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Abstract. An important part of extra-tropical stratosphere- nificantly force the chemistry and subsequently the radiation
to-troposphere transport occurs in association with baroclinide.g.Roelofs and Lelieveldl 997, and can enhance episod-
wave breaking and cut-off decay at the tropopause. In the lagtally the ozone concentration in the boundary lay&e(nli
decade many studies have attempted to estimate stratosphessd Bourquj 2002 Ladshtter-Weissenmayer et aR004).
troposphere exchange (STE) in such synoptic events witiransport of tropospheric air (with natural and anthropogenic
various methods, and more recently efforts have been mademissions) into the stratosphere perturbs the lower strato-
to inter-compare these methods. These inter-comparisonspheric chemistry and can inject significant amounts of wa-
show large variations between estimates from different methter vapour in the stratospheredgssler and Sherwopa004).
ods. This large uncertainty points to a need to thoroughlyRecent studies have also suggested that cross-tropopause
evaluate such methods, assess the realism of the resultirgass flux may increase during the 21st Century as a result of
STE estimates and determine the sensitivities to intrinsic paelimate changeSudo et al.2003 Collins et al, 2003. Ac-
rameters of the methods. cording to these studies, the long term enhancement of strato-
The present study focuses on a trajectory-based Laspheric sources of ozone would significantly modify the tro-
grangian method which has been applied in the past to clipospheric ozone budget. For convenience, we use hereafter
matological studies. This method is applied here to the quanthe abbreviations STT for stratosphere-to-troposphere trans-
tification of STE in the context of a typical baroclinic wave port, TST for troposphere-to-stratosphere transport, and STE
breaking event. The analysis sheds light on (i) the complexfor general stratosphere-troposphere exchange.
three-dimensional temporal and spatial structures that are as- Due to its particular relevance, STE has received a lot of
sociated with the rapid inflow of stratospheric air into the tro- attention during the last two decades, and some key prop-
posphere, (i) the variation of STE mass flux with the choice erties have been identified. On the one hand, STE can be
of the dynamical tropopause definition within 1.5 to 5PVU, seen to some extent as the lowest branch of the Brewer-
(iii) the sensitivity of the results to resolution, and in par- Dobson circulation olton et al, 1995. The latter, under-
ticular the minimum spatial resolution of £1° required to  stood here as the mean residual circulation resulting from
reasonably capture STE fluxes in this wave breaking eventthe Transformed Eulerian Mean framewong@rews et al.
(iv) the effective removal of spurious exchange events usingl987), is mainly driven by planetary wave breaking within
a threshold residence time larger than 8 h. the middle stratosphere “surf zond€Intyre and Palmer
1983 Haynes et a).1997). On the other hand, tropospheric
dynamics influence to a large extent the tropopause region
and hence the flux across the tropopause. The vertical mass
flux in the tropopause region associated with this circulation

The exchange of mass between the stratosphere and tl%h'b'tsp\‘/f.ry d|ffefrent d|§tr|but|ons Whgthgr I.t 1S c?lculat((ajd
troposphere has important implications for climate and life acr(r)]ssd.ﬁ ISO-Sur a_ceT, |se!’1trop;ashor IS0 afnc sur alce_s, ue
conditions on the Earth’s surface. Injection of ozone-rich to the difterent vertical motion of these surfaces relative to

CLe - ; ._the flow Juckes2001). While the diabatic circulation is re-
stratospheric air into the troposphere is recognised to Slgflecte q irg the c?oss-?s entropic motioHdynes et a).1991)

1 Introduction

Correspondence tavl. S. Bourqui
(michel.bourqui@mcgill.ca) 1pv denotes the Ertel's potential vorticity.
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the cross-tropopause flux is by definition a motion across iso-(3) The methods using a trajectory-based Lagrangian rep-
PV surfaces if the dynamical tropopause is to be considered  resentation of the flow (e.gMernli and Davies1997,
(Appenzeller et a).19961. Stohl 2002, Wernli and Bourqui2002).

In the extra-tropics, injection of stratospheric air into the
troposphere has been detected almost exclusively in region
of upper-level troughs and cut-off lows (e@anielsen198Q
Shapirg 1980 Ancellet et al, 1991, Langford et al. 1996 tlrgg%port of a tracer (e.gray, 2003 Roelofs et al.
Eisele et al.1999. These structures are part of baroclinic '
wave life-cycles and are frequently associated with the pro-The study ofwirth and Egger(1999 inter-compared in the
duction of folding and filamentation structures (8gsh and  context of a case-study several methods based on Eulerian
Peltier 1994 Bithell et al, 1999. The physical processes formulations and a method of type (2) employing trajecto-
responsible for STT have been analysed in numerous studigées to advect passively the tropopause. They suggested that
and a variety of mechanisms has been identified. Their relimethods of type (1) produce reasonable estimates when for-
ative importance varies significantly from case to case. Thenulated with a PV — vertical coordinate and produce noisy
presence of clouds in the upper-troposphere (often induceéstimates in all other cases. Note that the PV — vertical co-
on the warm, downstream side of an upper-level trough) andrdinate formulation of the mass flux requires a direct es-
the associated latent heat release leads systematically totinate of the material derivative of PV. This quantity was
significant inflow of stratospheric air into the troposphere available as model output in the study \Wirth and Egger
(e.g.Lamarque and Hes&994 Wirth, 19953. Turbulence (1999, but can notin general be derived from meteorological
in the region of the jet stream in the absence of clouds (cleafields with a reasonable confidence. They also suggested that
air turbulence) has been identifieBhapirg 1976 and its  type (2) methods produce reliable estimates. In another inter-
significance for stratosphere-troposphere exchange demorgomparison studyowol-Santen et a2000 estimated STE
strated Shapirg 1980. The formation of small-scale fila- from a mesoscale model output with a type (1) methodology
ments or folds and their irreversible mixing is also recognisedformulated in isentropic vertical coordinates and a type (3)
to account for a significant part of the overall exchanged massnethod. Although the net mass flux estimated from the two
(e.g.Price and Vaugharl993 Hartjenstein 2000. Physi-  methods was in agreement, the separated STT and TST mass
cal processes involved in TST in the extra-tropics have alsdluxes were found to be noisier in the type (1) method.
been studied. Radiative effects in anticyclones, in particu- The study ofGray (2003 used a mesoscale model to de-
lar those related to the water vapour profile, can induce up+ive the fluxes of stratospheric air through the tropopause
ward transport (e.gHoskins et al. 1985 Zierl and Wirth using a passive tracer (type (4) method). They showed a
1997. Additionally, intense convective complexes which substantial sensitivity of the estimates to the horizontal and
reach the tropopause are likely to inject tropospheric air intovertical resolutions, as well as an equally large sensitivity
the stratosphere by convective transpBrdiflida et al.1996 to the hyperdiffusion coefficient. Net STT estimates con-
Stenchikov et 1996 Mullendore et al.2005 or via break-  verged rapidly when resolution was increased frénc21°,
ing of gravity waves generated above cumulus clovdsng 0.5° and 0.12, and with adequatly decreased hyperdiffusion.
2003. Resolutions of 1and 0.5 gave estimates reasonably close to

Methods estimating STE at synoptic scales must be able téhose at 0.11resolution. Their results suggested also that a
resolve the motions of the flow and of the tropopause at thdarge part of the cross-tropopause mass flux comes from the
scales on which the involved physical processes are actinghodel’s explicit advection, with still a maximum of 38% at-
otherwise they may misrepresent the differential motion oftributed to parameterized convection and less than this to pa-
the flow and the tropopause. However, if such methods are téameterized turbulent mixing. The fraction due to convective
produce estimates on the global scale, they must in additiofransport was however sensitive to the hyperdiffusion, and
be applicable to global meteorological data with synoptic-may vary from one model to anotheRoelofs et al(1997)
scale resolution such as operational (re-)analysis data. linter-compared STE estimates from tropospheric chemistry-
past studies, such quantifications have been carried out uglimate models nudged toward analysis data and chemistry-
ing merely four types of methods: transport models driven by analysis data. The models were

operating at resolutions of *.&nd lower. The simulated
(1) The methods based upon Eulerian formulations of theozone distributions for the selected tropopause folding event
cross-tropopause flux and estimating individual termsshowed considerable differences between the models, sug-
of the formulation (e.gWei, 1987 Wirth, 1995h Wirth gesting significant differences in cross-tropopause fluxes.
and Egger1999. Wernli and Bourqui (2002 introduced a Lagrangian
method using ahreshold residence timeThis method is
(2) The methods explicitely estimating the non-advective based on a representation of the flow by three-dimensional
part of the motion of the tropopauseamarque and trajectories, started from a dense three-dimensional grid and
Hess 1994 Wirth and Egger1999. computed using wind fields from the European Centre for

é4) The methods using transport schemes with physics
parameterizations and estimating the cross-tropopause
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Medium-Range Weather Forecasts (ECMWF) operationathe smallest scales resolved. Consequently, estimates of sep-
analyses. Exchange events are then selected from the trarated STT and TST fluxes will intrinsically depend on the
jectories that reside within the troposphere and the stratothreshold residence time that is either explicitely applied or
sphere before and after having crossed the tropopause fomplicitely present.
a period longer than a given threshold residence tithe The motivation of the present study is to gain a deeper
They produced a one-year climatology of exchange in theunderstanding of the methodology introducedNernli and
extra-tropical northern hemisphere with a detailed geographBourqui (2002, and along with this a deeper understanding
ical distribution which was in quantitative agreement with of basic cross-tropopause transport properties, in the context
independent results from methods cast in the zonal meawnf a case study with special emphases on the residence time,
framework. The extension of the climatology to fifteen yearsthe data resolution and the PV-tropopause definition. In addi-
mainly confirmed these resultSigrenger and Wernl2003. tion, the potential offered by the method for detailed physical
Within the EU project STACCATO $tohl et al, 2003, analyses of the processes involved is illustrated.
this trajectory-based Lagrangian method took part in a The structure of the paper is as follows. In Sect. 2 we
method inter-comparison and verification exercise basedlescribe the data set and the Lagrangian method. Then,
upon selected case studies of STE in the European sectdn Sect. 3 the baroclinic wave event under consideration is
(Meloen et al. 2003 Cristofanelli et al. 2003. The inter-  briefly described, results of STE estimates are presented and
comparison included in particular Lagrangian transport mod-further details are shown using three-dimensional views. In
els with physics parameterizations, chemical transport modSect. 4 is discussed the sensitivity of the method to data res-
els and general circulation models (type (4)). It was shownolution, threshold residence time and the PV-tropopause def-
that purely trajectory-based approaches yield lower boundnition. And finally, conclusions are drawn in Sect. 5.
estimates of STE because they capture the large-scale trans-
port but no turbulent nor diffusive processes. Particle dis-
persion models with parameterized turbulence led to slightly? Pata and method
larger cross-tropopause mass fluxes, while estimates frorq, L
. o he cross-tropopause flux calculation is based on hourly out-
relatively coarse scale global models were distinctively larger e
. e puts of the limited-area Europa Model (EM) of the German
and were shown to suffer from numerical diffusion. Indeed, . . : o
. . - Weather ServiceMajewski 1991). The resolution in the
for the cases under consideration, based upon a limited ob- . . ; :
. . o L model is 0.5x 0.5 in the horizontal and 40 levels in the ver-
servational data set available for validation, and in sight of . . : o i
TR o tical“. The hindcast simulation is performed for a duration
the uncertainties implied by parameterizations on transport

the trajectory-based Lagrangian approach accuratel identit-)]c 162 h from 1 September 1997 00:00 UTC to 7 September
fied reJ ionsysub'ect to sgtratc?s herz?to-tro osphere t)r/ans 0%[997 18:00 UTC, and uses the six-hourly ECMWF analy-
9 J P posp POl fields (T213L31) as initial and boundary conditions. The

and_prowded quantitative estimates that can be regarded Smulation domain is drawn in Fid. by the bold line. The
realistic lower bounds.

. . . simulation results compare reasonably well with the verify-
A key element introduced in the study &fernli and b y fy

Bourqui (2002 was the threshold residence time, used to se-mg E.CMWF analyses (not shown), and reproduce correctly
o the different phases of the synoptic and mesoscale develop-
lect the significant exchange events. They suggested that an-

ticipated errors in the mass flux due to derivation of PV andme.nt both in amplltudg and 'OC‘?‘“‘?”- A slightly smaller@o-
! . . . . main than the simulation domain is used for the quantifica-
trajectory calculation were likely to introduce spurious ex-

X . . . tion of exchange (see Fid, filled domain). To enable the
change events mostly associated with small residence times, : . ; . . . .
) . ‘Computation of trajectories outside the simulation domain
Based upon this assumption and the fact that small resi- : .
: . : : . ECMWF analysis data are used to extend the data domain

dence times imply potentially weak chemical action, they

to the whole northern hemisphere.

suggested filtering out t_he smaI_I re5|der_10e .“”?e e_vents byem The method for quantifying the stratosphere-troposphere
ploying a threshold residence time. This distinction between . . .

. . exchange flux is an adaptation of the trajectory-based method
short and long residence time events was also found to be

crucial in the study oflames et al(2003 where more than troduced byWernli and Bourqui(200 allowing for a

..._higher temporal and spatial resolution of the data within a
90% of the cross-tropopause flow was found to return witin,. =. : . .
: - : limited area Bourqui 2001). We summarise here the main
6h to its original layer. A theoretical study has been €@ features of the method and the parameters that were used to
ried out recently byHall and Holzef2003 on the advective- P

diffusive mass flux through a surface and associated resig;lchleve the results presented in Sect. 3. The sensitivity of the

dence time distribution. The study concluded that in themethod to_thg main parameters is dlscgssed in Sect. 4. .
. : S L The definition of an exchange event is based on the condi-
small residence time limit, in the absence of scale limita-

. o . tion that the trajectory resides for a time period longer than
tions, the separated fluxes become infinite. Equivalently, the ™ . . . L .

: . a given threshold residence timé in either sides of the
gross fluxes are completely dominated by fluid elements re-
siding infinitesimally. In presence of scale limitations due  2Levels every 20 hPa in the tropopause region between 150 and

to finite data resolution, the gross fluxes are dominated bys10hPa, and every 30 hPa elsewhere with the top level at 30 hPa.

www.atmos-chem-phys.net/6/2651/2006/ Atmos. Chem. Phys., 6, 2630-2006
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1
Ty T trans T

exchange location

tropopauise

air parcel

stratospheric tropospheric
residence period transition period residence period

Fig. 1. Domains used in the methodology. Filled: diagnosis domain Fig. 2. Conceptual Lagrangian model of an exchange event. A

for cross-tropopause transport. Bold line: EM simulation domain'trajectory has experienced a significant exchangesifr*, 7, >*,
Solid line: Trajectory starting grid domain. andT”a“5<T,HgQS for givent* andT,.t,{gQS.

Finally, the exchange mass flux is given by the sum of
e mass transported by the trajectories which experience an
exchange within ax1° grid-square during each period of
12h.

In essence, this method is identical to the one used by

tropopause before and after having crossed the tropopauiﬁ
(see schematic illustration in Fig). The trajectories are
computed with the three-dimensional LAGRangian ANalysis
TOol LAGRANTO (Wernli and Davies1997) based on Pet-
terssen’s kinematic metho®¢tterssenl956. In this study, . : . : :
the 2 PV surface is used as tropopause definition because i goml(')aé!d fﬁ?;g?éig%?iblfols g Epl'll'idett? ai;iisgrllm:r?o?jf
mimics reasonably well the thermal tropopause in the extra-; X9 XL x0T . P i

: . . . of 6 h is introduced here only because of the increased tem
tropics Holton et al, 1995 and is a well-defined, continuous .

. . . poral data resolution.

surface with conservative properties.

The set of exchange trajectories is obtained by a three-
step computation scheme. First, the time-dependent flow i8S Results
discretisized spatially and temporally into a set of trajecto-
ries. The trajectories are started every 12 h for a duratior8.1 Synoptic evolution of the tropopause
of 12h from a starting grid extending vertically from 600
to 50 hPa and horizontally as shown in Fig. The starting ~ The synoptic situation corresponds to the late stage of a typi-
points are separated from each other horizontally by &l cal baroclinic wave development similar to the anticyclonic-
vertically by 5hPa, so that each trajectory represents an aihear case described Dyavies et al(199]) and Thorncroft
massAm=g~1.Ax-Ay-Ap~157x10°kg. Second, the 12h et al. (1993, and includes the break-up of a stratospheric
trajectories which cross the 2 PVU surface are extended foptreamet and the decay of the resulting cut-off. Figuge
5 days both backwards and forwards. Third, the selectiorshows a 12h time sequence of potential temperature at the
is performed on every extended trajectory according to thefopopause and cloud water content at 310K (red contours
conceptual model illustrated in Fig. Each trajectory must ~and shading). Note that the interpolation of potential temper-
reside within the troposphere and the stratosphere for periodature on the 2 PVU surface provided here reflects faithfully
longer than the given threshold residence tiriie The two the structure of the tropopause and allows a dynamical inter-
residence time periods, within the troposphere and within thepretation similar to that of isentropic potential vorticity charts

stratosphere, are separated by a transition time smaller thafrfoskins et al.1985 Hoskins 1991). In principle, such in-

a givenT,"a1s This maximum transition time allows the tra- terpolation may lead to a misrepresentation of situations with

jectories to oscillate around the tropopause while crossingnultiple tropopauses in the vertical. In our particular case
it. The parameters used here are 12 h for the threshold reshowever, although the tropopause is close to vertical in some
dence timer* and 6 h for the maximum transition tinférans regions, there are no significant multiple tropopauses in the
This choice of residence time will be justified in Se¢t2, ~ sector of interest.

while the choice of transition time follows from the con- At the beginning of the period of interest, an elon-
straint that it must be small in comparison to the residencegated, north-south oriented streamer is arriving over West-

time while still allowing for some oscillation when crossing €rn Spain and the United Kingdom, as shown in Bay for
the tropopauseBourqui 2007). 1 September 06:00 UTC. Over the following twelve hours,

4Following Appenzeller et al(19964, a streamer is a synoptic-
SPVU denotes the Ertel's potential vorticity unit: scale equatorward advection of high potential vorticity on an isen-
1PVU=10%m2s 1K kg~1. tropic PV map.

Atmos. Chem. Phys., 6, 265267Q 2006 www.atmos-chem-phys.net/6/2651/2006/
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Fig. 3. Time evolution off [K] on the 2 PVU tropopause, &a) 1 September 06:00 UTGb) 1 September 18:00 UT(¢) 2 September
06:00 UTC,(d) 2 September 18:00 UTQe) 3 September 06:00 UTQf) 3 September 18:00 UTCQg) 4 September 06:00 UTGh) 4
September 18:00 UTC. Red lines: Cloud water content contoursdaf1® kg/kg at 310 K. Red shaded region: Cloud water content larger

than 8<10 2 kg/kg at 310K.

www.atmos-chem-phys.net/6/2651/2006/ Atmos. Chem. Phys., 6, 2630-2006



2656 M. S. Bourqui: Stratosphere-troposphere exchange: a case study

as the streamer moves eastwards, the potential temperatuBe2 Quantitative estimates of stratosphere-troposphere ex-
of its lowest part increases from 315K to mainly 325K change
(Fig. 3b). This change suggests that non-conservative pro-
cesses are taking place that influence substantially the strud-igures4 and5 give the sequence of the 12-hourly averaged
ture of the streamer. Concomittently, a large cloud formsSTT and TST mass fluxes between 1 September 00:00 UTC
east of the streamer and north of the Pyrenees. This period iand 5 September 00:00 UTC. Note that the colour scheme
analysed in details in Se@&.3. is logarithmic and covers three orders of magnitude of mass
During the next 48 h (Figs3c—e), as the streamer contin- flux. The fluxes estimated close to boundaries will not be
ues to move eastwards, its southern part detaches progretken into account here as they may be flawed by the bound-
sively from the polar reservoir and closed isentropic contoursary relaxation (see for instance the large TST pattern oc-
progressively appear: at 325K on 2 September 06:00 UTCguring near the domain’s southern boundary on 4 Septem-
and at 330K on 3 September 06:00 UTC. The eastern sidder 12:00-24:00 UTC). We first focus on patterns defined by
of the streamer is associated with a region of anomalouslynass fluxes larger thanxil0—3kg st m~2, as represented
large potential temperature which overpasses by 25K thén Figs.4 and5 by red to green colours.
typical values of the region. This feature is first seen on The synoptic of STT (Fig4) follows remarkably well
2 September 06:00 UTC in conjunction with the presencethe dynamics of the evolution of the tropopause discussed
of a new cloud to the south-east of the above mentionnedaarlier and STT occurs almost exclusively in the region of
cloud. On 2 September 18:00 UTC, this potential temper-the streamer, streamer break-up and cut-off. A first ma-
ature anomaly and associated clouds have spread out alorjgr STT event happens on 1 September 12:00-24:00 UTC
the side of the streamer and its amplitude has decreased. TI{Eig. 4b) where a distinct structure of strong STT is found
anomaly and associated clouds have almost vanished by Within the deepest part of the streamer, where the presence
September 06:00 UTC. of non-conservative processes was suggested. This major
Note that followingGriffiths et al.(2000 the formation of  event is further discussed in Se8t3. It is followed for 24 h
clouds on the eastern side of the streamer are likely relatetdy an order of magnitude lower STT fluxes in the eastern,
to a low-level convective destabilization implied by the pres- cloudy flank of the streamer (Figéc—d). In addition, signif-
ence of the upper-level positive PV anomaly contained in theicant STT can be identified in the break-up region, where the
streamer. This potential instability is then typically releasedstreamer breaks up and isentropes detach progressively from
in the presence of orographically forced lifting of the air. the polar PV reservoir, over most of the first three days from
Note also on 2 September 06:00 UTC the anomalouslyl to 3 September (Figgle—f). Note also on 3 September
high potential temperature over France, which corresponds td2:00-24:00 UTC (Fig4f), the north-south oriented tongue
a low PV anomaly above the cloud. This low PV anomaly is of STT in the region of the tropospheric streamer. A sec-
thought to be produced by rising air within this cloud, which ond major STT event happens for the two days following 3
extends from the surface to the upper troposphere, follow-September 00:00 UTC (Figde—h) where strong STT occurs
ing the same mechanism as suggestetMeynli and Davies  around the cut-off low and then underneath it. This exchange
(1997. As air rises in the cloud, PV increases in the cloud’s pattern is related to the slow decay of the cut-off.
lower part (positive vertical gradient in diabatic heating) and The synpotics of TST (Fig5) also follows the dynamics
decreases in the cloud’s upper part (negative vertical gradiendf the streamer, break-up and cut-off, but with smaller flux
in diabatic heating). The integration of these PV increase anégmplitudes. On 1 September 00:00-12:00 UTC, a TST re-
decrease along the rising motion results in a low PV anomalygion can be seen in the tip of the streamer. In the following
near the cloud’s outflow. days, a persistent TST region is present most of the time on
In subsequent times, the cut-off decays as its lowesthe western side of the streamer (Fifb, c, e and f). Sig-
potential temperature increases from 320K to 330K be-nificant TST is also found in cloudy region on the east of
tween 3 September 06:00 UTC and 4 September 18:00 UTGhe streamer on 2 September. Another interesting feature is
(Figs.3e-h). the TST taking place underneath the cut-off on 3 September
Aside the streamer and cut-off, the tropopause is rich 0f00:00-12:00 UTC, a period where STT is found on the flanks
secondary structures and filamentations that form and disapef the cut-off.
pear with time. Some of these structures seem related to the Although most of these STT and TST regions are dis-
presence of clouds and others evolve in a cloud-free environtinctly related to irreversible deformations of the tropopause,
ment. In particular, while the dynamics of the eastern edge othe details of physical mechanisms that are responsible for
the streamer seems deeply influenced by clouds, the westethe exchange can be complex and it would be a harduous task
edge, mostly cloud-free, is the theatre of small-scale structo analyse each individual exchange region. In S&&.we
tures and in particular of the development of a “tropospheric
streamet” on 3 September 18:00 UTC. streamer, i.e. an elongated pool of tropospheric air with low PV
values stretching northwards which can be seen on an isentropic
5A tropospheric streamer denotes the reverse of a stratospherieV map.

Atmos. Chem. Phys., 6, 265267Q 2006 www.atmos-chem-phys.net/6/2651/2006/
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Fig. 4. Time evolution of the estimated STT mass flux, averaged over time intervals of 12 h;#kd8 1 m=2. The colour scale is
logarithmic. (a) 1 September 00:00 12:00 UT(@) 1 September 12:00 24:00 UT(@;) 2 September 00:00-12:00 UTQ@) 2 Septem-
ber 12:00-24:00 UTC(e) 3 September 00:00-12:00 UT() 3 September 12:00-24:00 UT(@) 4 September 00:00-12:00 UTQ)) 4
September 12:00-24:00 UTC. Bold lines represent the 325, 330, 335 and 340 K isentropic contours on the 2 PVU-tropopause.

www.atmos-chem-phys.net/6/2651/2006/ Atmos. Chem. Phys., 6, 2630-2006
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Fig. 5. Time evolution of the estimated TST mass flux, averaged over time intervals of 12 h;#kd8 1 m=2. The colour scale is
logarithmic. (a) 1 September 00:00-12:00 UT() 1 September 12:00-24:00 UT(@) 2 September 00:00-12:00 UT@J) 2 Septem-
ber 12:00-24:00 UTC(e) 3 September 00:00-12:00 UT(@) 3 September 12:00-24:00 UT(@) 4 September 00:00-12:00 UTQ)) 4
September 12:00-24:00 UTC. Bold lines represent the 325, 330, 335, 340 K isentropic contours on the 2 PVU-tropopause.
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Fig. 6. Cumulative distribution of mass fluxes in individual

1°x1°x 12 h gridsquares. Vertical axis is normalized to unity. Hor-
izontal axis is logarithmic in units of I@ kgs L m=2. The first

ten points of each curve are highlighted with symbelsfor STT;

x for TST; ¢ for Montecarlo simulation of STT; and for Monte-
carlo simulation of TST (see discussion in text). Integration domain
is I0W-20E, 38 N-58 N.

Fig. 7. Time evolution of the total mass exchange ir?kgs1.
Time is relative to 1 September 00:00 UTC. Dashed line is for STT,
dotted line for TST and solid line for NET (STT-TST). Integration
domain is 10 W-20 E, 38 N-58 N.

with STT and TST estimates shows strikingly that both STT

focus on the 1 September 12:00-24:00 UTC period and shovsmd TST are far from behaving like a Poisson process where

. . . . ._events are independant and uniformly distributed. In oppo-
in details the mechanisms by which the strong STT found 'nsition, their incidence is dominated by the physics and dy-
the streamer happen.

. namics of the tropopause evolution. It also suggests that the

Aside the patterns qf _Iarge STT or TST fluxes, ex- difference between STT and TST behaviours, in particular
Changgs alf‘f o_czcur within areas of fluxes smaller thar}he difference in the rate of convergence towards unity, can
1x107%kgs—=m*, as shpwn on Figst and5 by the grey not be explained by the statistics of the total number of events
shaded areas. These regions of small quxlare_aIso relevant %Sfone, but it clearly indicates a difference in the physics and
they extend on larger domains. The contribution to the tOtaIdynamics of STT versus TST. A consequence is that the dif-

STT and TST ﬂux of Ix1? X.lz h sectors _Of given ampli- - ¢4-ence found here between STT and TST may be specific to
tudes of fluxes is shown in Fi§ The line with+ (x) sym- oo inic wave life cycle

bols represents the cumulat_ive _distributipn for STT (TS_T) The time evolution of total mass exchange associated
mass fluxes. The symbols highlight the first ten data POINtS ith the synoptic development is provided in Fig. The

of eaph line, and the data po_int incremen.t on the horizon—two major STE events mentionned earlier are clearly visi-
tal axis correspongds o cine t;ajectory crossmg?ajl’glz_h ble. The total STT associated with the streamer break-up
sfector(xo.letT kg s~ m~<). These cumulative dIStI’Ibu-. episode is 2061012kg (1 September 12:00-24:00 UTC),
tions show that about 36% (63%) of the total STT (TST) is ;4 \vith the cut-off decay episode 288012kg (3 Septem-

3 —1 -2
made of mass fluxes smaller that10—"kgs = m™=. These o 15.00 YTC-4 September 24:00 UTC). These two

low amplitude mass fluxes are more important than hlg.hepisodes led to a comparable mass exchange although the

amplitude mass fluxes in TST. In contrast, STT is domi- rate of exchange peaked in the first one at a level roughly

nated Sy Iargle arr;plitude mass fluxes, with fluxes as large Aur times larger than the second one. The TST time evolu-
1 . 0
?‘I(“T'OI kgt‘; m50/ (fzonjrrg)_?mg as much as 25% of the total tion does not show any major exchange episode, so that the
(less than 0 or )- . o net transport follows roughly the STT time evolution.
For reference, similar cumulative distributions are shown  £q; the entire four days period, the overall mass exchange

in Fig. 6 from Monte Carlo simulations of the Poisson pro- 5 5unts to 763 1012 kg for STT, 554 10'2kg for TST, and
cess where exchange events, independent from each othejgg, 112 kg for the net transpc;rt. ’

are distributed over all’lx 1° x 12 h sectors following a uni-

form random law. The line witk) (CJ) symbols gives the

distribution of the mass flux generated by Monte Carlo sim-
ulation with the same total number of exchange events asVe choose to give here an in-depth analysis of the STT
STT (TST). Note that the difference between the two Monteevent associated with the streamer break-up episode dur-
Carlo simulations is solely related to the rati:4 in total ing 1 September 12:00-24:00 UTC, because it is the most
mass flux of TST:STT. Comparison of Monte Carlo results explosive exchange episode seen over the period under

3.3 Analysis of the streamer break-up episode
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— 380 phase begins, with a new cloud forming on the eastern edge
—{ 355 of the streamer around 2W, 45N, penetrating through the
—{ 350 tropopause. This new cloud is non-stationary as it moves
— 345 eastwards with the streamer, and continues the erosion of the
SSE) streamer started by the first cloud but at a much slower rate.
| 335 More insight in the evolution of the tropopause and loca-
330 tion of STT during this explosive episode can be gained from
azs the three-dimensional views provided in F&.(a) well be-
3z0 fore (10:00 UTC), (b) near the beginning (14:00 UTC), (c) at
315 the maximum (15:00 UTC), (d) near the end (16:00 UTC),
310 and (e) well after (23:00 UTC) the event. At 10:00 UTC
305 (Fig. 8a), the tropopause penetrates deeply into the tropo-
300 sphere and reaches elevations down to 5-6 km. The intru-
sion has a smooth vertical flank which rolls up cyclonically
Preview Animation 1. Hourly evolution of 4 [K] inter- at the southern tip. The bottom of the flank is nearly aligned

polated on the 2PVU tropopause and cloud water contentwith isentropic surfaces. Then, between 14:00 UTC and
for the period 1 September 00:00-24:00 UTC. Red lines:16:00 UTC, the flank is rapidly eroded. An arched struc-
Cloud water content equals x10~°kg/kg at 310K. Red yre is progressively formed, leading to a remnant intrusion
Z:‘agig Kreg(';’r”e:enc";’]gd"e"g_ter é?c:]ljznthZtrgrerc?ri{;lnir Iall(rg/e krg ihan? the northern boundary and an isolated vertical tube at the
1x10~5kg/kg at 2 PVU. The Animation is available in the%upple- S.OUthem boundary. (F@d?' The streamer break-up coin-
mental material: http://www.atmos-chem-phys.net/6/2651/2006/ cides temporally with the intense cumulu_s cloud .east of the
acp-6-2651-2006-supplement.zip streamer and north of the P_yrenee_s. Fl_nally (I_Bg), the
lower part of the stratospheric tube is entirely mixed and the
tropopause resembles its state eleven hours earlier but with
) o ) ) _ ) _ a much shallower intrusion. STT and TST trajectories are
investigation. As discussed in the previous section, this Masrepresented at the exchange time as red and green traces in
sive STT happens mostly at tropopause I.evels around and bqe_—ig_ 8. There is an excellent agreement between the diag-
low 325K, where the tropopause potential temperature happosed locations of STT events and the zone of erosion of the
pened to increase by 5-10K (see Figs. b and Fig4b), and tropopause.
to the east of which a large cloud is observed (Bl. The hourly evolution of the STT during 1 September
The hourly evolution of the tropopause and clouds is00:00-24:00 UTC is represented in FRjfor various PV-
shown in Animation 1 (see Preview Animation 1 and asso-levels. The evolution of STT at 2 PVU reveals that the ex-
ciated supplemental materidittp://www.atmos-chem-phys. plosive STT episode essentially lasts for 6 h between 13:00
net/6/2651/2006/acp-6-2651-2006-supplement.Zgr the and 19:00 UTC, and that during the peak period 15:00-
period 1 September 00:00-24:00 UTC. Cloud water con-16:00 UTC no less thanx810° kg s~1 of mass is transported
tent at 310K is represented in red, while cloud water con-across the tropopause. The peak period coincides with the
tent at 2 PVU is represented in green. The animation shows$ime of strongest irreversible deformation of the tropopause
that the streamer’s erosion starts at 11:00 UTC when theseen in Fig8. This excellent correspondance between the
cloud starts to penetrate through the tropopause and corthree-dimensional structures of the tropopause and the hourly
tinues as long as a cloud is present on the eastern side @volution of STT gives further credit to the method used here.
the streamer. The non-conservative processes induced by the Figure 9 also provides the STT mass flux as estimated
cloud are clearly responsible for the tropopause break-up andcross other iso-PV surfaces from 1.5 to 5PVU. The peak
associated STT. Focusing on the formation of the cloud inmass flux decreases with higher PV-levels as expected, ex-
the animation, it can be observed that in a first phase lasteept between 1.5 and 2 PVU. Furthermore, the peak period
ing from 11:00 UTC to 17:00 UTC, the cloud responsible starts earlier at PV levels above or at 2.5PVU than below,
for the streamer break-up is stationary at 5W, 43 N. This isand a particularly marked lag is seen between the 2.5, 2
slightly north of the Pyrenees. The cloud develops at this lo-and 1.5 PVU levels. This suggests that non-conservative pro-
cation while the streamer approaches. When the northwardesses initiated by the cumulus cloud are felt sooner at high
circulation induced by the streamer over the Pyrenees is larg@V-levels than below 2.5 PVU.
enough, the associated lifting releases the potential instabil- The synoptics of the exchange mass flux across 1.5, 2,
ity and the cloud forms. As the streamer approaches closert8 and 4 PVU iso-PV surfaces is shown in the left pan-
the Pyrenees, the cloud becomes more intense and penetrateds of Fig. 10 for the time interval 1 September 12:00—
through the tropopause. The cloud then disappears when th4:00 UTC, together with isentropes and cloud water content
circulation induced by the streamer above the Pyrenees varat 1 September 13:00 UTC when peak STT is happening at
ishes and becomes southward. At the same time, a secorl5 PVU and above. STE is occuring exclusively in the re-
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Fig. 8. Three-dimensional view of selected instants during the break-up phase on 1 September. Blue surface: 2PVU tropopause in the
domain 15W-15E, 35 N-58 N, and vertically from 4 to 16 km. Red (green) traces are portions of STT (TST) trajectories. The traces show
three consecutive trajectory segments of one hour each, the middle one corresponding to the exchangédpdatiod.UTC, view from

the south-west(b) 14:00 UTC from south-easfc) 15:00 UTC from south-easfd) 16:00 UTC from south-wes{ge) 23:00 UTC from
south-west.
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10,0 L1 The region of positive heating rates seen at 1.5 and 2 PVU
n levels, becomes very small at 3 PVU and disappears at 4 PVU
L (Fig. 10), because the cloud diabatic heating vanishes at these
heights (Fig.11). By contrast, the cloud top cooling pene-
trates at least up to 5 PVU and the region of negative heating
rates is seen instantly at all PV-levels in the streamer’s body.
Animation 2 (see preview of Animation 2 and associ-
ated supplemental materiahttp://www.atmos-chem-phys.
net/6/2651/2006/acp-6-2651-2006-supplement.Zglows
the material motion of air parcels during their travel from the
stratosphere to the troposphere. The air parcels shown here
are selected to cross the 2 PVU tropopause in the streamer’s
tip at the peak exchange time 1 September 14:00 UTC. In
addition to the spatial trajectories, the temporal evolution of
Fig. 9. Hourly evolution of the STT mass flux at various PV levels PV ando are S_hown_ for_the fifteen hours_ before and after
for the period 1 September 00:00-24:00 UTC within the zone ofeXC_ha"‘Qe- This anlmatl_on. Shovys that_ ar parFe'S dgscend
large STT associated with the streamer break-up (sedifjigMass ~ "apidly in the stratospheric intrusion while keeping their PV
flux is in units of 10 kg s~1, integrated over the domain 100W-0E, and¢ mostly constant in a first step. Then, as they approach
39 N-50N. the exchange location, their average PV decreaseg amd
creases. The presence of the cloud starts to influence the
motion of air parcels about three hours before they cross the
gion of the streamer with a magnitude decreasing with theyropopause. During this period, individual trajectories seem
PV level, and is largely dominated by STT transport during o follow the average evolution as far as PV is concerned. But
thIS period. The C|0ud water content deCI’easeS aISO W|th thﬁ]d“”dua'@ evo'utions ShOW that uppermost trajectories con-
PV level, though a weak sign of it remains present at 4 PVU.tinye with unchanged until after the tropopause is crossed,
The right panels of Figl0 show the averaged diabatic \yhile the lower set starts thieascent three hours before the
heating rate experienced by STT trajectories while they crosgxchange. Hence, the negative vertical heating gradiant is
the corresponding iso-PV surface. The diabatic heating rat@gain apparent here.
is estimated by calculating the potential temperature change Finglly, the simplicity of PV and) evolutions along tra-
along STT trajectories between the two consecutive timgectories contrasts the apparent complexity of the tropopause
steps embedding the exchange time. Atlevels 1.5 and 2 PVUstrcture evolution. This points also to the relative simplic-
the cloud clearly marks a separation between the northeriy to detect STE using this Lagrangian approach. In con-
region with negative diabatic heating rates and the southerfast the Eulerian evaluation of the mass flux through the
region with positive and relatively stronger diabatic heating yropopause surface may prove difficult when the tropopause

rates. Note that in the southern part, air parcels rise in termgs complex and full of structures, a situation which is typical
of potential temperature while they descend in terms of PV.qf gch large STE events.

This particular geometry is possible due to the quasi-vertical

orientation of iso-PV surfaces in the streamer’s tip. The dif-

ference in the sign of diabatic heating between the northerny  gensitivity analyses

and southern side of the cloud is related to the vertical loca-

tion of the exchange with respect to the cloud. For instanceg 1 Sensitivity to data resolution

STT across 2 PVU takes place in average between 360 and

420hPa in the streamer’s tip, whereas it takes place in avThe STE flux estimates described in the previous section
erage between 320 and 360 hPa on the northern side of theave been repeated for various data resolutions obtained by
cloud. This suggests that the positive heating rates reflecgiegradation of the original data set (0:8.5° x 1 h). All tra-

the latent heat release in the region of the cloud, whereas thgctories as well as the tropopause have been re-computed
negative heating rates reflect the cloud top radiative coolingusing the coarser, degraded data. This method allows to keep
This also suggests that there is an overall region of negativexactly the same meteorological evolution at every resolu-
vertical gradient of heating where STT takes place, whatevetion. The temporal evolution of total cross-tropopause mass
the actual sign of the heating, in a consistent manner with thelux for the various data resolutions is shown in Fig.sep-
theoretical expression of the material rate of PV. This over-arately when degrading space and time resolutions.

all negative vertical gradient appears clearly in Fig. A The STT results show a clear response to varying spatial
direct consequence of this is that the height of maximum di-resolutions. While the 0%5and T resolutions lead roughly
abatic heating in the cloud sets the lower boundary for cloud+o similar results, the 2resolution produces a strong under-
induced STT. estimate of STT during the break-up phase as well as the late
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Fig. 10. Left: Estimated net mass flux (STT-TST), for the period 1 September 12:00-24:00 UTC,‘?’rkge‘l m~2, across different

iso-PV surfaces(a) 1.5 PVU,(c) 2 PVU, (e) 3PVU, (g) 4 PVU. Right: Diabatic heating rates (K) calculated at the exchange location by
differentiating the potential temperature along each trajectory. Bold lines represent the 325, 330, 335 and 340 K isentropic contours at the
corresponding PV surface on 1 September 13:00 UTC. Green lines: Cloud water content contoursb@ POk the corresponding PV

surface at 13:00 UTC. Green shaded regions: Cloud water content largerxti@nkg,/kg at the corresponding PV surface at 13:00 UTC.
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\ 4.2 Sensitivity to threshold residence time
11.0 — % X ><>< X . .

. Xx;}ixg 5585 The spatial smoothening of the tropopause, consequence of
£ N X 2ol the derivation of PV from finite resolution data, and the
¢ 90 9 interpolations within the trajectory calculation scheme are

g | « suspected to produce oscillations of trajectories around the
@ X 1.5 PVU §% tropopause even if the flow is PV-conservative. This may

3 70 0 U = y introduce lots of spurious exchange events with rather short

| AR x residence times. Some information on these spurious events

X 3.0 PVU X X‘XXX X can be gained by hypothesizing that lowering the spatial res-

50 U S olution increases the smoothening of the tropopause, and

Heating rate (K/h)

hence increases the number of spurious exchange events.
Extra trajectory calculations were carried out to minimize

the effect of trajectory length on this analysis. For every data
resolution, 90 h long trajectories were started from our usual
starting grid forward in time on 1 September 00:00 UTC and
backwards on 4 September 18:00 UTC. The distributions
of time intervals between two successive cross-tropopause
events along these trajectories, both happening within the
simulation domain, are shown in Fi@3. Obviously, the
general shape of the distributions are strongly constrained by

cut-off decay phase. This underestimate is obviously due tqne ength of trajectories and the requirement that successive
atoo coarse representation of the tropopause deformation. érossing points must be within the simulation domain. To

slight underestimate of STT in the late cut-off decay phase is;ccount for this constraint and other possible effects of the
also seen with the°lresolution, which indicates that struc- system, we use the 0.5 h resolution distribution as refer-

tures of a scale smaller thaf gontribute to the cut-off de-  gnce gistribution. Compared to this reference distribution,
cay, though to a small extent. TST estimates do not show e gistributions for lower spatial resolutions with 1 h tem-

clear response to the degradation of spatial resolution. The 1,4 resolution show increased frequencies of interval times
resolution produces substantially larger values, while the 2 g ier than about 8 h. In contrast, the effects of lower tem-
resolution gets a very different temporal structure. This un-pq5| resolutions is a truncation of the distribution of time
expected response is thought to be caused by the simple dafaeryals lower than about the temporal resolution itself. At

degradation scheme which carries forward the variability ofime jntervals larger than 8 h, the different distributions con-
the wind held in the highest resolution data to the lower reéSOyerge remarkably well.

lution data, without filtering small scales. This effect may be Thi It iustifies the hvpothesis that | d tial
particularly pronounced where small scale variability is im- nis resuitjustines the hypothesis that lowered spatialres-
olutions induce more spurious cross-tropopause events. And

portant, such as in the tropospheric vertical wind, resulting rthermore. it shows clearly that ri vent nber
in overestimated TST in the degraded data. The resulting neftu ermore, 1t Shows clearly that spurious events can be re

flux shows a reduced magnitude at low spatial reSOIutionSmoved to a large extent by setting a threshold residence time
but keeps its gross temporal structure. The total net mass ﬂu!?rger than 8h. _ . .
over the whole period of 96 h is very sensitive to the horizon-  The dependence with the threshold residence time of the

tal resolution: 20910'2kg at 0.3 resolution, 2% 10'2kg temporal evolution of STE for the highest data resolution
at I°, and—15x 10*?kg at 2. is shown in Fig.14. Note that a maximum transition time

TYans=6 h was used for all experiments witti>12 h, while

The exchange flux is also affected by the temporal resono transition time was used fe*=0. A confirmation of the
lution. Compared to the 1 h resolution, the STT is slightly ability of the residence time criterion to remove properly spu-
overestimated during the late cut-off decay phase at the 3 hious events comes from the comparison of STE estimates
resolution, while it is increased by a quasi-constant noisewith t*=12 h and without residence time criterion. In effect,
at the 6 h resolution. The TST responds in a similar way.although the raw STE fluxes are three to five times larger
The noise introduced in both STT and TST mostly cancels inthan the STE fluxes with*=12 h, and although the tempo-
the net mass flux, and thanks to this symmetry, the effect ofal evolution differ strongly, the net fluxes are very similar.
the temporal resolution on the total net mass flux is reducedThis demonstrates that a large number of exchange events
209x 10?kg at 1 h resolution, 13810'%kg at 3 h resolution, in the raw STE fluxes are associated with residence times
and 128<10%2kg at 6 h resolution. Note that the latter con- smaller than 12h which cancel each other in the net flux
siderations on the temporal resolution also hold for a spatiaht each time step. The cross-tropopause flux estimated with
resolution of 2 instead of the 0.5(not shown). the residence time criterion preserves the relevant exchange

Fig. 11. Scatter plot of the local diabatic heating rate/fiKof STT
corresponding to FigslOb, d, f, as a function of the log pressure
height (km). Black: 1.5PVU; Blue: 2PVU; Red: 2.5PVU. Do-
main: 10 W-0W, 39 N-50 N.
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Preview Animation 2. Left: Three-dimensional animation of the 2 PVU tropopause (blue surface) and trajectories of air parcels selected
to cross the tropopause in the domain 6 W—=2 W, 40 N-43 N, 600—400 hPa, on 1 September 14:00 UTC. Upper right: Evolution of PV along
the selected trajectories withihl5 h of exchange time. Bold line denotes the average over the set of trajectories, solid lines mark the two
standard deviations range and red traces show individual trajectories. Lower right: Same as upper right, but for the eveélufitve of
Animation is available in the supplemental materfgtp://www.atmos-chem-phys.net/6/2651/2006/acp-6-2651-2006-supplement.zip

fluxes, and leads to a net flux which is of the same order of4.3 Dependence on the PV-tropopause definition
magnitude as the individual STT and TST.

The STE mass flux differs significantly depending on the ap-
For t*>12h, the dependence of the STE fluxestdris plied tropopause definition. An illustration of this was dis-
smaller and is more or less constant throughout the temporatussed in SecB8.3in the context of the explosive erosion of
evolution. Slightly different dependences ofi can never-  the streamer. Here, we discuss the dependence of STT and
theless be seen, as for instance in the begining of the cutfST on the PV-level globally for the range between 1.5 and
off decay, where fewer short residence times than averagé PVU.
are present in the STT. This illustrates how non-conservative Figure 15 shows the temporal evolution of STT, TST and
forces within a finite layer around the tropopause influencesyeT mass fluxes. In general, for both STT and TST, the
the i:ross-tropopause mass flux when estimated as a functiqi5s fiyx decreases monotonically with the PV level, but the
of 7. way the flux changes over time is clearly different at differ-
ent PV level and depends on the synoptic detail. In particular,
Note finally that the problem of spurious exchange eventsthe pattern of two large STT maxima, at 1 September 12:00—
in estimated STE fluxes is not specific of the Lagrangian ap-24:00 UTC associated with the explosive streamer erosion
proach, but also pertains, in a similar way, to the Eulerian ap-and later during the cut-off decay, occurs only at levels be-
proach. In effect, the Eulerian approach couples time derivalow 4 PVU. Above 4 PVU, a different, flatter temporal evo-
tives with spatial derivatives of finite resolution data and thislution is seen, with largest STT taking place during the pe-
way introduces spurious exchange fluxes. However, the difiod 1 September 12:00 UTC-3 September 00:00 UTC. This
rect control on these spurious events using a threshold resevolution is dominated by the break-up of the streamer, with
dence time is specific to the Lagrangian approach. insignificant STT at the streamer’s tip and during the decay
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Fig. 12. Total mass flux for various data resolutions. Left: STT. Middle: TST. Right: NET. Top: Varying spatial resolution. Bottom: Varying
time resolution. Time is relative to 1 September 00:00 UTC, and units aPkglo . Integration domain is 10 W—20 E, 38 N-58 N.

- - - - of the cut-off. The NET mass flux shows also a strong con-
trast between the levels below 4 PVU, where the break-up
and cut-off decay phases are captured, and the levels above,
again dominated by the 1 September 12:00 UTC-3 Septem-
ber 00:00 UTC period.

An important consequence is that the 4 PVU surface can
not be considered as a proxy of PV levels underneath as far
as STE is concerned.

1.5x104

1.0x104

Total Event Number

5.0x103
5 Conclusions

In this study, the STE mass flux was estimated within a
o 5 10 15 o 25 typical baroclinic wave breaking event and subsequent cut-
Time Interval [h] off decay using a method adapted frakfernli and Bourqui
(2002. The detailed analysis of STE associated with the
Fig. 13. Distributions of time intervals between two successive eventillustrated how fine temporal and spatial flow structures
cross-tropopause events along trajectories, both happening withigan lead to large mass fluxes across the tropopause. In partic-
the simulation domain. Trajectories are computed for 90 h fromular we showed the explosive nature of the streamer breakup,
the usual starting grid forwards from 1 September 00:00 UTC andwhich happened over a period no longer than 4-6 h. The two
backwards from 4 September 18:00 UTC. The different line typesphases of the synoptic evolution that are the break-up and the
show calculations with different data resolutions. cut-off decay were found to contribute to a similar extent in
the total exchange mass flux.
A comparison of our results with other published esti-
mates is shown in Table Our estimates are of comparable
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Fig. 14. Total mass flux for various threshold residence timesLeft: STT. Middle: TST. Right: NETz* = 0 denotes absence of residence
time criterion. Time is relative to 1 September 00:00 UTC, and units aftkg6 L. Integration domain is 10 W—20 E, 38 N—58 N.
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Fig. 15. Total mass flux across various iso-PV surfaces estimatedafith2 h. Left: STT. Middle: TST. Right: NET. Time is relative to 1
September 00:00 UTC, and units are.9kg s~ 1. Integration domain is 10 W—20 E, 38 N-58 N.

magnitude, though rather on the lower edge of the range ofveraged are all factors which, beside the other uncertainties
estimates of these other studies. A reason for having relalying in methodologies, contribute to enlarge the range of es-
tively small values may come from the threshold residencetimates.

time, which filters out the part of the mass flux associated The comparison of the total mass flux obtained in this case
with residence times smaller than 12 h. Another reason matudy with the autumn mass flux in the European sector of
come from the absence of explicit sub-grid scale physics inwernli and Bourqui2002 suggests that tropopause pertur-
the advection of trajectores. However, it must be emphasizetations like the one studied here may just follow one another
that the variety of synoptic situations, seasons, and the sizesvery 3-5 days on average, and this way, produce frequent,
of domains and time windows over which mass fluxes areepisodical transport of mass across the tropopause.
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Table 1. STE mass flux estimates from published case studies using different diagnostic metho&$kiyday over the region of interest.

The data used are either operational analysis data or model outputs. Method types: (1) methods based upon Eulerian formulations of the
cross-tropopause flux using the mentioned vertical coordinate; (2) methods explicitely estimating the non-advective part of the motion of the
tropopause; (3) the methods using a trajectory-based Lagrangian representation of the flow; (4) the methods using transport schemes witl
physics parameterizations and estimating the cross-tropopause transport of a tracer.

Author Method Trop STT TST NET
Lamarque and Heg4994 type 2 2PVU 5.9 4.7 1.2
Wernli and Davieg1997) type 3 2PVU 1.7 0.7 0.9
Wirth and Egge(1999 type 2 4PVU 2.2 0.7 15
type 1 (PV) 21 0.5 1.6
type 1 (p) 2.9 1.9 1.0
type 1 0) 3.8 2.0 1.8
Kowol-Santen et al(2000 Type 3 2PVU 28.7 19.7 9
Gray (2003 type 4 2PVU 7.0 - -
Present study type 3 2PVU 1.9 14 0.5
4PVU 1.1 0.8 0.3

The analysis of the sensitivity of the method to key param-for the threshold residence time, and larger values*afan
eters led to the following conclusions: be used to emphasize more significant exchanges. Moreover,
Data resolution:The sensitivity to data resolution was in- the dependence of STE mass fluxes with the threshold resi-
vestigated by simple degradation of data resolution. Thisdence time has potential implications on the chemistry which
approach was used to keep exactly the same meteorologiteed to be studied in details.
cal evolution for the different resolutions. Although the re- PV-level tropopause: STE estimates showed a significant
sults found here apply to estimates using similarly degradedlependence with the choice of the PV-level as a conse-
data, which is frequent in particular when using (re-)analysisquence of the different contributions of processes at different
data sets, they may not be completely transposable to modeheights. In particular, a marked transition was found in the
generated low resolution data. The sensitivity to the spatiablobal evolution at 4 PVU. Hence, the 4 PVU surface can not
resolution arises mostly from the scale required to correctlybe used as a proxy for lower iso-PV surfaces, and vice-versa.
represent the processes that play relevant roles. A data res-
olution of 1°x1° is found to give correct estimates of STT, AcknowledgementsThe author wishes to thank H. Wernli and
and a resolution of 2<2° is found to be too coarse. This H- Davies for many discussions and valuable comments on earlier
result is in agreement wit@ray (2003. The large sensitiv- versions of this paper. D. Bresch is thanked for providing the
ity of TST to spatial resolution is thought to be caused by thethree-dlmenS|onaI ylsuallsatlon tool. A significant part of thls study

) . was performed while the author was at the ETHZ, Switzerland.
data .d.egradatlon method and .needs to be further studied. Tn\ﬁeteoswiss is thanked for providing access to ECMWF data.
sensitivity to temporal resolution showed that a nearly con-
stant noise was introduced at the 6h resolution in both STTggited by: A. Stohl
and TST, which mostly cancels in the net flux.
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