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T. Flury,l K. Hocke,'? A. Haefele,' N. Kéimpfer,l’2 and R. Lehmann®
Received 19 February 2009; revised 7 July 2009; accepted 17 July 2009; published 23 September 2009.

[1] The ground-based microwave radiometers GROMOS and MIAWARA at Bern
(Switzerland) continuously measure ozone and water vapor profiles from 20 to 70 km
altitude. A major sudden stratospheric warming occurred around 19 February 2008
with minimal temperatures of 189 K at 40 hPa and maximal temperatures of 300 K at
4 hPa. During the stratospheric warming the Swiss ground-based radiometers observed a

depletion of ozone and an enhancement of water vapor while NASA’s CALIPSO
satellite instrument measured a large PSC area over Europe. Ozone depletion in the
lower stratosphere is explained by transport of ozone poor air from the cold polar
vortex. The depletion of upper stratospheric ozone is caused by a sudden temperature
increase of about 50 K. A simulation of a chemical box model confirms that a
major fraction of the observed decrease of the ozone mixing ratio at 4 hPa can be
explained by the effect of the increasing temperature on the ozone chemistry. The
chemical ozone destruction is dominated by a catalytic NO, cycle, which is more
efficient at higher temperatures. The water vapor enhancement can be explained by
transport processes. The rather unusual occurrence of a PSC and a sudden stratospheric
warming at midlatitudes suggest that further monitoring of the Earth’s middle
atmosphere is required for the timely detection of unexpected problems due to ozone

loss and climate change.

Citation: Flury, T., K. Hocke, A. Haefele, N. Kdmpfer, and R. Lehmann (2009), Ozone depletion, water vapor increase, and PSC
generation at midlatitudes by the 2008 major stratospheric warming, J. Geophys. Res., 114, D18302, doi:10.1029/2009JD011940.

1. Introduction

[2] A frequent boreal wintertime phenomenon is the
sudden stratospheric warming (SSW) which is characterized
by a sudden increase in temperature and a reversal of the
zonal wind. Scherhag [1952] was the first who detected a
SSW by a radiosounding over Berlin in 1952. SSWs happen
in winter when the eastward mean flow of the polar
stratosphere interacts with planetary waves originating in
the troposphere [Matsuno, 1971]. Breaking and dissipation
of westward propagating planetary waves at stratospheric
altitudes decelerate or even reverse the prevailing eastward
flow of the polar wintertime stratosphere. SSWs are often
accompanied by a displacement of the polar vortex toward
midlatitudes, or sometimes a splitting of the vortex is
observed. A review of SSW was given by Schoeberl [1978].

[3] Recently major progress has been achieved in mod-
eling and observation of SSWs. Hoppel et al. [2008]
assimilated high-altitude temperature measurements from
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the satellite experiments TIMED/SABER and Aura/MLS
into a global numerical weather prediction model and
improved forecasting/understanding of circulation changes
during the January 2006 SSW. Coy et al. [2009] found that
the 2006 SSW was initiated by rapid growth of an upper
tropospheric disturbance. Simulations by Sun and Robinson
[2009] showed that a strong upward Eliassen-Palm (EP)
flux anomaly occurs five days before a final stratospheric
warming, particularly in simulations with topography. Later
the zonal wind anomaly propagates from the stratosphere
back to the surface. Hirooka et al. [2007] examined the
predictability of minor and major SSWs using 1-month
ensemble forecast data of the Japan Meteorological Agency.
They showed that SSW are predictable at least 9 days in
advance.

[4] Further simulations and observations indicated that
sudden stratospheric warmings are associated with meso-
spheric coolings and lower thermospheric warmings [Liu
and Roble, 2002; Siskind et al., 2005; Hoffimann et al.,
2007]. This means that a SSW couples all atmospheric
layers from the troposphere to the thermosphere. Chau et al.
[2009] even observed variations in the equatorial iono-
spheric £ x B drift during the SSW of 2008. Coupling
processes between mean flow, planetary waves, tides, and
gravity waves during a SSW are rather unexplored yet.

[5] Additionally a SSW induces changes in atmospheric
composition and radiative transfer which should be taken
into account. Sonnemann et al. [2006] simulated the effects
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Time series of temperature profiles from (bottom) ECMWF and (top) TIMED/SABER over

Bern (46°57'N, 7°26'E) from 1 January to 1 April 2008. Isentropes are depicted by magenta lines and
show cool updraft regions and warm downdraft regions, especially during the major sudden stratospheric
warming around 19 February 2008. The SSW couples atmospheric layers from the troposphere to the

lower thermosphere.

of a SSW on the ozone, water vapor, and hydroxyl distri-
bution in the mesopause region. Liu et al. [2009] analyzed
the distribution of ozone and nitrous oxide in the middle
atmosphere during SSWs and found low-ozone pockets in
the simulations of the chemical transport model MOZART-3
in agreement with satellite observations. Keil et al. [2007]
observed very low columnar total ozone over England
during the SSW of 2006 and related it to ozone loss mainly
in the UTLS region associated with the presence of an
anticyclone at the tropopause. Manney et al. [2009] studied
the same SSW and compared Aura/MLS trace gas measure-
ments (H,O, CO, CH, and N,O) to a chemistry transport
model from the tropopause to the lower mesosphere.

[6] The present study concentrates on the impact of the
SSW of February 2008 on the ozone and water vapor
distribution over Switzerland. Ozone was depleted in the
whole stratosphere whereas water vapor was increased up to
the mesosphere. Figure 1 shows the time series of temper-
ature profiles over Bern (Switzerland) derived from the
satellite experiment TIMED/SABER and ECMWEF reanal-
ysis for the time period 1 January 2008 to 1 April 2008. A
major SSW occurred around 19 February 2008, and the
SSW was clearly accompanied by updrafts and cooling of
the upper troposphere, lower stratosphere, and mesosphere
while downdrafts and warming took place in the midstrato-
sphere. These observations demonstrate the vertical cou-
pling of the whole atmosphere by a SSW, even at
midlatitudes over Europe.

[7] The article is organized as follows. In section 2 we
describe the instruments and data used for this study. In
section 3 we report on the temperature and trace gas
observations over Switzerland. Then we analyze atmospheric
transport processes, wind shears, planetary waves, and the
polar vortex during the February 2008 SSW. We investigate

the impact of downdraft and warming on upper stratospheric
ozone by using a chemical box model in section 4. In section
5 we report on a polar stratospheric cloud (PSC) over
England which occurred during the SSW, and we analyze
this event by means of Aura/MLS, CALIPSO, and ECMWF
reanalysis data.

2. Instruments

[8] The main observations presented in this work were
acquired by the ground-based microwave radiometers
GROMOS (GROundbased Millimeter-wave Ozone Spec-
trometer) operated at Bern (46°57'N, 7°26'E, 575 m asl) and
MIAWARA (Mlddle Atmospheric WAter vapor RAdio-
meter) operated at Zimmerwald (10 km south of Bern,
46°52'N, 7°27'E, 907 m asl), Switzerland. Both are part
of the Network for the Detection of Atmospheric Compo-
sition Change NDACC. GROMOS measures ozone at a
frequency of 142 GHz and provides ozone profiles between
20 and 65 km with a time resolution of down to 3 minutes
[Calisesi et al., 2001]. MIAWARA measures the 22 GHz
rotational emission line of water vapor and provides water
vapor profiles from 30 to 75 km [Deuber et al., 2005]. Both
radiometers have a vertical resolution of about 10 km in the
stratosphere. The vertical resolution is given by the FWHM
of the averaging kernels. Hence features of smaller vertical
extent can be observed but they are folded by the averaging
kernels.

[o] Temperature data are provided by the European
Center of Medium-Range Weather Forecast ECMWEF, the
instrument SABER (Sounding of the Atmosphere Using
Broadband Emission Radiometry) on the TIMED (Thermo-
sphere, lonosphere, Mesosphere, Energetics and Dynamics
[Remsberg et al., 2003]) spacecraft and the radiosondes of
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Figure 2. The major SSW of February 2008 fulfilled the WMO definition. (top) The ECMWF zonal
mean temperature between 60°N and 85°N at the 10 hPa level from 22 to 25 February. The temperature
increases toward the pole, which meets the first criterion for a SSW. (bottom) The ECMWF zonal mean
zonal wind at 10 hPa averaged between 60°N and 85°N. On 21 February the wind becomes negative
(westward) and remains negative for a week, which together with the poleward temperature increase

satisfies the second criterion for a major SSW.

MeteoSwiss in Payerne (46°48'N, 6°56'E, 490 m asl),
Switzerland. Moreover, data from ECMWF are utilized
for the trajectory and chemistry model calculations.

[10] Data from the NASA satellite instruments Aura/MLS
(Microwave Limb Sounder) and CALIPSO are used to
confirm our O3 and H,O data and the presence of a PSC
and O; depleting substances. Aura/MLS is a passive
microwave instrument that measures different trace gases
and temperature [Waters et al., 2006] in the middle atmo-
sphere. Due to its limb sounding technique Aura/MLS has a
better vertical resolution than GROMOS and MIAWARA
which is between 3 and 6 km for stratospheric O; and better
than 4 km for H,O [Froidevaux et al., 2008; Lambert et al.,
2007]. The H,O profiles of Aura/MLS have been validated
with our instrument MIAWARA [Haefele et al., 2009].
CALIOP (Cloud-Aerosol Lldar with Orthogonal Polariza-
tion) is the instrument on the CALIPSO (Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations) satel-
lite and is a LIDAR which measures the backscatter of
clouds and aerosols [Winker et al., 2007]. CALIPSO has
been validated by McGill et al. [2007].

3. Observations
3.1. Is the February 2008 Event a Major Stratospheric
Warming?

[11] In order to standardize the use of the terms “major”
and “minor” stratospheric warmings the World Meteoro-
logical Organization’s (WMO) Commision for Atmospheric

Sciences has adopted the following definitions as can be
read in the work of Mclnturff [1978].

[12] “1. A stratospheric warming is called minor if a
significant temperature increase is observed (i.e., at least
25 degrees in a period of a week or less) at any stratospheric
level in any area of the wintertime hemisphere, measured by
radiosonde or rocketsonde data and/or indicated by satellite
data; and if criteria for major warmings are not met.

[13] 2. A stratospheric warming can be said to be major if
at 10 hPa or below the latitudinal mean temperature
increases poleward from 60 degrees latitude and an associ-
ated circulation reversal is observed (i.e. mean eastward
winds poleward of 60° latitude are succeeded by mean
westward winds in the same area).”

[14] We intentionally use the WMO definition of
Meclnturff [1978] because there seem to exist several
WMO definitions of a major stratospheric warming while
the original WMO document seems to be unknown. Many
authors refer to a WMO definition without giving any
literature reference. Hence the definitions differ slightly.
There is agreement about the temperature increase poleward
of 60°N but some quote that it has to last for at least 4
consecutive days [Chaffey and Fyfe, 2001] others say that it
must last for 5 days [Limpasuvan et al., 2004]. No time
duration is defined by McInturff[1978], Labitzke [1981] and
Schoeberl [1978]. The second criterion about the wind
reversal is also controverse: The latter three authors use
a circulation reversal poleward of 60 degrees whereas
Charlton and Polvani [2007] defined that the mean zonal
winds must become westward at 60°N and Limpasuvan
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Figure 3. O;, H,O, and temperature profiles at Bern from January to April 2008 as a function of
pressure. (top) O3 VMR as measured by GROMOS with contours of isentropes. (middle) H,O VMR as
measured by MIAWARA. (bottom) ECMWF temperatures. Three SSWs occurred (start marked by
dashed vertical lines). The first started on 16 January, the second on 31 January, and the last on
17 February, which was a major warming. All three warming events were accompanied by a lower
stratospheric cooling due to a displacement of the polar vortex toward Bern. O; reduction and H,O

enhancement occurs during the major SSW.

et al. [2004] used the same but at 65°N (for the Northern
Hemisphere).

[15] Now we test if the SSW event around 19 February
2008 observed at Bern can be categorized as a major
warming according to the definition given higher up.
Zonal-mean temperatures are derived between 60°N and
85°N from the global temperature field at 10 hPa from
ECMWEF reanalyis and temporally averaged over the time
interval 22—25 February. Further the daily ECMWF zonal
mean zonal wind between 60°N and 85°N at 10 hPa is
calculated with area weighting by the cosine of the latitude.
Figure 2 shows these temperature and zonal wind data. The
upper panel displays the daily averaged ECMWF zonal
mean temperature between 60°N and 85°N, spaced by
1.125°, at the 10 hPa level from 22 February to 25 February.
The temperature increases indeed poleward which meets
the first criterion for a major stratospheric warming. The
lower panel shows the daily average of the zonal
mean zonal wind at 10 hPa between 60°N and 85°N. On
21 February the wind becomes negative (westward) and
remains negative for a week. Hence the second criterion for

a major SSW is also fulfilled as it meets the WMO
definition of McInturff [1978] for the reversal of the zonal
mean zonal wind.

3.2. Stratospheric Warming and Cooling

[16] During the northern hemispheric winter 2007/2008
two minor stratospheric warmings occurred in January and
beginning of February and one major sudden stratospheric
warming toward the end of February. Figure 3 shows a time
series of O3 and H,O measured by our instruments and
ECMWF temperatures from 100 hPa to 0.1 hPa over Bern,
Switzerland. The onset of the three events is highlighted by
vertical dashed lines. Simultaneously to the upper strato-
spheric warmings the temperature decreased in the lower
stratosphere below 10 hPa. The contour lines superposed on
the O3 plot show the evolution of potential temperature ©.
A distinctive upwelling of isentropes is observed for ©
between 400 K and 550 K and a downwelling between © =
1000 K and 2000 K during the major SSW.

[17] In the lower stratosphere at 40 hPa temperatures fell
to a minimum of 189 K on 21 February. In the upper
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Figure 4. Temperature profile from a MeteoSwiss radio-
sonde at Payerne (46°48'N, 6°56'E, 40 km next to Bern) on
19 February 2008. The temperature between 19 and 25 km
is below 195 K (threshold for the formation of PSC type la
clouds).

stratosphere at 4 hPa the maximum temperature of 300 K
was recorded 1 day later on 22 February. The consequence
of the warming was that the stratopause altitude dropped
from 52 km to 38 km in 2 days between 17 February and
19 February, this drop can be estimated in Figure 1.

[18] A detailed temperature profile recorded by a MeteoS-
wiss radiosonde from Payerne (46°48'N, 6°56'E) is shown
in Figure 4. Payerne is situated 40 km southwest of Bern.
The weather balloon reached an altitude of 33 km and
encountered temperatures below 195 K in the layer from 19
to 25 km. 195 K is the threshold temperature for the
formation of Nitric Acid Trihydrate (NAT) PSCs of type la.
The exact threshold temperature is a function of the water
vapor (H,O) and nitric acid (HNO3) volume mixing ratio
(VMR [Hanson and Mauersberger, 1988]). The minimum
temperature was 190 K at 23 km altitude. Since 1995
stratospheric temperatures as low as in this case were
observed over Payerne only on four occasions, namely in
January 1995, January 2004, January 2006 and February
2008. Those cold events were all recorded during a SSW
period as identified by Charlton and Polvani [2007] and
Charyulu et al. [2007].

[19] Figure 5 shows the hemispheric distribution of
stratospheric temperatures and horizontal wind direction at
55 hPa (~20 km) and Figure 6 the same quantities but at
4 hPa (~37 km). There is a wave 1 structure with a cold
pole over Europe and warm temperatures over the Aleuts at
55 hPa and an almost opposite structure at 4 hPa. This is a
sign of the vertical distortion of the polar vortex and implies
an exchange of air masses between subtropical and polar
latitudes. The stratospheric warming over Europe at 4 hPa is
the consequece of air mass transport from lower latitudes as
already reported by Kleinbohl et al. [2005]. Air is advected
from the south toward Europe, as it sinks, it further heats up
adiabatically. The downward motion is also visible in the
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Figure 5. ECMWF temperatures at 55 hPa (~20 km) on
20 February 12 UTC. A wave 1 structure is evident with the
cold air lying above Europe. White vectors denote the
horizontal wind direction in arbitrary units.

potential temperature contour lines in Figure 3, which sank
during the SSW.

[20] Figure 7 illustrates a two-dimensional shape of the
polar vortex visualized for the major SSW event on different
altitude levels. The modified potential vorticity [Lait, 1994]
is plotted on layers spaced by 4 km starting at 18 km and
ending at 50 km altitude, red color marks the location of the
polar vortex and the blue vertical line shows the coordinates
of Bern. The polar vortex is shifted to Bern between 18 and
34 km, where the cooling was observed. Above 34 km the

ECMWF 2008-02-20 K1

Temperature

Figure 6. ECMWF temperatures at 4 hPa (~37 km). The
wave | structure is still visible, but the cold and hot poles
are shifted by 180°. Warm air is over Europe. White vectors
denote horizontal winds as before.
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Figure 7. Polar vortex shift to midlatitudes during the
major SSW of 19 February 2008. Modified potential
vorticity (Lait PV) plotted every 4 km altitude starting at
18 km. The blue vertical line indicates the location of Bern.
Red areas mark the location of the polar vortex. The column
above Bern lies within the vortex up to 36 km and is outside
above.
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vortex is no longer over Bern and it dissipates with
increasing height.

3.3. Ozone Depletion and Water Vapor Enhancement

[21] The ground-based microwave radiometer GROMOS
continuously measured ozone over Bern from January to
April 2008. Volume mixing ratio profiles are shown in the
upper panel of Figure 3. Simultanecously the ground based
microwave radiometer MIAWARA observed water vapor in
the middle atmosphere over Bern. The H,O VMR is
illustrated in the middle panel of Figure 3. The synthesis
of all three panels of Figure 3 is discussed in the following
parts.

[22] A strong link between Oz and temperature (T) is
present in the lower stratosphere at 55 hPa where the
temporal variations of O; and T are correlated. The corre-
lation at 55 hPa is displayed in detail in Figure 8. On the
upper panel GROMOS data are plotted with a solid line
together with Aura/MLS version 2.2 ozone (X). The satel-
lite measurements were chosen to be not further away from
Bern as 2° in latitude and longitude. During all 3 SSWs, O;
VMR decreases in phase with the temperature. As soon as T
increases, O3 increases as well. During the major SSW the
temperature dropped from 210 K to 192 K and coincidently
O3 VMR decreased by 23% from 2.6 ppm to 2 ppm. On
20 February temperature begins to increase again and so
does ozone until a maximum O3z VMR of 3.3 ppm is
reached at the same time as a temperature maximum of
218 K in the beginning of March. The correlation of MLS
and GROMOS is very good although GROMOS slightly
underestimates the ozone values of MLS.

O3 Bern, Switzerland @ 55 hPa

O3 vmr [ppm]
N
[9)]

GROMOS
x  MLS

* GROMOS uncert.

1

220 T

ECMWEF T Bern, Switzerland @ 55 hPa

Mar

210

TIK]
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T
1

17 Feb Il

199an Feb
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Figure 8. (top) O; VMR measured by GROMOS and Aura/MLS. (bottom) ECMWF temperatures at
55 hPa (~20 km). Ozone and temperature are correlated: O3 VMR decreases with decreasing
temperatures. During the major SSW on 19 February the temperature was below PSC type 1a threshold of

195 K. Dashed lines are starting dates of the SSWs.
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Figure 9. The same quantities as before but at 4 hPa (~37 km). Ozone and temperature are
anticorrelated: O; VMR decreases with increasing temperatures. Minimum O3 VMR is reached shortly

after the warmest temperature around 22 February.

[23] Figure 9 illustrates the same quantities but at 4 hPa in
the upper stratosphere. O3 shows anticorrelation with T
what is opposite to the behavior at 55 hPa. As soon as T
exceeds 250 K the O3 VMR drops rapidly with still
increasing temperature. This happened during SSW of
31 January and during the major SSW. During the major
SSW the temperature increased from 215 K to 300 K and
the O3 VMR decreased from 8 ppm to 5.5 ppm which is a
reduction of 31%. The ozone recovery starts with the
decline of T and reaches prewarming VMR of 7.5 ppm in
the beginning of March. The correlation of MLS and
GROMOS is again good. Except during the SSW the
difference is larger, this could be due to increased atmo-
spheric variablility on small scales associated with the edge
of the polar vortex. The polar vortex was tilted with altitude
and the MLS sounding volume differs from the slant
column volume seen by GROMOS over Bern. In summary
overall ozone is depleted by more than 30% in the lower
and upper stratosphere during the SSW events.

[24] MIAWARA shows an enhancement of H,O as a
reaction to the SSW as is visible in Figure 3. Figure 10
shows the relative variations of H,O VMR in three layers
(25-10 hPa, 10—1 hPa and 1-0.1 hPa) with respect to a
January to April average. The solid lines represent MIA-
WARA measurements while the dashed lines are from Aura/
MLS version 2.2. MLS H,0 profiles were chosen to meet
the same coincidence criterion as for O3 explained above.
The uncertainty of MIAWARA is 10%. An anomaly, rather
than an absolute representation, was chosen because MIA-
WARA has low sensitivity in the level 25—10 hPa and a
bias of up to 10% to Aura/MLS [Haefele et al., 2009]. In all
3 cases a local maximum is reached by MIAWARA a few

days after the onset of the SSW at each level except for the
first SSW in the mesosphere (1 to 0.1 hPa). The most
prominent increase happened in the lower mesosphere, to
see in the uppermost panel, where a relative increase of 16%
is observed starting before the second SSW and also an
increase of 15% for the major SSW. The satellite limb
sounding instrument is much more sensitive to the lower
stratosphere than MIAWARA, hence it observed a more
pronounced increase. The correlation of MLS and MIA-
WARA is good in the lower and upper panel. The two lower
height ranges are not completely independent in the MIA-
WARA retrieval, hence both curves look similar. The
19 February is a remarkable day since at each level a
maximum was reached after which the H,O VMR
decreased again. At the same day minimum temperatures
were recorded by the MeteoSwiss radiosonde shown in
Figure 4.

3.4. Air Parcel Trajectories and Strong Wind Shear
[25] Major SSWs are characterized by either a split or a
shift of the polar vortex toward lower latitudes. According
to the 50 year statistical analysis of Charlton and Polvani
[2007] a shift is more often observed. In the present case the
polar vortex was shifted toward central Europe (Figure 7).
[26] Figure 11 shows 3 days backward trajectories ending
on 20 February 2008 at 12 UTC over Bern. Trajectories are
calculated by the TomTom model [Flury, 2008] for the
isentropes 500 K and 1400 K. The model is set up in a
Matlab code and interpolates directly ECMWF wind data on
the air parcel location. Isentropic motion is assumed and we
use a one hour time step. Matlab accesses directly the
ECMWF data stored in our institute’s MySQL database
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Figure 10. Relative variations of HO VMR observed by
MIAWARA (solid curve) and Aura/MLS (dashed curve) in
three different layers (lower and upper stratosphere and
lower mesosphere). MIAWARA is smoothed with a 2-day
running mean. Vertical dashed lines correspond to the SSW
starting dates. A local maximum is reached by MIAWARA
a few days after each onset of a SSW.

and calculates trajectories with the equation of motion. An
efficient handling of large data fields is important for
trajectory models. Our experience indicates that MySQL
is ideal for the extensive administrative and search tasks
connected with trajectory calculations. Comparison to the
HYSPLIT (NOAA) model [Draxler and Hess, 1998] and
Goddard Automailer [Schoeberl and Sparling, 1994]
showed an agreement of better than 200 km for 3 day
trajectories in the lower stratosphere.

[27] In the lower stratosphere at © = 500 K, displayed by
the black trajectory in Figure 11, cold air was brought to
Switzerland. The air parcel started on 17 February over
Siberia and showed strong upwelling over the north Atlantic
Ocean between Greenland and Switzerland. This adiabatic
rise led to prominent cooling down to 189 K over France.
The polar origin of the air in the lower stratosphere over
Bern illustrates the displacement of the polar vortex toward
midlatitudes.

[28] The opposite behavior is found for the air parcel
simulated on © = 1400 K represented by colored asterisks.
The color represents the temperature of the air parcel. The
air was advected from subtropical latitudes over the US and
underwent strong downwelling on the last 12 hours before
Bern. The air parcel sank from 41 to 36.7 km at the arrival
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over Bern. This led to adiabatic heating by 40 K and
explains the warming over Bern. In between these very
different trajectories is a layer of strong wind shear.

[20] The two wind regimes are illustrated in Figure 12,
which shows the horizontal wind profile on the 8°E merid-
ian of Bern as a function of latitude from the tropics to the
pole. The contour lines represent meridional wind speed,
where positive values mean northward. The color displays
the zonal component with positive values being eastward.
Two maxima of the so-called polar night jet are visible: One
is at 30 km and 40°N and the second spreads from 50 to
65 km between 55° and 60°N. The polar night jet marks the
edge of the polar vortex which is normally located north of
60°N in winter. Hence one can see the displacement of the
vortex toward the latitude of Bern which is marked by
the vertical black line. Further one observes the reversal of
the zonal wind to westward between 20 and 60 km altitude
north of 75°N, which is characteristic for a major SSW.

[30] The observed H,O enhancement during the SSW
shown in Figure 10 can partly be explained by transport.
The distribution of water vapor depends on season, latitude
and altitude (e.g., Aura/MLS global maps available at the
Webpage http://mls.jpl.nasa.gov/data/gallery.php). Flury et
al. [2008] showed that water vapor variations in the lower
mesosphere can be traced back by means of trajectory
calculations. The significant enhancement recorded in the
lower mesosphere between 1 and 0.1 hPa (48—64 km) can
thus be evaluated using TomTom. Mesospheric air was of
subtropical origin where the H,O VMR was greater than
over Bern. MIAWARA thus observed a transport of water
vapor rich air to Bern. In the lower stratosphere polar vortex
air was brought to Bern. H;O VMR is higher inside the
polar vortex than outside due to downward vertical advec-
tion. Hence air of higher H,O VMR was transported to
Bern.

4. Modeling of the Temperature Sensitivity of
Ozone

[31] The ozone depletion at 4 hPa during the major SSW
starts on 17 February as displayed in Figure 9. Already 2
days earlier O3 started to decrease higher up at 1.8 hPa,
suggesting that the disturbance propagates downward in the
atmosphere. The recovery starts as soon as the temperature
decreases again. At this altitude an anticorrelation of Oj
VMR and temperature is evident.

[32] A major fraction of the O; change can be explained
by the effect of the changing temperature on the ozone
chemistry. In order to demonstrate this, we ran a chemical
box model with the parameters temperature and pressure as
encountered on the © = 1400 K trajectory shown in
Figure 11. Chemical initialization was made with ozone
VMR from ECMWE. For NO, we used the nighttime zonal
average between 30°N and 40°N of NO, for February 2008
measured by MIPAS [Wetzel et al., 2007]. MIPAS (Michelson
Interferometer for Passive Atmospheric Sounding) is a
spaceborne infrared limb sounder on the ESA’s ENVISAT
satellite. Nighttime NO, can be used as a good approxima-
tion for NO, as NO is rapidly transformed to NO, during
night. All other initial mixing ratios such as chlorine
containing species were taken from the work of Brasseur
et al. [1999], section C. The model contains 175 reactions
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Figure 11.

250

Three-day backward trajectories arriving at Bern on 20 February 2008 at 12 UTC. The black

trajectory is calculated on the 500 K isentrope by the TomTom model. Every 12 hours the ECMWF
temperature and height of the air parcel are labeled. Please notice the upwelling and cooling between
Greenland and Ireland. Temperatures were below the PSC threshold of 195 K between the UK and
Switzerland. The colored trajectory is calculated for the © = 1400 K isentrope. Colors of the symbols
denote the air parcel’s temperature. Strong downwelling (parcel sinks from 40 to 37 km) and adiabatic
heating (—SSW) of the air parcel occur before arrival at Bern. The trajectories show the coincidence of
lower stratospheric cooling and upper stratospheric warming over Bern.

among 48 chemical species, with rate constants according to
Sander et al. [2006].

[33] The runs were carried out along the 1400 K isentro-
pic trajectory, which brought air from southern Texas to
Switzerland within 3 days. In order to differentiate between
the effect of increasing temperature and descent along the
trajectory on the O3 budget, several runs were made with
different assumptions regarding temperature and altitude of
the ozone containing air parcel.

[34] Figure 13 displays O3 VMR calculated along the
trajectory. Yellow areas mark daytime (solar zenith angle
<90°), i.e. time during which sun photolysis is active. The
two red curves are initialized with ECMWF O, plotted by
green dots, calculated for the location of the air parcel’s
starting point at 2.35 hPa. The red solid line (Descent,
warming) represents the simulation along the original tra-
jectory, i.e. with its changing temperature and pressure. It
shows how the warming during the last few hours decreases
the VMR by about 0.5 ppm. The red dashed line (Descent,
no warming) simulates an air parcel on the original trajec-
tory, but the temperature is kept at the initial cold value of
248 K. This simulation shows that descent without warming
even increases the O; VMR.

[35] The blue curves on Figure 13 represent a simulation
of the O3 VMR along a trajectory on the constant pressure
level of 4 hPa, corresponding to the arrival height of the

original trajectory above Bern. The latitudes and longitudes
for this simulation were taken from the original trajectory.
The run was initialized with the ECMWF O3 VMR at 4 hPa
on the parcel’s starting point. The temperature dependence
is again obvious. The dash-dotted blue line (No descent,
warming) decreases rapidly by 0.6 ppm during the strong
warming at the end. On the other hand, the O; VMR
represented by the dashed line (No descent, no warming,
i.e. constant temperature of 248 K) remains nearly constant.
The latter run represents a “usual” trajectory arriving above
Bern (without SSW). A comparison of this run with the
“Descent, warming” run along the original descending
trajecory illustrates the total effect of the SSW on ozone.
In order to separate the effect of the temperature increase on
ozone, we have to compare the curves “Descent, warming”’
with “Descent, no warming” or “No descent, warming”
with “No descent, no warming.” Given these simulations
we can argue that, under the conditions considered, approx-
imately 2/3 of the encountered O3 decrease during the SSW
can be attributed to the temperature increase.

[36] The strong temperature sensitivity of ozone may be
explained as follows: The ozone mixing ratio is determined
by the ozone production (O, photolysis, insensitive to
temperature) and ozone destruction. The main catalytic
ozone destruction cycles are NO, and ClO, cycles. Minor
contributions to ozone loss are added by the Chapman cycle
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Figure 12. Cross section of ECMWF horizontal wind
profiles along the 8°E meridian on 19 February. Contour
lines represent meridional wind speed in m/s (positive
values are northward). Color displays the zonal component
with positive values being eastward. Two maxima of the so-
called polar night jet are visible: one is at 30 km and 40°N
and the second spreads from 50 to 65 km between 55° and
60°N. The polar night jet marks the edge of the polar vortex,
which is normally located north of 60°N in winter. Hence
one can see the displacement of the vortex toward the
latitude of Bern, which is marked by the black line.
Furthermore one observes the reversal of the zonal wind to
westward between 20 and 60 km north of 65°N, which is
characteristic for a major SSW.

and a HO, cycle. The rate-determining reactions of these
four cycles are the reactions of atomic oxygen O with NO,,
CIO, O3, or HO,, respectively. As a consequence, the ozone
destruction rate and hence the ozone mixing ratio, is
strongly dependent on the mixing ratio of atomic oxygen
O. The O mixing ratio is determined by the O production
(by O3 photolysis, insensitive to temperature) and O
destruction. Oxygen destruction occurs by the reaction

O+0,+M— O3 + M. (1)

[37] Such a three-body reaction is temperature dependent.
A temperature increase as observed during the SSW results
in a decrease of the reaction rate constant of reaction (1) by
a factor of approximately 2. This leads to a significantly
higher mixing ratio of atomic oxygen O and a smaller O3
mixing ratio.

[38] The rate of the dominant NO, cycle also depends on
the NO, concentration and thus on the partitioning between
NO and NO,. The latter is mainly determined by the
photolysis of NO, and the reaction

[39] The rate constant of this ozone depleting reaction
strongly increases with temperature. The effect on the ozone
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mixing ratio is smaller than that of reaction (1), but still
significant.

[40] In order to illustrate the reasons of the above-
described temperature sensitivity of ozone, we performed
two additional model runs, shown in Figure 14. For this, the
model run along the original trajectory was repeated, but
with the temperature fixed at 248 K for the calculation of
the rate coefficients of individual reactions: O + O, + M —
O; + M (green line) or NO + O3 — NO, + O, (blue line). If
we compare those lines with the red lines (“No warming”
and “Warming”), which are the same as in Figure 13, it
turns out that more than half of the temperature sensitivity
of ozone can be explained by reaction (1) and one third can
be assigned to reaction (2).

[41] The above findings are consistent with early model
results by Stolarski and Douglass [1985]. They showed that
the temperature sensitivity of ozone in the altitude range of
30 km to 40 km is dominated by the temperature sensitivity
of the NOy catalytic ozone destruction cycle.

[42] Additional contributions to the observed variability
of O3 VMR can result from the transport of O3 on a
timescale shorter than the O3 lifetime. Moreover, the mixing
ratios of NO,, Cl,, and H,O (and hence HO,) may also be
influenced by transport processes. This in turn leads to

O3 (chemical box model)

O3 VMR [ppm]

Time [d]

=== No descent, no warming

— Descent, no warming

— - No descent, warming

—— Descent, warming

® ECMWF

Figure 13. O; VMR, calculated by a chemical box model.
Red curves (“Descent”) represent the O; VMR along the
1400 K trajectory of Figure 11. Blue curves (“No descent™)
assume the same latitudes and longitudes, but a constant
pressure level of 4 hPa. “Warming” refers to the original
temperature along the trajectory. “No warming” assumes a
constant temperature of 248 K. Green dots represent the
ozone mixing ratio from ECMWF analyses along the
trajectory. Warming accounts for about 2/3 of the observed
ozone reduction.
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Temperature sensitivity of O3 (chemical box model)

T T T T T T | T T T T

Oz VMR [ppm]

Time [d]

— No warming

Warming, except Ko, o,
Warming, except Ky, o3

—Warming

Figure 14. Temperature sensitivity of Oz for the same
situation as in Figure 13. The red curves show simulations
with warming (taken into account for all reaction rate
coefficients; full line) and without warming (7 = 248 K =
const.; dashed line). In order to demonstrate the role of
individual reactions, the “warming” run was repeated, but
with the temperature fixed at 248 K for the calculation of
the rate coefficients of individual reactions: O + O, + M —
O; + M (green line) or NO + O3 — NO, + O, (blue line).
This shows that more than half of the temperature
sensitivity of ozone is due to the first-mentioned reaction
and about 1/3 is due to the latter one.

changes of the O3 mixing ratio via the catalytic cycles
mentioned above.

5. PSC Observed at Midlatitudes During SSW

[43] Strong ozone depletion during a SSW is surprising
because the occurence of SSW is part of the reason why
there is no strong ozone hole forming over the Arctic as
there is one over the Antarctic. In fact, strong mixing of
polar and low latitude air together with the temperature
increase during a SSW prevents the development of very
low temperatures and the build up of a strong and isolated
polar vortex. Hence polar stratospheric clouds (PSCs)
responsible for considerable ozone destruction are less
abundant in the Arctic winter than in the Antarctic.

[44] PSC observations at midlatitudes are unusual.
Keckhut et al. [2007] observed a PSC over southern France
during a SSW in January 2006 by using a LIDAR. Keil et
al. [2007] reported on very low ozone column densities over
the UK for the same event. The ozone decrease was located
in the upper troposphere and lower stratosphere. During the
January 2006 SSW the polar vortex was shifted to North-
West Europe and brought cold and ozone poor air. The same
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situation is observed in the current study of the major SSW
2008. Rex et al. [2006] reported on a trend toward colder
extreme temperatures in the Arctic winter stratosphere.
Colder temperatures lead to an increasing volume of air
cold enough for the occurrence of PSCs, which in turn leads
to more ozone loss inside the polar vortex. Arctic temper-
atures were observed in the stratosphere over Switzerland
on 19 February 2008. The coldest temperature of 190 K was
recorded on 19 February at 23 km altitude.

[45] Figure 15 shows the backscatter ratio measurements
of CALIPSO along its orbit on 19 February 2008. It
displays the altitude range of clouds with the location of
the measurement (latitude, longitude) on the abscissa. The
whitish area at an altitude of 20 to 25 km between 67°N and
49°N and 108°E and 2°W indicates the PSC. The parallel
form of the high cloud at 10 km in the center of the image
and the PSC suggests a connection of both by updrafts in
the upper troposphere and lower stratosphere over England,
also seen in Figure 11. The tropopause was lifted by an
anticyclone, which led to the cooling below the threshold
temperature for type la NAT PSC. This event is docu-
mented on a webpage of the UK Department for Environ-
ment as an ozone depletion event over England (http:/
www.ozone-uv.co.uk/ozone_events.php#Feb2008).

[46] PSCs play a major role in ozone depletion processes
[Crutzen and Arnold, 1986]. Reactions occur on the surfa-
ces of PSC particles that convert the reservoir forms of
chlorine gases, CIONO, and HCI, to reactive forms, such as
ClO, which lead to catalytic ozone destruction when sun-
light is available. Large PSC particles may move downward
because of gravity. Hence they remove HNOj; from regions
of the ozone layer. With less HNO3, the highly reactive C1O
remains chemically active for a longer period, thereby
increasing chemical ozone destruction.

[47] Figure 16 shows a measurement of CIO and HNO;
by the Aura/MLS satellite instrument for the 500 K isen-
trope during the SSW. Red color marks areas of high CIO
VMR and magenta contours show regions of low HNO;
VMR. The red solid line shows the orbit of the CALIPSO
cloud and aerosol backscatter LIDAR. White vectors rep-
resent ECMWF horizontal wind speeds to illustrate the
position of the polar vortex which reaches Southern Europe
and North Africa. The largest wind vectors correspond to a
speed of 60 m/s and mark the edge of the polar vortex. One
observes a great arca spread over Scandinavia, Great
Britain, northern Germany and Poland with high values of
CIO of up to 1.6 ppb. They come along with reduced nitric
acid (HNO; VMR below 5 ppb are displayed by the narrow
magenta contours). The coincidence of high CIO and low
HNOj; together with the low temperatures at 20 km illus-
trated in Figure 5 is conform with CALIPSO’s observation
of a PSC over England as indicated by the white part of the
red orbit. Trajectory calculations show vertical updrafts in
the lower stratosphere over England. Adiabatic cooling of
the ascending humid air leads to the observed PSC.

[48] As aresult the measured ozone decrease (Figure 8) in
the lower stratosphere can be explained by the cold and
ozone-poor polar vortex air shifted to Switzerland. Chem-
ical reactions inside the polar vortex may have decreased
the O; VMR already before the major SSW. Air rose by
more than 2 km and cooled down from 212 K over the
pole to 189 K over France, see Figure 11. The upwelling of
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