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Abstract. Several thousands of ozone vertical profiles col- shows a linear increase 0.7%/year in Frankfurt, 0.8%/year in
lected in the course of the MOZAIC programme (Measure-Japan, 1.1%/year in New York and 1.6%/year in Paris for the
ments of Ozone, Water Vapour, Carbon Monoxide and Ni-reduced 1995-1999 period. Dominant ingredients of these
trogen Oxides by In-Service Airbus Aircraft) from August positive short-term trends are the continuous increase of win-
1994 to February 2002 are investigated to bring out clima-tertime tropospheric ozone columns from 1996 to 1999 and
tological and interannual variability aspects. The study isthe positive contributions of the mid troposphere whatever
centred on the most frequently visited MOZAIC airports, i.e. the season.

Frankfurt (Germany), Paris (France), New York (USA) and
the cluster of Tokyo, Nagoya and Osaka (Japan). The anal-
ysis focuses on the vertical integration of ozone from the;
ground to the dynamical tropopause and the vertical inte-
gration of stratospheric-origin ozone throughout the tropo-Tropospheric ozone is a trace gas with a large natural vari-
sphere. The characteristics of the MOZAIC profiles: fre- gpjlity in space and time and a mixing ratio in the range
quency of flights, accuracy, precision, and depth of the tropopf about 10-100 ppbv. The origin of tropospheric ozone is
sphere observed, are presented. The climatological analysisither in-situ photochemical production or ozone flux trans-
shows that the Tropospheric Ozone Coluri®(C) seasonal  ported from the stratosphere. For many years, photochemical
cycle ranges from a wintertime minimum at all four stations jr pollution was considered as a problem of mainly local or

to a spring-summer maximum in Frankfurt, Paris, and Newregional significance, affecting clean air sites by the advec-
York. Over Japan, the maximum occurs in spring presum-tion of polluted urban plumes that spread over the country-
ably because of the earlier springtime sun. The incursion okjde. Later on, it was discovered that smog-like reactions
monsoon air masses into the boundary layer and into the migissociated with the oxidation of methane and other hydro-
troposphere then steeply diminishes the summertime valugarhons induced the photochemical production of ozone in
Boundary layer contributions to thEOC are 10% higher  the relatively unpolluted troposphere (Crutzen, 1973, 1974).
in New York than in Frankfurt and Paris during spring and The role of photochemistry in controlling the production
summer, and are 10% higher in Japan than in New Yorkof tropospheric ozone was therefore questioned (Chamei-
Frankfurt and Paris during autumn and early spring. Localges and Walker, 1973, 1976). The controversy that arose
and remote anthropogenic emissions, and biomass burninggm proponents of a tropospheric ozone budget dominated
over upstream regions of Asia may be responsible for thepy stratospheric-origin downward transport (Fabian, 1974;
larger low- and mid-tropospheric contributions to the tropo- Chatfield and Harrison, 1976) was anchored in the inability
spheric ozone column over Japan throughout the year excep clarify which, of stratospheric flux or photochemical pro-
during the summer-monsoon season. A simple Lagrangiagjuction, was responsible for the spring—summer lower tropo-
analysis has shown that a minimum of 10% of #@Cis  spheric 0zone maximum. The quantitative assessment of the
of stratospheric-origin throughout the year. Investigation of cross-tropopause mass fluxes of ozone and other chemical
the short-term trends of tHEOC over the period 1995-2001 constituents is of major importance for atmospheric chem-
istry and climate. Regener (1957) and Junge (1962) consider
Correspondence td?. M. Zbinden the stratosphere to be the main source from which ozone
(zbir@aero.obs-mip.fr) enters the troposphere via tropopause exchange processes.
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Ozone is transported from the lower stratosphere into the up2001). With regard to the UTLS region, Tarasick et al. (2005)
per troposphere through tropopause folding (Danielsen et algompare overall linear trends for the 1980-1990 and 1991
1968, 1987) and is exchanged with the troposphere via dia2001 periods with Canadian ozonesondedata and show that
batic processes and turbulent diffusion (Lamarque and Hess)egative trends for the former period have rebounded to pos-
1994), mixing processes and convective erosion during thetive trends in the latter period at all levels below 63 hPa.
breakup of stratospheric filaments (Appenzeller et al., 1996 These differences do not appear to be related to changes in
Gouget et al., 2000). Climatological global-scale studiestropopause height, as the average height of the tropopause
based on trajectory calculations and operational analysis datdid not change over the periods.
have been developed in recent years. A method for assessing Therefore, the global distribution and trends of ozone in
cross-tropopause fluxes is to identify exchange events, takthe troposphere remain a major focus of interest. Com-
ing into account the history of the potential vorticity along prehensive and continuous observations are needed to as-
a large set of trajectories. Wernli and Bourqui (2002) intro- sess ozone’s role in climate change. One of the largest
duce a residence-time criterion to distinguish transient ancbzone databases existing today comes from the MOZAIC
irreversible exchange events, the former only influencing theprogramme (Measurements of Ozone, Water Vapour, Carbon
layers near the tropopause, the latter having the potentiallonoxide and Nitrogen Oxides by In-service Airbus Air-
to contribute to the tropospheric ozone budget. When thiscraft, Marenco et al., 1993 Using automatic equipment in-
method was applied to one year of operational analyses, thetalled on-board five long-range Airbus A340 aircraft flying
result showed that the seasonal cycle of the zonally integrategegularly all over the world, about 46 000 vertical profiles of
cross-tropopause mass flux was downwards in the extratropezone between 0 and 9-12 km altitude and about 23 000 time
ics with a maximum (minimum) in winter-spring (autumn). series along inter-continental flight routes have been acquired
In contrast to the net exchange, Wernli and Bourqui (2002)since 1994. The initial ozone climatology produced in the
identify a symmetrical up and down exchange that has al-UTLS domain with the first two years of MOZAIC measure-
most no seasonal variation and a larger amplitude than thenents (Thouret et al., 1998a) compared well with data from
net exchange, and is strongly sensitive to the residence timehe ozone sounding network (Thouret et al., 1998b). A new
Concluding on recent Lagrangian studies, Stohl et al. (2003)UTLS ozone climatology, based on the 1994-2003 MOZAIC
insist on the importance of separating deep stratospheremeasurements and referenced to the altitude of the dynami-
troposphere transport from shallow stratosphere-troposphereal tropopause, is reported in a companion study (Thouret et
transport, the former stream contributing less than 5% of theal., 2006).
tropospheric mass at the surface when the residence time The general aim of this work is to better document the
criterion is 4 days. Deep stratosphere-troposphere transpogpatial and temporal distribution of tropospheric ozone and
has a winter maximum mainly near the Atlantic and Pacificits variability in the northern mid-latitudes from a MOZAIC
storm track entrance and exit regions, which is, accordingdata subset of vertical profiles at some of the most frequently
to Stohl et al. (2003), an indication that it is not the causevisited airports. The study is orientated towards the sea-
of the late springtime maximum of ozone in the lower tro- sonal and inter-annual analysis of two vertically integrated
posphere. Shallow stratosphere-troposphere transport hasqantities, the tropospheric ozone column, which is the in-
small-amplitude seasonal cycle. tegrated ozone profile through the depth of the troposphere,
Long time-series of ozone measurements in Europe shovind the stratospheric intrusion ozone column, which is the in-
that the concentration of ozone has been increasing nofegrated stratospheric-origin ozone profile through the depth
only in the air near the Earth's surface (“wet chemical of the troposphere. A Lagrangian method is used to discrim-
method”: Feister and Warmbt, 1987; “Setbein method™.  inate between stratospheric- and tropospheric-origin ozone
Volz and Kley, 1998), but also in the free troposphere below the tropopause. The reasons for studying vertically
(“ozone balloon soundings”™: Staehelin and Schmid, 1991jintegrated quantities are: i) to deliver an integrated view of
“ground-based UV-photometers™ Staehelin et al., 1994;the ozone column in the troposphere, ii) to make meaning-
“Schonbein method” and “UV-absorption analyser” Marenco ful comparisons of ozone columns in the boundary layer, the
etal., 1994). These results have been taken as evidence of aiid troposphere, and the upper troposphere, iii) to compare
increase in the photochemical production of ozone in the atthe impact of stratosphere-troposphere exchange with that
mosphere due to the growing emissions of 0zone precursorgf photochemical sources, iv) to provide meaningful com-
In the troposphere over Europe, the longest data time separisons with present and future satellite retrieval techniques
ries of ozonesondes began in the 1960s at Hohenpeissenbetigat provide information on the tropospheric ozone column,
(Germany) and Payerne (Switzerland). Statistical searcheg) to provide models with seasonal-mean and regional-mean
for tropospheric long-term trends applied to this dataset havejata for initialization. The present MOZAIC dataset allows a
shown a large increase in tropospheric ozone (in the rangémited investigation of the interannual variability of the tro-
of 0.7-1.4%lyear) since the beginning of the 1970s (Loganpospheric ozone column and also an assessment of its trends
1985; Tia et al., 1986; Staehelin and Schmid, 1991; Harris
et al., 1997; Oltmans et al., 1998; Logan, 1994; Weiss et al., Lhttp:/Avww.aero.obs-mip.fr/mozaic/
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in the short-term.(the ?—year period from January 1995 tO14ble 1. List of used abbreviations.
December 2001 investigated here). From now on, for the
sake of brevity, trends in the short-term will be noted simply ~ apbreviation  Signification Comment
trends as far.as the MOZAIC qlataset is concerned. The ¢, Relative Humidity %
aim is to quantify the Tropospheric Ozone Columi®C) at PV Potential Vorticity in pvu
northern mid-latitudes, to give an assessment of the contri- g?v geﬁg"mslngﬁg F(’)Otg':;f' Vorticity in pvu
bution of stratospheric-origin air t6OC, and to investigate 4 pop
. il : DU Dobson Unit -
the interannual variability and the_ trendsTOC. Sec;tppZ oLT Ozone Layer Thickness in DU/150m
presents the MOZAIC data, Se@tis devoted to definitions MOC MOZAIC Ozone Column in DU
and methodology, Sect.is a climatology offTOC, Sect5in- TOoC Tropospheric Ozone Column in DU
tigates the trends and the interannual variability ©€. TOR Tropospheric Ozone Residuals in DY
vestiga ! _ _ y (Creilson et al., 2003)
Finally, we summarize our main results in Sect. 6. dToc Deseasonalized TOC in DU
PTOC Pure Tropospheric Ozone Column in DU
SIC Stratospheric Intrusion Column in DU
BL Boundary Layer from ground to 2 km
2 MOZAIC data MT Mid Troposphere from 2 km to 8km
uT Upper Troposphere from 8 km to DT
Measurements of ozone in the MOZAIC programme are gés lé?P‘t%r Tfﬁposghere LO&N Strétozphem -
taken every four seconds from take-off to landing. Based on ratosphere Tropospnere Exchange  —
_ i e _ NAO North Atlantic Oscillation -
the dual-beam UV absorption principle (Model 49-103 from NAM Northern Annulas Mode _

Thermo Environment Instruments, USA), the ozone mea-
surement accuracy is estimatedda{2 ppbv+2%] (Thouret

et al., 1998a). From the beginning of the program in 1994,
the measurement quality control procedures have remained

unchanged to ensure that long-term series are free of instru- A subset of mid-latitudes MOZAIC sites, having high fre-
mental artefacts. Instruments are laboratory calibrated beduencies of observations and spread over the northern hemi-
fore and after the flight periods, the duration of which is SPhere, was selected. It comprised: Frankfurt (8.5E, 50.0N),
generally 12 to 18 months. The laboratory calibration is per_With 6338 vertical profiles as two aircraft operate from this
formed with a reference analyzer which is periodically cross-airport; Paris (2.6 E, 49.0N), with 3308 vertical profiles;
checked at the National Institute of Standards and TechnolNew York (74.2W, 40.7 N), with 2631 vertical profiles; and
ogy in France. Additionally during the flight operation pe- the Japanese cluster of Tokyo (139.7E, 35.6N), Nagoya
riod, the zero and for the calibration factor of each instrument(136.8 E, 35.1N) and Osaka (135.0 E, 34.0 N) with 1899 ver-
is regularly checked using a built-in 0zone generator. Fur-tical profiles. The three Japanese cities visited by MOZAIC,
thermore, comparisons are made between aircraft when thedll located on the Japanese Pacific coast and separated by
fly close in location and time, which happens several times &t most 400 km, were treated as a single MOZAIC site rep-
month. Ozone measurements from the MOZAIC programme'esenting the Japanese region, ensuring a suitable sampling
were validated by comparisons with the ozone sounding netfrequency for this region. Profiles were defined as the part
work (Thouret et al., 1998b). In the present study, the mea®f the flight between ground level and the first pressure sta-
surements used are ascent and descent profiles from Augutiized cruising level, usually up to about 300 hPa (200 hPa)
1994 to February 2002. Raw data (4 s time resolution) are avWith regard to the ascent (descent) profile. The ground tracks
eraged over 150 m height intervals. To help the interpretatiorPf the aircraft profiles formed a disk of about 400 km radius
of MOZAIC data, meteorological parameters derived from in Frankfurt and Paris, a quarter of a disk facing northeast in
the operational European Centre for Medium-Range WeatheNew York, and half a disk facing northwest over Japan. We
Forecast (ECMWF) analyses and interpolated along aircraféonsider aircraft profiles to be as valuable as balloon sound-
trajectories have been added into the MOZAIC database byngs for the computation of tropospheric ozone columns in
Méteo-France. These parameters are pressure levels of fogpite of the fact that the atmospheric volumes delimited by
Potential Vorticity PV) values (1, 2, 3 and 4 pvu), tHev the ground tracks of the aircraft vertical profiles are some-
itself and a potential vorticity reconstructeRRV) with a what larger than those of balloon soundings, and that the as-
Lagrangian method. Details are given in the following sec-Ccent rates are greater for sounding balloons. These discrep-
tion. Tablel lists all the abbreviations used in the paper. ancies have been evaluated by Thouret et al. (1998b).

The MOZAIC project began nitrogen oxide measurements Monthly time series of flight numbers over the 4 MOZAIC
(Volz-Thomas et al., 2005) on one aircraft in 2001. Work in sites are displayed on Fig. Frankfurt has the best sam-
progress on these measurements will soon help to understargding frequency with an average of 70 profiles per month
the budget of tropospheric ozone. Note that there is free acand minimum monthly numbers exceeding 30 except in Au-
cess to MOZAIC data for scientists (see the MOZAIC web gust 1994 and March 2001. Paris has a good sampling fre-
site http://www.aero.obs-mip.fr/mozaic/ quency with an average of 36 profiles per month but only
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Fig. 1. Number of MOZAIC profiles per month over the 1994-2002
period for New York, Paris, Frankfurt and Japan stations.
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2 profiles per month in September 1995, and some peri-
ods with none in March 1998, December—January 2000 and
May 2001-January 2002. An average of 30 profiles per
month is reached in New York but with less than 10 profiles
per month in December 1998—March 1999 and in January—
February 2002. Japan has an average of 20 profiles per
month but less than 5 profiles per month during August
1994—March 1995 and February 2002. Note that the mea-
surement frequency for most of the ozone sounding stations
of the northern hemisphere is weekly (WOUDC web site:
http://www.nilu.no/niluweby.

3 Definitions and methodology
3.1 Tropospheric ozone column

Within the MOZAIC data, it is not always possible to
identify the height of the tropopause because the aircraft
may not cross the tropopause during the ascent or de-
scent. The criterion on the temperature lapse rate defined
by WMO (1957) may be unverifiable because of the insuffi-
cient vertical depth sampled by aircraft near the tropopause.
Here, we use the definition of the dynamical tropopause
(DT) given by Hoskins et al. (1985) which is a poten-
tial vorticity surface corresponding to the value 2 pvu (with
1pvu=10°m?Ks—1kg1). Potential vorticity was com-
puted from 6-hourly ECMWF analyses with the T213 spec-
tral truncation on the horizontal and with 31 vertical levels.
Interpolation into the aircraft’ trajectories was performed us-
ing a 3-D cubic Lagrange formulation for space and a simple
linear formulation for time. In case of multiple intersections
of the 2-pvu line with the vertical profile (see Figfor de-
tails), the dynamical tropopause was defined to be where the
highest part of the 2-pvu line crossed the vertical profile. We
further arbitrarily consider three vertical layers in the depth
of the troposphere. The layer from the dynamical tropopause
to 8 km altitude will be referred to as the upper troposphere
(UT), the 8-2km altitude layer the mid troposphekéT(),

and the 2—-0 km altitude layer the boundary lay#ir)(

To characterize the vertical distribution of ozone in the
troposphere we chose to represent equivalent thicknesses of
ozone in 150 m depth layers along the tropospheric column.
In this way, tropospheric ozone columnBJC) were cal-
culated from the ground to the dynamical tropopause (see
Fig. 2). TOC, expressed in Dobson Unit®(/), is the equiv-
alent thickness of ozone contained in the tropospheric col-
umn compressed down to standard temperature and pressure
(Andrews et al., 1987). The contribution TOC of each
150 m depth layer of atmosphere is called the Ozone Layer
ThicknessQLT), so thafTOCis the integration 0OLT from
ground toDT, while the integration oOLT from ground to
the top of the MOZAIC vertical profile is calleMOC for
MOZAIC Ozone Column. The detailed computation@fT
andTOCis given in the Appendix. The purpose of providing
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Fig. 2. Schematic definitionsOzone Layer Thickness(OLT) is the equivalent amount of ozone expressed in DU (see Appendix) for a
150-m deep layer where full-resolution MOZAIC ozone data are averdd®@AIC Ozone Column (MOC) is the integrated ozone profile
from the ground to the cruise altitude of the aircraft (noted Tap)pospheric Ozone Column(TOCQ) is the integrated ozone profile from
the ground to the Dynamical Tropopau$2T( black diamond). Coming down from the stratosph®#, is the first intersection with the
2-pvu contour line.Stratospheric Intrusion Column (SIC) is the integrated ozone profile through layers that fulfil stratospheric-origin
criteria below the dynamical tropopauBd (see text for details)Pure Tropospheric Ozone Column(PTOQ is the difference between
TOCandSIC

such ozone thicknesses is to help, on the one hand, the satalescribed in following sections. Stratosphere-troposphere
lite remote sensing and the radiative transfer communitiesexchange (STE) may therefore be a more or less important
mostly interested bfOC and, on the other, the regional air contributors to the tropospheric ozone budget according to
quality community, mostly interested in the volume mixing whether intrusions are deep, transient or shallow when they
ratio, which can easily be derived fro®LT (see Eq. (6) in  penetrate into the troposphere (Wernli and Bourqui, 2002;
the Appendix). Although the vertical resolution of MOZAIC Stohl et al., 2003). The identification of the stratospheric
raw data is as good as a few tens of metres, we chose torigin of air parcels with thermodynamical parameters may
computeOLT over a 150-m vertical depth to avoid useless be achieved through Lagrangian approaches (Wernli and
computations of associat&®V profiles at very high vertical Davies, 1997; Stohl, 2001). Here, the Lagrangian parameter
resolution with the ECMWF analyses. used, the Reconstructed Potential VorticRRV), is thePV
Stratospheric intrusions into the troposphere occur durvalue at the end of a 24-hour backward air parcel trajectory
ing tropopause folding in narrow regions near upper_initialized at the location of the observation and computed
tropospheric fronts (Danielsen, 1968) and can be traced byith 6-hourly winds from ECMWF analyses. For backward
characteristic features like high static stability, high ozonetrajéctories the Lagrangian method uses a cubic polynomial
content, low water vapour content, and high potential vortic-interpolation of three-dimensional winds. A recent strato-
ity. In the presence of a tropopause fold, e.g. when the 2 p\,l;pheric origin €24h) is allocated to an air parcel if three
contour folds below the dynamical tropopause level (seectiteria are met:RPV>1.5pvu, altitude>2000m and ob-
Fig. 2), ozone of stratospheric origin is included in fh@C served relative humidityk H)<50%. The criterion ofRPV
as we have defined itTOC may be dramatically increased S & compromise. It has to be less than that in order to take
with stratospheric-origin intrusions because ozone observal'to account non-conservation effects in trajectories and the
tions across tropopause folds often show high ozone concerflumerical diffusion by the parent model. The magnitude of
trations. For instance, Danielsen et al. (1987) and BrowellRPVhas to be large enough to avoid capturing tropospheric-
et al. (1987) reported mixing ratios of ozone in excess oforigin air parcels withPV diabatically enhanced in a region
200 ppbv in a 2.0-km-deep tropopause fold observed withof strong latent heat relea§e. The secpnd criter.ion on the alti-
airborne lidar and in situ measurements in the upper trofude prevents capture of air parcels with a relatively l&rge
posphere. The contribution of stratospheric-origin ozone toehhanced by a thermal inversion at the top of the Boundary
TOC assessed using EcA§) (see Appendix) for a hypo- Layer. Finally, the dryness criterion on the relative humidity
thetical tropopause fold of 1.5-km depth with a 150-ppbv is to strengthen the characteristics of stratospheric-origin air.
homogeneous ozone mixing ratio at 400 hPa a2d°C is No criterion is imposed on the ozone observation as it will be
about 10DU (or equivalently 1 DU/150 m on the vertical), used to test the cpnfiQence in t_he method. With 'Fhis method
which may represent up to 50% (25%) of the monthly-meana”d as illustrated in Fi@, we define two new quantities. The
TOC observed at mid-latitudes during winter (summer) as Stratospheric Intrusion Colum&IC) is the integrated ozone
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profile through layers that satisfy stratospheric-origin ozone which stops climbing at about 9 km altitude. The ver-

criteria RPV>1.5 pvu,z>2000 m, RH<50%) below the dy- tical profile of OLT (in DU/150 m) has been filled up
namical tropopause. The Pure Tropospheric Ozone Column  from 9128 m to the level of the dynamical tropopause
(PTOQ is the difference betweerOCandSIC. with a method described in the next section. In the
In order to illustrate the computation @fOC, SIC and planetary boundary layer, ozone pollution is visible with
PTOC quantities, four individual MOZAIC profiles over a 80 ppbv maximum at 1000 MOLT values exceed
Frankfurt are illustrated in Figg: 1.2 DU/150 m and strongly contribute T®©C, which is
close to 40 DU.

e The first vertical profile (Fig3a) presents typical sig-

natures of the tropopause, like the change in the tem- To summariseTOC values of the previous MOZAIC pro-
perature lapse rate, the dryness, and the well definegiles are between 23 and 40 DU. The maxim@iiT contri-
vertical gradient of ozone mixing ratio. The dynami- pution toTOC can be located in the boundary layer, the mid
cal tropopaus®T is given at 7850 m altitude with the troposphere or the upper troposphere. A given ozone mix-
PV threshold which is correct with respect to the tem- ing ratio will obviously contribute more t6OCin the lower
perature lapse rate and acceptable with respect to thgoposphere than at any other higher level in the troposphere,
ozone mixing ratio as an universally accepted criterionpecause of greater air density at lower altitudes (B6) (n

on chemical tropopause is quite difficult to establish the appendix).

(Thouret et al., 1998a). In consequence, the rapid in-

crease of theOLT profile from 0.6 to 0.8 DU/150m 3.2 Missing data in vertical prof"es

just below the tropopause is counted as a contribu-

tion to TOC, which is uncertain but has nevertheless pata may be missing from tropospheric profiles for two rea-

a minor impact. TOC is about 21 DU and there is N0 sons. First, there are data gaps that are due to the operation
contribution of stratospheric origin in it as tRPVpro-  of the MOZAIC ozone analyzer (internal calibration periods,
file never exceeds the 1.5 pvu threshold. resets, powercuts, etc.). Such data gaps take up one or sev-
eral 150-m deep layers with a frequency that does not ex-

e The second vertlc_al prof|le_(F|93b) also Presents ;oo 594 of the data set used in this study. If data is miss-
clear tropopause signatures in the observations, which

) . : ) . ing for just oneOLT (i.e., a 150-m deep layer; see FB).
is consistent with the dynamical tropopause given at g ) ( b fay 9

in a profile, then the missing value is computed using a lin-
.10 028 m. TheRPV .th.reshold method Qetects AP oy interpolation between data of the two nearest layers in
ical stratospheric-origin layer in the mid troposphere

) ~ the same profile. If data for more than o®&T are miss-
between 5812m and 6679m where ozone is anti- P

: . - ing (i.e. a gap exceeding 150-m depth), each mis€hgd
correlated with the relative humidity, and the temper- value is replaced by its seasonal climatological value com-

at_ur_e Iapsg r_ate _is decreasing. In this layer, _the OZOn(?)uted using the MOZAIC dataset (see Sekf). Second,
g:_x_;_n.g Ir atio |shh|gh(;e ; th?légo pp_tl)_\r:, or eqL.Jtl)va.Ienth;, there are the MOZAIC profiles that do not reach the dynami-
SICtISTgrg?ré ggDU b t18n;/. Toecfonm ution of | tropopause. Here, our strategy is to fill up the unexplored
0 ISS. » abou 00 atmospheric layers as high as possible by replacing missing
« On the third vertical profile (Fig3c), the dynamical OLT values with their corresponding seasonal climatologi-
tropopause is defined and crossed at 9828 m. Data sho?l values. If the dynamical tropopause for a given flight is
a characteristic tropopause fold at around 4700 m alti-Situated above the top of the seasonal climatological profile
tude, with a 90 ppbv 0zone peak, 10% minimum relative (about 12 km altitude in practice for MOZAIC aircraft), the
humidity and maximumOLT close to 0.8 DU/150 m. profile is filled up to the latter level. We decided not to fill
The case was studied byékElec et al. (2003) in a up the unexplored remainder. The contributioff @C of the
validation paper for ozone and carbon monoxide mea_unexplored remainder of the profile is all the more important
surements from the MOZAIC programme. However since the tropopause is high. Nevertheless there is a balanc-
this tropopause fold is not detected by REV thresh- " ing effect due to the dependence®ET on pressure. The
old method, and so does not contributeSie, though impacts of the filling-up process and unexplored remainders
it does contribute torOC. This shows that improve- Of profiles are evaluated a”d discussed bel_ow. _
ments of the Lagrangian approach would certainly be ©On an annual-mean basis, the dynamical tropopause is
needed to capture all stratospheric intrusions. Below thecrossed for 44.4% of the MOZAIC vertical profiles in Frank-
1.5-pvu threshold, but these layers are considered to bdaPan (see column P1 in Tak#e Filling-up vertical pro-

tropopause of the day is higher than the top of the aircraft

¢ In the last example (Figd), the dynamical tropopause profile occurs for 47.6% of the profiles in Frankfurt, for
is defined at 11 000 m and is not crossed by the aircraft50.2% in Paris, for 38.2% in New York, and for 25.3% over
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Fig. 3. Individual MOZAIC vertical profiles (in km) over Frankfurt. Lower horizontal scale is for the ozone mixing ratio [in ppmv — red
dotted line],OLT [in DU — red solid line or red dashed line if the profile has been filled up to the altitude of the dynamical tropopause
using the monthly-averadeLT profile], relative humidity k 100% — blue line] and reconstructed potential vorticikdD pvu — black line].

The upper horizontal green scale is temperat@i€e+ green line]. TOCis computed over a column from the ground to W€ [dark grey
horizontal line]. A tropospheric layer contributesStC if three criteria are met: altitude between 2 km and@fie relative humidity lower

than 50% and reconstructed potential vorticity exceeding 1.5 pvu (i.e. if the black line exits on the right of the shaded grey pattern).

Table 2. Statistics on MOZAIC vertical profiles available between August 1994 and February 2002 at the four stations: P is the total number
of available vertical profiles; P1 is the number of vertical profiles for which aircraft have crossed the dynamical tropopause; P2 is the number
of vertical profiles that have been filled up to the dynamical tropopause with the corresponding part of the seasonal-average tropospheric
OLT profile (see Fig6); P3 is the number of vertical profiles unavailable for the study because PV data are missing; P4 is the number of
vertical profiles for which the aircraft did not cross the tropopause and for which the tropopause of the day is above the highest altitude level
defined by the seasonal-average troposph@Lit profile. Values in brackets are corresponding percentages.

Station P P1 P2 P3 P4
Frankfurt 6338 2813 (44.4) 3015(47.6) 100(1.6) 410 (6.5)
Paris 3308 1307 (39.5) 1662 (50.2) 45(1.4) 294 (8.9)
New York 2631 881(33.5) 1006 (38.2) 25(1.0) 719(27.3)
Japan 1899 360 (19.0) 481 (25.3) 23(1.2) 1035 (54.5)

Japan (column P2). Some vertical profiles are still uncom-those for the other cities because, in summer, the tropopause
pleted after this step because tR¥ profiles are not avail- over Japan is very frequently much higher due to the position
able in the data base; this occurs for less than 2% of the proef Japan, just south of the summertime subtropical jet stream.
files whatever the site (column P3). Finally, there are otheiWe chose to discard only P3 profiles from this study. Dis-
uncompleted profiles because the tropopause of the day isarding all incomplete profiles (P2 and P4 columns) would
higher than the maximum altitude of the seasonal climato-bias the study towards systematically lower tropopause situ-
logical profile. The proportion of profiles affected ranges ations and eliminate about 80% of the Japanese profiles for
from 6.5% over Frankfurt to 54.5% over Japan (column P4).the mid troposphere and the boundary layer study. Keeping
The statistics of the Japanese profiles are very different fronthese profiles avoids the aforementioned bias. However the
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Fig. 4. Monthly-mean pressures of the dynamical tropopdRif€in hPa) deduced with BV threshold (2 pvu) on ECMWF analyses at the
four stations: blue lines sho@T sampled at the frequency of MOZAIC aircraft, black lines stidWwsampled at the frequency of MOZAIC
profiles that cross the tropopause (column P1 in Tapland red lines sho®T with the sampling frequency of MOZAIC profiles that cross
the tropopause or that have been filled up to it (columns P1, P2 and P4 inZTakketext for details).

6 —r T T T T T T T T T 1 with respect to main storm-tracks: in the entrance region of
- New-York — 1 Atlantic (Pacific) storm-tracks for New York (Japan), and in
Paris = —— 1 the exit region of the Atlantic storm-tracks for Frankfurt and

L St —— ] Paris. Black lines show the monthly mean pressure of the
Al _ dynamical tropopause when it is crossed by MOZAIC air-

craft (Column P1 in Tabl®), and red lines show monthly
mean pressure after the filling-up process on vertical profiles
(Columns P1 plus P3 in Tab®). Therefore, for a given sta-
tion, the difference between black and red lines is a measure
S of the efficiency of the method used to fill up the vertical
profiles (the more widely separated the lines, the more ef-
fective the method), and the difference between red and blue
L ] lines is a measure of the depth of the unexplored remainders
0 R R S S S S R below the tropopause (the more widely separated the lines,
$OF M A M v 4 A S 0 N D the thicker the layer). Over Frankfurt, and Paris, the mean
depth of unexplored remainders is very smalllQ hPa) and
is constant throughout the year. Over New York, it is quite
thin in winter and spring but increases to about 20-30 hPa
from June to September. Over Japan, the maximum depth
of unexplored remainders is about 60 hPa during summer.

filling-up process weights the assessment of the short-tern] he summertimerOC over New York and over Japan an-
trend of TOCwith the contribution of a fixed seasonal value, ayzed in Sect4 are therefore underestimated because of
and there is an underestimationT@®Cfor P4 profiles. These  the non-negligible depth of unexplored remainders below the
effects, which may become important in New York and Japantropopause. Based on a mean valugdofl of 0.3 DU/150 m
during summertime when the tropopause is the highest, aréS€€ Sect), the maximum summertime losses in unexplored
assessed below. Note that a further extension of the presef@mainders are estimated to be about 0.3 DU over Frankfurt,
work would be to consider known ozone climatologies (e.g.,3 DU over New York and 5DU over Japan. The monthly-
Logan, 1999) in order to fill in any missing vertical ozone mean contribution tdOC by the filling-up process is shown
data over MOZAIC sites. on Fig.5. This contribution corresponds to the integrated
Monthly mean pressure of the dynamical tropopause for0Zone profile through the part of th'e upper troposphere which
the four MOZAIC sites is shown on Figh. Blue lines are IS bordered by the red and blue lines of Fgand that has
results in pressure of the tropopause detection method with€en filled up with the corresponding part of the seasonal cli-
the PV threshold on ECMWF analyses at the sampling fre- matological profile. During summer it ranges from 2.8 DU
quency of MOZAIC flights (Column P in Tabl®). Amarked ~ at Frankfurtto 4.7 DU over Japan, wh|le th|s.contr|but|on is
low (high) tropopause is visible in winter (summer) over about to 2 DU for all sites during winter. It is asses§ed to
New York and over Japan, whereas the seasonal variation@® about 10% ofOC whatever the season and the site. It
of tropopause pressure over Frankfurt and Paris are rathd? clear that the filling-up process improves the quantitative
small. Differences are mainly due to the positions of the sites@Sse€ssment oFOC. However, it also has an impact on the

Fig. 5. Monthly-mean contribution to the Tropospheric Ozone Col-
umn (DU) by the filling-up process applied on MOZAIC vertical
profiles in columns P2 and P4 of Talfle
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investigation of short-term trends by introducing a compo- 12000 —
nent that is time-independent in the dataset. 10000 |
2000 Frankfurt |
4 Climatological analysis oo Moc ToC i
447 36,6
4.1 \Vertical profiles 4000 -
34,2 257
Seasonal climatological vertical profiles OLT are plotted #0ee 7
on Fig.6. The vertical gradient oOLT is positive in the 0 ‘
boundary layer whatever the season and the site, and be- > " 1
comes negative in the free troposphere. Then, a difference
can be seen according to whether the seasonal-mean is com- N
puted with all profiles (thin lines) or with sections of the pro- Paris i
files below the dynamical tropopause (thick lines). MOC TOC
With all profiles, the large stratospheric ozone concentra- N
tions make the vertical gradient @LT return to positive 423 36,6 |
values in the upper part of the profile (Fig, thin lines). 341 278

The range of altitudes where the vertical gradientOdfT
changes its sign is close to the seasonal-mean tropopause,
i.e. between 8 and 10 km on every station and for every sea-
son except i) over New York in winter and spring, and Japan
in winter, where the changes occur slightly below 8 km, ii)
over New York in summer, and Japan in summer and au-

New-York

tumn, where the change occurs above 10km. A noticeable  *f MOC TOC |
feature is thaOLT, in this region of 8-10 km altitude, has 6000 i
values smaller than in the planetary boundary layer. In the 41,2 39,5
context of the links between ozone trends in the UTLS region 000 7
and radiative forcing, the latter feature is important because 2000l 36,9 264 |
the contribution of a perturbation on the ozone vertical pro-

file to the change in surface temperature is maximum in the oo s e T T e
UTLS region (Forster and Shine, 1997). Because the ceiling 12000 —— ‘

altitudes of MOZAIC aircraft are nearly always below the oseo 7d) |
tropopause over Japan in summer and autumn, the positive

vertical gradient ofOLT in the lower stratosphere is not de- 8000| M OJ(?pa'lI?OC .
fined on the seasonal time scale. In the lower stratosphere,

maximumOLT values are observed during spring and range e 330 321 |
from 0.9 DU/150 m over Japan to 1.4 DU/150 m in Frankfurt. 4000 ’ ' -
Minimum OLT values of about 0.5 DU/150 m are observed 415 30,5

2000 —

during autumn. Seasonal-mean valuedA@C, i.e. vertical
integrals of thin lines, range from 31 to 50 DU and go through ol . —
a maximum in spring at each MOZAIC station. 0 05 v h

With all sections of the profiles below the dynamical Fig. 6. Seasonal climatological vertical profiles (in m) of Ozone
tropopause (Figs, thick lines), seasonal climatological pro- Layer Thickness @QLT, in DU/150m) for Frankfurt, Paris, New
files are such that the negative vertical gradien©bfl ex- York and Japan. (Thin lines): no distinction is made with regard
tends up to the MOZAIC aircraft ceiling in the uppermost to the altitude of the dynamical tropopause. Vertical integrals are
troposphere. Seasonal-mean value3©t, i.e. vertical in-  the seasonal climatologicMOC (DU). (Thick lines): made with
tegrals of thick lines shown in Fig. 6, range from 26 to 39 DU _sections of the profiles beloyv the dy_namical tropopause. Vertical
and go through a maximum in summer at each MOZAIC Sta_|ntegra.lls are the seasonal climatologit@lC (DU). Colors: green
tion except Japan. Very well defined maxima®@ET are for spring, blue for summer, orange for autumn and black for winter.
observed in the planetary boundary layer. New York has
the highest ozone-polluted boundary layer in summer with a
maximum of 0.75 DU/150 m. An exception occurs for Japan5 km altitude. Finally, an interesting feature ©LT tropo-
where maritime-origin ozone-poor air masses of the summerspheric seasonal-mean profiles (thick lines) is their separa-
monsoon season are associated with @IT values up to  tion into two classes, i.e. spring-summer and autumn-winter
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L L ozone production after ozone precursors have accumulated in
10000 Frankfurt the troposphere in winter and when insolation increases. The
- Sprine: ] contribution of stratosphere-troposphere exchange to this cy-
pring: cle is discussed in the following section. Over Japan, the sea-
"Mar 1 sonal cycle is quite different. The earlier springtime increase
'Apr - b is consistent with a latitudinal effect (earlier springtime sun)
'May - N as Japanese station; are the southernmost stations considered
5000 |- | here. Winter and spring values are 2—-3 DU larger than those
at other sites. The cycle goes through a 38 DU maximum
-rSummer: 7 in May, then abruptly falls to 28 DU during the summer-
- Jun g monsoon season (July) and slowly decreases to 25 DU in De-
o _ cember.
u The fourUT seasonal cycles (Figb) are all in phase; they
rAug 1 display a maximum in late spring (except Frankfurt) and a
0 : 0'2 S secondary maximum (except Paris) in late summer. The am-
. | — plitude is larger for New York and for Japan, in agreement
10000 Frankfurt _ with the summertime elevated tropopause there. The phas-
ing of all four UT cycles suggests that the summer monsoon
- Fall: T over Japan does not influence the upper-tropospheric ozone
- Sep . budget.
-Oct  —— ] Mid-tropospheric contributions tdOC (Fig. 8c) are pre-
¢ dominant £60% of TOC). Interestingly, the two European
"Nov — 1 seasonal cycles are almost identical to the one for New York.
5000 [~ - The peak is in May-June and the minimum in December. Itis
- Winter: 4 likely that the similarity of these three mid-tropospheric cy-
i cles has something to do with the homogenization of the dis-
15 tributions of trace gases that have a sufficient lifetime (a few
""""" i weeks), like ozone, by the large-scale circulation. The lat-
. itudinal and the summer-monsoon effects that influence the
1 Japanese seasonal cycle are clearly visible in the mid tropo-

0.6 sphere.

Boundary layer contributions (Figd) represent roughly
a 25% contribution toTfOC. These contributions are 10%
higher in New York compared to Frankfurt and Paris during
spring and summer, and are 10% higher in Japan compared

profiles. This classification also shows up on a monthly ba-{0 New York, Frankfurt and Paris during autumn and early
sis as seen, for instance, for Frankfurt (see Fjg.March ~ SPring. Local and remote anthropogenic emissions as well
and September appear to be transitional months between % Piomass burning over upstream regions of Asia may be

two classes. Synthetic 0zone profiles can be easily built fronf€SPONSsible for larger low- and mid-tropospheric contribu-
these averaged data for initialization purposes in chemistrnfions ©0TOC over Japan throughout the year except during

transport models and retrieval techniques for satellite prod{N€ SUmmer-monsoon season. _
ucts It is possible to make a direct comparison of our re-

sults with those of Creilson et al. (2003) who used a tech-
4.2 Seasonal cycle nique based on coincident observations of the Total Ozone

Mapping Spectrometer (TOMS) and stratospheric ozone pro-
The seasonal cycle of monthly-mea®C over MOZAIC  files from the Solar Backscattered Ultraviolet (SBUV) instru-
sites is presented in Figa. Paris and Frankfurt show a ments to retrieve tropospheric ozone residuals (TOR). Their
very similar seasonal cycle with a broad maximum of aboutFig. 5 shows the monthly climatological tropospheric ozone
34 DU from April to August and a minimum of about 22 DU residuals for two regions centred over Washington D.C.
in December. The seasonal cycle over New York is similar(USA) and over Bordeaux (France) together with a com-
to European cycles except for its larger range with a broadparison, for validation purposes, with tropospheric ozone
spring-summer maximum that peaks at 39 DU in June. It iscolumns integrated with ozonesonde data at Wallops Island
interesting to note the rapid springtime increase at the thre¢USA) and at Hohenpeissenberg (Germany). Comparisons
stations and then a dropping off during the late summer. Thawvith our seasonal cycles farOC in Frankfurt and in New
rapid springtime increase is consistent with photochemicalYork (Fig. 8a) are near-perfect. Summertime differences

Fig. 7. Monthly-mean tropospheric profiles (in m) dLT
(DU/150 m) over Frankfurt.
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come from the missing contribution in the upper troposphere
when tropopause-crossings by MOZAIC aircraft diminish.
The summertime underestimations ®0OC are less than
1DU in Frankfurt and 5 DU in New York.

4.3 Stratospheric Intrusion Column

The purpose here is to test the validity of the Lagrangian
approach used to detect stratospheric-origin air parcels
(see Sect3.1), and to evaluate the contribution of the
stratospheric-origin ozone, i.e. the Stratospheric Intrusion
ColumnSIC, to the Tropospheric Ozone Coluri®C. Over
Japan, there is a large seasonal variation in the frequency of
flights affected by STE (i.eSIC>0), from 69% in January
down to 15% in August (not shown). Such a large frequency
range may be explained by favourable wintertime dynamics
for STE in the region of the subtropical jet (Sprenger et al.,
2003) and by unfavourable summertime monsoon dynamics.
Over Paris, Frankfurt and New York and whatever the season,
about one third of the vertical profiles contain signatures of
stratosphere-troposphere exchange (not shown). The quasi-
absence of seasonal variation of STE frequency over New
York, Paris and Frankfurt stations is an indication that the
criterion used here to compus#Caccumulates transient and
deep events. According to Lagrangian studies exploring the
sensitivity of the residence time criterion of air parcels (e.qg.
Wernli and Bourqui, 2002; James et al., 2003), transient and
deep events respectively lead to weak and strong seasonal cy-
cles of the zonally integrated cross-tropopause mass-fluxes.
Tropospheric depths of tropopause folds are quite variable.
For instance, Danielsen et al. (1987) observed a depth that
decreased from 2 to 0.6 km as the folds descended from 6
to 2km altitude. In accordance with the latter study, the
average depth of stratospheric-origin layers assessed here
is 750£150 m. Monthly-mean concentrations of ozone ob-
served in stratospheric intrusions are shown on 8égfor

the upper troposphere and the mid troposphere. Mean con-
centrations in the upper troposphere are higher than in the
mid troposphere for every month and every station (except
for July over New York, October over Paris and March over
Japan, where opposite differences not exceeding 15 ppbv
come from irregularities in the sampling frequency). During
the monsoon season (August) over Japan, there is no strato-
spheric influence detected in the mid troposphere. An up-
per tropospheric maximum forms in May—June, with about
150 ppbv over New York and Japan, and 110 ppbv over Paris
and Frankfurt. An upper tropospheric minimum ranges from
70 to 90 ppbv during winter over the four stations. Some
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observed values exceed 250-300 ppbv which indubitably inFig. 8. Monthly-meanTOC seasonal cycle:(a) Total tropo-
dicates stratospheric origin. For ozone layer thickness assapheric contribution(b) Upper-Tropospheric contributio(c) Mid-
ciated with stratospheric-origin air, Figb shows the same Tropospheric contributior(d) Boundary Layer contribution. New
general behaviour as for concentrations, except that thigork (red line), Paris (dashed black line), Frankfurt (green line) and

time mid-tropospheric values are always slightly larger than
upper-tropospheric ones (except Japan in July) in agreement
with the difference of air density. Note that springti@&T

www.atmos-chem-phys.net/6/1053/2006/

Japan (dash-dotted blue line).
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Fig. 9. (Top) Monthly-mean ozone concentration (ppbv) of 150 m-deep layers affected by stratosphere-troposphere exchange for the mid
troposphere (red line) and for the upper troposphere (black line) over the four MOZAIC stations. (Bottom) Same as the top panel but for the
ozone layer thickness (DU/150 m). In both panels the red (black) points correspond to individual observations in the mid troposphere (upper
troposphere).

affected by stratospheric intrusions are about 0.6 DU/150 m, Finally, Fig. 10 shows the monthly-meaBIC over the
which is close to the maximum of me@1LT values observed four stations. The seasonal cycle exhibits a springtime max-
in the polluted planetary boundary layer (see Fg.If iso- imum of about 3DU and a minimum in autumn of about
lated maximum values are considered, both in mid- and in2 DU, which roughly corresponds to 10% ©OC through-
upper troposphere, they exceed 1.0 DU/150 m which is comout the year. This figure of 10% is not directly compara-
parable to lower-stratospheric values. ble to model-derived figures. James et al. (2003) consid-
ered, in a Lagrangian study, that as much as 95% of the mass
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of the troposphere at any one time has been in the strato=s TIT T TIT TIT T TIT T T TIT T T TIT
sphere within the preceding year. Roelofs and Lelieveld's NEW YORIC - PARIS - FRANKFURT -

(1997) model-derived figure of 40% pertains to the total con-
tribution of ozone of stratospheric origin to the tropospheric
ozone, whereas our estimate only includes recently added
stratospheric air that has not had a chance to mix and be di#
luted by tropospheric air. Taking into account that several
factors reduce the capture of stratospheric intrusions in our, >
Lagrangian method (see Sects. 3.1 and 3.2), this is a strong
result that confirms that the important role of stratosphere-
troposphere exchange in the tropospheric ozone budget caf U F M A M J J A s o N oD
be further investigated with the MOZAIC dataset. Our re-

sults lay the foundations for further observation-based stud¥ig. 10. Monthly-mean values of the Stratospheric Intrusion Col-
ies where improvements in the retrieval 8fC from the  umn SIC in DU), i.e. the integrated ozone profile through tro-
combination of MOZAIC data and a Lagrangian approach pospheric layers that meet strqtogpheric-origin criteria. Vertical
may include i) the computation of longer backward trajec- bars represent the stgndard deviations (DU). Colour code: blue for
tories (5 days) to exploit the sensitivity to the residence Frankfurt, red for Paris, green for New York, and orange for Japan.
time criterion to distinguish between transient and deep ex-

changes, ii) advection with 3-hourly wind fields (analysis al-

ternating with 3-hour forecasts) to reduce interpolation errors2nd @ maximum in summer, except for Japan where the max-
due to the linear assumption on temporal changes, iii) thdmum occurs during the spring because of the arrival of the
use of ERA40 re-analyses at ECMWF, which provide bet-monsoon in summer. The New York and Japan stations have
ter quality fields than operational analyses in the 1990s athe largest amplitude, roughly from 20DU to 44DU. The
the beginning of MOZAIC and allow inter-annual variabil- Paris and Frankfurt stations have a lower amplitude, roughly
ity in stratosphere-troposphere exchange to be inferred, ivfrom 20 DU to 36 DU, and quite similar time series (except
the comparison with a particle dispersion model (Stohl et al. for differences due to better sampling over Frankfurt). Some
2000) where effects of turbulent mixing and deep convec-hoticeable and common features are i) higDC values in

tion are parameterized, v) the use of MOZAIC raw data (bet-Summer 1998 over New York, Paris and Frankfurt, ii) high
ter vertical resolution with 4 s time resolution measurements,T OC values in summer 1999 over New York and Japan, iii)
~20-30m vertical resolution), vi) other MOZAIC stations highest wintertimefOCin 1999 over all four stations, rang-

to complete the northern mid-latitudes study (Washingtoning from 24 to 26 DU, iv) continuous increase of wintertime
D.C., Chicago, Vienna, ...), vii) further verification with the TOC from 1996 to 1999 at New York, Paris and Frankfurt.
MOZAIC CO measurements. However, beyond the roughVisual inspection of seasonal cycles in Fid. gives the im-
assessment &IC, we do not think that the precision of the pression of a positive trend. This was confirmed by a statis-
present results allows inter-annual variability and short-termtical linear trend analysis over the 1995-2001 period, which
trends of TOC and PTOCto be investigated separately. In shows a linear increase ranging from 0.7%/year in Frankfurt

consequence, the following section concentrates on the short0 1.1%/year in New York. Note that incomplete seasonal cy-
term trends and inter-annual Var|ab|||ty'wc cles of 1994 and 2002 were discarded. The short-term trend

over Paris (1.6%/year) is derived over the 1995-1999 period
as important data gaps in 2000 and 2001 prevent complete

5 Short-term trends and interannual variability assessment of the seasonal cycle for these years.

Yearly seasonal mearOC from 1994 to 2001 at the four
The present MOZAIC 7-year dataset allows a limited in- MOZAIC sites are shown on Fidl2. The separation into
vestigation of the inter-annual variability of the tropospheric two classes, i.e. spring-summer and autumn-winter, already
ozone column and an assessment of the short-term trendgiscussed for seasonal-mean vertical profiles (see6fids
First, time series of monthly-meaFfOC are considered in reproduced here. Excluding Japan, New York (Paris) ex-
Sect.5.1 Then, in Sect5.2, the inter-annual variability of  hibits the largest (lowest) seasonal amplitude, about 13.8 DU
TOC in association with positive and negative phases of the(9.0 DU) from the summertime mean of 37.8 DU (34.3 DU)

PRI O T T W AT T R R

North Atlantic Oscillation is discussed. to the wintertime mean of 24.0DU (25.3DU). Frankfurt
and New York have the lowest wintertime mean of about
5.1 Short-term trends 24.0 DU. Wintertime trends are positive and stronger than in

the other seasons, about 2%/year over New York, Paris and
The time series of the monthly me&@Cfrom August 1994  Frankfurt, and 1%/year over Japan. Then, in descending or-
to February 2002 at the four MOZAIC sites are shown onder, come positive trends in spring and autumn and nearly
Fig. 11. Seasonal cycles go through a minimum in winter non-existent summertime trends at the four stations. In
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Fig. 11. Time series of monthly mean Tropospheric Ozone ColIix€ (DU, red solid lines) from August 1994 to February 2002 for the
4 MOZAIC stations. Indications on the right summarize the annual-rfi&@ (DU) and short-term trends (%/year) over the 1995-2001
period, or over the reduced 1995-1999 period for Paris.

relation to the linear increase, a wintertime bump or anomalythe mid troposphere. There are strong upper-tropospheric

clearly appears in 1997 and 1998 at all four stations. Suclwintertime trends (exceeding 1.7%l/year) at all stations ex-

an anomaly is more or less well defined from autumn 1997cept New York, where the trend is negativeQ.7%/year).

to summer 1999 at all stations. Summertime trends are generally close to zero whatever the

part of the troposphere or the station, except over New York

Table 3 sums up the annual-mean and seasonal-mean Qfjhere the negative trend in the boundary layer is compen-

TOC(DU) and the related trends (%/year). It also details thesated by a positive one in the mid troposphere. Finally, it

contribution toTOC of the boundary layer, the mid tropo- can be seen that, whatever the station and the season, mid-

sphere and the upper troposphere. Noticeable wintertime featropospheric trends are always positive.

tures in New York, Paris and Frankfurt are the strong trends

exceeding 3%l/year in the boundary layer and 1.7%/year in
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Fig. 12. Yearly seasonal-means for Tropospheric Ozone Column (DU) from 1994 to 2001 for the 4 MOZAIC stations (solid lines, green for
spring, blue for summer, orange for autumn, black for winter). Dotted lines are the linear regression fits. Averaged seasdiG(I8an
and seasonal linear increase (%/year) computed for the 1995-2001 period are displayed on the left part of each plot.

Table 3. Annual and seasonal mean BOC (DU), and corresponding short-term trends (%/year) for the entire troposphere and for the
boundary layerBL, 0—2 km altitude), mid tropospher®#, 2—8 km altitude) and upper troposphetél( 8 km altitude to the dynamical
tropopausé®T) over New York, Paris, Frankfurt and Japan.

Annual Spring Summer Fall Winter
DU %/year DU %/year DU %/year DU %l/year DU %lyear
TOC 30.3 1.1 33.4 1.5 37.8 0.0 26.8 0.8 24.0 1.9
New York TOC in BL 7.2 0.4 8.3 1.2 94 -12 6.2 1.2 54 3.9
2631 profiles TOCinMT 17.9 1.2 20.0 1.2 20.3 0.6 16.2 1.0 15.6 2.0
TOCinUT 55 1.3 5.7 1.6 8.1 0.1 48 -0.1 3.8 -0.7
TOC 29.5 0.9 32.5 0.5 34.3 0.2 26.2 0.4 25.3 2.0
Paris TOCinBL 6.8 0.9 7.9 0.3 7.8 0.3 5.8 0.6 5.8 3.1
3308 profiles TOCinMT 17.7 1.5 19.5 14 20.0 0.4 16.0 0.7 15.5 1.8
TOCinUT 5.2 -0.1 55 -0.9 6.6 -0.4 4.6 -0.2 4.2 1.9
TOC 28.5 0.7 32.0 1.3 34.0 0.0 25.1 0.3 23.9 2.0
Frankfurt TOCinBL 6.2 0.3 7.5 0.5 7.7 -0.2 5.1 0.7 5.0 3.3
6338 profiles TOC inMT 17.7 0.7 19.6 15 20.3 0.0 16.0 0.3 15.3 1.7
TOCinUT 4.9 0.8 5.3 1.2 6.2 0.2 4.2 0.0 4.0 1.7
TOC 30.2 0.8 36.1 0.9 31.5 0.1 27.5 0.8 26.4 1.0
Japan TOCinBL 74 -01 9.5 0.5 6.4 0.1 6.6 0.3 7.1 0.3
1899 profiles TOCiInMT 17.8 0.8 21.3 1.0 17.8 0.1 16.1 1.0 16.4 1.0
TOCinUT 54 1.0 59 -04 7.2 0.3 5.0 1.1 35 3.7
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The results presented above agree well with other result$.2 General circulation patterns
found in analyses of long-term series of ozone and cited in
the introduction. In particular, trends in the short-term rang-The North Atlantic Oscillation (NAO) is one of the most
ing from 0.7 to 1.1%/year faFOC (New York, Frankfurtand dominant and regular patterns of atmospheric circulation
Japan) are in good agreement with the longer-term positivevariability from the United-States to Siberia and from the
trend of 0.7 to 1.4%/year over Central Europe reported byArctic to subtropical Atlantic (Wallace and Gutzler, 1981,
Weiss et al. (2001) with ozonesonde data. Further comparBarnston and Livezey, 1987). It takes the form of a dipole
isons of our results with those by Naja et al. (2003) are ofanomaly in the surface pressure field between Iceland and
interest. Using the residence times of air masses over Certhe Azores. Here, we use the NAO index defined as the
tral Europe (computed from 10-day backward trajectories),difference of normalized sea level pressure between Lisbon,
Naja et al. (2003) analyze the Hohenpeissenberg and PayRortugal and Reykjavik, Island (Hurrell, 1995). At the hemi-
erne ozonesonde dataset and classify 0zone observations agpheric scale, geopotential anomalies ranging from the sur-
sociated with central European residence times of 4—6 dayface to the stratosphere are dominated by a mode of vari-
as “photochemically aged” ozone. It is shown that, in the ability known as the Northern Annular Mode (NAM) also
range of 1-6 days of residence time, on average and in sunsalled the Arctic Oscillation (Baldwin and Dunkerton, 1999).
mer, the mixing ratio of the latter class of ozone increasedn order to incorporate the Japanese MOZAIC stations in
at a rate of 2 ppbv per day of residence time. Then, by ex-our investigation we also considered NAM, which has a
trapolation to zero days of residence time (using a statisticabroader centre of action than NAO in the northern hemi-
regression model), the authors build a “background” ozonesphere. We used monthly-mean mid-tropospheric (500 hPa)
value which is supposed to represent Atlantic air masses ndidAM indices provided by M. Baldwin Hitp://www.nwra.
influenced by European emissions. Although there is no concom/resumes/Baldwin/nam.htjnl Positive trends of NAO
sideration of residence time of air masses over continents irmnd AO in recent decades suggest that circulation changes
our study, three points of agreement with the findings of Najamay contribute to the observed winter trends of total (strato-
et al. (2003) may be found. First, Naja et al. (2003) showspheric and tropospheric) ozone (Appenzeller et al., 2000;
that the “photochemically aged” ozone is maximum in sum- Thomson et al., 2000; Bnniman et al., 2000).
mer, minimum in winter, and has been experiencing a sub- The issue of the influence of general circulation patterns is
stantial decrease in the planetary boundary layer in summemow discussed with the aid 31OC anomalies and indices of
time since the 1990s in agreement with temporal variationghe general circulation. With regard to relationships between
of Central European NQemissions. This is in good agree- NAO/NAM and TOC anomalies, two distinct effects need
ment with the negative trends ®OC in the boundary layer to be considered. NAO/NAM variability is associated with
in summertime for New York and Frankfurt reported here geographical tropopause pressure patterns and with typical
(see Table3). Note that further extension of this work would tropospheric transport pathways. For the first effect, Appen-
need to consider the top of the boundary layer, the impor-zeller et al. (2000) have shown that wintertime tropopause
tance of the diurnal cycle of the boundary layer and of thepressures are strongly correlated with a distinct geographi-
airport position relative to its associated urban area, whichcal pattern of NAO over a large Atlantic sector, e.g. lower
is out of the scope of the present paper. Second, Naja eropopause over Iceland for positive NAO phases as opposed
al. (2003) show positive trends of ozone in “background’ andto higher tropopause over Europe in positive NAO phases,
in “photochemically aged” air in winter. It is in good agree- and vice versa. This finding has been confirmed in a com-
ment with the consistent positive trends found in wintertime panion study (Thouret et al., 2006). For the second effect,
and for the full tropospheric column at the four MOZAIC the tropospheric ozone distribution is influenced by remote
stations (except for New York in the upper troposphere, seesources via long-range transport, which is itself influenced
Table3). Third, Naja et al. (2003) show that “background” by NAO/NAM inter-annual variations. Over the Atlantic, the
ozone in the planetary boundary layer and in the free tropo-Azores high is shifted eastward by about 8dlongitude for
sphere has a broad maximum extending from late spring tahe positive phase of NAO compared to the negative phase
summer, has a minimum in winter and is experiencing in-and the westerlies are reinforced (Cassou et al., 2004). Then,
creasing influences of emissions from North America anda faster and more zonal flow is channelled towards western
Eastern Asia. The importance of background pollution andEurope during positive NAO phases and favours the transport
intercontinental transport has been suggested by many othexf anthropogenic pollution from North America to Europe
authors (e.g. Berntsen et al., 1996; Jacob et al., 1999; Wildsee Fig. 3ab in Cassou et al., 2004 and Fig. 1 in Creilson
and Akimoto, 2001). The common behaviour of yearly sea-et al., 2003). In consequence, and for the example of the
sonal meaTfOCat the four MOZAIC stations (see Fifj2) is Frankfurt station, NAO positive phases would be associated
strongly suggestive of a consistent influence of backgroundvith positive anomalies of OC built by an increase of the
pollution transported by the general circulation. Therefore,background tropospheric ozone. Note that Li et al. (2002)
station-to-station comparisons and links with the variationshave observed that, when the spring NAO is positive, there
of the general circulations patterns are now discussed. is an increase in surface ozone at Mace Head Ireland, and
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Fig. 13. (a) Time series from 1995 to 2001 of monthiYDC anomalies (DU) in New York (green line), Frankfurt (blue line) and Japan

(red line) and of indices for NAO (black lines) and NAM (grey lin€)): Monthly TOC anomalies (DU) in New York versus montiOC
anomalies (DU) in Frankfurt. Months are symbolized by squares. A coloured line encircles months of one year. The colour of each square is
coded with the NAO index scaled regularly in 7 classes betwe®id and 0.5 as given on the right part of the figure. The black line indicates

the linear regression that best fits inter-stafl@C anomalies (see Tab®). (c): as for (b) but for Japan versus Frankfurt and for the NAM

index at 500 hPa. The colour of each square is coded with the NAM index scaled regularly in 7 classes bétdeaaa 0.2 as given on the

right part of the figure(d): as for (c) but for Japan versus New York.

that the transport over the Atlantic occurs not only in the freetransport of ozone may be the dominant process. Fitj8oe
troposphere but also in the boundary layer. shows the plot of monthlifOC anomalies in Frankfurt ver-
sus in New York, symbols are colour-coded with NAO in-
NAO and NAM display considerable monthly and inter- dices. There is a strong relationship betw@&C anomalies
annual Varlablllty (Hurre”, 1995) Their effects reach the of the two StationS, which is confirmed by avery h|gh corre-
highest point during wintertime but have been observed at al|ation factor ¢=0.97, see Tabld). This correlation factor is
seasons. In the construction of time series of monT®C  even higher than the positive correlation factor betwE@C
anomalies (Fig13a), each monthiTOC is deseasonalized anomalies at each station and NAO indicesQ.66 for the
by subtracting its annual-mean value (F8). To lessenthe  two stations). The very high positive correlation factor be-
monthly variability and to capture the extra-seasonal signakweenTOC anomalies at the two stations reinforces the sug-
shown on Fig.12, we smooth the time series with a run- gestion that the long-range mid-tropospheric transport is a
ning window of +6 months. The good overall coherence dominant process that establishes links betvilg@Banoma-
of all parameters over four major periods is striking. The jies whether the NAO phases are positive or negative. On the
period 1995-1996 shows negatiV®C anomalies and neg- hemispheric scale with the Japanese stations included, the
ative NAO/NAM indices. It is followed by a transition year role of transport may be more difficult to assess as suggested
in 1997. Then comes the 1998-1999 period with positivepy the lessening of the correlation betweERC anomalies
TOC anomalies and positive NAO/NAM indices. Finally, gnd NAM indices (Figs13c and d and Tabld). Now, let us
there is the last period 2000-2001 during which parametergonsider the positive anomaly that has been defined from au-
show less mutual coherence and a gradual transition to neGymn 1997 to summer 1999 at all stations (Fig) in the
ative values. Note that the most important information of present 7_year dataset. Such an anoma|y makes a Strong
Fig. 13a, i.e. the transition from a period of negatV®C  contribution to the common behaviour OC related pa-
anomalies to a period of positive anomalies, is only broughtrameters, i.e. multi-station positive short-term trends, multi-
about by the contribution of the mid troposphere (not shown).station positive correlations with NAO/NAM variations, and
Monthly time series of the contributions of the boundary inter-station correlated anomalies. The winter of 1997—1998,

layer and the upper troposphere do not show up this tranmarked by a record-breaking El Nino event, was the second
sition, which suggests that the mid-tropospheric long-range

www.atmos-chem-phys.net/6/1053/2006/ Atmos. Chem. Phys., 6, 10833-2006



1070 R. M. Zbinden et al.: Tropospheric ozone columns from MOZAIC

Table 4. Parameters deduced from linear regression fit be_Stratosphenc Intrusion ColumiB(C), which is the vertical

tweenTOC anomalies (noted 0C’) themselves and betwed®C integration of stratospheric-origin ozone throughout the tro-
anomalies and NAO or NAM indices over Frankfurt, New York and Posphere. Commercial aircraft generally ﬂY in the gltitude
Japan (see Fidl3). a and b are parameters of the linear regressionfange 9—12 km, so ascent and descent profiles at airports do

fit, r is the correlation factor and the standard deviation. not systematically include the tropopause region. Taking into
account the interest of working on a large number of vertical
Toc'/TocC’ a b r o profiles and the necessity of having profiles in the full depth

of the troposphere (to compute the integrated quantities), our

Frankfurt—-New York  1.51 0.08 0.97 0.31 . .
raniur-Iew Yor strategy has been to fill up unexplored parts of the vertical

Frankfurt-Japan 1.17 011 0.89 047

New York—Japan 073 007 089 0.48 profiles as far as possible with seasonal climatological pro-

files. This avoids biasing the results towards meteorologi-
TOC'/NAO a b ro o cal situations for which the tropopause is systematically low.
Frankfurt 041 —-026 0.66 0.38 The impact that the filling-up process may have on the inves-
New York 026 —-0.28 0.66 0.38 tigation of short-term trends by introducing a component that
TOC/NAM a b . 5 is time-independent in the dataset is limited to the summer-

time uppermost troposphere in New York and Japan.

Japan 0.05 -0.16 0.33 0.16 The climatological analysis shows that th©C seasonal
cycle ranges from a wintertime minimum of about 22—-25 DU
at all four stations to a spring-summer maximum of about
35 DU in Frankfurt and Paris, and 38 DU in New York. Over
warmest winter since 1895. Global temperatures in 1998Japan, the maximum occurs in spring because of the earlier
were the warmest in the past 119 years and the previouspringtime sun, then the invasion of monsoon air masses in
record was set in 1997 (see the Annual Review on climatehe boundary layer and in the mid troposphere steeply di-
of 1998 on the NOOA web sif¢. These warmer conditions minishes the summertim&OC. Boundary layer contribu-
may have globally favoured the photochemical production oftions toTOC are 10% higher in New York than in Frankfurt
ozone in the troposphere, which, coupled with the transitionand Paris during spring and summer, and are 10% higher in
towards positive NAO/NAM indices, may have also favoured Japan than in New York, Frankfurt and Paris during autumn
the long-range transport of higher background ozone concenand early spring. Local and remote anthropogenic emissions
trations. Whether or not the transition of negative to positiveand biomass burning over upstream regions of Asia may be
NAO phases in this period could be a response to anthroresponsible for larger low- and mid-tropospheric contribu-
pogenic forcing, as suggested by some model scenario exions to TOC over Japan throughout the year except during
periments in which enhanced greenhouse gas concentrationlse summer-monsoon season.

are prescribed (Ulbrich and Christoph, 1999), or may be bet- A simple Lagrangian analysis based on 24-hour backward
ter understood in terms of an intrinsic dynamical property of trajectories of air masses has shown that the contribution of
the North Atlantic atmosphere (Cassou et al., 2004) is out-SIC to TOC exhibits a springtime maximum of about 3DU
side the scope of the present study. and a minimum in autumn of about 2 DU, which roughly cor-
responds to 10% of stratospheric-origin ozone coming into
the troposphere throughout the year. As this preliminary
analysis minimizes the stratospheric source and confirms the
important role of stratosphere-troposphere exchange in the

We have investigated climatological and inter-annual vari-tro ospheric ozone budaet. it encourages us to further de-
ability aspects of ozone vertical profiles obtained at four sta- posp get, 9

tions, Frankfurt (Germany), Paris (France), New York (USA) velop the Lagrangian approach and investigate the issue more

deeply with the MOZAIC dataset.
and the cluster of Tokyo, Nagoya and Osaka (Japan), by com The investigation of the short-term trends in the tropo-

mercial aircraft participating in the MOZAIC programme . .
from August 1994 to February 2002. This database of severa?’phe”C ozone column over the pgrlod 1995-2001 has shqwn
a linear increase of 0.7%l/year in Frankfurt, 0.8%/year in

h f vertical profil i f th in- : . :
thousands of vertical profiles constitutes one of the most in apan, 1.1%/year in New York and 1.6%lyear in Paris for

teresting datasets currently available with regard to researc . AR )
issues on the tropospheric ozone budget and recent shor ne reduced period of 1995-1999. This is in agreement with

- iti 0, -
term trends. The study focuses on the analysis of two vertica (r)::IgEe rrt:r?rgoz'rtt'gg ge(}gez ];%t? a}o (210% 1?/)/??00\(;1;?12(;
integrated quantities in the troposphere, i.e. the Tropospheri urope rep y VVel ; With 0z

Ozone ColumnTOC), which is the vertical integration of ata. Results show that essential ingredients of the positive

. hort-term trends are the continuous increase of wintertime
ozone from the ground to the dynamical tropopause, and th OC from 1996 to 1999 and the contributions of the mid

2http://lwf.ncdc.noaa.gov/oa/climate/research/1998/ann/ann98.troposphere whatever the season. Slightly negative short-
html) term trends in the contributions of the boundary layer to

6 Conclusions
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TOCin New York and Frankfurt may be an indication of de-  The ozone thickness of each 150 m depth layer of the at-
creasing N@ emissions. Summertime ozone does not seenmosphere {=150 m), expressed in DU, will be called the
to contribute to the positive short-term trends, though rela-Ozone Layer Thicknes$OLT). We will usedOLT to eval-
tively higher summertim&OC were recorded in 1998 for uate the MOZAIC Ozone ColumrMOC) in DU, which is
New York, Paris and Frankfurt and in 1999 for New York the integration ofOLT over the MOZAIC vertical column
and Japan. Some considerations involving possible effects offFig. 2).

large-scale circulation pattern variability like the North At-  To obtain OLT in DU, we introduce, in Eq.A4), the
lantic Oscillation and the Northern Annular mode have beendepth of the layeri{=150 m) and the conversion factor from
discussed. The transition from a period of negafi@C molecules cm? to DU:

anomalies before 1997 to a period of posif@Canomalies

in 1998-1999 comes with a shift from negative to positive ,,, ;. _ /- 2425 10 Ppoy h AR (A5)
phases of the North Atlantic Oscillation which seems to be a 2,6861. 106 T
determining factor in the positive short-term trends observed o .
in New York, Frankfurt and Paris. and combining Eqs A3) and A5) we find OLT:
5 'm0y - P

OLT =4,044-10

Appendix A T (A6)

In Eq. (A6), P is in Pa,r,, o, in ppbv,T in KandOLT in
DU/150 m.

The tropospheric Ozone Column@C, expressed in DU)
For a volume of gay’ measured at pressufeand tempera- IS the integration oOLT from ground up to the dynamical
tureT, it is possible to define the volumig it would occupt ~ tropopauseT):
at standard pressur®,=101 325 Pa and standard tempera-

Computation of the Tropospheric Ozone Column
(TOO)

ture T,=27315K by referring to the Ideal Gas Law: TOC — DXT: OLT (A7)
P.V P, -V, ground
r T AcknowledgementsThe authors acknowledge the strong support
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