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Abstract. In this study we use the ERA-Interim reanaly- We discuss the sensitivity of our results on the choice of
sis data set from the European Centre for Medium-Rangéhe control surface representing the tropopause, the horizon-
Weather Forecasts (ECMWF) and a refined version oftal and vertical resolution of the trajectory starting grid, and
a previously developed Lagrangian methodology to compilethe minimum residence timeused to filter out transient STE

a global 33yr climatology of stratosphere—troposphere extrajectories.

change (STE) from 1979 to 2011. Fluxes of mass and ozone

are calculated across the tropopause, pressure surfaces in

the troposphere, and the top of the planetary boundary layer )

(PBL). This climatology provides a state-of-the-art quantifi- 1~ Introduction

cation of the geographical distribution of STE and the pre-

ferred transport pathways, as well as insight into the temporap ' 2tosphere—troposphere exchange (STE) has important im-
evolution of STE during the last 33 yr. pacts on atmospheric chemistry: it changes the oxidative ca-

We confirm the distinct zonal and seasonal asymmetryP2City Of the troposphere (e gentarchos and Roelqf2003
found in previous studies using comparable methods. Thé"nd potentially also affects the climate system because ozone

subset of “deep STE”, where stratospheric air reaches th@nd Water vapour are potent greenhouse gases Gagss

PBL within 4 days or vice versa, shows especially strong ge-et al, 2003 Eorster et a|.2007).
Although it has been known for roughly 50 yr that strato-

ographical and seasonal variations. The global hotspots for

deep STE are found along the west coast of North AmericaSPheric ozone can be brought into the troposphere during
and over the Tibetan Plateau, especially in boreal winter and® | £ €ventsdunge 1962 Danielsen196§ and add to local
spring. An analysis of the time series reveals significant posphotochemlcal production, the relative importance of these

itive trends of the net downward mass flux and of deep STESOUrces is not YEt entirely _cer_tain. Modelling studies ((_a.g.
in both directions, which are particularly large over North Roelofs and Lelieveld1997) indicate that the stratospheric
America contribution to ozone in the troposphere could be as large

The downward ozone flux across the tropopause is dom?@S that from net photochemical production, which was also

inated by the seasonal cycle of 0zone concentrations at the°nfirmed in a more recent multi-model ensemble simula-

tropopause and peaks in summer, when the mass flux ition (Stevenson et al200§. This contribution, albeit only

nearly at its minimum. For the subset of deep STE eventsknoWn with rather large uncertainty\{id, 2007, is likely to

the situation is reversed and the downward ozone flux into thd"créase over the next decad&sig and Pylg2003 Collins

PBL is dominated by the mass flux and peaks in early spring €t @l 2003 Hegglin and Shepher@009), which further em-

Thus surface ozone concentration along the west coast d?hasaes the importance of STE for tropospheric chemistry.

North America and around the Tibetan Plateau are likely to While ozone in the upper troposphere is mainly rele-
be influenced by deep stratospheric intrusions. vant as a greenhouse gas and oxidizer, deep STE down
to the surface can also contribute to enhanced ozone lev-

els at the ground and affect plant and human physiology
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(e.g.Lippmann 1989 Knowlton et al, 2004). It is therefore ics). This definition captures the complex, three-dimensional
not only important to quantify the global net ozone flux structure of the tropopause which is often observed near
across the tropopause but also to investigate the transpojét streams, cyclones, and cut-off lows (eRithell et al,
and mixing after the crossing (e.Bourqui and Trepanier 1999 and enables the calculation of cross-tropopause fluxes
2010. The question of where and how often stratospheric in-in situations when other control surfaces such as the lapse-
trusions can reach the planetary boundary layer and to whatate tropopause are discontinuous. Many other tropopause
extent STE contributes to total ozone levels at the surfacalefinitions exist (e.gHoinka, 1997, and evidently, fluxes
is a topic of ongoing research (elpavies and Schuepbach across a control surface crucially depend on its definition (see
1994 Stohl et al, 2000 Vingarzan 2004 Cooper et al.  Sect. 5).
2005 Trickl et al, 201Q Cristofanelli et al. 201Q Lefohn This paper is structured as follows: we first describe the
etal, 2011 2012 Kuang et al.2012 Lin et al, 2012). data set and the methodology in Sect. 2. Then we present

The current study provides a global climatology of STE the climatology of the cross-tropopause mass flux in Sect. 3,
from 1979 to 2011 based on a refined version of the La-followed by the results for the cross-tropopause ozone flux
grangian method introduced Wernli and Bourqui(2002 in Sect. 4. The sensitivity of our results to various parame-
and the state-of-the-art reanalysis data set ERA-Interim fronters and the choice of control surface is explored in Sect. 5.
the European Centre for Medium-Range Weather Forecasti Sect. 6, we discuss caveats of the methodology, compare
(ECMWEF). This methodology allows for study of the trans- our results to the findings &prenger and Wern{R003 and
port pathways from the stratosphere to the troposphere (STTgther studies, and elaborate some regional aspects. Finally,
and from the troposphere to the stratosphere (TST). Of parwe present our conclusions in Sect. 7.
ticular interest are so-called “deep” exchange events where
stratospheric air, which typically is rich in ozone, reaches
the planetary boundary layer (PBL) (deep STT) or poten-2 Data and methodology
tially polluted air from the PBL is rapidly transported into
the stratosphere (deep TST). 2.1 Overview

Climatologies using meteorological data with a spatial
and temporal resolution high enough to capture importanfThe reanalysis data set ERA-Interim from the ECMWF
synoptic systems (e.dgSprenger and Wernli2003 James  (Simmons et a).2006 Dee et al. 2017) is continuously up-
et al, 2003h nicely complement global-scale estimates (e.g.dated and covers the time from 1 January 1979 to the present
Holton et al, 1995 and synoptic-scale modelling case stud- day. Our analysis covers the first 33 yr from 1979 up to and
ies (e.gLamarque and Hes4994 Bourqui 2006. The La-  including 2011. The primary analysis fields (e.g. wind and
grangian method used in this study also has several advanemperature) were interpolated on a regular grid withdr-
tages over other methods such as the budget appréach ( izontal resolution and the secondary fields sucasd PV
penzeller et @).1996, which does not allow for study of the were then calculated on the original hybrid model levels as
transport pathways; the Eulerian Wei methtie{, 1987, described inSprenger and Wern{j2003. The Lagrangian
which additionally suffers from errors due to the cancellation methodology presented M/ernli and Bourqui(2002 and
of large terms\(Virth and Egger1999 and large sensitivity —applied to the ERA-15 data set@prenger and Wern{2003
to errors in the input fieldsGettelman and Sobe2000; and  was further developed and used to calculate mass and ozone
isentropic trajectory calculation§€o and Bowmar2001), fluxes across the tropopause, pressure surfaces in the middle
which are frequently limited to a few isentropes and thusand lower troposphere (500, 600, 700, and 800 hPa) and the
miss a significant amount of exchange evefgrénger and top of the PBL.
Wernli, 2003. A good overview of previous climatologies of ~ This methodology is based on a large set of trajectories
STE, the methods used, and their limitations is given in thestarted every 24 h on a regular grid spanning the whole globe
review paper ofStohl et al.(2003 and the studies divirth between 650 and 50 hPa. The spacing of this grid is approxi-
and Eggef1999 andWernli and Bourqu(2002. matelyAx = 80 km in the horizontal and.p = 30 hPa in the

The tropopause definition used in our study is thevertical. In the tropics (between 38 and 30 N) the verti-
combination of the42 pvu potential vorticity (PV) Er- cal grid spacing is 10 hPa to accommodate for the typically
tel, 1942 isosurfaces and the 380K isentrope, which is slower vertical motion. The kinematic trajectories are calcu-
a well-established definition for the dynamical tropopauselated with the tool developed by/ernli and Davieq1997)
(Hoskins et al. 1985 Holton et al, 1995 (1pvu= using the three-dimensional wind fields from ERA-Interim.
108Km2kg~1s1). Since PV is conserved in adiabatic,  Only trajectories that cross the tropopause (2 pvu/380 K)
frictionless flow, the dynamical tropopause is a generallywithin the first 24 h are selected, and these are extended for
well-defined continuous surface with a quasi-material char4 days forward and backward, resulting in a total length
acter. Air parcels can only cross the dynamical tropopause ibf 9 days. To remove trajectories representing transient ex-
diabatic or other non-conservative processes such as frictionhanges, a two-way minimum residence timpdriterion is
change the PV (or the potential temperat@ren the trop-  applied. This criterion requires that each trajectory spends at
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leastt =48h on one side of the tropopause before cross-
ing and then remain on the other side for at least 48 h. Thus,
only “significant” exchange events are taken into account.
Each trajectory represents a fixed amount of mass given by
the spacing of the starting gridkm ~ %(Ax)zAp ~ 6.52 x
10'1kg (in the extratropics). The mass flux across a sur-
face is thus calculated by counting the number of crossing
trajectories and multiplying byAm. Note that trajectories
started in the tropics have a smallep and thus a smaller
Am. The STT ozone flux is calculated accordingly with

Amo, ~ MTOf - Am -[Og], whereMo, and My represent the
molecular weights of ozone and dry air, respectively. The
0zone concentration at the crossif@z], is obtained from
linear spatial and temporal interpolation to the trajectory lo- Fig- 1. The 3-D labelling algorithm assigns labels from 1 {0 5 to ev-
cation. ery grid point based on P\®, and the “connectivity” to the top
The two main enhancements of this methodology intro_of the ERA-Interim data set or the surface. The labels qsed are
duced in the current study are a more elaborated distinctio as follows: 1, troposphere; 2, stratosphere; 3, stratospheric cut-off

b h h dth h . 3 lrﬂw the troposphere or other cyclonic PV anomaly not connected
etween the troposphere and the stratosphere using a 3-D  the stratosphere; 4, tropospheric cut-off in the stratosphere; and

belling algorithm and an altered definition of vertically deep 5 syrface-bound PV anomaly. In the special cases where label 2
exchange events, which is more relevant for understandingnerges with label 5, the label 2 is attributed to grid points in the

surface ozone concentrations. vertical column below the area of contact. The label 2 can only
propagate horizontally if the contact occurs in the upper half of the
2.2 3D labelling troposphere (in this vertical column). See S&cg for a more de-

tailed description of this algorithm.

Outside the tropics, an STE event can in principle be detected

as a transition of the trajectory’s PV from below to above |eve| with|PV| > 2 pvu. If such a surface-bound PV anomaly
2pvu (=2pvu in the Southern Hemisphere) or vice versa.comes in contact with a low tropopause, distinguishing be-
HOWeVer, there are d|abat|ca”y produced PV structures intween the anoma|y and the Stratosphere requires an addi_
the troposphere and low-level PV anomalies due to friction.tional criterion. Instead of the threshold in specific humidity
for instance near mountains. If their PV value exceeds 2 pvuchosen bySprenger et ak2003 andGray (2003, which is

they may be mistaken as stratospheric air. We have thereproplematic in the case of very dry air masses above Antarc-
fore used a refined version of the 3-D labelling algorithm in- tica, our new criterion is of geometric nature. We impose that
troduced inSprenger et al(2003 to separate tropospheric |ape| 2 can always propagate vertically and overrides label 5.
and stratospheric air more objectively. This algorithm notag 5 consequence, all grid points witRV| > 2 pvu in the
only combines thet2 pvu and the 380K criterion but also yertical column below an area of contact between label 2 and
checks the connectivity of grid points witRV| > 2pvu to  |apel 5 are given the label 2. The horizontal propagation of
the stratosphere or the surface and assigns labels from 1 tojgpel 2 in such cases, however, is limited to the upper half
to every grid point, as illustrated in Fig. The label 2 (strato-  of the troposphere (calculated for every column) which pre-
sphere) is initialized above 380K and iteratively given to all yyents the label 2 from being spread over a large area near
horizontally, vertically, or diagonally connected grid points the surface. The very few cases where a trajectory originat-
with |PV] > 2pvu. Analogously, the label 1 (troposphere) jng within a surface-bound PV anomaly (label 5) meets such
is initialized at the lowest model level at all points where g “stratospheric funnel” (label 2) and then enters the tropo-
IPV| < 2pvu and distributed to all connected grid points. sphere (label 1) are filtered out by requiring that the label

Grid points with|PV| > 2 pvu which were not reached by remain constant along the trajectory for 48 h before and after
the label 2 are assigned the label 3 (three-dimensional stratane tropopause crossing.

spheric cut-offs or diabatically produced PV anomalies) and

analogous for tropospheric cut-offs (label 4). STE events ar@.3 Deep exchange events

thus identified as transitions from label 2to 1 (STT) and 1 to

2 (TST) within 24 h. The importance of vertically deep exchange events stems
Over Greenland and especially over Antarctica, very stafrom the rapid exchange between the stratosphere and the

ble air masses just above the surface often have high PV vaPBL and their particular impact on atmospheric chemistry.

ues. Because these PV anomalies are of different nature than previous studies, deep exchange events were defined as

stratospheric cut-offs, they are assigned a separate label Fajectories with a maximum pressure greater than 700 hPa

which is initialized at all grid points on the lowest model (Wernli and Bourqui2002 Sprenger and Wernl2003 or
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Fig. 2. Seasonally averaged STT mass flux for 1979-2011 (DJF: December, January, February; MAM: March, April, May; JJA: June, July,
August; SON: September, October, November).

a minimum height lower than 3 kmJdmes et al.2003h). roughly two orders of magnitude smaller than the gross flux
These are crude approximations to the PBL height, which(STT+ TST). This net downward flux is further discussed in
ignore its diurnal cycle and geographical variation and limit Sect.3.5.
the investigation to areas without high topography. There-
fore, in this study, we use the PBL height from ERA-Interim 3.1 Geographical distribution
6-hourly forecasts to identify deep exchange events. A tra-
jectory is thus only selected as a deep exchange if its pres3.1.1 Total STT mass flux
sure exceeds the pressure at the PBL top at any time step af-
ter the exchange (for deep STT) or before the exchange (foil he geographical distribution of the STT mass flux is shown
deep TST). If multiple crossings of the PBL top occur along in Fig. 2. In the Northern Hemisphere (NH), the storm tracks
a trajectory, only the first one is selected for deep STT (andover the North Atlantic and North Pacific are the dominant
the last one for deep TST). The PBL height in the ECMWF regions for STT during all seasons (around 500 kgkst?;
model is determined as the height at which the bulk Richard-peak value in DJF: 625 kg kn?s~1) except for JJA (around
son number reaches the critical value 0.25, followimgen  350kg kn2s~1). This agrees well with previous findings
and Mahrt(1986. This typically selects the top of stratocu- (e.g. Sprenger and Wernl2003. The mountain chains in
mulus clouds but is closer to the cloud base in shallow con-Asia such as the Himalayas (DJF, MAM), the Pamirs (DJF,
vection situationsee et al.2011). For the calculation ofthe MAM, JJA), and the Tian Shan (MAM, JJA) are also associ-
deep STT ozone flux, the ozone concentration is kept conated with an intense STT flux (above 450 kgkfs™). The
stant along a trajectory after having crossed the tropopauselevated STT flux over the north-central US, Anatolia, and
since the ozone field in ERA-Interim agrees better with in- the northern side of the Tibetan Plateau in JJA are likely due
dependent observations in the stratosphere than in the tropde intense tropopause folding activitggrenger et al2003.
sphere Praganj 20117), as further discussed in Se6t3. In the Southern Hemisphere (SH), two zonal bands around
35 and 68S show an enhanced STT mass flux. The band
along the subtropical jet (STJ), where tropopause folds occur
3 STE climatology: mass flux preferentially, is clearly visible in JJA with peaks over the
east and west coasts of Australia and the northern Tasman
The global mass fluxes in our study amount t@&%x Sea (around 425kgknfs~1). In SON and DJF, the main
10'%kgs™t (STT) and 875x 10%kgs™? (TST), yield-  peak is located over the Andes (reaching 500 kgkat?),
ing a downward net flux of .B3x 10°kgs!, which is and the southern tip of Africa shows elevated values (up

Atmos. Chem. Phys., 14, 913837, 2014 www.atmos-chem-phys.net/14/913/2014/
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Fig. 3. Seasonally averaged TST mass flux for 1979-2011.

to 350kgknm?s~1) in all seasons. STT along the storm the Asian monsoon period is well known (eFueglistaler
track over the Southern Ocean is quite uniform in SON andet al, 2004 Gettelman et a].2004. Indeed, enhanced TST
DJF and becomes more localized over Wilkes Land in Easis visible on the eastern flank of the upper-level anticyclone

Antarctica during MAM and JJA (up to 450 kgkris™1).

in Fig. 3in JJA and to a lesser extent also in SON.

This is also when the most deep tropopause folds are found

in this region Sprenger et a12003.
3.1.2 Total TST mass flux

The annually averaged TST mass flux (Bpgmainly shows
large values poleward of approximately°datitude in both

3.1.3 STT mass flux through pressure surfaces

As mentioned in the Introduction, it is important to not only

investigate the flux across the tropopause but also follow the
STT air parcels as they descend into the troposphere. This
is of course also true for TST air parcels in the stratosphere,

hemispheres and preferentially over the oceans and coasthlt due to the focus of this study on quantifying the strato-
regions. Distinct peaks are found along the north coassspheric contribution to tropospheric ozone, we only discuss

of Greenland (up to 475kgknts~! in DJF and around

400kgknt2s~1 in MAM and SON) and along the coast of
Antarctica, especially over Mac. Robertson land nearE70
(reaching 500 kgkm?s~t in MAM) and the Transantarc-

tic Mountains around 16%E (peaking at 550 kgkmfs™!

in MAM, around 475 kgkm?s~1 in other seasons). As dis-

STT here. In Fig4, the mass flux across four pressure sur-
faces is depicted and the areas with strongest fluxes across
the tropopause are indicated with contours. For every tra-
jectory, only the first crossing of a pressure surface is taken
into account. One clearly visible feature is the equatorward
transport of the air parcels as they descend. The peaks in the

cussed above, the deep tropopause folding activity is high ifflux across the 700 hPa surface are on average located?10-15
these regions in JJA, but since it is very low in DJF, this can-closer to the Equator in the NH and approximately 20the
not be the only explanation for the quasi-permanent peak$H than the peaks in the flux across the tropopause. This is

observed.

readily explained by quasi-isentropic transport on isentropes

In the subtropics, notable peaks are found over the eastsloping downwards towards the Equator due to the strong

ern Mediterranean and Anatolia (up to 525kgiés1 in
JJA), the regions upstream of the continents arourfdS30

baroclinicity in the extratropics.
The flux across the 700 hPa surface is dominated by ex-

(all seasons), and over northern Africa (JJA, SON, DJF).changes in the North Atlantic and North Pacific storm tracks,
Tropopause folds are quite frequent in all these regions an@ zonal band around 4@ originating from exchanges along

are especially deep over AnatolBgrenger et al2003. The

the storm track in the Southern Ocean and peaks over the

importance of the western Pacific for tropical TST during south-central United States and central Europe. What can

www.atmos-chem-phys.net/14/913/2014/
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Fig. 4. STT mass flux through the 500, 600, 700, and 800 hPa pressure surfaces of all STT events averaged over the period from 1979 to
2011 (annual mean). The orange contours indicate areas where the STT mass flux across the tropopause is greater thar’ 80 kgkm
The percentage values indicated in the panels are calculated with respect to the globally integrated STT mass flux across the tropopause.

also be seen from these plots is that only a small amount ofind the Tibetan Plateau (up to 250 kgkés— in DJF and
exchange events are vertically deep and reach a pressure bfAM).

700 hPa or more (roughly 10 %). Also, for obvious reasons, The latter maximum is explained by the mechanism de-
there is no flux below 700 hPa in areas with high orographyscribed above, which allows for a near-horizontal exchange
such as the Himalayas. This illustrates the need for a refinedf air between the stratosphere and the PBL. The high orog-
criterion for deep exchange events, compared/enliand  raphy combined with intense heating leads to very high
Bourqui(2002), Sprenger and Wern{fR003 andJames etal.  boundary layers, especially in the semiarid western part of

(20031, that is also applicable in mountain areas. the Tibetan Plateau and before the onset of the Asian mon-
soon {ranai and Lj 1994 Yang et al, 2004 Chen et al.
3.1.4 Mass flux from deep STT events into the PBL 2013. The air masses transported to this region cross the

tropopause over an area stretching from northern Africa to
The especially interesting cases where stratospheric aithe Pamirs. The peak over the Rocky Mountains is of differ-
reaches the PBL within a few days (deep STT) are showrent nature since both the topography and the PBL height are
in Fig. 5. The flux into the PBL is depicted in colours and lower, such that there more vertical transport is needed in or-
the contours indicate where the flux across the tropopause ider to reach the PBL. The air masses cross the tropopause at
largest. Note that these contours do not directly correspondhe end of the North Pacific storm track and slide down the
to the flux shown in Fig2 because only the subset of deep isentropes in a southeastward direction. This roughly corre-

exchanges is taken into account here. sponds to the situation shown Bprenger and Wern{R003
Since the largest boundary layer heights in ERA-Interim their Fig. 6a).
are found over subtropical desert areasn Engeln and The storm tracks in the North Atlantic and North Pacific

Teixeirg 2013, it is clear that dry regions with high orogra- are also areas of enhanced deep STT, which is especially in-
phy in these latitudes facilitate the transport from the strato-teresting because of the relatively shallow marine PBL. The
sphere into the PBL and vice versa. Indeed, in both hemi-entrance into the PBL is shifted approximately 2@juator-
spheres, the subtropics around®3nhd especially moun- ward from the crossing of the tropopause due to transport
tain ranges near these latitudes are preferred regions of deegong sloping isentropes as discussed before. This implies
STT into the PBL. Very distinct maxima are found over that even areas south of B8 can be affected by strato-
the Rocky Mountains and the northern Sierra Madre (up tospheric air Cooper et al.2005. Central Europe, northern
220kgknm?s~1 in MAM) as well as over the Himalayas Africa, and the Middle East are mainly affected in DJF and

Atmos. Chem. Phys., 14, 913837, 2014 www.atmos-chem-phys.net/14/913/2014/
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Fig. 5. Seasonally averaged deep STT mass flux into the PBL for 1979-2011. The orange contours indicate areas where the mass flux acros
the tropopause due to deep STT is higher than 25 k*q%sﬁl.

MAM. We can confirm the finding oSprenger and Wernli  (450kgkm2s™1). A closer look at the data reveals
(2003 that a significant amount of air entering the PBL over that these air masses mainly cross the tropopause over the
and near the Mediterranean crosses the tropopause over tmerthwestern Pacific (contour in Fig), which corresponds
European Alps (their Fig. 6¢). In MAM and JJA, thereisalso to a fast upward and long-range eastward transport of
some deep STT reaching the PBL around the Hindu Kushapproximately 6500km in less than 4 days. In JJA, this
the Pamirs, the Altay Mountains, the Mongolian Plateau, andeastward transport is slower and the air masses also cross the
Gobi Desert. Inthe SH, most deep STT occurs in the subtroptropopause over eastern Siberia and the northwestern Pacific
ics in JJA and SON with peaks over the Andes (between 2Ground 50 N.
and 30 S), the Karroo in South Africa, and both over and The Rocky Mountains and the adjacent areas to the east
upstream of Australia. are regions with a strong deep TST flux out of the PBL
Note that Fig5 is comparable with the “destinations” plot during nearly the whole year with a maximum in MAM
in Sprenger and Wern{R003 their Fig. 5a). An obvious ex- (175 kgknt?s™1) and a minimum in DJF. Additional anal-
ample of how the 700 hPa criterion (used in the above study)sis reveals that most of this air crosses the tropopause over
and the PBL criterion (used here) for deep exchanges diffethe Hudson Bay in JJA and SON, whereas this peak is shifted
is the fact that the peak over the Tibetan Plateau in DJF isouth over the Great Lakes area and the Canadian Shield in
only visible in our study. DJF and MAM (cf. contours in Figg).
We only see a weak signal of deep TST mass flux out
3.1.5 Mass flux from deep TST events out of the PBL of the PBL over China’s east coast in MAM and JJA, and
no signal over India and Indochina. This is interesting be-
The flux of air masses out of the PBL that will reach the cause several studies (eBerthet et al. 2007 Chen et al.
stratosphere within 4 days (deep TST) is shown in Big. 2012 found intense deep TST activity in this area, which
Clearly, the entrance of the North Atlantic and North Pacific is strongly affected by anthropogenic emissions. A possi-
storm tracks are preferred areas of deep TST in DJF (up thle reason for this discrepancy is th@hen et al.(2012
125kgknT?s71) and to a lesser extent in MAM and SON. used FLEXPART Stohl et al, 2005 with parameterized con-
The air masses then cross the tropopause rouglthpale- vective transport) and considered longer timescales. Our ap-
ward, which agrees very well with the findings 8prenger  proach focuses on relatively fast (within 4 days) transport by
and Wernli(2003 in DJF (their Fig. 6d). the grid-scale winds, which is likely to underestimate deep
The Tibetan Plateau emerges as a distinct pealconvective transport over continents in summer. The different
in DJF (350kgkm?s™1) and especialy in MAM

www.atmos-chem-phys.net/14/913/2014/ Atmos. Chem. Phys., 14, 9372014
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Fig. 6. Seasonally averaged deep TST mass flux out of the PBL for 1979—-2011. The orange contours indicate areas where the mass flux
across the tropopause due to deep TST is higher than 25‘Kﬁ$(rﬁ.

timescales used could also explain why the signal over north-

ern Africa and the Arabian Peninsula visibleBerthet et al.

(2007, where 30-day backward trajectories were calculated, s
is not present in our study.

In the SH, the flux out of the PBL occurs predominantly
between 20 and 5@. In SON and DJF, mainly the conti-
nents are affected, especially the region east of the southern
Andes (up to 110 kg km?s~1) and the south coasts of Africa
and Australia. In MAM and JJA, areas of intense deep TST
fluxes are also found along the storm track over the Southern 8
Ocean.
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3.2 Zonally integrated fluxes
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The meridional profiles of the zonally integrated values of Mass flux [ 10% kg s~ km™ ]

STT, TST, and net (STT-TST) mass fluxes are shown in

Fig. 7. Also depicted are the fluxes due to deep exchangd-ig.- 7. Meridional distribution of zonally integrated cross-
events across the tropopause (TP) and the top of the PBLIropopause mass fluxes averaged from 1979 to 2011. The STT, TST,

Overall, there is remarkably little interannual variability, in- &nd net (STT-TST) fluxes are shown on the left, and the STT and
dicating very robust patterns. TST fluxes of deep exchanges only are shown in the middle. The

right panel shows the fluxes of deep exchanges into (STT) and out
of (TST) the PBL. STT fluxes are shown positive (blue), TST fluxes
negative (red) and the net flux is shown in grey. The dashed vertical

. _ line at zero mass flux is used for visual guidance and facilitates the
The STT mass flux features a broad peak in the extratropiCgjentification of areas with net upward or downward flux in the left

in both hemispheres. The distribution in the NH is of trian- panel. The shading shows the 5th and 95th (light) and the 25th and
gular shape with a maximum around°4%, whereas the SH  75th (dark) percentiles of the annual values, and the white line is
exhibits a smeared-out double-peak structure caused by thiae mean value of the 33 yr investigated.

superposition of two separate peaks nedarS3@main peak,

due to the STJ) and near 68 (secondary peak, due to the

3.2.1 Allexchanges
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Fig. 8. Seasonal cycle of hemispherically integrated STT (blue, top)Fig. 9. Seasonal cycle of hemispherically integrated deep STT

and TST (red, bottom) mass fluxes by all exchange events in thgblue, top) and deep TST (red, bottom) mass fluxes in the NH (left)

NH (left) and SH (right) averaged from 1979 to 2011. The shadingand SH (right) averaged from 1979 to 2011. The shading shows the
shows the 5th and 95th (light) and the 25th and 75th (dark) per-5th and 95th (light) and the 25th and 75th (dark) percentiles of the
centiles of the monthly values, and the solid white line is the meanmonthly values, and the solid white line is the mean value of the

value of the 33yr. The seasonality is quantified Sy T2, 33yr. The seasonality is quantified and displayed as in&ig.

where max and min denote the maximum and minimum value of

the mean cycle. PercentagesSodre shown in the individual plots.

very well aligned. The peaks in the SH are located around

60° S, whereas the ones in the NH are located closer to the
storm track over the Southern Ocean, cf. F2). The sec-  Equator, around 50N. The peaks of the mass flux into (STT)
ondary peak in this superposition is clearly visible in the sea-and out of (TST) the PBL are shifted, relative to the peaks of
sonal averages and especially in DJF, when the main peak ige TP crossings, towards the Equator by roughfyib3he
comparatively low (not shown). NH and 20-30 in the SH. This shift is qualitatively in line

The TST mass flux shows a complex structure consistingyith the slope of the isentropes, which is particularly steep

of two main peaks and one secondary peak in both hemiin the NH storm track regions. Note also that, in particular
spheres: one main peak is found aroundii$%&nd 60 S due  jn the SH, the shift is larger for STT than TST, indicating
to eXChangeS along the storm tracks (North Atlantic, Norththat deep STT occurs on dry isentropeS, whereas deep TST
Pacific, Southern Ocean) and the other aroundN8@nd  can be associated with saturated motion on moist isentropes
30° S mainly due to exchanges near the STJ in the Mediterfrom the PBL to the upper troposphere.
ranean (NH) and upstream of the continents (NH and SH)  An interesting hemispheric difference is the greater inten-
(cf. Fig. 3). In addition, there are two secondary tropical sjty of deep STT and deep TST in the NH. The reason for

peaks around 10-13atitude in both hemispheres that are this might be the more vigorous PBL dynamics over the more
better visible in the seasonal averages and are smeared ogbundant NH continents.

by the meridional displacement of the Intertropical Conver-
gence Zone (not shown). 3.3 Seasonal cycles

The net mass flux is directed downward between 30 and
70° N and between 25 and 68 and upward in the tropics Monthly averages of STT and TST mass fluxes are calculated
between 25S and 25 N, except for a narrow band with near- for the 33 yr covered in this climatology. As a simple mea-
zero net fluxes right at the Equator. Poleward of Moand  sure of the seasonality within a year, we consider the quotient

6C° S, the net flux is very small and directed upward, which § = % where max and min denote the maximum and

agrees well with earlier studieduckes 1997 Sprenger and minimum averaged monthly values of the averaged annual
Wernli, 2003 their Fig. 8). cycle. This measure is essentially the ratio of the amplitude

of the cycle and its mean value, such tl§at 1 for a cycle
3.2.2 Deep exchanges with a minimum value of zero.

Deep exchange trajectories cross the tropopause in the €8.3.1 All exchanges

tratropics and low polar regions in both directions (STT and

TST) and hemispheres (NH and SH). The distributions forThe seasonal cycle of the STT mass flux (Rg, b) has
deep STT and deep TST indeed look very similar. The deem pronounced sawtooth-like shape in the NH with a maxi-
TST peak is shifted abouf 50 the north with respect to the mum in winter (DJF), when the cyclonic activity over the
peak of deep STT in the NH, whereas in the SH the peaks ar&lorth Pacific and North Atlantic is greatest, and a minimum

www.atmos-chem-phys.net/14/913/2014/ Atmos. Chem. Phys., 14, 9372014
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around August and September. The minimum value is ap-
proximately 22% smaller than the peak value and the
seasonality as defined aboveSis- 12 %. In the SH (Fig8b),

the seasonal cycle is more sinusoidal in shape and much.— &
weaker § = 3%) but its timing is roughly the same as in the
NH with a peak in winter (July) and a minimum in summer
(December and January).

The seasonal cycle of the TST mass flux in the NH
(Fig. 8c) also shows a rather sinusoidal cycle with a maxi-
mum in November and a minimum in May & 5%). In the
SH (Fig.8d), a clear peak in March dominates the seasonal
cycle. It is followed by a steep drop between April and June
(due to fewer exchanges in the tropics) and a slow increase ] [ edh ]
throughout the rest of the yea$ & 9%). T .

Note that in contrast to the NH and SH cycles of STT, 00 20 %00 30 SA%O?Szti;?SemperazlfL?rezﬁf] 00 %0 S0 R
which peak in the same season, the NH and SH cycles of
TST have quite different timing. In the NH, the maximum in Fig. 10. Pptential temperature distrik_)ution for STT (top) and TST
TSTis reached in late autumn, whereas in the SH, TST peak@otiom) in the NH (left) and SH (right) averaged from 1979 to
in early autumn, corresponding to a shift of two months. The.201l' The seasons are indicated by different line patterns as listed
minima, on the other hand, occur nearly in the same month',n the legend.
namely in May (NH, late spring) and June (SH, early winter).

In the NH, the STT and TST cycles are shifted by two
to four months with TST occurring earlier in the year than

STT. In the SH, the cycles of STT and TST are nearly re-

yersed ;Nit?__lfhe (rjniqimum of -I:I_ShT being rc}lose to tt?ehmgx— value (§ = 83%), whereas in the SH the minimum reaches
imum of STT and vice versa. This asynchronous be aV'Ourrougth 20 % of the peak valus (= 69%). Our seasonal cy-

indicates that different meteorological phenomena contributecIe of deep STT mass flux in the NH agrees very well with

to the peaks in.STT and TST. ) the results ofSprenger and Wern(2003 and James et al.
The comparison of our seasonal cycles to previous stud 20031

ies is not straightforward because some authors used either 1, deep TST mass flux shows a less regular seasonal cy-
a different tropopause definitios¢hoeberl2004 or inves-
tigated only the extratropicsSprenger and Wernli2003

Average mass flux [ 10" kg st K™

(March in the NH and August in the SH) and the minima in
summer (August in the NH and January in the SH). The mini-
mum in summer in the NH is less than 10 % of the maximum

cle in the NH: the flux is relatively constant from January to
June, followed by a sharp decrease with a minimum in Au-
James et a/20033, or even both(()lsen et a_l.2004). Our gust, after which it steadily increases until January. In the SH,
results also do not ful!y agree with the classical studppf the deep TST mass flux shows a broad maximum between
penzeller et al(1996, in which the net mass flux was found March and July and a minimum in December. The minimum

to have maxima in May (NH) and June (SH) and minima in is roughly 55 % of the maximum value in both hemispheres,
September (NH) and October (SH). Our net mass flux (no hich shows that the seasonal cycle of deep TSEB3%

shown) has broad maxima betweer_1 Qanu_ary and March (NH, the NH and 29% in the SH) is much less pronounced than
and June and August (SH) and minima in September (NH)the one of deep STT. The deep TST mass flux in the NH

ang Febr.uary (_SH)H The tirrr:ing of our m.inirlnurT} Ln Lhe NH g quite sinusoidal irSprenger and Wern(2003, whereas
an fgax'um int § SH 1 (;ljsb a?]rees nicely wit _t imﬁrﬁwe observe a steep drop in early summer. This difference is
tioned previous studies, and both our maximum in the . "due to the intense mass flux out of the PBL over the Tibetan

and minimum in the SH are, although not being the mainp|4e4, in spring (not shown), which is not captured in the
peaks, clearly visible il\ppenzeller et al(1996. When we former study.

restrict our analysis to the extratropics, as don&menger
and Wernli(2003 andJames et al20033, we obtain asea- 34 Ppotential temperature distributions
sonal cycle whose timing agrees quite well with their results

(not shown). 3.4.1 All exchanges

3.3.2 Deep exchanges The distributions of® for all exchange events are depicted
in Fig. 10. Due to the seasonal cycle of the isentropes, ex-
The seasonal cycle of the mass flux due to deep STT eventshange in summer occurs on higher isentropes than in win-
is shown in Fig9. The cycle for deep STT is much more pro- ter in both hemispheres and for both STT and TST. Ehe
nounced than the one for all exchanges and shows a more silistributions for spring and autumn are fairly similar, except
nusoidal shape. The maxima occur in winter and early springor TST in the NH, where SON shows a much higher peak

Atmos. Chem. Phys., 14, 913837, 2014 www.atmos-chem-phys.net/14/913/2014/
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at ® > 340K than MAM. The reason for this is the intense Deep TST - a0

TST mass flux in the subtropics over the West Indies and the ~
Caribbean in this season (not shown). There is a clear rela- -
tionship betwee® and the latitude at the exchange location. [ ] [ 0TV
In the tropics, exchanges occur at high potential temperatures
above 350K, and as the tropopause slopes down towards the
polar r.eglons’ exchanges I.n the extratropics oceur at IOWeF:ig. 12. Time series of globally integrated STT, net (STT-TST),

pme”“"?" tgmperatures, mainly betwgen 280 and 350K. TST, deep STT, and deep TST mass fluxes (monthly averages) from

All distributions show a clear main peak below 350K

. ' 1979 to 2011. The bold line is a 12-month moving average, the
varying from 295K (STT NH DJF) to 325K (TST NH JJA).  thin horizontal line (solid) is the mean value of the 33yr, and the

Additionally, a smaller peak between 330 and 340K is Vis- thin sloping line (dashed) is the fit from a linear regression over the
ible for STT in the SH, especially in DJF, which is mainly whole period. The trends (top middle) in kg'smonthi1 andp val-
due to exchanges over the Andes (see EjgThe vast ma-  ues (top right) are shown within the individual figures.
jority of exchange events above 350K occur in the tropics
and subtropics between 2S and 30N (STT) and between
35°S and 40N (TST) (not shown). low 350 K, which is mainly due to the fact that very few deep
As expected, TST is larger than STT at highwhich con-  exchange events occur in the tropics (cf. Fy.A notable
curs with a net upward transport in the tropics (cf. Fy).  exception of the otherwise dominating single-peak structure
Both for STT and TST, a prominent peak occurs at 380Kis the deep STT distribution in the NH in JJA, which features
due to our tropopause definition. However, less than 1 %a second, smaller peak around 330K due to exchanges over
(STT) and 3% (TST) of all exchanges take place at 380 K.the eastern Mediterranean and Anatolia (not shown). Again,
As expected, this peak is much stronger for TST than for STTthe summer peaks are found at higl&rthan the winter
and its geographical distribution is limited to a narrow band peaks. The seasonal variation of the most likelys larger
between 10S and 10N (not shown). in the NH (20-25 K) than in the SH (10-15 K).
As already discussed Bprenger and Wern{R003, stud-
ies of STE that are limited to specific isentropes, such as 33@.5 Time series
and 350K 6eo and Bowmar2001), capture only a fraction . )
of all STE events and might produce a seasonal cycle that id € time series over the 33yr from 1979 to 2011 allows

1980 1985 1990 1995 2000 2005 2010

not representative of total STE. for study of the temporal evolution of STE over a longer
period than the previously longest climatologies of STE,
3.4.2 Deep exchanges which covered the 15yr from 1979 to 1993prenger and

Wernli, 2003 James et al.2003h. For both STT and TST
The® distributions for deep exchange events only are showrmass fluxes (Figl2), there is no trend discernible from
in Fig. 11 All peaks are sharper and limited to the region be- 1979 to 2000 (in agreement with the findings Sfrenger

www.atmos-chem-phys.net/14/913/2014/ Atmos. Chem. Phys., 14, 9372014
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2.843+0.083x 10%kgyr—1, in agreement with the studies
mentioned above. This calculation thus suggests that the non-
zero net downward mass flux is not a numerical artefact.

In addition to the trends of globally integrated mass fluxes,
we have also analysed local trends. To this end, at every
grid point (T x 1°), time series of monthly averaged mass
fluxes from 1979 to 2011 are used to perform a linear re-
gression. As can be seen from Fig, there are large dif-
ferences between regions. While the STT mass flux shows
3} < — S—ding no significant trend globally (see above and Fig), sig-
908~ e} nificant (p < 0.01, dashed areas in Fi@3) and compara-

180 150W 120W SOW  6OW 30W 0 0B  G0E  90E 120E 150E 180 tively strong trends are found in many regions. The most
intense positive trend is observed over central North Amer-
ica (0.38kgknt2s Imonth1, accompanied by a zonally
aligned dipole structure over the North Pacific of magnitude
+0.25 kgknt2s Imonth1), indicative of an equatorward

90N —
=
60N — >4

30N —

308 ',

60S — -

N g

30N — Dy
do s oty B 2K 7 . . .
1% A Do shift. Negative trends are most notably found over Anatolia,
0 jf/‘/////// g s the southwestern tip of Scandinavia, and the Andes around
wl it 30° S (approximately-0.30 kgknT2s~ 1 monttr1).

The geographical distribution of trends in TST mass
flux (bottom plot in Fig.13) shows significant and strong
positive trends over Antarctica, especially on its east-
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7 g
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180 ‘1sow‘ ‘mow‘ ‘gow‘ ‘eow‘ ‘3ow‘ 0 30E B0E 90E 120E 150E ‘180 ern side (up to 0.32kg kn?s_lmonth_l), even stronger
negative trends over the northwestern Pacific (up to
Trend of mass flux [ kg km s ™ month ' ] —0.41kgkn2s Imonthr1), and southwest of southern
[ DEEEEEEEEER 0 | Africa (up to—0.76 kgknT2s I month1). The dipole struc-
04 03 02 01 0 01 02 03 04 ture over the North Pacific is again visible but the sign is re-

versed when compared to the STT mass flux trend. These
Fig. 13.Trends of STT (top) and TST (bottom) mass flux from 1979 zonally aligned dipole structures can also be found over the
to 2011. Linear regression is applied to monthly averages at evengouth Pacific and the Indian oceans, indicating a systematic
grid point, and regions where the trends are _sigr_1ificant ona 1°/°poleward shift of the TST mass flux in the subtropics. The
level are dasrzwed.lThe tre{Id west of South Africa is approximately,a550n for these patterns is not clear and thus requires more
—0.75kgknm= s~ “montf=. detailed future investigation.

Both the globally integrated deep STT and deep TST

mass fluxes increase over time (see Hig). The trend ob-
and Wernli(2003 for the ERA-15 period); thereafter both tained from linear regression analysis for the whole time
fluxes decline. The upward flux declines more strongly thanseries is more than twice as strong and much more signifi-
the downward flux, resulting in a small increase in the netcant for the deep STT mass flux 8@ x 10° kgs tmonth?,
downward flux after 2000. Linear regression analysis for thep ~ 0.001) than for the deep TST mass flux.98x
whole time series yields highly significant galue~ 10-7)  10Pkgs month !, p~0.04). These trends are heavily
trends for TST £9.29x 10°kgs tmonthr1) and STT-TST  influenced by positive trends over central and western
(7.46 x 10°kgs T monthY). North America (see Fig. S1 in the Supplement), with

Since our study covers the whole globe, the non-zeromagnitudes of approximately 0.13 kgkés~tmonth ! and

global net downward mass flux has two possible interpre-0.17 kgknm2s tmonth! for deep STT and deep TST, re-
tations: either the real net mass flux is zero and our re-spectively.
sult is due to numerical and methodological errors or the
mass of the troposphere is increasing. The latter case would
go along with a rise in tropopause heights which was re-4 Ozone flux into the troposphere
ported in previous studies (e 8teinbrecht et 811998 Sei-
del and Randel2006 Schmidt et al. 2008. To further ~ Geographical and seasonal variations in ozone concentra-
analyse this, we have calculated the area-weighted averag®ns at the tropopause (Fig4) are large and have a strong
pressure at the tropopause and the mass of the tropospherapact on the ozone flux across the tropopause. The tropics
for every 6-hourly time step of ERA-Interim from 1979 show high ozone mixing ratios (around 140 ppbv) in all sea-
to 2011. Linear regression analysis reveals highly signifi-sons, and values below 60 ppbv can be found in the polar re-
cant (p < 2 x 10716) trends 0f—0.050+ 0.016 hPayr! and gions in winter. In the extratropics, there are especially high

Atmos. Chem. Phys., 14, 913837, 2014 www.atmos-chem-phys.net/14/913/2014/
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Fig. 14.Seasonally averaged ozone mixing ratios per volume (ppbv) at the 2 pvu/380 K dynamical tropopause for 1979-2011.

ozone concentrations at the tropopause in boreal spring anshass flux such as the storm tracks in the North Atlantic,
summer over the eastern US, the North Atlantic, the Mid-the North Pacific, and the Southern Ocean also tend to
dle East, and large parts of central Asia. In this section, dueshow elevated values of the STT ozone flux. Nevertheless,
to the importance of investigating the stratospheric influencethere are some differences when comparing the mass flux
on near-surface ozone concentrations, we focus on the ST{Fig. 2) with the ozone flux (Figl6) that originate from the
ozone flux. A brief discussion of the TST ozone flux can be strong seasonal and geographical variation of ozone at the
found in Sect6.3. tropopause (Figl4). In DJF, the ozone concentrations over
The globally integrated STT ozone flux calculated in our the NH storm tracks are rather small, such that the domi-
study amounts to 420 Tgyt, which is within the estimates nant peak in ozone flux is located over the Andes in the SH
from models (556 154 Tgyr1; Stevenson et gl2006 and (nearly 240 kgkm2month™1), where tropopause ozone con-
observations (55& 140 Tgyr; Solomon et al.2007). All centrations are nearly twice as high. The peak over south-
calculations with the ozone field of ERA-Interim of course ern Greenland in the mass flux in MAM and SON is less
crucially depend on its qualitypragani(2011) found that  prominent in the ozone flux due to the low ozone concen-
overall the ozone field agrees well with independent obsertrations in this region. In JJA, the same areas show high
vations and performs better than in the earlier ERA-40 re-mass and ozone fluxes (e.g. central North America, Anato-
analysis. The relative errors in total column ozone are withinlia, Pamirs, Tian Shan, northern China, Korea), with peaks
+2 % between 50S and 50 N, but the vertical profiles show up to 300 kgkmr2monthL. The JJA ozone flux is dominant
errors of up to 20 % in the lower stratosphere. Therefore, ouiin the NH, whereas the mass flux is more balanced between
results have to be interpreted with these limitations in mind. the hemispheres, a consequence of the strong hemispheric
contrast in ozone concentration at the tropopause. An addi-
4.1 Geographical distribution tional peak in the STT ozone flux is found along the Equator
over the Indian Ocean (nearly 220 kgkAmonth 1) due to

The geographical distribution of the STT ozone flux throughthe high ozone concentrations at the tropical tropopause.

the tropopause is shown in Fi§6. Areas of intense STT

www.atmos-chem-phys.net/14/913/2014/ Atmos. Chem. Phys., 14, 9372014
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Zonal and annual average 1979-2011 4.2 Seasonal cycle

" The seasonal cycle of the STT ozone flux (top row in ER),

with § =25% in the NH andS = 13% in the SH, shows

a very different pattern than the STT mass flux (top row in
Fig. 8). Indeed, maxima of the ozone flux occur when the
mass flux is nearly at its minimum and vice versa. The ex-
planation for this result is that the ozone concentration at the
tropopause during STT events (bottom row in Hig) shows

a nearly sinusoidal seasonal cycle with a maximum in sum-
mer (around 130 ppbv in the NH and 105 ppbv in the SH)
and a minimum in winter (around 75 ppbv in the NH and
80 ppbv in the SH). Even though the mass flux in summer is
about 20 % smaller than in winter, the ozone concentration is
around 65 % larger and thus overcompensates for the reduc-

100

150

Pressure [ hPa ]

90S 60S 308 0 30N 60N 90N

Ozone [ ppbv | tion in mass flux. This can also be quantified in terms of the
D:_jjjj:- seasonalitys: forthe STT mass flux§ = 12% in the NH and
S = 3% in the SH (cf. SecB.3), whereas the ozone concen-
40 60 80 100 150 200 400 1000 . .
50 70 90 125 175 300 500 trations at the tropopause have a larger seasonality, namely

S =25% in the NH and = 13% in the SH.
Fig. 15. Zonal and annual average of ozone mixing ratio and dif- In contrast to the total ozone flux, the ozone flux for deep

ferent tropopause definitions in ERA-Interim for 1979-2011. The €Xchange events only (middle row in FiLg) largely agrees
blue, red, and white lines show the lapse-rate tropopause as dd0 its timing with the mass flux (top row in Figd). This
fined by the WMO (“LRT"), the 3.5pvu/380K control surface IS because the seasonality of the mass flux is large enough
(“3.5 pvu”) and the 2 pvu/380 K dynamical tropopause (“2.0 pvu”), to dominate the ozone flux: its value in summer is reduced
respectively. Note the non-linear colour scale. by approximately 90 % compared to winter£ 83 % in the
NH and S = 69% in the SH, cf. SecB.3). The peak in the
deep STT ozone flux is slightly shifted (one month later com-
The global peaks of the STT ozone flux are thus foundpared to the mass flux) in both hemispheres. This is due to
over the Andes around 35 in DJF, over the Himalayas the increase of ozone concentrations at the tropopause dur-
and the southern side of the Tibetan Plateau in MAM (uping spring (cf. bottom row in Figl8). A remarkable conse-
to 260 kgkmr?monttr ), and over central North America, guence is that while the seasonal cycle of deep STT is simi-
Anatolia, the Pamirs, Tian Shan as well as large parts ofigr to the whole STT mass flux, this is not true for the ozone
eastern Asia in JJA (also up to 290 kgkfmontiT™). These  fiux. In fact, the deep STT ozone flux is shifted by roughly
findings are consistent with the studiesttsu et al.(2009 4 months with respect to the STT ozone flux and peaks in
andTang et al(2011). early spring.
The geographical distribution of the deep STT ozone
flux into the PBL shown in Fig.17 indicates the re- 4.3 Time series
gions where surface ozone levels are most likely af-
fected by stratospheric intrusions. Western North Amer-The global STT ozone flux shown in Fid9 slightly in-
ica (in MAM) and the Tibetan Plateau (in DJF, MAM, creases from 1979 to late 1991. Itthen is reduced during 3 yr
and JJA) are the global hotspots with peaks values ofnd increased notably between 1994 and late 2001. Between
more than 120 kgkm? month1. For the calculation of this early 2002 and mid-2003, there is a striking jump and the
flux, the ozone concentration was kept constant within theozone flux is roughly halved. Afterwards, it recovers again
troposphere (that is, any loss due to chemical processes aritl 2004, stays nearly constant for 4 yr, and begins to decrease
mixing was neglected) and therefore these values provide aglightly after 2009. Details on these spurious jumps and pos-
upper boundary estimate. Nevertheless, our findings are iible explanations are discussed in S6@&.
agreement with observational studies in these areas, which
find a significant stratospheric influence (d.gngford et al,
2009 Cristofanelli et al. 201Q Lefohn et al, 2011, 2012
Lin etal, 2012.

5 Sensitivity studies

As mentioned in the introduction, the results obtained in this
study are sensitive to a range of parameters. The most im-
portant ones are the choice of the control surface, the resolu-
tion of the input data and of the trajectory starting grid, and
the minimum residence tim&6urqui 2006. To analyse this
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flux (top) and deep STT ozone flux (middle) in the NH (left) and . . L

SH (right) averaged from 1979 to 2011. The bottom row shows©Ptained by choosing the combination of #&.5pvu PV

the ozone mixing ratios at the 2 pvu/380 K dynamical tropopauseisosurfaces and the 380K isentrope as the control surface. In

The shaded areas show 5th and 95th (light) as well as 25th an#he zonal average, this choice corresponds well to the lapse-

75th (dark) quantiles of the monthly values. The solid white lines rate tropopause as defined by the World Meteorological Or-

show the mean values of the 33 yr. The seasonality is quantified byganization WMO, 1957 Hoinka 1998. While this is also

S = Haxrmin» Where max and min denote the maximum and min- true for the temporally and zonally averaged ERA-Interim

?mu_m value of the mean cycle. Percentages @fre shown inthe  4ata set used in this study (see Fi§), the degree of agree-

individual plots. ment varies strongly for different synoptic flow systems.

While we clearly expect lower STE mass fluxes across

the 3.5 pvu surface compared to the 2 pvu surface, the ozone

sensitivity, we calculated STE fluxes for the year 2010 usingmixing ratios are higher at the 3.5 pvu control surface (cf.

various combinations of the parameters mentioned aboverig. 15) and it is thus not obvious which effect dominates the

Despite the noisiness of the results (due to the consideratio8TT ozone flux. In the 3.5 pvu data set, the maximum STT

of only one year), systematic effects are clearly visible. mass flux is reduced by 39 and 36 % in the NH and SH, re-
spectively (top row in Fig20). The maximum ozone mixing
5.1 Choice of control surface ratios, on the other hand, are higher by 38 and 48 %, respec-

tively (bottom row in Fig.20). Thus, the reduction in mass
STE fluxes critically depend on the choice of the control sur-flux is partly compensated for by the increased ozone con-
face. To emphasize the quasi-material character of the dyeentrations, leading to a weak reduction of the STT ozone
namical tropopause, we use a fixed value of PV and notdlux in the 3.5 pvu data set (11 % in the NH and 13 % in the
that the choice of the “best” PV value representing the trans-SH). The shape of the seasonal cycles is also very similar,
port barrier between the troposphere and the stratosphere igith only a slight shift towards spring, which is more pro-
non-trivial and varies between different isentropes and seanounced in the SH. This shift is clearly due to the shifted sea-
sons Kunz et al, 2017). In our opinion, among all the pos- sonal cycle of the ozone concentrations at the 3.5 pvu surface
sible control surfaces used to indicate the position of the(bottom row in Fig.20). The double-peak structure observed
tropopause, there exists no definition which is superior inin the SH (Fig.20d) is a particular feature of the considered
all aspects and situations. The choice of a constant PV suryear and is not visible in the 33 yr climatology (see Higb).
face as the dynamical tropopause is meaningful and, when For the subset of deep exchanges, the reduction in ampli-
combined with the analysis of additional PV surfaces, allowstude of the mass flux is much stronger. The maxima of the
for the three-dimensional structure of STE to be understooddeep STT mass flux in the 3.5 pvu data set are reduced by
Bourqui(2006 studied transport across PV surfaces ranging81 % in the NH and 89 % in the SH. Although not directly
from 1to 5 pvu but in this section, we focus on the “classical’ comparable, these results are in agreement Bibirqui
values of 2.0 and 3.5 pvu. The “3.5 pvu” STE data set is thug(2006. This strong reduction dominates the compensating
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Fig. 20. Seasonal cycles of hemispherically integrated STT fluxes

of mass (top) and ozone (middle) for the year 2010. The three dif-flux across the higher PV isosurface. The fact that this effect
ferent data sets (“control”, “highres”, and “3.5 pvu”) are described is not visible for STT suggests that even in the tropics, STT

in Sect.5. In the bottom row, the average mixing ratio of ozone at gccurs predominantly across the PV isosurface and not the

the corresponding control surface is shown. The seasonal cycles arggg K isentrope, in agreement with the potential temperature
scaled to their maximum values shown within the individual figures, distribution shown in Fig10.

facilitating the comparison of amplitude and shape of the cycles. The net upward transport in the polar regions across

the 2 pvu tropopause (see Hyis strongly reduced in the
3.5pvu data set, mainly due to a relative decrease in TST

effect of the higher ozone concentrations, leading to a recompared to STT (see Fig. S9). This result is not in con-
duction of more than 60 % of the deep STT ozone flux (se€flict with the large-scale subsidence in polar regions related
Fig. S2 in the Supplement). The shapes of the seasonal cyclas the Brewer—Dobson circulation, because the latter applies
are very similar in both data sets. For TST, the situation isto pressure levels around 100 hiPblton et al, 1995, while
similar (see Fig. S3): the mass flux across the 3.5 pvu surfackoth PV isosurfaces used in this study are typically situated
is reduced by approximately 34 % in both hemispheres. Thear below (between 275 and 350 hPa; see E&). Therefore,
deep TST mass flux is strongly reduced by approximatelythe reduced upward net flux in the 3.5 pvu data set indicates
70%. Although STT and TST are slightly differently affected that the majority of TST events in polar regions are vertically
by the change in control surface, the shape of the seasonghallow.
cycle of the net (STT-TST) mass flux is very similar in both  While the hemispherically integrated deep STE fluxes are
data sets (see top row in Fig. S4) and the maximum valueseduced by more than 68 % (see above), the global maxima
are reduced by 43 % (NH) and 27 % (SH). are only reduced by 59 and 45 % for deep STT and deep TST,

We have further compared the geographical patterns ofespectively. The regions with strong deep STE flux across
the STE mass fluxes by scaling the fluxes in both data setboth the 2 pvu and the 3pvu isosurfaces are predominantly
to their respective global maximum (see Figs. S5-S8). Sim{ocated in the extratropics (not shown) and the location of
ilarly to the hemispherically integrated values mentionedthe “hot spots” of deep STE flux across the PBL top is not
above, the global maxima of STT and TST mass fluxes areaffected by the different control surfaces used.
reduced by 27 and 44 %, respectively. Patterns of the STT
mass flux are very similar for the two control surfaces, while 5.2  Trajectory spacing
for the TST mass flux, the relative importance of the tropics
is strongly increased in the 3.5 pvu data set. This is due to th&Ve have studied the sensitivity of our method to the trajec-
combination of identical STE fluxes across the 380K isen-tory starting grid spacing by halving it in both the horizontal
trope in both data sets and an overall reduction of the STEand vertical direction in the “highres” data sek (¢ 40 km,
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dp = 15hPa in the extratropics, angge= 5hPa in the trop- 6 Discussion

ics). As a consequence, the number of trajectories calcu-

lated is increased by a factor of 8. The seasonal cycles ar¥ this section, we want to address caveats of the method,
only very slightly affected by this increase in resolution (see compare our results to previous studies and discuss our re-
Figs. 20, S2, and S3) and the geographical patterns are alsgults in selected regions.

robust (not shown). Thus the trajectory starting grid used in

our study (see Sed) is already sufficiently dense. 6.1 Caveats of the method

Caveats of our method are related, for instance, to the quality
of the PBL height parameter and the ozone field in the ERA-
The quantitative results for all fluxes in this study strongly Interim data, as well as to the poor representation of sub-
depend on the choice of the minimum residence time drid-scale processes.
(Bourqui 2001 Wernli and Bourqui2002 Bourqui 2008. Our methodology to quantify deep STE relies strongly on
This is a fundamental property of any advective—diffusive the quality of the diagnosed PBL height in the ECMWF
flow across a control surface such as the tropopaﬂﬁ ( model. The method used in the ERA-Interim forecasts,
and Holzer 2003 Orbe et al, 2012. Clearly, the flux across ~following Troen and Mahrt(1989, is based on the bulk
a chosen surface decreases with increasia]m vanhishes for Richardson number and is suitable for global model output.
T — oo. In the limit — 0 the flux diverges due to molecu- Seidel et al.(2012 reported that the PBL height in ERA-
lar diffusion (Hall and Holzer 2003. Interim is likely up to several 100 m too high, especially over
We have studied the globally integrated fluxes of mass andnigh-elevation regions. We have investigated this influence
ozone across the tropopause, pressure surfaces between 4@ limiting the pressure at the PBL top to a minimum of
and 800 hPa, and the PBL top forbetween 48 and 96h. 330hPa, which roughly corresponds to the PBL height mea-
The results depicted in Fi1 show that the dependency sured over the Tibetan Plateau Yang et al.(2004. This
on t is, to very good approximation, a power law, i.e. pro- limitation only affects the amplitudes of the deep STE fluxes
portional tot*. The fitted exponents for the mass flux in this region (a reduction of- 25 % in DJF and~ 35% in
across the pressure surfaces below 500 hPa and into the PBIAM), but the influence on the hemispherically integrated
are very close t0-0.5 (—0.49+ 0.01), and for the 400hPa Seasonal cycles is negligible (not shown). The importance of
surface and the tropopause the values-abb8-+ 0.01 and the Tibetan Plateau for deep STE is thus not fundamentally
—0.76+0.02, respectively. For the STT ozone, TST massduestioned by this investigation, but a considerable amount
and TST ozone fluxes, the fitted exponents are of similarof deep STE in this region occurs when the PBL top reaches
magnitude and can be found in Table 1 of the SupplementVery high altitudes, and thus a possible bias of a few hun-
The power law applies with remarkable precision: all coef- dred metres can have a large impact on the exact values of
ficients of determinationR?, are greater than.995. These the peak. Considering the recent measurements of very high
results are in agreement with theory, which suggests that fopoundary layers over the Tibetan Plate@hgn et al.2013,
any advective—diffusive flow, the (mass) flux across a controlwe chose not to restrict the PBL height in our study.
surface such as the tropopause is proportionaj't%FJ for A|thOUgh the ozone field in ERA-Interim agrees reason-
smallz in the continuum limit Hall and Holzer 2003 Orbe ably well with independent measurements, there are uncer-
et al, 2012. Note though that the used in these studies is tainties on the order of 10 %Dfaganj 2011 and spurious
only a one-sided criterion —that is, it is only required that the jumps occur in the time series (Figj9). Ozone values in the
air parcels stay for at leastin the stratosphere (in the case years between 1995 and 2004 suffer from changes in the as-
of STT) — whereas our minimal residence timeés a two- similated satellite data, as describedDragani(ZOl]). In
sided criterion (before and after the exchange). The findingst995, ozone data from only one satellite instrument (NOAA-
of Bourqui (200§ and Wernli and Bourqui(2002 support 9 SBUV) were assimilated in ERA-Interim, and during 1996
the assumption that this power law fit can be extended to th&@nd 1997, four new instruments were added. In the follow-
range oftr between 12 and 48h. Thus our calculated STEING 5yr, the STT ozone flux increases strongly before drop-
flux, at least for the lower pressure surfaces and the PBL, i®ing by nearly 50 % in 2002 and 2003, which is likely due to
clearly in the diffusive regime described ktall and Holzer ~ three instruments going out of service and being replaced by
(2003 for a large range of up to 96 h. three new satellite instruments. An in-depth investigation of
While the amplitude of STE fluxes of mass and ozonethe assimilation procedure in these years would be necessary
are highly sensitive to this parameter, this is not true for theto fully unravel this puzzling behaviour, which clearly pre-
geographical patterns (now shown), such that our choice o¥ents us from performing a trend analysis of the STT ozone
T = 48h (see Secg), well above the lower limit of 8h sug-  flux. The seasonal cycles shown in Fig are not strongly
gested byBourqui(2006, does not limit the generality of the ~ affected by these years except for the increased interannual
conclusions reached in this manuscript. variability in certain months (see Se6t3).

5.3 Minimum residence time
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A drawback of any Lagrangian method relying on trajec- (2003, the quantitative values of all mass fluxes are larger
tories calculated from resolved wind fields is the poor rep-by a factor of about two.
resentation of sub-grid-scale convective flux@say (2003 The TST mass flux very much resembles the one of
estimated the contribution of sub-grid-scale transport of airSprenger and Wern{R003 in the regions north of ZON. In
across the tropopause to be 38 % of the total transport, bulJA, we report a strong peak over the eastern Mediterranean
the exact value changes significantly from case to Cesgg and Anatolia, which was present yet less pronounced in the
et al. (2011 found that deep convection reaching into the earlier study.
stratosphere mainly contributes to the STE ozone flux over The potential temperature distribution of all STT events in
the continents in NH spring and summer and enhances it byhe NH is similar to the results iBprenger and Wern{2003
19 %. Over the oceans, during the rest of the year and in théheir Fig. 3), although the new distributions are broader due
SH, the contribution is much smaller. Therefore, we mostto exchanges in the tropics not included in the previous study.
likely underestimate the cross-tropopause fluxes, but using he first peak at roughly 320 K in JJA is clearly smaller than
our method, we are not able to quantify this uncertainty. Ourthe one for the winter period (DJF) at 296 K, which was not
trajectory calculations also do not account for stretching andhe case irSprenger and Wern{2003.
mixing of the air parcels along the transport pathways. Nev- The mass flux of deep STT events into the PBL (top left
ertheless, in many situations fluxes calculated by a trajectoryn Fig. 5) and deep TST out of the PBL (top left in Fif)
approach show the same features and are of similar magnin DJF can in principle be compared to the “destinations”
tude to those obtained from a Lagrangian particle diffusion(STT) and “origins” (TST) ofSprenger and Wernl2003
model with parameterizations for convection and turbulencetheir Fig. 5); however, the different criteria for deep events

(Cristofanelli et al. 2003 Meloen et al, 2003. clearly have a large impact. For deep STT, the end of the
North Pacific storm track and the start of the North Atlantic
6.2 STE mass flux: comparison t&prenger and Wernli storm track are the preferred destinationsSiprenger and
(2003 and other studies Wernli (2003. In our study, these areas also show high STT

fluxes into the PBL, but the peak over the west coast of North

Compared to the earlier reanalysis data set ERA-15 used bpmerica is shifted inland and the peak in the eastern US is
Sprenger and Wern(R003 andJames et a[2003h, the in-  shifted over the Atlantic. Furthermor8prenger and Wernli
creased spatial resolution of ERA-Interim (T255 in the hori- (2003, by definition of their criterion for deep STE, could
zontal and 60 levels up to 0.1 hPa in the vertical vs. T106 anchot investigate trajectories that enter the PBL above high-
31 vertical levels), the 4-D-Var data assimilation scheme andaltitude orography such as the Tibetan Plateau, which proves
the strongly enhanced assimilation of satellite observationgo be of high importance in this study. The situation for deep
constitute major advances leading to an increased overall ST is similar because both studies emphasize the role of the
quality. Especially areas with sparse observations such as th&arting regions of both NH storm tracks, but the peaks over
tropopause region are represented more realisticAke (et  the Tibetan Plateau and the mountain chains in western North
al., 2011J). Also, the current climatology is compiled globally America were not identified bgprenger and Wern{R003.
compared to the NH analysis 8prenger and Wern{2003 In order to compare our results for the total mass flux to
and covers a longer period (33 yr vs. 15 yr). The methodologyprevious studies, it is necessary to look at the tropopause
is refined in mainly two points: a 3-D labelling algorithm is in the extratropical NH only (here defined as the region
used to distinguish between stratospheric air and isolated PWiorth of 30 N). Although our STT and TST fluxes across
anomalies in the troposphere, and a new definition of deephe extratropical tropopause (126 10%kgyr—! and 910x
exchange using the PBL height is introduced and replaced0®kgyr—1, respectively) are about 40 times smaller than
the 700 hPa surface used$prenger and Wern{R003. the values inJames et al(20038, who did not use a sim-

Our results for the STT mass flux in the NH shown ilarly strict residence time threshold criterion, the net flux
in Fig. 2 generally confirm the findings oSprenger and  of 19.2 x 108kgyr! is of the same order of magnitude
Wernli (2003 their Figs. 2 and 4): the North Atlantic and (44.0 x 10%kgyr—1 in their study) and lies at the lower end
North Pacific storm tracks are the regions with the largestof the range of values listed @Isen et al(2004 their Ta-
STT mass flux. In the current study, the peak over theble 1).
North Pacific is much more confined to the ocean than
in Sprenger and Wernl{2003. This is probably due to 6.3 STT ozone flux: comparison to other studies
a data assimilation problem in ERA-15, where radiosonde
data clearly dominated the assimilation at the tropopausén order to compare our results on STT ozone fluxes to other
level and led to pronounced assimilation increments overstudies, we first assess the mean ozone mixing ratio at the
the continents. In ERA-Interim, the assimilation incrementstropopause shown in Figs. 14 and 18 (bottom row). In the
are much smoother due to the large number of assimilatethemispherical averages we find a nearly sinusoidal seasonal
satellite data. Note that due to the different minimum resi-cycle with a maximum in summer and a minimum in win-
dence time values, 48 h here and 96 ISprenger and Wernli  ter and a fairly large interannual variability. This result thus
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agrees well with measurements from the MOZAIC cam-ing to a negative net flux in certain months. This is also
paign (Marenco et al.1998 over the North Atlantic and Eu- true for the net ozone flux across the 3.5 pvu control surface,
rope.Thouret et al(2006 found a sinusoidal seasonal cycle where the maximum is higher by 30 % when compared to the
of ozone at the 2 pvu tropopause with a maximum in May “control” data set (see bottom row in Fig. S4).
(120 ppbv) and a minimum in November (65 ppbv). If we re-  Assuming that the TST ozone flux is smaller than the STT
strict our analysis to the same region, we find a peak in Jun®zone flux, one can in principle, as a very rough approxima-
(120 ppbv) and a minimum in December (70 ppbv). Our sea-tion, compare the seasonal cycle of the STT ozone flux in
sonal cycle is thus shifted in time by one month with respectthis study to the net flux in the Eulerian studies mentioned
to the MOZAIC measurements and agrees very well in am-above. Indeed, our STT ozone flux matches their findings
plitude. This comparison provides evidence that the ozonéetter than our net ozone flux. We find maxima of the STT
field in ERA-Interim is reasonable at the extratropical dy- ozone flux in June (NH, 23.3 Tgmonth) and January (SH,
namical tropopause (cf. Fig5), which is of great impor-  18.9 Tgmonthl) and the minima are reached in December
tance for our calculations of the STT ozone flux. (NH, 14.0 Tgmonth?) and June (SH, 14.6 Tgmonth) (see
Because the widely used methodology Appenzeller  Fig. 18).
et al. (1996 only allows for computation of the net (STT- While we find that the seasonal cycle of the STT
TST) ozone flux across the tropopause, it is not straight-ozone flux is governed by the ozone concentrations at the
forward to compare the seasonal cycle of our STT ozoneropopause, the situation is very different for the subset
flux (Fig. 18) to other studies. Different choices of control of deep exchanges where the seasonality of the mass flux
surfaces representing the tropopause and latitudes separatiotgarly dominates and the maximum deep STT ozone flux
the tropics from the extratropics further complicate the situa-is reached in March in the NH and in September in the
tion. In the studies using chemistry transport models (CTM)SH (Fig. 18). This is in very good agreement wititohl
and refined versions of the methodologyAppenzelleretal. et al. (2003 and other studies that found a late winter/early
(1996), the tropopause is defined as 2 piAefglin and Shep-  spring maximum of stratospheric influence on ozone con-
herd 2009, 3.5 pvu Qlsen et al.2004), ozone mixing ratio  centrations at the surface in the NH (elgn et al, 2012
of 100 ppbv Hsu et al, 2005, or even 95hPa in the trop- Lefohn et al, 2012. In order to roughly estimate the in-
ics and 256 hPa in the extratropidsdttelman et al.2004). crease in ozone in the PBL due to deep STT, one can as-
Nevertheless, all these studies roughly agree on the timing ofume a certain PBL height, thus defining a “PBL volume”,
the net ozone flux maximum (NH: between March and Junejand calculate the change in ozone concentrations inside this
SH: in SON) and minimum (NH: SON; SH: JFM). The mag- volume due to the ozone flux into it. Using a PBL height of
nitude of the flux varies considerably for the NH minimum 1 km, a flux of 1 kgknT2month ! corresponds to an increase
(between 3.9 and 20 Tgmonth) but agrees within a factor  of the ozone concentration by 15.3 ppbv per day within the

of two for the NH maximum (33-45 Tgmonth), as well PBL. The daily ozone input from the stratosphere into the
as for both the SH maximum (27-50 Tg month and mini- PBL estimated in this manner reaches several 100 ppbv per
mum (13-20 Tgmontht). day at the peaks of the deep STT ozone flux found in this

For the sake of this comparison we therefore also calcustudy. These values are unrealistically high because mixing,
lated the TST ozone flux analogously to the STT ozone fluxwet and dry deposition, and chemical processes are changing
discussed in Sec# such that the net ozone flux is given the ozone concentrations inthe free troposphere and the PBL.
by the difference of these two quantities (see Fig. S10).However, they highlight the substantial potential of strato-
We find maxima in June (NH, 1.64 Tgmonth and July  spheric intrusions to influence surface ozone in certain re-
(SH, 1.58 Tgmonth!) and minima in September (NH, gions and seasons.

—2.27 Tgmonth?) and February (SH-2.26 Tgmonth®). The large interannual variability of the deep STT ozone
Our results disagree with the seasonal cycles found in thdlux in the months between December and April in the NH
Eulerian studies both in amplitude and timing. The smaller(Fig. 18c) originates from exceptionally large values in the
values in our study are expected because method inteminters of 1997, 2000, 2002, and 2008, and the large variabil-
comparison studies have shown that Eulerian models are toity of the STT ozone flux in September in the SH (Fi@b,
diffusive and are likely to overestimate STE flux&ri6to- d) is explained by exceptionally large peaks in the years of
fanelli et al, 2003 Meloen et al.2003, but it is not clear at 1996, 1999, 2000, and 2001. Generally, the years from 1998
first sight why we obtain net upward ozone fluxes in certainto 2002 are characterized by a very strong seasonal cycle and
months. This points to a problem in the calculation of the an ozone flux that is around 15 % larger than in the years be-
TST ozone flux. Since tropospheric chemistry is neglectedfore. To some extent, this can be confirmed by the MOZAIC
in ERA-Interim, the lifetime of ozone in the troposphere and measurementsThouret et al.(2006 find 10-15% higher
thus also the ozone mixing ratios during TST events are veryozone concentrations in the years 1998 and 1999. Their data,
likely overestimated. The strong vertical gradients of ozonehowever, show a decrease to only 5% elevated levels in the
mixing ratios near the tropopause are not well representedyears between 2001 and 2003, whereas our STT ozone flux
such that our TST ozone flux is unrealistically intense, lead-stays roughly constant between 1999 and 2002 until it rapidly
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drops in 2002 and 2003. This further supports the assumptiolhanced tropopause folding activity in these regions has re-
that there is a problem with the ozone field in ERA-Interim cently been investigated Biyrlis et al.(2014).
during this period.

6.4 Regional aspects 7 Conclusions

We have compiled a global climatology of STE using
the state-of-the-art reanalysis data set ERA-Interim over
33yr from 1979 to 2011. The well-established Lagrangian

. : . : . methodology has been refined with a 3-D labelling algorithm
and ozone (Figl/). The maximum is reached in spring but that distinguishes between the troposphere and the strato-

fluxes are above average in all seasons. This result agrees%here (see Sed.?) and a realistic representation of deep

well with recent studies that showed an important 'nﬂuenceexchanges across the top of the PBL (see 2. In addi-

of STE in affecting ozone concentrations at the surface in this(ion to the mass flux. assimilated ozone data have been used

atreall (é%rigfo\r/s etlal,. ?Og‘:’ihL?foTnt e;[c gl, 20_lr]é$ ?12 L;n . to calculate the ozone flux across the tropopause and into the
et al, 2. € aiso find Ihat a lot of deep FAJEClores pp)  The main results of this climatology are as follows:
leave the PBL in this region, albeit slightly more to the east

Western North America, stretching from the Rocky Moun-
tains in the north to the western Sierra Madre in the south
is a region of high deep STT fluxes for both mass (Big.

(Fig. 6). It seems that deep STT into the PBL occurs prefer- — The geographical distribution of STE shows strong
ably on the upwind side of and right over the mountain ranges zonal asymmetry and pronounced seasonal cycles, es-
and the deep TST trajectories leave the PBL mostly on the pecially for the subset of deep exchange events. The
downwind side. storm tracks over the North Atlantic, North Pacific,
This difference is also visible in the trends of the deep STT and the Southern Ocean, as well as mountain chains

and deep TST mass fluxes (see Fig. S1). While deep STT in the subtropics, are preferred regions of STE.
mostly increases over western North America, the largest
trend in deep TST is found over central North America, i.e.
downwind of the mountain ranges. A further, interesting fea-
ture in this region is that while there is a negative trend in
STT over the North Pacific, i.e. upstream of the region of
interest, the trend in mass flux into the PBL is positive (see
Fig. 13). This is also true for deep TST, albeit less clearly.

The STT mass flux over central Europe is comparatively
intense in winter and spring and to a lesser degree also in
autumn (see Fi@?). This is also true for the STT ozone flux
across the 600 hPa surface (not shown) and supports the find-
ing that the background ozone levels in the lower troposphere
are affected by STTdrdo6fiez et a).2007). However, only in
spring do the intrusions reach deep enough to influence the — Boundary layer air from the entrance of the North At-

— There are clear hotspots of deep STT fluxes into the
continental PBL. The Rocky Mountains and the other
mountain ranges along the west coast of North Amer-
ica are affected all year around, with a clear peak in
spring (MAM). There are also intense deep STT fluxes
over the Tibetan Plateau during the whole year, with
a peak in DJF. In the SH, the highest fluxes into the
PBL are found over the Andes around°® In the
storm tracks, especially over the North Atlantic and the
North Pacific in DJF and the southern Indian Ocean in
JJA, deep STT events transport stratospheric air into
the marine PBL.

PBL (see Fig.5). It is thus understandable that signatures lantic and North Pacific storm tracks is rapidly trans-
of deep STT intrusions at the ground have mainly been ob- ported into the stratosphere (deep TST) during all sea-
served at Alpine measurement sites in spristpll et al, sons but summer. Clear hotspots of deep TST can be
200Q Trickl et al,, 2010. found over the Rocky Mountains and mountain ranges
Both STT and TST mass fluxes in JJA have a distinct nearby in spring (MAM) and over the Tibetan Plateau
maximum over the eastern Mediterranean and Anatolia (see in DJF and MAM. The deep TST maxima are prefer-
Figs.2 and3). This is likely due to deep tropopause folds as- ably located on the downwind side of the orography,
sociated with the subtropical jet stream, enhancing turbulent to the east of the deep STT maxima, which are on the
mixing and STE $prenger et al2003 Traub and Lelieveld upwind side or directly over the high-altitude areas.

2003 Tyrlis et al, 2014. In this region, there are elevated
levels for deep STT in DJF and MAM (Fid), indicating
that deep stratospheric intrusions such as the one observed
by Gerasopoulos et 2006 are not unusual.

Further to the east, the STT mass flux in JJA shows ele-
vated values along the northern flank of the upper-level Asian
monsoon anticyclonesprenger et a2003 found that this

— STT dominates in the extratropics and TST in the trop-
ics and polar regions. The mass flux by deep exchanges
across the tropopause is limited to the extratropics and
the flux into the PBL is shifted between roughly®15
(NH) and 30 (SH) towards the Equator compared to
where the associated air parcels cross the tropopause.

area is a hotspot for shallow and medium tropopause folds, — The seasonal cycles of the mass fluxes vary strongly in
which explains the enhanced STT flux. The connection be- amplitude and shape. STT is most intense during win-
tween the Asian upper-level monsoon anticyclone and en- ter or early spring and reaches a minimum in summer
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in both hemispheres. For TST, the situation is more
complex, as the deep TST mass flux is strongly out
of phase with respect to the total TST mass flux. The
seasonalities of the total STE fluxes are small. The sea-
sonal cycles of deep STE are much more pronounced
for both STT and TST in both hemispheres (season-
alities betweers = 29% for deep TST and = 83%

for deep STT in the NH). The deep STT flux peaks in
early spring in the NH and in winter in the SH. In both
hemispheres, the minimum is reached in summer.

The analysis of potential temperatures at the exchange
locations shows a broad and complex distribution in
both hemispheres, further emphasizing that studies
which focus on a few® surfaces miss a substantial
part of the exchange events. There is a clear connection
between® and latitude, such that the high-events
exclusively occur in the tropics. Deep STE occurs al-
most exclusively a® below 350 K.

The time series of globally integrated mass fluxes
over the 33yr from 1979 to 2011 show an increas-

ing net downward flux and slightly decreasing gross

fluxes. There are positive trends for both deep STT
and deep TST mass fluxes but the downward flux in-
creases twice as fast as the upward flux. Analysis of the
geographical distribution of these trends reveals large
regional differences. A notable feature is a poleward
shift of the TST mass flux in the subtropics over the

Pacific and the Indian oceans. There are indications for
an accompanying equatorward shift of the STT mass
flux in the same regions but the signal is less clear.

The ozone flux across the tropopause is significantly
influenced by the seasonal cycle and geographical dis-
tribution of ozone concentrations at the tropopause.
There are pronounced peaks over the Andes (DJF), the
Himalayas (MAM), and the Tibetan Plateau (MAM,
JJA), as well as central North America, Anatolia, the
Equator over the Indian Ocean, and much of eastern
Asia in JJA.

The ozone flux due to deep STT into the PBL is dom-

the STT ozone flux is dominated by the variation in
prevailing ozone concentrations at the tropopause. The
seasonal cycle of the deep STT ozone flux, on the other
hand, is clearly dominated by changes in the deep STT
mass flux and peaks in early spring.

The ozone field assimilated in ERA-Interim produces

a reasonable seasonal cycle of ozone at the tropopause,
yet there might be significant problems with the as-
similation of data from satellite instruments during
the period from 1995 to 2004. Our time series, which
is especially affected by these problems, should thus
be interpreted with care. Nevertheless, we obtain
meaningful results for the geographical and seasonal
distribution of the downward ozone flux across the
tropopause and into the PBL.

The mass and ozone fluxes across the tropopause, pres-
sure surfaces and into as well as out of the PBL depend
on the minimum residence time This dependence
follows a power law (proportional te*, x ~ —0.5)

with remarkable accuracyrg > 0.995).

The reduction in STT mass flux across the 3.5 pvu sur-
face, compared to the 2 pvu surface, is partly compen-
sated for by the increase in ozone concentrations, lead-
ing to a reduction of only approximately 10 % of the
STT ozone flux, as well as a similar seasonal cycle.
The deep STT ozone flux, on the other hand, is signif-
icantly reduced by more than 60 % when considering
the 3.5 pvu control surface.

Since the spatial and temporal resolution of our data
is too coarse to represent deep convection well, we are
certainly underestimating the effect of this process. For
this reason, high-resolution STE diagnostics such as
those presented bgourqui et al.(2012 and studies

using mesoscale numerical weather prediction models
(Gray, 2003 Lin et al,, 2012 are of great importance.

Supplementary material related to this article is
available online athttp://www.atmos-chem-phys.net/14/

inated by the seasonal and geographical variations oP13/2014/acp-14-913-2014-supplement. pdf

the deep STT mass flux. The global hotspots, where
surface ozone concentrations are most likely influ-

enced by STE, are the mountain ranges along the wegpcknowledgementsie thank the ECMWF and MeteoSwiss for

coast of North America, especially in MAM, and the
Tibetan Plateau in all seasons except for SON. In the
latter region, the very high orography combined with
a high mixing layer enables quasi-horizontal transport
into the PBL, whereas for the former region, consider-
able vertical transport is necessary.

providing access to the meteorological data, and H. Sodemann,
S. Pfahl, and A. Kunz for useful discussions.
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