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The characteristics and driving mechanisms of Elevated Stratopause Events (ESEs) are examined in simulations of
the ECHAM/MESSy Atmospheric Chemistry (EMAC) chemistry-climate model under present and projected
climate conditions. ESEs develop after sudden stratospheric warmings (SSWs) in boreal winter. While the stra-
topause descends during SSW, it is reformed at higher altitudes after the SSWs, leading to ESEs in years with a
particularly high new stratopause. EMAC reproduces well the frequency and main characteristics of observed
ESEs. ESEs occur in 24% of the winters, mostly after major SSWs. They develop in stable polar vortices due to a
persistent tropospheric wave forcing leading to a prolonged zonal wind reversal in the lower stratosphere. By
wave filtering, this enables a faster re-establishment of the mesospheric westerly jet, polar downwelling and a
higher stratopause. We find the presence of a westward-propagating wavenumber-1 planetary wave in the
mesosphere following the onset, consistent with in-situ generation by large-scale instability. By the end of the
21st century, the number of ESEs is projected to increase, mainly due to a sinking of the original stratopause after
strong tropospheric wave forcing and planetary wave dissipation at lower levels. Future ESEs develop preferably
in more intense and cold polar vortices, and tend to be shorter. While in the current climate, planetary
wavenumber-2 contributes to the forcing of ESEs, future wave forcing is dominated by wavenumber-1 activity as
a result of climate change. Hence, a persistent wave forcing seems to be more relevant for the development of an
ESE than the wavenumber decomposition of the forcing.

1. Introduction

The troposphere, the stratosphere and the mesosphere are dynami-
cally coupled at high latitudes in winter. A prominent example of this
coupling are Sudden Stratospheric Warmings (SSWs) when the wind and
temperature structures of the polar stratosphere are disturbed (Labitzke,
1981; Baldwin et al., 2021). Often coinciding with SSWs are meso-
spheric coolings (e.g., Siskind et al., 2007; Ren et al., 2011) during
which the mesospheric layers cool down due to changes in the driving of
the mesospheric branch of the Brewer-Dobson circulation (BDC) by
gravity waves. The BDC, which consists of the mean meridional residual
circulation (RC) and quasi-horizontal mixing, controls the transport of
air and trace constituents in the stratosphere and the mesosphere. In the
stratosphere, the RC is characterized by rising motion in the tropics,
poleward flow and descending motion at high latitudes. The

mesospheric branch of the RC is characterized by rising motion at the
summer pole, transport to the winter hemisphere and descending mo-
tion at the winter pole (e.g. Bonisch et al., 2011). Using a thermal cri-
terion, the upper boundary of the stratosphere, the stratopause, is
characterized by a maximum in temperature and is located at approxi-
mately 50 km. In contrast to the formation of the summer stratopause
that is caused by warming due to the absorption of solar ultraviolet (UV)
light by ozone molecules, the formation of the winter stratopause is
caused by adiabatic warming due to the descent of air in the meso-
spheric branch of the RC (Hitchman et al., 1989). The transition from a
radiatively controlled summer stratopause to a dynamically controlled
winter stratopause occurs in late autumn. In the mesosphere, the RC is
controlled by gravity waves (GWs), whose propagation is influenced by
the mean flow and by planetary waves (PWs) (Plumb, 2002).

If the stratospheric polar vortex is disturbed, the conditions for the
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propagation of PWs and GWs are modified. During an SSW, for example,
the establishment of easterlies in the polar stratosphere prevents a
further upward propagation of PWs into the stratosphere and alters the
conditions for the propagation of non-orographic GWs into the meso-
sphere. This changes the driving of the RC by wave dissipation and thus
its strength and direction. Due to these variations in the RC, a large
vertical upward displacement of the stratopause can take place after
some SSWs (e.g., Chandran et al., 2011). In general, the stratopause
descends and warms with the descending air in the downward branch of
the RC during an SSW (e.g., Braesicke and Langematz, 2000), while at
the same time a mesospheric cooling takes place in the upward RC
branch at higher altitudes. Around the time when the polar vortex is
re-established in the upper stratosphere, a new stratopause forms at
lower mesospheric heights. The newly-built stratopause then slowly
descends to its climatological winter height. This phenomenon is
denoted as Elevated Stratopause Event (ESE) and was first described for
the winter 1971/72 by analyzing rocket soundings (Labitzke, 1972).

More detailed analyses of ESEs have become possible in recent years
with the improvement of the spatial and temporal resolution of middle
atmospheric satellite data. The evolution of ESEs has been examined in
observational (e.g., Manney et al., 2008, 2009a, 2009b; Orsolini et al.,
2010; France et al., 2012) and modeling studies with the Whole Atmo-
sphere Community Climate Model (WACCM), either in free or
specified-dynamics mode (e.g., Limpasuvan et al., 2012, 2016; Chan-
dran et al., 2011, 2013a, b; France and Harvey, 2013; Orsolini et al.,
2017), the KANTO high-resolution general circulation model (Tomi-
kawa et al., 2012), or the Canadian Middle Atmosphere Model (CMAM)
(e.g. McLandress et al., 2013). Chandran et al. (2013a) and Limpasuvan
et al. (2016) found that ESEs mostly occur after major SSWs that have a
prolonged wind reversal in the lower stratosphere. The roles of GWs and
PWs in driving the RC and thus the stratopause height have been
recently highlighted. Based on studies with WACCM, Limpasuvan et al.
(2012, 2016) concluded that while the mesospheric RC is mostly driven
by GWs before and after an ESE, PWs play an important role at its onset.
However, Chandran et al. (2013a) found with the same model that while
an enhancement of westward PW forcing is typically observed at the
onset of ESEs, it is not present in all cases. Other studies found a strong
amplitude of PW wavenumber 1 (PW1) at mesospheric levels around the
onset of ESEs (e.g., Liu and Roble, 2002; Tomikawa et al., 2012). This
PW1 propagates upward and encounters a critical layer in the meso-
sphere, where it breaks and contributes to the driving of a poleward
downward RC in the wintertime polar mesosphere. Several theories
have been proposed to explain the origin of this mesospheric PW1. Apart
from the upward propagation from the troposphere which is rejected by
recent studies (e.g., Tomikawa, 2010), other theories encompass in-situ
generation due to GW filtering by zonally asymmetric disturbances (e.g.,
Smith, 2003), and in-situ generation through barotropic or baroclinic
instability (e.g., Tomikawa, 2010; Tomikawa et al., 2012; Limpasuvan
et al., 2012, 2016; Chandran et al., 2013a).

During ESEs the coupling between the mesosphere and stratosphere
is altered mainly due to the changes in the downward branch of the RC.
When the maximum in the downward branch of the RC is located at a
higher altitude during the reformation of the stratopause during ESEs,
there is a stronger transport of mesospheric air, characterized by low
concentrations in water vapor (H20) and high concentrations in nitrous
oxides (NOy = NO + NO;) and carbon monoxide (CO), into the re-
established stratospheric polar vortex (e.g., Siskind et al., 2007; Orso-
lini et al., 2017; Manney et al., 2009b). The magnitude of the secondary
ozone layer (90-95 km) decreases after a brief enhancement during the
period of mesospheric cooling, and the tertiary ozone maximum (70-75
km) drops in height (Smith et al., 2009; Kvissel et al., 2012; Tweedy
et al., 2013).

Given the relevance of the stratosphere for the climate system, future
changes in its mean state and in the characteristics of major SSWs have
been investigated during the last decade. In particular, a wide range of
model studies have examined future changes in SSW mean frequency of
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occurrence (e.g., Charlton-Perez et al., 2008; McLandress and Shepherd,
2009; Mitchell et al., 2012; Karpechko and Manzini, 2012; Ayarzagiiena
et al., 2018, 2020) and timing (Ayarzagiiena et al., 2013). However, a
consensus could not be found. For instance, Mitchell et al. (2012)
showed that while some chemistry-climate models (CCMs) project an
increase in SSW frequency, others project a decrease and the model
ensemble mean shows a small insignificant increase in SSWs. An analysis
of 12 CCMs participating in the Chemistry-Climate Model Initiative
(CCMI) did not find a statistically significant change in the frequency of
SSWs over the 21st century, irrespective of the metric used for the
identification of the event (Ayarzagiiena et al., 2018). However, an in-
dividual model study with the ECHAM/MESSy Atmospheric Chemistry
(EMAC) CCM suggested that — even without a significant future change
in the mean frequency of SSWs — a significant shift of SSWs to mid and
late winter might occur in the future, consistent with a different
intra-seasonal polar stratospheric response to future climate change and
declining ozone depleting substances (ODSs) (Ayarzagiiena et al., 2013).
Based on these projected stratospheric changes and given the connection
between most ESEs and strong major SSWs, an analysis of possible
changes in the characteristics of ESEs in a changing climate seems
appropriate. For the first time, future changes in ESEs are investigated in
this work.

The goal of this work is to investigate in detail the occurrence, main
characteristics and driving mechanisms of ESEs in the EMAC CCM.
Previous model studies so far were based on CCMs like WACCM (e.g.,
Limpasuvan et al., 2012; Chandran et al., 2013a) or CMAM (e.g.
McLandress et al., 2013), or on the KANTO general circulation model (e.
g., Tomikawa et al., 2012). These models and EMAC differ in terms of
horizontal and vertical resolution, vertical domain, and included feed-
back processes. For instance, while WACCM is a CCM as EMAC, its
vertical domain and number of vertical layers are higher than in EMAC.
This will in particular affect the representation of PWs and GWs in the
models, which are the main drivers of ESEs. A comparison between the
models thus will help us to clarify the roles of the different wave types on
the evolution of ESEs and to isolate the main characteristics of ESEs from
model biases. The second focus of our study is to investigate future
changes of ESEs in a climate that is expected by the end of the 21st
century, with increased concentrations of greenhouse gases (GHGs) and
a recovered stratospheric ozone layer.

The paper is organized as follows: Section 2 describes the EMAC CCM
and the methods we applied in this study. The characteristics of ESEs in
EMAC are described for the current climate in Section 3. Possible
changes in ESE characteristics in a future climate are investigated in
Section 4. A summary and a discussion are given in Section 5.

2. Model, data and methods

All simulations used in this study were run with the CCM EMAC.
EMAC is a numerical chemistry and climate simulation system that in-
cludes submodels describing tropospheric and middle atmosphere pro-
cesses (Jockel et al.,, 2006). The core atmospheric model is the
fifth-generation European Centre Hamburg general circulation model
ECHAMS (Roeckner et al., 2006). In this study, EMAC was run in the
version ECHAMS5.3.01/MESSy 1.7 at T42L39MA, i.e., with a spherical
truncation of T42 (corresponding to a quadratic Gaussian grid of
approximately 2.8° by 2.8° in latitude and longitude) and 39 levels in
the vertical with a model top at 0.01 hPa (~80 km). The applied model
setup composes the standard submodels for hydrological and radiative
processes as well as homogeneous and heterogeneous chemical re-
actions (Sander et al., 2005), a short-wave radiation scheme with
enhanced spectral resolution (Nissen et al., 2007), and orographic (Lott
and Miller, 1997) and non-orographic (Hines, 1997a, b) gravity wave
drag parameterizations. Only the non-orographic gravity wave drag
(NGWD) is available as an output variable and shown in this study.

As will be discussed in more detail later, the model top at 80 km is
located in the altitude range where ESEs form. While in the real



J. Scheffler et al.

atmosphere ESEs may develop at levels higher than the EMAC model
top, we find that our model is capable to simulate ESEs occurring below
80 km as well as the underlying dynamics for the reformation of the
stratopause. A similar conclusion was made by Tomikawa et al. (2012)
who showed that a model with a top at 85 km can be sufficient to model
the dynamics of elevated stratopause events. In addition, even in models
extending into the lower thermosphere, the stratopause reforms -on
average- at lower altitudes than 80 km: near 75 km in the composite of
13 ESEs in SD-WACCM (extending up to 140 km) (Limpasuvan et al.,
2016), or in the composite of 9 ESEs in SD-WACCM-X (extending up to
400 km) (Zhang et al., 2021).

Two time slice simulations are analyzed in this work: REF2000
representing the year 2000 and REF2095 representing the year 2095,
each with 40 years of simulation for analysis. More information on the
model, the experimental setup and the performance of the model can be
found in Ayarzagiiena et al. (2013), Oberlander et al. (2013), Meul et al.
(2014), and Langematz et al. (2014). The runs do not contain natural
forcing by solar variability and volcanoes. The quasi-biennial oscillation
is not internally generated by the model in this resolution. Hence,
tropical stratospheric zonal winds are weakly easterly. For the REF2000
simulation, observed mixing ratios of well-mixed GHGs (CO2, CH4, N2O)
and ODSs are prescribed from [PCC (2001) and WMO (2007), respec-
tively. In the case of the REF2095 run, GHG concentrations for the year
2095 are taken from the IPCC SRES Alb scenario (IPCC, 2001) and ODS
concentrations follow the WMO A1 scenario (WMO, 2007). Sea surface
temperatures (SSTs) and sea-ice concentrations (SICs) are prescribed
with output from simulations of the atmosphere-ocean general circula-
tion model ECHAM5 Max-Planck-Institute Ocean Model (ECHAMS5,/M-
PIOM) (Jungclaus et al., 2006) as 10-year monthly means of 1995-2004
for the REF2000 and 2090-2099 for the REF2095 simulation.

Here, only major sudden stratospheric warmings (SSWs hereafter)
are considered. They are detected according to the World Meteorolog-
ical Organization (WMO) criterion, i.e. the simultaneous reversal of
zonal mean zonal wind at 60°N and the zonal mean temperature
gradient between 60°N and the pole at 10 hPa from November to March
(Labitzke, 1981). Westerly wind at 10 hPa must persist for at least 10
consecutive days before a new event can be identified (corresponding to
the radiative relaxation time scale (Newman and Rosenfield, 1997)).
Stratospheric final warmings are excluded by requiring 10 days of
westerly winds before 30 April and after the occurrence of the warming.
Based on this criterion, Ayarzagiiena et al. (2013) found a mean fre-
quency of 8.5 and 10.3 events/decade in REF2000 and REF2095,
respectively. More details about seasonality of the SSWs in the
mentioned simulations and its changes in the future can be found in
Ayarzagiiena et al. (2013). If there are more than one SSW per winter,
only the SSW with the strongest wind reversal is considered, i.e. the SSW
with the highest deceleration of mean wind between 15 and 5 days prior
to the SSW onset and 0-5 days after the SSW onset. By choosing only the
strongest event in a winter we avoid biasing the composite analysis by
including the same event repeatedly but at different timing. Addition-
ally, SSWs were classified into two types according to the synoptic
structure of the polar vortex: shifted off the pole (vortex displacement
SSW) or broken into two parts (vortex split SSW). To perform this
classification, an algorithm based on the analysis of the area-weighted
rotation around the occurrence of the SSW (similar to that developed
by Charlton and Polvani (2007)) was applied (Ayarzagiiena et al., 2019).

For the determination of the stratopause, a thermal criterion was
applied. The conventional criterion for the stratopause height, namely
the temperature maximum in an appropriate height range, can be
misleading after SSWs. When the mesospheric branch of the RC is
disturbed, no clear stratopause is established and the upper strato-
sphere/lower mesosphere (USLM) region can show an isothermal tem-
perature profile in the polar cap mean (70°-90°N) over a large altitude
range. To avoid the detection of an isothermal temperature region as a
stratopause, two conditions should be fulfilled. The stratopause is
determined as the height where (1) the lapse rate of the area-weighted
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polar cap mean (70°-90°N) temperature decreases to —2 K/km or
lower and does not increase again above this threshold at the next higher
level, similar to the WMO definition of the tropopause (World Meteo-
rological Organization, 1957), and (2) - to avoid isothermal layers — the
difference between the temperature at the stratopause and at the next
lower pressure level exceeds one standard deviation. A relative
threshold for the daily change in stratopause height was applied, i.e., the
strongest 0.5% of changes in the winter stratopause height. The use of a
variable relative threshold accounts for differences in climatology when
comparing different data sets or periods and allows for a consistent
comparison across data sets. Further, the specific 0.5% value was chosen
so that the order of magnitude of the stratopause jump in the REF2000
run would resemble that described by other studies (e.g. Chandran et al.,
2013a). If there is more than one ESE per winter, the ESE with the
highest change in stratopause height is chosen to avoid an overlapping
of events when analyzing their temporal sequence. Changes in strato-
pause height related to the change of season are not considered as ESEs.
Events where the newly-built stratopause was below the winter mean
stratopause height were eliminated.

The comparison of the evolution of ESEs and SSWs that are not fol-
lowed by an ESE (hereafter “SSW-only events”) under present and future
conditions is accomplished by an analysis of composite maps of different
fields around the occurrence of both types of events. In the case of all
ESE composites, day 0 corresponds to the day when the criterion for the
identification of ESEs is fulfilled. For SSW-only events, day O is chosen as
14 days after the wind reversal at 10 hPa in both the REF2000 and
REF2095 simulations. This 14-day period corresponds to the averaged
time between the wind reversal and the occurrence of ESEs, and applies
to both simulations. The selection of day 0 for SSW-only events (rather
than the usual selection based on the reversal of zonal mean zonal wind)
was done to enable a direct comparison with ESEs. In the composite
maps of anomalous fields, anomalies are computed as the daily devia-
tion of the field from the climatology of each calendar day in the cor-
responding simulation. This procedure removes the effects of a possible
change in the timing of SSWs under different climate conditions, as the
seasonal cycle is not included. The statistical significance of differences
between the characteristics of ESEs and SSW-only events and differences
in ESE properties between present and future conditions was determined
with two-tailed Student’s t-tests when population variances are un-
known and not identical.

3. Elevated stratopause events in the current climate

We first focus on the properties of ESEs in the REF2000 simulation to
assess the ability of EMAC to reproduce the specific characteristics of
ESEs that have been identified in observations and previous model
studies.

Table 1 displays the number of winters in which the different phe-
nomena (ESEs, SSWs and SSWs-only) take place in EMAC. In the
REF2000 simulation, 31 out of 38 analyzed winters show at least one
SSW, i.e. 82% of the winters. With a threshold value for the stratopause
height change of 8.43 km, ESEs occur in 9 out of 38 winters (24%). All
ESEs occur after SSWs except for one event that follows a minor
warming. In 22 out of 38 winters (58%) SSW-only events were detected.

Table 1

Number of winters when the different stratospheric events (major stratospheric
warmings (all SSWs), elevated stratopause events (ESEs) and major stratospheric
warmings not followed by ESEs (SSW-only events)) take place in the reference
and the future simulations, REF2000 and REF2095, respectively. The percentage
of winters out of the total is indicated in brackets for all SSWs, ESEs and SSW-
only events. See text for the definition of each type of event.

Model run (nr of winters) All SSWs ESEs SSWs-only
REF2000 (38) 31 (82) 9 (24) 22 (58)
REF2095 (39) 33 (85) 14 (36) 19 (49)
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Regarding the type of SSWs, the ratio of vortex split SSWs to vortex
displacement SSWs is 0.29 in ESEs and 0.38 in SSW-only events. Hence,
the ratio of split to displacement events is lower in ESEs than in SSW-
only events. This result disagrees with Chandran et al. (2013a), who
find a predominance of split SSWs prior to ESEs. One reason for this
disagreement and the low ratio of split to displacement SSWs compared
to reanalysis (0.83 for JRA-55 in the satellite period 1979-2010) might
be a much weaker planetary wavenumber-2 (PW2) wave activity in
EMAC (Ayarzagiiena et al., 2018).

In Fig. 1 we show height-time sections of (a) zonal mean temperature
T, (b) zonal mean zonal wind #, (c) Eliassen-Palm flux divergence divEP,
(d) meridional component of the RC v, (e) vertical component of the RC
W', and (f) non-orographic gravity wave drag NGWD for a composite of
all ESEs. The EP flux divergence is a metric for the drag exerted on the
zonal mean flow by the dissipation of model resolved waves (in the
stratosphere essentially planetary waves), with positive values indi-
cating an acceleration and negative values (EP flux convergence) indi-
cating a deceleration of the westerly zonal mean zonal wind. The
components of the RC are defined via the transformed Eulerian mean
equations (e.g., Andrews et al., 1987). Fig. 2 shows the same quantities
for SSW-only events. Anomalies from the 38-year climatology for these
variables are shown in Fig. 3 for ESEs and Fig. 4 for SSW-only events.

ESEs in EMAC show specific characteristics that differ from SSW-only
events and that, in most cases, are in agreement with Limpasuvan et al.
(2016) and Chandran et al. (2013a):

1. The polar night jet starts to strongly decelerate in the mesosphere
and upper stratosphere at about the same time (lag —40 days) for

70°—90°N

pressure [hPa]
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both types of events (Figs. 1b and 2b). While for SSW-only events this
deceleration seems to be initiated in the upper mesosphere as early as
60 days before the event and then propagates downward (Figs. 2b
and 4b), a weaker polar night jet is found in early winter (lag —60
days) at slightly lower altitudes (upper stratosphere/lower meso-
sphere) in the case of ESEs (Figs. 1b and 3b). As a result, easterly
winds set in significantly earlier in the upper stratosphere for ESEs
than for SSW-only events (Figs. 1b and 2b). Nevertheless, SSW-only
events show significantly stronger easterly winds than ESEs between
lag —20 and —10 days, indicating that the magnitude of the easterlies
is not the critical factor for the evolution of an ESE.

2. The downward propagation of temperature and zonal wind struc-
tures in the lower stratosphere (LS) proceeds significantly slower in
the case of ESEs than for SSW-only events (Figs. 1a, b and 2a, b). For
SSW-only events, significantly stronger but shorter momentum
forcing by resolved waves and enhanced downwelling further down
in the middle atmosphere are found than for ESEs (Figs. 1c, e and 2c,
e).

3. The zonal mean zonal wind in the stratosphere is reversed signifi-
cantly longer for ESEs than for other SSWs. In the stratosphere above
10 hPa, the ESE composite shows a reversal of the zonal mean wind
for about 14 days, while for SSW-only events a wind reversal of about
7 days is found (Figs. 1b and 2b).

4. During and after SSWs, the mesosphere cools, consistent with an
anomalous upward residual velocity. Both the anomalous upwelling
and the adiabatic cooling proceed downward with time, reaching the
climatological stratopause at about 1 hPa around day O (i.e. when the
mesosphere begins to warm again). These changes are found to be

pressure [hPa]

eany ~
oI

Voo,
. ~
s

pressure [hPa]

divEP [m/s/day]

NGWD [m/s/day]

40 =20

-60 -40 -20

Fig. 1. ESE composites for the REF2000 simulation of a) zonal mean temperature [K], b) zonal mean zonal wind [m/s], ¢) EP flux divergence [m/s/day], d) ¥" [m/s],
e) W' [cm/s], and f) non-orographic gravity wave drag NGWD [m/s/day]. Zonal mean temperature and w" are shown at 70°~90°N, all other parameters at 50°~70°N.
Gray shading denotes where the values for ESEs are statistically significantly different from SSW-only events at a 95% confidence level (Student’s t-test).
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Fig. 2. As Fig. 1 but for SSW-only events.

significantly stronger in ESEs than in SSW-only events (Figs. 3a, e
and 4a, e).

5. The reformed stratopause is located above the usual winter mean
stratopause altitude for ESEs, ranging between 57 and 65 km height.
(Fig. 1a). This is consistent with the larger and higher maximum in
mesospheric downwelling after the events than before (Figs. le, 2e
and 3e, 4e). In contrast, the reformation of the stratopause in SSW-
only events takes place only slightly higher than its former altitude
and close to the climatological winter stratopause height, on average
at 53 km (Fig. 2a). A weak upward shift of the stratopause during
SSW-only events was also documented by Chandran et al. (2013a).

3.1. Tropospheric forcing

Possible differences in the tropospheric forcing of ESEs in compari-
son with SSW-only events have been isolated by analyzing the time
evolution of the anomalous meridional eddy heat flux at 100 hPa
(HF100), averaged over the extra-tropics (45°-75°N). HF100 is a
commonly used measure for the injection of tropospheric wave activity
into the stratosphere (Hu and Tung, 2003). As seen in Fig. 5a, the
anomalous HF100 is significantly stronger but shorter prior to day 0 for
SSW-only events than ESEs, consistent with the differences found in the
momentum forcing by resolved waves during SSWs (Figs. 3¢ and 4c).
The shorter and more intense tropospheric forcing together with a
preconditioned weak upper polar vortex explain the more abrupt and
shorter appearance of strong easterlies from the mesosphere down to the
stratosphere for SSW-only events, while the more persistent tropo-
spheric wave forcing in the case of ESEs generates weaker easterlies first
in the lower mesosphere and upper stratosphere, which then slowly

propagate downward for 2-3 weeks. The longer-lasting tropospheric
forcing before ESEs is due to a second pulse of wave activity with a
contribution of PW2 that follows the first PW1-only pulse by about 15
days (Fig. 6a).

3.2. Residual circulation and wave drag

The analysis of the evolution of the RC and the exerted wave drag
highlights other specific characteristics of ESEs. Having in mind that in
the winter extra-tropical middle atmosphere the zonal momentum wave
forcing is mainly balanced by the Coriolis term (Hitchman et al., 1989),
we can relate an easterly wave drag at mid-latitudes to a poleward re-
sidual meridional velocity and downwelling at polar latitudes. In both
ESEs and SSW-only events, we find a strengthening of the RC in the
stratosphere (positive anomalies of ¥~ in Figs. 3d and 4d and negative
anomalies of W' in Figs. 3e and 4e) starting around lag —40. At about the
same time, an equatorward and upward anomaly of the RC develops
higher up in the mesosphere (Figs. 3d, e and 4d, e). These anomalies of
opposite sign are induced by enhanced dissipation and westward drag
by PWs (negative EP-flux divergence in Figs. 3c and 4c) in the strato-
sphere and by enhanced dissipation of NGWs and eastward drag (posi-
tive anomalies in Figs. 3f and 4f) in the mesosphere. The anomalous
weakening of the climatological mesospheric RC is consistent with the
mesospheric cooling and the re-establishment of the mesospheric
westerly polar night jet (Figs. 3a, b and 4a, b). The described evolution
of the RC and wave drag is common for both ESEs and SSW-only events.
However, around day —15 SSW-only events show significantly shorter
but stronger maxima of the RC acceleration and eastward NGWD than
ESEs, which can be related to the more compact EP flux convergence and
is consistent with the evolution of anomalous HF100 (Fig. 5a). The
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higher intensity of the EP flux convergence for SSW-only events induces
significantly stronger easterlies that enable enhanced eastward NGWD;
the shorter duration of the EP flux convergence favors an earlier
re-establishment of the westerlies throughout the stratosphere and
mesosphere in SSW-only events compared to ESEs.

Around 5 days prior to the ESE in the upper and middle mesosphere
and 5 days after the ESE in the lower mesosphere, the anomalous RC
changes its sign, as westward NGWD begins to dominate in the meso-
sphere, leading to the reformation of the climatological poleward and
downward RC. The westward NGWD and thus the upper mesospheric RC
are significantly stronger for ESEs than SSW-only events as a result of
stronger mesospheric westerly winds (Figs. 1-4, d, e, f). Additionally,
moderate negative anomalies of EP flux divergence are found in the
upper mesosphere in the 10 days preceding ESEs (Figs. 3c and 4c), which
slightly counteract the anomalous eastward NGWD and later support the
evolution of anomalous westward NGWD and enhanced downwelling.
This implies that, well prior to and after the ESE, the anomalous
mesospheric RC is mainly driven by GWs, whereas around the ESE onset,
PWs and GWs both contribute to the strengthening of the RC. This
transition of the main providers for the westward drag from PWs around
the ESE to NGWs thereafter is consistent with results from the GW-
resolving GCM of Tomikawa et al. (2012). The WACCM-based studies
also found both drivers for post-ESE downwelling but tend to show the
PW drag peaking at higher altitudes (95-100 km) (Limpasuvan et al.,
2012, 2016; Chandran et al., 2013a; Stray et al., 2015). One possible
explanation for this altitude discrepancy is the location of the model top
at 80 km in EMAC which allows only to simulate the lower part of this
PW activity. Finally, around the onset of ESEs, strong positive anomalies
of EP flux divergence around 1 hPa lead to a positive absolute EP flux
divergence at that level resulting in a significantly faster and stronger

re-establishment of the westerlies in the upper stratosphere than in the
case of SSW-only events (Fig. 1b, c vs. 2b, c and Fig. 3b, c vs. 4b, c). The
reasons for the anomalous EP flux divergence are presumably twofold.
The easterlies occurring in the lower and middle stratosphere after the
SSW prevent tropospheric PWs from upward propagation into the upper
stratosphere and mesosphere. This is obvious in a decrease of the
stratospheric amplitude of PW1 geopotential height between days —20
and O in both ESE and SSW-only events (Fig. 7a, b). Accordingly, the
drag of PW1 on the zonal mean wind is reduced, as shown by the EP flux
divergence in Fig. 1c. A second reason is in-situ instability, explored in
the next section.

3.2.1. Mesospheric PW1 generation

A few days around the onset of ESEs and SSW-only events, a PW1
with strong amplitude forms in the mesosphere in the composites
(Fig. 7a, b). However, for the ESE events, we see a double maximum at
20 hPa and 0.2 hPa with a decrease in amplitude in the mid and upper
stratosphere implying that upward propagation of PW1 from the
stratosphere can be excluded as a possible cause for the uppermost wave
peak. Indeed, a westward-travelling PW1 in the lower mesosphere (0.2
hPa) is identified during the same time period, i.e. around —14 and —6
days before the onset of the ESEs (Fig. 8a). This travelling PW1 can be
distinguished in Fig. 8a from the quasi-stationary waves that are present
during the rest of the days. Thus, an amplification of PW1 in the USLM
seems to occur prior to ESEs that has already been documented in the
literature (e.g. Tomikawa et al., 2012; Limpasuvan et al., 2016) and is
probably linked to barotropical and/or baroclinical shear instability
(Hoskins et al., 1985). For the SSW-only composite, we do not find a
double PW1 amplitude maximum in the LS and USLM but only one
maximum in the USLM close to day O (Fig. 7b). This implies that the
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PW1 in the USLM of the SSW-only composite is likely caused by upward
wave propagation, which is possible because the zonal mean zonal wind
has already returned to westerlies prior to day 0 (Fig. 2b). Fig. 8b con-
firms this, as the PW1 seems to be connected to the pre-existing

quasi-stationary PW1 and it is only weakened between —14 and —10
day, coincident with easterly winds in lower levels.
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4. Future changes in ESEs

In the REF2095 run, SSWs occurred in 33 out of 39 winters (85%), 14
of them (36%) were accompanied by an ESE and the remaining 19
(49%) are considered as SSW-only (Table 1). In this run, events with a
change in stratopause height above 9.7 km are declared as ESEs, cor-
responding to a larger elevation than in REF2000 (8.43 km) (please
recall that our ESE definition depends on the climatology of the strato-
pause jump, as explained in Section 2). This is equivalent to a (non-
significant) 12% increase in ESEs from 2000 to 2095. Note that in 24 of
the 39 REF2095 winters (62%) the elevation of the stratopause exceeds
the ESE criterion of REF2000 (8.43 km), which would imply a 38% in-
crease of winters with ESEs in the future for a static threshold. As for the

classification of SSWs, there are no statistically significant changes in the
ratio of vortex split SSWs to displacement SSWs for both ESEs and SSW-
only events in the future.

Regarding the background state of the middle atmosphere (Figs. 1a,
2a and 9a, Ala) we find lower temperatures in the USLM for the com-
posites of ESEs and SSW-only events in the future than at present. This is
related to an enhanced radiative cooling by the future increase in GHG
concentrations (e.g., Oberlander et al., 2013; Langematz et al., 2014).

As for ESEs, their specific characteristics, identified under present
conditions, remain in general valid in the future (Figs. 1 and 3 and
Figs. 9 and 10). However, the anomalies of the respective quantities
from the climatological background reveal distinct changes in the
future. It is found that the SSW-only events usually develop after
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significantly weak, preconditioned polar vortices in the future simula-
tions (Figs. 9 and 10 and Figs. Al, A2). In contrast, future ESEs are
preceded by significantly cold and intense polar vortices in the strato-
sphere (Figs. 3a, b and 10a, b). This is closely related to future changes in
the tropospheric wave forcing. ESEs in the REF2095 simulation develop
after a persistently intense eddy heat flux at 100 hPa, as ESEs do in the
REF2000 run (Fig. 5b). The peak of the prolonged anomalous HF100,
however, is significantly stronger and shorter in the future than in the
current climate and stronger than for SSW-only events (not shown). The
relative role that the PW2 tropospheric wave forcing played for the
build-up of the ESEs in REF2000 by elongating the tropospheric wave
driving (days —15 to 0, Fig. 6a) decreases in the future (Fig. 6b), and it is
the intense PW1 pulse that is responsible for the appearance of strato-
spheric easterlies within only 10 days. This result agrees well with other
EMAC studies that have shown a future enhancement of PW1 wave
activity: Ayarzagiiena et al. (2013) projected a future increase in SSW
frequency in mid-winter as a result of GHG-induced changes in tropical
SSTs. SST changes lead to a strengthening of the tropospheric wave
forcing caused by an intensification of the PW1 stationary wave due to a
strengthening of the Aleutian low (Ayarzagiiena et al., 2013; Oberlander
et al., 2013). Later, Ayarzagiiena et al. (2015) showed that the changes
in the PW1 stationary waves also impact on the anomalous wave forcing
preceding SSWs that becomes stronger in the future. The interaction
between climatological and anomalous wave components becomes more
effective and thus, stronger.

The higher HF100 peak for future ESEs is consistent with high values
of EP flux convergence at lower altitudes and explains the faster decel-
eration of the westerly winds in the stratosphere compared to present
ESEs (Figs. 9b, ¢ and 1b, c). This leads to an enhanced downwelling
further down in the stratosphere around days —20 and —10 and thus, a
deeper descent of the initial stratopause. Therefore, the frequency of
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future ESEs increases when applying the threshold of the altitude change
of the stratopause from the current climate.

Future changes in ESE characteristics are also found during and after
their onset. In particular, the positive temperature anomalies in the
stratosphere prior to day 0 descend faster in the future than in the past
due to an enhancement of the residual downward velocity (Fig. 10e) and
they become significantly weaker in the middle and lower stratosphere
just before day O (Figs. 3a and 10a). These results indicate that the
downward propagation of the warm anomaly during the stratopause
descent is significantly faster in the future during the ESEs.

The stronger deceleration of the westerly jet prior to ESEs in the
future affects the filtering of NGWs. As a result, a significantly weaker
and shorter future anomalous eastward NGWD is detected in the USLM
from day —3 to day +15, consistent with a weaker upward RC in the
USLM (Figs. 3e, f and 10e, f) and resulting in a significantly weaker
cooling in that height area around days +3 to +18 (Figs. 3a and 10a) and
a shorter duration of the anomalous RC. This future weakening and
shortening of the anomalous circulation results in a faster descent of the
newly-built stratopause to its climatological height after the ESE. As a
counterpart in the upper mesosphere, we find that the newly-built
stratopause is colder in the future (Figs. 3a and 10a) as a result of a
significantly weaker future anomalous downward circulation at the ESE
onset (Figs. 3e and 10e). The lower stratopause temperature in the
future may also be influenced by a global weakening of the mesospheric
branch of the BDC as shown by Oberlander et al. (2013) for the same
EMAC simulations as used in this study. They found a decrease in the
residual mean mass stream function above 0.1 hPa and a reduction of
the poleward and downward RC in future boreal winter.

Regarding the evolution of the PW1 amplitude in the future, the
stratospheric maximum descends significantly more strongly for ESEs
than for SSW-only events. This maximum also persists longer in the



J. Scheffler et al.

middle and lower stratosphere for the ESEs than for the SSW-only events
(Fig. 7c and d). In the future, a significantly stronger PW1 amplitude
between 40 and 20 days before the ESE (Fig. 7c) is accompanied by a
stronger forcing through EP flux convergence than in the past (Fig. 10c).
It is also consistent with the predominance of the PW1 component of
HF100 for the triggering of SSWs (Fig. 6). Similar to the REF2000
simulation, we also find a pronounced PW1 in the USLM in association
with ESEs in the REF2095 simulation, whereas it is much weaker in the
SSW-only events (Fig. 7c). The in-situ generation of PWs might again be
the origin of the mesospheric PW1 as a travelling PW1 is detected in the
LM from —16 days until —10 days (Fig. 8c). In contrast, upward prop-
agation of PW1 is the main cause of the PW1 signal in the mesosphere in
the future SSW-only composite as is the case in the present and no
travelling waves are detected (Fig. 8d).

5. Summary and discussion

In this study we analyzed the occurrence frequency, characteristic
features, and driving mechanisms of ESEs in two multi-year time slice
simulations with the EMAC CCM for the years 2000 and 2095.

We have shown that for year 2000 conditions ESEs occur in 24% of
the boreal winters. This result is in good agreement with NASA’s
Modern-Era Retrospective Analysis for Research and Applications
(MERRA) reanalysis data of the period 1979-2012 (31%) and results
obtained from simulations with the WACCM CCM of the period
1953-2006 (32%) (Chandran et al., 2013a). Most ESEs in EMAC develop
after major SSWs, as also reported by Orsolini et al. (2010) and Chan-
dran et al. (2013a).

By relating temperature and zonal wind anomalies to changes in the
wave driving and RC, we have shown that EMAC reproduces the main
characteristics of ESEs, namely, upward displacements of the strato-
pause following prolonged zonal wind reversal in the LS, with strong
mesospheric cooling, followed by downward propagation of the newly-
built stratopause. The sequence of events leading to an ESE can be
described as follows:

1. While SSWs (without ESEs) usually follow a longer preconditioning
of the mesospheric polar vortex, with positive temperature and
easterly wind anomalies progressing downward to the stratosphere,
ESEs occur after SSWs preceded by a climatological polar vortex and
develop simultaneously in the upper stratosphere and mesosphere.
This tendency towards more stable vortices before ESEs than before
SSW-only cases agrees with results of Chandran et al. (2013a) for the
WACCM CCM.

2. SSWs with ESEs are triggered by a persistent anomalous injection of
tropospheric wave activity. In the current climate, this injection was
found to be driven by a combination of PW1 and PW2 activity both
leading to the characteristic extended wind reversal in the
stratosphere.

3. The duration in the tropospheric wave forcing was found to be a key
parameter for the development of either an ESE or an SSW-only
event. In the ESE case, the tropospheric combined PW1 and PW2
forcing induces a wind reversal in the middle and lower stratosphere
that persists 10 days longer than the wind reversal associated with
SSW-only events. This leads to differences in the PW drag in the
USLM (less in ESEs), in the re-establishment of the polar vortex and
the westerly jet (faster and stronger for ESEs), in the resulting
westward NGWD (stronger in ESEs), and finally in the re-
establishment of the poleward downward circulation in the meso-
sphere (stronger in ESEs). After ESEs, the maximum sinking over
high latitudes is stronger and located higher in the upper mesosphere
than before the events; through adiabatic warming of the meso-
sphere a new higher located stratopause is established.

In addition to the tropospheric wave forcing of ESEs, the onset of the
ESE was supported by an enhancement of the PW1 amplitude in the
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USLM which could be explained with in-situ wave generation. This PW1
dissipates in the upper mesosphere where it exerts a negative westward
drag on the zonal flow. In their study with a GW resolving GCM,
Tomikawa et al. (2012) also showed these features at similar heights and
timing.

The above summary of ESE characteristics under present climate
conditions in the EMAC CCM provides evidence that although the top of
the EMAC model is located near the mesopause, the model is able to well
reproduce key features of ESEs identified in observations or simulated
by models with a higher top such as WACCM (Chandran et al., 2013a) or
with a higher vertical resolution such as KANTO (Tomikawa et al.,
2012). Similar conclusions were drawn by Manney et al. (2008) and
Chandran et al. (2013a) for reanalysis models that usually cover the
same height domain as EMAC. They showed that although the reanalysis
models cannot capture the elevated stratopause at ~85 km during ESEs
of the high-top WACCM, they are, nevertheless, able to simulate ESEs
with an abrupt rise of the stratopause from approximately 45 km (where
it descends before the SSWs) to 65 km. As a result, medium-top models,
such as EMAC or reanalysis models, are able to reproduce the physical
mechanisms leading to the onset and evolution of ESEs. This includes the
tropospheric wave forcing, the dissipation of PWs and GWs in the
stratosphere and mesosphere, the associated temperature and circula-
tion changes, as well as the resulting elevation of the stratopause.
Medium-top models are, however, not capable to simulate the maximum
altitude of elevated stratopauses, nor the circulation changes during
ESEs in the lower thermosphere and the associated downward transport
of trace species, such as nitrogen oxide (NOy), from the thermosphere
into the mesosphere.

The second focus of this study was the appearance of ESEs in a future
climate with further increased GHG concentrations and a recovered
stratospheric ozone layer. We obtained the following results:

1. For the end of the 21st century (EMAC REF2095 simulation) we find
a significant increase in the number of ESEs, when applying the same
threshold value for the detection of ESEs as for the REF2000 simu-
lation. While the total number for SSWs has only slightly increased,
nearly half of the SSWs will be followed by an ESE. A slightly lower
stratopause height before the ESEs leads to an increase in the range of
stratopause height changes in future ESEs, and thus in the number of
ESEs. The lower stratopause heights are induced by strong westward
PW drag at lower levels prior to SSWs due to stronger injection of
tropospheric wave activity.

2. In the future, ESEs occur predominantly after SSWs that develop in
meteorological background conditions with a more intense and
colder polar vortex. As in the present climate, the initiation of such
SSWs (without pre-conditioning) requires a strong tropospheric
wave forcing with strong effects up to the mesosphere leading ulti-
mately to ESEs.

3. The tropospheric forcing of SSWs with ESEs in the future has a
stronger and more pronounced peak than in the present-day simu-
lation, resulting in a faster establishment of easterly winds in the
stratosphere. Most of this forcing is due to a strong pulse of PW1
wave activity. The intensification of the PW1 wave activity before
SSWs in the future has been previously described by Ayarzagiiena
et al. (2015) for the same model and associated with a stronger PW1
climatological wave.

4. In agreement with the nature of the tropospheric wave forcing, there
is a predominance of vortex displacement SSWs prior to ESEs. Hence,
our results for the present and future climate suggest that there is no
clear relationship between split SSWs and ESEs, in contrast to
Chandran et al. (2013a) results. We therefore presume that the
duration of the tropospheric wave forcing is the relevant parameter
that generates the conditions for the development of ESEs, regardless
of the wavenumber of the wave activity. In the present climate it is
the combination of initial PW1 and successive PW2 activity, while in
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the future it is strong PW1 activity, which provide the persistent
forcing necessary for the generation of ESEs.

5. The more sudden reversal of westerly winds throughout the strato-
sphere prior to future ESEs affects the wave propagation of resolved
and non-resolved waves leading to a shorter duration of ESEs and a
colder newly-built stratopause. The future weakening of the meso-
spheric RC also contributes to a colder newly-built stratopause, apart
from the climate change induced cooling.

6. Other main characteristics of ESEs, e.g., the contributions by PWs
and GWs to the ESE driving and the generation of in-situ PW1 during
the ESEs, are not likely to change in the future.

Finally, we would like to remark that our algorithm for the identi-
fication of ESEs is based on the average polar cap temperature similarly
to other studies (e.g. De la Torre et al., 2012; Chandran et al., 2013a).
However, France and Harvey (2013) reported that the climatological
polar stratopause height might change depending on the location of the
vortex core as the mean stratopause inside the vortex core tends to be
higher than outside that region. Although the difference in the strato-
pause height might not be high, it would be interesting in a future study
to check if the consideration of the zonal asymmetry of the polar stra-
topause modulates ESEs characteristics.
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