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Abstract: Extreme warm stratospheric events during polar winters from ERA-Interim reanalysis and
CMIP5-ESM-LR runs were separated by duration and strength of the polar-night jet oscillation (PJO)
using a high statistical confidence level of three standard deviations (strong-PJO events). With a
composite analysis, we demonstrate that strong-PJO events show a significantly stronger downward
propagating signal in both, northern annular mode (NAM) and zonal mean zonal wind anomaly in
the stratosphere in comparison with non-PJO events. The lower stratospheric EP-flux-divergence
difference in ERA-Interim was stronger in comparison to long-term CMIP5-ESM-LR runs (by a factor
of four). This suggests that stratosphere—troposphere coupling is stronger in ERA-Interim than in
CMIP5-ESM-LR. During the 60 days following the central date (CD), the Arctic oscillation signal
was more intense during strong-PJO events than during non-PJO events in ERA-Interim data in
comparison to CMIP5-ESM-LR runs. During the 15-day phase after CD, strong PJO events had a
significant increase in stratospheric ozone, upper tropospheric zonally asymmetric impact, and a
regional surface impact in ERA-Interim. Finally, we conclude that the applied high statistical threshold
gives a clearer separation of extreme warm stratospheric events into strong-PJO events and non-PJO
events including their different downward propagating NAM signal and tropospheric impacts.

Keywords: warm stratospheric events; major sudden stratospheric warmings; polar-night jet oscillation;
northern annular mode; Arctic oscillation; EP-flux divergence; ERA-Interim; CMIP5; MPI-ESM-LR

1. Introduction

During winter, the boreal stratosphere couples with the underlying troposphere in two pathways:
bottom-up and top-down. Often it undergoes different extreme circulation states: cold events with a
strong polar vortex and zonal mean westerlies (polar-night jet); and warm events with a weakening
or a breakdown of the polar vortex and zonal mean easterlies. Warm events are caused by increased
upward wave activity fluxes associated with ultra-long planetary waves as demonstrated by Polvani
and Waugh [1]. This observation is in agreement with the wave-mean flow interaction theory (e.g., [2]).
In fact, Polvani and Waugh [1] showed that zonal-mean eddy heat flux, which is a proxy for the upward
wave activity flux, averaged over prior 40 days, was highly (—0.8) anti-correlated with the northern
annular mode (NAM) index at 10 hPa, suggesting a physical link. The authors of Reference [1] also
showed a downward propagation of a NAM signal for warm and cold cases of stratospheric events
with a high correlation to the evolution for weak and strong polar vortices found by Baldwin and
Dunkerton [3]. Note, that Baldwin and Dunkerton [4] demonstrated that during weak vortex regimes
(warm events), mean surface pressure anomalies are in the negative phases of Arctic oscillation (AO)
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and of North Atlantic oscillation (NAO), with the strongest effect on the location of storm tracks over
the North Atlantic European region. Recently, Reference [5] confirmed these results based on the
Japanese JRA-55 reanalysis [6], which does not assimilate satellite observations in the stratosphere.
In addition, they showed that averaged Arctic ozone in the stratosphere is greatly enhanced after the
onset of warm events. Furthermore, Polvani and Waugh [1] showed that stratospheric events with
integrated (40 days before) anomalously strong eddy heat fluxes at 100 hPa are also followed by larger
surface pressure anomalies for up to 60 days in agreement with Reference [3].

The long-range forecast skill at the surface following stratospheric warm or cold events seems
to be enhanced (e.g., [7-12]). The influence of stratospheric oscillation regimes [13] during warm
events, on the coupling of the stratosphere and the troposphere, has been considered in many studies,
e.g. [7,11,12,14-18].

Nevertheless, the main question remains: under which specific oscillation behavior during such
warm events is the stratosphere more strongly coupled with the troposphere? In this study we focus
on extreme warm events with a major sudden stratospheric warming (MSSW) followed by a strong
downward propagating NAM signal, and accompanied by a pronounced polar-night jet oscillation
(PJO) event, which have the potential for forecasting improvements [11]. Note, this strong polar-night
jet oscillation of the stratosphere can be seen in the temporal evolution of the zonal mean zonal wind
(ZMZW) anomaly at about 60° N (an example is also shown in Figure 2a, composite over some MSSW
events of ERA-Interim). The oscillation starts with strong westerlies, followed by strong easterlies,
and then by strong westerlies over a period of more than 90 days.

Also, Figure S1 (Supplementary Materials) shows the main subjects of this study, the cross-section
of the climatological zonal mean zonal wind with the polar-night jet and subtropical jet, and the mean
zonal mean temperature for boreal winters, as well as relevant dynamical processes.

Based on previous studies, we expect that extreme warm events, which result in a breakdown
of the polar vortex, and accompanied by strong planetary wave activity, are stronger coupled with
the troposphere. The coupling depends on the status of the wave-mean flow regime itself in the
stratosphere and troposphere. For example, if in a strong wave-mean flow interacting regime with
a strongly interacting planetary wave triad (wave-wave interaction), and there is an additional
tropospheric wave forcing, then an MSSW event may suddenly occur with a tropospheric ZMZW
change [19,20]. On the other hand, warm events with a weak wave-mean flow interacting regime and
a weakly interacting triad may show weaker tropospheric influence. These regime differences during
warm events have been demonstrated by References [19,20], with the help of a simple conceptual
two-layer model. In particular, Peters [19,20] showed the onset of strong oscillation as a function of
wave-mean flow and wave-wave interaction (planetary wave triad) under the additional action of
wave-1-forcing. In a more realistic quasi-geostrophic model, Palmer and Hsu [21] showed the important
role of a high nonlinear interactive wave-mean flow regime including wave-wave interaction for the
pre-conditioning of the sudden stratospheric warming in February 1979. Perlwitz and Harnik [22]
and Kodera et al. [23] discussed the different roles of planetary wave propagation and zonal mean
processes on the downward coupling of the stratosphere and troposphere. They found two dominant
states of wave-mean flow interaction: one with a higher wave absorption and the other with increased
reflection of planetary wave. Furthermore, it was shown that all ultra-long waves 1, 2, and 3 were
required in the initial set up of the phasing of the austral major warming in 2002 [24].

In this study, we use an updated approach to differentiate between a regime of extreme warm
events and a regime of weaker warm events by taking into account the specific duration and dominant
strength of the PJO during the winter [14,15,25]. To differentiate between such events, we use a more
stringent definition of the PJO then was used in previous studies. As mentioned above, we focus
on those extreme warm events with a strong downward propagating NAM signal, which have the
potential for forecasting improvements [11,12], as these events are expected to have stronger influences
on the troposphere.
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Kuroda and Kodera [25] first described PJO as a poleward and downward moving ZMZW
anomaly in the stratosphere with an oscillation period of several winter months. Similarly,
Christiansen [26] showed the downward propagating signal of a ZMZW anomaly, from the upper
to the lowermost stratosphere in free running simulations. Later, the definition of PJO given in
Reference [14] was used to separate between warm events (i.e., MSSWs) with and without PJO events.
The day of ZMZW reversal at 10 hPa layer at 60° N marks the central day (CD) of an MSSW event [27].
It has been shown, that following CD, PJO events are characterized by extended ZMZW recoveries
in the lower stratosphere, reduced planetary wave activity flux, as well as a reemergence of strong
westerlies in the upper stratosphere [28,29].

Furthermore, simulations to quantify eddy feedbacks and forcings in the troposphere in response
to MSSWs were carried out by Reference [30]. They simulated the equatorward shift of the ZMZW
jet in mid-latitudes after CD, and showed that the adjustment process happens mainly due to the
tropospheric planetary waves in direct response to stratospheric circulation changes. They also pointed
to the indirect role of tropospheric synoptic eddies linked to zonally asymmetric Rossby wave breaking
events, [9,31].

Another study showed, that the response on the troposphere does not depend on the strength but
on the persistence of the stratospheric warming [18], in agreement with former studies, [3,15].

Using ERA-Interim data [32], we investigate different regimes of stratosphere/troposphere
coupling of MSSWs with or without PJO events. We apply in this study a more stringent definition
of the so-called strong-PJO event in order to select only those events, which exceed a significant
99.73% confidence level (three standard deviations). This is in contrast to Reference [15], who used only
95% (two standard deviations). Thereby we exclude some intermediate events, which may produce
inconclusive results. We demonstrate a clearer difference in tropospheric responses to extreme warm
events accompanied by strong-PJO events in the upper stratosphere and those warm events which are
not followed by PJO (non-PJO events). This allows us to better examine the NAM-composites evolution
as well as the differential absorption of planetary wave activity. Furthermore, we increase the size of
the sampling by using 168 years of CMIP5 simulations with the MPI-ESM-LR model to demonstrate
the usefulness of the applied methodology [33], and to confirm the main stratospheric results. Section 2
describes the ERA-Interim data set [32], setup of CMIP5-MPI-ESM-LR simulations [33], and the
applied methodology. Section 3 compares the evolution of zonally symmetric stratospheric results
of strong-PJO events and non-PJO events for both data sets. We also discuss the zonally asymmetric
composites of tropospheric impacts during 15-day post phase after CD for ERA-Interim. Discussion
and Conclusions are given in Sections 4 and 5, respectively.

2. Data Sets and Methodology

Daily averaged selected meteorological fields (geopotential, temperature, horizontal winds,
total ozone, surface pressure, 10 m zonal wind, and 2 m temperature) of the ECMWEF re-analysis
called ERA-Interim [32] were used for the 1979-2013 period. The 29th February leap years were
excluded. The selected horizontal resolution was based on a longitude x latitude grid of approximately
0.7 degrees x 0.7 degrees. Fields were interpolated onto 21 levels from the surface up to 1 hPa.

Meteorological fields from the MPI-ESM-LR-CMIP5 model [33] (Max-Planck-Institute Earth System
Model; Low Resolution; Coupled Model Intercomparison Project phase 5) were downloaded from the
CERA data bank of DKRZ Hamburg for three realizations of LR-T63/L47 runs capturing the years
1950-2005, summing up 168 years of simulations (3 times 56 years). The used longitude X latitude grid
points were approximately 1.8 degrees x 1.8 degrees with selected 15 levels from 1000 to 0.1 hPa. Note that
MPI-ESM-LR-CMIP5 used prescribed monthly mean zonal mean ozone in the stratosphere.

Climate Diagnostic Operator (CDO) software from DKRZ was used in order to calculate means,
anomalies, and composites [34]. An anomaly was defined as a deviation from a daily climatology
calculated over the whole 1979-2013 period for ERA-Interim or over the period of 1950-2005 for each
realization separately in the case of CMIP5 runs.
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The NAM index was calculated following Reference [35] using de-trended geopotential height
fields integrated over a polar cap north of 60° N and multiplied by —1. The daily mean climatology was
subtracted to calculate anomalies. These anomalies were normalized by the mean standard deviation.
The MSSW events were defined as events when the NAM index at 10 hPa level exceeded a threshold
value of —2.3 during winter (December-March). The day when the threshold was exceeded determined
the so-called central day (i.e., CD) of a warm stratospheric event (i.e., MSSW). This threshold value
was chosen in order to identify nearly the same CD of wind reversal day as defined by Reference [27].
Two events must be separated from each other by a period of two months. Events with a CD after the
first week of March were not considered in order to distinguish from final warmings. Note, there was
a strong similarity between a NAM index based on integrated polar geopotential anomalies and a
NAM series using empirical orthogonal functions (EOFs), as was done by Reference [36].

To investigate the polar vortex evolution, the definition of the PJO index was applied [14,15].
Principal component series based on the projection of the integrated polar cap temperature anomalies
north of 70° N on the two leading EOFs were calculated. The two leading principal components, PC1
and PC2 explain about 90% of temperature’s total variance. Note that temperature and wind were
linked by the thermal wind equation. In a phase space of (PC1, PC2), the amplitude was defined
as r = (PC1% + PC22)1/2 with o as mean standard deviation of r. The phase angle is defined as 6 =
arctan (—PC2/PC1). In a phase space of (PC1, PC2) a typical event shows an anticlockwise rotation.
We modified the definition of Reference [15] for so-called strong-PJO events by using a threshold value
of r > 3 o with AB > 100°. Intermediate-PJO events were defined as episodes with2 0 <r <3 o and
with A® > 100°. Our definition of strong-PJO events was motivated by the rule of three standard
deviations which corresponds to 99.73% confidence level [37]. The remaining warm events, which do
not satisfy the criteria for intermediate-PJO or strong-PJO were called events without a PJO (non-PJO).
Composite analysis was calculated using CDO [34], and the significance of composite differences was
tested by two-sided student’s t-test, (e.g., [37]). The standard TEM (transformed Eulerian mean, [2])
diagnostics based on quasi-geostrophic approximation was calculated according to References [2,38].
A 5-day running mean was applied to PC1 and PC2 series, as well as to quantities used for TEM eddy
flux calculations in order to exclude high-frequency variability.

3. Results

For the ERA-Interim period, 1979-2013, we identified 21 MSSWs, corresponding to approximately
six events per decade, which was comparable to the finding of References [5,15]. Furthermore, with
our PJO definition, nine strong-PJO events, four intermediate-PJO events, and eight non-PJO events
were identified. The dates of CD and identified PJO-types for ERA-Interim are given in Table ST1 in
the Supplementary Materials.

The 168 years of CMIP5-ESM-LR runs had 79 MSSWs, corresponding to about five events per
decade, which is in reasonable agreement with observations and other models [9,15,27]. In the model
runs 24 out of 79 events were classified as strong PJO events and 34 events were classified as non-PJO
events. An overview of seasons, CDs and PJO-type events for three MPI-ESM-LR are given in Tables
ST2, ST3, and ST4 in the Supplementary Materials.

3.1. Zonally Symmetric Structure: Evolution

Figure 1 shows the evolution of composite NAM anomalies. Strong-PJO events show pronounced
downward propagating signals after the CD in comparison to non-PJO events for both ERA-Interim
and for CMIP5-ESM-LR.
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Figure 1. Evolution of northern annular mode (NAM) for ERA-Interim (left column) and CMIP5-ESM-LR
(right column) for strong-PJO (a,b) and non-PJO (c,d). Panels (e,f) show the difference between strong-PJO
and non-PJO composites, respectively; hatched areas are where the difference is statistically insignificant.
Areas enclosed by thick black lines are statistically significant (95% confidence level). Vertical dashed lines
mark CD, and horizontal dashed lines approximately show the tropopause and the stratopause. NAM,
at each pressure level, is defined as the polar cap integrated geopotential height anomaly normalized by
its mean standard deviation. ERA is the abbreviation for ECMWF re-analysis. CMIP5 stands for Coupled
Model Intercomparison Project phase 5. ESM means Max-Planck-Institute Earth System Model, and LR

stands for Low Resolution. PJO is the polar-night jet oscillation.

The NAM difference between strong-PJOs and non-PJOs was significant in three regions
(Figure lef): (i) in the stratosphere after CD for about 30 days in ERA-Interim and 50 days in
CMIP5-ESM-LR at about 150 hPa level (NAM150); (ii) at the stratopause between day 30 and
day 45 after CD in both datasets (longer in ERA-Interim); and (iii) in the upper troposphere after
approximately 20 days in ERA-Interim and about 40 days in CMIP5-ESM-LR.

In the CMIP5-ESM-LR, the NAM difference in the stratosphere was more intense; it lasted longer
and reached the troposphere 20 days later in comparison to the ERA-Interim. On the other hand,
the reemerging positive NAM anomaly in the stratosphere was much weaker in the CMIP5-ESM-LR

in comparison to the ERA-Interim.

The difference of the ZMZW anomaly in the stratosphere between strong-PJO and non-PJO was
significant until day 20 in ERA-Interim and until about 45 days in CMIP5-ESM-LR (Figure 2e,f). In the
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upper stratosphere, the negative ZMZW anomaly lasted for about 2-3 weeks, whereas in the lower
stratosphere, it lasts for 5-7 weeks. Anomalous westerlies reappearing in the upper stratosphere after
CD were much stronger in the strong-PJO events in ERA-Interim than in CMIP5-ESM-LR.
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Figure 2. Same as Figure 1 but for the evolution of zonal mean zonal wind (ZMZW) anomaly (m/s)
averaged between 50° and 70° N.

In general, the NAM index and ZMZW evolved significantly differently in the whole stratosphere
between strong-PJO events and non-PJO events for about two months after CD. The results for our
definition of PJO events agree well with previous results (e.g., [11,15]) and show significant differences.

In order to demonstrate the main characteristics of the stratospheric NAM oscillation, Figure 3a,b
shows the evolution of NAM at 10 hPa level for both data sets. Before the CD, all events revealed similar
behavior when passing the —2.3 threshold used here to define warm events (Section 2). In ERA-Interim,
the strong-PJO NAM (red line) shows a significantly stronger decrease after CD lasting for about five
days before it starts to increase again (Figure 3a). Between day 55 and 70 the strong-PJO NAM index
became positive again, indicating a complete period of oscillation around the mean state during MSSWs.
The non-PJO NAM index (blue line) recovered faster after CD in comparison to that of strong-PJO, but it
decreased again after a lag of 40 days staying negative until day 90. The intermediate-PJO NAM index
(dashed green line) evolved intermediately between the two extreme cases.

For CMIP5-ESM-LR (Figure 3b), the behavior of the different PJO events after CD was largely
similar to that in ERA-Interim with a somewhat faster increase of NAM for non-PJO events which
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becomes positive already at about day 22. The evolution of the NAM in CMIP5-ESM-LR was smoother
because a larger number of events was considered.
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Figure 3. Evolution of northern annular mode (NAM) for ERA-Interim (a,c) and for CMIP5-ESM-LR
(b,d) at 10 hPa (a,b) and 1000 hPa (c,d) for strong-PJO (red) and non-PJO (blue). Black line in (a,b)
indicates mean MSSW event behavior and green dashed line indicates intermediate-PJO events.
The black line in (c,d) shows the polar surface pressure anomaly (SFPA) for strong-PJO. All quantities
in panels (c,d) show a 21-days running mean. Thick lines indicate statistically significant differences of
95% confidence between strong-PJO and non-PJO events. Triangles indicate statistically significant
differences from climate mean with a confidence of 95%. NAM, at each pressure level, is the polar cap
integrated geopotential height anomaly normalized by its mean standard deviation.

The NAM anomaly at 1000 hPa (Figure 3c), which is close to the surface, was significantly larger
after CD for strong-PJO (red line) than for the non-PJO curve (blue line) in ERA-Interim. For strong-PJO
events, the NAM index (NAM1000 equals Arctic oscillation, AO) started a significant decrease after
CD until day 15, which was followed by a weak oscillation. Furthermore, for the strong-PJO the
integrated polar surface pressure anomaly showed a change of sign and anti-correlates with the AO
index, as expected. An increase of about 3 hPa occured in the first 15 days after CD followed by a
weak oscillation with an amplitude of 1 hPa. The non-PJO AO following CD showed much weaker
anomalies and stays around zero.

For CMIP5-ESM-LR (Figure 3d), the mean AO anomalies during both strong-PJO events (red line)
and non-PJO events (blue line) were weak and the indexes evolved similarly to each other during
the first three weeks after CD. For strong-PJO, the AO index started to decrease after day 25 while
it increased for non-PJO events. The integrated polar surface pressure anomaly showed a change of
sign and remained positive after CD, as in ERA-Interim. The surface pressure grew quasi-linearly by
about 2 hPa during the first 15 days after CD. Note the AO of strong-PJO and that of non-PJO were
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not statistically different during the first 15 days after CD in the CMIP5-ESM-LR in comparison to
the behavior of AOs of ERA-Interim. Since there was no difference between the two sub-samples of
CMIP5-ESM-LR model in the polar troposphere, which may indicate a biased behavior of the model,
we did not analyze the tropospheric coupling in ESM-LR.

Furthermore, we examined the quasi-geostrophic TEM balance after Reference [38]. The mean
eddy heat flux and Eliassen—Palm (EP)-flux divergence are shown in Figure 4a—d. For ERA-Interim,
the evolution of these quantities differ significantly between strong-PJO and non-PJO events in the
middle and lower stratosphere during the first ten days after CD and also around day 40 (Figure 4ef).
For strong-PJO events, the zonal mean eddy heat flux was insignificantly larger than that of non-PJO
events during 20 days prior to CD, and it increased in the upper stratosphere before CD. The eddy
heat flux of non-PJO events decayed faster after CD, although there were two weak pulses of heat flux
around day 15 and day 45 corresponding to two pulses of EP-flux convergence around the same times
(Figure 4c,d) in the lower and upper stratosphere which decelerated the ZMZW (Figure 2c). In the
upper stratosphere above 40 km, EP-flux divergence occurred quasi-continuously between days 5 and
40 after CD (Figure 4b) which accelerated the ZMZW for strong-PJO events (Figure 2a) as expected
from the wave-mean flow interaction theory.
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EPdiv : strcm:g-FJO . ER;AI )
M e ST A
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Figure 4. ERA-Interim: Altitude-time cross-sections of zonal mean eddy heat flux (a,c; K m/s), and of
mean EP-flux divergence (b,d; 1/day) for strong-PJO (a,c) and non-PJO (b,d); panel (e) for heat flux and
(f) for EP-flux divergence show the difference of strong-PJO minus non-PJO composite, respectively.
The mean is taken over a latitudinal belt from 50°-70° N. Heat flux values are divided by (p/ 1000 hPa).
Hatched areas (e f) are statistically insignificant. Area enclosed by thick black lines are statistically
significant (95% confidence level). Dashed lines mark CD (vertical) and approximated tropopause
(horizontal). The standard transformed Eulerian mean diagnostics based on quasi-geostrophic
approximation is calculated according to References [2,38].
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For CMIP5-ESM-LR, the mean eddy heat flux and EP-flux divergence are shown in Figure 5.
The heat flux evolution of strong-PJO and of non-PJO events differ significantly in the upper, middle,
and lower stratosphere during ten days before and after CD. In strong-PJO events, it was (i) stronger in
the upper stratosphere before CD, (ii) stronger in the lower stratosphere after CD, and (iii) weaker in the
mid and upper stratosphere after CD between days 2040 (Figure 5a,c,e). Similar differences were also
found for the EP-flux divergence (Figure 5b,d,f). The eddy heat flux during non-PJO events decayed
strongly after CD, but it showed two pulses around day 25 and day 50 resulting in two pulses of EP-flux
convergence (Figure 5¢,d) in the lower and upper stratosphere, although a corresponding weakening of
the ZMZW only occurred around day 25 (Figure 2d). In the mesosphere, EP-flux convergence occurs
quasi-continuously (Figure 5b,d) and there was no period of anomalous divergence as in ERA-Interim
(Figure 4b). Anomalous EP-flux convergence decelerated the ZMZW for PJO events in the mesosphere,
which was, however, not seen in the anomaly of ZMZW (Figure 2b,c) because the mean climatological
deceleration was excluded. On the other hand, the difference of EP-flux divergence between strong-PJO
events and non-PJO events was positive (Figure 5f) resulting in a faster recovery of ZMZW and
establishment of anomalous westerlies during strong-PJO events (Figure 2f).
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In summary, both ERA-Interim (Figure 4e,f) and CMIP5-ESM-LR (Figure 5e,f) showed similar
stratospheric behavior during strong PJO events with a strong and significant downward propagating
signal around CD for eddy heat flux and EP-flux divergence. This signal started about one week
before CD in the upper stratosphere and ended about two weeks after CD in the lower stratosphere.
The upper stratospheric anomalous acceleration started about five days after CD and showed a
downward propagating signal. In CMIP5-ESM-LR, the lower stratospheric difference of EP-flux
divergence between strong PJO events and weak PJO events was weaker approximately by a factor
of two in comparison to that in ERA-Interim suggesting a weaker coupling between the stratosphere
and the troposphere in the model. This difference between the reanalysis and the model is consistent
with a weaker AO difference between strong-PJO and non-PJO events after CD in CMIP5-ESM-LR as
demonstrated above (Figure 3c,d).

3.2. Zonally Asymmetric Structure—Era-Interim

Because the first two weeks after the CD were characterized by the strongest significant differences
of NAM, ZMZW as well as stratospheric eddy heat fluxes and EP-flux divergence between strong-PJO
and non-PJO events, the tropospheric response was analyzed with a special focus on this period. Our
hypothesis is that during the first two weeks after the CD the changes in lower stratosphere and upper
troposphere and surface response are strongly linked. This link is better captured by a 3 o threshold of
the two leading EOF used for the definition of strong-PJO events.

In fact, during the first two-weeks after CD, the AO signal (or polar cap integrated surface pressure)
was drastically changed and well separated between the two PJO types (Figure 3c). In CMIP5-ESM-LR,
this difference was much weaker and occured one month after CD (Figure 3d), for which reason the
tropospheric response in the model will not be further investigated. Thus, in the following we will
focus on the 15-day period after CD when the AO evolution was clearly different between strong-PJO
and non-PJO events in ERA-Interim. We will focus on zonally asymmetric changes of total ozone (TO3),
300 hPa geopotential height (GH), 300 hPa zonal wind anomalies, and Rossby wave breaking (RWB)
events in the upper troposphere in order to diagnose the planetary wave structure on the one hand
and associated changes in synoptic eddies (i.e., RWB events) on the other hand. We also examine 10 m
zonal wind and 2 m temperature anomalies in order to describe changes in the near-surface climate.

Figure 6 shows the TO3 anomaly change during the post phase for strong-PJO (Figure 6a) and
non-PJO (Figure 6b) based on ERA-Interim data in agreement with Reference [5]. The TO3 anomaly
over the polar region was significantly larger during strong-PJO events than during non-PJO events.
Focusing on the 50°-60° N latitude band one can see that an increase of TO3 occurs mostly over
the North Atlantic European region while there was a decrease over the North Pacific indicating a
planetary wave 1 anomaly in this latitude range (Figure 6¢). South of 45° N, TO3 anomaly decreased
everywhere during strong-PJO events, but the anomalies were weak during non-PJO events. The main
cause of the strong polar zonally symmetric TO3 increase and the wavenumber 1 signature in TO3 in
sub-polar region was the transport change by the residual circulation, as well as the transport changes
by planetary waves and transient eddies for strong-PJO during the first two weeks after CD [39]. From
previous studies, e.g., [9,40,41], we expect that this strong ozone anomaly also had an impact on the
tropospheric circulation including changes of the planetary wave structure.
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Figure 6. Stereographic maps of mean total ozone (TO3) anomaly (104 kg/ m?) for strong-PJO

events (a), non-PJO events (b), and difference of strong-PJO minus non-PJO events (c) for ERA-Interim
averaged over 15 days after CD. Thick black (green) line in (c) includes significant areas with differences
of 80% (95%) confidence. Total ozone means column integrated ozone.

During the post phase of strong-PJO events, the coupling between stratosphere and troposphere
was well demonstrated by geopotential height anomaly (GH) changes at 300 hPa level (tropopause
region, Figure 7a—c). For instance, while the NAO signal in the Atlantic sector was pronounced during
the strong-PJO events (Figure 7a), the dipole pattern over the North Pacific with negative anomalies in
mid-latitudes and positive anomalies in the polar region was enhanced only during non-PJO events
(Figure 7b). The related southward shift of zonal wind was shown in Figure 7d—{, respectively. Similar
structure changes have also been found for GH anomaly at 1000 hPa (Figure 7f,g), and for surface
pressure anomalies shown in the Supplementary Materials (Figure S2).

During the following 16-75-lag-day period, the NAO anomaly at 300 hPa was half as large for
strong-PJO events (not shown), but a stronger positive annular structure occurs in the Arctic region for
NAM1000 (Supplementary Materials: Figure S3) as known from literature, e.g., [3].

The results reveal different action centers of stratosphere/troposphere coupling: over the North
Atlantic European region associated with NAO during strong-PJO events and over the North Pacific
during the non-PJO events.

Furthermore, this structural change of GH anomalies during MSSW events with strong-PJO
corresponds to a change in the quasi-geostrophic background winds with latitudinal and longitudinal
shifts of the jets in the upper troposphere (Figure 7d—f). In particular, over the North Atlantic European
region, the subtropical jet was shifted southward during strong-PJO events and there were anomalous
easterlies south of Iceland. During non-PJO events, there was an equatorward shift of the subtropical jet
over the North Pacific Ocean and a westward wind anomaly over mid-latitudinal North Pacific Ocean.

Figure 7. Cont.
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Figure 7. Mean composites of geopotential height (GH) anomaly (m) (a—c,g—i) and zonal wind anomaly
(m/s) (d—f) for strong-PJO (left column), for non-PJO (middle column), and difference of strong-PJO
minus non-PJO (right column) for ERA-Interim at 300 hPa (a—f) and 1000 hPa (g-i) during 15 days
after CD. Thick black (green) line in (c) includes areas of significant differences with student t-test of
80% (90%) confidence.

The intensity and position of poleward RWB events depends on the background flow as shown
by many studies, e.g., [9,31]. The changes in RWB also indicate a change of transient tropospheric
eddies [31]. As suggested by Peters and Waugh [31] poleward and equatorward RWB events are
distinguishable from each other due to their evolution in different planetary background flows.
The cyclonic poleward RWB event, P1-RWB, as well as the anticyclonic poleward RWB event,
P2-RWB, exhibit a strengthening of an anticyclone just close to the region of Rossby wave breaking.
The algorithm used here to detect different types of RWB is described in Reference [42]. The algorithm
of Reference [42] was used in order to capture the RWB events with localized, enhanced momentum
wave flux, which is a signature of RWB activity. This algorithm uses the wave-activity flux definition
for quasi-stationary waves according to Reference [43]. The RWB events were identified as extreme
cases of Ertel’s potential vorticity (PV) overturning in the planetary background field [2]. The direction
of Ertel’s PV overturning is determined by the large-scale field [31]. Only the cyclonic (P1) and
anticyclonic (P2) poleward Rossby wave breaking events were analyzed.

Figure 8 shows these poleward RWB events during strong-PJO events and non-PJO events.
We identify significant (using student’s t-test) momentum fluxes corresponding to poleward
downstream P2-RWB events over southern Europe for non-PJO events (Figure 8b), as well as similar
events over Azores and California. For strong-PJO events (Figure 8a), momentum fluxes corresponding
to P2-RWB events shift to northern Europe and intensify over California and East Asia. The upstream
P1-RWB events occurred over northern North Atlantic, south of Iceland, for non-PJO events but they
are observed further upstream, over Labrador, during strong-PJO events. There were also P1-RWB
events detected over Aleutian Islands during strong-PJO events, but not during non-PJO events. Note,
these significant changes of transient eddy behavior in the upper troposphere are directly linked via
tropospheric planetary waves with the enhanced coupling regime during strong-PJO events [9,31].
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The influence of different PJO events on the near-surface zonal wind anomaly (10m U, Figure 9)
and mean temperature anomaly (2m T, Figure 10) were examined for strong-PJO events (Figure 9a
and Figure 10a) and non-PJO events (Figure 9b and Figure 10b), respectively. A positive wind
anomaly (about 2m/s) can be seen over the middle North Atlantic and a negative was located over the
northern North Atlantic (about —m/s) for strong-PJO events. Both anomalies shifted southward and
weakened during non-PJO events. Over the North Pacific, the anomalies were weaker for strong-PJO
events. Non-PJO events were characterized by an eastward wind anomaly (about 2 m/s) over the
mid-latitudes, with westward wind further north over the Aleutian Islands. These wind changes were
highly correlated with the GH anomalies (Figure 7g—i) and surface pressure anomalies (Figure S2,
Supplementary Materials), and reflect mainly the quasi-geostrophic relation.

P2 1-15d sPJO P2 1-15d nPJO

(b)

P1 1-15d sPJO P1 1-15d nPJO

(d)

Figure 8. Mean composites of poleward Rossby wave breaking (i.e., RWB) events (m?/s?) for
strong-PJO (a,c) and non-PJO (c,d) events as a function of downstream (a,b) and upstream (c,d)
breaking at upper troposphere for ERA-Interim. The mean was taken over 15 days after CD post phase.
Shown are only significant patterns with 95% confidence. Details of the used RWB algorithm can be
found in Reference [42].

The 2 m temperature anomaly for non-PJO events showed a warming up to 5 K over the Arctic,
a moderate warming over Siberia, western North America, and Eastern Europe; and a cooling up to
3 K over eastern US. For strong-PJO events, the cooling occurred mainly in a band over the Kara Sea
and the Eastern Arctic, and there was warming further equatorward as well as further poleward (over
Canada) during the first 15 days after CD.

The statistical significances of pattern difference shown in Figure 9c and in Figure 10c are moderate
between 80% and not more than 90% confidence.
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Figure 9. Mean 10 m (above surface) zonal wind anomaly (m/s) for strong-PJO events (a), non-PJO
events (b), and difference of strong-PJO minus non-PJO events (c) for ERA-Interim during 15 days
after CD. Thick black (green) line in (c) includes areas of significant differences with student’s ¢-test of
80% (90%) confidence.

Figure 10. Same as Figure 9 for mean 2 m (above surface) temperature anomaly (K).

4. Discussion

Using ERA-Interim data for the period 1979-2013 we identified 21 MSSW events of which nine
events are identified as strong-PJO, and eight events as non-PJO events. The differences of the NAM
and ZMZW anomalies between strong-PJO and non-PJO events were statistically significant in the
stratosphere and these differences are in a good agreement with the physical interpretation based on
the zonal mean-wave interactions as supported by differences in eddy heat flux and EP-flux divergence
(Figures 1-4). Although a more stringent criteria to identify strong-PJO events was applied in our
study when compared to previous studies [15,27], our findings are in fundamental agreement with
those from previous studies.

In order to overcome the small sampling size of ERA-Interim (35 years), we examined 168 years
of simulations with the MPI-ESM-LR model where the number of MSSWs increased by a factor of
four. In the model, we identify 24 strong-PJO cases and 34 non-PJO cases out of 79 MSSWs. In the
stratosphere, NAM and ZMZW anomalies showed similar significant differences between the two
PJO types in the model as in the ERA-Interim data. Also, the diagnostics used to describe wave-mean
flow interactions (eddy heat flux and EP-flux divergence) showed similar statistically significant
differences in the stratosphere and are in agreement with former studies (including CMAM results
of References [11,15]). It follows that the stratospheric results are robust between the models and
observations, and they are not sensitive to the threshold used to identify PJO events, which is the main
and novel result of this study.
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Furthermore, four out of 21 MSSW events for ERA-Interim, and 21 out of 79 MSSW events for
CMIP5-ESM-LR belong to intermediate-PJO events. On average, intermediate-PJO events seem to be
present the mean of all MSSW events, as shown in Figure 3a,b. The exclusion of those events reveals
a clearer separation of extreme warm events with strong-PJO and non-PJO events on the one hand.
On the other hand, if the intermediate-PJO cases are included the NAM elongation (red curves of
strong-PJO events) would be reduced, and the separation from the NAM evolution (blue curves) of
non-PJO events would be smaller (Figure 3a,b).

Because the first two weeks after the CD were characterized by the strongest significant changes of
NAM, the ZMZW anomaly, and strongly significant changes of physical quantities in the stratosphere,
the surface response was analyzed with a special focus on this period. Our hypothesis is that during
the first two weeks after the CD the changes in lower stratosphere and upper troposphere and surface
response are strongly linked.

Unfortunately, there is not such a strong surface response in CMIP5-ESM-LR during the first two
weeks. The reason may be the insufficient vertical resolution or the prescribed monthly mean zonal
mean ozone in the stratosphere, which implies difficulties in assessing changes on a sub-monthly
scale. That is also a disadvantage of the ECHAMS general circulation model as shown by Reference [9],
because the use of observed, daily, and zonally asymmetric ozone distribution increases stratospheric
NAM variability during midwinter, and also increases the number of MSSWs. It was also found in
Reference [9] that these ozone-induced stratospheric changes induced significant changes in RWB
events over the North Atlantic European region.

The surface NAM signal (AO) decreases significantly during the 15-day phase after CD for
strong-PJO in comparison to non-PJO events for ERA-Interim (Figure 3c). For CMIP5-ESM-LR,
the surface NAM anomalies for strong-PJO and for non-PJO are weak and indistinguishable during
the first three weeks after CD. That indicates a possible biased response of the CMIP5-ESM-LR version
in the polar troposphere. If the tropospheric NAM responses are averaged over days 9-54 after CD,
the difference between strong-PJO and non-PJO composites in the CMIP5-ESM-LR becomes significant,
with more negative NAM signal corresponding to strong-PJO composite, in agreement with previous
studies [3,11].

As was mentioned above, the NAM difference between strong-PJO events and non-PJO events is
significant in the stratosphere in both ERA-Interim and CMIP5-ESM-LR, in agreement with results
of other studies [5,16-18]. Both datasets show significant downward propagating signals during
strong-PJO events around CD for EP-flux divergence, starting about one week before CD in the
upper stratosphere and ending about two weeks after CD in the lower stratosphere. The lower
stratospheric EP-flux-divergence difference in CMIP5-ESM-LR is apparently weaker by a factor of two
when compared to EP-flux-divergence difference of ERA-Interim indicating a weaker coupling regime
of the lower stratosphere with the troposphere.

The difference in the lower stratospheric EP-flux divergence agrees with the previously
mentioned weaker AO difference between the two PJO types after CD for CMIP5-ESM-LR in
comparison to ERA-Interim, which was additional motivation for us not to analyze the tropospheric
response differences in CMIP5-ESM-LR. A possible future extension of this study would be to use
CMIP5-ESM-MR runs (T63/L95) with 95 vertical levels in comparison to 47 levels used in the analyzed
LR-T63/L47 runs. Such examination is outside the scope of this study.

We further found that the total ozone anomaly decreases strongly for strong-PJO events in
comparison to non-PJO events in subtropics. There is also a pronounced wavenumber 1 signature
of TO3 in mid-latitudes, and a significant increase of zonally symmetric polar TO3 content during
strong-PJO. The Arctic ozone increase in the stratosphere is in agreement with Reference [5]. The cause
for this increase is the transport change by the residual circulation, and change of transport by planetary
waves and transient eddies for PJO events during the first two weeks after CD [39]. From previous
studies, e.g., [9,40,41], we expect that this strong ozone anomaly change also has an impact on the
tropospheric circulation, for instance by changing the upper tropospheric planetary wave structure.
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The feedbacks from the ozone increase in the extra-tropics after CD during strong-PJO events should be
the subject of a future study in order to examine details of flow changes due to an additional heating.

The enhanced coupling between stratosphere and troposphere, in extra-tropics, during strong-PJO
events in comparison to non-PJO events in the 15-day post phase after CD causes an upper tropospheric
planetary zonal wind anomaly, which is directly linked to different poleward Rossby wave breaking
events. This result reveals physically different action centers of stratosphere/troposphere coupling:
over the North Atlantic European region (linked with NAO) for strong-PJO events, and over the
North Pacific (linked to a dipole pattern) for non-PJO events. This interpretation is in agreement with
an earlier study showing the statistical contribution of both regions to the mean annular oscillation
signal [44]. In a future study, the physical mechanism behind RWB changes should be investigated in
more details.

For strong-PJO events, the surface response during the 15-day post phase after CD reveals negative
AO and enhanced negative NAO pattern, which is weaker during non-PJO events. Instead there is a
dipole response pattern in geopotential field over the North Pacific. The difference of surface pressure
anomalies (Figure S2¢) and the one of 2-m temperature anomalies (Figure 10c) agree well with the
response found by Reference [10] during week 2 of their so-called “WEAK” events for the observation
(ERA-Interim) as well as for ECMWF forecasts model results.

For strong-PJO events, the NAO became strongly negative as mentioned above and the surface jet
shifted southwards and brings less warm air into the northern European region and Eastern Arctic.
At the same time, it anomalously warms the near surface temperatures on its westerly (over Canada)
and easterly flanks (over southern Asia) during the 15-day post phase after CD. The cooling response
during the post phase of strong-PJO events is confined within a band extending from northern Europe
towards Kara Sea, and Eastern Arctic. This three-band structure of the difference plot looks very
similar to the regression pattern of warm events found by Thompson and Wallace [45]. Extending
their result, we show that this warming-cooling-warming band is mostly associated with stratospheric
warm events corresponding to strong-PJO type but not to non-PJO events showing Arctic warming.

5. Conclusions

We demonstrated that warm stratospheric events (MSSWs) in polar winters can be separated
according to duration and strength of the polar-night jet oscillation (PJO). We used a high statistical
confidence level of three standard deviations (strong-PJO events) instead of working with two as in
previous studies. With a composite analysis, we showed that strong-PJO events show a significantly
stronger downward propagating signal for northern annular mode and for the zonal mean zonal wind
anomaly in the stratosphere in comparison to non-PJO events, in agreement with previous studies.
The lower stratospheric difference of EP-flux-divergence between the two PJO types is found to be
stronger in ERA-Interim data than in CMIP5-ESM-LR runs. The CMIP5-ESM-LR runs also indicate
a significantly stronger downward propagating NAM signal in the stratosphere. We found that the
response of the Arctic Oscillation to strong-PJO and non-PJO events is different in ERA-Interim but
not in CMIP5-ESM-LR during the 15-day post phase after CD. During this post phase, for strong-PJO
events of ERA-Interim, we identify a positive polar total ozone anomaly and a wavenumber 1 structure
in mid-latitudes. Furthermore, we found a significant upper tropospheric zonally asymmetric impact
for different poleward RWB events, and a regional extra-tropical surface impact, indicating a different
physical action over the North Atlantic for strong-PJO events and over the North Pacific for non-PJO
events. For strong-PJO events, the NAO index becomes negative and the surface jet shifts southwards,
which brings less warm air to the northern European region and Eastern Arctic, causing a cooling there.

Finally, we conclude that the applied high statistical threshold to identify PJO events gives a clear
separation of warm stratospheric events into strong-PJO events and non-PJO events and highlights
different downward propagating NAM signal and tropospheric impacts. Furthermore, this study
emphasizes some open questions outlined in the Discussion section, which may be examined in
future studies.
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Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4433/9/12/467 /51,
Table ST1: ERA-Interim, period 1979-2017, event numbers of NAM, CD and PJO diagnose, Table ST2:
CMIP5-ESM-LR, period 19502005, LR-1 run, event numbers of NAM, CD and PJO diagnose, Table ST3:
CMIP5-ESM-LR, period 19502005, LR-2 run, event numbers of NAM, CD and PJO diagnose, Table ST4:
CMIP5-ESM-LR, period 19502005, LR-3 run, event numbers of NAM, CD and PJO diagnose; Figure S1.
The scheme shows the main subjects of this study, the cross-section of the climatological zonal mean zonal
wind (ZMZW, blue contours) with the polar-night jet (m/s; PNJ(U)) and subtropical jet (m/s; SJ(U)), and the mean
zonal mean temperature (K; T, red contours) for boreal winters.; Figure S2. Mean composites of surface pressure
anomaly (Pa) for strong-PJO (a), non-PJO (b), and difference of strong-PJO minus non-PJO (c) for ERA-Interim
during 1-15 days after CD. Thick black (green) line in (c) includes area of significant differences with student t-test
of 80 % (90 %) confidence.; Figure S3. Same as Figure S2 for mean composites of geopotential height anomaly (m)
at 1000 hPa during 16-75 days after CD.
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