

Another source of interannual variability of the strength of
the stratospheric polar vortex is the QBO which can mod-
ulate the nature and propagation of extratropical plane-
tary-scale waves (Garfinkel et al., 2012b; Holton and Tan,
1980). Several studies (Taguchi, 2015; Richter et al., 2011;
Calvo et al., 2009; Garfinkel and Hartmann, 2007) further
suggested some nonlinear influence of QBO and ENSO onto
the stratospheric polar vortex such that when the QBO is in
a westerly phase in the lower stratosphere, the polar night jet
weakens and SSW probability increases for the warm ENSO
phase (El Nifio), whereas the changes are opposite for the
QBO easterly winters.
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Figure 6.13: Mean final warming date at 60 °N (as in Figure 6.12) composited over (a) 10 hPa-first years and (b) 1 hPa-first
years (defined in text). The percentage of 10 hPa-first years is: 73.9 in ERA-40, 78.1 in ERA-Interim, 75.0 in JRA-25, 75.0 in JRA-
55,78.1in MERRA, and 68.8 in CFSR. Data from the reanalyses 20CR, NCEP R1, and NCEP R2 does not extend above 10 hPa, so

these products cannot be used for this diagnostic.
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Figure 6.14: Latitude-pressure cross sections of the composited DJF average of monthly zonal mean zonal wind anomalies for (top) El
Nino and (bottom) La Nifia events, from left to right for ERA-Interim, JRA-55, CFSR, and MERRA reanalyses. Contour intervals are + Tm
s71. Solid (dashed) contours denote positive (negative) anomalies. Stippling indicates significance at the 95 % level.

Alternative criteria have been used in the literature to define
cold and warm ENSO phases. In the following analyses, we
have focused on the most commonly used Nifno 3.4 index
based on monthly mean SST anomalies in the region from
5°S-5°N and 170°E-20°W with reference to 1981-2010
climatology. Standard El Nifio and La Nifia phases are de-
fined by plus or minus 0.5K anomalies in this region, as
done in Section 6.7.2. In Sections 6.7.1 and 6.7.3, more re-
strictive criteria (1 standard deviation anomalies) were ap-
plied to focus on more extreme events. The period of averag-
ing, DJF vs. a more extended winter season, was also varied
depending on the scientific focus. The criteria for selecting
warm and cold phases and the resulting years are therefore
listed in each section; winters are identified by the year in
January, e.g., 1983 refers to the 1982 - 1983 winter.

6.7.1 Troposphere-stratosphere coupling through ENSO

The wintertime-mean stratospheric response to El Nifio
and La Nifa conditions is first compared among reanal-
ysis datasets. Monthly mean data from ERA-Interim,
JRA-55, CESR, and MERRA reanalyses are used. First,
for each field, time series from 1979 to 2013 are detrend-
ed and anomalies are computed with respect to the
1981 -2010 climatology. El Nifio and La Nifa events are
defined using the standardized NDJF sea surface temper-
ature anomaly of the Nifio 3.4 index from the NCEP-CPC.
El Nifo (La Nifa) winters are selected above (below) 1 SD
(-1SD). The composites include 7 El Nifio winters (1983,

1987, 1992, 1995, 1998, 2003, 2010) and 5 La Nina winters
(1989, 1999, 2000, 2008, 2011). The statistical significance
of the composites is assessed with a Monte Carlo test at
the 95 % confidence level.

Figure 6.14 shows the latitude-pressure cross-section of
December-January-February (DJF) average of the zon-
al mean zonal wind anomalies composited for El Nifio
(up) and La Nina (bottom) events. In the polar strato-
sphere the El Nifio (La Nifia) signal is characterized by
a robust weakening (strengthening) of the zonal mean
zonal wind in all reanalyses. All reanalyses agree on the
significant area and the sign of the anomalies, with the
largest polar stratospheric signal peaking at -7ms-! for
El Nifio and 8 ms-! for La Nina. Therefore, a good agree-
ment across reanalyses is found for El Nifio and La Nifa
polar stratospheric responses.

To quantify the relationship between the strength of the
Aleutian low, modulated by ENSO, and the response of
the stratospheric polar vortex, Figure 6.15 shows the
scatter plot of the Z index at 500hPa (average of geo-
potential height anomalies between 40°N-60°N and
180°E-210°E) versus the U index (zonal mean zon-
al wind averaged at 60°N between 10hPa and 30hPa),
similar to Cagnazzo et al. (2009). It is important to note
that these Z and U index values for each event are very
similar among reanalyses. El Niflo winters (squares) are
associated with negative values of the Z and U indices.
This corroborates that the deepened Aleutian low related
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Figure 6.15: Scatter plot of the NDJ mean Z index, versus
DJF U index. Squares (triangles) represent each El Nifio (La
Nifia) event and the corresponding larger symbols represent
El Nino and La Nifia events composite.

to the negative Z index increases the upward wave prop-
agation into the stratosphere leading to a weaker polar
vortex. In contrast, La Nifia winters (triangles) are mainly
related to positive Z and U indices, due to an anomalous-
ly weak Aleutian low and in agreement with the observed
positive wind anomalies respectively, since a weakened
Aleutian low inhibits the upward wave propagation lead-
ing to a stronger polar vortex. Results show an excellent
agreement among reanalyses. Therefore, we conclude that
for the purpose of studying the coupling between the strat-
osphere and the troposphere during El Nifio and La Nifna
events, any of the compared reanalyses is equally suitable,
as Iza et al. (2016) noted for La Nifa events.

6.7.2  Blocking patterns associated to SSWs and the modu-
lation of ENSO

The intercomparison of ENSO’s influence on the strato-
sphere among reanalyses is then extended to ENSO’s in-
fluence on SSW events and their blocking precursors. The
analysis contrasts inter- dataset uncertainties with the un-
certainties associated with the definition of blocking events
by using three different blocking definitions.

Daily mean geopotential height at 500hPa (Z500) and
100hPa (Z100) is used for this analysis which is performed
for the full 1958-2012 period and the 1979-2012 satellite
period. For the latter period, the REM is computed from the
CFSR, ERA-Interim, JRA-55 and MERRA reanalyses. The
REM of the full period is based on the NCEP R1, ERA-40
(completed with ERA-Interim from 2002 to 2012 since the
two agree well over their overlapping period from 1979 to
2002) and JRA-55 reanalyses. Fields were interpolated (if
required) to the same common 2.5°x2.5° grid before any
further analysis is carried out. Anomalies are defined with
respect to the daily climatology of 1981 - 2010.

SSW central dates are chosen from the common dates
identified in Table 6.2. ENSO winters were characterized
by the NDJFM average of the monthly Nino 3.4 index
(http://www.cpc.ncep.noaa.gov/). EN and LN win-
ters were identified when Nifio 3.4 > 0.50°C and
Nifo 3.4<0.50 °C, respectively. The resulting warm phase
years are 1958, 1966, 1969, 1973, 1983, 1987, 1988, 1992,
1995, 1998, 2003, 2005, 2007, and 2010. Cold phases were
identified in 1962, 1963, 1965, 1967, 1968, 1971, 1972,
1974, 1975, 1976, 1984, 1985, 1989, 1996, 1999, 2000, 2001,
2006, 2008, 2009, 2011, and 2012.

We employed three blocking detection methods, which cov-
er most approaches to blocking definition: 1) the absolute
method (ABS), based on the detection of reversals in the
meridional Z500 gradient; 2) the anomaly method (ANO),
using Z500 anomalies above a given threshold; 3) the mixed
method (MIX), a hybrid definition of the two previous ap-
proaches. These definitions are described in more details in
Woollings et al. (2018). All methods give two preferred re-
gions for blocking occurrence: one over the Atlantic and one
over the Pacific basins, with maximum blocking frequencies
of about 15 % of days in NDJFM. However, there are substan-
tial differences among definitions in the blocking location
within each basin as well as in the relative frequencies of At-
lantic vs Pacific blocking (Woollings et al., 2018).

Blocking precursors of SSWs were identified for each reanal-
ysis by performing 2-D composites of blocking frequency
for the [-10,0]-day period before the central dates of SSWs.
This was carried out separately for SSWs occurring during
El Nifo and La Nifia winters. The REM for the full period
is shown in Figure 6.16. There is a spatial preference for dif-
ferent blocking precursors of SSWs depending on the ENSO
phase, with enhanced (reduced) blocking frequencies over
eastern North America and the North Alantic (eastern Pacif-
ic) during El Nifio, and nearly opposite patterns for La Nifia
winters. Thus, SSWs are often preceded by North Atlantic
sector blocking during El Nifo, while eastern Pacific blocks
are the preferred precursors of SSWs in La Nifa winters.
The comparison across reanalyses reveals a good agreement,
with differences that are much smaller than among blocking
definitions (everywhere except the blue dots in Figure 6.16).
The intensity, significance and spatial extension of the signal
weaken for the satellite period (1979 - 2012, not shown).

The composites of blocking precursors of SSWs for El
Nino and La Nina winters are similar to those obtained
for W1 and W2 SSWs, respectively (Ayarzagiiena et al.,
2019; Song and Son, 2018), which hints at a modulation of
the characteristics of SSW events. To further illustrate the
association between ENSO and the dominant wave signa-
tures of SSWs, the temporal evolution of Z100 wavenum-
ber components are evaluated for the [-30, 30]-day peri-
od surrounding the central date of SSWs (Figure 6.17).
The results confirm that SSWs are significantly preceded
by wavenumber-1 amplification during El Nifo, where-
as SSWs preferably occur after wavenumber-2 amplifica-
tion in La Nifia winters (Taguchi and Hartmann, 2006).
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Figure 6.16: Reanalysis ensemble mean composites of blocking frequency for the [-10,0]-day period before the central dates of SSWs
occurring during El Nifio (top) and La Nifia (bottom) winters of the 1958-2012 period for three different blocking definitions (columns).
The blocking frequency is expressed as the percentage of time (over the 11-day period) during which a blocking was detected at each
grid point. Vertical (horizontal) black lines indicate regions with blocking activity significantly higher (lower) than the climatology at the
90 % confidence level in at least 66 % of the reanalyses. The significance is derived from a bootstrap of 1000 members, each one con-
taining the same number of cases and dates as the SSWs of each composite but with random years of occurrence. Blue dots highlight
grid points where the inter-reanalysis spread for a given blocking definition is larger than the spread across the reanalysis ensemble
mean of blocking definitions. The numbers in the upper left corner of panels a), d) indicate the sample size of SSWs during El Nifio and
La Nifia winters, respectively. Adapted from Ayarzagtiena et al. (2019).

During La Nifa, the wavenumber-2 signal is accompanied by
significant anomalies in wavenumber-1, albeit they are small-
er and/or shorter-lasting. This difference in wave driving does
not, however, necessarily affect the ratio of vortex splits to dis-
placement (Garfinkel et al., 2012a). This modulation of SSW
characteristics by ENSO is achieved through a change in the
preferred blocking location, which injects different scales of
wave activity into the stratosphere, and thus forces different
types of SSWs (e.g,, Barriopedro and Calvo, 2014). We note
that the sensitivity of these results to the choice of reanalysis
is very weak.

The modulation of SSW properties by ENSO is robustly ob-
served across reanalyses when the 1958 -2012 period is used,
but less evident in the 1979-2012 period. This suggests dec-
adal variability in the ENSO-blocking-SSW relationship (e.g.,
Rao et al., 2019), biases in the pre-satellite period or sampling
issues affecting the shorter satellite period. The differences
among blocking definitions are much larger than differences
among reanalyses, likely contributing to the discrepancies in
the blocking-SSW relationship reported in the literature.

6.7.3  Nonlinear modulation of the extratropical strato-

sphere by ENSO and QBO

Finally, we evaluate the representation of nonlinearities
in the modulation of DJF-mean polar vortex strength and
SSW occurrence with ENSO and QBO among reanalyses.
SSW onset dates are defined by the common dates estab-
lished in Section 6.4.1 and the DJF zonal mean zonal wind at
60°N and 10hPa is used as a proxy for strength of the polar
night jet. The analysis period ranges from 1979 to 2011, ex-
cept for 20CR v2 (1979 - 2010). The DJF climatology for each
reanalysis is based on the 1981 -2010 period.

In order to define ENSO phases, the monthly Nifo 3.4
index (provided by NOAA/CPC) is averaged over DJF.
The DJF mean of the zonal mean zonal wind at the equa-
tor and 50hPa in the respective reanalyses is used to de-
fine QBO phases. All DJF seasons are classified into six
groups defined by three ENSO and two QBO conditions.
Two of the three ENSO conditions are El Nifio and La Nifia,
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Figure 6.17: REM composites of the temporal evolution of 100
hPa geopotential height wavenumber-1 (blue) and wavenum-
ber-2 (red) amplitude anomalies at 60° N (gpm) for the [- 30,30]-
day period around the central dates of SSWs occurring during El
Nifio (left) and La Nifa (right) winters of the full (1958-2012, top)
and satellite (1978-2012, bottom) period. Shading denotes the
+2 sigma level across reanalyses. The time intervals highlighted
with thick lines indicate significant differences with respect to
climatology at the 95 % confidence level in at least 66 % of the
reanalyses. The significance is assessed with a bootstrap test of
1000 samples with the same number of cases and calendar days
as the SSWs of each composite but with random years of occur-
rence. The numbers in the upper left corner ofeach panel indicate
the sample size of the composite. This figure differs from Fig. 6 of
Barriopedro and Calvo (2014) due to the addition of an extra SSW
and a different ENSO classification with updated ENSO indices.

when the DJF mean Nifio 3.4 index exceeds + 1 standard de-
viation (both inclusive); warm phase years (EN) were iden-
tified in 1983, 1987, 1992, 1998, and 2010, and cold phases
(LN) in 1989, 1999, 2000, 2008, and 2011. The third ENSO
condition is neutral (NT) for remaining years. The mean
and standard deviation of the ENSO index are calculated
for the 1981 - 2010 period.
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Figure 6.19: Heat maps showing composite anomalies of the
DJF-mean zonal wind at 60°N, 10hPa for the six groups in the
eight reanalyses as indicated above each panel. The number in-
dicated in each cell denotes the sample size. Each panel also in-
cludes the DJF climatological wind value in ms™ in parentheses.

The two QBO conditions are easterly and westerly, when
the DJF mean zonal wind in the equatorial lower strato-
sphere is negative or positive (the latter includes zero). The
resultant grouping is slightly different among the reanaly-
ses, as the equatorial zonal wind is different. Alternatively,
we also use 50hPa equatorial zonal wind data archived at
Free University Berlin to standardize the QBO classification
for all reanalyses, which yields similar results (not shown).
It is noted that the classification of about 30 years into the
six groups implies that in some cases the sample size is small
and therefore it is difficult to obtain statistically significant
results. Before focusing on changes with ENSO and QBO, it
will be useful to mention that except for 20CR v2, the inter-
annual variability of the DJF mean vortex strength is highly
correlated between the reanalyses, with correlation coeffi-
cients over +0.99.

Figure 6.18 shows heat maps based on composite zonal
wind anomalies of each reanalysis for the six groups. As ex-
pected from the high correlations of the interannual varia-
bility of the zonal wind, the plots show that the changes in
the vortex strength with ENSO and QBO are more or less
similar among the reanalyses, except for 20CR v2 whose cli-
matological vortex strength is notably more than twice that
of other reanalyses. Specifically, the zonal wind anomalies
tend to be slightly negative for easterly QBO winters regard-
less of the ENSO conditions. For westerly QBO conditions,
the zonal wind anomalies exhibit a clear decreasing ten-
dency with the ENSO SST conditions, from La Nifa (pos-
itive wind anomalies) through neutral to El Nifio (negative
anomalies).

It is noted that the sample sizes of the six groups are not
the same among all reanalyses, implying that the equato-
rial zonal wind and hence QBO classification are different
in some cases. This may matter when one extracts changes
with QBO conditions that are defined using an equatorial
zonal wind index in the respective reanalyses, but this ef-
fect seems limited here since most reanalyses show similar
results.

JRA-55 (20/33)

8/15 | 2/5
6/8 | 0/0
LN NT EN
CFSR (20/33)

QBOW

QBOE

20 40 60 80 100

Figure 6.18: Same as Figure 6.18, but for SSW prob-
abilities (in %) computed as the ratio of the number of
SSWs to the number of years for each group (indicated in
each cell). The numbers in the title indicate total number
of SSW / total number of years.
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Figure 6.19 similarly shows heat maps of SSW probabilities
for the six groups. Here, for each group, the SSW proba-
bility is a ratio (times 100) of the number of SSWs to the
number of years. The charts show that although the clas-
sification of QBO years is slightly different among the re-
analyses, the changes in the SSW probabilities are similar
among the data sets, except for 20CR v2 which has no SSWs.
For easterly QBO, the probabilities tend to decrease from La
Nifla, through neutral, to EI Nifio. A characteristic feature
is the highest SSW probability for La Nifa and easterly QBO
(group 1). On the other hand, for westerly QBO, the proba-
bilities slightly increase in the opposite way, from La Nifia,
through neutral, to EI Nifo, consistent with the changes in
the zonal wind anomalies (Figure 6.18). These changes in
the SSW probabilities do not necessarily match changes in
DJF zonal wind anomalies (Figure 6.18), since the occur-
rence or absence of a SSW during each winter depends not
only on the DJF mean vortex strength but also on its vari-
ance.

6.8 Stratosphere-troposphere coupling through the
antarctic hzone hole

In recent decades, severe stratospheric ozone depletion has
led to the Antarctic ozone hole in austral spring (Thomp-
son and Solomon, 2002). This has resulted in substantial
cooling in the lower stratosphere, leading to an increase
in the latitudinal temperature gradient and a consequent
strengthening of the stratospheric polar vortex. Through
mid-to-late spring, this mid-to-high latitude circulation
anomaly descends from the lower stratosphere to reach
the troposphere during austral summer (e.g., Son et al.,
2018). The anomalous tropospheric circulation is asso-
ciated with a noticeable increase in zonal mean sea level
pressure difference between the mid and high latitudes,
commonly referred to as an increase in the positive phase
of the Southern Annular Mode (SAM). The positive
SAM is generally marked by a poleward displacement
and intensification of the tropospheric mid-latitude jet.
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Figure 6.20: (left) The dashed contours show time-height cross sections of zonal-mean temperature trend (with contour in-
tervals of 1 Kdec!) averaged over latitudes 60-90° S during 1979-2001 for a) ERA-Interim, ¢) JRA-55, e) MERRA, and g) CFSR. The
shadings show the differences between the various reanalyses and ERA-Interim at intervals of £0.1, +0.3, 0.5, £0.7, +0.9 and
+1.1Kdec. (right) The contours show time-height cross sections of zonal-mean zonal wind trend (with contour intervals of
TmsTdecT) averaged over latitudes 50-70°S during 1979-2001 for b) ERA-Interim, d) JRA-55, f) MERRA, and h) CFSR. The shad-
ings show the differences between the various reanalyses and ERA-Interim at intervals of 0.1, £0.3, £0.5, and £0.7 ms-1 dec.
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Figure 6.21: The contours show time-height cross sections of the trend in the EP flux divergence due to all waves (left), plan-
etary-scale waves (middle) and synoptic-scale waves (right) averaged over the latitude band of 40-80°S during 1979-2001 for
(a-c) ERA-Interim, (d-f) JRA-55, (g-i) MERRA, and (j-I) CFSR at intervals of £0.1, £0.2, +0.4 and +0.8 m s-1 d- dec’!. Solid and dashed
contours indicate positive and negative values, respectively. The shadings show the differences between the various reanalyses
and ERA-Interim at intervals of +0.05, £0.1, £0.2, £0.4 and +0.8 m s”1 d- dec’!. Note that MERRA data below 400 hPa is excluded.

Although ozone loss has a direct impact on stratospheric
temperatures by reducing the absorption of incoming so-
lar radiation, a number of studies show that the anoma-
lous circulation is strongly influenced by changes to wave
forcing and wave mean-flow interaction (Orr et al., 2012).
Here, the impacts of the ozone hole on the dynamical cou-
pling between the stratosphere and the troposphere in the
spring and summer Southern Hemisphere are examined in
the ERA-Interim, JRA-55, MERRA, and CFSR reanalyses
datasets. A more detailed analysis is provided in Orr et al.
(2021).

Figure 6.20 shows the trends in zonal mean temperature
over the SH polar region between 1979 and 2001 for the four
datasets. This period is chosen for two reasons. First, the
size of the ozone hole increased steadily during this period
(Huck et al., 2007). Second, the trends in the four reanaly-
ses were largest for this period (not shown), which allows
to identify important differences between the datasets. In
ERA-Interim, the cooling starts at 30hPa in October and
peaks at around 100 hPa between mid-November and early
December (with trends reaching -4 K per decade), which is

in good agreement with radiosonde data from Antarctica
(Thompson and Solomon, 2002). The other three reanaly-
ses all show broadly similar results with downward de-
scent pattern from 30hPa to 300 hPa. However, compared
to ERA-Interim, CFSR shows considerably stronger and
longer-lasting cooling (by up to -1K dec-l) between 100 hPa
and 300 hPa, and enhanced warming below 300hPa (by
around 0.5 Kdec-1). This would lead to a comparative weak-
ening of the atmospheric stability near the tropopause. In
both CFSR and MERRA, the cooling also starts noticeably
earlier than ERA-Interim.

Figure 6.20 also shows the corresponding trends in zon-
al wind over the SH polar regions, with all four reanaly-
ses showing the expected strengthening of the SH cir-
cumpolar winds from the lower stratosphere down to the
surface. In ERA-Interim, the strengthening starts in mid-
to-late September at 30hPa, peaks at around 5ms-1dec-!
between late November and early December, and reach-
es the lower troposphere in January. The results from
ERA-Interim, JRA-55 and MERRA are in relatively good
agreement, with differences not exceeding £0.3ms-1decl.
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Figure 6.22: The contours show time-height cross sections of the trend in the vertical component of EP flux due to all waves (left),
planetary-scale waves (middle) and synoptic-scale waves (right) averaged over the latitude band of 40-80° S during 1979-2001 for (a-c)
ERA-Interim, (d-f) JRA-55, (g-i) MERRA, and (j-I) CFSR at intervals of 0.2, 0.4, 0.8, 1.6, 3.2 and 10.0 x 10->m?2s2Padec’. Solid and dashed
contours indicate positive and negative values, respectively. The shadings show the differences between the various reanalyses and
ERA-Interim at intervals of 0.1, 0.2, 0.4, 0.8, 1.6 and 3.2 x 10> m2s-2 Padec-!. Note that MERRA data below 400 hPa is excluded.

However, in CFSR the initial strengthening of the winds in
the lower stratosphere occurs earlier than in ERA-Interim,
while in the lower troposphere they are delayed, indicating
a comparatively slower downward descent rate in CFSR.

Figure 6.21 shows the trends of the total Eliassen-Palm
(EP) flux divergence from 40-80°S derived from the four
datasets. We note that MERRA data is excluded from this
analysis below 400hPa because, unlike other reanalyses,
data is not extrapolated below the surface and thus zon-
al-mean diagnostics are not comparable. The EP flux is
assessed from a common grid for all data sets (Martineau
et al., 2018¢c; Martineau, 2017). In ERA-Interim, there are
positive EP flux divergence anomalies from September to
November and negative EP flux divergence anomalies from
December to February in the lower stratosphere, which im-
ply a strengthening of the polar vortex in spring followed
by a delayed breakup of the vortex in summer. This is con-
sistent with the circulation changes shown in Figure 6.20.
In the stratosphere, the anomalies of EP flux divergence are
dominated by planetary waves. In the troposphere, both

planetary and synoptic waves are affected. In late austral
spring, a region of positive EP flux descends from the up-
per troposphere down to the surface, which is dominated
by planetary waves in the upper troposphere and synoptic
waves in the lower troposphere. These wave forcing anom-
alies are consistent with the downward descent of strength-
ened circumpolar winds, shown in Figure 6.20. The oth-
er three reanalyses show a broadly similar pattern in the
stratosphere, particularly JRA-55, although the negative
EP flux divergence trend in summer is typically strongest
in ERA-Interim (by around -0.2ms-1d-1dec!). Consider-
able differences are detected when compared to MERRA
and particularly CFSR, which take the form of alternating
positive and negative horizontally-orientated bands in to-
tal (planetary and synoptic) wave contributions. The dis-
agreement is most profound in the troposphere, with dif-
ferences reaching +0.8 ms-1d-1dec-l. In all four reanalyses
the region of negative EP flux divergence descends into the
upper troposphere during summer, but is less pronounced
in ERA-Interim largely due to differences in the synoptic
wave component.
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We also found that the corresponding trend in the verti-
cal component of EP flux (Fig. 6.22) is characterized by
reduced planetary wave propagation from the troposphere
into the stratosphere in austral spring and enhanced plan-
etary wave propagation in austral summer. All four reanal-
yses demonstrate similar broad features. Nevertheless, it is
apparent that ERA-Interim and JRA-55 show stronger and
longer lasting upward wave propagation in austral spring
compared to MERRA and CFSR. In the troposphere, the
intensification of winds during summer is associated with
anomalies of both vertical and horizontal (not shown) syn-
optic EP flux divergence anomalies. The results for CFSR,
in particular, show considerable differences when com-
pared with the other three reanalyses. The disagreement
again takes the form of alternating positive and negative
horizontally-orientated bands.

These banded features most likely originate from the sta-
bility parameter in the vertical component of the EP flux,
which is affected by the banded structure of zonally-aver-
aged temperature trend anomalies (Fig. 6.20). This may be
due in part to model drift induced by radiative heating im-

errors (e.g., Lu et al., 2015). Similar banded structures are
observed in temperature anomalies (Fig. 1 of Long et al.,
2017, see also Chapter 3) and may result from discontinui-
ties in the assimilation of temperatures retrieved from sat-
ellite sensors, which are known to show vertical oscillations
when compared among sensors.

The four modern reanalyses support the notion that ozone
depletion leads to a strengthening of the stratospheric po-
lar vortex and consequent downward movement of zonal
mean anomalies. They broadly agree on characterising the
dynamical evolution of circulation anomalies and associat-
ed wave forcing in high southern latitudes during the pe-
riod of formation of the ozone hole (Thompson et al., 2011;
Son et al., 2010, 2018). The wave driving characteristics as-
sociated with the circulation changes are in general agree-
ment with the hypothesis examined by Orr et al. (2012).
Noticeably large differences in EP fluxes and divergence
are found in CFSR compared to the other three reanalyses
datasets, which appear to be related to the aforementioned
vertically alternating positive and negative anomalies in
temperature.

balance during data assimilation, rather than observational

6.9 Outlook, key findings, and recommendations

We have assessed the reanalyses’ representation of large-scale coupling between the troposphere and the stratospheric polar vor-
tices, which are present during the extended winter season (or, polar night) of each hemisphere. This coupling is chiefly effected
through major Sudden Stratospheric Warming (SSW) events, which are found almost exclusively in the Northern Hemisphere.
Much of our focus has thus been on the boreal extratropical atmosphere on synoptic to intraseasonal time scales (Section 6.4). The
influence of the tropics on the Northern Hemisphere polar vortex, however, is felt through modulation of SSWs by the tropical
ocean (ENSO) and stratosphere (QBO) on lower frequencies (Section 6.7). Large-scale coupling on synoptic to seasonal timescales
in both hemispheres was assessed by comparing the annular mode indices and final warming events in Sections 6.5 and 6.6, respec-
tively. Finally, anthropogenic induced ozone loss caused significant trends in the polar vortex over Antarctica, as assessed in Section
6.8. After summarizing the results of this chapter in this section, we conclude with a list of key findings and recommendations.

Our assessment has largely focused on the self-consistency of a given reanalysis, and the consistency between the different
reanalyses, as opposed to a direct validation against measurements. The large-scale circulation cannot be easily assessed from
measurements directly. Surface based observations (e.g., radiosondes) generally provide a very localized (point) measurement,
while satellite irradiance measurements provide indirect information about composition and temperature 2. These measure-
ments can of course be directly linked to the large-scale circulation, but the best way of doing so is through a reanalysis, which
allows one to interpolate between localized measurements and incorporate retrieval information to infer temperature, and
hence the balanced circulation.

Figures 6.23 and 6.24 provide an overview of reanalyses performance for the satellite (1979-) and pre-satellite (1958 - 78) periods
respectively, based on metrics discussed in Sections 6.4 to 6.8. We have used the 4 point scale used by all chapters in this report.
In some cases, we struggled to find entirely objective measures to provide these scores, and therefore urge the reader to con-
sult the relevant sections of the report for a more careful analysis. Demonstrated suitable indicates that a reanalysis provides a
self-consistent representation of the large-scale circulation that is very similar to other reanalyses at the same level. For the very
large-scale structures (e.g, planetary wave structure preceding an SSW), nearly all full-input reanalyses provide a comparable
representation. As detailed in previous sections, on finer scales, and particularly at higher elevations, the more recent reanalyses
become more clearly superior.

> The new European Space Agency Aeolus mission, launched in 2018 is an exception, designed to provide direct wind measurements.
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ation of the reanalyses during the
satellite era, 1979 onward. Please see

Figure 6.23: Metric based evalu-
text for further details.
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Suitable with Limitations indicates that a reanalysis provides a fairly consistent representation of circulation; conclusions from
previous studies that used these reanalyses would not differ significantly if redone with a Demonstrated Suitable reanalysis.
However, absent a compelling reason, these reanalyses should not be used for further research. Use with Caution has gen-
erally been applied only to the surface-input reanalyses, and the older NCEP products, which exhibit clear inconsistencies,
particularly near their upper boundary at 10 hPa. Surface-input reanalyses are severely handicapped when it comes to the
representation of the stratosphere, but in some cases could be used to explore variability on longer time scales. We also
generally recommend to use caution when evaluating trends since reanalysis data is affected by artificial jumps caused by
discontinuities in assimilated observations (Long et al., 2017; Lu et al., 2015; see also Chapter 3). Finally, as the name would
imply, Demonstrated Unsuitable indicates the presence of clear problems in a reanalysis product. In particular, all of the
full-input reanalyses show clear sign of divergence from basic measurements in the Southern Hemisphere before 1979.
This is not to say, however, that there is no useful information in them. We also found significant biases in the mean state
and variability of the polar vortex in the 20CR surface-input reanalysis, such that we do not recommend it for the purpose
of investigating stratosphere-troposphere coupling.

We find that nearly all measures of large-scale coupling between the extratropical stratosphere and the troposphere are
dominated by sampling uncertainty, as opposed to uncertainty in the reanalyses. As a result, conclusions based on any full
(or conventional-input) reanalysis during the satellite era are generally valid. To put this more precisely, differences be-
tween the reanalyses are always smaller than the sampling uncertainty. One would not obtain results that are significantly
different if you picked one reanalysis over another. The dominance of sampling uncertainty implies that our characteri-
zation of stratosphere-troposphere coupling is limited by the length of record; in a sense, we have a “small data” problem.

In the Northern Hemisphere, there is evidence that conventional observations are sufficient to constrain reanalyses from
at least 1958 onward, as indicated in Figure 6.24. Given the dominance of sampling uncertainty, the longer record avail-
able in the boreal hemisphere is important. An additional two decades of high-quality reanalysis, as provided by JRA-55,
reduces uncertainty in stratosphere-coupling processes by about 20 %. This reduction in uncertainty dwarfs the differenc-
es between the modern reanalysis over the satellite period, and makes a case for using JRA-55. We are excited that ERA5
will provide a reanalysis of the atmosphere from 1950, and it is a high priority for future work to more fully assess and
compare this reanalysis.

The dominance of sampling uncertainty has implications for event based diagnostics, notably SSWs. Results based on
different reanalyses may appear to diverge from one another more substantively if one does not compare the same events,
i.e., use the same dates. This divergence, however, is really sampling uncertainty, aliasing into the signal.

All this said, we find that the modern reanalyses, ERA-Interim, JRA-55, MERRA 1 and 2, and to a slightly lesser extent,
CFSR/CFSv2, are demonstrably superior to earlier reanalyses, providing a more dynamically consistent representation of
the circulation. Over the limited period for which it is available, ERA5 also appears to be equally high quality as well. As
a matter of best practice, we would urge all users to avoid earlier reanalyses unless there is specific need for them. As a
practical note, modern reanalyses are available at reduced resolution. Based largely on anecdotal evidence, this appears to
be a common reason why NCEP R1 is still used widely: it ’s volume of data is smaller, and thus simply easier to download.
Reduced resolution is appropriate for many analyses of the large-scale circulation, but it is recommended to use a modern
reanalysis with a reduced resolution instead of NCEP R1. An exception is when real-time data availability is required but
we note that by mid 2020, ERA5 will be provided five days behind real time.

The surface-input reanalyses are generally inferior in their representation of stratospheric variability, but may still provide
research value. We do not find evidence that NOAA-20CR reanalyses accurately capture stratospheric variability; they
are therefore not recommended for use. There is evidence that ERA-20C has accurate climatological variability in the
stratosphere, and substantial skill in recent decades of capturing the actual variability. It is not recommended for use if
restricted to periods where other reanalyses are available, but could be valuable for analysis of stratosphere- troposphere
coupling on longer time scales. It should, however, be viewed as a mixture of a high quality free running model and a
reanalysis, as stratospheric variability is only partially constrained by observations.

To conclude, we provide an overall, albeit more subjective, assessment of the reanalyses in Table 6.3. Full-input reanalyses,
which make use of all available observations at a given time, have been marked recommended, consistent, or inconsist-
ent. Recommended does not necessarily mean error-free, but indicates a self-consistent representation of the coupled
variability, and consistency with other recommended reanalyses and observational constraints where available. We have
marked other reanalyses consistent when differences between them and the recommended reanalyses are small relative
to sampling uncertainty. Hence published results based on these reanalyses would not be significantly different if they
were redone with a recommended reanalysis. A mark of inconsistent indicates that the reanalysis differs substantially with
respect to other reanalysis data sets and/or available observational constraints. While “inconsistent” is meant to convey a
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Chapter 6 Diagnostics Evaluation, Pre-Satellite Era
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Figure 6.24: Metric based evaluation of the reanalyses during the pre-satellite era from 1958-1978.

clear warning, it does not imply that there is no useful information in these reanalysis products.

Given the dominance of sampling uncertainty, we may be able to glean additional confidence in stratosphere-troposphere
coupling by careful use of earlier records and limited input reanalyses (Hitchcock, 2019). Use w/ caution has been applied
to alternative reanalyses (JRA-55C and ERA- 20C), the latter of which can be used to explore variability on longer time
scales. 20CR may be suitable for analysis of the troposphere, but exhibits clear biases in the variability of the stratosphere.
ERA-20C, while clearly not as accurate as modern, full-input reanalysis, does appear capable of capturing information

Table 6.3: Recommendations on the use of atmospheric reanalyses to evaluate the large-scale coupling between the strato-
spheric polar vortex and the tropospheric circulation on synoptic to interannual time scales. This endorsement does not in-
clude the analysis of trends, where greater caution must be employed, as discussed in Section 6.8.

Name post-satellite era, 1979 - present pe-satellite era, 1958-979
NH SH NH SH
ERA-40 consistent consistent consistent * inconsistent
ERA-Interim* recommended recommended n.a. n.a.
ERA-20C use w/ caution use w/ caution use w/ caution use w/ caution
JRA-25 consistent consistent n.a. n.a.
JRA-55 recommended recommended recommended * inconsistent
JRA-55C consistent * use w/ caution n.a. n.a.
JRA-55AMIP inconsistent inconsistent inconsistent inconsistent
MERRA consistent consistent n.a. n.a.
MERRA-2 recommended recommended n.a. n.a.
NCEP-R1 consistent * consistent * consistent * inconsistent
NCEP-R2 consistent * consistent * n.a. n.a.
CFSR recommended recommended n.a. n.a.
CFSv2 recommended recommended n.a. n.a.
20CRv2 inconsistent inconsistent inconsistent inconsistent
20CRv2c inconsistent inconsistent inconsistent inconsistent

* There are few conventional observations above 10hPa, and caution must be employed above this level (or the reanalysis itself does
not extend past 10hPa).

" ERA-Interim is being supplanted by the ERA5 reanalysis. Tentative analysis su§gests thatERAS5 is as good as ERA-Interim, if not
better, but we do not have sufficient evidence to make a full recommendation. It will be particularly important to evaluate its per-
formance in the Northern Hemisphere during the pre-satellite era.
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about the variability of the stratosphere given only surface data. This feat alone establishes the remarkably tight coupling
between the troposphere and stratosphere in our atmosphere.

Key findings

* In the satellite era (1979 - onward), the representation of large-scale stratosphere-troposphere circulation is very
consistent across all full-input (including satellite observations) reanalyses. On synoptic scales, the more recent
reanalyses (ERA-Interim, JRA-55, MERRA and MERRA 2, and to a slightly lesser extent, CFSR/CFSv2) become
more clearly superior.

* Our ability to assess and understand stratosphere-troposphere coupling is primarily limited by sampling uncer-
tainty, that is, by the comparatively large natural variability of the circulation relative to the length of the satellite
record. As an example, various efforts have sought to characterize the break-down of the polar vortex during a
Sudden Stratospheric Warmings (SSW) as a split or displacement event. Methodological differences among the
classifications proposed in the literature, however, result in a partial agreement (for two-thirds of SSW events). In
contrast, applying the same definition to different reanalyses yields nearly identical results.

e Although measures of stratosphere-troposphere coupling determined from earlier reanalyses are generally not
statistically distinct from results obtained with a more recent reanalysis, the more recent products show demon-
strable improvement, particularly with respect to internal consistency (e.g., the momentum budget) and at higher
levels (10 hPa and above).

* Reanalysis datasets broadly agree on temperture, wind, and wave forcing trends in the austral polar vortex related
to ozone depletion from 1979 to 2001. In contrast, there are no discernible trends in Northern Hemisphere polar
vortex variability over the same period.

* Pre-satellite era reanalyses (1958 - 1978) appear to be of good quality in the Northern Hemisphere, and therefore
can be used to reduce sampling uncertainty in measures of stratosphere-troposphere coupling by approximately
20%. We emphasize that this represents a more significant reduction in uncertainty than achieved by shifting
from an earlier generation reanalysis to a more recent reanalysis.

* Pre-satellite era reanalyses of the Southern Hemisphere are generally of poor quality, and can only be used to
reduce sampling uncertainty with great caution.

* A conventional-input (excluding satellite observations) reanalysis of the Northern Hemisphere (JRA-55C) match-
es full-input reanalyses well up to 10 hPa, supporting the validity of pre-satellite reanalysis products in this hem-
isphere. JRA-55C’s representation of the Southern Hemisphere is not as accurate, suggesting that satellite meas-
urements are more critical in this hemisphere due to the reduced density of conventional observations.

 Surface-input reanalyses have also been evaluated. ERA-20C captures not only the correct statistical climatology
of the Northern Hemisphere stratospheric polar vortex, but also much of its actual variability (correctly repre-
senting the timing of about half of observed SSWs). This suggests it may be suitable for exploring low-frequen-
cy variability of the stratosphere-troposphere coupled system. The representation of the stratospheric vortex in
NOAA 20CR v2/v2c, however, is demonstrably poor.

Recommendations

* We recommend the use of more recent reanalysis products. As a matter of best practice, we urge all users to avoid
the use of earlier reanalyses unless the project requires the use of an older product, and special care is taken to
justify that the older product is otherwise consistent with more recent reanalyses. In particular, we note for users
that modern reanalyses can be obtained, in addition to their native high-resolution grids, at a coarser resolution
that is comparable to that of earlier reanalyses and thus more manageable in size, but which still captures the best
representation of the large-scale circulation.

e The consistency of trends associated with the Antarctic ozone hole (for the period 1979 forward) suggest that
reanalyses may be reliably capturing the influence of stratospheric ozone loss. One must exercise great caution
in the interpretation of trends in the reanalyses, however, as they can be spuriously caused by changes in the
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observations assimilated over time, an issue that could systematically affect all products. Additional support
from direct observations and/or understanding of the mechanism(s) help build confidence in trends found in
the reanalyses.

When an extended record is needed to reduce sampling uncertainty, we recommend the use of pre-satellite era
reanalyses (1958 - 1978) in the Northern Hemisphere, but caution against their use in the Southern Hemisphere.

Due to significant biases in the mean state and variability of the polar vortex in the 20CR surface-input reanaly-
sis, we do not recommend it for the purpose of investigating stratosphere-troposphere coupling.

ERA-20C may be suitable, with caution, for exploring the low-frequency variability of the stratosphere-tropo-
sphere coupled system.

As our ability to quantify the large-scale coupling between the stratosphere and troposphere is primarily lim-

ited by sampling uncertainty, we recommend that future reanalysis products extend their analysis prior to the
satellite era.

Code availability

Code can be provided by the authors upon request.

Data availability

The S-RIP: Zonal-mean dynamical variables of global atmospheric reanalyses on pressure levels (Martineau et al., 2018c;
Martineau, 2017) is publicly available. More refined data can be provided by the authors upon request.
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Appendix A: Detection and classification
of major SSW events

The onset dates of SSW events identified independently for each reanalysis data sets are listed in Table A6.4. Then, for
the common dates whose identification is described in Section 6.2, events are classified as to whether they are splits or
displacements according a method adapted from Seviour et al. (2013) (Table A6.5), the Shibata method (Table A6.6) and
the method of Lehtonen and Karpechko (2016) (Table A6.7). These methods are described in more detail in Section 6.4.2.

Table A6.4: Identification of major SSW events in reanalyses.The criterion for the detection is a reversal of zonal-mean zonal
wind at 60° N and 10 hPa (see Section 6.4.1 for more details). Cases where the reanalysis deviates from the “common” events
are highlighted in bold. Events that do not show a positive meridional temperature gradient at the same level within 5 days
of the zonal wind reversal are highlighted in green.

common | NCEPR1 CFSR ERA-40 |ERA-Interim| JRA-25 JRA-55 MERRA MERRA-2 [ NCEP-R2
30-Jan-58 | 30-Jan-58 31-Jan-58 30-Jan-58
— 30-Nov-58 — —
17-Jan-60 | 16-Jan-60 17-Jan-60 17-Jan-60
29-Jan-63 R 28-Jan-63 30-Jan-63
— 23-Mar-65 — —
17-Dec-65 | 8-Dec-65 16-Dec-65 18-Dec-65
23-Feb-66 23-Feb-66 23-Feb-66
7-Jan-68 R 7-Jan-68 7-Jan-68
28-Nov-68 | 27-Nov-68 28-Nov-68 29-Nov-68
13-Mar-69 | 13-Mar-69 13-Mar-69 FERR
2-Jan-70 2-Jan-70 2-Jan-70 2-Jan-70
18-Jan-71 17-Jan-71 18-Jan-71 18-Jan-71
20-Mar-71 20-Mar-71 20-Mar-71
31-Jan-73 | 2-Feb-73 31-Jan-73 31-Jan-73
9-Jan-77 xR 9-Jan-77 9-Jan-77
22-Feb-79 | 22-Feb-79 | 22-Feb-79 | 22-Feb-79 | 22-Feb-79 | 22-Feb-79 | 22-Feb-79 | 22-Feb-79 22-Feb-79
29-Feb-80 | 29-Feb-80 | 29-Feb-80 | 29-Feb-80 | 29-Feb-80 | 29-Feb-80 | 29-Feb-80 | 29-Feb-80 | 29-Feb-80 | 29-Feb-80
— — — — — 6-Feb-81 | 6-Feb-81 — — —
4-Mar-81 FREE 3-Mar-81 4-Mar-81 4-Mar-81 4-Mar-81 4-Mar-81 *rEX *rEX
4-Dec-81 4-Dec-81 4-Dec-81 4-Dec-81 4-Dec-81 4-Dec-81 4-Dec-81 4-Dec-81 4-Dec-81 4-Dec-81
24-Feb-84 | 24-Feb-84 | 24-Feb-84 | 24-Feb-84 | 24-Feb-84 | 24-Feb-84 | 24-Feb-84 | 24-Feb-84 | 24-Feb-84 | 24-Feb-84
1-Jan-85 2-Jan-85 1-Jan-85 1-Jan-85 1-Jan-85 1-Jan-85 1-Jan-85 1-Jan-85 1-Jan-85 | 31-Dec-84
23-Jan-87 | 23-Jan-87 | 23-Jan-87 | 23-Jan-87 | 23-Jan-87 | 23-Jan-87 | 23-Jan-87 | 23-Jan-87 | 23-Jan-87 | 23-Jan-87
8-Dec-87 | 8-Dec-87 | 8-Dec-87 8-Dec-87 8-Dec-87 8-Dec-87 | 8-Dec-87 8-Dec-87 8-Dec-87 8-Dec-87
14-Mar-88 | 14-Mar-88 | 14-Mar-88 | 14-Mar-88 | 14-Mar-88 | 14-Mar-88 | 14-Mar-88 | 14-Mar-88 | 14-Mar-88 | 14-Mar-88
21-Feb-89 | 22-Feb-89 | 21-Feb-89 | 21-Feb-89 | 21-Feb-89 | 21-Feb-89 | 21-Feb-89 | 21-Feb-89 | 21-Feb-89 | 22-Feb-89
— — — — — — — — — 5-Feb-95
15-Dec-98 [ 15-Dec-98 [ 15-Dec-98 [ 15-Dec-98 | 15-Dec-98 [ 15-Dec-98 | 15-Dec-98 | 15-Dec-98 [ 15-Dec-98 | 15-Dec-98
26-Feb-99 | 25-Feb-99 | 26-Feb-99 | 26-Feb-99 | 26-Feb-99 | 26-Feb-99 | 26-Feb-99 | 26-Feb-99 | 26-Feb-99 | 26-Feb-99
20-Mar-00 | 20-Mar-00 | 20-Mar-00 | 20-Mar-00 | 20-Mar-00 | 20-Mar-00 | 20-Mar-00 | 20-Mar-00 | 20-Mar-00 | 20-Mar-00
11-Feb-01 | 11-Feb-01 | 11-Feb-01 | 11-Feb-01 | 11-Feb-01 | 11-Feb-01 | 11-Feb-01 | 11-Feb-01 | 11-Feb-01 | 12-Feb-01
31-Dec-01 | 2-Jan-02 | 30-Dec-01 | 31-Dec-01 | 30-Dec-01 | 31-Dec-01 | 31-Dec-01 | 30-Dec-01 | 30-Dec-01 | 1-Jan-02
— — 17-Feb-02 | 18-Feb-02 — — — — 17-Feb-02 —
18-Jan-03 | 18-Jan-03 [ 18-Jan-03 18-Jan-03 [ 18-Jan-03 | 18-Jan-03 | 18-Jan-03 | 18-Jan-03 [ 18-Jan-03
5-Jan-04 7-Jan-04 5-Jan-04 5-Jan-04 6-Jan-04 | 5-Jan-04 5-Jan-04 5-Jan-04 6-Jan-04
21-Jan-06 | 21-Jan-06 | 21-Jan-06 21-Jan-06 | 21-Jan-06 | 21-Jan-06 | 21-Jan-06 | 21-Jan-06 | 21-Jan-06
24-Feb-07 | 24-Feb-07 | 24-Feb-07 24-Feb-07 | 24-Feb-07 | 24-Feb-07 | 24-Feb-07 | 24-Feb-07 | 24-Feb-07
22-Feb-08 | 22-Feb-08 | 22-Feb-08 22-Feb-08 | 22-Feb-08 [ 22-Feb-08 | 22-Feb-08 | 22-Feb-08 | 22-Feb-08
24-Jan-09 | 24-Jan-09 | 24-Jan-09 24-Jan-09 [ 24-Jan-09 | 24-Jan-09 | 24-Jan-09 | 24-Jan-09 | 24-Jan-09
9-Feb-10 9-Feb-10 9-Feb-10 9-Feb-10 9-Feb-10 | 9-Feb-10 9-Feb-10 9-Feb-10 9-Feb-10
24-Mar-10 | 24-Mar-10 | 24-Mar-10 24-Mar-10 | 24-Mar-10 | 24-Mar-10 | 24-Mar-10 | 24-Mar-10 | 24-Mar-10
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Table A6.5: Classification of SSW events into splits and displacements adapted from the method described in Seviour et al.
(2013). D and S denote displacement and split events, respectively. U denotes unclassifiable events. Bold text highlights dis-
agreement from the “common” classification. Asterisks indicate that there was substantial disagreement on the classification
of the 15-Dec-98, 20-Mar-00, and 09-Feb-10 events.

Shared ERA-

common || NCEP R1 CFSR ERA-40 . JRA-25 JRA-55 MERRA | MERRA-2 | NCEP-R2
Dates Interim

30-Jan-58
17-Jan-60
29-Jan-63
17-Dec-65
23-Feb-66
07-Jan-68
28-Nov-68
13-Mar-69
02-Jan-70
18-Jan-71
20-Mar-71
31-Jan-73
09-Jan-77
22-Feb-79
29-Feb-80
04-Mar-81
04-Dec-81
24-Feb-84
01-Jan-85
23-Jan-87
08-Dec-87
14-Mar-88
21-Feb-89
15-Dec-98
26-Feb-99
20-Mar-00
11-Feb-01
31-Dec-01
18-Jan-03
05-Jan-04
21-Jan-06
24-Feb-07
22-Feb-08
24-Jan-09
09-Feb-10
24-Mar-10
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Table A6.6: Classification of major SSW events into splits and displacements using the Shibata technique (Ayarzaguena et
al.,, 2019). S and D denote split and displacement events, respectively.

shared | ommon || NCEPRT | CFSR | ERA-40 | ERA" | jrads | JRAS5 | MERRA | MERRA-2 | NCEP-R2
Dates Interim

30-Jan-58 S S S S

17-Jan-60 D D D S

29-Jan-63 S S S S

17-Dec-65 D S D D

23-Feb-66 D D D D

07-Jan-68 S S S S
28-Nov-68 D D D D

13-Mar-69 D D D D

02-Jan-70 D D D D

18-Jan-71 S S S S

20-Mar-71 D D D D

31-Jan-73 S S S S

09-Jan-77 D D D D

22-Feb-79 S S S S S S S S S
29-Feb-80 D D D D D D D D D D
04-Mar-81 D D D D D D D D D D
04-Dec-81 D D D D D D D D D S
24-Feb-84 D D D D D D D D D D
01-Jan-85 S S S D S D S S S S
23-Jan-87 D D D D D D D D D D
08-Dec-87 S D S S D S S S S S
14-Mar-88 S S S S S S S S S S
21-Feb-89 S S S S S S S S S S
15-Dec-98 S S S S S S S S S S
26-Feb-99 S S S S S S S S S S
20-Mar-00 D D D D D D D D S D
11-Feb-01 D D D D D D D D S D
31-Dec-01 D D D D D D D D D D
18-Jan-03 S S S S S S S S D
05-Jan-04 D D D D D D D D D
21-Jan-06 D D D D D D D D D
24-Feb-07 D D D D D D D D D
22-Feb-08 D D D D D D D D D
24-Jan-09 S S S S S S S S S
09-Feb-10 S S S S S S S S S
24-Mar-10 D D D D D D D D D
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Table A6.7: Classification of major SSW events into splits and displacements using the Lehtonen and Karpechko (2016)

method. S and D denote split and displacement events, respectively.

Shared
Dates

common

NCEP R1

CFSR

ERA-40

ERA-
Interim

JRA-25

JRA-55

MERRA

MERRA-2

NCEP-R2

30-Jan-58

17-Jan-60

29-Jan-63

17-Dec-65

23-Feb-66

7-Jan-68

28-Nov-68

13-Mar-69

2-Jan-70

18-Jan-71

20-Mar-71

31-Jan-73

9-Jan-77
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Major abbreviations and terms

20CR v2/v2c
AMIP
CESM
CFSR
CFSv2
DOE
ECHAM
EMAC
ECMWF
ENSO
EP (Flux)
ERA-20C
ERA-40
ERA-Interim
HF
JRA-55
JRA-55C
JSPS
MERRA
MERRA-2
MESSy
MSLP
NAM
NAO
NCAR
NCEP
NCEP-CPC
NCEP R2
NCEP R1
NDJF
NH
NOAA
PNJ
QBO
REM
SAM
SFW

SH
SPARC
SSW
S-RIP
WMO
W1

W2

20th Century Reanalysis of NOAA and CIRES

Atmospheric Model Intercomparison Project

Community Earth System Model

Climate Forecast System Reanalysis of the NCEP

Climate Forecast System version 2

Department of Energy

ECMWF-HAMburg model

ECHAM/MESSy Atmospheric Chemistry model

European Centre for Medium-Range Weather Forecasts

El Nifo-Southern Oscillation

Eliassen-Palm Flux

ECMWEF 20th century reanalysis

ECMWF 40-year reanalysis

ECMWEF interim reanalysis

Heat flux

Japanese 55-year Reanalysis

Japanese 55-year Reanalysis assimilating Conventional observations only
Japan Society for the Promotion of Science

Modern Era Retrospective-Analysis for Research and Applications
Modern Era Retrospective-Analysis for Research and Applications, Version 2
Modular Earth Submodel System

mean sea-level pressure

Northern Annular Mode

North Atlantic Oscillation

National Center for Atmospheric Research

National Centers for Environmental Prediction of the NOAA
National Centers for Environmental Prediction, Climate Prediction Cente
Reanalysis 2 of the NCEP and DOE

Reanalysis 1 of the NCEP and NCAR
November-December-January-February

Northern Hemisphere

National Oceanic and Atmospheric Administration

polar night jet

Quasi-biennial Oscillation

Reanalysis ensemble mean

Southern Annular Mode

Stratospheric Final Warming

Southern Hemisphere

Stratosphere-troposphere Processes And their Role in Climate
Sudden Stratospheric Warming

SPARC Reanalysis Intercomparison Project

World Meteorological Organization

Wavenumber 1

Wavenumber 2



