Dear Editor, Dear Reviewers,

We thank you for the constructive review process. Considering your comments, we
performed a moderate revision. The four main changes are:

1) Intercomparisons in Figures 3-5 are now all on the 8.3 hPa-level. Particularly the
meridional ozone gradient in Figure 3 is now in a better agreement for SD-WACCM and
Aura/MLS.

2) We re-arranged the Figures 4 and 5 so that the intercomparison of water vapour
from SD-WACCM and Aura/MLS becomes easier in Figure 5.

3) We extended the discussion and we added a discussion section. The new reference
Polvani and Saravanan (2000) helps us to understand the shape of the polar vortex
when planetary wave breaking occurs.

4) We added sentences about the spatio-temporal resolution of Aura/MLS maps. We
tried to reduce the temporal interval of the Aura/MLS map by taking only daytime data
around noon but there was no positive effect. Thus we take 24 hour-intervals of
Aura/MLS data centered at 12:00 UTC of the selected day.

Point-to-point response to Reviewer 1:

1) Temporal sampling of MLS and SD-WACCM data From the description of the
model and MLS data | don’t understand what data for a certain date (as shown in Fig.
3) actually means?

MLS is on a sun synchronous orbit but can measure both night and day, so within
one day there are usually measurements with small spatial difference but with 12h
temporal difference. Do you take both night and day measurements into account?
Considering the movement of the streamer shown in Fig. 3 | could imagine, that this
can contribute to the less clear appearance of the streamer in the MLS data? Maybe
it is better to use only one of them?

What is one day for the SD-WACCM data? Usually models run on smaller time steps

(but probably do not save the data at each model time steps) — is one date as shown
in Fig. 3 one certain time (e.g. 00:00 or 12:00 UTC)? Or an average over all/certain
times of one day? For some models, there exist data which are actually sampled to
correspond to the measurement times of satellites, see e.g. Joeckel et al., 2010. If
such a data set exists for SD-WACCM and MLS this would be ideal to identify to what
extend the differences are caused by the sampling.

Data for a certain date are coming from a 24 hour interval centered at 12:00 UTC of the
selected day. Yes, it is day and nighttime data. Because of your comment we produced
an ozone map from a 12 hour interval centered at 12:00 UTC but the result was almost
the same since there is no strong diurnal ozone variation at 8.3 hPa. The time resolution
of the SD-WACCM output data is 2 hours. We added this important information now.
Actually, one could run the model with a higher temporal resolution too.



2) Spatial sampling of the MLS data

On page 4 line 26, page 5 line 14/15 and page 6 line 3 and you underline the issue
with the horizontal resolution (about 200km) of the limb sounding data from MLS.
This can cause problems to resolve structures but | would assume that the horizontal
sampling (about 165km if all profiles are valid) has a similar effect? As mentioned on
page 4 line 26 also the temporal resolution (see (1)) can play a role?

In the revised manuscript we inform that the "poor" resolution in longitude of
Aura/MLS (ca. 24 deg) is possibly a limiting factor. Nevertheless there are other days in
the Aura data center which show a connection between vortex erosion region and
outgoing water vapour filament. Actually, Aura/MLS is the limb sounder with the most
dense sampling of the atmosphere.

3) Selection of a height or pressure level for comparison

For one location one can chose the “nearest neighbor ” pressure level to one altitude
as described on page 5 line 8, but for a larger region this can cause differences. In
Fig. 3 there is a higher zonal O3 gradient in the MLS data, maybe this is caused by
using pressure instead of height in km? | think it would be better for Fig. 3 and 5/6 to
use the same vertical coordinate. (For MLS there is a geopotential height field which
could be used to calculated geometric height and for model data pressure should be
available as well?)

Yes, we agree. Now we transfered all the maps of Figures 3-5 to the pressure level 8.3
hPa. The agreement of SD WACCM and Aura/MLS is improved in the global maps of
Figure 3 as you assumed.

Minor points

Section 2.2

Filtering of the MLS data: together with the MLS Level 2 data sets usually a manual is
distributed, how valid data should be selected. Since the authors write they use “all
valid ozone profiles” | assume that these criteria were applied? For ozone and for
water vapour (as far as | remember the data there could be different profiles valid for
water vapour than for ozone)? | think it would be good if these criteria are explained
or at least that the data quality document (Livesey et al., 2016) is cited.

Now, we cite the technical report of Livesey et al. (2016). Our read program
considers the changing validity-thresholds of different species.

| think there is to much redundant information in Figure 4 and 5b. Therefore | would
suggest to combine 5b and 4 into one to make it clear that 4 is a zoom into 5b. At the
same time | think it would be better to combine Figure 5a and 6 into one to make it
easier for the reader to compare them.

Okay, we changed and combined the figures acccording to your idea.



Point-to-point response to Reviewer 2:

The discussion should be extended: (1) One topic | could imagine is the represan-
tativity of the observed streamer. How typical is it in relation to the climatologies of
streamers (Martius et al., 2007) and Rossby wave breaking (Zulicke & Peters, 2008)?

We added a discussion section where we use the Ziilicke & Peters (2008) in order to
emphasize the connection between planetary wave breaking and the generation of
inertia-gravity waves. The study by Martius et al. (2007) is not so useful for our purpose
since it is about planetary wave breaking at the tropopause. Planetary wave breaking in
the UTLS region is quite different to planetary wave breaking in the middle and upper
stratosphere. Here, we found that the study by Polvani and Saravanan (2000) is valuable
to understand the "comma-shape" of the polar vortex during planetary wave breaking.
The represantativity of the observed streamer was investigated in Kriiger et al. (2005).
The Atlantic streamer is quite typical since the middle stratospheric polar vortex is often
shifted by a zonal wavenumber-1 forcing to the European longitude sector.

(2) Another topic is the proper resolution of three-dimensional structures in the data.
You give some reason for the different appearance of filaments in SD-WACCM vs
Aura-MLS (gravity waves, resolution). You also mention the double-peaked anomaly
in SD- WACCM and Aura-MLS vs GROMOS but do not further discuss these
differences (10 % at about 40 km).

In the text, we explain that the vertical resolution of GROMOS is not good enough to
resolve the double peak, instead of the double peak GROMOS measures a single
peak located between the double peaks of Aura/MLS and SD-WACCM. Vertical
smoothing of the double peak-profiles would result into a smooth single peak profile.
Thus there is no contradiction between GROMOS and Aura/MLS or SD-WACCM. In
the revised manuscript we added more information on the horizontal resolution of
Aura/MLS.

(3) Another point worth a discussion is how close the SD-WACCM ozone
concentrations are to the observations. Is it perhaps related to the dynamically
produced tracer patterns? | suggest to state the problem of proper sampling of
stream- ers and filaments in the introduction and to discuss them in the last section.
For examle you give three times the same reasons for differences in structures from
SD-WACCM and Aura-MLS (page 4 line 24, page 5 line 12 and 32) which should be
placed in discussion section.

Now we explain that the longitude resolution is about 24 deg. This is the spacing
between two subsequent orbits of Aura/MLS. On the other hand, the latitude
resolution is better (1.5 degrees). The integration time of the Aura maps is 24 hours.
We tried a shorter integration time of 12 hours (only daytime data) for the water
vapour map but the result was not better. In summary it remains open if Aura/MLS
should have seen the vortex erosion region in conjunction with the water vapour
filament. We guess it is most likely due to both: small-scale variability not resolved by



the model and a coarse longitude resolution of Aura/MLS. However, there are other
days where Aura/MLS observes the comma-shape of the disturbed polar vortex
together with an outgoing water vapour filament - but then the Atlantic ozone
streamer is not above Switzerland.

In was also expecting some concluding words on the result of the SD-WACCM
valida- tion. My impression after reading was that both the vertical and horizontal
resolution is as good as the satellite observations, and also the ozone concentrations
are realistic.

We agree that SD-WACCM makes a very good job to simulate the ozone maps
which are observed by Aura/MLS and to simulate the ozone time series which are
observed by SOMORA and GROMOS. The agreement in Figure 3 is improved now
since we have put all the maps to the 8.3 hPa level (and not some maps to z=34 km).
We add a concluding remark on the result of the SD-WACCM validation.

Minor comments: ...

Thank you for the minor comments which helped us to improve the style of the
article!
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Abstract. Observation and simulation of individual ozone streamers are important for the description and understanding of
nonlinear transport processes in the middle atmosphere. A sudden increase in mid-stratospheric ozone occurred above Cen-
tral Europe on December 4, 2015. The GROunbased Millimeter-wave Ozone Spectrometer (GROMOS) and the Stratospheric
Ozone MOnitoring RAdiometer (SOMORA) in Switzerland measured an ozone enhancement of about 30% at 34 km altitude
from December 1 to December 4. A similar ozone increase is simulated by the Specified Dynamics-Whole Atmosphere Com-
munity Climate (SD-WACCM) model. Further, the global ozone fields at 34 km altitude from SD-WACCM and the satellite
experiment Aura/MLS show a remarkable agreement for the location and the timing of an ozone streamer (large-scale tongue
like structure) extending from the subtropics in Northern America over the Atlantic to Central Europe. This agreement indicates
that SD-WACCM can inform us about the wind inside the Atlantic ozone streamer. SD-WACCM shows an eastward wind of
about 100 m/s inside the Atlantic streamer in the mid-stratosphere. SD-WACCM shows that the Atlantic streamer flows along
the edge region of the polar vortex. The Atlantic streamer turns southward at an erosion region of the polar vortex located
above the Caspian Sea. The spatial distribution of stratospheric water vapour indicates a filament outgoing from this erosion
region. The Atlantic streamer, the polar vortex erosion region and the water vapour filament belong to the process of planetary

wave breaking in the so-called surf zone of the Northern mid-latitude winter stratosphere.

1 Introduction

Rossby wave breaking contributes to the mean meridional circulation and to the horizontal mixing of tropical, subtropical
and extratropical air masses in the middle atmosphere (Waugh, 1996; Randel et al., 1993; Leovy et al., 1985). Rossby wave
breaking occurs in the mid- and upper stratosphere during the winter season. Particularly the mid-latitudes are regarded as
the surf zone of the stratosphere where the material erosion of the polar vortex takes place (McIntyre and Palmer, 1984). The
material erosion of the vortex leads to water vapour filaments at mid-latitudes since the vortex air is rich in water vapour which
has a long life-time in the stratosphere. Miiller et al. (2003) utilized simulation and observation data of stratospheric water

vapour as a tracer for vortex filamentation in the Arctic winter.
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Strong planetary waves shift the stratospheric polar vortex equatorwards, and subtropical air is drawn in tongue-like struc-
tures (streamers) from the subtropics to the extratropics. Offermann et al. (1999) observed the formation of the so-called
Atlantic streamer in the trace gases NoO and HNOj. Kriiger et al. (2005) derived climatological features of stratospheric
streamers by means of the FUB-CMAM model with increased horizontal resolution (2.8° x 2.8°). They found that tropical-
subtropical streamers mainly occur over the Atlantic and the East Asia/West Pacific region during Arctic winter. They em-
phasized that stratospheric streamers have nothing to do with ozone laminae (small-scale structures in vertical space) in the
lower stratosphere. Khosrawi et al. (2005) reproduced the streamer distribution observed by the CRISTA experiment onboard
Space Shuttle (Offermann et al., 1999) with the Chemical Lagrangian Model of the Stratosphere (CLaMS) and the Karlsruhe
Simulation Model of the Middle Atmosphere (KASIMA). These model-observation intercomparisons indicate that planetary
wave breaking and its-induced stratospheric streamers are an excellent test for nonlinear wave-mean flow interactions in middle
atmospheric chemistry-climate models.

In the following, we investigate whether the Specified Dynamics Whole Atmosphere Community Climate Model (SD-
WACCM) can simulate an individual Atlantic streamer event which was observed by the GROunbased Millimeter-wave Ozone
Spectrometer (GROMOS) at Bern and the satellite experiment Aura Microwave Limb Sounder (Aura/MLS). Further, we look

in detail on the role of the Atlantic streamer in the process of planetary wave breaking and polar vortex erosion.

2 Data sets
2.1 The microwave radiometers GROMOS and SOMORA

The study is partly based on stratospheric ozone profiles observed by the GROund-based Millimeter-wave Ozone Spectrom-
eter GROMOS and the Stratospheric Ozone MOnitoring RAdiometer SOMORA. The instruments are ground-based ozone
microwave radiometers which are part of the Network for the Detection of Atmospheric Composition Change (NDACC). They
continuously observe the middle atmosphere above Bern, Switzerland (46.95°N, 7.44°E, 577 m above sea level) and above
Payerne, Switzerland (46.82°N, 6.95°E, 471 m above sea level). While the routine observations of GROMOS started in 1994,
SOMORA measures since the year 2000. Both radiometers measure the thermal microwave emission of a rotational transition
of ozone at 142.175 GHz. In our study, we use ozone profiles with an integration time of 2 hours for GROMOS and 1 hour
for SOMORA. The hourly ozone profiles of SOMORA are averaged with a 3 hour-running mean in order to get close to the
2-hourly data of GROMOS and SD-WACCM. The valid altitude range of the ozone profiles is from 25 to 70 km with a vertical
resolution of about 12 km in the stratosphere. The measurement response between 50 and 0.5 hPa (20 to 52 km) is higher
than 0.8 (corresponding with-an-a-priori-contribution-to a priori contributions less than 20%). Therefore, the retrieved ozone
values at these altitudes are primarily based on the measured line spectrum. For technical details, measurement principle and
retrieval procedure of the instruments, see for example Moreira et al. (2015), Peter (1997), Hocke et al. (2007), Maillard Barras
et al. (2009, 2015) and references included therein. An intercomparison study of Hocke et al. (2007) indicated that the relative
differences between SOMORA and Aura/MLS are less than 10%. Similar values of uncertainty are obtained for GROMOS.
The SOMORA instrument is quite similar to GROMOS and was also upgraded with a FFT spectrometer in 2009. The vertical
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ozone profiles from GROMOS and SOMORA have been validated by means of nearby ozone sondes, ground stations and
collocated satellite measurements, the data sets have been used for studies of ozone-climate interaction, middle atmospheric
dynamics as well as for long-term monitoring of the stratospheric ozone layer and for detection of trends (Moreira et al., 2015;
Studer et al., 2014, 2012; Keckhut et al., 2010; Flury et al., 2009; Steinbrecht et al., 2009; Hocke et al., 2007; Dumitru et al.,
2006).

2.2 The Aura Microwave Limb Sounder

The Microwave Limb Sounder is an instrument onboard the NASA Aura satellite which was launched in July 2004. The level2
data of Aura/MLS consist of atmospheric vertical profiles with a spacing of 165 km (1.5° along the satellite orbit which is
sun-synchronous with an inclination of 98° and a period of 98.8 min (Waters et al., 2006; Schwartz et al., 2008). This relatively
dense, horizontal sampling should be sufficient for observation of ozone streamers. The vertical resolution of the ozone profiles
of Aura/MLS ranges from 3 km in the stratosphere to 6 km in the mesosphere (Schwartz et al., 2008). The present study
utilizes Aura/MLS data of the version 4.2. The global ozone maps of Aura/MLS were computed by interpolating the valid

ozone profiles of one day to a horizontal grid (2° x 2°) using a Delaunay triangulation (Matlab function TriScatteredInterp.m).

The validity of the ozone or water vapour values from Aura/MLS is limited by uncertainty thresholds which are described in
the data quality document for each species (Livesey et al., 2016).

2.3 The SD-WACCM model

The Specified Dynamics-Whole Atmosphere Community Climate Model (SD-WACCM) was described and evaluated in detail
by Brakebusch et al. (2013). Here, we use the Community Earth Systen Model (CESM) version 1.2.2 WACCM component
set which is a coupled chemistry climate model of the National Center for Atmospheric Research (NCAR). The WACCM
chemistry module is taken from the Model for OZone And Related chemical Tracers (MOZART) (Brasseur et al., 1998) but
is extended to include 122 species (Lamarque et al., 2012). SD-WACCM is a modified version of WACCM in which the
meteorology is constrained to match observations to within a user-defined tolerance (Lamarque et al., 2012; Kunz et al., 2011;
Brakebusch et al., 2013). SD-WACCM is nudged with winds, temperature, surface pressure, surface wind stress and heat fluxes
from the Goddard Earth Observing System 5 (GEOSS) analysis (Rienecker et al., 2008). The nudging coefficient is in our study
0.1, i.e., the winds, temperature and surface pressure are defined by a linear combination of 10% from GEOSS5 and 90% from
the model. Nudging is applied every 30 min. The model run was initialised on July 1, 2015 by means of a former WACCM
run and GEOSS data. The model output files are written every two hours, the horizontal resolution is 1.9° x 2.5° (latitude x
longitude), and the vertical resolution is about 1km in the stratosphere. The altitude range of SD-WACCM is from the surface
to 140 km whereby nudging is only applied below 50 km. In the present study, we work with SD-WACCM output data which
have a time resolution of 2 hours. SD-WACCM can resolve planetary waves while short-term gravity waves are parameterized

(Brasseur et al., 1998).
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3 Results

The initial point of the present study was the occurrence of an ozone peak in mid-stratospheric ozone at Bern on December
4, 2015. Figure la) shows the time series of ozone at 34 km altitude above Bern as observed by the GROMOS microwave
radiometer at Bern and the SOMORA microwave radiometer at Payerne. Ozone suddenly increases by about 30% from De-
cember 1 to December 4. The time series of ozone from SD-WACCM is shewn-included in Figure 1ba). Generally the ozone
time series in-Figure+b)-of SD-WACCM is smoother than in-Figure-tajthose of GROMOS and SOMORA. SD-WACCM alse
seesreproduces the increase in ozone around December 4, 2015. The maximum in zonal wind of SD-WACCM (Figure le)+is
alse-b) is at the time of the ozone peak observed by GROMOS (Figure 1a). In summary, ozone-rich air passed with a velocity
of about 90 m/s at 34 km altitude above Bern.

The next step is to derive the vertical ozone profiles of GROMOS, SD-WACCM, and Aura/MLS above or close to Bern
which are shown on the left-hand-side of Figure 2 for December 1, 2015 (dashed lines) and December 4, 2015 (solid lines).
Ozone reaches a maximum of 9 ppm at 37 km altitude in case of GROMOS and a maximum of about 8 ppm at the same
altitude in case of SD-WACCM and Aura/MLS. The ozone increase takes place in the mid-stratosphere between 30 and 45
km. This layer thickness of 15 km is given by the full width at half maximum of the ozone peaks of the difference profiles of
SD-WACCM, Aura/MLS and GROMOS at the right-hand-side of Figure 2. The double peak-structure in the difference profile
of SD-WACCM is confirmed by the Aura/MLS observation. The vertical resolution of GROMOS (12 km) is not sufficient
for resolving such a double peak. The profiles of Aura/MLS and SD-WACCM are not folded with the averaging kernels of
GROMOS since we do not like to degrade the vertical resolution of the ozone profiles of Aura/MLS and SD-WACCM.

The formation and the decay of the Atlantic streamer is shown in Figure 3a), b) and c¢) which show the global ozone field
at 8.3 hPa (ca. 34 km altitude) as simulated by SD-WACCM for December 1, 2015, December 4, 2015 and December 8,
2015, respectively. We selected the polar stereographic projection in order to be in the same situation as an observer in space
who looks to the Earth. The Atlantic streamer starts with a tongue-like structure reaching from Mexico over the Atlantic to
Morocco. Later on December, 4 2015 a narrow ozone streamer has been formed reaching from Mexico to Central Europe.
The ozone streamer is moved southward and fades away in Figure 3c). The SD-WACCM simulation of the formation and
the decay of the Atlantic streamer is confirmed by the Aura/MLS observations in Figure 3d), e) and f). Please note that the
ozone field of Aura/MLS was not used for nudging of the SD-WACCM model run. The structures of the Atlantic streamer
in the pure Aura/MLS ozone fields are quite similar as in the SD-WACCM ozone fields. This is a niee-confirmation for the
nonlinear wave-mean flow interactions in the stratosphere as simulated by SD-WACCM. Generally, the streamer is clearer in
the SD-WACCM simulation than in the Aura/MLS observations. There are at least two reasons which may explain this result.
The SD-WACCM model simulation does not resolve all inertia-gravity waves which may disturb the formation and duration of
streamers and filaments. Secondly, the limited horizontal and temporal resolution of the Aura/MLS observations may render a

clear detection of streamers and filaments.

Figure 4a) shows the ozone distribution at 8.3 hPa during a Rossby wave breaking process which can be recognized by the
"comma"-shaped polar vortex with an outflow of ozone-poor air from the polar region to North Africa. Figure 4b) zooms into
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the Atlantic streamer over Europe on December 4, 2015. The colour shading gives the ozone value and the arrows depict the
horizontal wind vector. The largest arrows correspond to wind speeds of about 100 m/s. The figure clearly shows that a narrow
stream of ozone-rich air eomes-extends over the Atlantic to France, and it turns southward over East Europe.

Figure 5a) utilizes water vapour as a tracer of polar vortex air and shows the spatial distribution of stratospheric water vapour
at 34-km-altitade-8.3 hPa on December 4, 2015. Small arrows are indicating the horizontal wind. An erosion region of polar,
water vapourrich-vapour-rich air appears above the Caspian Sea ending in a long filament of water vapour pointing in south-
west direction. This finding is in a qualitative agreement with the vortex filamentation studies of Miiller et al. (2003) and Koh
and Legras (2002) -

—and the Rossb

wave breaking study of Polvani and Saravanan (2000). Comparison with Figure 5a) shows that the Atlantic ozone streamer is
located in the edge region of the polar vortex. In addition the ozone streamer in Figure 4a) turns southward before reaching

B

the vortex erosion region above the Caspian Sea. The-ozone-streamer;-the-erosionregion-and-the-water- vapourfilament-can

Figure-SFigures 4a) and Fig. 5a) are appropriate to visualize the surf zone of the mid-latitude stratosphere in winter (McIntyre

and Palmer, 1984). Figure-SFigures 4a) and b5a) also show the anti-correlation of the spatial distributions of ozone and water
vapour in the mid-stratosphere since stratospheric polar air is rich in water vapour and poor in ozone.

Finally, we like to compare the water vapour distribution of SD-WACCM (Figure 5a)) with the pure-observations of the
satellite experiment Aura/MLS on December 4, 2015. Figure 22-5b) shows the result of Aura/MLS at 8.3 hPa which is close
to 34 km altitude. The water vapour distributions of Aura/MLS and SD-WACCM are in a good agreement. The vortex erosion
region over the Caspian Sea is unclear in case of Aura/MLS. The water vapour filaments-filament over North Africa and-Seuth

Pakistan-inFigure-22-indicate-in Figure 5b) indicates that there was a transport of water vapour rich air from the polar vortex
to the subtropics. The-filaments-and-the-vortex-erosion-

4 Discussion

Rossby waves propagate from the troposphere into the stratosphere during winter. They propagate along the polar yortex edge
where the horizontal gradient of potential vorticity (PV) is maximal. The Rossby wave amplitude increases with height, and
the Rossby wave can break in the mid-stratosphere. According to three-dimensional simulations of the Rossby wave breaking
process by Polvani and Saravanan (2000) the process has a duration of 10-20 days. With zonal wavenumber-1 forcing, wave
breaking usually initiates a deep helical tongue of PV that is extruded from the polar vortex (Polvani and Saravanan, 2000).
Our SD-WACCM simulation of the water vapour distribution in Figure 5a) confirms the generation of a deep helical tongue
of PV since water vapour is known as a good tracer of PV in the stratosphere. Figure ja) clearly shows the "comma’-shaped
vortex erosion region which ends into a narrow, water vapour filament over North Africa. This filament is also present in the
obseryations by Aura/MLS (Figure 5b). However in the Aura/MLS observations the water vapour filament over North Africa is
not connected to the polar vortex, It remains open if this is a substantial difference between the simulation and the observation
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since the spatio-temporal sampling of Aura/MLS is limited, - particularly the sampling in longitude which is about 247 while
the sampling in latitude is about 1.57; Thus, the vortex erosion region is a bit undersampled by Aura/MLS so that the vortex
erosion and the filaments are clearer in the SD-WACCM simulation than in the Aura/MLS observations. Figure 5b) does not
change much if we reduce the time interval of the collected water vapour profiles from 24 hours to 12 hours centered at 12:00
UTC, The limited temporal sampling of the Aura/MLS maps seems to be not critical.

On the other hand, it should be kept in mind that SD-WACCM is not fully realistic, For example, the correct inclusion
of gravity waves in the simulation is a challenge. A link between poleward-breaking Rossby waves in the upper troposphere
and the generation of stratospheric inertia-gravity waves was shown by Ziilicke and Peters (2008). Such links of waves across

the scales could be a reason for a substantial deviation between model and observation in the vortex erosion region. We
suggest that in reality, inertia-gravity waves which are not resolved or imperfectly parameterized in the model simulation may

disturb the formation and duration of streamers, filaments and vortex erosion regions. Anetherreason-is-the-limited-herizontal

~Because of the importance
of the Rossby wave breaking process for the circulation, dynamics and composition of the middle atmosphere, we think
that further intercomparisons between the models and remote sensing observations are needed. Particularly, the occurrence
of streamers, filaments and vortex erosion regions should be intercompared in further observational and simulation studies.
the statistical simulation study of Kriiger et al. (2005) showed. Satellite
and ground-based observations indicate that the polar vortex edge is often shifted by a zonal wavenumber:1 forcing towards
the European longitude sector in wintertime. Thus, our selected case study is possibly representative for a major part of the
Rossby waye breaking processes in the mid-stratosphere.

Atlantic streamers regularly occur in simulations as

5 Conclusions

An Atlantic streamer was detected in stratospheric ozone observations of the space-based microwave radiometer Aura/MLS
and the ground-based microwave radiometers GROMOS and SOMORA in Switzerland. These observations were compared
to SD-WACCM simulation data. Generally, the simulations of SD-WACCM are realistic and agree with the observed ozone
maps and ozone time series. The timing of the streamer event on December 4, 2015 and the global structure of the Atlantic
streamer agree well for Aura/MLS, SD-WACCMand-GROMOS-, GROMOS and SOMORA. One can nicely-see the extension
of the tongue-like structure which transports subtropical ozone-rich air from Mexico to Central Europe. The Atlantic streamer
is strongest at altitudes between 30 and 45 km. Eastward wind speeds of about 100 m/s are reached inside the narrow streamer.

The SD-WACCM simulation of the spatial distributions of horizontal wind, water vapour and ozone in Figare-Figures 4 and
5 show details of planetary wave breaking in the surf zone at 34-km-altitude-8.3 hPa at northern mid-latitudes on December 4,
2015. The Atlantic ozone streamer flows eastward in the edge region of the polar vortex. The ozone streamer turns southward
before reaching the Caspian Sea where a vortex erosion region is located. The vortex erosion region shows an increase of water
vapour rich polar air. A water vapour filament flows from this region in southwest direction. Generally, the spatial distributions

of water vapour and ozone are anti-correlated so that the ozone streamer contains water vapour poor air and the water vapour
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filament contains ozone poor air. The SD-WACCM simulation shows that the Atlantic streamer is a part of the planetary wave
breaking process in the surf zone of the mid-latitude stratosphere in winter. This result is in agreement with Waugh (1996) who
reported that transport out of the tropics occurs in Rossby wave breaking events in which filaments-streamers of tropical air are
drawn into middle latitudes in the winter season. The streamers and filaments are clearer in the SD-WACCM simulation than
in the Aura/MLS observations. We suggest that in reality, inertia-gravity waves which are not resolved in the model simulation
may disturb the formation and duration of streamers and filaments. Another reason is the limited herizental-longitude resolution
of the Aura/MLS limb sounding observations which-is-about200-km-at-the-tangent-peintsince two subsequent orbits of Aura
are spaced by about 247 in longitude.

6 Code availability

Routines for data analysis and visualization are available upon request by Klemens Hocke.

7 Data availability

The ground-based ozone measurements of SOMORA and GROMOS are available in the data centre of the Network for the
Detection of Atmospheric Composition Change (http://www.ndacc.org). The Aura/MLS level2 data are available at the Aura
Validation Data Center (http://avdc.gsfc.nasa.gov/). The SD-WACCM simulation data of winter 2015/2016 is available by the

author Franziska Schranz.
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Figure 1. Time series of ozone volume mixing ratio and zonal wind at 34 km altitude above Bern, Switzerland from October to December
2015. The vertical red line is at 2015-12-04 12:00 UT when the ozone streamer reached Bern. a) Time series of ozone observed by GROMOS
(Bern) and SOMORA (Payerne) versus the simulated SD-WACCM ozone series at the grid point nearest to Bern. b) Time series of eastward
wind simulated by SD-WACCM at 34 km altitude.
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Figure 2. Left-hand-side: Vertical ozone profiles at Bern (or close to Bern) before the streamer arrival on 2015-12-01 12:00 UT (dashed line)
and at the streamer arrival on 2015-12-04 12:00 UT. The GROMOS observations are indicated by the blue lines, the SD-WACCM results are
given by the red lines, and Aura/MLS is shown by the green lines. Right-hand-side: Difference of the ozone profiles from 2015-12-04 and
2015-12-01. The relative uncertainties of GROMOS, SOMORA and Aura/MLS are about 10%.
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Figure 3. a) Begin of an ozone streamer extending from Mexico over the Atlantic to Morocco on 2015-12-01 at 8.3 hPa ( ca. 34 km altitude)
and simulated by SD-WACCM. b) The ozone streamer narrows and extends to Central Europe on 2015-12-04. ¢) The ozone streamer is
shifted southward and fades away on 2015-12-08. The viewgraphs d), e) and f) are based on all valid ozone profiles of Aura/MLS measured
during the days 2015-12-01, 2015-12-04 and 2015-12-08.
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6 SD-WACCM, 2015-12-04, p=8.3 hPa

Figure 4. a) Ozone distribution at 8.3 hPa (ca. 34 km altitude) on December 4, 2015 based on the SD-WACCM simulation. The figure

indicates the effects of a breaking Rossby wave in the polar wintertime stratosphere. b) Zoom into a): The Atlantic ozone streamer reaches

Central Europe and turns southward over East Europe. The largest arrows correspond to wind speeds of about 100 m/s within the Atlantic

streamer at an altitude of 34 km.
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B, SD-WACCM, 2015-12-04, z=8.3 hPa

Figure 5. Tracer-distributions-of-water-Water vapour {a))-and-ozone-(b))-in-34-km-altitude-distribution at 8.3 hPa on December 4, 2045-2015
simulated by SD-WACCM. Water vapour is a tracer of polar vortex air. It indicates an erosion region of the polar vortex located above Caspian

Seain-a). FurtherA "comma'-shaped, ton-helical tongue of the-vortexwater

vapour-rich air reaches to North Africa. The ezeﬂemdlsmbutlon i-b)-is anti-correlated to the water-vapour-ozone distribution in
Fig4a). mmm%&mwwmmm
above Northern Africa agree with the Atlantiestreamer-which-can-berega as-the-oute th v e
proeessSD-WACCM simulation result in a).




