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Abstract. We use the stratospheric/tropospheric chemicalculation over this region was about 10% lower during the
transport model MOZART-3 to study the distribution and 2003—-2004 event. Meanwhile, the extratropical total cross-
transport of stratosphericsQduring the remarkable strato- tropopause ozone flux (CTOF) was also reduced-2%%.
spheric sudden warming event observed in January 2004 i€ompared to the cold 1999-2000 winter, the vertical CTOF
the northern polar region. A comparison between obserdin high latitudes (60~90° N) increased more than 10 times
vations by the MIPAS instrument on board the ENVISAT during the two warming winters, while the vertical CTOF
spacecraft and model simulations shows that the evolutionin mid-latitudes (30~60° N) decreased by 2640%. More-

of the polar vortex and of planetary waves during the warm-over, during the two warming winters, the meridional CTOF
ing event plays an important role in controlling the spatial caused by the isentropic transport associating with the en-
distribution of stratospheric ozone and the downward ozonéhanced wave activity also increased and played an important
flux in the lower stratosphere and upper troposphere (UTLSYole in the total extratropical CTOF budget.

region. Compared to the situation during the winter of 2002—
2003, lower ozone concentrations were transported from the

polar region to mid-latitudes, leading to exceptional large ar-1  |ntroduction

eas of low ozone concentrations outside the polar vortex and

“low-ozone pockets” in the middle stratosphere. The unusu-One of the most prominent phenomena observed in the win-
ally long-lasting stratospheric westward winds (easterlies)ter stratosphere is the development of stratospheric sud-
during the 2003-2004 event greatly restricted the upwarcden warming (SSW) (Scherhag, 1952). These large dis-
propagation of planetary waves, causing the weak transpofiurbances are the consequence of the interactions between
of ozone-rich air originated from low latitudes to the mid- vertically propagating planetary waves and the zonal winds
dle polar stratosphere (30 km). The restricted wave activitiegMatsuno, 1971; Holton, 1976). Planetary wave activity is
led to a reduced extratropical downward ozone flux from theusually described through the Eliassen-Palm (EP) flux and
lower stratosphere to the lowermost stratosphere (or from théts divergence (Edmon et al., 1980). The divergence of EP
“overworld” into the “middleworld”), especially over East flux, which is related to the northward eddy flux of quasi-
Asia. Consequently, during wintertime (15 Decemb&6  geostropic potential vorticity, provides a measure of the mo-
February), the total downward ozone transport on 100 hPanentum provided by the eddies to the mean flow as a result
surface by the descending branches of Brewer-Dobson ciref planetary wave breaking. When the polar vortex is dis-
turbed by the breaking of such waves (Baldwin and Holton,
1988), filaments of high potential vorticity air are stripped off
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Disturbed polar vortex and major warming events are usu-appears to be strong connections between the activity of up-
ally associated with the negative phase of the Arctic Oscil-ward planetary waves and the wintertime ozone distributions
lation (AO) (Thompson and Wallace, 1998), which provides (Fusco and Salby, 1999; Salby and Callaghan, 2007).

a measure of the coupling between the stratosphere and the The UTLS region, which is a transition zone between the
troposphere (Baldwin and Dunkerton, 1999). In summary,convectively dominated troposphere and the stably stratified
the stratosphere can be regarded as a recipient of energy astratosphere, is an important passage for the upward prop-
waves from the underlying troposphere, and as a modulatoagation of tropospheric waves and the exchange of chem-
that organizes chaotic waves forcing from below and gen-ical tracers with distinct origins. The knowledge of wave
erates feedbacks by influencing the troposphere (Baldwin eprocess and mass flux in the UTLS region is critical to our
al., 2003). understanding of the stratosphere-troposphere couplings, es-

The interactions between the stratosphere and troposphepecially in winter. Stratospheric sudden warmings (SSW)
do not involve only dynamical processes, but also includeare usually associated with significant changes in the general
radiative and chemical processes. Stratospheric ozone, atirculation in middle atmosphere, which induces a redistri-
though dynamically dominated in the lower stratosphere,bution of the stratospheric air and trace gases (Manney et al.,
strongly affects the coupled chemical, radiative, and dynam-1993, 1994). Moreover, the anomalous amplitude of upward
ical interactions in the upper troposphere and lower stratowave activities associated with the SSW events may, to some
sphere (UTLS) region. This coupling has a strong influenceextent, affect the vertical flux in the UTLS region.
on temperature, circulation (Ramanathan, 1977), radiative After the unprecedented 2002 major stratospheric warm-
transfer (Ramanathan et al., 1976; Ramanathan and Dickining event that took place in Antarctica (Varotso 2002; Hoppel
son, 1979), and chemical concentrations (Tie and Brasseuget al., 2003), the boreal winter withessed another remarkable
1995). In addition, stratospheric ozone, which has beemmajor stratospheric warming in January, 2004 (Manney et al.,
thought for a long time to be the major source of tropospheric2005). Moreover, this warming event was further compli-
ozone (Junge, 1962; Danielson, 1968), is now known to concated by the occurrence of an energetic particle precipitation
tribute globally to 20%-50% of ozone below the tropopause (EPP) event (bpez-Puertas et al., 2005; Randall et al., 2005;
(Follows and Austin, 1992; Roelofs and Lelieveld, 1997; Tie Rohen et al., 2005). Recently, more studies had analyzed
and Hess, 1997; Lelieveld and Dentener, 2000). the vertical couplings between mesosphere and stratosphere(

Large scale transport and cross-tropopause exchangancheva et al., 2008) and the downward transport of nitro-
of ozone is dominated by the Brewer-Dobson circulation gen oxides (Clilverd et al., 2006; Seida et al., 2007; Funke
(Brewer, 1949; Dobson, 1956), which comprises a two-cellet al., 2008) after this event. Vogel et al. (2008) numerically
structure in the lower stratosphere, with upwelling in the quantified the effects of the EPP event on the stratospheric
tropics and subsidence at middle and high latitudes, and @zone losses. In order to avoid the potential influence of this
single mean meridional cell from the tropics into the win- EPP event in our data analysis, only the ozone variations in
ter hemisphere at higher altitudes (Plumb, 2002). Accord-the middle and lower stratosphere will be considered here.
ing to the “downward control” principle (Haynes and Mcln- The downward ozone flux in the UTLS region will be derived
tyre, 1987; Haynes et al., 1991), this poleward “extratrop-from a simulation made with a detailed chemical transport
ical pump” is driven by irreversible deposition of angular model (CTM) driven by analyzed winds and temperature.
momentum caused by the breaking of upward propagating This paper is organized in the following way. Section 2
waves, together with some other eddy dissipation effectdntroduces the model used in the present study, and the satel-
(Holton et al., 1995). However, according to Chen (1995), lite ozone data used in our analysis. A brief description of
the vertical flux associated with this eddy-driven diabatic cir- the basic characteristics of the 2003—2004 SSW event and of
culation should be regarded as the mass flux between thanother SSW that occurred during 2002—2003 boreal winter
“overworld” and the “middleworld” (Hoskins, 1991), rather are presented in Sect. 3. The impacts of the two SSW events
than that between the stratosphere and troposphere. Cheam the distribution of stratospheric nitrous oxide;(® and
(1995) also suggests that the strong downward flux acrosezone (@) are compared in Sect. 4. Section 5 analyzes the
the 100 hPa level in the extratropical lower stratosphere of thalownward ozone flux across 100 hPa surface and the cross-
northern winter (DJF) (Holton, 1990; Rosenlof and Holton, tropopause ozone flux (CTOF) as derived for both warming
1993) can be interpreted as the mass being transported dowand cold winters. In Sect. 6, a summary of the major findings
ward from the “overworld” into the “middleworld”. Analy- is provided.
ses of the isentropic cross-tropopause ozone transport using
SAGE Il observations (Wang et al., 1998) suggests that the
winter buildup of ozone-rich air in the extratropical “middle-
world”, between the isentropic surfaces of 330K and 380K,
should be attributed primarily to the wave-driven diabatic
mass circulation during fall-winter-spring seasons, rather
than to transport along isentropic surfaces. At least, there
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2 Model and data description meteorological fields. Diagnostics were created to evaluate
model performance in the extratropical UTLS region. Over-
2.1 MOZART model all the model results showed qualitative agreement with the

observation in the location of the chemical transition across
In this study, we use the middle atmospheric version of thethe extratropical tropopause. These studies give confidence
three-dimensional Model for Ozone And Related chemicalthat the MOZART-3 model driven with ECMWF meteoro-
Tracers, version 3 (MOZART-3), which is an extension to logical fields is appropriate for use in STE studies.
the middle atmosphere of its former tropospheric versions MOZART-3, like other off-line chemical-transport model,
(Brasseur et al., 1998; Hauglustaine et al., 1998; Horowitz etan be run at any reasonable time steps and spatial reso-
al., 2003). This new version of MOZART (Kinnison et al., |utions. In our study, the adopted model configuration in-
2007) accounts for chemical processes from the Earth’s sureludes 96 Gaussian grid cells in latitude and 192 equidis-
face to the lower thermosphere. This model includes not onlytant in longitude, which represents a horizontal resolution of
arepresentation of advection, convective transport, boundargpproximately 1.875 degree in both latitude and longitude.
layer mixing, and dry/wet deposition, but also physical andThe model is driven with dynamical quantities taken from
chemical processes specific for the middle atmosphere, inthe ECMWF operational analysis performed every 6 h. The
cluding vertical mixing associated with gravity wave break- simulation starts on 1 December 2003 and proceeds until 15
ing in the upper stratosphere and mesosphere, molecular difebruary 2004.
fusion of constituents above 80 km, photochemical reactions |n order to highlight the specific impact of the 2003—2004
associated with halogen compounds, stratospheric heterog&sw event on the distribution of stratospheric ozone distri-
neous processes involving sulfate aerosols and polar stratqution, an experiment for another more “typical” warming
spheric clouds, photolysis at short wavelengthdZ0nm)  event that took place in January, 2003 is also performed. In
and auroral contribution to the chemical budget. This eX-this case, the simulation extends from 1 December 2002 to 15
tended version of MOZART is more suitable for representing February 2003. Moreover, the simulation of the cold 1999—
chemical/physical processes in stratosphere and for quantpo00 winter (Manney and Sabutis, 2000) is also used to high-
fying ozone fluxes from the stratosphere to the troposphergight the impacts of above two SSW events. In the 3 experi-
(Kinnison et al., 2007). The adopted boundary conditions,ments, the same initial conditions are used for the distribution
including the surface emissions, the N&nd CO emissions  of chemical tracers.
from aircraft and the NQ source associated with lightning
are described in previous studies (Horowitz et al., 2003; Get2.2 MIPAS observation
telman et al., 2004; Park et al., 2004).

In our study, the MOZART-3 model is applied to examine MIPAS (Michelson Interferometer for Passive Atmospheric
constituent STE (Stratosphere-Troposphere Exchange) prdsounding) is a limb-scanning Fourier infrared spectrometer
cesses, specifically ozone, in the UTLS region. This workon board the European Environmental Satellite (ENVISAT);
builds on three previous studies that have evaluated the vamore detailed characteristics regarding the measurements by
lidity of STE processes in MOZART-3. The first is the eval- this spaceborne instrument are given by Carli et al. (2004)
uation of seasonal variations of several trace constituenteind Raspollini et al. (2006). The sun-synchronous polar orbit
near the tropopause (Park et al., 2004). This study examprovides a global coverage with nearly 14 orbits per day at
ined methane, water vapor, and nitrogen oxides yNd&- a horizontal resolution of approximately 500 km. More than
rived from Halogen Occultation Experiment (HALOE) satel- 20 trace constituents are observed in the upper troposphere
lite observations. The model results showed good agreemertnd in the stratosphere.
for methane and water vapor, but underestimated the nitro- Currently, the MIPAS level-2 operational products are pro-
gen oxide abundance. It was postulated that this model lowided by the European Space Agency (ESA). These prod-
NOy was related to the lightning and convective parameteri-ucts include the temperature, and the concentrations6f H
zation used in MOZART-3. This work highlighted the impor- CHj4, N2O, O3, HNOs and NG. In its original nominal
tance of the Northern Hemisphere (NH) monsoons as regionmieasurement mode, MIPAS scanned the Earth limb at 17
for transport of constituents into the lowermost stratospheretangent altitudes of 6, 9, ..., 39, 42, 47, 52, 60, and 68 km.
This work was extended in Gettelman et al. (2004) whereThe vertical resolution is 3km for the 13 lowermost tan-
the impact of the NH summer monsoon circulations on STEgent altitudes and increases to 8 km at the upper end of the
was specifically examined. This study concluded that a simdimb scan. The retrieved ozone profiles have been validated
ulation using observed winds (same ECMWF winds used inby Cortesi et al. (2007). The MIPAS {partial columns
this study) was able to represent transport events from airwere compared with coincided measurements from ozone
craft and that these events can explain the global correlasondes and ground-based lidar and microwave radiometers,
tions of ozone and water vapor around the tropopause. At shows MIPAS @ vertical profiles had the mean relative
third study, Pan et al. (2007) was recently completed usingifference of£10% with the individual correlative data sets
MOZART-3 driven with both ECMWF and climate model in the stratosphere. The retrieved temperature profiles have
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Fig. 2. Time evolution of the zonal-mean zonal wind (m/s) on 10hPa
isobaric surface provided by ECMWFa) from 1 December 2003

to 15 February 2004(b) from 1 December 2002 to 15 February
2003. Solid contour lines represent easterly winds. The interval of
the wind contour lines is 10 mg.

Fig. 1. Time evolution of MIPAS temperature (K) averaged from
60° N to the North Pole(a) from 1 December 2003 to 15 February
2004;(b) from 1 December 2002 to 15 February 2003. The interval
of the temperature contour lines is 4K.

been validated by Ridolfi et al. (2007), in which MIPAS tem- |o\er and middle stratosphere, with a strong and rapid re-
perature is compared with correlative measurements fromgqyery of the vortex in the upper stratosphere. There is also

radiosondes, lidars, in-situ and remote sensors operated &hgication that the progression of the warming from the upper
ther from the ground or stratospheric balloons. The resultgq the |ower stratosphere was slow.

prove that the bias of the MIPAS profiles is generally smaller  pp, analysis of the MIPAS temperatures fronf®0to the

than 1 or 2 K within the stratosphere. Comparisons betweern\orth Pole shows that during the SSW event, a warming
ground-based FTIR and MIPAS® profiles at 5 NDACC-  signal occurred as early as mid-December and propagated
sites distributed in both hemispheres show good agreemenjownward throughout the whole stratosphere with a rapid re-
between MIPAS and FTIR 2O partial columns: the biases ¢qvery in the upper stratosphere and an extraordinarily long
are below 5% for all the stations and the standard deVia“O”?)ersistent warming in the lower stratosphere (upper panel in
are below 7% for the three mid-latitude stations, and below,:ig_ 1). By contrast, the warming event observed in January
10% for the high latitude ones (Vigouroux et al. 2007) . 2003 was characterized by a similar winter warming near the
In this study, the retrieved £ N2O and temperature pro-  stratopause but the warming signal remained in the upper and
files are used and re-gridded ontox7& (about 2.%5 de-  mjddle stratosphere during most of the winter. Several small
gree) horizontal grid meshes. and shallow downward intrusions, however, were observed

after January 2003 (lower panel in Fig. 1). The major differ-

o ences between the two events are highlighted by the white

3 The characteristics of the remarkable 2003-2004 jcles appearing in Fig. 1. During the 2003—2004 event,
SSW event the zonal-mean zonal wind exhibited a prolonged reversal at

) . high latitudes between 10 and 70 hPa from January to mid-
Manney et al. (2005) have summarized the most prominengep . ary as illustrated in Fig. 2 for the 30 km level. How-

characteristics of the 2003-2004 SSW event during the boger gyring the 2002—2003 event, the wind reversal occurred
real winter. Their analysis shows that this event was char-omy during a few days in January 2003 (see Fig. 2).

acterized by an extraordinarily long vortex disruption in the
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Fig. 3. Meridional cross-section of the zonal meapNmixing Fig. 4. Meridional cross-section of the zonal meap\mixing
ratio (ppbv) poleward of 30N before and during the 2003-2004 ratio (ppbv) poleward of 30N before and during the 2002—2003
SSW:(a) MIPAS N>O on 15 December 2008h) MOZART N>O SSW:(a) MIPAS NoO on 19 December 2002b) MOZART N2O

on 15 December 2003c) MIPAS N>O on 7 January 2004(d) on 19 December 200Zr) MIPAS N,O on 18 January 2003d)
MOZART N2O on 7 January 2004. The MPV contours larger than MOZART N»O on 18 January 2003. The MPV contours larger than
35 MPVU are shown by the solid lines with intervals of 10 MPVU 35 MPVU are shown by the solid lines with intervals of 10 MPVU.
(1 MPVU corresponds t0:410~m? s~ 1K kg—1).

not consider any EPP mechanism, is compared with the Mi-
PAS observation.

The main differences between the two warming events Ei 3106 he ob d and calculated id
can be summarized as follows: (1) The warming during the, igures 3 to _comparet e observed and calculated merid-
ional cross-sections of the zonal meagNand Q concen-

2003-2004 winter was more pronounced in the lower strato-

sphere. (2) The easterly winds lasted to a considerably Iongettlrations . Fhe 20.02_2003 an d .200.3_2004 warming winters
time period in the case of the 2003—2004 SSW. under consideration. The distributions op® and Q de-
' rived from MIPAS retrievals and calculated by MOZART-3

at 30 km for the two successive winters are also shown in
4 |mpacts of SSW events on stratospheric DD and O3 Figs. 7 to 10. In these figures, the polar vortex is represented
distributions by the modified PV contours (solid lines). The definition of
the modified PV (referenced to the 475-K potential tempera-
Stratospheric warming events affect considerably the stratoture level) is provided by Lait (1994).
spheric circulation pattern as well as the mean meridional In Figs. 3 and 4, the observed vertical decrease in the dis-
transport of chemical tracers. In order to exclusively con-tribution of stratospheric pD is represented realistically by
sider the dynamical effect of the 2003—2004 SSW on the disthe model results. Before the occurrence of the SSW event,
tribution of atmospheric constituents, the vertical and hori-the vortices are stable throughout the middle stratosphere and
zontal distributions of relatively inert nitrous oxide{®) are  there is a high correlation between theconcentrations
compared with the distributions of ozoneglOMeanwhile, and the position of the polar vortex in the middle strato-
the same method is applied to the more “typical” 2002—2003sphere. For example, on 15 December 2003 (see Fig. 3a, b)
SSW event, so that the impacts of the two warming events orand on 19 December 2002 (see Fig. 4a, b), th® Honcen-
stratospheric chemistry can be differentiated. trations are lower inside the stable vortex. A sharp horizontal
The EPP event from late October and early Novembergradient is observed near the edge of the vortex in both the
2003 had important effects on upper stratospheric ozon@IPAS observations and the MOZART-3 simulation. Hor-
(Randall et al., 2005; Vogel et al., 2008). To focus our studyizontal distributions at 30 km also show that, in 2003-2004
on the SSW events, we analyze the relative change of ozonearly winter, the polar vortex and the corresponding |oON
distribution at 30 km. The MOZART simulation, which does concentrations are located in the Arctic region with a small
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Fig. 5. Same as Fig. 3, but for the ozone mixing ratio (ppbv). Fig. 6. Same as Fig. 4, but for the ozone mixing ratio (ppbv).
shift towards the North Atlantic and Northern Europe (see o) mipas 03Dect5 b) MOZART 03Dec’5

Fig. 7a, b). Starting in January, the SSW events have strong
impacts on the distribution of stratospheric tracers. However,
the effects on the stratospheric constituents are very different
in both cases. On 18 January 2003, even though the mid-
dle stratosphere vortex is disturbed and moves away from*"
the pole and the polar vortex with lowoR concentrations at
30km elongate after mid-January (see Fig. 8c, d). But, the
vortex in the lower stratosphere remains stable and is still lo-
cated at the pole. As aresult, the®lconcentrations are low ’ 0
in the Arctic region of the lower stratosphere (see Fig. 4c, @ MP45 04/an10
d). By contrast, on 7 January 2004, the vortex becomes un- ., s
stable and is displaced away from the pole, reaching the lat- -
itude of 60 N. As a result, only a shallow trough remains in
the zonal mean PpD concentrations (see Fig. 3c, d). More- ;|
over, the dynamical disturbance has significant impacts on
the NxO distribution after the vortex breakdown. For exam-
ple, on 10 January 2004, two remnants of the diluted vortex  .»
can be seen at 30 km and air masses with high Moncen-

trations originating from mid-latitudes reach the polar region T

(see Fig. 7c, d). The dramatic increase of mid-stratospheric z0 45 70 85 120
N2O concentration in the polar region can generally be at-

t”_bUte‘?' to the enhan_ced poleward transport Q_ON'Ch air Fig. 7. Distributions of the NO mixing ratio (ppbv) at 30 km pole-
with mid-latitude origin. However, there are differences be- arq of 3¢ N before and during the 2003-2004 SS{a) MIPAS
tween area of low RO concentrations and the location of N,0 on 15 Dec 2003; (b) MOZART pD on 15 December 2003;
polar vortex. The main vortex with low 2D concentrations  (c) MIPAS N,O on 10 January 2004d) MOZART N,O on 10
breaks into several small low concentration centers inside thdanuary 2004. The MPV contours larger than 50 MPVU are also
remanent polar vortex. In addition, large areas of loy©ON  shown as the solid lines with the interval of 10 MPVU.
concentrations are found outside the polar vortex. As a re-

sult, NO is further diluted as the warming event progresses.

| 90F

90F 90W
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Fig. 8. Distributions of the NO mixing ratio (ppbv) at 30km
poleward of 30 N before and during the 2002—2003 SSW (unit: Fig. 9. Same as Fig. 7, but for the ozone mixing ratio (ppmv).
ppbv): (a) MIPAS N,O on 19 December 2002)) MOZART N>O

on 19 December 200Zr) MIPAS N,O on 18 January 2003d)
MOZART N»O on 18 January 2003. The MPV contours larger
than 50 MPVU are also shown as the solid lines with the interval of
10 MPVU.
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The simulated distributions of the zonal mean and hori-
zontal G concentration are also generally consistent with the
MIPAS observations (see Figs. 5, 6, 9 and 10). When the vor-
tex is stable, the high ozone concentrations that stretch from
low latitudes to higher latitudes in the middle stratosphere  ¢) MIPAS 03Jan18
(from about 24 km to 40 km), remains confined outside the - -
polar vortex (as denoted by the modified PV contours). This
is the case before the SSW events on 15 December 2003 (see
Fig. 5a, b) and on 19 December 2002 (see Fig. 6a, b). This_
feature can also be figured out from the horizontal distribu-
tion at 30 km (see Figs. 9a, b and 10a, b). During the 2003—
2004 SSW (e.g., on 7 and 10 January 2004) high ozone con-
centrations have been transported into the polar region as a
result of the strong planetary wave disturbance. As high-
lighted above, in the middle of January, the split vortex shifts
away from the polar region, causing a relatively lowy &@n-
centration just at the location of the remaining vortex (seeFig. 10. Same as Fig. 8, but for the ozone mixing ratio (ppmv).
Figs. 5¢, d and 9c, d). During the 2002—-2003 SSW event
(e.g., on 18 January 2003) the poleward transport of ozone-
rich air is also prohibited by the remnant vortex (see Fig. 6¢,the effects of the EPP event (Randall et al., 2005; Vogel et
d). However, when compared with the 2003—2004 warm-al., 2008). However, the concentration inside the poleward
ing, the observed polar ozone concentrations in the middldransport of ozone-rich air is higher in 2002—2003 than in
stratosphere are obviously higher during the 2002—2003 win2003—-2004 (see Figs. 5d and 6d). This is consistent with the
ter (see Figs. 5¢c and 6¢). This can be easily attributed tdMOZART-3 calculation, which, however, does not account

0

4.5 &5 55 6 6.5 7 7.5

8 85 9 95 10
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for any EPP mechanism. Thus, to some extent, these dif-

. L Table 1. Zonal mean eddy heat flux'(V') between 45~75° N on
ferences in ozone distributions should also result from they . 100 hPa isobaric surface (unit: K*m/s): the two columns rep-

differences in the stratospheric dynamics between the tWQggent the averages for period-1 (15 Decemtisr January), and

eventS MOI'e detaI|S are prOVIded |n SeCt 5 penod 2 (15 JanuarylS February) respective|y_
In addition, there are, however, differences in the behavior
of the G; and NvO: there is,. for example, a low ozpne center 15 Dec—15 Jan 15 Jan—15 Feb
located over the North Pacific and/or North America, referred
to as “low-ozone pockets” by Manney et al. (1995). This fea- 2002-2003 21 19
2003-2004 24 16

ture is observed in the middle stratospheric anticyclone dur-
ing both SSW events, and is explained by the dynamical iso-
lation of air masses at high latitudes over time periods that
are long enough for local photochemical equilibrium to be
approached (Morris et al., 1998). These “low-0zone pock- . . .
ets” are more prominent during the 2003-2004 event (sees'l Variations of ozone in extratropical lower stratosphere
Figs. 9a, b and 10a, b), which suggests that the stratospher
anticyclone was larger during the 2003—-2004 winter. Af-
ter the dissipation of the SSW disturbance, the “low-ozone
pockets” are further enhanced by the low €éncentrations
drawn off the polar vortex and are distorted by the intrusion
of low-latitude air (see Figs. 9¢, d and 10c, d).

As shown by the different figures, there is general con-

sistency between the obsc_erved and simulated d'smbuuonﬁng vertical ozone fluxes on 100 hPa level averaged for two
of N2O and @ concentrations. However, there are also

) ) ; . i iod-1: 15D 1 : iod-2: 1
differences in the magnitude of the concentrations of bothperIOdS (period 5 December to 15 January; period S

anuary to 15 February) are considered for this comparison.
compounds: some observed features are not reproducef]n y ) P

S L general, these two time periods can represent the situa-
such as the overestimation/uderestimation of upper stratog

. X . . ions during and after the both warming events respectively.
spheric IWO/O; concentrations and the positive® merid- Moreover, in order to provide a general picture about the

ional gradient above 30 km. Most of these discrepancies be"nter-annual effects of the atmospheric waves to the extrat-

tween MOZART and satellite observations can be attnbutedlrOpiCaI UTLS ozone, we also use the simulation in the cold

ﬂgnzag\'g_rto trée lfapt tk;a; the (';.‘C'it'al ;:ondltlltofns used in t.he Arctic 1999-2000 winter (Manney and Sabutis, 2000) for a
model simulations did not result from an assim- convincing comparison.,

!Iatt|r(])n ?[f Sat;:“t? t?]ata‘t Int add|t_|org r()jart gf the d||fferznce The distributions of vertical ozone flux show similarities
in the strength of the structures irs@nd NbO may also be among the three cases. For example, the patterns of the

att.nbuted to thg MOZART-3 transport scheme and the resoyownward ozone fluxes at 100 hPa (see Fig. 11) are gener-
lution of dynamics.

ally the same: the maximum centers of the downward ozone
flux in the Northern Hemisphere are located in the Baikal
5 Impacts of SSW on the extratropical UTLS ozone area (East Asia) throughout the boreal winter for all three
cases. This suggests that the intrusion of high ozone con-
As indicated above, SSW events have important impacts ogentration into the lowermost stratosphere region over East
ozone concentrations in the lower stratosphere. As a resulisia contributed substantially to the extratropical lowermost
the mass exchange between the upper troposphere and tstratosphere ozone budget during the both warming winters
lower stratosphere could also be affected by the intensity ofind the cold winter. Obviously, during period-1 the down-
the SSW with consequences for upper tropospheric ozonavard ozone fluxes across 100 hPa surface in two SSW cases
In the following section, we analyze the variation of ozone in are stronger than that in 1999—2000 winter. Moreover, during
the extratropical UTLS region, with emphasis on the intru- period-2, there is a clear enhancement in downward ozone
sion of stratospheric ozone-rich air into the lowermost strato-flux for 1999-2000 case, while there exist a slight decrease in
sphere over East Asia and the cross-tropopause ozone fludownward ozone fluxes for warming winters. However, there
(CTOF) in the northern extratropics. In MOZART-3 simu- are still marked differences between the two SSW events.
lation, the 3 dimensional ozone fluxes (in kg/day) at eachDuring the 2003—-2004 winter, the downward ozone flux over
model grid were totaled daily. East Asia was weaker and shifted slightly to the south com-
pared to the situation in 2002-2003. The southward shift
might be associated with a more pronounced southward ex-
tension of the East Asia trough during the 2003—-2004 winter.

1999-2000 10 17

Given the fidelity of the MOZART simulation to MIPAS ob-
servations illustrated in the previous section, there is some
confidence in examining the ozone abundance where quali-
fied observations are not available. Thus, in order to com-
pare the impact of the two SSW events on the “middleworld”
ozone abundance (Chen, 1995), we use the daily totaled ver-
tical ozone flux on 100 hPa from the simulation. The result-
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Table 2. Total downward ozone flux (inTg) over East Asia (g L LeetgTIanS 200e/2008 (g IS 200272009
(40°~65° N, 80°~15C E) across 100 hPa isobaric surface: the first
two columns correspond to period-1 (15 DecemidEs January) 9 §
and period-2 (15 Januand5 February) respectively and the last % &
column is the sum of the first two column. § 907 I r
§ 50 - L g L
15 Dec-15Jan 15Jan-15Feb 15 Dec-15 Feb R |~ i
2002-2003 103 83 186 100 T : 700 : :
2003_2004 100 71 171 Decé?SAiJan15 221\013/2004901\, Jané;(?iFeb15 2%03/2004901\]
1999-2000 67 106 173 10 L L 70 L L
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Fig. 12. Zonal-mean eddy heat flux (K*m/s) cross-section between
10 and 100 hPa: Panefa) and (b) represent the average flux for

period-1, period-2 during the 2002—2003 winter respectively; pan-
els (¢) and (d) represent the average flux for period-1, period-2

30°N ) (
oo N A : W\ : ' ! during the 2003—-2004 winter respectively; pan@sand (f) cor-
800 SOW 07 90 180 ’ g . ’ respond to the average flux for period-1 and period-2 during 1999—
%go 0 60 ,20- 2000 winter. The contours of easterly winds shown by dashed lines

with intervals of 2 m/s.

Fig. 11. Averaged vertical ozone flux (f(kg/day) provided by

MOZART across the 100 hPa isobaric surface before and after th&onal-mean eddy heat fluxes of period-1 and period-2 are
SSW events. Panel@), (b) represent the averaged fluxes for also analyzed to evaluate the wave activity during the three
period-1, period-2 of the 2002—2003 winter respectively; pa@gls  winters. The results show that, throughout the 2002—2003
(d) correspond to the averaged fluxes for period-1, period-2 of theand 1999-2000 winters, the westerlies were favorable con-
2003-2004 winter respectively; panéé3, (f) correspond to the av-  ditions for the persistent upward propagation of planetary

eraged fluxes for period-1, period-2 of the 2003-2004 winter re-\yaves (see Fig. 12a, b, e and f). By contrast, the 2003—2004

spectively. The negative values represent the downward ozone ﬂu_)Winter was characterized by an anomalous wave activity dur-

The contours of the geo-potential height are also shown by the so!lqng period-1 that led to a remarkable warming (see Fig. 12b).

lines witlg intervals of 100_m. _Thg area corresponding to East Asla_l_hiS event was followed by an abrupt decline in the wave am-
(40°~65"N, 70°~150"E) Is highlighted by the red box. plitude during periods-2 (see Fig. 12d). The decline in wave
amplitude during period-2 was also reflected in the distur-

Previous studies (e.g., Fusco and Salby, 1999; Newmarti)ance of the polar mid-stratospheric temperature (see Fig. 1)

and Nash, 2000) show that the zonal mean eddy heat flua.nd the temporal Qevelopment of pola_r vortex Shapes (see
’ )l(—_IgS. 7 to 10). This evolution of the winter dynamics was

(v'T"), which is directly proportional to vertical component closely related to the emergence and persistence of easterl
of the EP flux, can be used to quantitatively represent the y 9 P y

. . winds at high latitudes, which restricted the upward propa-
wave activity that propagates from the troposphere into the ation of the tropospheric planetary wave, even though the

stratosphere, and can be a proxy to represent the intensi . . . :
of the Brewer-Dobson circulation. The 1-month averaged aves at the 100 hPa geopotential height were still active.
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Table 3. Total CTOF (between 1 January}5 February) (in Tg) across the extratropical tropopause poleward®.30 represents the total
meridional ozone flux across 30 latitude between 95 and 286 hPa; Z1 and Z2 represent the total vertical ozone flux across the 286 hPa
isobaric surface in mid-latitudes (3960° N) and in high latitude (60~90° N) respectively. The fourth and fifth columns correspond to the
total vertical ozone flux across 286 hPa isobaric surface poleward®d 801+72) and the total CTOF poleward of 3N (Y+Z1+22). The

last two columns represent the ratio of Z1 to (Z1+Z2) and the ratio of Y to (Y+Z1+Z2).

Y Z1 72 71472 Y+Z1+Z2 Z1/(Z1+Z2) YI(Y+Z1+Z2)

2002-2003 10 46 15 61 71 0.75 0.14
2003-2004 6 34 12 46 52 0.74 0.12
1999-2000 5 57 1 58 63 0.98 0.08

Table 1 provides quantitative values of the Brewer-Dobsonmonthly totaled downward ozone flux for 2003—-2004 winter
circulation intensity, using the zonal mean eddy heat fluxwas reduced by30% (from 100 to 71 Tg) during periods 2,
(V'T") between 45~75° N on 100 hPa surface for the three while the variation of ozone flux was onty19% (from 103
winters. The average value of the eddy heat flux during theto 83 Tg) during the second month of the 2002—2003 winter.
2003-2004 SSW event (24 K*m/s) was slightly (3 K*m/s) Furthermore, in the cold 1999-2000 winter, with the persis-
larger than that during the 2002-2003 event (21 K*m/s) fortent increase of planetary wave activity, the total downward
the first month. Meanwhile, the eddy heat flux in the cold ozone flux into the lowermost stratosphere over East Asia in-
1999-2000 winter (10 K*m/s) was no more than half the val- creased by~58% in the second month (from 67 to 106 TQ).
ues of the two warming winters. After the emergence of As on a regional scale, the magnitude of the total ozone flux
easterly winds at high latitudes, the zonal mean eddy heais not perfectly proportional to the eddy heat flux (since the
flux during the 2003—2004 event was reduced by nearly 33%downward ozone flux is also associated with some other fac-
(from 24 to 16 K*m/s) during the next month. However, the tors such as the horizontal advection of ozone), but there does
eddy heat flux during the 2002—2003 event was characterexist a good consistency in the tendency of the ozone flux and
ized by less than 10% decrease (from 21 to 19 K*m/s) duringthat of the eddy heat flux during the two periods of the three
the same period of time, which thus surpassed the value afvinters.
the heat flux at the same period during the 2003-2004 event. In general, in terms of downward ozone flux in lower
Moreover, the eddy heat flux in 1999-2000 case increased bgtratosphere, there are marked differences between the
70% (from 10 to 17 K*m/s) and is just between the values of warming and cold winters. Moreover, the total downward
the two warming winters. The reduced eddy heat flux and theozone mass during the remarkable 2003—2004 warming win-
limited propagation of planetary waves indicated there waster from 15 December 2003 to 15 February 2004 (171 Tg) is
an abrupt weakening in the so-called “extratropical pump”almost the same with that during the cold 1999-2000 winter
process (Holton et al., 1995), which produces the Brewer{173 Tg) and is~10% less than that (186 Tg) in 2002-2003
Dobson circulation in the middle atmosphere. As a consewarming winter (see Table 2).
quence, less ozone was transported poleward (see Figs. 5¢c, d
and 6¢, d) and downward into the extratropical UTLS region,5-2 The cross-tropopause ozone flux (CTOF) in NH extra-
which may have reduced the wintertime buildup of ozone in tropics

the middleworld (Wang et al., 1998).
( g ) Anomalies in polar stratospheric circulation can propagate

Table 2 shows the total ozone flux (inTg) across into the troposphere and can thus cause delayed responses
the 100 hPa isobaric surface over East Asia®{485° N, in tropospheric dynamics (Baldwin and Dunkerton, 1999,
70°~150° E) in the three winters. During period-1, the 2000). In order to quantify the variations of NH extratrop-
downward ozone flux in the early winter of 2003-2004 ical CTOF associated with the stratospheric warming events,
(100 Tg) was only slightly smaller (3 Tg) compared to the the methods from previous studies (Tie and Hess, 1997; Get-
situation in 2002—2003 (103 Tg). Meanwhile, the value in telman et al., 2004) are applied in the following context.
the early 1999-2000 winter (67 Tg) wass3% less than that  For simplification, we total the meridional ozone flux across
in the two warming winters. These differences were related30° N between 95 and 286 hPa and the vertical ozone flux
to the much stronger Brewer-Dobson circulation indicated inacross 286 hPa isobaric surface in mid-latitude${3&@° N)
Table 1 for the two warming events. However, after the emer-and high latitudes (60-90° N) between 1 January and 15
gence of stratospheric easterly winds in early January 2004February.
with the decline of the wave activity, the downward ozone
flux over East Asia changed prominently. For example, the
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Table 3 provides quantitative results of the total meridionalof the polar vortex, especially in the lower stratosphere. In
and vertical CTOF in middle and high latitudes during the addition, the extraordinarily long vortex disruption in the
three winters (1 Januaryl5 February). The extratropical middle and lower stratosphere during the 2003—2004 event,
total CTOF in the 2002—2003 typical SSW case (71 Tg) iswhich has caused the long-lasting wind reversal in the Arctic
~10% higher than that in the cold 1999-2000 winter (63 Tg).region has reduced the eddy heat flux and the upward prop-
However, the extratropical total CTOF (52 Tg) and total ver- agation of planetary waves in the extratropical stratosphere.
tical CTOF (46 Tg) in 2003—2004 SSW event are betb%  The restricted wave activity explains the rapid recovery of the
lower than those (71 and 61 Tg) in 2002—-2003 SSW eventupper stratospheric polar vortex and its exceptional stability
These differences may be closely associated with the reduring February and March 2004 (Manney et al., 2005).
stricted wave activity in 2003-2004 event mentioned above. (2) The distributions of MO and Q in the middle strato-
This may also be the reason why the extratropical total CTOFsphere bear some resemblances. They are both dynamically
in 2003-2004 (52 Tq) is°20% lower than in 1999-2000 case dominated, and affected by the isolation of the polar vortex,
(63TQ). when the vortex is stable. The so-called “low-0zone pock-

More specifically, the vertical CTOFs in high latitude ets” which have been observed, are also found in the model
(60°~90° N) during 2002-2003 and 2003-2004 warming Simulations. After the occurrence of both SSW events, the
winters are 15 Tg and 12 Tg respectively, which are 10 timegpolar vortex that contains low XD and @ concentrations
more than that during the cold 1999-2000 winter (1 Tg).is displaced from the pole. Meanwhile, poleward transport
However, the vertical CTOFs in mid-latitudes ¢3650° N) of low-latitude air with high NO and @ concentrations ex-
in the two warming winters are weakened by~2%.  tends into the Arctic region. With the weakening of the polar
Moreover, compared to the case in 1999-2000 winter, thevortices during the warming events, the enhanced exchanges
total meridional CTOF (Y) across 30l between 95 and near the vortices edge lead to a large area of I Nnd
286 hPa in 2002-2003 winter (10 Tg) is doubled, while the O3 concentrations outside the distorted vortices. Compared
value in 2003-2004 winter increases only by 1 Tg. Further-with the 2002—-2003 event, the SSW of 2003-2004 results in
more, the ratios of Y to the total CTOF in the two warm- enhanced dilution of low BO and G concentrations outside
ing winters are 50%, at least, higher than the cold winter.the polar vortex. The presence of “low-ozone pockets” is also
Since the meridional CTOF can approximately represent thanore prominent during the 2003—2004 SSW winter. More-
stratosphere-troposphere exchange of ozone associated witlver, the transport of and NoO-rich air masses from the
the isentropic transport in the middleworld, above differencestropics is less pronounced during the 2003—-2004 event due to
can be reasonably understood by the different wave activitieshe restricted planetary wave activity during this long-lasting
during the three winters (see Table 1). Generally, compareavarming event.
to the cold winter, the increased isentropic transport associ- (3) Planetary wave activity, especially during the 2002—
ated with the enhanced wave activity during warming events2003 SSW event, facilitates the downward transport of ozone
plays a much more important role in the extratropical total in the extratropical UTLS region. However, during the 2003—
CTOF budget. 2004 SSW event, the long-lasting easterly winds at high lat-

itudes reduced the intrusion of ozone-rich masses from the

lower stratosphere into the extratropical lowermost strato-
6 Conclusions sphere (or “middleworld”), especially over East Asia. As

a result, the total downward ozone transport across 100 hPa
This study analyzed the remarkable stratospheric suddeisobaric surface by the descending branch of Brewer-Dobson
warming event that took place in the NH during the win- circulation over East Asia was10% lower during the 2003—
ter of 2003—-2004, and compared the behavior of nitrous2004 SSW event. Moreover, compared to that in 2002—-2003
oxide (N;O) and ozone (@) during this period with the warming winter (1 Januaryl5 February), the total cross-
situation resulting from the major warming of 2002—-2003. tropopause ozone flux (CTOF) during 2003—-2004 winter was
The present study shows that both events had significant ef~25% lower, most of which could be attributed to the dif-
fects on the stratospheric dynamics and on the distributiorferences in meridional and vertical CTOF in mid-latitudes
of chemical tracers. Observations by ENVISAT/MIPAS and (30°~60° N).
the chemical transport model MOZART-3 were used inten- (4) Compared to the cold 1999-2000 winter, the verti-
sively in this study. The MOZART-3 simulations for the two cal CTOF in high latitudes (66-90° N) during the 2002—
winters provide distributions of ozone during the SSW events2003 and 2003-2004 warming events increased more than
that are consistent with the ENVISAT/MIPAS observations. 10 times, while the vertical CTOF in mid-latitudes decreased
The observations and simulations indicate that: by 20~40%. Moreover, during the two warming winters,

(1) Both the major Arctic SSW events (2002—2003 andthe meridional CTOF caused by the isentropic transport as-
2003-2004) have caused the weakening and distortion o$ociating with the enhanced wave activity also increased and
the stratospheric polar vortex. The SSW of 2003—2004 hadplayed an important role in the extratropical total CTOF bud-
however, a much more pronounced effect on the disturbancget. In addition, during the 2002—-2003 typical SSW event,
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the extratropical total CTOF increased $410%, compared A., Varotsos, C., Vigouroux, C., Waterfall, A., Wetzel, G., and
to the cold 1999-2000 winter. However, during the 2003— Wood, S.: Geophysical validation of MIPAS-ENVISAT opera-
2004 SSW event, the extratropical total CTOF was even tional ozone data, Atmos. Chem. Phys., 7, 4807-4867, 2007,
~20% lower than that during the cold winter. http://www.atmos-chem-phys.net/7/4807/2007/
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