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Abstract The climatologies of the stratopause height and temperature in the UA-ICON model are examined
by comparing them to 17-years (2005-2021) of Microwave Limb Sounder (MLS) observations. In addition, the
elevated stratopause (ES) event occurrence, their main characteristics, and driving mechanisms in the UA-ICON
model are examined using three 30-year time-slice experiments. While UA-ICON reasonably simulates the
large-scale stratopause properties similar to MLS observations, at polar latitudes in the Southern Hemisphere
the stratopause is ~8 K warmer and ~3 km higher than observed. A time lag of about two months also exists

in the occurrence of the tropical semiannual oscillation of the stratopause compared to the observations. ES
events occur in ~20% of the boreal winters, after major sudden stratospheric warmings (SSWs). Compared to
the SSWs not followed by ES events (SSW-only), the ES events are associated with the persistent tropospheric
forcing and prolonged anomalies of the stratospheric jet. Our modeling results suggest that the contributions

of both gravity waves (GW)s and resolved waves are important in explaining the enhanced residual circulation
following ES events compared to the SSW-only events but their contributions vary through the lifetime of ES
events. We emphasize the role of the resolved wave drag in the ES formation as in the sensitivity test when the
non-orographic GW drag is absent, the anomalously enhanced resolved wave forcing in the mesosphere gives
rise to the formation of the elevated stratopause at about 85 km.

Plain Language Summary Using 17 years (2005-2021) of Microwave Limb Sounder (MLS)
observations, we show negative (cooling stratopause temperatures and decreasing stratopause heights) trends in
most regions and seasons. The largest negative trend in the stratopause temperature (by considering all regions
and all seasons) is found in the Southern Hemisphere (SH)'s polar region during austral spring. The seasonal
average of cooling rates is comparable in the mid-latitudes of Northern Hemisphere and SH. In the UA-ICON
simulations, the elevated stratopause events (ESEs) occur after major sudden stratospheric warmings (SSWs).
ESE:s frequency is 2 events per decade in UA-ICON simulations. Our results show that the wind reversal

is stronger and long-lasting in the ESEs compared to SSW-only events. In addition, the easterlies extend to

the mesosphere in the composites of ESEs, but the reversed winds are limited to below 60 km in the case of
SSW-only events. We show that the non-orographic gravity wave drag induces anomalous residual circulation
after SSW that causes the ESEs. We also show that the ESEs form even in the absence of non-orographic
gravity wave drag. In this case, the anomalous residual circulation is due to the anomalously enhanced resolved
wave forcing in the mesosphere that gives rise to the formation of the ESEs at about 85 km.

1. Introduction

The upper boundary of the stratosphere, the stratopause, is sensitive to the increasing concentrations of green-
house gases (GHG) and is considered an independent and novel indicator of GHG-induced climate change
(Olivero & Thomas, 2001; Pisoft et al., 2021; Rind et al., 1998). Both space- and ground-based observations indi-
cate a robust stratospheric temperature decrease of about 1-3 K over the last four decades (1979-2018, Steiner
et al. (2020a)), including a near-global cooling near the stratopause (Steiner et al., 2020b). Associated with such
a temperature decrease, Pisoft et al. (2021) estimated a global decrease in stratopause height and stratospheric
thickness for the future climate under increasing concentration of GHG. Stratopause height trends are crucial
to correctly understand and attribute changes in dynamics and tracer transport, and moreover, they may affect
satellite orbits (Schrgder et al., 2007). It is therefore of interest to study the characteristics of the stratopause (e.g.,
its height and temperature) and understand the mechanisms influencing it. While in low and mid-latitudes, the
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stratopause is found at about 50 km and is maintained by absorption of shortwave radiation by ozone, in the polar
night region it is maintained by the warming induced by the descending branch of the gravity wave (GW) driven
mesospheric residual circulation (Garcia & Boville, 1994; Hitchman et al., 1989). The polar winter stratopause is
generally warmer and is located at higher altitudes (=60 km) than in the mid-latitudes (France & Harvey, 2013;
Kanzawa, 1989). Under undisturbed or quiet wintertime conditions, planetary waves that carry westward momen-
tum break approximately near the critical levels (e.g., the zero-wind line) in the low latitude stratosphere or in the
high latitude mesosphere. On the other hand, the prevailing westerly zonal flow in the stratosphere blocks most of
the eastward propagating GWs allowing only the westward propagating GWs to reach the mesosphere where they
dissipate between 60 and 80 km and deposit momentum toward their direction of propagation which in turn slows
down the prevailing zonal flow and induces a poleward and downward meridional circulation below the breaking
level in the winter polar region that helps to maintain the warm winter stratopause (Chandran et al., 2014; de la
Torre et al., 2012; Limpasuvan et al., 2016). This “separated” stratopause happens in both hemispheres, but is
more persistent and pronounced in the Southern Hemisphere (SH) winter (Hitchman et al., 1989).

Under disturbed stratospheric polar vortex conditions, however, the conditions for the propagation of planetary
waves (PWs) and GWs are significantly altered. The reversal of the zonal wind that characterizes major sudden
stratospheric warmings (SSW) prevents further upward propagation of large-scale PWs into the stratosphere
and also alters the propagation conditions of orographic GWs and westward-propagating non-orographic GWs
into the mesosphere. Therefore, following the SSW onset with an atypical wintertime GW filtering, only east-
ward propagating GWs are permitted to penetrate to the winter mesosphere/lower thermosphere (MLT) region
(Holton, 1983; Siskind et al., 2010). This provides eastward drag that induces an equatorward and upward mean
meridional circulation in the high-latitude mesosphere (similar to the summer conditions) that leads to a cool-
ing of the upper polar mesosphere (de Wit et al., 2014; Liu & Roble, 2002; Thurairajah et al., 2014; Yamashita
et al., 2010). Such a temperature structure is referred to as a mesospheric inversion layer (Garcia & Boville, 1994;
Sassi et al., 2002). Following an SSW, in general, an almost isothermal stratosphere and ill-defined stratopause
forms (Manney et al., 2008). After an SSW onset, the unstable easterly polar stratospheric jet generates the
so-called secondary PWs due to the presence of instabilities which leads to a strong westward PW drag above
80 km (Chandran, Garcia, et al., 2013).

The westward PW forcing is stronger than the eastward GW forcing in the mesosphere following an SSW, which
initiates a poleward and downward mean meridional circulation over the winter pole. On the other hand, the east-
ward zonal mean flow is re-established at higher altitudes earlier than the lower stratospheric winds, as the ther-
mal relaxation in the upper mesosphere can be two to three times faster than in the lower stratosphere (Wehrbein
& Leovy, 1982). During the recovery of the eastward zonal winds in the mesosphere and upper stratosphere and
the reestablishment of the polar vortex, a new stratopause forms at considerably higher altitudes (=80 km) than
its mean climatological values (=50-60 km). This is known as an elevated stratopause (ES; Labitzke (1972);
Manney et al. (2005)) event. Not all SSWs are followed by an ES event (ESE). Chandran, Collins, et al. (2013)
identified 2—4 ESEs occurring each decade in the Whole Atmospheric Community Climate Model (WACCM)
which was about half the frequency of SSWs (de la Torre et al., 2012). Chandran, Collins, et al. (2013) also
reported that the GW forcing in the MLT region and the anomalous residual circulations remain reversed for a
longer period during ESEs compared to SSWs that do not generate ESEs.

Understanding the coupling between the stratosphere and the MLT during ESEs can provide insights into the
understanding of energy transfer in the middle atmosphere (Yigit & Medvedev, 2016). In addition, as the down-
ward branch of the mean meridional circulation is located at a higher altitude during the reestablishment of
the stratopause in ES events, mesospheric air can intrude into the stratosphere and influences the chemistry of
the stratosphere, which is important in chemistry-climate models because it indirectly affects the dynamics of the
stratosphere (Siskind et al., 2015). Mesospheric air is characterized by a low concentration of water vapor, high
concentrations of CO and reactive odd nitrogen (NOx = NO + NO,) (Orsolini et al., 2010; Randall et al., 2009;
Siskind et al., 2007). The downward transport of NOXx into the stratosphere can catalyze the destruction of ozone
(Randall et al., 2005). The magnitude of the secondary ozone layer (90-95 km) during mesospheric cooling
decreases, and the altitude of the tertiary ozone maximum (70-75 km) also drops (Kvissel et al., 2012; Smith
et al., 2009; Tweedy et al., 2013).

Understanding the details of ESEs using reanalysis data has its own limitations as the upper lid of most reanal-
yses is around or below 0.01 hPa (=80 km). Also in the presence of the sponge layer in reanalyses to damp
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upward-propagating waves near the model top to limit reflections from the upper boundary, a detailed study of
the role of PWs and GWs is difficult. For example, Manney et al. (2008) have shown that MERRA reanalyses
are unable to capture the rise of the stratopause to very high altitudes during ESEs. With the improvements in the
spatial and temporal resolutions of middle and upper atmospheric satellite data, detailed analyses of ESEs have
become feasible in recent years (France, Harvey, Alexander, et al., 2012; Manney et al., 2008; Naren Athreyas
et al., 2022; Orsolini et al., 2010; Shi et al., 2022). Modeling studies with WACCM (France & Harvey, 2013;
Limpasuvan et al., 2016; Orsolini et al., 2017), the Canadian Middle Atmosphere Model (CMAM; McLandress
et al., 2013), a high-resolution middle atmosphere GCM developed for the KANTO project (Tomikawa
et al., 2012), the ECHAM/MESSy Atmospheric Chemistry (EMAC; Scheffler et al., 2022) and with the Japa-
nese Atmospheric General circulation model for Upper Atmosphere Research (JAGUAR, Okui et al. (2021))
provided insights into the sequence of events associated with the occurrence of a typical ES event. For example,
Limpasuvan et al. (2016) using WACCM showed that while PWs are important at the onset of ESEs, GWs are
crucial in explaining the residual circulation before and after ESEs. However, using the same model Chandran,
Collins, et al. (2013) found that the enhancement of PW forcing is not present in all ES cases. In other words, they
showed that in WACCM simulations, there exist ESEs whose entire process of formation is due to the actions of
GWs, although this might be model dependent.

Therefore, the relative contributions of GWs and PWs in the formation of ESEs are still under discussion and
remain to be elucidated. The goal of the present study is to investigate in detail the climatology of the stratopa-
use and the ESEs occurrence, their main characteristics, and driving mechanisms in the UA-ICON model and
compare it with a 17-year climatology (2005-2021) based on Microwave Limb Sounder (MLS) observations.
The paper is organized as follows: Section 2 describes the UA-ICON simulations as well as analysis methods.
Section 3 describes the main characteristics of stratopause and ESEs in the UA-ICON model and MLS observa-
tions and finally, in Section 4, we summarize the major findings.

2. UA-ICON Simulations, MLS Observations, and Analysis Methods
2.1. UA-ICON Setup and Simulations

The ICON model is a joint project by the German Weather Service (DWD) and the Max Planck Institute for Mete-
orology, aiming at providing a unified modeling system to seamlessly allow simulations from climatological time
scales to large-eddy simulations as well as for global and local numerical weather prediction (Zingl et al., 2015).
ICON has one single dynamical core, but with respect to the physics parameterizations, there are two different
main configurations. One is intended for numerical weather prediction (ICON-NWP, Zingl et al. (2015)), and
the other one was developed for use in climate research (ICON-A, Giorgetta et al. (2018)). In our study, we
employ the ICON version 2.6.3 as distributed by the DWD. This version allows to combine the upper-atmosphere
physics (UA-ICON) with ICON-NWP, but not with ICON-A. Therefore, we used basically a numerical weather
prediction setup for our simulations. For simulations including the upper atmosphere, the dynamical core can be
switched from shallow to deep atmosphere dynamics (Borchert et al., 2019). In our setup of the ICON model, we
used a global R2B4 grid, which is a horizontal grid with a mesh size of approximately 160 km. For the vertical
grid, we use 120 layers up to a model top at about 150 km altitude (the vertical grid is stretched, with layer thick-
nesses increasing from bottom to model top). The time step of all simulations is 360s except for one experiment
(see Section 2.1 below) and the data output interval was set to 6 hr. We note at this place that the NWP setup
is not particularly tuned for such relatively coarse horizontal grid resolutions and for time scales that signifi-
cantly extend beyond the synoptic time scale. Therefore, some degree of degradation is possible in our simula-
tions. The mid-monthly sea surface temperature (SST) and sea ice concentration (SIC) values produced by the
Program for Climate Model Diagnosis and Intercomparison (PCMDI) for the Atmosphere Model Intercompar-
ison Project (AMIP, (Taylor et al., 2000)) served as lower boundary condition data. The concentrations of CO,,
CH,, N,O, CFC-11, and CFC-12 were taken from the historical greenhouse gas volume mixing ratios for CMIP6
(Meinshausen et al., 2017). The atmospheric ozone concentrations were prescribed based on the input4MIPs
project (https://esgf-node.llnl.gov/search/input4mips). The period of simulation is 1980-2015 (hereafter, CLIM)
and is used to evaluate the UA-ICON model with the satellite observations. An evaluation of the parameterization
of upper-atmosphere physics in UA-ICON is presented in Borchert et al. (2019) for a global R2B4 grid, and the
sensitivity of the general circulation to the missing GW parameterization using the same grid are presented in
Karami et al. (2022). Kohler et al. (2021) suggested an adjustment of the GW drag parameterization in ICON, in
order to improve the stratospheric circulation in the NH winter. We adopt this adjustment for the current study.
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In addition to the CLIM simulation, we performed a set of 30-year long time-slice experiments with the UA-ICON
model by employing repeated annual cycles of SST, SIC, and greenhouse gases of the year 1985. This year was
selected as both El-Nino southern oscillation and Pacific decadal oscillation were in their neutral phase and no
explosive volcano eruption has occurred; hence conditions in this year can serve as a useful proxy for the multi-
year mean conditions and an estimate of their internal variability. First, a control (CTL) simulation was carried
out where both the sub-grid scale orography (SSO) scheme and non-orographic GW scheme are used and two
sensitivity tests where (a) the SSO scheme was disabled (no-SSO, hereafter) and (b) the non-orographic GW
scheme was disabled (no-GWD, hereafter). Although the exclusion of GW drags results in a very strong forcing,
this kind of simulation has been performed previously using other models (e.g., EMAC (Eichinger et al. (2020)),
WACCM (Kuilman & Karlsson, 2018) and CMAM (Ren et al., 2011)) and has been shown to be useful in under-
standing the importance of GW drags for middle atmospheric dynamics. In ICON, the SSO drag is treated after
Lott and Miller (1997), and the non-orographic GW drag parameterization that treats the generation, propaga-
tion, and breaking of GWs from synoptic-scale flow (e.g., fronts, convection, jet streams) is based on the works
of Warner and MclIntyre (1996) and Scinocca (2003). In ICON model the minimum and maximum intrinsic
phase speeds for the non-orographic gravity waves are 0.25 and 100 ms~!, respectively. Further details including
the description of the scheme for computing the horizontal wind and temperature tendencies can be found in
ECMWEF (2018). The time step of the CTL and no-SSO simulations was 360s but it was reduced to 120s in the
no-GWD simulation. In the no-GWD simulation, the winds in the upper stratosphere and mesosphere were too
strong which lead to the violation of the Courant-Friedrichs-Lewy (CFL) condition. Reducing the time step to
120s (compared to the 360s in CTL simulation) solved this issue.

2.2. MLS Satellite Observations

MLS is an Earth observation instrument onboard NASA's Aura satellite with a 705 km sun-synchronous orbit and
orbital period of 100 min (Waters et al., 2006). An atmospheric limb scan is performed every 25 s and therefore
MLS is able to sample about 3500 profiles each day that are spaced 165 km along the satellite track covering the
latitude range from 82°S to 82°N (Waters et al., 2006). While MLS observes thermal emissions from the atmos-
pheric limb on five frequencies (118, 190, 240, and 640 GHz and 2.5 THz), the temperature and geopotential
height profiles are inferred from 118 to 240 GHz oxygen emissions from the surface up to 120 km. For the current
study, we use Level 3 daily binned temperature and geopotential height on assorted grids version 4 of MLS data
(Schwartz et al., 2020) from 2005 to 2021.

2.3. Analysis Method

The available MLS temperature data are provided on pressure levels. In order to compare the stratopause char-
acteristics in MLS with UA-ICON simulations, we follow the approach presented by France, Harvey, Alexander,
et al. (2012). First, we interpolate MLS temperatures from pressure to geometric altitudes (using MLS geopo-
tential data) from 10 to 120 km at 1 km increments. In the case of UA-ICON outputs, this is easier as UA-ICON
is a model on height levels and we simply interpolate the model output from 10 to 120 km at 1 km increments.
Although, the stratopause is typically defined as a level where the temperature maximizes in the middle atmos-
phere, however, multiple local temperature maxima may occur particularly at high latitudes in the case of SSWs,
deep isothermal layers, mesospheric inversion layers, and even noise in the temperature profiles which makes
the “true” or “actual” stratopause difficult to identify in such conditions. Hence, to identify the stratopause
the following procedure was applied for each vertical temperature profile. First, we smoothed each temperature
profile by applying an 11 km boxcar averaging, and then the temperature maximum (7, ) was identified between
20 and 85 km with the condition that the lapse rate at the five adjacent 1 km increment levels must be negative
above T, and positive below T, . Afterward, 15 km above and below of the height of 7, in the smoothed
profile was used to search for the maximum temperature in the unsmoothed profile. The temperature and altitude
of T, in the unsmoothed profile was considered as the actual stratopause. In case these conditions are not met,
the stratopause was not defined in the given temperature profile and this case was excluded from the calculation

of stratopause climatology.

Here, we only consider major SSWs according to the World Meteorological Organization (WMO) criterion, that
is, simultaneous reversal of the zonal mean zonal wind at 60°N and the zonal mean temperature gradient between
60°N and 90°N at 10 hPa from November to April (Labitzke, 1981a). The westerlies at 10 hPa and 60°N must
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persist at least for 14 consecutive days before a new SSW event can be identified. The stratospheric final warm-
ings are excluded by requiring 21 consecutive days of westerlies at 10 hPa and 60°N before 30 April. Based on
these criteria, the frequency of SSW in the CTL run is 5.7 events per decade which is in good agreement with
the reanalysis data with a frequency of approximately six events per decade (Charlton & Polvani, 2007). As
mentioned earlier, after the onset of SSW events the stratopause becomes ill-defined and therefore the following
method is used to identify ESEs. To mitigate the spurious variability of the stratopause height during and after
the onset of SSWs, France and Harvey (2013) computed the average polar cap (70°-90°N) stratopause height for
days 3-7 prior to each day (Z—) and 3-7 days following each day (Z+) and considered ES event candidates when
the difference between Z+ and Z—exceeds 10 km. After determining ES candidates, the “actual” ES event onset
is identified as the first day when the daily mean stratopause height jumps by at least 25 km compared to the
previous day. In the case of UA-ICON, the 25 km threshold results in too few ESEs and therefore we reduced this
threshold to 18 km. Nevertheless, even with the reduced threshold, we found approximately two ESEs per decade
in UA-ICON (CTL simulation) which is less than the observed frequency of ESEs (3.5 events per decade in MLS
observations (Naren Athreyas et al., 2022)). The annual frequency of ESEs was reported between 28% and 36% in
four 53-year simulations by WACCM (Chandran, Collins, et al., 2013). Recently, Scheffler et al. (2022) reported
that with a threshold value for the stratopause height jump of 8.4 km, the ES frequency is 2.4 events per decade
in a free-running EMAC simulation. It is worthwhile to mention that it is possible to increase the frequency of
ESEs in UA-ICON by reducing the threshold of the vertical displacement of the stratopause height, but here
we select the 18 km threshold as it identifies the strongest or "true”” ESEs in the mid-winter in UA-ICON. Note
that after some SSWs the stratopause descends to lower altitudes and then suddenly reforms at higher altitudes
(at least 18 km based on our algorithm), however, the altitudes of such ESEs are comparable to the altitudes of
the stratopause prior to SSW occurrence. Therefore, the “’true or strongest” ESEs refer to those ESEs that the
reformed ES altitude is at least 10 km higher than the average pre-SSW (21 days prior to the SSW occurrence day)
stratopause heights. A composite map of different fields around the occurrence of ESEs for the CTL simulation
and comparison with the sensitivity runs helps to figure out the importance of GWs in the formation of ESEs.
The statistical significance of differences between the CTL run and sensitivity tests in stratopause properties is
determined with the Student's #-test at a 99% level. In addition, for the comparison between ESEs and SSWs not
followed by ESEs, we use p-values to highlight the regions where the fields significantly differ from each other.

3. Stratopause Properties in the UA-ICON Model and the Contribution of Gravity
Waves

3.1. MLS Stratopause Trend

Figure 1 shows the scatter plot of stratopause temperature (thick black dots) using 17 years (2005-2021) of
MLS observations, its variability (represented by the standard deviation and shown by the light gray error bars),
and the linear regression lines (blue and red lines represent the negative and positive trends, respectively). The
years with a major SSW in the Northern Hemisphere (NH) are denoted by the red crosses. Quantification of the
change rates of stratopause temperature (slope of linear regression in K/year multiplied by the 17 years, which are
shown by AT in each panel) allows a more straightforward interpretation of the stratopause temperature trends in
different seasons and regions. Except for a few seasons or regions with positive trends (red regression lines), the
stratopause temperature trends, in general, indicate negative (cooling) trends in most regions and seasons. While
the seasonal average of cooling rates are comparable in the mid-latitudes of the NH and SH (AT = —1.86 K,
and AT = —1.63 K, respectively), the SH polar region has experienced the largest cooling rate (AT = —1.87 K)
compared to the NH counterpart (AT = —0.62 K). The largest negative trend (by considering all regions and
all seasons) is found in the SH polar region in SON (AT = —4.06 K). The largest cooling trend (by considering
all regions) is found in the SON season, where the magnitude of the average temperature change in 17 years of
MLS stratopause temperature data is AT = —1.75 K. Figure 2 shows the same information as Figure 1 but for the
stratopause height. Similar to the trends in the stratopause temperature, there are a few exceptions that the strato-
pause height indicates a positive trend. However, generally, a negative (decreasing) trend in the stratopause height
is found in most regions and seasons. There is no one-to-one relationship between the stratopause height and
temperature trends in the MLS observations, but the stratopause cooling and reduction in the stratopause heights
are found in most seasons and regions. The cooling rate and their magnitudes are comparable to those reported
by Pisoft et al. (2021) who used data from state-of-the-art coupled chemistry-climate models and showed that the
stratospheric extent has declined by 400m between 1980 and 2018.
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Figure 1. Time series of stratopause temperatures using 17 years of MLS observations in different seasons and regions (60°N—80°N for the Northern Hemisphere (NH)
polar region (a, f, k, p, and u), 28°N-52°N for the NH mid-latitudes (b, g, 1, q, and v), 8°S—8°N for the tropical region (c, h, m, r, and w), 28°S-52°S for the Southern
Hemisphere (SH) mid-latitudes (c, i, n, s, and x), and 60°S—80°S for the SH polar region(e, j, o, t, and y)). The thick black dots are the mean values of the stratopause
temperature for a given year, and the blue and red lines are the linear regression lines for the positive and negative trends, respectively. The light gray error bars are the
standard deviation of the stratopause temperatures for a given year. The red crosses indicate the years with a major SSW during the DJF season. The seasons are defined
as: the months of December (previous year), January, and February (DJF), the months of March, April, and May (MAM), the months of June, July, and August (JJA),
and months of September, October, and November (SON). The total stratopause temperature change during the time series is calculated by multiplying the linear slope
by the number of years under study (17 years).

3.2. Stratopause Climatology in UA-ICON

In Figure 3, the annual cycle of stratopause temperature for MLS measurements and the CLIM simulation from
UA-ICON is depicted in terms of latitude-time evolution. In general, UA-ICON (CLIM) replicates MLS meas-
urements in both hemispheres for large-scale stratopause temperature features such the warm polar summer strat-
opause and the cold midwinter stratopause (Barnett, 1974; France, Harvey, Randall, et al., 2012). The semiannual
oscillation of the tropical stratopause is caused by seasonal variations in the solar zenith angle and the amount of
insolation. The tropical semi-annual oscillation is also fairly simulated, which is consistent with (France, Harvey,
Randall, et al., 2012; Hitchman & Leovy, 1986; Hood, 1986). The UA-ICON (CLIM) stratopause temperatures
have less seasonal variability (less than 5 K) in the tropics than at higher latitudes (about 25 and 35 K in the NH
and SH, respectively), which is consistent with the MLS findings. This is due to the fact that low latitudes receive
constant daytime sunlight. The GW-driven descent and hence warming in the polar region interrupts the cold
winter stratopause which is more evident in the SH where the lowest stratopause temperature in MLS are found
between 45° and 60°S rather than at southern polar latitudes. This feature is missing in UA-ICON (CLIM) where
the minimum temperature is found further poleward at approximately 80°S in early winter. This is the largest
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Figure 2. The same as Figure 1 but for the stratopause height.

discrepancy between the UA-ICON (CTL) simulation and MLS observations (Figure 3e). The mesospheric cool-
ing associated with the SSWs yields a less coherent warm anomaly associated with the GW-driven descent in
the NH (France, Harvey, Randall, et al., 2012; Garcia & Boville, 1994; Labitzke, 1981b), and this feature of the
stratopause temperature, in general, is well-reproduced in UA-ICON (CLIM) in the NH. The major differences
between MLS observations and the UA-ICON (CLIM) simulation are shown in Figure 3 (right column). While
the polar-separated stratopause (poleward of 60°N) in midwinter (from December to February) in the NH matches
well with the MLS observations, the stratopause is approximately 6 and 8K warmer in UA-ICON (CLIM) during
spring and autumn equinoxes, respectively (Figure 3c). In the SH, UA-ICON (CLIM) stratopause temperatures
are warming up to 8 K around 60°S throughout the cold months (May-September, Figure 3f). In the tropics, from
December to January and also from June to July the UA-ICON (CLIM) stratopause temperatures are up to 4 K
warmer than MLS and about 2 K colder than MLS from February to March (Figure 3c).

Similar to Figure 3 (left), the latitude-time plots of the annual cycle of stratopause height for MLS observations
and UA-ICON simulation (CLIM) are shown in Figure 3 (middle). As for the stratopause temperature patterns,
in general, the UA-ICON (CLIM) realistically reproduces the large-scale features of the stratopause height
compared to MLS observations. In the tropics and mid-latitudes of both hemispheres, the stratopause is mostly
located about 1-3 km lower than seen in the MLS observations. While the semiannual oscillation of stratopause
height is present in UA-ICON (CLIM), its timing differs from the MLS observations as the maximum stratopause
heights are found in January-February and July-August in MLS observations but in UA-ICON the local maxi-
mums of tropical stratopause heights are found in March-June and November-December periods in the UA-ICON
(CLIM). Due to a lower solar zenith angle and higher altitude of maximum solar heating, the stratopause heights
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Figure 3. Latitude-time plot of the average annual cycle of stratopause temperature (a—f) and stratopause height (g—1). The annual cycles in UA-ICON are based on the
CLIM simulation (1980-2015) and in MLS data (middle column) are based on 2005-2021 satellite data. The right column shows differences between UA-ICON and
MLS. The second and fourth row shows seasonal cycles after excluding years with SSW.

rise toward the winter solstice in both hemispheres (France, Harvey, Randall, et al., 2012). The polar stratopause
descends in the spring due to the Sun's return to greater zenith angles, and as a result, the summer months in both
hemispheres have the lowest stratopause heights. Since ascending can cool and raise the stratopause and descent
can warm and lower it, there is an anti-correlation between the stratopause's height and its temperature. The
comparison between MLS observations and UA-ICON (CLIM) simulation of the stratopause height is presented
in Figure 3i. In the NH, while the stratopause in the UA-ICON (CLIM) simulation in high latitudes is about
2-3 km lower than in the MLS observations in winter (November-February) and summer (May-August), it is
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up to 4 km higher in spring (March to May) and autumn (September-October, Figure 3i). In the SH, except for a
short period (Novembe—January), the stratopause heights in the UA-ICON (CLIM) are higher than in the MLS
observations in mid and higher latitudes (Figure 3i).

The climatology of the stratopause temperatures in the CTL, no-SSO and no-GWD simulations and the impact
of the exclusion of GWs on the stratopause temperatures are shown in Figure 4 (left column). In response to
absence of SSO drag in the NH (Figure 4g), a weak (=2 K) but statistically significant stratopause temperature
reduction is found in mid-latitudes from January to April, and in high-latitudes, a strong (up to 10 K) but statis-
tically insignificant warming is found. The high-latitude warming in the SH from July to November is weaker
than the NH counterpart but it is statistically significant. The mid-latitude stratopause temperature reduction
is also statistically significant from March to September in the SH. Figure 4i shows the impact of absence of
non-orographic gravity wave drag (GWD) on the stratopause temperature. In general, the responses are statisti-
cally significant everywhere and every time except in high-latitudes of NH during winter, spring, and summer.
The amplitude of the upward propagating PWs are large in the middle and upper stratosphere during the NH
winter. The perturbed forcings in the GW parametrization drag might be compensated/canceled by the resolved
large-scale wave driving of opposite sign through the so-called compensation mechanism which alongside with
large variability might explain the insignificant change in stratopause temperature in NH winter (Eichinger
et al., 2020; Karami et al., 2022). In the NH during autumn equinox a negative (up to 20 K colder) and statisti-
cally significant response can be seen. In the SH, the impact of missing GWD manifests itself in the statistically
significant colder (up to 20 K) stratopause from March to October. The stratopause in high latitudes is warmer in
the summer season both in the NH and SH, but only the differences in the SH are statistically significant. While
the absence of SSO has negligible impact on the stratopause temperature in tropical latitudes, the absence of
GWD leads to a colder stratopause throughout the annual cycle. While in the no-SSO simulation, positive (warm-
ing) temperatures are found during cold months in both NH and SH, missing GWD causes cooling in the same
period and in both hemispheres. The missing SSO drag leads to an accelerated stratospheric polar vortex up to
20 and 5 ms~! in the NH and SH, respectively during cold seasons (not shown). This causes more filtering of the
eastward-propagating non-orographic GWs in the stratosphere or anomalously strong westward GW drag in the
high-latitude mesosphere in no-SSO simulation compared to the CTL, which drives an anomalously stronger
clockwise (poleward and downward) circulation in the mesosphere that gives rise to the stratopause warmings
in the high-latitudes of both hemispheres. Conversely, the missing GWD in the no-GWD simulation leads to
anomalously weak westward drag in the mesosphere compared to the CTL simulation (not shown) giving rise
to the anti-clockwise (equatorward and upward) circulation in the mesosphere that causes a colder and higher
stratopause in the no-GWD simulation.

Similar to the stratopause temperature, the climatology of the stratopause heights in the CTL, noSSO and noGWD
simulations and the impact of absence of GWs on the stratopause heights are shown in Figure 4 (right column).
While the magnitudes of the responses in the stratopause heights due to the absence of SSO drag (Figure 4h) are
comparable in the NH and SH, only the responses in the SH are statistically significant. Similar to the effects on
the stratopause temperature, the exclusion of nonorographic GW drag leads to statistically significant changes
in most areas and throughout the seasonal cycle in the SH. In general, the response of the stratopause heights
to absence of GWD (Figure 4j) are statistically significant in the SH and in low-latitudes of NH throughout the
seasonal cycle. In general, the stratopause temperature and height responses to absence of GWD are consistent,
for instance in the high-latitude SH that the elevated stratopause due to the absence of GWD is accompanied by
the colder stratopause.

3.3. Elevated Stratopause Events in UA-ICON

It is of interest to first analyze the UA-ICON model simulations in reproducing the known features of SSWs and
ESEs. Table 1 presents the statistics of major SSWs, ESEs, and also SSWs not followed by ESEs in the UA-ICON
CTL simulation and sensitivity runs. In UA-ICON, ESEs occur after major SSWs. The frequency of SSWs is
reduced in both the no-SSO and no-GWD runs with a more pronounced reduction in the no-SSO simulation.
Therefore in response to missing GWs, the frequency of ESEs is reduced in both runs but our algorithm detects
four ESEs in both sensitivities runs. In the CTL simulation, the ESEs are detected between 5 and 19 days follow-
ing SSW events (the average value is 11 days). On average, the ESEs are detected 14 and 12 days following SSW
events in the noSSO and noGWD simulations, respectively.
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Figure 4. Latitude-time plot of the average annual cycle of stratopause temperature (left) and stratopause height (right). In
CTL, both subgrid scale orographic and nonorographic gravity wave drags are used. In no-SSO and no-GWD, the subgrid
scale orography and nonorographic gravity wave drags are switched off, respectively. The stippled areas in the two bottom
rows indicate regions where the changes are statistically significant at 99% level according to the 7 test.
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Table 1 It is instructive to consider the dynamical mechanisms underlying the winters

The Statistics of Major Sudden Stratospheric Warming Events (All SSWs),
Elevated Stratopause Events (ESEs) and Major SSWs Not Followed by ESEs
(SSW-Only) Events in the CTL and Sensitivity Runs With UA-ICON

Model simulation All SSWs ESEs SSWs-only
CTL 17 (=57%) 6 (~20%) 11 (~36%)
no-SSO 5 (=17%) 4 (~13%) 1 (~3%)

no-GWD 12 (~40%) 4 (~13%) 8 (~27%)

Note. The numbers in brackets indicate the percentage of winters out of the
total for different events.

with ESEs and comparing it with winters with major SSW’s but not followed by
ESEs (SSW-only events). To this end we follow Chandran, Collins, et al. (2013)
and examine the time evolution of composite maps of different variables
around the occurrence of both types of events. The composites of the evolution
of (a) zonal mean temperature, (b) zonal mean zonal wind, (c) Eliassen-Palm
(EP) flux divergence, (d) total GW drag, (e) non-orographic GW drag, (f) SSO
drag, (g) streamlines of the residual circulation, (h) the amplitude of the PWs
for the zonal wavenumber 1 and (a) heat flux at 100 hPa for ES and SSW-only
events in CTL simulation are presented in Figures 5 and 6, respectively. Their
differences between ES and SSW-only events are shown in Figure 7. There
is a subtle difference in the definition of day O between ES and SSW-only
events. For the ESEs, day 0 is defined as the day of the stratopause height jump

based on the algorithm described in the previous section. However, for the SSW-only events, we chose day 0 as

11 days after the wind reversal at 10 hPa as on average ESEs occur 11 days after SSWs in CTL run. This enables

a direct comparison of dynamical fields between ESEs and SSW-only events. In the study of Chandran, Collins,
etal. (2013) and Scheffler et al. (2022), day O was chosen as 10 and 14 days after the wind reversal at 10 hPa, respec-
tively. From the composite plots presented in Figures 5 and 6, we found some features that are listed below. These
points broadly agree with previous studies with EMAC and WACCM (Chandran, Collins, et al., 2013; Limpasuvan
et al., 2016; Scheffler et al., 2022), however, also some differences can be found. It is worthwhile to mention that

generally the differences between ES and SSW-only events are not statistically significant.

In both ES and SSW-only events (Figures 5a and 6a, respectively), during (around day —11) and after SSWs, the

stratopause height (indicated by the green dots) drops before it reforms above the usual altitude. This reduction in the

stratopause height during and shortly after SSWs is due to enhanced residual circulation at about 3040 km around

the SSWs occurrence day. The positive values of the residual circulation indicate a poleward and downward circula-

tion. The enhancement in the altitude of the reformed stratopause is consistent with the stronger residual circulation

at about 70-100 km around and after day O in both types of events, although the enhancement in the residual circu-

lation around and after day O is stronger in ESEs compared to SSW-only events, as shown in Figure 7g. While there

is a clear jump in the stratopause height following ES events, the reformed stratopause only weakly shifts upward

during SSW-only events which is consistent with the previous studies (Chandran, Collins, et al., 2013; Scheffler

etal., 2022). In general, following the SSWs, the stratosphere is colder in ES composites compared to the SSW-only

around and after day O (Figure 7a). The negative temperature anomalies appear first at about 90 km around day —25

and propagate downward and reach about 40 km around day +20. The stratopause returns to the altitudes before
the SSW occurrence approximately at day +45 in the SSW-only events but in the ESEs even around day +60, the
stratopause is about a few kilometers above its altitude compared to the time before the SSWs.

The deceleration of the zonal mean zonal wind seems to be initiated from the mesosphere at about day —50 and

then propagates downward in both types of events. The wind reversal is stronger and long-lasting in the ESEs
than in SSW-only events (Figure 7b) which differs from the study of Scheffler et al. (2022) who found that in the
EMAC model the wind reversal is stronger in SSW-only events compared to ESEs. This might be due to the rela-

tively small number of events considered in the present study and also in the study of Scheffler et al. (2022) and

given a large wind variability during and around SSW onset, such differences between models are expected. The

easterlies extend to the mesosphere (approximately up to about 80 km) in the composites of ESEs but the east-

erlies are limited to below 60 km in the case of SSW-only events. However, it is worthwhile to mention that the

zonal mean zonal wind composites in both of these events presented in Figures 5 and 6b are averages of different

events with different timing for the occurrence of SSWs. Moreover, here the 11 days is chosen as on average ESEs
are detected 11 days after SSWs (between 5 and 19 days following SSW events). Such a varying time lag can
cause the cancellation of positive and negative values of the zonal mean zonal wind and hence may lead to smaller

values of positive and negative zonal mean zonal wind as well as a possible shorter duration of wind reversals

(particularly in SSW-only events). For example, there is no SSW event in both SSW-only and ESEs with a wind
reversal shorter than 5 days in the middle atmosphere at about 10 hPa.

In both types of events, the mesosphere cools during SSW events which is consistent with the anomalously weak

residual circulation. It appears that only anomalies of non-orographic GW drag in this period are important for the

mesospheric cooling and the role of EP drag is negligible in both types of events. In addition, the reformed zonal
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mean zonal wind (Figures 5b and 6b) between day +5 and +35 is approximately 10-15 m/s stronger at 50-60 km
in case of ESEs than for SSW-only events. The stronger reformed jet in ESEs compared to SSW-only events is
consistent with the results of Scheffler et al. (2022) and Chandran, Collins, et al. (2013). The stronger westerly jet
in ESEs compared to the SSWs-only events filters more eastward propagating GWs and hence during the same
period (day +5 and +35) anomalously weaker eastward GW drag (or stronger westward GW drag) are found
at about 60 km (SSO GW drag) and 60-100 km (non-orographic GW drag), respectively. Such anomalously
stronger GW drag (shown in Figures 7d and 7e) during this period, explains the stronger residual circulation in
the composites of ESEs compared to SSW-only events (Figure 7g).

Around the onset of ES and SSW-only events and shortly afterward, the planetary wave amplitude for the zonal
wavenumber 1 weakens at upper stratosphere (Figures Sh and 6h). This is consistent with the Charney and
Drazin (1961) that following the wind reversal in the stratosphere, the upward propagation of large-scale PWs
from the troposphere to the middle atmosphere is hindered as wave propagation is only allowed when the back-
ground flow is westerly and weaker than a critical value. Note that as the wind reversal is weaker and shorter for
the SSW-only composites, the reduction in the PW amplitudes after SSWs is also less noticeable compared to the
ESEs. This is consistent with the reduced PW amplitudes in the stratosphere in the composites of ESEs compared
to SSW-only events around and shortly after day O (Figure 7h).

Based on the differences in the EP flux divergence and GW drag presented in Figure 7, we suggest that the contribu-
tions of both GW and PW drag are important for the stronger residual circulation between 70 and 100 km following
ESEs compared to the SSW-only events. Particularly between days —5 and +5 at about 60—100 km, the contributions
from the PWs (Figure 7¢) are important to explain the enhanced residual circulation in ESEs compared to SSW-only
events. Between days +5 and +25, however, the enhanced residual circulation at about 70100 km is due to the contri-
butions from the GWs (Figures 7d and 7e). It is worthwhile to remind that the total (resolved EP flux and parameter-
ized GW drags) wave forcing is largely balanced by the Coriolis term in the winter extra-tropical middle atmosphere
(Hitchman et al., 1989) and therefore a westward drag implies a poleward and downward residual circulation.

The extra-tropical eddy heat flux which is a common measure for the penetration of the tropospheric waves from
the troposphere to the stratosphere is presented (by the gray lines for each event and by the blue thick line for the
climatology) in Figures 5i and 6i for the ES and SSW-only events, respectively. The number of days during which
the heat fluxes exceed one standard deviation above the mean heat flux between day —60 and day O (indicated by
the blue dashed line) is 13 and 6 days in the case of ES and SSW-only events, respectively. This is an indication
of a relatively short but abrupt increase of eddy heat flux prior to the SSW onset in the case of SSW-only events.
Instead, in the ESEs, there are two pulses of heat flux before the onset of wind before SSWs, where the second
tropospheric pulse is more persistent and long-lasting than the SSW-only counterpart. Although, these results are
similar to the results presented in Scheffler et al. (2022), nevertheless given the large variability of atmospheric
fields during SSWs, a composite analysis with much more events are desirable to a better understanding if the
ESEs are significantly differ from the SSW-only events.

3.4. Sensitivity of the ESEs to Absence of GW Drag

Similar to the previous section, the time evolution of composite maps of different variables around the occurrence
of ESEs in no-SSO and no-GWD simulations are presented in Figures 8 and 9, respectively. Here we summarize
the differences between the no-SSO and no-GWD simulations with the CTL run (Figure 5). This will help to
understand how the absence of GWs affect the ESEs in UA-ICON. The differences between the no-SSO and
no-GWD simulations compared to the CTL run are presented in Figures 10 and 11, respectively.

In the no-GWD simulation, the stratopause height drops around day —25 and then increases again before drop-
ping again around day —10. The stratopause height reduction following ESEs around days —5 and O is less obvi-
ous for the no-GWD simulation compared to the CTL and no-SSO runs. The reformed stratopause around day

Figure 5. The Elevated stratopause (ES) events composites for the UA-ICON (CTL) simulation of (a) zonal mean temperature, (b) zonal mean zonal wind, (c) EP
flux divergence, (d) total (non-orographic + SSO) GW drag, (e) non-orographic GW drag, (f) SSO GW drag, (g) the stream lines of the residual circulation, (h) PW
amplitude for the zonal wavenumber k = 1 and (i) heat flux at 100 hPa. On the abscissa, days are relative to the ESEs onset (i.e., day 0). On the top right of each panel,
the latitudinal band used for averaging is shown. The green dots in (a) indicate the daily average stratopause height with an extra condition that the lapse rate must be
at least 2 K between the level of maximum temperature and 4 levels (4 km) below and above it. The number of days during which the heat fluxes exceed one standard
deviation above the mean heat flux between day —60 and day 0 in (i) is indicated by N and is shown by the dashed horizontal blue line. The colorbar in (g) is chosen to
highlight the magnitude of the stream lines of residual circulation in the mesosphere.

KARAMIET AL.

13 of 23

85UBD| SUOWILLOD BAITeR1D) 3|cfed! dde au Aq peuenob @ Sa e YO (88N JO S| 104 ARRIGIT UIIUO AB]I UO (SUODIPUOO-pUB-SULBY W0 A 1M AT 1oUI|UO//Sd1L) SUORIPUOD PUe SWLB L 3L 88S *[202/70/0Z] Uo Aiq178U1lUO AB|1M “URLIRD ZJOYWRH *Q U| 1Ued Wney "N-4n7T '3 wnnuez yosid Aq £06.60ArzZ0Z/620T OT/10p/wiod" A3 imAreiqeutjuo'sandnbe//:sdny woiy pepeojumoq *. ‘€202 ‘966869T2



I Journal of Geophysical Research: Atmospheres

ADVANCING EARTH
AND SPACE SCIENCE

10.1029/2022JD037907

Altitude(km)

UA-ICON (SSW-only, CTL)

70°-90°N (b)  umvs)
100

50°-70°N

polar cap Temperature [K]
Altitude(km)

Altitude(km)

50°-70°N Total GW drag(m/s/day)
100

80

EP drag [m/s/day]
Altitude(km)
)

o

(€) NGw drag(misiday)
100

Altitude(km)

207

50°-70°N

- 60 -40 -20

50°-70°N

+40 +60

50°-70°N

(f) 0 SSO drag(m/s/day)

-40

- 60 - 40 -20 0
Days

(9) wikom-1sn
100

Altitude(km)

+20 +40 +60

- 60 -40 -20

50°-80°N

gm-1s71)

0.4

Altitude(km)

4T E T 4T 00O 4T 00O
& Y A s u A b
3 S >
GW drag [m/s/day]
Altitude(km)
R
N © o
o o o

stream lines of residual circulation (k

Figure 6. As Figure 5 but for SSWs not followed by ESEs.

160

-
N
o

©
o

Heat flux (K m/s)

V'o'lKms~*]

45°-65°N

N=6

- 60 -40 -20 0 +20 +40

+40 +60

50°-70°N

-
o

N
S
GW drag [m/s/day]

W
S

-40

o N &

PW Amplitude [K]

zonal mean zonal wind [m/s]

GW drag [m/s/day]

KARAMIET AL.

14 of 23

Q'L '€202 '966869TC

woly

0 PU SWR | 84} 89S *[£202/70/02] U0 ARIqIT8UIIUO AB|IM “UBWSS ZJ oYW RH "q U] Mued wrey *N-4n "4 wnnuez yosid Aq L06260Ar2202/620T OT/I0p/LI0D A1

oA,

85UBD17 SUOWIIOD BAIIEa.D) 3dedldde sy Aq pauenob afe ssoile YO ‘8sN JO Se|n. 10} Akeiq1] 8uluQ A8|IMm uo



21698996, 2023, 7, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2022JD037907 by Dtsch Zentrum F. Luft-U. Raum Fahrt In D. Helmholtz Gemein., Wiley Online Library on [20/04/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

o
7} (@)l
2
™~ = 3
el [}
=) =] ha]
= apnyjdw @ -
% [S/W] PUIM [EUOZ UBBW [BUOZ [Aep/s/w] Beip Mo [Aep/s/w] Beip m Dil.eRmiiduy >>n_0 n o s
S un 9 o 0 n n 2 n \ o0 e n 4 -+ N =
m 22 n o v 7 70q ©® © + ~ o N T © ® A maNHdAS S T T aam % S
N - aa S S T T =
al Q o
o w o o o =
z © —~— ) =z + ©
S g R T P + & £
N o Do o o Ut a2 e L1 B
Q 5 S 5 aaaln . P - .
o ) 4 > S St " e 3 ~ & =
J wn o n o n © =<l o < .m&
S 3 3 ¥ + ©
- 2
o 2
o o o~ =
I N + =
@
<
(]
=S 0 =}
g 2 - sa ! 2 om T
4 8 °8 ok 8 2
5 S S
S = : <
h — 9 ~ = ~N ?_. m
©
ml _Plu = _ % _ g B
= = (=9
=] S £ 3 o i
- o o p o 2 < b7
o 1
m > z < g = - . Z
= = 5 £ " 2
C © [e) M I =
O W $ b ehentmar S o B
oo < o < - ey o e o = © S
= _) — © e . © o o o o o, 4
3) =< S R €8 8 8 § ] &g @ © F W g
w2
- n - )Py m
(2 (w>f)spniny \MEv:m_oE_u_,q (w)apniny (1-S7- WD) UoheIN3iI> [enpisal o saul weans -
1) S [X] ainjesadwal [Aep/s/w] Belp d3 [Aep/s/w] Beip MO ~ - = o o S
% ] 2w o v om A 22 v oo w778 S 3 o © 5 o .m
~ L 8
o =
o
o S © =
< z g + oz =
= = iy R 7 2
0 o o
> N < < %]
= @) + -+ z
| O i} I
o 1 AN N @._u
S| < ik . :
=1
S o 8
° 2 2 2 :
= g °8 °& 2
= 3
— )
= = = o .=
- N B N s
(=] W ' o ' >
= s g £z
a £
£ ) o =) = £ .2
g Ts Tk 3
e g =9
° = £ S @
a o 2 g e .
& E = s
< 2 < = |7 2 b= = M
—y Iy . 9 o o o o _ o _ o _ = —
mo 35 = 3 = © . NG ) NG £ m
nu mm (w)apniny (w)apniny (w)apniny (wx)apniaiy L3 w
3 52 <
Q\ i¢ ES ~
<< =] = A
28
= s N




AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2022JD037907

a) T(K)
)

Altitude(km)

- 60 - 40 -20

(c)
100,

80

60

Altitude(km)

407

UA-ICON (no-SSO)

70°-90°N

50°-70°N

b)  ums)
(1)00 e

zonal mean zonal wind [m/s]

e

=

Altitude(km)

+40 +60

50°-70°N

GW drag [m/s/day]

270
260 .
P 80
250 £
240 =
9]
QE)U
2308 2
=
220 0
©
©
210 &
200
+40 +60
50°-70°N (d) Total GW drag(m/s/day)
100 5
o 1
5
™ o 0
. . N 5 —
>~
d —10_3 [
aly W2y 60
i 25 g
e
1 3023
(A 354
i
o -40
e -45
e =0
+60
s0°-80°N (f)
100

o

stream lines of residual circulation (kgm~1s~%)
Altitude(km)

Heat flux (K m/s)

V'0'[Kms 1]

45°-65°N

160

fury
N
o

[e]
o

’ N=7

N
o

o

40%

- 40 -20 0 +20 +40

-
o N B

._.
PW Amplitude [K]

o N &M O ®

Figure 8. As Figure 5 but for the noSSO simulation. Note that the total GW drag presented in (d) equals to the drag by the non-orographic GWs as SSO drag is absent
in the no-SSO simulation and therefore the GWD and SSO drags are not separately shown.

+5 is about 20 km higher than in CTL for the no-GWD simulation (it is detected at approximately 85 km) and

drops to slightly above 60 km around day +15 (Figure 9a). The appearance of the elevated stratopause at a very

high altitude in the no-GWD simulation is due to the anomalously weak residual circulation around days +10

and +15 that creates an anomalously low temperature between 60 and 80 km (Figure 11a) which is the altitude
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Figure 9. As Figure 5 but for the noGWD simulation. Note that the total GW drag presented in (d) equals to the drag by the SSO GWs as non-orographic drag is
missing in no-GWD simulation and therefore the GWD and SSO drags are not separately shown.

range where the reformed stratopause is found in the CTL run. This is consistent with a weaker deposition of
both GW and PW drags (Figures 11c and 11d, respectively) at about the same altitude and period range, although
only the anomalies of GW drag are statistically significant. During the onset and after SSWs, the EP drag is
anomalously weaker between 70 and 80 km (Figures 8c and 9c). Around day +15, strong EP drag appears above
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Figure 10. Differences between ESEs under no-SSO and CTL (noSSO-CTL) simulations. The stippled and hatched areas indicate regions where the changes are
statistically significant at 90% and 95% levels according to the ¢ test, respectively.

80 km (Figure 9c), which induces an enhancement of the residual circulation that gives rise to the formation of
the elevated stratopause at about 85 km (Figure 9e). The appearance of the elevated stratopause in the no-GWD
simulation is unexpected, as the contribution of total GWs is negligible above 80 km in the no-GWD simulation
(Figure 7d) and it is the anomalous contributions from the resolved waves (e.g., EP flux drag) that give rise to the
elevated stratopause. In other words, in the absence of GWs, the resolved wave drag acts to reform the elevated
stratopause. While in the CTL simulation, an anomalous enhancement of the residual circulation (Figure 5g) is
found at about 70-90 km after SSWs (between days O and 20), such enhancement of the residual circulation is
absent in the no-GWD simulation. Instead, a noticeable enhancement of the residual circulation takes place above
90 km during the same period. Therefore, it can be concluded that not only GWD is crucial for the formation of
ESEs, but the contributions from the resolved waves are important, too.
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Figure 11. The same as Figure 8 but the differences are shown for the no-GWD and CTL (noGWD-CTL) simulations.

Without SSO drag, the reformed stratopause following ESEs appears approximately at 60 km (approximately
10 km lower than in the CTL simulation) around day +15. This is consistent with the anomalously weak residual
circulation (Figure 10e) both in the stratosphere and mesosphere from days +5 to days +15. The total GW drag
is stronger in the no-SSO simulation compared to CTL at approximately 60-100 km around days 0 and +20
(negative anomalies in Figure 10d), but the EP flux divergence is weaker in the no-SSO simulation compared to
the CTL simulation (positive anomalies in Figure 10c) and the net wave action gives rise to the enhanced residual
circulations in the CTL simulation at these altitudes, which helps to form the elevated stratopause at higher alti-
tudes in the CTL compared to the no-SSO simulation. This suggests that the SSO drag is particularly important
in the initial ES formation where the reformed ES typically forms at about 70 km in the CTL run, but excluding
SSO drag leads to a reformed stratopause that appears approximately at 60 km.

The vertical extension of the reversed zonal wind is limited to approximately 50 km in the no-SSO run (Figure 8b)
but in the no-GWD run, the decelerated zonal mean zonal wind is extended from about 40 to 100 km (Figure 9b).
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Furthermore, in both no-SSO and no-GWD runs, stronger EP flux drag (Figures 10c and 11c) was found before
the SSWs onset compared to the CTL run because the stronger winds before the events require stronger drags for
the reversal of the zonal mean zonal winds.

The eddy heat flux composites in the no-SSO run are much more variable in the no-SSO simulation compared
to the CTL and no-GWD simulations. The peak of the heat flux entering the stratosphere from the troposphere
just before the SSWs onset is almost doubled in the no-SSO run compared to the CTL and no-GWD simulations.

4. Summary, Discussion, and the Future Outlook

Using 17 years (2005-2021) of MLS observations, we first show the trends in the stratopause temperature and
height in different seasons and regions. In general, the stratopause temperature and height trends indicated nega-
tive (cooling temperatures and decreasing heights) trends in most regions and seasons, although there are a few
seasons or regions with positive trends. The largest negative trend in the stratopause temperature (by considering
all regions and all seasons) is found in the SH's polar region in SON. The seasonal average of cooling rates is
comparable in the mid-latitudes of NH and SH.

We also analyzed the monthly zonal-mean climatology of the stratopause temperature and height in the UA-ICON
model (CLIM simulation) and compared it with a climatology based on MLS observations. Our results indicate
that, in general, the UA-ICON model is able to realistically simulate the large-scale stratopause properties as
compared to MLS observations in both hemispheres. Major differences between UA-ICON and MLS observa-
tions include the following:

1. The largest discrepancy between the UA-ICON model and MLS observations of stratopause temperature
occurs during the cold months at high SH latitudes where the lowest stratopause temperatures in MLS are
found between 45° and 60°S rather than southern polar latitudes found in UA-ICON climatology. This is due
to the GW-driven descent and hence warming of the polar region that interrupts the cold winter stratopause
in the SH. However, the coldest stratopause temperature in UA-ICON is found at the south pole during April-
June and appears to be related to the weak GW-driven descent and hence warming in the mesosphere. In the
study of France and Harvey (2013) the WACCM model has the largest bias in the stratopause properties in the
Antarctic region similar to UA-ICON.

2. Although the tropical semiannual oscillation of the stratopause height and temperature are simulated in
the UA-ICON, however, its timing differs from the MLS observations which is particularly noticeable in
the stratopause height. While the maximum tropical stratopause heights are found during March-June and
November-December in the UA-ICON simulation, in the MLS observation the maximum stratopause heights
are found in January-February and July-August.

Next, we summarize the main results obtained from the sensitivity tests. Note that we mainly describe the
response of the stratopause temperature to missing GWs because, in general, the stratopause temperature and
height responses are synchronized. The higher stratopause is synchronized with the colder stratopause and vice
versa.

1. As expected, the exclusion of SSO drag has negligible impact on the stratopause temperature in the low lati-
tudes, however, the missing GWD induces statistically significant cooling in the tropical latitudes throughout
the year. Due to the differences in the GW filtering by the zonal wind, the high-latitude responses of the
stratopause temperatures to absence of SSO and GWD are different in sign (during cold months in both
hemispheres, a positive/negative temperature anomaly are found for the no-SSO and no-GWD simulations,
respectively).

Next, we summarize and discuss the main results of the ESEs analysis:

2. The frequency of SSWs is 5.7 events per decade in the CTL simulation and reduces to 1.7 and 4 events per
decade in the no-SSO and no-GWD simulations, respectively. In the CTL simulation, the ESEs are detected
on average 11 days after major SSWs. The ESEs occur in 20% of the boreal winters in the CTL simulation and
reduce to 13% in both no-SSO and no-GWD simulations. Compared to previous studies (2.4 events per decade
in EMCA (Scheffler et al., 2022), 2.8-3.6 events per decade in WACCM (Chandran, Collins, et al., 2013) and
3.5 events per decade in the MLS observations), our finding of 2 events per decade is lower but close to the
frequencies of ESEs reported in these previous studies.
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3. In both ES and SSW-only events, during and shortly after SSWs, the stratopause heights drop which is due
to enhanced downward and equatorward residual circulation in the stratosphere. Consistent with the previous
studies mentioned above, the reformed stratopause jumps to mesospheric altitudes only in the ESEs but in
the SSW-only events, the reformed stratopause only weakly shifts upward compared to the periods before the
SSWs occurrence. In general, the upper stratosphere and mesosphere are colder under ESEs shortly before
and after ESEs compared to SSW-only events, and seems that the negative (cooling) temperature anomalies
appear first at mesospheric altitudes around day —25 and then propagate downward and reach about 40 km
around day +20.

4. The wind reversal is stronger and long-lasting in the ESEs compared to SSW-only events. This is in agreement
with the study of Chandran, Collins, et al. (2013) where they show that under ESEs stratospheric jet remains
reversed longer than in those winters where an SSW occurs without an ES. In addition, the easterlies extend
to the mesosphere in the composites of ESEs, but the reversed winds are limited to below 60 km in the case
of SSW-only events.

5. Compared to the SSW-only events, the ESEs are triggered by more persistent heat flux injections from the
troposphere which is also consistent with the long-lasting and stronger wind reversal in the stratosphere in the
case of ESEs. This is in agreement with the results reported by Scheffler et al. (2022).

In the end, we summarize the major results of the elevated stratopause events in the UA-ICON under sensitivity
simulations:

6. If the existence of the ESEs were only due to the anomalous residual circulation formed by the anomalies of
the non-orographic GWs after SSWs, then one would expect the absence of ESEs under the no-GWD sensi-
tivity test. However, this is not the case. The ESEs form even in the no-GWD sensitivity simulation, although
they develop on average about 20 km higher compared to the CTL run. In this case, the anomalous residual
circulation (Figure 9e) is due to the anomalously enhanced resolved wave forcing in the mesosphere that gives
rise to the formation of the elevated stratopause at about 85 km. Although previous studies (Chandran, Garcia,
et al., 2013; Limpasuvan et al., 2016; Okui et al., 2021) have shown that the EP flux divergence anomalies
are important in the ES formation, our results show that even in the complete absence of GWD, the EP flux
gives rise to the ES formation.

7. With the exclusion of SSO drag, the reformed stratopause is about 10 km lower than the reformed stratopause
in the CTL simulation. This shows that the SSO drag is important particularly during the initial phase of ES
formation.

The future outlook includes examining the individual contributions of traveling and stationary Rossby waves
as well as resolved and parameterized gravity waves during ESEs. In addition, given the large variability in ES
onset relative to SSW onset, the future research should consider a representative case study for both ES events
and SSW-only events.

Data Availability Statement

The ICON model code is distributed under a license issued by the Deutscher Wetterdienst (DWD) or Max Planck
Institute for Meteorology (MPI-M). More information can be found at https://code.mpimet.mpg.de/projects/icon-
public. The data used for the CTL (Karami & Jacobi, 2023a), noSSO (Karami & Jacobi, 2023c), and noGWD
(Karami & Jacobi, 2023b) simulations are publicly available for download.
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