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Abstract

An important part of extra-tropical stratosphere-to-troposphere transport occurs in as-
sociation with baroclinic wave breaking and cut-off decay at the tropopause. In the last
decade many studies have attempted to estimate stratosphere-troposphere exchange
(STE) in such synoptic events with various methods, and more recently efforts have5

been put on inter-comparing these methods. However, large uncertainties remain on
the sensitivities to methods intrinsic parameters, and on the best measure for STE with
regard to end effects on chemistry.

The goal of the present study is to address these two fundamental issues in the con-
text of the application of a trajectory-based Lagrangian method, which has been applied10

in the past to climatological studies and has also been involved in inter-comparison
studies, to a typical baroclinic wave breaking event.

The analysis sheds light on (i) the fine mesoscale temporal and spatial structures that
are associated with episodic, rapid inflows of stratospheric air into the troposphere;
(ii) the spatial resolution of 1◦×1◦ required to reasonably capture STE fluxes in such15

a wave breaking event; (iii) the effective removal of spurious exchange events using a
threshold residence time; (iv) the relevance of residence time distributions for capturing
the effective chemical forcing of STE; (v) the large differences in the temporal evolution
and geographical distribution of STE fluxes across the 2 and the 4 potential vorticity
unit iso-surface definitions of the tropopause.20

1. Introduction

The exchange of mass between the stratosphere and the troposphere has important
implications for climate and life conditions on the earth’s surface. Injection of ozone-
rich stratospheric air into the troposphere is recognised to significantly force the chem-
istry and subsequently the radiation (e.g. Roelofs and Lelieveld, 1997), and can en-25

hance episodically the ozone concentration in the boundary layer (Wernli and Bourqui,
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2002). Transport of tropospheric air (with natural and anthropogenic emissions) into
the stratosphere perturbs the stratospheric chemistry and can have consequences as
important as stratospheric ozone depletion. For convenience, we use hereafter the
abbreviations STT for stratosphere-to-troposphere transport, TST for troposphere-to-
stratosphere transport, and STE for general stratosphere-troposphere exchange.5

STE has received a lot of attention during the last two decades, and some key prop-
erties have been identified.

On the one hand, STE can be seen to some extent as the lowest branch of the
Brewer-Dobson circulation (Holton et al., 1995). The latter, understood here as the
mean residual circulation resulting from the Transformed Eulerian Mean framework10

(Andrews et al., 1987), is mainly driven by planetary wave breaking within the middle
stratosphere ’surf zone’ (McIntyre and Palmer, 1983; Haynes et al., 1991). Yet, the
vertical mass flux in the tropopause region associated with this circulation exhibits very
different distributions whether it is calculated across PV1 iso-surfaces, isentropes or
isobaric surfaces, due to the different vertical motion of these surfaces relative to the15

flow (Juckes, 2001). On the other hand, tropospheric dynamics influence to a large
extent the tropopause region and hence the flux across the tropopause.

In the extra-tropics, injection of stratospheric air into the troposphere has been
detected almost exclusively in regions of upper-level troughs and cut-off lows (e.g.
Danielsen, 1980; Shapiro, 1980; Ancellet et al., 1991; Langford et al., 1996; Eisele20

et al., 1999). These structures are part of baroclinic wave life-cycles and are frequently
associated with the production of folding and filamentation structures (e.g. Bush and
Peltier, 1994; Bithell et al., 1999). The physical processes responsible for STT have
been analysed in numerous studies and a variety of mechanisms has been identi-
fied. Their relative importance varies significantly from case to case. The presence of25

clouds in the upper-troposphere (often induced on the warm, downstream side of an
upper-level trough) and the associated latent heat release leads systematically to a sig-
nificant inflow of stratospheric air into the troposphere (e.g. Lamarque and Hess, 1994;

1PV denotes the Ertel’s potential vorticity.
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Wirth, 1995a). Turbulence in the region of the jet stream in absence of clouds (clear air
turbulence) has been identified (Shapiro, 1976) and its significance for stratosphere-
troposphere exchange demonstrated (Shapiro, 1980). The formation of small-scale
filaments or folds and their irreversible mixing is also recognised to account for a signif-
icant part of the overall exchanged mass (e.g. Price and Vaughan, 1993; Hartjenstein,5

2000). A few studies have also analysed the physical processes involved in TST in the
extra-tropics. Radiative effects in anticyclones, in particular those related to the water
vapour profile, can induce upward transport (e.g. Hoskins et al., 1985; Zierl and Wirth,
1997). Additionally, intense convective complexes which overshoot the tropopause are
likely to inject tropospheric air into the stratosphere at the anvil outflow (e.g. Poulida10

et al., 1996; Stenchikov et al., 1996) or via breaking of gravity waves generated above
cumulus clouds (Wang, 2003).

Methods estimating STE at synoptic scales must be able to resolve the motions of
the flow and of the tropopause at the scales on which the involved physical processes
are acting, otherwise they may misrepresent the differential motion of the flow and the15

tropopause. However, if such methods are to produce estimates on the global scale,
they must in addition be applicable to global meteorological data with synoptic-scale
resolution such as operational (re-)analysis data. In past studies, such quantifications
have been carried out using merely four types of methods: (1) the methods based upon
Eulerian formulations of the cross-tropopause flux and estimating individual terms of20

the formulation (e.g. Wei, 1987; Wirth, 1995b; Wirth and Egger, 1999), (2) the methods
explicitely estimating the non-advective part of the motion of the tropopause (Lamarque
and Hess, 1994; Wirth and Egger, 1999), (3) the methods using a trajectory-based La-
grangian representation of the flow (e.g. Wernli and Davies, 1997; Stohl, 2001; Wernli
and Bourqui, 2002), (4) the methods using transport schemes with physics parameter-25

izations and estimating the cross-tropopause transport of a passive tracer (e.g. Gray,
2003).

The study of Wirth and Egger (1999) inter-compared in the context of a case-study
several methods based on Eulerian formulations and a method of type (2) employing
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trajectories. They suggested that methods of type (1) produce reasonable estimates
when formulated with a PV-vertical coordinate and produce noisy estimates in all other
cases. Note that the PV-vertical coordinate formulation of the mass flux requires a
direct estimate of the material derivative of PV. This quantity was available as model
output in the study of Wirth and Egger (1999), but can not in general be derived from5

meteorological fields with a reasonable confidence. They also suggested that type (2)
methods produce reliable estimates. In another inter-comparison study, Kowol-Santen
et al. (2000) estimated STE from a mesoscale model output with a type (1) methodol-
ogy formulated in isentropic vertical coordinates and a type (3) method. Although the
net mass flux estimated from the two methods was in agreement, the separated STT10

and TST mass fluxes were found noisier in the type (1) method.
Wernli and Bourqui (2002) recently introduced a Lagrangian method using a “thresh-

old residence time”. This method is based on a representation of the flow by three-
dimensional trajectories, started from a dense three-dimensional grid and computed
using wind fields from the European Centre for Medium-Range Weather Forecasts15

(ECMWF) operational analyses. Exchange events are then selected from the trajec-
tories that reside within the troposphere and the stratosphere before and after having
crossed the tropopause for a period longer than a given threshold residence time τ∗.
They produced a one-year climatology of exchange in the extra-tropical northern hemi-
sphere with a detailed geographical distribution which was in quantitative agreement20

with independent results from methods cast in the zonal mean framework. The exten-
sion of the climatology to fifteen years merely confirmed these results (Sprenger and
Wernli, 2003).

Within the recent EU project STACCATO (Stohl et al., 2003), this trajectory-based
Lagrangian method took part in a method inter-comparison and verification exercise25

based upon selected case studies of STE in the European sector (Meloen et al., 2003;
Cristofanelli et al., 2003). The inter-comparison included in particular Lagrangian trans-
port models with physics parameterizations, chemical transport models and general
circulation models (type 4). It was shown that purely trajectory-based approaches
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yield lower bound estimates of STE because they capture the large-scale transport but
no turbulent nor diffusive processes. Particle dispersion models with parameterized
turbulence led to slightly larger cross-tropopause mass fluxes, while estimates from
relatively coarse scale global models were distinctively larger and were shown to suf-
fer from numerical diffusion. Indeed, for the cases under consideration, based upon a5

limited observational data set available for validation, and in sight of the uncertainties
implied by parameterizations on transport, the trajectory-based Lagrangian approach
accurately identified regions subject to stratosphere-to-troposphere transport and pro-
vided quantitative estimates that can be regarded as realistic lower bounds.

The independent study of Gray (2003) suggested also, using a passive tracer in a10

mesoscale model, that a large part of the cross-tropopause mass flux comes from
the model explicit advection, with still a maximum of 38% attributed to parameterized
convection and to a lesser extend to parameterized turbulent mixing. They showed in
addition a substantial sensitivity of the estimates to the horizontal resolution.

A key element introduced in the study of Wernli and Bourqui (2002) was the thresh-15

old residence time, used to select the “significant” exchange events. They suggested
that anticipated errors in the mass flux due to derivation of PV and trajectory calcu-
lation were likely to introduce spurious exchange events mostly associated with small
residence times. Based upon this assumption and the fact that small residence times
imply potentially weak chemical action, they suggested to filter out the small residence20

time events by employing a threshold residence time. Interestingly, the dependence of
their mass flux estimates STT and TST with the threshold residence time did not seem
to converge to any fixed flux within the range of residence times of days. A recent
theoretical work has been carried out on this question by Hall and Holzer (2003). They
concluded that in the small threshold residence time limit, in absence of scale limi-25

tations, the separated fluxes diverge, or equivalently, the gross fluxes are completely
dominated by fluid elements residing infinitesimally. And in presence of scale limita-
tions due to finite data resolution, the gross fluxes are dominated by the smallest scales
resolved.
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The motivation of the present study is to gain a deeper understanding of the method-
ology introduced in Wernli and Bourqui (2002), and along with this a deeper un-
derstanding of basic cross-tropopause transport properties, in the context of a case
study with special emphases on the residence time, the data resolution and the PV-
tropopause definition. In addition, the potential offered by the method for detailed5

physical analyses of the processes involved is illustrated.
The structure of the paper is as follows. In Sect. 2 we describe the data set and the

Lagrangian method. Then, in Sect. 3 the baroclinic wave event under consideration is
rapidly described, results of STE estimates are presented and further details are shown
using three-dimensional views. In Sect. 4 is discussed the sensitivity of the method to10

data resolution, threshold residence time and the PV-tropopause definition. And finally,
conclusions are drawn in Sect. 5.

2. Data and method

The cross-tropopause flux calculation is based on hourly outputs of the limited-area
Europa Model (EM) of the German Weather Service (Majewski, 1991). The resolution15

in the model is 0.5◦×0.5◦ in the horizontal and 40 levels in the vertical2. The hindcast
simulation is performed for a duration of 162 h from 1 September 1997, 00:00 UTC
to 7 September 1997, 18:00 UTC, and uses the six-hourly ECMWF analysis fields
(T213L31) as initial and boundary conditions. The simulation domain is drawn in
Fig. 1 by the bold line. The simulation results compare reasonably well with the ver-20

ifying ECMWF analyses (not shown), and reproduce correctly the different phases of
the synoptic and mesoscale development both in amplitude and location. A slightly
smaller domain than the simulation domain is used for the quantification of exchange
(see Fig. 1, filled domain). To enable the computation of trajectories outside the simu-

2Levels every 20 hPa in the tropopause region between 150 and 510 hPa, and every 30 hPa
elsewhere with the top level at 30 hPa.
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lation domain ECMWF analysis data are used to extend the data domain to the whole
northern hemisphere.

The method for quantifying the stratosphere-troposphere exchange flux is an adap-
tation of the trajectory-based method introduced by Wernli and Bourqui (2002) allowing
for a higher temporal and spatial resolution of the data within a limited area (Bourqui,5

2001). We summarise here the main features of the method and the parameters that
were used to achieve the results presented in Sect. 3. The sensitivity of the method to
the main parameters is discussed in Sect. 4.

The definition of an exchange event is based on the condition that the trajectory re-
sides for a time period longer than a given threshold residence time τ∗ in either sides of10

the tropopause before and after having crossed the tropopause (see schematic illustra-
tion in Fig. 2). The trajectories are computed with the three-dimensional LAGRangian
ANalysis TOol LAGRANTO (Wernli and Davies, 1997) based on Petterssen’s kinematic
method (Petterssen, 1956). In this study, the 2 PVU3 iso-surface is used as tropopause
definition because it mimics reasonably well the thermal tropopause in the extra-tropics15

(Holton et al., 1995) and is a well-defined, continuous surface with conservation prop-
erties.

The set of exchange trajectories is obtained by a three-step computation scheme.
First, the time-dependent flow is discretisized spatially and temporally into a set of tra-
jectories. The trajectories are started every 12 h for a length of 12 h from a starting grid20

extending vertically from 600 to 50 hPa and horizontally as shown in Fig. 1. The starting
points are separated from each other horizontally by 0.5 ◦ and vertically by 5 hPa, so
that each trajectory represents an air mass ∆m= g−1·∆x·∆y ·∆p≈157×109 kg. Second,
the 12 h trajectories which cross the 2 PVU iso-surface are prolongated for 5 days both
backwards and forwards. Third, the selection is performed on every prolongated trajec-25

tory according to the conceptual model illustrated in Fig. 2. Each trajectory must reside
within the troposphere and the stratosphere for time periods longer than the threshold
residence time τ∗. The two residence time periods, within the troposphere and within

3PVU denotes the Ertel’s potential vorticity unit: 1 PVU=10−6 m2 s−1 K kg−1.
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the stratosphere, are separated by a transition time smaller than T trans
max . This maximum

transition time allows the trajectories to oscillate around the tropopause while crossing
it. The parameters used here are 12 h for the threshold residence time τ∗ and 6 h for
the maximum transition time T trans

max .
Finally, the exchange mass flux is given by the sum of the mass transported by5

the trajectories which experience an exchange within a 1◦×1◦ grid-square during each
period of 12 h.

In essence, this method is identical to the one used by Wernli and Bourqui (2002).
The transition period of 6 h is introduced here only because of the increased temporal
data resolution.10

3. Results

3.1. Synoptic evolution of the tropopause

The synoptic situation corresponds to the late stage of a typical baroclinic wave de-
velopment similar to the anticyclonic-shear case described by Davies et al. (1991)
and Thorncroft et al. (1993), and includes the break-up of a stratospheric streamer4

15

and the decay of the resulting cut-off. Figure 3 shows the time sequence of poten-
tial temperature interpolated onto the 2 PVU iso-surface and the presence of clouds
at 350 hPa (red contours). The two-dimensional representation of the tropopause pro-
vided in Fig. 3 gives some indication of its vertical structure, however without showing
folded structures (in case of folded structures, only the highest level is represented).20

The dynamical interpretation of these maps is similar to that of isentropic potential
vorticity charts (Hoskins et al., 1985; Hoskins, 1991).

The elongated, north-south oriented streamer arrives over western Europe and be-

4Following Appenzeller et al. (1996), a streamer is a synoptic-scale equatorward advection
of high potential vorticity on an isentropic PV map.
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gins to break on 1 September around 12:00 UTC. It takes about 3 days to break up all
isentropic contours in the range 325–340 K on the 2 PVU tropopause. However, most of
the tropopause irreversible deformation associated with the break-up occurs between
1 Septtember, 06:00 UTC and 2 September, 06:00 UTC (Fig. 3a–c). During this period,
a cloud forms and decays right on the eastern edge of the streamer. It is followed to the5

east by another cloud formation which disappears on 3 September, 06:00 UTC. These
cumulus cloud formations are triggered by the northward and upward advection of hu-
mid air driven by the cyclonic circulation induced by the streamer itself, and are proba-
bly reinforced by the passage of moist air over the Pyrenees. Then, from 2 September,
06:00 UTC, the resulting PV cut-off, located over the Mediterranean, is clearly detached10

from the parent wave structure from 3 September, 06:00 UTC onwards (Fig. 3e–h). It
starts immediately to decay and almost disappears by 5 September, 00:00 UTC.

3.2. Estimates of stratosphere-troposphere exchange

Figure 4 gives the sequence of the 12-h integrated net mass exchange between 1
September, 00:00 UTC and 5 September, 00:00 UTC. On the time scale of 12 h TST15

and STT occur principally in geographically separated regions, and therefore the net
flux gives a fairly comprehensive representation of the separated fluxes: positive for
STT and negative for TST.

The general structure of STE patterns reveals well identifiable zones of strong ex-
change activity and a relatively weak background. The active zones are confined in20

space and time and occur almost exclusively in the region of the stratospheric intru-
sion. Two major exchange episodes can be identified:

(1) On 1 Septtember, 12:00–24:00 UTC (Fig. 4b) a distinct structure of strong STT is
found in association with the breaking of the streamer. Exchange is concentrated
at the streamer’s tip and in the zone of irreversible deformation where the break-up25

occurs and a cut-off detaches from the polar PV reservoir.

(2) During the two days following 3 September, 00:00 UTC (Fig. 4e–h) strong STT
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occurs around the cut-off low and then towards its centre. This exchange pattern
is related to the slow decay of the cut-off.

Some weaker but still distinct structures can also be seen. For instance, on 2 Septem-
ber, 00:00–12:00 UTC (Fig. 4c) east of the streamer a region of exchange is observed
in association with the locally raised tropopause above the cloud (Fig. 3c). And on 35

September, 12:00–24:00 UTC (Fig. 4f), a north-south oriented tongue of TST is located
to the west of the stretching zone, and is related to the thin “tropospheric streamer5”
which occurs in this region (Fig. 3f).

The time evolution of total mass exchange associated with the synoptic development
is provided in Fig. 5. The two major STE events are clearly visible. The total STT10

associated with the streamer break-up episode is 206×1012 kg (1 September, 12:00–
24:00 UTC), and with the cut-off decay episode 288×1012 kg (3 September, 12:00–
24:00 UTC). These two episodes led to a comparable mass exchange although the
rate of exchange was roughly four times larger in the first one. The TST time evolution
does not show any major exchange episode, so that the net transport follows roughly15

the STT time evolution.
For the entire four days period, the overall mass exchange amounts to 763×1012 kg

for STT, 554×1012 kg for TST, and 209×1012 kg for the net transport.

3.3. Details of the streamer break-up episode

The detailed hourly development of the net mass flux during the streamer break-up20

episode is represented in Fig. 6 between 12:00 and 24:00 UTC of 1 September. It
reveals that the exchange of mass attributed to the streamer break-up is limited to a
time period of only 6 h, with a peak at 15:00–16:00 UTC.

5A tropospheric streamer denotes the reverse of a stratospheric streamer, i.e. an elongated
pool of tropospheric air with low PV values stretching northwards which can be seen on an
isentropic PV map.
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Five stages of the three-dimensional tropopause evolution during this explosive
break-up are presented in Fig. 7: (a) well before (10:00 UTC), (b) near the begin-
ning (14:00 UTC), (c) at the maximum (15:00 UTC), (d) near the end (16:00 UTC), and
(e) well after (23:00 UTC) the event. At 10:00 UTC (Fig. 7a), the tropopause penetrates
deeply into the troposphere and reaches elevations down to 5–6 km. The intrusion has5

a smooth vertical flank which rolls up cyclonically at the southern tip. The bottom of
the flank is nearly aligned with isentropic surfaces. Then, between 14:00 UTC and
16:00 UTC, the flank is rapidly eroded. An arched structure is progressively formed,
leading to a “child” intrusion at the northern boundary and an isolated vertical tube at
the southern boundary (Fig. 7d). And finally (Fig. 7e), the lower part of the stratospheric10

tube is entirely mixed and the tropopause resembles its state eleven hours earlier but
with a much shallower intrusion.

The temporal evolution of the tropopause erosion shown in Fig. 7 gives credit to our
estimates of the hourly evolution of exchange mass flux shown in Fig. 6. In particular,
the mass flux peaks at 15:00 UTC while the tropopause is experiencing its strongest15

irreversible deformation. STT and TST trajectories are represented near the exchange
time as red and green traces in Fig. 6. There is an excellent agreement between the
diagnosed locations of STT events and the zone of erosion of the tropopause.

This detailed time sequence also reveals how a large amount of stratospheric air
mass can be injected into the troposphere on the mesoscale.20

The streamer break-up coincides temporally with the intense cumulus cell east of the
streamer and north of the Pyrenees. The cloud cell strengthens and grows vertically
as the streamer is advected eastwards. It reaches a maximum size between 14:00 and
17:00 UTC and then decays very rapidly. Figure 8 represents the cloud cell relatively to
the tropopause at 14:00 UTC. Comparison of (i) the time evolution of this cloud with that25

of exchange and (ii) the position and shape of the cloud with the locations of exchange
in Figs. 7 and 8, gives first indications that exchange is triggered by the cloud. Note
that in this case most exchange events take place on the side of the cloud, and nearly
no events are found directly above the cloud (Fig. 4b). However, a detailed analysis of
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the exchange processes is beyond the scope of this paper.

4. Sensitivity analyses

4.1. Sensitivity to data resolution

The STE flux estimates described in the previous section have been repeated for vari-
ous data resolutions obtained by degradation of the original data set (0.5◦× 0.5◦×1 h).5

All trajectories as well as the tropopause have been re-computed using the coarser,
degraded data. This method allows to keep exactly the same meteorological evolution
at every resolution. The temporal evolution of total cross-tropopause mass flux for the
various data resolutions is shown in Fig. 9 separately when degrading space and time
resolutions.10

The STT results show a clear response to varying spatial resolutions. While the
0.5◦ and 1◦ resolutions lead roughly to similar results, the 2◦ resolution produces a
strong underestimate of STT during the break-up phase as well as the late cut-off de-
cay phase. This underestimate is obviously due to a too coarse representation of the
tropopause deformation. A slight underestimate of STT in the late cut-off decay phase15

is also seen with the 1◦ resolution, which indicates that structures of a scale smaller
than 1◦ contribute to the cut-off decay, though to a small extent. TST estimates do not
show a clear response to the degradation of spatial resolution. The 1◦ resolution pro-
duces substantially larger values, while the 2◦ resolution gets a very different temporal
structure. This unexpected response is thought to be caused by the simple data degra-20

dation scheme which produces an anomalously large variability in the vertical velocity
of low resolution fields, in particular in the tropopshere. The resulting net flux shows a
reduced magnitude at low spatial resolutions, but keeps its gross temporal structure.
The total net mass flux over the whole period of 96 h is very sensitive to the horizontal
resolution: 209×1012 kg at 0.5◦ resolution, 27×1012 kg at 1◦, and −15×1012 kg at 2◦.25

The exchange flux is also affected by the temporal resolution. Compared to the 1 h
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resolution, the STT is slightly overestimated during the late cut-off decay phase at the
3 h resolution, while it is increased by a quasi-constant noise at the 6 h resolution. The
TST responds in a similar way. The noise introduced in both STT and TST mostly
cancels in the net mass flux, and thanks to this symmetry, the effect of the temporal
resolution on the total net mass flux becomes relatively smaller: 209×1012 kg at 1 h5

resolution, 138×1012 kg at 3 h resolution, and 128×1012 kg at 6 h resolution. Note that
the latter considerations also hold for a spatial resolution of 1◦ instead of the 0.5◦ (not
shown).

4.2. Sensitivity to threshold residence time

The spatial smoothening of the tropopause, consequence of the derivation of PV from10

limited resolution data, and the interpolations within the trajectory calculation scheme
are suspected to produce oscillations of trajectories around the tropopause even if
the flow is PV-conservative. This may introduce lots of spurious exchange events
with rather short residence times. Some information on these spurious events can be
gained by hypothesizing that lowering the spatial resolution increases the smoothening15

of the tropopause, and hence increases the number of spurious exchange events.
An extra experiment has been carried out to investigate specifically this question.

For every data resolutions, 90 h long trajectories have been started from our usual
starting grid forward in time on 1 September, 00:00 UTC and backwards on 4 Septem-
ber, 18:00 UTC. The distributions of time intervals between two successive cross-20

tropopause events along the trajectories, both happening within the simulation domain,
are shown in Fig. 10. Obviously, the general shape of the distributions are strongly
constrained by the length of trajectories and the requirement that successive crossing
points must be within the simulation domain. To account for this constraint and other
possible effects of the system, we use the 0.5◦, 1 h resolution distribution as reference25

distribution. Compared to this reference distribution, the distributions for lower spatial
resolutions with 1 h temporal resolution show remarkable increased frequencies of in-
terval times smaller than about 8 h, and no significant difference above. The effects of
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lower temporal resolutions is a truncation of the distribution of interval times lower than
about the temporal resolution itself.

This result justifies the hypothesis that lowered spatial resolutions induce more spu-
rious cross-tropopause events. And furthermore, it shows clearly that spurious events
can be removed to a large extent by setting a threshold residence time larger than 8 h.5

The dependence with the threshold residence time of the temporal evolution of STE
for the highest data resolution is shown in Fig. 11. A confirmation of the ability of
the residence time criterion to remove properly spurious events comes from the com-
parison of STE estimates with τ∗=12 h and without residence time criterion. In effect,
although the raw STE fluxes are three to five times larger than the STE fluxes with10

τ∗=12 h, and although the temporal evolution differ strongly, the net fluxes are very
similar. This demonstrates that a large number of exchange events in the raw STE
fluxes are associated with residence time smaller than 12 h which cancel each other in
the net flux at each time step. The cross-tropopause flux estimated with the residence
time criterion preserves the relevant exchange fluxes, and leads to a net flux which is15

of the same order of magnitude as the individual STT and TST.
For τ∗≥12 h, the dependence of the STE fluxes with τ∗ is smaller and is more or

less constant throughout the temporal evolution. Slightly different dependences on τ∗

can nevertheless be seen, as for instance in the begining of the cut-off decay, where
fewer short residence times than normal are present in the STT. This illustrates how20

a broader layer around the tropopause can influence the cross-tropopause mass flux
when estimated as a function of τ∗.

Note finally that the problem of inability in estimating the exchange flux at residence
times lower than about 8 h is not specific of the Lagrangian approach, but also per-
tains, in a dissimulated way, to the Eulerian approach. In effect, the Eulerian approach25

couples time derivatives with spatial derivatives of limited resolution data and this way
introduces spurious exchange fluxes.

3263

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/4/3249/acpd-4-3249_p.pdf
http://www.atmos-chem-phys.org/acpd/4/3249/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
4, 3249–3284, 2004

Stratosphere-
troposphere

exchange: a case
study

M. S. Bourqui

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

© EGU 2004

4.3. Dependence on the PV-tropopause definition

The STE mass flux can significantly differ depending on the applied tropopause defi-
nition. Here, we explore the dependence of STT and TST on the PV-level defining the
dynamical tropopause over a range between 1.5 and 5 PVU.

Figure 12 shows the temporal evolution of STT, TST and NET mass fluxes. In gen-5

eral, for both STT and TST, the mass flux is monotonically decreasing with the PV level,
but the function of the PV level is not constant along the time and clearly depends on
the synoptics. In particular, the STT associated with the explosive streamer break-up
and with the cut-off decay occurs only at levels below 4 PVU. Above 4 PVU, a differ-
ent, flater temporal evolution is seen, with largest STT taking place during the period10

1 September, 12:00 UTC–3 September, 00:00 UTC. The NET mass flux shows also
a strong contrast between the levels below 4 PVU, where the break-up and cut-off de-
cay phases are captured, and the levels above, again dominated by the 1 September,
12:00 UTC–3 September, 00:00 UTC period.

The synoptics of exchange patterns for the different PV levels during the explosive15

break-up phase is shown in Fig. 13. In the streamer’s tip, STT occurs exclusively
at levels below 4 PVU, while in the region where isentropic PV contours break from
the polar high PV reservoir, STT is seen over the whole range of PV levels. Note that
these graphs have been scaled individually to put emphasis on the spatial structure. As
the overall magnitude of STT decreases with higher PV levels, TST becomes relatively20

more important. At 5 PVU the magnitudes are comparable and the dominating patterns
of both STT and TST are compact and tied to the streamer, with TST on the western
edge of the streamer and in the Y structure to the north, and STT within the streamer.

An important consequence is that the 4 PVU iso-surface can not be considered as a
proxy of PV levels underneath as far as STE is concerned.25
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5. Conclusions

In this study, STE mass flux was estimated within a typical baroclinic wave breaking
event and subsequent cut-off decay using a method adapted from Wernli and Bourqui
(2002). The detailed analysis of STE associated with the event illustrated how fine
temporal and spatial mechanisms can lead to large mass fluxes across the tropopause.5

In particular we showed the explosive nature of the streamer breakup, which happened
over a period of 4–6 h. The two phases of the synoptic evolution that are the break-up
and the 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 estimates is shown in Table 1. Our10

estimates are of comparable magnitude, though rather on the lower edge of the range
of estimates of these other studies. A reason for having relatively small values may
come from the threshold residence time, which filters out the part of the mass flux
associated with τ∗<12 h. However, it must be emphasized that the variety of synoptic
situations, seasons, and the sizes of domains and time windows over which mass15

fluxes are averaged are all factors which, beside the remaining uncertainties in the
methodologies, contribute to enlarge the range of estimates.

Furthermore, the comparison of the total mass flux obtained in this case study with
the autumn mass flux in the European sector of Wernli and Bourqui (2002) suggests
that tropopause perturbations like the one studied here may just follow one another20

every 3-5 days on average, and this way, produce frequent, episodical transport of
mass across the tropopause.

The analysis of the sensitivity of the method to key parameters led to the following
conclusions:
Data resolution: The sensitivity to the spatial resolution arises mostly from the scale25

required to correctly represent the processes that play relevant roles. A data resolution
of 1◦×1◦ is found to give correct estimates of STT, and a resolution of 2◦×2◦ is found to
be too coarse. The large sensitivity of TST to spatial resolution is thought to be mainly
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caused by an artefact in the degradation method and needs to be further studied. The
sensitivity to temporal resolution showed that a nearly constant noise was introduced
at the 6 h resolution in both STT and TST, which mostly cancels in the net flux.
Threshold residence time: The threshold residence time is found to be very effective
in removing spurious exchange events, as spurious events are largely associated with5

residence times smaller than 8 h. It is also shown that STT and TST fluxes are associ-
ated with continuous distributions of residence times which can vary depending on the
synoptics. As a consequence, there is no unique choice for the threshold residence
time, and larger values of τ∗ can be used to emphasize more significant exchanges.
PV-level tropopause: STE estimates showed also an interesting dependence on the10

choice of the PV-level defining the tropopause. The mass transported across PV-levels
higher than or equal to 4 PVU showed a different global evolution, with the largest part
of STT occuring at the break-up of the streamer, no STT at the streamer’s tip and weak
STT around the cut-off during its decay phase.

The chemistry of the troposphere and the lower stratosphere is very sensitive to15

cross-tropopause inflows, and a few important consequences for the chemistry can be
drawn from this study:
(i) The use of rough STE fluxes without removing spurious exchanges would lead to a
dramatic overestimate of the chemical effect of STE.
(ii) The effective chemical action of exchanged masses is closely related to the resi-20

dence time distribution associated with exchange. In particular, both the flux across
the tropopause and the transport properties in the upper-troposphere and lower-
stratosphere are key for estimating/modelling chemical effects of STE.
(iii) The mass flux across iso-PV surfaces has different patterns above and below
4 PVU, which suggests that STE estimated across the 4 PVU or 5 PVU iso-surfaces25

can not be used as a proxy for the 2 PVU. Furthermore, if we assume that the 2 PVU
iso-surface acts as an upper boundary for the troposphere, inflow of stratospheric air
into the troposphere must be considered across the 2 PVU surface. On the other hand,
the inflow of tropospheric air into the stratosphere, as estimated across the 4 PVU iso-
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surface, may better represent the relevant patterns.
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Table 1. STE mass flux estimates from published case studies using different diagnostic meth-
ods, in 1014 kg/day 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 estimat-
ing 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 with
physics parameterizations and estimating the cross-tropopause transport of a passive tracer.

Author Method Trop STT TST NET

Lamarque and Hess (1994) type 2 2 PVU 5.9 4.7 1.2
Wernli and Davies (1997) type 3 2 PVU 1.7 0.7 0.9
Wirth and Egger (1999) type 2 4 PVU 2.2 0.7 1.5

type 1 (PV) 2.1 0.5 1.6
type 1 (p) 2.9 1.9 1.0
type 1 (θ) 3.8 2.0 1.8

Kowol-Santen et al. (2000) type 3 2 PVU 28.7 19.7 9
Gray (2003) type 4 2 PVU 7.0 – –
Present study type 3 2 PVU 1.9 1.4 0.5

4 PVU 1.1 0.8 0.3
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Fig. 1. Domains used in the methodology. Filled: diagnosis domain
for cross-tropopause transport, bold line: EM simulation domain,
solid line: trajectory starting grid domain.
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Fig. 2. Conceptual Lagrangian model of an exchange event. A
trajectory has experienced a significant exchange if τs > τ∗, τt >
τ∗, and T trans < T trans

max .

tial sensitivity of the estimates to the horizontal resolution.
A key element introduced in the study of Wernli and

Bourqui (2002) was the threshold residence time, used to se-
lect the significant exchange events. They suggested that an-
ticipated errors in the mass flux due to derivation of PV and
trajectory calculation were likely to introduce spurious ex-
change events mostly associated with small residence times.
Based upon this assumption and the fact that small resi-
dence times imply potentially weak chemical action, they
suggested to filter out the small residence time events by em-
ploying a threshold residence time. Interestingly, the depen-
dence of their mass flux estimates STT and TST with the
threshold residence time did not seem to converge to any
fixed flux within the range of residence times of days. A
recent theoretical work has been carried out on this question
by Hall and Holzer (2003). They concluded that in the small
threshold residence time limit, in absence of scale limita-
tions, the separated fluxes diverge, or equivalently, the gross
fluxes are completely dominated by fluid elements residing
infinitesimally. And in presence of scale limitations due to
finite data resolution, the gross fluxes are dominated by the
smallest scales resolved.

The motivation of the present study is to gain a deeper
understanding of the methodology introduced in Wernli and
Bourqui (2002), and along with this a deeper understanding
of basic cross-tropopause transport properties, in the context
of a case study with special emphases on the residence time,
the data resolution and the PV-tropopause definition. In addi-
tion, the potential offered by the method for detailed physical
analyses of the processes involved is illustrated.

The structure of the paper is as follows. In Section 2 we
describe the data set and the Lagrangian method. Then, in
Section 3 the baroclinic wave event under consideration is
rapidly described, results of STE estimates are presented and
further details are shown using three-dimensional views. In
Section 4 is discussed the sensitivity of the method to data
resolution, threshold residence time and the PV-tropopause
definition. And finally, conclusions are drawn in Section 5.

2 Data and Method

The cross-tropopause flux calculation is based on hourly out-
puts of the limited-area Europa Model (EM) of the German
Weather Service (Majewski, 1991). The resolution in the
model is 0.5 ◦ × 0.5 ◦ in the horizontal and 40 levels in the
vertical2. The hindcast simulation is performed for a duration
of 162 h from 1 Sept 1997 00 UTC to 7 Sept 1997 18 UTC,
and uses the six-hourly ECMWF analysis fields (T213L31)
as initial and boundary conditions. The simulation domain is
drawn in Fig. 1 by the bold line. The simulation results com-
pare reasonably well with the verifying ECMWF analyses
(not shown), and reproduce correctly the different phases of
the synoptic and mesoscale development both in amplitude
and location. A slightly smaller domain than the simulation
domain is used for the quantification of exchange (see Fig. 1,
filled domain). To enable the computation of trajectories out-
side the simulation domain ECMWF analysis data are used
to extend the data domain to the whole northern hemisphere.

The method for quantifying the stratosphere-troposphere
exchange flux is an adaptation of the trajectory-based method
introduced by Wernli and Bourqui (2002) allowing for a
higher temporal and spatial resolution of the data within a
limited area (Bourqui, 2001). We summarise here the main
features of the method and the parameters that were used to
achieve the results presented in Section 3. The sensitivity of
the method to the main parameters is discussed in Section 4.

The definition of an exchange event is based on the condi-
tion that the trajectory resides for a time period longer than
a given threshold residence time τ ∗ in either sides of the
tropopause before and after having crossed the tropopause
(see schematic illustration in Fig. 2). The trajectories are
computed with the three-dimensional LAGRangian ANalysis
TOol LAGRANTO (Wernli and Davies, 1997) based on Pet-
terssen’s kinematic method (Petterssen, 1956). In this study,

2Levels every 20 hPa in the tropopause region between 150 and
510 hPa, and every 30 hPa elsewhere with the top level at 30 hPa.

www.atmos-chem-phys.org/acp/0000/0001/ Atmos. Chem. Phys., 0000, 0001–15, 2004

Fig. 1. Domains used in the methodology. Filled: diagnosis domain for cross-tropopause
transport, bold line: EM simulation domain, solid line: trajectory starting grid domain.
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tial sensitivity of the estimates to the horizontal resolution.
A key element introduced in the study of Wernli and

Bourqui (2002) was the threshold residence time, used to se-
lect the significant exchange events. They suggested that an-
ticipated errors in the mass flux due to derivation of PV and
trajectory calculation were likely to introduce spurious ex-
change events mostly associated with small residence times.
Based upon this assumption and the fact that small resi-
dence times imply potentially weak chemical action, they
suggested to filter out the small residence time events by em-
ploying a threshold residence time. Interestingly, the depen-
dence of their mass flux estimates STT and TST with the
threshold residence time did not seem to converge to any
fixed flux within the range of residence times of days. A
recent theoretical work has been carried out on this question
by Hall and Holzer (2003). They concluded that in the small
threshold residence time limit, in absence of scale limita-
tions, the separated fluxes diverge, or equivalently, the gross
fluxes are completely dominated by fluid elements residing
infinitesimally. And in presence of scale limitations due to
finite data resolution, the gross fluxes are dominated by the
smallest scales resolved.

The motivation of the present study is to gain a deeper
understanding of the methodology introduced in Wernli and
Bourqui (2002), and along with this a deeper understanding
of basic cross-tropopause transport properties, in the context
of a case study with special emphases on the residence time,
the data resolution and the PV-tropopause definition. In addi-
tion, the potential offered by the method for detailed physical
analyses of the processes involved is illustrated.

The structure of the paper is as follows. In Section 2 we
describe the data set and the Lagrangian method. Then, in
Section 3 the baroclinic wave event under consideration is
rapidly described, results of STE estimates are presented and
further details are shown using three-dimensional views. In
Section 4 is discussed the sensitivity of the method to data
resolution, threshold residence time and the PV-tropopause
definition. And finally, conclusions are drawn in Section 5.

2 Data and Method

The cross-tropopause flux calculation is based on hourly out-
puts of the limited-area Europa Model (EM) of the German
Weather Service (Majewski, 1991). The resolution in the
model is 0.5 ◦ × 0.5 ◦ in the horizontal and 40 levels in the
vertical2. The hindcast simulation is performed for a duration
of 162 h from 1 Sept 1997 00 UTC to 7 Sept 1997 18 UTC,
and uses the six-hourly ECMWF analysis fields (T213L31)
as initial and boundary conditions. The simulation domain is
drawn in Fig. 1 by the bold line. The simulation results com-
pare reasonably well with the verifying ECMWF analyses
(not shown), and reproduce correctly the different phases of
the synoptic and mesoscale development both in amplitude
and location. A slightly smaller domain than the simulation
domain is used for the quantification of exchange (see Fig. 1,
filled domain). To enable the computation of trajectories out-
side the simulation domain ECMWF analysis data are used
to extend the data domain to the whole northern hemisphere.

The method for quantifying the stratosphere-troposphere
exchange flux is an adaptation of the trajectory-based method
introduced by Wernli and Bourqui (2002) allowing for a
higher temporal and spatial resolution of the data within a
limited area (Bourqui, 2001). We summarise here the main
features of the method and the parameters that were used to
achieve the results presented in Section 3. The sensitivity of
the method to the main parameters is discussed in Section 4.

The definition of an exchange event is based on the condi-
tion that the trajectory resides for a time period longer than
a given threshold residence time τ ∗ in either sides of the
tropopause before and after having crossed the tropopause
(see schematic illustration in Fig. 2). The trajectories are
computed with the three-dimensional LAGRangian ANalysis
TOol LAGRANTO (Wernli and Davies, 1997) based on Pet-
terssen’s kinematic method (Petterssen, 1956). In this study,

2Levels every 20 hPa in the tropopause region between 150 and
510 hPa, and every 30 hPa elsewhere with the top level at 30 hPa.

www.atmos-chem-phys.org/acp/0000/0001/ Atmos. Chem. Phys., 0000, 0001–15, 2004

Fig. 2. Conceptual Lagrangian model of an exchange event. A trajectory has experienced a
significant exchange if τs>τ

∗, τt>τ
∗, and T trans<T trans

max .
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Fig. 3. Time evolution of θ [K] on the 2PVU surface, at (a) 1 Sept 06 UTC, (b) 1 Sept 18 UTC, (c) 2 Sept 06 UTC, (d) 2 Sept 18 UTC, (e) 3
Sept 06 UTC, (f) 3 Sept 18 UTC, (g) 4 Sept 06 UTC, (h) 4 Sept 18 UTC. Black lines represent the 325 and 330 K isentropic contours. Red
lines: cloud water content contours for 1 × 10−5 (dashed) and 8 × 10−5 (solid) kg/kg at 350 hPa.

Atmos. Chem. Phys., 0000, 0001–15, 2004 www.atmos-chem-phys.org/acp/0000/0001/

Fig. 3. Time evolution of θ (K) on the 2PVU surface, at (a) 1 September, 06:00 UTC, (b)
1 September, 18:00 UTC, (c) 2 September, 06:00 UTC, (d) 2 September, 18:00 UTC, (e)
3 September, 06:00 UTC, (f) 3 September, 18:00 UTC, (g) 4 September, 06:00 UTC, (h) 4
September, 18:00 UTC. Black lines represent the 325 and 330 K isentropic contours. Red
lines: cloud water content contours for 1×10−5 (dashed) and 8×10−5 (solid) kg/kg at 350 hPa.
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Fig. 4. Time evolution of the estimated net cross-tropopause mass flux (STT-TST), averaged over every time intervals of 12 h, in
10−3 kg s−1 m−2. (a) 1 Sept 00-12 UTC, (b) 1 Sept 12-24 UTC, (c) 2 Sept 00-12 UTC, (d) 2 Sept 12-24 UTC, (e) 3 Sept 00-12 UTC,
(f) 3 Sept 12-24 UTC, (g) 4 Sept 00-12 UTC, (h) 4 Sept 12-24 UTC. Bold lines represent the 325 and 330 K isentropic contours on the
2 PVU-tropopause.

www.atmos-chem-phys.org/acp/0000/0001/ Atmos. Chem. Phys., 0000, 0001–15, 2004

Fig. 4. Time evolution of the estimated net cross-tropopause mass flux (STT-TST), averaged
over every time intervals of 12 h, in 10−3 kg s−1 m−2. (a) 1 September, 00:00–12:00 UTC, (b) 1
September, 12:00–24:00 UTC, (c) 2 September, 00:00–12:00 UTC, (d) 2 September, 12:00–
24:00 UTC, (e) 3 September, 00:00–12:00 UTC, (f) 3 September, 12:00–24:00 UTC, (g) 4
September, 00:00-12:00 UTC, (h) 4 September, 12:00–24:00 UTC. Bold lines represent the
325 and 330 K isentropic contours on the 2 PVU-tropopause.
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the 2PVU3 iso-surface is used as tropopause definition be-
cause it mimics reasonably well the thermal tropopause in
the extra-tropics (Holton et al., 1995) and is a well-defined,
continuous surface with conservation properties.

The set of exchange trajectories is obtained by a three-step
computation scheme. First, the time-dependent flow is dis-
cretisized spatially and temporally into a set of trajectories.
The trajectories are started every 12 h for a length of 12 h
from a starting grid extending vertically from 600 to 50 hPa
and horizontally as shown in Fig. 1. The starting points are
separated from each other horizontally by 0.5 ◦ and vertically
by 5 hPa, so that each trajectory represents an air mass ∆m

= g−1 ·∆x ·∆y ·∆p ≈ 157 × 109 kg. Second, the 12 h tra-
jectories which cross the 2PVU iso-surface are prolongated
for 5 days both backwards and forwards. Third, the selection
is performed on every prolongated trajectory according to the
conceptual model illustrated in Fig. 2. Each trajectory must
reside within the troposphere and the stratosphere for time
periods longer than the threshold residence time τ ∗. The two
residence time periods, within the troposphere and within the
stratosphere, are separated by a transition time smaller than
T trans

max
. This maximum transition time allows the trajectories

to oscillate around the tropopause while crossing it. The pa-
rameters used here are 12 h for the threshold residence time
τ∗ and 6 h for the maximum transition time T trans

max
.

Finally, the exchange mass flux is given by the sum of the
mass transported by the trajectories which experience an ex-
change within a 1 ◦ × 1 ◦ grid-square during each period of
12 h.

In essence, this method is identical to the one used by
Wernli and Bourqui (2002). The transition period of 6 h is
introduced here only because of the increased temporal data
resolution.

3 Results

3.1 Synoptic Evolution of the Tropopause

The synoptic situation corresponds to the late stage of a typi-
cal baroclinic wave development similar to the anticyclonic-
shear case described by Davies et al. (1991) and Thorncroft
et al. (1993), and includes the break-up of a stratospheric
streamer4 and the decay of the resulting cut-off. Figure 3
shows the time sequence of potential temperature interpo-
lated onto the 2PVU iso-surface and the presence of clouds
at 350 hPa (red contours). The two-dimensional represen-
tation of the tropopause provided in Fig. 3 gives some in-
dication of its vertical structure, however without showing

3PVU denotes the Ertel’s potential vorticity unit: 1 PVU = 10−6

m2 s−1 K kg−1.
4Following Appenzeller et al. (1996), a streamer is a synoptic-

scale equatorward advection of high potential vorticity on an isen-
tropic PV map.

Fig. 5. Time evolution of the total mass exchange in 109 kg s−1.
Time is relative to 1 Sept 00 UTC. Dashed line is for STT, dotted
line for TST and solid line for NET (STT-TST). Integration domain
is 10W-20E, 38N-58N.

Fig. 6. Detailed hourly evolution of the mass exchange for the pe-
riod 12 UTC to 23U TC on 1 Sept within the zone of large STT as-
sociated with the streamer break-up (see Fig. 4 b). Mass exchange
is in units of 109 kg s−1, integrated over the domain 5W-0E, 39N-
50N.

folded structures (in case of folded structures, only the high-
est level is represented). The dynamical interpretation of
these maps is similar to that of isentropic potential vorticity
charts (Hoskins et al., 1985; Hoskins, 1991).

The elongated, north-south oriented streamer arrives over
western Europe and begins to break on 1 Sept around
12 UTC. It takes about 3 days to break up all isentropic con-
tours in the range 325 - 340 K on the 2PVU tropopause.
However, most of the tropopause irreversible deformation as-
sociated with the break-up occurs between 1 Sept 06 UTC
and 2 Sept 06 UTC (Fig. 3, a–c). During this period, a cloud
forms and decays right on the eastern edge of the streamer.
It is followed to the east by another cloud formation which
disappears on 3 Sept 06 UTC. These cumulus cloud forma-
tions are triggered by the northward and upward advection of

Atmos. Chem. Phys., 0000, 0001–15, 2004 www.atmos-chem-phys.org/acp/0000/0001/

Fig. 5. Time evolution of the total mass exchange in 109 kg s−1. Time is relative to 1 Septem-
ber, 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.
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the 2PVU3 iso-surface is used as tropopause definition be-
cause it mimics reasonably well the thermal tropopause in
the extra-tropics (Holton et al., 1995) and is a well-defined,
continuous surface with conservation properties.

The set of exchange trajectories is obtained by a three-step
computation scheme. First, the time-dependent flow is dis-
cretisized spatially and temporally into a set of trajectories.
The trajectories are started every 12 h for a length of 12 h
from a starting grid extending vertically from 600 to 50 hPa
and horizontally as shown in Fig. 1. The starting points are
separated from each other horizontally by 0.5 ◦ and vertically
by 5 hPa, so that each trajectory represents an air mass ∆m

= g−1 ·∆x ·∆y ·∆p ≈ 157 × 109 kg. Second, the 12 h tra-
jectories which cross the 2PVU iso-surface are prolongated
for 5 days both backwards and forwards. Third, the selection
is performed on every prolongated trajectory according to the
conceptual model illustrated in Fig. 2. Each trajectory must
reside within the troposphere and the stratosphere for time
periods longer than the threshold residence time τ ∗. The two
residence time periods, within the troposphere and within the
stratosphere, are separated by a transition time smaller than
T trans

max
. This maximum transition time allows the trajectories

to oscillate around the tropopause while crossing it. The pa-
rameters used here are 12 h for the threshold residence time
τ∗ and 6 h for the maximum transition time T trans

max
.

Finally, the exchange mass flux is given by the sum of the
mass transported by the trajectories which experience an ex-
change within a 1 ◦ × 1 ◦ grid-square during each period of
12 h.

In essence, this method is identical to the one used by
Wernli and Bourqui (2002). The transition period of 6 h is
introduced here only because of the increased temporal data
resolution.

3 Results

3.1 Synoptic Evolution of the Tropopause

The synoptic situation corresponds to the late stage of a typi-
cal baroclinic wave development similar to the anticyclonic-
shear case described by Davies et al. (1991) and Thorncroft
et al. (1993), and includes the break-up of a stratospheric
streamer4 and the decay of the resulting cut-off. Figure 3
shows the time sequence of potential temperature interpo-
lated onto the 2PVU iso-surface and the presence of clouds
at 350 hPa (red contours). The two-dimensional represen-
tation of the tropopause provided in Fig. 3 gives some in-
dication of its vertical structure, however without showing

3PVU denotes the Ertel’s potential vorticity unit: 1 PVU = 10−6

m2 s−1 K kg−1.
4Following Appenzeller et al. (1996), a streamer is a synoptic-

scale equatorward advection of high potential vorticity on an isen-
tropic PV map.

Fig. 5. Time evolution of the total mass exchange in 109 kg s−1.
Time is relative to 1 Sept 00 UTC. Dashed line is for STT, dotted
line for TST and solid line for NET (STT-TST). Integration domain
is 10W-20E, 38N-58N.

Fig. 6. Detailed hourly evolution of the mass exchange for the pe-
riod 12 UTC to 23U TC on 1 Sept within the zone of large STT as-
sociated with the streamer break-up (see Fig. 4 b). Mass exchange
is in units of 109 kg s−1, integrated over the domain 5W-0E, 39N-
50N.

folded structures (in case of folded structures, only the high-
est level is represented). The dynamical interpretation of
these maps is similar to that of isentropic potential vorticity
charts (Hoskins et al., 1985; Hoskins, 1991).

The elongated, north-south oriented streamer arrives over
western Europe and begins to break on 1 Sept around
12 UTC. It takes about 3 days to break up all isentropic con-
tours in the range 325 - 340 K on the 2PVU tropopause.
However, most of the tropopause irreversible deformation as-
sociated with the break-up occurs between 1 Sept 06 UTC
and 2 Sept 06 UTC (Fig. 3, a–c). During this period, a cloud
forms and decays right on the eastern edge of the streamer.
It is followed to the east by another cloud formation which
disappears on 3 Sept 06 UTC. These cumulus cloud forma-
tions are triggered by the northward and upward advection of

Atmos. Chem. Phys., 0000, 0001–15, 2004 www.atmos-chem-phys.org/acp/0000/0001/

Fig. 6. Detailed hourly evolution of the mass exchange for the period 12:00 UTC to 23:00 UTC
on 1 September within the zone of large STT associated with the streamer break-up (see Fig. 4
b). Mass exchange is in units of 109 kg s−1, integrated over the domain 5◦ W–0◦ E, 39◦ N–50◦ N.
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(a) 1 Sept 10 : 0 0 UTC

(c) 1 Sept 15 : 0 0 UTC

(e) 1 Sept 23 : 0 0 UTC

(b) 1 Sept 14 : 0 0 UTC

(d) 1 Sept 16 : 0 0 UTC

Fig. 7. Three-dimensional view of selected instants during the break-up phase on 1 Sept. Blue surface: 2 PVU tropopause in the domain 15W-
15E, 35N-58N, 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 exchange location. (a) 10 UTC, view from the south-west, (b)
14 UTC from south-east, (c) 15 UTC from south-east, (d) 16 UTC from south-west, (e) 23 UTC from south-west.

www.atmos-chem-phys.org/acp/0000/0001/ Atmos. Chem. Phys., 0000, 0001–15, 2004

Fig. 7. Three-dimensional view of selected instants during the break-up phase on 1 September.
Blue surface: 2 PVU tropopause in the domain 15◦ W–15◦ E, 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 ex-
change location. (a) 10:00 UTC, view from the south-west, (b) 14:00 UTC from south-east, (c)
15:00 UTC from south-east, (d) 16:00 UTC from south-west, (e) 23:00 UTC from south-west.
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Fig. 8. Three-dimensional view of the 2 PVU tropopause (blue sur-
face) and cumulus cloud (red surface) on 1 Sept 14 UTC. The cloud
surface is defined by the 8 × 10−5 kg/kg cloud water content iso-
surface.

humid air driven by the cyclonic circulation induced by the
streamer itself, and are probably reinforced by the passage
of moist air over the Pyrenees. Then, from 2 Sept 06 UTC,
the resulting PV cut-off, located over the Mediterranean, is
clearly detached from the parent wave structure from 3 Sept
06 UTC onwards (Fig. 3, e–h). It starts immediately to decay
and almost disappears by 5 Sept 00 UTC.

3.2 Estimates of Stratosphere-Troposphere Exchange

Figure 4 gives the sequence of the 12-hourly integrated net
mass exchange between 1 Sept 00 UTC and 5 Sept 00 UTC.
On the time scale of 12h TST and STT occur principally in
geographically separated regions, and therefore the net flux
gives a fairly comprehensive representation of the separated
fluxes: positive for STT and negative for TST.

The general structure of STE patterns reveals well iden-
tifiable zones of strong exchange activity and a relatively
weak background. The active zones are confined in space
and time and occur almost exclusively in the region of the
stratospheric intrusion. Two major exchange episodes can be
identified:

(1) On 1 Sept 12-24 UTC (Fig. 4 b) a distinct structure of
strong STT is found in association with the breaking of
the streamer. Exchange is concentrated at the streamer’s
tip and in the zone of irreversible deformation where the
break-up occurs and a cut-off detaches from the polar
PV reservoir.

(2) During the two days following 3 Sept 00 UTC (Fig. 4
e-h) strong STT occurs around the cut-off low and then

towards its centre. This exchange pattern is related to
the slow decay of the cut-off.

Some weaker but still distinct structures can also be seen. For
instance, on 2 Sept 00-12 UTC (Fig. 4 c) east of the streamer
a region of exchange is observed in association with the lo-
cally raised tropopause above the cloud (Fig. 3 c). And on
3 Sept 12-24 UTC (Fig. 4 f), a north-south oriented tongue
of TST is located to the west of the stretching zone, and is
related to the thin “tropospheric streamer5” which occurs in
this region (Fig. 3 f).

The time evolution of total mass exchange associated with
the synoptic development is provided in Fig. 5. The two
major STE events are clearly visible. The total STT associ-
ated with the streamer break-up episode is 206 × 1012 kg (1
Sept 12-24 UTC), and with the cut-off decay episode 288 ×
1012 kg (3 Sept 12 UTC - 4 24 UTC). These two episodes led
to a comparable mass exchange although the rate of exchange
was roughly four times larger in the first one. The TST time
evolution does not show any major exchange episode, so that
the net transport follows roughly the STT time evolution.

For the entire four days period, the overall mass exchange
amounts to 763 × 1012 kg for STT, 554 × 1012 kg for TST,
and 209 × 1012 kg for the net transport.

3.3 Details of the Streamer Break-up Episode

The detailed hourly development of the net mass flux during
the streamer break-up episode is represented in Fig. 6 be-
tween 12 and 24 UTC of 1 Sept. It reveals that the exchange
of mass attributed to the streamer break-up is limited to a
time period of only 6 hours, with a peak at 15-16 UTC.

Five stages of the three-dimensional tropopause evolution
during this explosive break-up are presented in Fig. 7: (a)
well before (10 UTC), (b) near the beginning (14 UTC), (c)
at the maximum (15 UTC), (d) near the end (16 UTC), and
(e) well after (23 UTC) the event. At 10 UTC (Fig. 7 a),
the tropopause penetrates deeply into the troposphere and
reaches elevations down to 5 - 6 km. The intrusion has a
smooth vertical flank which rolls up cyclonically at the south-
ern tip. The bottom of the flank is nearly aligned with isen-
tropic surfaces. Then, between 14 UTC and 16 UTC, the
flank is rapidly eroded. An arched structure is progressively
formed, leading to a “child” intrusion at the northern bound-
ary and an isolated vertical tube at the southern boundary
(Fig. 7 d). And finally (Fig. 7 e), the lower part of the strato-
spheric tube is entirely mixed and the tropopause resembles
its state eleven hours earlier but with a much shallower intru-
sion.

The temporal evolution of the tropopause erosion shown in
Fig. 7 gives credit to our estimates of the hourly evolution of

5A tropospheric streamer denotes the reverse of a stratospheric
streamer, i.e. an elongated pool of tropospheric air with low PV
values stretching northwards which can be seen on an isentropic
PV map.

Atmos. Chem. Phys., 0000, 0001–15, 2004 www.atmos-chem-phys.org/acp/0000/0001/

Fig. 8. Three-dimensional view of the 2 PVU tropopause (blue surface) and cumulus cloud (red
surface) on 1 September, 14:00 UTC. The cloud surface is defined by the 8×10−5 kg/kg cloud
water content iso-surface.
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Fig. 9. Total mass exchange for various data resolutions. Left: STT; middle: TST; and right: NET. Top: varying spacial resolution; bottom:
varying time resolution. Time is relative to 1 Sept 00 UTC, and units are: 109 kg s−1.

exchange mass flux shown in Fig. 6. In particular, the mass
flux peaks at 15 UTC while the tropopause is experiencing
its strongest irreversible deformation. STT and TST trajecto-
ries are represented near the exchange time as red and green
traces in Fig. 6. There is an excellent agreement between the
diagnosed locations of STT events and the zone of erosion of
the tropopause.

This detailed time sequence also reveals how a large
amount of stratospheric air mass can be injected into the tro-
posphere on the mesoscale.

The streamer break-up coincides temporally with the in-
tense cumulus cell east of the streamer and north of the Pyre-
nees. The cloud cell strengthens and grows vertically as the
streamer is advected eastwards. It reaches a maximum size
between 14 and 17 UTC and then decays very rapidly. Fig-
ure 8 represents the cloud cell relatively to the tropopause at
14 UTC. Comparison of (i) the time evolution of this cloud
with that of exchange and (ii) the position and shape of the
cloud with the locations of exchange in Figs. 7 and 8, gives
first indications that exchange is triggered by the cloud. Note
that in this case most exchange events take place on the side
of the cloud, and nearly no events are found directly above
the cloud (Fig. 4 b). However, a detailed analysis of the ex-
change processes is beyond the scope of this paper.

4 Sensitivity Analyses

4.1 Sensitivity to Data Resolution

The STE flux estimates described in the previous section
have been repeated for various data resolutions obtained by
degradation of the original data set (0.5 ◦ × 0.5 ◦ × 1 h). All
trajectories as well as the tropopause have been re-computed
using the coarser, degraded data. This method allows to keep
exactly the same meteorological evolution at every resolu-
tion. The temporal evolution of total cross-tropopause mass
flux for the various data resolutions is shown in Fig. 9 sepa-
rately when degrading space and time resolutions.

The STT results show a clear response to varying spatial
resolutions. While the 0.5 ◦ and 1 ◦ resolutions lead roughly
to similar results, the 2 ◦ resolution produces a strong under-
estimate of STT during the break-up phase as well as the
late cut-off decay phase. This underestimate is obviously
due to a too coarse representation of the tropopause defor-
mation. A slight underestimate of STT in the late cut-off
decay phase is also seen with the 1 ◦ resolution, which indi-
cates that structures of a scale smaller than 1 ◦ contribute to

www.atmos-chem-phys.org/acp/0000/0001/ Atmos. Chem. Phys., 0000, 0001–15, 2004

Fig. 9. Total mass exchange for various data resolutions. Left: STT; middle: TST; and right:
NET. Top: varying spacial resolution; bottom: varying time resolution. Time is relative to
1 September, 00:00 UTC, and units are: 109 kg s−1.
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Fig. 10. Distributions of time intervals between two successive
cross-tropopause events along trajectories, both happening within
the simulation domain. Trajectories are computed for 90 h from
the usual starting grid forwards from 1 Sept 00 UTC and backwards
from 4 Sept 18 UTC. The different line types show calculations with
different data resolutions.

the cut-off decay, though to a small extent. TST estimates
do not show a clear response to the degradation of spatial
resolution. The 1 ◦ resolution produces substantially larger
values, while the 2 ◦ resolution gets a very different temporal
structure. This unexpected response is thought to be caused
by the simple data degradation scheme which produces an
anomalously large variability in the vertical velocity of low
resolution fields, in particular in the tropopshere. The result-
ing net flux shows a reduced magnitude at low spatial reso-
lutions, but keeps its gross temporal structure. The total net
mass flux over the whole period of 96 h is very sensitive to
the horizontal resolution: 209 × 1012 kg at 0.5 ◦ resolution,
27 × 1012 kg at 1 ◦, and -15 × 1012 kg at 2 ◦.

The exchange flux is also affected by the temporal reso-
lution. Compared to the 1 h resolution, the STT is slightly
overestimated during the late cut-off decay phase at the 3 h
resolution, while it is increased by a quasi-constant noise at
the 6 h resolution. The TST responds in a similar way. The
noise introduced in both STT and TST mostly cancels in the
net mass flux, and thanks to this symmetry, the effect of the
temporal resolution on the total net mass flux becomes rela-
tively smaller: 209× 1012 kg at 1 h resolution, 138× 1012 kg
at 3 h resolution, and 128 × 1012 kg at 6 h resolution. Note
that the latter considerations also hold for a spatial resolution
of 1 ◦ instead of the 0.5 ◦ (not shown).

4.2 Sensitivity to Threshold Residence Time

The spatial smoothening of the tropopause, consequence of
the derivation of PV from limited resolution data, and the
interpolations within the trajectory calculation scheme are

suspected to produce oscillations of trajectories around the
tropopause even if the flow is PV - conservative. This may
introduce lots of spurious exchange events with rather short
residence times. Some information on these spurious events
can be gained by hypothesizing that lowering the spatial res-
olution increases the smoothening of the tropopause, and
hence increases the number of spurious exchange events.

An extra experiment has been carried out to investigate
specifically this question. For every data resolutions, 90 h
long trajectories have been started from our usual start-
ing grid forward in time on 1 Sept 00 UTC and backwards
on 4 Sept 18 UTC. The distributions of time intervals be-
tween two successive cross-tropopause events along the tra-
jectories, both happening within the simulation domain, are
shown in Fig. 10. Obviously, the general shape of the distri-
butions are strongly constrained by the length of trajectories
and the requirement that successive crossing points must be
within the simulation domain. To account for this constraint
and other possible effects of the system, we use the 0.5 ◦, 1 h
resolution distribution as reference distribution. Compared to
this reference distribution, the distributions for lower spatial
resolutions with 1 h temporal resolution show remarkable in-
creased frequencies of interval times smaller than about 8 h,
and no significant difference above. The effects of lower tem-
poral resolutions is a truncation of the distribution of interval
times lower than about the temporal resolution itself.

This result justifies the hypothesis that lowered spatial res-
olutions induce more spurious cross-tropopause events. And
furthermore, it shows clearly that spurious events can be re-
moved to a large extent by setting a threshold residence time
larger than 8 h.

The dependence with the threshold residence time of the
temporal evolution of STE for the highest data resolution
is shown in Fig. 11. A confirmation of the ability of the
residence time criterion to remove properly spurious events
comes from the comparison of STE estimates with τ ∗ = 12 h
and without residence time criterion. In effect, although the
raw STE fluxes are three to five times larger than the STE
fluxes with τ∗ = 12 h, and although the temporal evolution
differ strongly, the net fluxes are very similar. This demon-
strates that a large number of exchange events in the raw STE
fluxes are associated with residence time smaller than 12 h
which cancel each other in the net flux at each time step. The
cross-tropopause flux estimated with the residence time cri-
terion preserves the relevant exchange fluxes, and leads to a
net flux which is of the same order of magnitude as the indi-
vidual STT and TST.

For τ∗ ≥ 12 h, the dependence of the STE fluxes with τ ∗

is smaller and is more or less constant throughout the tem-
poral evolution. Slightly different dependences on τ ∗ can
nevertheless be seen, as for instance in the begining of the
cut-off decay, where fewer short residence times than normal
are present in the STT. This illustrates how a broader layer
around the tropopause can influence the cross-tropopause
mass flux when estimated as a function of τ ∗.

Atmos. Chem. Phys., 0000, 0001–15, 2004 www.atmos-chem-phys.org/acp/0000/0001/

Fig. 10. Distributions of time intervals between two successive cross-tropopause events along
trajectories, both happening within the simulation domain. Trajectories are computed for 90 h
from the usual starting grid forwards from 1 September, 00:00 UTC and backwards from
4 September, 18:00 UTC. The different line types show calculations with different data reso-
lutions.
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Fig. 11. Total mass exchange for various threshold residence times τ ∗. Left: STT; middle: TST; and right: NET. τ ∗ = 0 denotes absence of
residence time criterion. Time is relative to 1 Sept 00 UTC, and units are: 109 kg s−1.

Fig. 12. Total mass exchange across various PV-tropopauses estimated with τ ∗ = 12 h. Left: STT; middle: TST; and right: NET. Time is
relative to 1 Sept 00 UTC, and units are: 109 kg s−1.

Note finally that the problem of inability in estimating the
exchange flux at residence times lower than about 8 h is not
specific of the Lagrangian approach, but also pertains, in a
dissimulated way, to the Eulerian approach. In effect, the Eu-
lerian approach couples time derivatives with spatial deriva-
tives of limited resolution data and this way introduces spu-
rious exchange fluxes.

4.3 Dependence on the PV-Tropopause Definition

The STE mass flux can significantly differ depending on the
applied tropopause definition. Here, we explore the depen-
dence of STT and TST on the PV-level defining the dynami-
cal tropopause over a range between 1.5 and 5 PVU.

Figure 12 shows the temporal evolution of STT, TST and
NET mass fluxes. In general, for both STT and TST, the

www.atmos-chem-phys.org/acp/0000/0001/ Atmos. Chem. Phys., 0000, 0001–15, 2004

Fig. 11. Total mass exchange for various threshold residence times τ∗. Left: STT; middle:
TST; and right: NET. τ∗=0 denotes absence of residence time criterion. Time is relative to
1 September, 00:00 UTC, and units are: 109 kg s−1.
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Fig. 11. Total mass exchange for various threshold residence times τ ∗. Left: STT; middle: TST; and right: NET. τ ∗ = 0 denotes absence of
residence time criterion. Time is relative to 1 Sept 00 UTC, and units are: 109 kg s−1.

Fig. 12. Total mass exchange across various PV-tropopauses estimated with τ ∗ = 12 h. Left: STT; middle: TST; and right: NET. Time is
relative to 1 Sept 00 UTC, and units are: 109 kg s−1.

Note finally that the problem of inability in estimating the
exchange flux at residence times lower than about 8 h is not
specific of the Lagrangian approach, but also pertains, in a
dissimulated way, to the Eulerian approach. In effect, the Eu-
lerian approach couples time derivatives with spatial deriva-
tives of limited resolution data and this way introduces spu-
rious exchange fluxes.

4.3 Dependence on the PV-Tropopause Definition

The STE mass flux can significantly differ depending on the
applied tropopause definition. Here, we explore the depen-
dence of STT and TST on the PV-level defining the dynami-
cal tropopause over a range between 1.5 and 5 PVU.

Figure 12 shows the temporal evolution of STT, TST and
NET mass fluxes. In general, for both STT and TST, the
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Fig. 12. Total mass exchange across various PV-tropopauses estimated with τ∗=12 h. Left:
STT; middle: TST; and right: NET. Time is relative to 1 September, 00:00 UTC, and units are:
109 kg s−1.
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Fig. 13. Estimated net cross-tropopause mass flux (STT-TST), for the period 1 Sept 12-24 UTC, in 10 −3 kg s−1 m−2. (a) 1.5 PVU, (b)
2 PVU, (c) 2.5 PVU, (d) 3 PVU, (e) 3.5 PVU, (f) 4 PVU, (g) 4.5 PVU, (h) 5 PVU. Bold lines represent the 325 and 330 K isentropic contours
on the corresponding PV-tropopause.

www.atmos-chem-phys.org/acp/0000/0001/ Atmos. Chem. Phys., 0000, 0001–15, 2004

Fig. 13. Estimated net cross-tropopause mass flux (STT-TST), for the period 1 September,
12:00–24:00 UTC, in 10−3 kg s−1 m−2. (a) 1.5 PVU, (b) 2 PVU, (c) 2.5 PVU, (d) 3 PVU, (e)
3.5 PVU, (f) 4 PVU, (g) 4.5 PVU, (h) 5 PVU. Bold lines represent the 325 and 330 K isentropic
contours on the corresponding PV-tropopause.
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