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Abstract. Airborne high resolution in situ measurements of  Normalised mixing entropy values fors@nd RO in the

a large set of trace gases including ozone)(@nhd total wa- LMS appear to be maximal during spring and summer, re-
ter (H2O) in the upper troposphere and the lowermost stratospectively, indicating highest variability of these trace gases
sphere (UT/LMS) have been performed above Europe withinduring the respective seasons.

the SPURT project. SPURT provides an extensive data cov-
erage of the UT/LMS in each season within the time period

between November 2001 and July 2003.

In the LMS a distinct spring maximum and autumn mini- 1 |ntroduction
mum is observed in § whereas its annual cycle in the UT is

shifted bY 2=3 months later towards the end of _the year. Th%zone and water vapour are important absorbers of solar ir-
more variable HO measurements reveal a maximum during

summer and a minimum during autumniwinter with no phaseradia.nce and emitters/ab;orpers of terrestrial ra}digtion. Bpth
shift between the two atmospheric compartments species have dl_rect and indirect effects on rad|at|v.e.forcmg
R ' ~and/or photolysis rates and therefore play a decisive role
For a comprehensive insight into trace gas compositiontoy the radiative budget of several atmospheric regions, for
and variability in the UT/LMS several statistical methods chemistry and climate. They are further suitable trace gases
are applied using chemical, thermal and dynamical verticakg, jnyestigate and understand transport and mixing processes,
coordinates. In particular, 2-dimensional probability distri- especially in the region of the upper troposphere and lower-
bution functions serve as a tool to transform localised air-y,ost stratosphere (UT/LMS). This part of the atmosphere is
craft data to a more comprehensive view of the probed atyg g |arge extent affected by dynamics, and in particular by
mospheric region. It appears that both trace gaseard  pj_gjrectional stratosphere-troposphere exchange. Trace gas
H20, reveal the most compact arrangement and are best Cofistriputions in the UT/LMS depend strongly on the inter-
related in the view of potential vorticity (PV) and distance gction between dynamical and chemical processes near the
to the local tropopause, indicating an _advanced mixing Stat‘iropopause. Changes in the chemical composition of the
on these surfaces. Thus, strong gradients of PV seem 10 agjT/ MS have a strong impact on atmospheric radiation. A
as a transport barrier both in the vertical and the horizon-getajled understanding of the trace gas distributions, their
tal direction. The alignment of trace gas isopleths reflects gyiapility, underlying processes and transport mechanisms
the existence of a year-round extra-tropical tropopause transf pnatural and anthropogenic emissions is crucial for climate

sition layer. The SPURT measurements reveal that this layepyeiction and radiative feedback mechanisms, in particular,
is mainly affected by stratospheric air during winter/spring \yhen considering global warming scenarios (.ipdzen

and by tropospheric air during autumn/summer. 199Q Rind et al, 1991 Inamdar and Ramanathah99§

and in climate simulations (e.ylcLinden et al, 2000. The
Correspondence tavl. Krebsbach UT/LMS and especially the tropopause region is thus of sig-
(m.krebsbach@fz-juelich.de) nificant scientific interest.
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110 M. Krebsbach et al.: Variability of £and HO in the UT/LMS

Several data sets of satellite instruments have been anaimplications for the trace gas distribution in the probed at-
ysed to infer seasonal distributions of ozone and watemospheric region.
vapour in the LMS as well as connected transport mecha-
nisms. From SAGE Il measuremenian et al(1997) in-
ferred ozone and water vapour distributions in the LMS and2 The SPURT G; and H,O data
compared them to MLS and ER-2 measuremeRgn(et al.
2000. MLS water vapour data was further investigated by During the SPURT campaigns,s@vas measured with UV
Stone et al(2000 regarding climatological aspects as well as absorption by the JOE instrumentiigh Ozone Experi-
spatial and temporal variabilitRandel et al(2001) andPark ~ ment,Mottaghy, 200]). For most flights, i.e. from the third
et al. (2004 used HALOE data to derive seasonal variation campaign on, @was additionally measured by a chemilu-
of water vapour in the LMS. Furthermore, ozone and waterminescence detector ECO-Physics CLD 790-$fegglin
vapour data in the UT and LMS from POAM |l measure- 2004. Inter-comparison of both instruments results in high
ments were analysed Wjrados et al(2003 andNedoluha  consistency with a 6.4% difference which is in the uncer-
et al. (2002, respectively. Satellite observations are thus atainty range of both instrumentsiégglin 2004 Engel et al,
powerful tool for a global data coverage of the whole atmo-2009. However, in the presented analyses here the JOE data
sphere. Nevertheless, there are several disadvantages and igreferably considered and ECO data are only used if no
strictions given by nature and technology, in particular, theJOE data are available. Total water, i.e. the sum of vapour
limited spatial resolution. Due to the restrictions and theand vaporised ice, was measured with the photofragment-
lack of satellite data in the UT/LMS, the tropopause region fluorescence technique by the FISH instrument (Fast In situ
is rather under-sampled. Highly accurate and resolved obStratospheric HygrometerZoger et al. 1999. The instru-
servations of the UT/LMS can only be achieved with in situ ments JOE, ECO and FISH have a time resolution of 10, 1,
measurements. For instan&rahan(1999 analysed ozone 1s, and an accuracy of 5, 5, 6%, respectively. Due to the
data from ER-2 flights in the potential temperature regiondifferent integration times of the single instruments the mea-
between 360K and 530 K. Aircraft measurements are comsurement data was analysed as 5s data. Thereby, the JOE
monly quite sporadically distributed in time and space. Fordata was interpolated to the centre interval, measurements
such purposes, projects like MOZAIC (eldarenco et al. with a higher sampling rate were averaged over each 5s. For
1998, NOXAR (e.g.Brunner et al.1999 or CARIBIC (e.g.  an average aircraft flight speed of 150 to 200Th this re-
Brennikmeijer et al.2005 use commercial and passenger Sults in a mean spatial resolution of 0.75 to 1.00km. For a
aircraft to routinely measure chemical species, but therebyomplete listing of the Learjet payload, data availability, and
only the lower part of the LMS is reached. for details about the processing of the whole SPURT data set

Within the very successful aircraft project SPURT (Ger- seeEngel et al(2005.
man: SPURenstofftransport in der Tropopausenregion, trace Figure 1 gives an impression of the obtained coverage
gas transport in the tropopause region) in the European se®f Oz (and HO) measurements during SPURT in the ge-
tor (30 E to 30 W, 3¢ N to 8¢° N) an extensive high quality ographical and potential temperature space. The map in
data coverage of the UT/LMS in each season was obtainedhe left panel reflects the number of measurements in a
Using a Learjet 35A a total of eight campaigns, evenly dis-1° longitudex 1° latitude bin. Each campaign consisted of a
tributed in time between November 2001 and July 2003,minimum of 2 flight days. On one day southbound and on the
were performed, resulting in a total number of 36 flights other day northbound flights were performed from and back
of on average 4h duration. Each season (autumn, winterto the Learjet basis Hohn (9.58, 54.3EF N, northern Ger-
spring, and summer, corresponding to the months SON, DJAnany). The contours clearly accentuate the basis in north-
MAM, and JJA) was investigated with two campaigns. De- ern Germany as well as the two main inter-stations, Faro in
pending on meteorological conditions, the aircraft’s ceiling southern Portugal for the southbound flights and Tromsg in
altitude is about 14 km and thus allows for sampling in the Norway for the northbound flights. Slow ascents and de-
LMS during all seasons, even at subtropical latitudes. Thescents in these regions result in a large number of measure-
SPURT measurements between the 280K and 380K isenments there.
tropes thus contribute significantly to the data coverage in The right panel of Figl shows seasonal frequency distri-
the whole extra-tropical LMS above Europe. A description butions of data points in potential temperature intervals from
of the project strategy, its aims, performance and instrumen280K to 380K in steps of 10 K. Potential temperatu@ (
tation is given in an overview paper Igngel et al(20095. is calculated from avionic measurements of presspyeaid

The purpose of this work is to analyse the seasonalitytemperature®), the latter two having an uncertainty range
and variability of ozone (@) and total water (pHO) in the  of £1 hPa andt0.5K, respectively. The distributions indi-
UT/LMS as measured during the SPURT project. After acate winter and spring with more than 23 000 and 25 000 data
short description of these trace gas measurements, the sepeints, respectively, as the best captured seasons. With more
sonal cycles of @and HO are discussed. Several statistical than 19 000 data points also the autumn and summer season
perspectives are used to investigate trace gas variability andre probed quite well. The tail at the lon@rvalues between
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Fig. 1. Distributions of obtained @ measurements during SPURT. Approximately the same distribution is valid,for(ef. Table Al in

the Appendix). In the map (left), the number of 5s data points ifilanbitude x 1° latitude grid is displayed. The colour bar reflects the
number of data points in each geographical bin. The right chart shows frequency distributions of the same data in the potential temperature
space, binned in 10K steps. By this approach, a seasonal separation is performed (autumn, winter, spring, and summer, corresponding t
red, blue, green, and orange, respectively). The total number of merged data points within the cofsrdeglin each season is given in

the upper left corner.

280K and 310K is a result of sampling, since the inlet of thein calculating PV is sensitive to the horizontal and vertical
FISH instrument was only opened at altitudes higher than aesolution and, in particular, small-scale meteorological fea-
pressure value o400 hPa. Similarly, the JOE instrument tures like tropopause folds are hardly represented in detail
provides high qualitative data at pressure altitudes above thdh the meteorological analyses. In contrast, in situ measure-
pressure level (i.en <400 hPa). The frequency distributions ments have a much finer resolution and can therefore resolve
in the ® space reflect the SPURT concept of the flight pro- small-scale features. This has to be considered when cor-
files. Slow ascents and descents allowed for accurately rerelating model derived quantities with in situ measurements
solved slant vertical profiles. Within each mission two flight (cf. Sect.4).
legs at rather constant pressure altitude were performed, one
near and the other above the tropopause (cf. numbers of data
points within 320 K and 340 K and 350K and 370K, respec-
tively). Due to fuel consumption and thus lower mass of the
aircraft, at the end of each mission a climb to maximum al-
titude (>370K) was performed to sample generally undis-3 Seasonal cycles of @and H,O in the UT and LMS
turbed stratospheric background air. The altitude flight pro-
file was mirrored on the return flight to Hohn to sample the
meteorological condition in two different height regimes.  In order to derive seasonal cycles og @nd HO in the
UT and LMS, PV is used to categorise air parcels. Since

To place the measurements in a meteorological conPV increases with height and latitude in the northern hemi-
text, ECMWF (European Centre for Medium-Range Weathersphere, it is used here to split the data set into atmospheric
Forecasts) analyses with a time resolution of 6 h interpolatedubsets. Detailed analyses of vertical profiles during as-
to a I’x1° grid in longitude and latitude on 21 pressure lev- cents and descents reveal a PV value of 2.0 to 2.5PVU
els between 1000 and 1 hPa are used. Each analysis data §&tPVU=10"°m?s 1K kg1, according toHoskins et al.
was further interpolated to 25 isentropic surfaces located be1985 as representative for the location of the extra-tropical
tween 280K and 400K in steps of 5K. On these isentropedropopause during SPURT (elgoor et al, 2004 Krebsbach
potential vorticity (PV) is obtained by spatial and temporal 2005 Hegglin et al, 2005. Potential vorticity values lower
interpolation to the flight tracks. The diagnosis of PV from than 1 PVU are therefore assumed to denote air measured in
meteorological data fields is affected by errors (Bgek-  the upper troposphere (restricted to pressure altitudes above
mann et al. 1994 Good and Pyle2004). The procedure ~400hPa), values within the range 1-3 PVU data observed
of data assimilation will remove obvious observational er-in the tropopause region, and higher PV values reflect an in-
rors Hollingsworth and Bnneberg 1989. The accuracy creasing stratospheric character of the probed air.

www.atmos-chem-phys.org/acp/6/109/ Atmos. Chem. Phys., 61782006
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There exists a number of regions showing a broad sum-
2097 2321 1595 1811 1900 896 1702 1222

158 roe %gég }§§§ 93 1ae 458 407 mer maximum in tropospheric ozone. The existence of such

800 [y o e EO O a maximum is often associated with photochemical produc-
- = 0-1PVU max |- 1 I -
700 | ewpeeee b | (PR 1S T : 2-3PVU N t!on (egLOQan 1985 The.reby' Q is formed by reac
i fa ¢ ISP Bl een| ] tions involving volatile organic compounds and nitrogen ox-
600 o — o ide (NQ,), driven by solar radiation. Many of these re-

500 ........................................................... gan 1989 Scheel et aJ'lggn. AlSO in the free trOpO-

sphere, a broad spring to summer maximum was observed
(e.g.Logan 1985 Schmitt and Volz-Thoma4997). Based
""""""" : i | on ozone sonde data from Observatoire de Haute-Provence
(OHP)Beekmann et a(1994) showed that the seasonal vari-
ation of tropospheric ®is characterised by a large maximum
during spring and summer. Furthermore, LIDAR and ozone
sonde measurements from OHP from 1976 to 1995 give evi-
dence for a shift from a spring maximum to a spring/summer
maximum in the free tropospherArfcellet and Beekmann
1997. The observed broad spring/summes @aximum

Fig. 2. Annual cycles of 0zone mixing ratios in ppbv in the region of during SPURT in the UT with a slight shift towards spring
the UT and LMS as derived from the SPURT measurements. ThdS furthermore in accordance with results fr@runner et al.
observations are displayed as box plots in terms of potential vor{2001).

ticity, non-continuously incremented by 1PVU due to facility of ~ Most variable @ VMRs were observed during the spring
inspection (colour coding for 0-1, 2-3, 4-5, 6-7, 8-9 PVU), as in-campaigns. During this season the influence of the large-
dicated in the upper right corner. The median in each PV interval isscale downward motion is most prominemppenzeller
represented by a dot, the box reflects the 25 and 75 percentiles, angt g 1996. Also the net @ flux across the extra-tropical
the whiskers indi_cate_minimum and m_aximurg KZ)MRS_. Note the tropopause has a peak during spring to early summer, pri-
month-year re_Iatlon given by the labelling ofthe_ ab_smssa. The num- arily affected by the outward £¥lux of the LMS through

ber of data points considered in each box plot is given colour codec{Ee tropopauseLbgan 1999. Thus, the already enhanced

in the top row. The light and dark grey shadings display 3rd order . - .
polynomials fitted to the quartiles of{lata in the 0—1 PVU and tropospheric @ VMRs during spring seem to be effected by

7-9PVU range, to approximate the tropospheric and stratospherit® downward transport of £xich stratospheric air during

seasonal cycles of £as observed during SPURT, respectively. that season.
Measurements at Mace Head, Ireland, illustrate a clear

spring G maximum Qerwent et al. 1998. However, the

appearance of a spring maximum in thg €easonal cy-
3.1 Gzinthe UT and LMS cle in the northern hemisphere troposphere is heavily de-

bated (cf. review byMonks 2000. Regarding northbound
In Fig. 2 monthly median @ volume mixing ratios (VMRs)  and southbound flights during SPURT separately (not shown
in different PV domains, characteristic for specific regions here), the maximum in tropospheric&MRs were ob-
of the atmosphere, are shown as measured during SPURServed in late spring (May 2002) for higher latitudes and
Thereby, a box plot graphing is used, showing centring (me-in summer (July 2003) further south (¢frebsbach2005.
dian), spread (25 and 75 quatrtiles), and distribution (min-This is in agreement with results 8theel et al(1997) from
imum and maximum). Despite the high information con- low-altitude and mountain sites between 28>RB Further,
tent presented by the box plots, they can lead to misinterpreHough (1991 showed by 2-dimensional model studies the
tation or over-valuation of attributes in case of insufficient general maximum of @precursors like N§), carbon monox-
data. To provide an accurate impression of the central tenide, and hydrocarbons in the free troposphere at middle and
dency and variability of @ the number of considered data higher latitudes during winter and spring, which is in accor-
points in each box plot is additionally given in the top row, dance with the slight shift towards spring observed during the
revealing that the considered amount of data in a PV domaimorthern SPURT flights. As mentioned before, a contribution
should mainly be large enough to infer robust information to higher @ VMRs in the UT during spring is presumably af-
from the box plots. Considering the complete data set, theected by a contribution of @rich air due to stratosphere-to-
seasonal variation of £in the UT shows a minimum dur- troposphere transport. The observed maximum3n/®IRs
ing the winter and a broad maximum during the spring andduring summer is possibly a result of in situ photochemical
summer measurements. This is highlighted by the light greyproduction (e.gLogan 1985 Haynes and Shepherd000
shading, representing 3rd order polynomial fits to the quar-since photochemical activity is expected to be highest during
tiles of O3 measurements in the 0—1 PVU range. this period (e.gLiu et al,, 1987).

400

1 ﬁ— . § gions are continental and influenced by pollution (&.g-
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300
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In PV domains>3PVU, in the LMS, a clear maxi- 3.2 HO inthe UT and LMS
mum during the spring and a minimum around the autumn
measurements is evident with a peak-to-peak amplitude ofAs ozone, water vapour shows a distinct vertical gradient at
~400 ppbv @ within the PV range of 8-9 PVU. The quar- the extra-tropical tropopause. Due to the temperature lapse
tiles of O3 measurements in the 7-9 PVU range are fitted byrate and the decrease in pressure, water vapour VMRs de-
3rd order polynomials, assigned by the dark grey shadingcrease exponentially with height from the troposphere up to
to highlight the seasonal cycle ofs@neasured in the LMS. the tropopause region. Calculated averages of measurements
The ozone build-up in this atmospheric region occurs duringthat span the transition region between the UT and the LMS
winter as a consequence of poleward and downward transare dominated by moist air from below the tropopause.
port, since the lifetime of @is long with respect to chemical ~ In Fig. 3 monthly values of HO measured during SPURT
loss (e.g.Holton et al, 1995 and is largely controlled by are depicted in the same manner as fer(€f. Fig. 2). It
dynamics [Logan 1999. The observed spring maximum in is to note that the box plots in Fig&. and 3 are not dis-
the LMS over Europe during SPURT is most probably dueplayed chronologically in time (see labelling of abscissas).
to the downward advection of highsO/MRs by the strato- Based on the annual cycle of tropopause temperatures (e.g.
spheric winter/spring Brewer-Dobson circulation, in accor- Hoinka 1999 and resulting ice saturation VMRS, maximum
dance with e.gLogan (1985, Austin and Follows(1991),  H20 VMRs in the tropopause region are expected during
Oltmans and Levy 1(1994, Haynes and Shephe(&000, the summer, lowest during the winter months. In the PV
Prados et al(2003. Ozone VMRs fall off from April/May  range 0-1PVU maximum 0 VMRs were measured dur-
to October with a strong average decrease rate in the 6ing the campaign in August 2002. Alongside, the spring
9 PVU range of~—78 ppbv/month. Much of this decrease campaign in April 2003 shows a second tropospheric max-
is presumably caused by the change in tropopause heigtfnum, whereas during May 2002 and July 2003 comparably
and transport mechanisms. On the basis of observations d@w H20 VMRs are apparent. This reflects the high variabil-
SAGE I, Pan et al(1997) andWang et al(1998 assumed ity of H2O in the probed atmospheric region, but is likely
that isentropic cross-tropopause inflow of tropospheric airalso sensitive to sampling (opening and closure altitude of
into the LMS influences the seasonal cycle af@nd HO, the FISH inlet during ascents and descents). A tendency of
see SectB_Z) in that atmospheric region' especia”y dur- higher VMRs during summer and lower ones during winter is
ing summer. A maximum of quasi-isentropic inflow into present, which is evident from the accordant box p|0tS in the
the LMS during summer was also identified in model stud- 1-2 PVU (not shown) and 2-3 PVU range. As in Rg3rd
ies byChen(1995 2-dimensional) anéluszkiewicz(1996 order polynomials are fitted to the measurements in the 0—
3-dimensional). Enhanced content of tropospheric air in1 PVU range (light grey shading), to approximate the annual
September compared to May was identified Rgy et al. ~ cycle of HO in the UT. Across the tropopause the strong
(1999 from balloon-borne chlorofluorocarbons and water gradients in HO are apparent. Considering northbound and
vapour measurements, which was also thought to be owing t§outhbound flights separately, the tropopause region at lower
quasi-isentropic in-mixing of tropospheric air. The seasonallatitudes is slightly dryer than further north. This is probably
cycle of Oz in the extra-tropics therefore differs between the due to the stronger influence of the dryer subtropical regions
UT and the LMS. The transition region between the UT and(see for instanceloinka 1999 Krebsbach2003.
LMS (1-3 PVU) is rather influenced by the troposphere. Just Inthe LMS (>3 PVU) a clearer seasonal cycle in®Githan
above the tropopause |ayer (4_5 PVU) the Stratospheric s|g|.n the UT can be deduced from the measurements, again with
nal becomes dominant. the maximum measured during August 2002. Unfortunately,

Amplitudes of @ VMRs grow with increasing PV. Re- 0n the northbound flights during this campaign, problems
garding the progression of{0/MRs through surfaces of in-  With the FISH instrument were encountered. HencgOH
creasing PV, the most prominent increase is apparent duringata are only available for the southbound missions, lead-
winter and spring, whereas during summer and autumn théng to a reduced amount of data points abes@PVU (see
gradients are comparably weak. Since in Figather dy-  number of data points in top row). Again, the dark grey shad-
namically similar air parcels are considered and PV exhibitsing shows 3rd order polynomial fits to the quartiles in the 7—
a transport barrier, the lowers@radients with respect to PV 9 PVU range, to highlight the approximation for the observed
surfaces during summer and autumn suggest an intensifiednnual cycle of HO in the LMS. As in the UT there is a ten-
transport of tropospheric air into the LMS during these sea-dency of highest b0 VMRs during summer. This maximum
sons (cf. Sect3.2). Towards higher PV ranges-8 PVU), is in agreement with previous in situ and remote observations
i.e. deeper in the LMS, tropospheric influence decreaseée.g-Mastenbrook and Oltman$983 Foot 1984 Oltmans
which results in an increase in the slope ¢PV). The ob- ~ and Hofmann1995 Dessler et al.1995 Pan et al. 1997,
served variation of the slope has a maximum of about 60-Stone et al.2000 but can not be stated with sufficient cer-
90 ppbv/PVU in April and a minimum of 10-30 ppbv/PVU tainty from the SPURT data alone, as mentioned in the intro-
in October. The results are comparable with findings fromduction.
Beekmann et a(1994 andZahn et al(2004).

www.atmos-chem-phys.org/acp/6/109/ Atmos. Chem. Phys., 61782006
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1654 1049 southbound flights where 40 VMRs of 20-30 ppmv con-
4oh 2 comitant with 400-700 ppbv ©were measured. On the
R northbound flights on the next day,8 VMRs <6 ppmv
were observed at £VMRs of 600-750 ppbv, indicating that
FISH was able to measure low stratosphergOHVMRs,
in particular, no changes were performed on the FISH in-
100 ke bbb g R strumentation during the whole campaign, TheOHVMRs
measured during spring 2003 are also enhanced at PV levels
above~6 PVU. This campaign started on 27 April with the
, . northbound flights where beside; 8 VMRs <7 ppmv ex-
oY P 20 e o U = SRR - -1 | SR ceptional enhanced @ VMRs of about 20-35 ppmv were
| observed at @ VMRs >600 ppbv. During the southbound
flights, no such “abnormal” stratospheric conditions were en-
countered. Fortunately, an added flight for inter-comparison
of NOy instruments on the next day headed northward, al-
o & S84 & lowing to measure once more in the region probed two days
month and year before. Again HO VMRs of 25 ppmv concomitant with
O3 VMRs >600 ppbv were measured, which provides evi-
Fig. 3. As Fig. 2, but for total water mixing ratios (in ppmv). dence for the correctness of data and debilitate instrument
problems with leakage. Moreover, the SPURT flight con-
The measurements in February and April 2003 showcept, where most of the outbound flight legs were mirrored
higher RO VMRs in the LMS than in May 2002, which  on the return flights to the campaign base, albeit at different
probably indicates significant inter-annual variability but can altitudes, allows to cross-check the sampling on these south-
also be influenced by sampling. The major part of flight legsbound and northbound flights. Thereby, theQHdistribu-
during the southbound measurements in May 2002 were sittions are largely affirmed by both flights, suggesting robust-
uated in the vicinity of the tropopause. The meso-scale dyness of the measured data.
namics indicates presence of subtropical air in the southern Although enhanced $#0 VMRs in the LMS are excep-
measurement region, i.e. lower i@ and QG compared to  tional, such conditions were encountered in all seasons dur-
mid and high latitude air (e.g.Hoinka 1999 Krebsbach  ing SPURT and thus seem not to be unliketegglin et al.
2009. In contrast, the aircraft extends deep into the strato{(2004 discussed such an event probed during November
sphere on the northbound missions (cf. number of data irr001, and related it to the effect of recent convection with
the 67 and 8-9 PVU ranges). This results in the establishedligh reaching tropospheric injections during that time pe-
distribution of lower HO VMRs in May compared to April  riod. AlsoTuck et al.(2003 reported about ER-2 flights near
2003 in the 4-7 PVU range and thus largely affects the cours&(® N in February 1989 with similar observations. Compara-
of the approximated polynomials near MAM. ble high amounts of ;D accompanied with high £VMRs
Air in the so called “overworld” Kloskins 1991 is de-  were discussed recently Dessler and Sherwod@004) for
hydrated as it is transported through the tropical cold trapthe summer season and are also consistent with trace gas
However, for a large extent of the performed SPURT cam-analyses by Ray et al. (2004b). Alongside, comparisons by
paigns HO VMRs are considerably enhanced comparedGiinther et al(2004 of the SPURT observations with e.g.
to stratospheric background values of about 2—-6 ppmv (e.gair mass spectra derived from model studies with the Chemi-
Hintsa et al. 1994. In the upper considered PV bins cal Lagrangian Model of the Stratosphere demonstrate good
(>7PVU) median values of observeg® VMRs during the  agreement.
summer campaigns are about 20-30 ppmv and are moreover Another possible explanation for the encountered en-
even measured in February and April 2003. These VMRshanced HO VMRs is provided by trajectory calculations.
are much higher than could solely be explained by entry ofThese occasionally suggest that air during troposphere-to-
air into the (lowermost) stratosphere in the tropics (€00t stratosphere transport processes is not generally freeze-dryed
1984 Nedoluha et a) 2002). Values substantially larger than to its saturation value, by reason that e.g. the time for an ef-
~6 ppmv are evidence for transport mechanisms of air intofective sedimentation and thus removal of ice water is too
the LMS across the extra-tropical tropopause, and this signashort. Saturation is rare in the LMS, allowing®-rich air
ture is carried deep into the lower stratospheric region. to persist for a very long time period there. These aspects are
Although there is no indication for a measurement arti- currently investigated in more detail.
fact, the enhanced 20 VMRs observed in the LMS evoke In contrast to @, with increasing PV the D VMRs
consideration of instrument problems, e.g. cabin air leak, buas well as the amplitude of the annual cycle decrease
which most likely can be excluded for several reasons. Fornote the logarithmic scale). This indicates a more pro-
instance, the campaign in February 2003 started with thenounced seasonal cycle o in the LMS below~5 PVU.

2109 2322 1595 1811 1900
637 804 2070 1265 953
1280 718 1392 1558 907
1500 755 772 963 876

1000

H,O in ppmv
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Combining the measurements of both campaigns in eacd Oz and H,O in a view from different coordinates
season, the seasonal variability ob® for observations
in the tropopause region and in the LMS increases fromThe SPURT measurements covered a broad latitude range
SON/DJF towards JJA (see also Set. Note that the low  Wwith different meteorological situations, often associated
variability of H,O in the PV bins above 6 PVU for the cam- With small-scale phenomena (e.g. tropopause folds) and
paign in August 2002 is affected by the reduced amount oflarge-scale meridional advection of polar and/or subtropical
data, as mentioned earlier. The increase in variability to-and/or tropical air. The different dynamical impacts result
wards summer suggests that the potential for transport of waln discontinuities and changes in the tropopause height, par-
ter through the tropopause is more effective and thus mordicularly in the vicinity of regions with high wind velocities,
important and significant during this season. This is espethe jet streams, in the literature often referred to as the region
cially relevant for long-term transport which is the combined of the “tropopause break”. In order to get a comprehensive
effect of mass transport and the efficiency of freeze-drying.insight into distribution, spread, range, and variability of the
Hence, as already derived from the @ata, the LMS seems measured trace gases in the SPURT region, 2-dimensional
to be more influenced by the troposphere during summer thafrobability distribution functions (PDFs) are determined by
during winter which is in agreement with the discussed seausing chemical, thermal, and dynamical vertical coordinates.
sonal variability of water vapour in the LMS by eRan etal.  Moreover, it is interesting to investigate which coordinate is
(2000. best correlated with a trace gas and where the most compact
Whereas the @maximum measured in the UT is approx- correlation appears. An accurate correlation helps to deduce
imately in phase with the observecb® maximum, it oc-  and to assess transport processes and provides the possibility
curs about 2—-3 months later (earlier) in the year as the O for transformation into related quantities (see e.g. Krebsbach
maximum (minimum) in the LMS. A similar time lag was et al., 2008).
found by Pan et al.(1997 and Prados et al(2003. Due S .
to the large debate, especially concerning the often observef-1  Probability distribution functions

spring @ maximum at some northern hemisphere stations, . -
it is necessary to further investigate to what extent the corre-ln several SPURT flights, distinct cross-tropopause exchange

lation and/or anti-correlation of both trace gases could be at_events and characteristic features for specific meteorologi-

tributed to dynamics or to chemistry. The seasonal cycles O{;al situations could be identified. To obtain a compact view

03 and HO obtained during the SPURT campaigns under_of the probed atmospheric region, PDFs are a tool to cen-

line the influence of two competing processes in the UT/LMStrfa!['r?e ;hSFIargtTl number of metadsutrements. .'SS ag adv:ntage
region: (i) subsidence of dry air from the overworld, which is ot the S, all measurement dala I considered, and aver-

primarily determined by the low tropical tropopause temper-aﬁglng 'S r_mmrtnfed.tThus, OOLIJ]E“e;S become moﬁrae VISIth? and
atures and transported by the large-scale Brewer-Dobson CiII- € prominent structures and features are reve&leg ¢t al,

. o 20043.
culation (e.gHolton et al, 1995, and (ii) direct transport of . . .
moist air of tropical, subtropical or mid-latitude origin across In Fig. 4, PDFs of Q (left) and HO (right) as a function of

the extra-tropical tropopause (eRessler et al 1995 Hintsa the thermal vertical coordinate potential temperature for the

etal, 1998. Whereas much of the air in the LMS has proba- spring season are depicted. For the distributions obtained for

bly been transported into the stratosphere by the former pro.t-he other seasons it is referredieehshach(2005. Ozone

cess, it is likely that local vertical transport processes play as binned by 20 ppbv, b0 by 2 ppmv, and potential temper-

much larger role in determining4® in the UT/LMS. As is ature by 5K. The trace gas distributions are normalised to
apparent in Fig3, in contrast to the VMRS, the ob.served every bin of the thermal coordinate. This means, the colour

seasonal cycles of 40 in the UT and LMS are roughly in coding reflects the probability in percent to measure a cer-

phase with each other. This same seasonal course in bo in trace gas VMR at a certain potential temperature. I
addition, the mean and median value in e&lbin is rep-

atmospheric compartments is a priori not clear, for instance ted by th lid and dashed col qi tivel
due to integral effects. In particular, there is a strong decreasfo>eNted Dy the solid and dashed coloured lin€, respectively.

in H2O from August (maximum) where only measurements \O/IVh'le t]t\e mear;]:s an apprto.prlgtet r.rkl)e?sure ‘.th.the (':elntrg.l ten-
on southbound flights between 33<%are available, to Oc- ency for roughly symmetric distributions, 1t 1S misieading

tober 2002. During August—October, the monsoons probayvhen applied to skewed distributions since it can greatly be

bly enrich the LMS with tropospheric air. This air could be influenced by extremes. In contrast, the median is less sen-

dryer than air transported into the LMS at mid-latitudes dur-Sitive to outliers and may be more informative and repre-

ing summer and would thus lead to a relative strong decreasgentat've for skewed distributions. All seasonal means and

of H,0 in the mid-latitude LMS. The observed lowep® medians are displayed to compare to each other (red, blue,

VMRs in October 2002 (and November 2001) thus suggests  1xrepsbach, M., Schiller, C., Spelten, N., andir@her, G.:

a significant contribution of upper tropospheric (sub)tropical characteristics of the extra-tropical transition layer as derived from
air which previously has entered the LMS (cf. also results ofO; and HbO measurements in the UT/LMS during SPURT, in
Hoor et al, 2005 Hegglin et al, 2009. preparation, 2006.
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Fig. 4. Seasonal 2-dimensional probability distribution functions gf(feft) and HO (right) as a function of the thermal coordinaiefor

the spring measurements. The bin size is 20 ppbv fpr2Zppmv for B O, and 5K for®. The normalisation is performed to ea@tbin, i.e.

the probability (colour coding) reflects the percentage of an observed trace gas VMR in a&sintgeval. In both panels the mean and the

median trace gas mixing ratios in ea®tinterval are given by the solid and dashed lines, respectively, and are seasonally compared to each
other (red, blue, green, orange corresponding to autumn, winter, spring, summer). In addition, the amount of seasonal data points considere:
in each® bin are presented in Table Al.

green, and orange for autumn, winter, spring, and summer, The HbO PDF shown here as well as the distributions
respectively). From a statistical perspective it is desirablefor the other seasons (s&gebsbach2005 exhibit similar
to acquire as much information as possible. The chosen birharacteristics as those for3O The large variation of the
sizes of trace gases and the reference coordinate result frotnopopause location is apparent in the high amounts & H
sensitivity studies of bin widths, in order to resolve specific VMRs below~340K, with several local maxima and min-
characteristics and to reduce smoothing while considering aima in the course of means (and partly of the medians) be-
accurate amount of data in each grid box. The sensitivitytween 300 and 320 K. A more compact distribution is only
studies were performed for each reference coordinate corapparent above=340 K, with the higher variability during
sidered in the following discussion. The seasonal number othe summer season. Considering the largest seasonal dif-
data points in each interval is displayed in Table Al inthe ferences of means and medians, i.e. between summer and
Appendix. winter, and shifting the meanJ® VMRs above~330K for

High probabilities, reflected by the light grey/green shad-the summer PDF by20K towards lower isentropes, the
ings, are very scattered throughout thg distribution and,  shape of the mean line (orange) is quite similar to the mean
although both parameter§) and 3, can be considered as line for the winter season (blue). As illustrated by the num-
vertical coordinates, no clear correlation is apparent. Theréer of considered data points in Table Al, the SPURT mea-
is no symmetry around the mean or median values and mulsurements are mainly concentrated in the atmospheric region
tiple modes can be noted. Generally, an increase »f O above isentropes o£330K. Strongest tropospheric influ-
VMRs with increasing (height) is present, but the spread of ence during summer, as already mentioned in the previous
O3 VMRs on levels with constant potential temperature, thesection, is thus in agreement with the seasonally integrated
isentropes, is considerably large. The remarkable scatter anghass flux through troposphere-to-stratosphere transport by
spread in the @distributions is expected, sinces&MRs Sprenger and Wern{R003 their Fig. 3b).
are largely dependent upon the location of the tropopause. The shapes of the {PDFs for the winter and spring mea-
The single flight missions extended over a large latitudesurements are quite different from the distributions obtained
range. Therefore, the variability of potential temperature atfor summer and autumn (sé@ebsbach2005. Whereas
the tropopause location during each deployment along thehe former distributions show a more compact shape with a
flight path was sometimes quite large. For instance, on ateady rise in @ VMRs with increasing?, the latter are less
flight from Hohn to Tromsg on 17 May 2002, the thermal compact with a relatively weak and partly even no increase
tropopause (determined according to the WMO definition,in O3 VMRs towards higher isentropes. This indicates an
WMO, 1986 was located at 304 K in the vicinity of Troms@ enhanced amount of air of recent tropospheric origin in the
and at 328 K near the campaign base Hohn, which is a variat MS compared to winter and spring. The large variabil-
tion of 24 K (seeKrebsbach2009. However, also at higher ity of trace gas VMRs, especially at higher isentropes (e.g.
isentropes, i.e. further away from the local tropopause, the- 400 ppbv Q at 360K during all seasons) and the occur-
spread in @ VMRs is considerably high. rence of several high probabilities on single isentropes, indi-

cate that quasi-isentropic mixing is rather weak in this region.

Atmos. Chem. Phys., 6, 10925 2006 www.atmos-chem-phys.org/acp/6/109/



M. Krebsbach et al.: Variability of @and HO in the UT/LMS 117

tropical tropopause during SPURT can be derived dynami-

The picture drawn on the basis &fchanges significantly cally from a PV threshold value, i.e. 2 PVU. The actual dis-
when shifting the thermal coordinate to a dynamic coor-tance in K of the aircraft’s location to the local dynamical
dinate, namely PV. The corresponding trace gas PDFs argropopause (denoted as®) is derived from the afore de-
shown for all seasons in Figh with PV incremented in  scribed ECMWF analyses by taking a certain PV surface as
0.5PVU steps. As is directly evident,3@s much stronger the extra-tropical tropopause. Note, the data resulting from
correlated with PV than witl®, which is rather an accu- processing of the ECMWF analyses (e.g. P\®) are not
rate height or correlation parameter in the undisturbed stratoidentical to the data presentedltoor et al.(2004), where
sphere. The range of OV/MRs on surfaces of PV is con- higher resolved T511L60 ECMWF data were used. Inter-
siderably suppressed when compared to the spread on isenemparisons for each campaign provide evidence for a clear
tropes and a general increase gf\Wiith typically increasing  agreement with correlation coefficients ©0.98 and slopes
height (PV) is now even apparent in the autumn and sum-of 0.995 &0.018). To account for the strong gradient of PV
mer distributions. The highest probabilities are mostly cen-in the tropopause region, several PV threshold values were
tred in the distributions and symmetrically arranged aroundchosen as the dynamical extra-tropical tropopause, ranging
the mean or median £VMRs. In the PDFs, the slopes of from 2 to 6 PVU in 0.5PVU steps. Through the different
the trace gas versus PV are calculated (see top numbers threshold values the character of the PDFs, i.e. location of
Fig. 5). Hereby, a linear fit was performed within 2 PVU in- high probabilities, spread and trace gas variability, does not
tervals to point out the essential character. The slopes are sighange seriously. Thus, for representativeness, thard
nificantly stronger within 2—4 PVU than within the 0-2 PVU H,O distribution related to the distance to the 2 PVU sur-
interval. The means and medians show commonly a changéce (A®>) for the SPURT measurements during spring are
in increase in this range, indicating 2 PVU as a good proxyshown in Fig.6. For the distributions obtained during the
for the dynamically defined extra-tropical tropopause duringother seasons as well as wittD4 as the reference coordi-
the SPURT missions. Of course, the slope is weaker duringnate it is referred t&rebsbach{2009.
summer, owing to the annual cycle of @ the UT and in the The PDFs with respect to the distance to a threshold value
LMS. The distinct seasonal cycles of @ both atmospheric  of PV and the course of means and medians highlight the
compartments, the UT and LMS, are clearly apparent in thestrong change in trace gas composition near 2 PVU. The dis-
PDFs. tributions are similar to those obtained in the PV space, al-

For H0, the spread in the PDFs is also reduced with PV asheit the use oA ® exhibits a slightly more compact shape, in
the reference coordinate. The sharp local minima and maxparticular for the campaigns in the winter and spring months
ima in the mean and median values in thepace (cf. Fig4 (see also Sect.3). The fact that the PDFs resemble in shape
between 300 and 320 K), which are due to the varying lo-and distribution of probabilities in the view of PV amg®
cation of the local tropopause, are significantly reduced orsuggests an advanced mixing state of these trace gases on
even absent when related to PV. Also above 2-3 PVU, i.esurfaces aligned to the local tropopause. Each air parcel in
within the tropopause region, the variation of BIVMRs on  the atmosphere can be thought of as being labelled by its PV,
PV surfaces is significantly reduced. However, during sum-controlling or restraining the air parcels’ range of motion. A
mer the BO derived distribution appears to be more compactrelatively huge degree of freedom is given in regions of uni-
when related t®. As is apparent from the structure as well form PV (Sparling and Schoeberl995. Thus, spatial gra-
as from the mean and medians, the seasonal cycles®f H dients of PV might account for the dynamical affected trace
in the UT and LMS are reflected in the PDFs, with certainly gas distributions and not solely its absolute values. And this
higher VMRs measured during the summer campaigns in thés exactly what the PDFs for different PV threshold values
UT and in the LMS. for the dynamically defined extra-tropical tropopause show,

The trace gas VMRs show a more compact distribution insince the shape and the spread of distributions remain to the
a dynamical sense. In contrast to the spread and distributiofargest extent the same. This implies that the extra-tropical
of several high probabilities on isentropic surfaces, Bigg- transition layer follows surfaces of PV or surfaces relative to
veals that trace gas VMRs are more uniformly distributedthe shape of the local tropopause, if defined by PV, rather
and the probabilities vary less on PV surfaces. This indicateshan isentropic surfaces, in consistence with the results of
a more pronounced mixing state of trace gases on these suHoor et al.(2004).
faces rather than on isentropic surfaces.

A further coordinate system to look at the trace gas dis-4.2 Mixing entropy
tributions and their variability is a coordinate system centred
at the tropopause. Unfortunately, there was no instrumenf useful measure for the quality of correlation and variabil-
aboard the Learjet 35A measuring temperature profiles conity of a trace gas in the PDFs is the mixing entropy, which
tinuously along the flight track from which the tropopause al- could in general be regarded as a measure for uncertainty.
titude could be determined after the WMO definitia®kd O, For a uni-modal PDF the characterisation is reliably given
1986. Nonetheless, as demonstrated earlier, the extraby the first and second moments, e.g. mean and variance,
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Fig. 5. As Fig. 4, but for all seasons and as a function of the dynamical coordinate PV. The bin size for PV is set to 0.5PVU. In the top
panels of the PDFs the normalised mixing entropy in each PV bin is displayed (se4.3eelso seasonally compared in the bottom charts.

As a numeric value for the trace gas change with PV, the slope of a linear fit of data points, calculated in a 2 PVU bin width (unit [trace
gas]/[reference coordinate]) is reflected by the numbers in the PDFs. From top to bottom: autumn, winter, spring, and summer. The amount
of considered data points in each PV bin are presented seasonally separated in Table A2.
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Fig. 6. As Fig. 4, but related to the distance to the local tropopause in K, considered as the 2 PVU surface. The birrsizeifob K, the
number of considered data points in eao®, bin is given in Table A3.

respectively. Using these moments, the PDF is described bfhe normalised mixing entropy is illustrated fog @d HO
a relation to a single reference value, like the mean. Thiswith PV as the reference coordinate above each seasonal PDF
is probably inaccurate for a multi-modal distribution, where in Fig. 5. In the G; PDFs the normalised mixing entropy

there is no symmetry around the referen8pdrling 2000. values enlarge with an increase in the coordinate value, i.e.
A measure for the information content in a PDF for a traceheight. Below PV values of2 PVU the normalised mix-
gasu provides Shannon’s entropy which is given as ing entropy is considerably small, indicating only small-scale

and low trace gas variability. A low mixing entropy value
indicates a rather homogeneous air mass. This seems coun-
terintuitive, since a well-mixed state, as an equilibrium state,
should have maximum entropy. It should be noted théit
(e.g.Srikanth et al.2000, with In as the natural logarithm. is distinct from the thermodynamical entropy. Thus, the en-
Concerning a PDF witlD total observed data points of trace tropy here is considered in the “chemical space” in contrast to
gasu andN bins of widthAp, the fraction of observation in  the “physical space"parling 2000. The PDFs show high-
theith cell (p;) is the number of observations within this cell est entropy values in the LMS forg&and in the troposphere
(N;) divided by D, andzl?vzl pi=1. The information content as well as in the extra-tropical transition layer fos® The

is therefore solely dependent upon a given probability distri-corresponding trace gas variability is maximal in these re-
bution and does not directly relate to the content or meaningyions, implying the occurrence of different mixing states.

of the underlying events, i.e. the quantity of the binned trace |n all used different coordinates, normalised mixing en-
gas. Only the probability of the occurring events is impor- tropy values show a reversed course for @d HO (for

tant, not the events themselveSE is zero if the distribu-  mixing entropies related t®, A®, and A®,4 seeKrebs-

tion has a maximum concentration, e.g. chemical homogenebach 2009. Total water VMRs are highly variable in the

ity within one bin. For a uniform spatial distribution, i.e. troposphere, whereas ozone is comparably homogeneously
pi=1/N Vi, the considered trace gas field has a maximumdistributed with respect to the bin size of the considered co-
variability (any observed value can be placed in any one ofordinate. Due to the strong gradient of both trace gases at
the N bins) and the entropy is maximd E=SEmax=In N).  or in the vicinity of the tropopause, normalised mixing en-

A maximum entropy implies indistinguishability of the air tropy values §E/SEmay) increase for @ and decrease for
parcels. Moreover, they have an unrestricted free range of,0 with further penetration into the LMS. Therefore, at a
motion. In reality, PV constrains the air parcels’ range of pV value of~2 PVU also stronger gradients in the course of
motion. Thus, a maximum entropy value is not to be ex-normalised mixing entropies are evident for almost all sea-
pected Sparling and Schoeberl995. The maximum en-  sons. The spread of trace gas VMRs in different bins of the
tropy is dependent upon the number of bins (see comment ifeference coordinate is reflected in the valueS@y/ S Emax.
Sect.4.1). For a better comparison of different entropy val- Owing to the tropopause crossings of the aircraft (at least 16
ues, a normalisation to the maximum entropy is performedtimes each season) and the first flight leg near the tropopause

SE=-=) pi - Inp (1)

resulting in region, there is a large amount of data in the vicinity of the
N tropopause, reducing data gaps with respect to the chosen bin
SE i i -
=~ Z pi - logy pi <1. ) widths. This holds at least for{and, due to the strong gra
max

= dient of O in that region with VMR variations covering 2—
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Table 1. Pearson’s (left) and Spearman’s rank(right) correlation coefficients for §(top) and BO (bottom) versus potential temperature

(©®), potential vorticity (PV), distance to the local dynamically defined tropopause (i.e. 2, 3, 4 PVU surtage/ @3, ABy, respectively),

and pressurep). The coefficients of the eight single SPURT campaigns (IOP 1-8) are given for the two campaigns in each season, as
indicated by the corresponding month and year (mm/yy). Best correlation coefficients (negative or positive) are highlighted in bold.

IOPs: mmlyy functional correlation structural correlation
Pearsomr: O3 vs. Spearmagp: O3 vs.
® PV AO» A®3 ABy p ® PV ABO» A®3 A®y P
1,5:11/01,10/02 058 0.87 0.85 0.85 0.85 -0.29 0.59 0.90 0.89 090 090 -0.23
2,6:01/02,02/03 0.80 0.86 091 092 091 -049 0.82 0.91 093 094 093 -0.55
3,7:05/02,04/03  0.82 091 093 093 0.92 -0.50 0.84 092 094 094 0.93 -0.48
4,8:08/02,07/03 047 0.84 0.76 0.78 0.80 -0.27 047 089 0.80 0.84 0.87 -0.25
Pearson: H>O vs. Spearmap: H>O vs.
C) PV A®» A®3 ABOg p ® PV AB» AB®3 A®y p
1,5:11/01,10/02 —-0.50 -0.45 -043 -044 -045 0.70 -0.79 -0.72 -0.82 -0.82 -0.81 0.57
2,6:01/02,02/03 —-0.46 —-0.49 -043 -043 -0.44 0.70 -055 -0.60 -056 -0.54 -054 0.60
3,7:05/02,04/03 —-0.46 -047 -0.39 -0.39 -0.39 0.67 -0.67 -0.62 -0.62 -0.61 -059 055
4,8:08/02,07/03 -0.60 -0.50 -0.50 -0.47 -0.44 0.72 -081 -0.64 -0.75 -0.72 -0.66 0.72

3 orders of magnitude, also for,® above~0-1PVU. The  N. The functional correlation is defined as
strong increase IS E /S Emax from 0—-1 PVU for BO is due

to some data gaps in the selected bin widths and the result %(xz' — D0 — )
of the strong variation in bD in the tropopause region with . i=1 )
different p;s. VTN N ’
: (xi — )2 (i — )2
There are also strong gradientsSif /S Emax for H20, e.g. El El ey

near 8 PVU. They result (i) from the compact relationship . , ,
between the trace gas and the reference coordinate in that rédlith X (7) as the mean of the;’s (y;'s). It can range from

gion (cf. PDFs) and/or (ii) from a bimodal distribution above —1 t@ +1, inclusive, i.e. from a perfect negative to a per-
~8 PVU, both decreasin§E /S Emax. During spring the @ fect positive correlation, whereby-0 indicates that andy
variability is highest in the LMS, probably due to the en- &€ uncorrelated. To decide, whether a correlation is signif-

hanced downward motion. Thes@ntropy values are hence icantly stronger than another, Pearsanis not an accurate
maximal during this season. The same arises for the enMeasure, since the individual distributionsvadndy are not
hanced HO content and its variability in the LMS during considered. _ _

the summer months. Due to the most compagDHPDF for A more structural measure for the relationship between
the observations in autumn, the normalised mixing entropyW0 variables provides Spearman's correlation coefficient
values result in the lowest values in the range 6-8 PVU. Thel@), Which is a non-parametric or rank correlation. The com-

seasonal trace gas cycles are therefore reflected by the sgddtation is performed by replacing the value of eachy the
sonal course of the mixing entropies. value of its rank, i.e. the smallest value of variables con-

verted to rank 1, the highest to rank The same applies for
Despite the comprehensive data coverage in the UT/LMShe y; values. An outstanding advantage of the rank correla-
obtained during the SPURT project, it should be mentionedtion is that a non-parametric correlation is more robust than
that to derive a more valuable statement from the mixing en-a linear correlation, in the same sense as the median is more
tropy, considerably more measurements are required, in pakobust than the mearPtess et a).1997). After converting
ticular in the upper LMS. the numbers to ranks the Spearman correlation coefficient is
calculated according to EqB)
In Table1 both Pearson’s and Spearman’s correlation co-
4.3 Functional and structural correlations efficients are shown for §(top) versus different parame-
ters. Ozone does not show best correlations with potential
temperature. As is directly evident from both coefficients,
A common measure for a relation between ordinal or contin-highest positive correlations appear wheg i© related to
uous variables is the product-moment coefficient. Pearson'®V and/or toA®. The coefficients are also high for almost
correlation coefficientr() reflects the degree of linear rela- all chosen PV threshold values to define the local dynami-
tionship between two variables, sayand y, of dimension  cal tropopause. Further, this rather simple measure for the
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association between two parameters reveal the conclusion In contrast to the @seasonal cycles, 4D shows no phase
drawn from the PDFs. Trace gas isopleths af €2em to  shift between the UT and the LMS. In a seasonal view, max-
be orientated along surfaces of PV rather than along isenimum H,O VMRs were observed during the summer cam-
tropes. The differences betweeandp for PV and theA®s paigns close to the tropopause in the UT as well as in the
are only small. In contrast, the correlations of @With pres-  LMS. Lowest HO VMRs were measured during the winter
sure are comparatively insignificant, nevertheless exhibitingand autumn deployments, the latter indicating a temporally
larger structural negative coefficients during some winter andink with the subtropics/tropics (cHoor et al, 2005 Heg-
spring campaigns. glin et al, 2005 Krebsbach et al., 2008p The reason for

The correlation coefficients for #D versus different pa- this seasonality is twofold. First, since;@ is strongly in-
rameters are listed in Table (bottom). When calculating fluenced by heterogeneous processes, it follows the tempera-
Pearson’s:, H.O is best correlated with pressure. Both, ture variation at the tropopause, i.e. the air is widely freeze-
and HO, decrease very rapidly with height in a rather log- dried during its transport into the LMS (see also Krebsbach
arithmic manner. Thus, the good correlation is to be ex-et al., 2006b). Second, whereas downward transport of dry
pected. This is especially evident during the summer camair from the overworld into the LMS is dominant during win-
paigns (IOP 4 and IOP 8). Spearmanp’ss independent on  ter, the barrier for quasi-isentropic transport of moist air over
the mode or shape of the distribution, and it renders unnecthe tropopause deep into the LMS is weaker during summer.
essary to make assumptions on the functional relationship To examine the distribution, spread, and variability of both
(Press et al.1997. For this measure, #0 shows, as @ trace gases, especially 2-dimensional probability distribu-
a high degree of correlation when related®pA® and PV. tions were used. Moreover, from these distributions, effects
of transport and mixing processes can be inferred. Consid-
ering several chemical, thermal, and dynamical coordinates,
the measured trace gases are most compact arranged and best
correlated when related to potential vorticity and to distance
to the dynamically defined tropopause. Using various PV
The unique, continuous and high resolutiog @nd KO threshold values for the extra-tropical tropopause, the distri-
measurements, obtained during the SPURT campaigns bgtions show almost the same shape. The trace gas isopleths
tween November 2001 and July 2003, allow for a compre-fo|iow surfaces of PV or the shape of the tropopause, in ac-
hensive view of the UT/LMS region above Europe. In the cordance with results frooor et al.(2004. This suggests
first part, seasonal cycles ofsGnd HO in the UT and  an advanced mixing state in the LMS on surfaces relative to
LMS havg been a_nalysed._ As indicated by extensive studthe shape of the tropopause.
ies of vertical profiles obtained during ascents and descents The mixing entropy is assigned to characterise the PDFs

(Se.GHOF)r etal, 2094 Krebsbachi2003, the tropopause lo- and to estimate trace gas variability. Mixing entropy values
cation, i.e. the noticeable boundary between the tropospher]%r 0z and HO in the LMS appear to be maximal during
gr.]f? the t:stratcl)spher?,tﬁm?udes well with the 2 P;/U Surf?(;ﬁs ring and summer, respectively. This indicates highest vari-
thl eren anal yse'ls 0 f € rticelj}_? S ;n easuremen strevea E\ ility of these trace gases during the respective seasons with

€ seasonal cycle to :‘QB ble p St %Wbs a sptrlngh Ot suhm- greater impact of stratospheric air during spring and tropo-
_rnterma;xm:uml_,' mosl_ pr(?[ al goao ecle tgmLT\I/I; F’iho oc em'spheric air during summer. Notwithstanding the extensive
istry (cf. also 'egaiin et al, 9. In the . e Sea-  gpyRT data set, still more data are necessary to derive more
sonal G cycle is more pronounced and shifted in phase by

S o .~ ~robust statements from the mixing entropy.
about 2-3 months earlier in the year, exhibiting a distinct ] )
spring time maximum. In the upper part of the LMS, a pro- Despite the large seasonal and spatial data coverage,

nounced @ maximum is established during spring, whereas SPURT alone can obviously not provide a climatology but
the lower part of the LMS still contains large contributions 't reduces the lack of measurements in the UT/LMS, in par-
of rather Q-poor tropospheric air during winter and early

ticular above Europe. The SPURT measurements can only
spring. Only around April (2003) the£Inaximum is also es- provide instantaneous representations of the atmosphere en-
tablished in the lower part. This is the effect of the large-scale®

ountered during the single flights. To derive annual trace
stratospheric winter/spring Brewer-

Dobson circulation (Seegas cycles, SPURT data from different years are assembled
alsoHegglin et al, 2005 Krebsbach et al., 2006). Induced which are likely affected by inter-annual variability and/or

by breaking Rossby waves and strong diabatic subsidencBY Sampling. It must thus be emphasised that the results pre-
(the downward control principleHaynes et a).1991) aged sentgd here only apply for Fhe _SPURT region and have to be
and Q-rich stratospheric air is transported downward into COnfirmed by further investigations and measurements.

the LMS (e.g.Austin and Follows1991, Beekmann et al.

1994 Logan 1999. Thus, during spring a contribution of  2krebsbach, M., Schiller, C., @ither, G., and Wernli, H.:
stratospheric @due to stratosphere-to-troposphere transportTransport across the extra-tropical tropopause and impact on the
is likely to affect tropospheric © H»0 content of the LMS, in preparation, 2006b.

5 Conclusions
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Table Al. Number of seasonal data points in each considérbih Table A3. Number of seasonal data points in each consideved

in Fig. 4. bin in Fig.6.
® bin O3 H,O A®7 bin O3 H>0
inK aut win spr sum aut win spr sum in K aut win spr sum aut win spr sum
280 19 - - - - - - - —45 3 - - - - - - -
285 13 - - - 1 - - - —40 12 5 - - - - - -
290 43 28 - - 112 60 1 - -35 14 23 - - - - - 19
295 67 53 12 - 51 141 25 - -30 14 35 - 66 26 - 2 78
300 117 98 42 - 62 315 101 - -25 78 79 - 66 54 75 61 105
305 340 411 230 - 259 669 295 1 -20 162 155 26 131 173 208 152 194
310 259 556 602  — 296 1036 639 32 -15 840 355 396 168 819 655 590 316
315 387 936 389 117 488 1045 533 142 -10 825 1188 714 544 949 1483 996 669
320 941 1999 1715 437 929 2115 1951 528 -5 1969 1769 2077 1200 2059 2081 2138 1037
325 1009 2229 1916 773 1031 2277 2095 596 0 800 1767 2797 2218 845 1921 2800 1613
330 1753 2427 2721 1196 1580 2459 2721 588 5 1023 1432 2278 1737 1027 1602 2278 1051
335 1945 2131 2498 3165 1780 2176 2498 2657 10 884 1220 3064 3713 837 1310 3064 3211
340 1721 2296 3439 2651 1720 2377 3439 2046 15 736 1185 1451 2260 695 1139 1451 1858
345 2683 2628 2697 1935 2681 2667 2697 1341 20 1188 2423 2391 2073 1091 1955 2391 1503
350 2423 2729 2191 2224 2423 2590 2191 1232 25 1968 1620 1973 1633 1715 1626 1972 967
355 2455 3030 2369 3832 2454 2555 2369 3553 30 1440 2142 796 1911 1377 2167 796 1475
360 2904 1422 1955 2479 2899 1281 1951 2186 35 1314 1165 1522 931 1313 1234 1522 811
365 849 366 2055 586 849 366 2055 410 40 839 1960 1997 241 839 1972 1994 179
370 150 222 608 171 150 222 606 99 45 1086 1391 968 164 1085 1334 968 80
375 - - 10 - - - 10 - 50 1869 1014 772 151 1867 957 772 92
55 1214 1337 505 272 1212 1337 505 67
60 893 1044 636 86 893 1044 635 86
65 719 239 476 - 719 239 475 -
Table A2. Number of seasonal data points in each considered PV ;g 158 1_0 ;852 B 1_58 fo 328549 N
bin in Fig. 5.
PV bin O3 H,0 ] . ] .
in PVU aut win  spr sum aut  win spr sum  Appendix: Number of data points considered in the PDFs
0.0 327 855 544 198 348 1299 996 432 ) N ) )
0.5 996 820 476 561 1049 956 739 785 To provide an additional information for the robustness of
1.0 1307 746 930 495 1420 961 927 408 ; ; ;
s 1186 1187 o975 823 1165 1208 988 730 Fhe PDFS_ (Figs4—6), the number qf data points considered
20 643 1228 1550 844 652 1340 1563 4gg Ineach bin of the reference coordinate are shown seasonally
25 389 595 1387 1371 487 658 1387 1205 separated in Tables A1-A3.
3.0 703 620 832 862 690 703 832 684
35 573 683 1268 1399 558 741 1268 1177 . .
4.0 467 512 1316 1180 449 562 1316 880 AcknowledgementsSPURT is an AFO 2000 project and has been
45 408 940 2019 1202 385 879 2019 963 funded by the German BMBF (German: Bundesministerium f
g-g ‘7‘23 gég 171459 igg ‘égi ggg 1714;‘9 98%% Bildung und Forschung) under contract No. 07ATF27 and addi-
6.0 9514 1831 1587 1747 927 1827 1587 1437 tionally supported by the SNF (Swiss National Fund). T_he authors
6.5 1970 2587 1819 1049 1873 2604 1819 734 acknowledge the ECMWF (European Centre for Medlum-Range
7.0 2119 3872 2416 1393 1858 3993 2416 833 Weather Forecasts) for usage of meteorological data. We are also
;-g iggg gig gggg 1;‘23 iég‘s‘ 1232 ggg? 1232 grateful to enviscope GmbH (Frankfurt a. M., Germany) for pro-
85 1200 653 838 410 1200 653 838 217 fessional technical sup_port and professional organisation. "Further
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10.0 426 - 110 - 423 - 110 -
10.5 378 - - - 378 - - -
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