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Abstract. With the aim of improving ozonesonde observa- 1 Introduction
tions in the upper troposphere/lower stratosphere (UTLS),
we use three-dimensional forward and backward trajectoriesPzone (Q) in the upper troposphere/lower stratosphere
driven by ERA-Interim wind fields to match and compare (UTLS) is an important element of the climate system. Per-
ozonesonde measurements at Payerne (Switzerland) with oltdrbations in the @distributions in this region have strongest
servations from the MOZAIC aircraft program from 1994— impact on surface temperatures when they are introduced
2009. The uncertainties associated with the sonde—MOZAICaround the tropopausedcis et al, 1990 Forster and Shine
match technique were assessed using “self-matches”, i.€.997). Furthermore, modeling studies project greenhouse-
matches of instruments of the same type, such as MOZAIC-gas-induced cooling of the stratosphere and an accelera-
MOZAIC. Despite strong vertical gradients of ozone at the tion of stratospheric circulation (Brewer—Dobson circulation)
tropopause, which render the match approach difficult, thele.g.Shepherd2008, which could, in addition to the recov-
method provides excellent results, showing mean differ-ery of the Q layer due to declining halogen abundances,
ences between different MOZAIC aircraft ef2% (typi-  significantly increase extra-tropical UTLSz@ver the 21st
cally with a few hours between the up- and downstreamcentury Hegglin and Shepher®009. The documentation
match points). Matches between MOZAIC aircraft and Pay-of possible long-term changes in UTLS @& therefore vi-
erne ozonesondes show an agreement:%0 for sondes tal, but the complex dynamics and chemistry of the UTLS
equipped with electrochemical concentration cells (ECC)mean that observations need to have high vertical and hori-
and between< 5% (not scaled to total ozone) ard10 % zontal spatial resolution, as well as high temporal resolution,
(scaled) for the Brewer—Mast (BM) sondes after 1998. Priorto allow good comparison with numerical simulations.
to 1998, BM sondes show an offset of around 20 % (scaled). Different in-situ techniques for measuring UTLS €on-
No break can be identified through the change from the BMcentrations, such as balloon-borne ozonesondes, are avail-
to ECC sonde types in September 2002. A comparison of BMable. Although originally designed for measuring @r
sondes with ozone measurements from the NOXAR B747arge-scale stratospheric dynamical studies @ngit, 2002,
project for the period 1995-1996 show a smaller offset ofthey have become invaluable for measuring changes in the
around 15 % (scaled), which may indicate a small drift in the vertical distribution of @. In particular, their high verti-
MOZAIC calibration. cal resolution provides observations of the pronounced ver-
tical ozone gradients in the UTLS. A typical sonde ascent
rate is about 4-6 M3 leading to an altitude resolution
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of 100-200m. The low @ concentrations below the Generally, uncertainties of simulation chamber results are
tropopause, however, remain challenging. Special emphasidetermined by randomly selecting sondes either from stocks
needs to be placed on data quality and consistency, since ewr directly from the manufactures or the sounding sites. How-
ery sounding is made with a new instrument and a numbeever, results may not necessarily reflect their performance un-
of modifications, such as the use of different sensor typesier operational field conditionSit and Kley 1998. A dif-
and radiosondes, or changing preflight or post flight data proferent approach was used Bpdeker et al(1998, who ap-
cessing procedures, may have affected ozonesonde recorgfied a Monte Carlo error analysis to estimate the overall un-
(Smit et al, 2007). certainties of ECC sondes. They derived an uncertainty of
Representative, high quality in-sitis@easurements can 5-10% at mid-latitude tropopause altitudes, depending on
also be obtained from regular aircraft measurements, for exsonde manufacturers. Earlier intercomparison of ozoneson-
ample, from the MOZAIC programme (Measurements of des with an UV photometer (e.Hlilsenrath et al.1986 es-
ozone, water vapour, carbon monoxide and nitrogen oxidesimated measurement accuracies of 10 % in the troposphere
by in-service Airbus aircraffVlarenco et al.1998 Thouret  and 5 % in the stratosphere up to 10 hPa.
et al, 1998a b, 2006§. The MOZAIC programme, in opera- The quality of the ozonesonde time series’ is, however,
tion since August 1994, equipped commercial airliners with problematic. This is especially the case when data from the
an accurate UV photometer to measure ozone concentrationslTLS are used for long-term trend analysis, given the high
Cruise altitude of the aircraft range between 9-13 km, co-variability in this region. Furthermore, the use of data may
inciding with tropopause heights at mid-latitudes. Recently,also strongly depend on data selection criteria, for exam-
MOZAIC has become a part of the IAGOS (In-service Air- ple, criteria with respect to the correction factor (CEQgan
craft for a Global Observing Systeritp://www.iagos.ory et al, 1999. By comparing UTLS ozone climatologies with
programme. IAGOS observations additionally include cloud measurements from the 1970s commercial aircraft Global
droplets (humber and size) and optionally either,Cind Atmospheric Sampling Programme (GASP) and MOZAIC
CHya, aerosols, NQor NOy. Long-term, global scale obser- observations from the 1990Schnadt Poberaj et &2009
vations will be provided by a fleet of 10-20 long-range in- showed that the irregular behaviour of the European BM son-
service aircraft operated by several international airlines.  des led to differences in the long-term changes of ozone over
Regular aircraft measurements of ozone and nitrogen oxEurope. Recentlyl.ogan et al.(2012 compared monthly-
ides were also provided by the NOXAR (Nitrogen Ox- mean time series’ from European sounding sites with time
ides and Ozone along Air Routes project) programme usseries’ from both neighbouring Alpine surface measurements
ing a Swissair B747 as a measuring platfoBnunner et al. and MOZAIC observations at nearby airports. They report
2007 in 1995-1997. large biases between MOZAIC and the BM sondes from
To assess the performance and quantify systematic differd994-1996 in the free troposphere, and conclude that “BM
ences between different types of ozonesondes and ozonesosende data are not useful for deriving reliable tropospheric
des from different manufacturers, the environmental sim-trends prior to about 1998”.
ulation facility at the Juelich Research center was estab- The aim of this paper is to examine the feasibility of us-
lished as the World Meteorological Organization’s (WMO) ing trajectory analysis to allow systematic comparisons of
World Calibration Center for ozonesondeSniit et al, O3 soundings with commercial aircraft measurements at al-
2007. The facility allows simulation of flight conditions titudes between 4-14km, and to compare both instrument
of ozone soundings up to 35km by controlling pressure,types over the entire period for which MOZAIC observa-
temperature and £ concentrations. Up to four sound- tions are available. Since both these types of ozone mea-
ings can be simultaneously compared with an accuratesurements are commonly used to investigate short- and long-
UV-photometer. Detailed specifications of the environmentterm ozone changes (earasick et al.2005 Thouret et al.
chamber capabilities and measurements have been describ2806 Schnadt Poberaj et aR009 Logan et al. 2012, as
by Smit et al.(200Q 2007). well as to validate chemistry climate models, and remote-
Experiments performed during the Juelich Ozone Sondesensing instruments (e.gaw et al, 200Q Brunner et al.
Intercomparison Experiment (JOSIE 1996-208&)it and 2003 Liu et al, 2006, it is crucial to understand the degree
Kley, 1998 Smit and Straetei20043a b; Smit et al, 2007 of consistency between both datasets.
show that ECC (Electrochemical concentration cell) son- We make use of the “MATCH technique”, an approach
des have a positive bias of 5-10% compared to the UVthat matches two sets of observations by searching for air
photometer, at conditions corresponding to 5-15km. Someoarcels sampled by both observations over the course of
dependence on preflight preparation, manufacturer, eleca few days using particular match criteria. Conceptually,
trochemical sensing solution strength, and data processhis approach is derived from the MATCH technique ap-
ing was also observedsnit et al, 2007). Conversely, the plied to estimate ozone loss rates in the Arctic polar vor-
BM (Brewer—Mast) sondes show a negative bias—&% tex (Rex et al, 1998 Morris et al, 2005 and references
at altitudes between 5-15km, but a much higher scattetherein). A similar concept is “trajectory hunting”, as used
(Smit and Kley 1998. by Danilin et al. (2000 2002a b), which refers to the fact
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that trajectories originating from one platform are “hunted” ber 1997, when the NOXAR airliner participated in the Eu-
for matches by other observation platforms. ropean POLINAT-2 (Pollution from Aircraft Emissions in the
This approach can be applied to any ozonesonde serieorth Atlantic Flight Corridor) project.

provided that enough commercial aircraft measurements are Similar to MOZAIC, the ozone analyser uses the UV-
available for comparison. For this work we use ozonesondebsorption of @ at 253.7 nm. The response time of the
data from Payerne, Switzerland, to serve as an introductioranalyser is 4 s with a total accuracy 66 % (Dias-Lalcaca
and test of this method. Typically, 2—-3 ozonesondes per weekt al, 1998. NOXAR data were obtained from tHeTH-
are launched at Payerne and in September 2002 BM sonderegdatabasehttp://www.megdb.ethz.ghfrom which 2 min
were replaced by ECC sondes. In this paper, we assess ttaverages are availabl®runner et al. 2003. One quasi-
reliability and consistency of the Payerne ozonesonde timesimultaneous flight of MOZAIC and NOXAR aircraft over
series, checking and evaluating the data with MOZAIC mea-the North Atlantic on 20 December 1995 revealed excellent
surements for the eight years available before and after thagreement for the observed range af €dncentrations be-
BM-ECC transition. IrStaufer et al(2013, the same method tween 40 and 400 ppbD{as-Lalcaca et al1998.
is applied to other ozonesonde sites.

2.2 Ozone measurements from balloon-borne

ozonesondes

2 Methodology and measurements

. 2.2.1 Measurement principles
2.1 Ozone measurements from regular aircraft P P
Several types of ozonesondes have been developed, two of
which have coexisted over the last 40 yr and which are still in

The MOZAIC programme, which begun in 1994, was es- US€: the BM sondeBrewer and Milford 1960 and the !EC'C
tablished to obtain a large experimental data base of ozon&onde Komhyr, 1969. Although the measurement principle
and water vapour observations utilising automatic instry-Of POth electrochemical sonde types is similar —namely the
ments installed on five commercial long-range Airbus airlin- titration of Oz in a potassium iodide (KI) sensing solution —
ers Marenco et al.1998. The ozone instrument is described atPresent, the ECC sonde type dominates the global monitor-
in detail byThouret et al(19983. Here we briefly summarise  INg network, since they are less sensitive to preflight prepara-
the main aspects. The MOZAIC ozone analysers are duallions and manufacturing aspects than BM sondesi(and
beam UV absorption instruments from Thermo Environment. Ky, 1998. Overall errors and uncertainties in the sound-
They have a response time of 4s, a detection limit of 2 ppbv,Ngs are thought to originate from the background current

and an accuracy a£2 %. The uncertainty has been estimated ©f electrochemical cells, degrading of the pump efficiency
at +£[2%- 2ppbv. For O3 = 100 ppbv, this means an un- with lower ambient pressures and inaccurate pump tempera-

certainty of+4 ppbv. Quality assurance and control proce- {Ure measurements. Whereas the degrading of the pump effi-
dures have not changed since 1994 and involve a periodi¢i€NCy Predominantly affects the upper part of the profile, the
cal (about 12 months) laboratory calibration with a referenceP@ckground current produces the largest deviation below the

analyser at the National Institute of Standards and Technol{f@Popause and in the tropical troposphere where@ncen-
ogy, in France, as well as an in-flight check with a built-in tration is low. The background signal depends strongly on the

ozone generator to detect any drift in instrument efficiency. SOnde preparation, especially for ECC sondes (¢dnel
The MOZAIC data used here were downloaded in@nd Diaz2010.

March 2010. At this time data were available until .

March 2009 and comprised 31534 flights from August 19942-2-2 Data processing methods at Payerne

to March 2009. We used data integrated over 1 min. At cruise
altitude, which approximately coincides with tropopause al- 1he BM sondes at Payerne were prepared and processed
titude in the mid-latitudes (9-13km), this corresponds to following WMO (World Meteorological Organization) stan-

2.1.1 MOZAIC

a horizontal resolution of about 15 km. dardized operating procedures (SOP), as describ&idnde
et al. (1987. However, the pump temperature was set to
2.1.2 NOXAR 280K instead of 300K because the packages specially de-

signed for the Swiss meteorological sondes did not protect
Within the framework of the Swiss NOXAR (Nitrogen Ox- the BM pump in the same way as the original BM-VIZ pack-
ides and Ozone along Air Routes) projeBriinner et al. ages {Jeannet et gl2007 Stibi et al, 2008. The SOP in-
2001 a commercial airliner (B-747-357 Combi operated by clude scaling the whole profile to a near-by independent to-
Swissair) was equipped with a fully automated system (ECOtal ozone measurement which reduces the sonde variabil-
PHYSICS CLD 780 TR) for measuring NO, NQand QG in ity and corrects for the low bias of the BM's ozone col-
the Northern Hemisphere UTLS. Measurements were mademn. The procedure also requires an estimation of tge O
from May 1995 to May 1996 and from August to Novem- column above burst altitude. Its application to tropospheric
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O3 measurements has been debated @PARC/IOC/GAW the bottom of the UTLS up to its top, fully three-dimensional
1998 De Backer et a).1998 Thouret et al. 19983, since  trajectories (both forward and backward) are initialised at
the scaling depends primarily on stratospherica@d the as- 5 hPa intervals from the bottom to the top of the UTLS using
sumptions made to estimate the ozone column above burst athe trajectory tool LAGRANTO Wernli and Davies1997)
titude. Any errors in the column measurement therefore carto trace the air masses in each direction for 144 h (6 days).
be carried over into the whole profile, in particular since (un- LAGRANTO has performed well in several other studies
scaled) BM sondes tend to underestimate ozone in the stratdecusing on the UTLS (e.gernli and Bourqui 2002 Cui
sphere more strongly than in the UTLS (&#é&bi et al, 2008 etal, 2009. For our study, it is driven by 6 hourly wind fields
their Fig. 8). from ECMWF’s ERA-Interim reanalysis with a horizontal

The total ozone normalization at Payerne is based on dailyesolution of 2 longitude x1° latitude and 61 hybrid verti-
averages from Dobson spectrophotometer measurements @l levels. Although there are several numerical models with
Arosa (200km east of Payerne, 1860 ma.s.l.), or, if Dob-better spatio-temporal resolution, we use ERA-Interim to en-
son data are not available, on satellite measuremdatn¢  sure that the results are independent of changes in the under-
net et al, 2007). For the calculation of the correction factor lying model. The temporal index for the tracing output is set
the height difference between Payerne and Arosa is taketo one minute to be consistent with MOZAIC observations.
into account using only ozonesonde measurements above Trajectories are then searched for matches with MOZAIC
the Arosa height. Strong horizontal ozone gradients betweemising match criteria that specify the maximum horizontal
Payerne and Arosa can occasionally occur, but are expecteahd vertical distance between trajectory and aircraft. Poten-
to cancel out in the mean values (see alsannet et gl. tial temperatur® is used for the vertical distance. See below
2007). for the match criteria used.

Arosa total ozone columns, together with many other Matches are of different quality since trajectory errors
ground-based Dobson stations, have recently been used hypically accumulate with time (i.e. the further the aircraft
Labow et al.(2013 for comparison with reprocessed SBUV, observation is in time from the ozonesonde observation).
BUV and SBUV-2 data. Typically, their time series’ agree A weighting is therefore introduced to account for the re-
within 1 % over the past 40 yr (see, for example, their Figs. 6duced accuracy of the trajectories. Along each trajectory we
and 7). Over the last decade, the bias even approaches zeraollect all MOZAIC observations satisfying the match cri-

Since September 2002, ECC ozonesondes (model typteria, calculate the weighted mean and compare it to the
ENSCI-2Z, 0.5% KI half-buffered sensing solution) have point measurement of the sonde at initialization of the tra-
been operated at Payerne. The preparation and processing jetctory. We use the time lag between the MOZAIC observa-
the ECC sondes is described in detail®tjibi et al.(2008. tions and the sounding for the weights, giving more weight
Essentially, the background current is measured at grountb MOZAIC observations that are closer to the soundings.
level prior to launch and is assumed to be constant duringrhus, for each trajectory the weighted méais calculated
the ascents. The thermistor for measuring pump temperaturaccording to
during flight is placed inside the Teflon block close to the "
piston. The pump efficiency correction was selected accord=. _ D=1 WiVi @
ing to the manufacturer’'s recommendatiok®thhyr et al, Zi"il w;

1995. ECC sondes are usually not scaled to column ozone. ) )
whereM is the number of matches along one trajectary.

2.3 Comparison method is the weight of the individual aircraft observatignand is
obtained by

This study is based on the concept of identifying air masses It — At|

which have been sampled forzOneasurements by both w; = e (2)

ozonesondes and MOZAIC aircraft. For our comparison, the
signal of the ozonesonde, ozone partial pressure, is convertegherer* is the duration of the trajectories, 144 h, akdthe

to molecule number density using pressure information fromtime lag between aircraft observation and the sonde.

the radiosonde. Longitude and latitude position along the bal- We assume that £behaves as a passive tracer for the du-
loon flight track are usually not reported to archives, henceyration of the trajectories. This is a critical assumption, but
we reconstruct the balloon’s pathway if wind speed and di-justified because the lifetime ofyQOn the free troposphere
rection were reported. If unavailable, a purely vertical as-varies from days to months, depending on season and ambi-
cent was assumed. For each launch we calculate the thermaht NQ, concentrationsl(u et al,, 1987. In the lower strato-
tropopause defined as the lowest height of an at least 2 krsphere the photochemical lifetime is even longer, i.e. sev-
thick layer, in which the temperature lapse rBte- —97 /9z eral months. Any trajectories that descend or ascend more
is less than 2 Kkm! (World Meteorological Organizatign  than 450 hPa within six or less days are excluded. This ex-
1957). Subsequently, we define the UTLS as the region cen<cludes deep stratospheric intrusions and avoids sampling pol-
tred £125 hPa around the local tropopause. Beginning fromluted air masses transported in warm conveyor belts. Such
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Fig. 1. (a)Ozone (black) and temperature (blue) profiles measured at Payerne on 18 April 1995. The gray area indicates thé25THR(
above and below the tropopausg) Plot of the 6 day backward trajectories. The blue solid lines denote the flight paths of three MOZAIC
aircraft for which matches were found. Matches are denoted by blue plus &YhE[LS Oz as a function of altitude, as observed by the
sonde. Gray solid lines denote the 20 % uncertainty range of the soundings. Each red dot denotes the weighigdofrenafrcraft
observations along respective trajectories.

air parcels likely mix strongly with surrounding air, resulting 3 Results
in changes to the air parcels’ chemical compositiStofl, _
2001). Roughly 6% of all trajectories calculated for each 3.1 lllustration of method

sounding site are dismissed by this criterion. o o
Finally, we bin all data as a function of a vertical coor- The method is illustrated in Fid.for a BM sonde launched

dinate (e.g. altitude, pressure, or relative to tropopause &t 11:21UTC atPayerne on 18 April 1995. The tropopause is
height, see below) measured by the sonde at the initializa2t 10km altitude, with a temperature of 218 K, marking the
tion of the trajectories. If a certain bin contains more than ansition into a nearly isothermal stratospherg ir@reases
one matched trajectory from the same sounding, the mediafin@'Ply across the tropopause (Flg). Backward trajecto-

of all sonde—MOZAIC differences (median of alt) is used.  "1€S calculated from this Payerne ozonesonde launch match

For the statistical analysis, each sounding contributes at modf{OZAIC aircraft observations obtained over the Atlantic
one specific value to a bin. Ocean. Figurelb shows matches using a match area with
Morris et al.(2000 andDanilin et al.(20028 suggested radiusr = 75 km in the horizontal, and potential temperature
combining forward and backward trajectories to compensatéliférenceA® = +0.6K in the vertical (see Sed.2). The
for possible changes in{long the trajectories due to mix- Weighted mean (see E) is calculated for each trajectory
ing or chemistry. To this end, double matches of the king@nd compared to the ozone sounding measurements at initial-
“Airbus—sonde—Airbus” would be useful, i.e. an aircraft ob- ization of the respectiye trajectory (Fitc). Measurements
servation (not necessarily the same aircraft) upstream an@P0ve 10km agree fairly well, whereas the two points be-
downstream of the sonde. Unfortunately, few such matchedoW show pronou_nced differences. The aircraft observations
were obtained (94 out of 3924 matched trajectories, or, 2 %)]‘or these two points are found over western France (around
However, we have ample matches upstream and (separatelf PPPV) and southeast of Greenland (around 70 ppbv), re-
downstream. Although they are analysed independently, botffP€Ctively. This result indicates that matches in the tropo-
contribute their median differences to each altitude bin. InSPhere are more difficult than those above the tropopause,
this sense, we attempt to statistically compensate for dif-2 (OPIC thatis investigated in more detail below.
ferences between the unidirectional trajectories (which typi-
cally differ by 5 %).

The same method is also applied to “self-compare” 0zoner,, fing appropriate matching criteria values and to obtain an

measurements from different MOZAIC flights, thus provid- ¢gtimate of the accuracy of the matching approach, we carry
ing an indication of the uncertainty of the matching technique, ;; 5 “self-match”, i.e. applying the analysis to data from the

iptroduced by trajectory errors and the finite matching crite- g5 me instrumenbanilin et al.(2002b termed this test “self-
ria. Finally, we use NOXAR measurements to check the cony,nting”. zero differences would be expected if the trajecto-
sistency of @ observations between the two aircraft projects. rjes were noise-free, the observed species is a passive tracer,

and if the uncertainties of the measurements were negligible.

3.2 Optimization of match criteria

www.atmos-meas-tech.net/6/3393/2013/ Atmos. Meas. Tech., 6, 33®H§ 2013
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Fig. 2. Statistical uncertainty (RMSE) of the trajectory matching 00

technique as a function of match criteriA® and r, averaged :
over all matched backward trajectories as deduced from MOZAIC— 200k -
MOZAIC self-matches (see text for details).
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Every 60min, we initialize 6day backward trajecto- —leic»é—é—i—;iz 5 2 ;1 é fi31iOlI2
ries from every MOZAIC aircraft flight path between 4— 2(MOZAIC*MOZAIC)(MOZAIC*+MOZAIC) in %
13 km altitude for the year 2000, which is the year with
most MOZAIC flights. In contrast to the comparison with Fig. 3. Quality of MOZAIC self-matches depending on match cri-
ozonesondes, here we also allow matches outside of thteria. Differences are grouped into 50 hPa bins from the tropopause
4125 hPa pressure difference from the local tropopause. Fopressure at 2 PVU obtained at initialization of the trajectories. The
our analysis we use only trajectories originating betweenhor'zomal _bars_show the 90 % confidence interval of the median
. .~ of the relative differences. Numbers denote the number of matched
30 and 60N, and only matches between two different air- __. , . " i
ft I d h trai dually i rajectories per bin. MOZAIC* denotes the ozone concentration at
cra arg allowed. For ea(_: trajectory We_ gra ga y INCréasedisialization of the trajectories. Symbols are slightly shifted to pre-
the horizontal match radiusand the vertical criteriol\®,  yent overlap.
the difference in potential temperature between trajectory
and aircraft. The root-mean-square of the relative ozone dif-

ferences (RMSE) is calculated for a set of trajectories andhjong the trajectory, errors in their locations or ozone lami-
plotted in Fig.2 as function ofr for different A©. The  nae in the profile that remain unresolved in the 1 min aircraft
RMSE reaches a minimum of 25% at around 50-100 kmgpservations. Using these criteria excludes around 6 % of the
for A® =0.25-1K and gradually increases with increasing matched trajectories from the statistical analysis.

r and A®. This value is substantially larger than the errors

found byRex et al.(1998, since their study considers only 3.3 Testing consistency of trajectory matches

stratospheric air masses whereas our study also encompasses

the more dynamically varying tropopause region. An error of Figure4a and b reports the results of a self-matching test for
25 % still, however, appears to be reasonable given the proé day trajectories launched in January, April, July and Oc-
nounced vertical and horizontalz@radients in the UTLS. tober 2000 and from January to December 2001 as function
Forr < 50km andA® < 0.25K, the small sample size pre- of altitude and scaled to the tropopause. Since the height of
vents drawing concise conclusions, since outliers are heavthe thermal tropopause cannot be calculated from MOZAIC
ily weighted in the RMSE calculation. Optimal matching aircraft observations, we apply a dynamical definition of
criteria are therefore = 50-100km andA® = 0.25-1K. the tropopause at 2 PVU (potential vorticity unit, 1 P¥U
The comparison is rather robust with respect to the exactl0-®m?s 1Kkg~1, obtained from ERA-Interim fields). In
match criteria. As shown in Fig, the median of the rela- addition to data for the year 2001, four months from 2000 are
tive differences as well as the corresponding error bars showsed to represent all four seasons and to increase sample size.
a very similar pattern and no statistically significant differ- The error bars in Figdla encompass the 0% line at all altitude
ence could be identified at the 10 % level (90 % confidence)layers, except in the middle troposphere, where the number
Match criteria of A® < +0.6 K andr < 75km are chosen of matches was small. The vast majority of matched tra-
for the comparison of aircraft and ozonesondes. Furthermorggctories originate between 10-12 km altitude, i.e. at cruise
we also dismiss all matched trajectories where the weightedevel in the mid-latitudes. Below 10 km altitude the sample
(Eq. 2) standard deviation of the matches along a trajectorysize is much smaller. Above 10 km, the mean of the rela-
is > 10 %. We attribute such large variability to either mixing tive differences is around 0%, however, in contrast, below
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Fig. 4. Upper panelsg andb): Sensitivity analysis of self-matching results based on 6 day trajectories for MOZAIC observations. Difference
using only backward trajectories (black), difference using only forward trajectories (blue) and combination of both, forward- and backward
trajectories (green). Differences are grouped in 1 km wide altitude lgggrdifferences grouped in 100 hPa bins from the tropopause
pressure at 2 PVUb). Horizontal bars indicate the 90 % confidence interval of the median of the relative differences. Black and blue
numbers show the number of matched backward and forward trajectories per bin, respectively. MOZAIC* denotes the ozone concentration
at initialization of the trajectories. Symbols are shifted to prevent overlap. Lower panatgl (l): same as ir{a) and(b), but excluding

matches from the first 24 h of each trajectory.

10km, the mean relative differences range between 2—4 %. For both forward and backward trajectories, the mean time
These noisier levels may be attributable to the higher sensibetween a match and the starting point of a trajectory is
tivity of the match criteria lower down in the troposphere, to 1 1/2 days. This time is shorter than for matches with most
the smaller sample size and to lower ozone concentrationssounding sites. We therefore also check results from self-
There are small differences between the application of for-matching test against the length of the trajectories. Figare
ward and backward trajectories, which are on the order ofand d shows the results after eliminating all matches within
2-8% at lower levels below 10 km altitude, but which are the first 24 h of each trajectory. Results are smoother when
statistically insignificant. The bias of one instrument vs. an-they are relative to tropopause pressure, since the represen-
other is slightly higher for backward than forward trajecto- tation as a function of geometric altitude suffers from hav-
ries, possibly indicating that ozone production occurs in theing only very few matches in the lower four bins, and thus
sampled air masses. a correspondingly large statistical uncertainty. As expected,
the exclusion of the first 24 h leads to substantially larger
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Fig. 5. Median of the relative differences from 6 day trajectories between Payerne ozonesondes and MQzA¢é@sDrements averaged

over the period 1994—-2009. Black: difference using backward trajectories. Blue: difference using forward trajectories. Green: difference
using both forward and backward trajectories. Differences are grouped into 1 km altitude bins. Horizontal bars: 90 % confidence interval
of the median, with number of sounding¥) per bin. Only data withV > 2 are displayed. The symbols are slightly shifted vertically for
clarity. (First column) Both, BM and ECC profiles are scaled to Arosa ozone column measurements. (Second column) No column scaling
is applied. (Third column) Only 1 day trajectories are used and sondes not scaled to ozone column. (Fourth column) as for third column but
with four additional trajectories each displaced by°(rblatitude and longitude from the central trajectory’s starting position (see text).

error bars at low altitudes (i.e. below 9 km altitude or below
200 hPa from the tropopause) since trajectory errors typically
increase with the trajectory lengtBtohl 1998 and because

of the significantly reduced sample size. We therefore ex- ¥
clude these altitudes by limiting the UTLS 46125 hPa from ¥ ;
the tropopause. This reduces the differences between eith@; -
including or not including the 24 h te-3%. The evidence 3 °
provided here suggests that three-dimensional trajectorie
produced using the ERA-Interim reanalysis are suitable for
linking different instrumentation platforms to validate ozone (a)
measurements. As a result of the larger uncertainty seen in

the UTLS when using this technique, a fairly large sampIeFig' 6. Spatial distribution of matches of MOZAIC aircraft obser-
size is required to compensate for statistical errors. vations with(a) backward trajectories ar®) forward trajectories
initialized at Payerne. The colour bar shows the total number of

matches summed up over &8 3° grid.

3.4 Comparison of the Payerne ozone soundings with
MOZAIC (1994-2009)

The method outlined above allows the determination of av-most matches found over Western and Central Europe. This
erage ozone profile differences between the UV photomefeature is also reflected in the temporal distribution of the
ter technique employed by MOZAIC and the routinely flown matches, with the majority of matches occurring within the
ozonesondes at Payerne. It also allows a comprehensive andirst two days. The geographical distribution of forward and
ysis of the performance of the ozonesondes over different pebackward trajectory matches differs. The highest number of
riods, including changes in sensor types, and an evaluation ahatches, however, lie to the west of Switzerland for both for-
the influence of different data processing methods. ward and backward trajectories.

The overall mean differences for 1994-2009 are presented On average, the soundings measure 10% higher ozone
in Fig. 5 as a function of sounding altitude at initialization mixing ratios than the UV photometers employed by
of the trajectories. In total, 1220 soundings can be compare®dOZAIC. This value could be reduced to 5% if the scal-
with MOZAIC, i.e. 55 % of the 2247 sondes launched at Pay-ing of the whole profile to the Arosa ozone column was not
erne between August 1994 and March 2009. Most matchegapplied (Fig.5). The differences between forward and back-
are obtained from trajectories that originate between altitudesvard trajectories are 5-10 %, which is substantially higher
of 8-12km. Figure6 shows the spatial distribution of the than expected from the MOZAIC self-matching test. The
matches for Payerne summed up overrax3° grid, with ozonesondes are significantly higher compared to MOZAIC
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Fig. 7. Sensitivity of relative @ differences with respect to trajec-

tory starting position. Line style shows position (see insé)Dif- Fig. 8. Similar to Fig.5. Results for 2006-2009 are plotted using
ferences inAOz when either only forward403F) or only back- ~ 6day trajectories fofa) DJF and(b) JJA, as well as using 1day
ward trajectories £03B) are used(b) Mean deviations between trajectories for(c) JJA. Sonde profiles are scaled to an independent
sonde and MOZAIC using both forward and backward trajectories.0zone column.

. . . . : use of either 1 day or 6 day trajectories (Figl) emphasis-
when just back trajectories are used, suggesting thatO ing its robustness with respect to the length of the trajecto-

produced along the trajectories, and thus violating the as-.

sumption of G being a passive tracer. However, an offset ries. For the rest of this ana_llysis we use all t_rajectories (the
although less, is still present in case.of 1 day :trajectorieécentral point plus the four @splacgd trajlectorles) because of
a period with r,nuch reduced:production (Fig5c) the robust results of combined trajectories, the better agree-
' ment between forward and backward trajectories in both the
lday and the 6day case, and the larger sample size. The
sample size now comprises 1899 sondes, 83 % of the sondes
Wind speed and direction are not always available at ever)}aunChed at Payerne during MOZAIC's operational phase
pressure level for each sounding and thus the reconstructeg'g%_zoog)' . . .
path of the balloon ascent path may not necessarily be cor: Figure 8 shows AQ; profiles as a function of altitude

rect. The starting positions of the trajectories may thereforefor winter and summer averaged over the period 2006-

be poorly defined, or possibly wrong in space and/or time.2009. Backward traject(_)ries systematically indicate that the
In addition, the spatio-temporal interpolation from the regu- ozonesondeﬁ haveha hlgdher 2'%3(;0 ":\AOZAIC ;qr bor:h (s;a-
lar numerical model grid to the actual trajectory position canS0ns; typically on the order o 6. For most bins the dit-

also be critical for complex flowsStohl et al, 1995. Hence, ferences are, however, statistically insignificant. The largest

as sensitivity analysis, four additional trajectories are calcu-OﬁSGt between forward and backward trajectory directions is

lated for every trajectory starting position, each displacedOb_talned in summer, and is also more p_ronoupce_d at lower
by 0.5 latitude and longitude from the central trajectory’s a_ltltudes _(reachmg up t9 15-20%). This is qua_||tat|vely con-
starting position. We initialize these surrounding trajectoriesSIStent W.'th tro_pos_pherlc summer smog chemistry along _the
with the same @ concentrations as the central trajectory. 6d.ay trajectories in the troposphere, since the 1da_1y trgjec—
The sensitivity to the different trajectory starting positions tOT'es do not shp W a large offset between the two directions
in terms of differences ith O3 obtained from backward-only (F'g' 8c). The differences are, howeyer, too large to be ex-
and forward-only trajectories is shown in Figa. Although plained sol_ely by photochemistry, given the_ rates of ozone
the differences imMO3 between the unidirectional trajecto- photochemistry in the troposphere. In addition, other fac-
fies amount to 10% in particular altitude bins (Fig), the tors such as when and where the measurements take .place
results using combined trajectories are very robust and givée'g' F’efore or a_fter afrontal zone, after./before atrough/high)
similar AO3 profiles (Fig.7b). Below 9km the results are also likely contribute to the observed differences.

more sensitive to the starting positions as a result of both the

smaller ozone concentrations and smaller sample size in the

troposphere, in particular below 7 km. Furthermore, the re-

sults from the combined method are hardly affected by the

3.4.1 Sensitivity analysis
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3402 J. Staufer et al.: Trajectory matching of ozonesondes and MOZAIC — Part 1: Method description

16— 16— 16—
——1994-1997 ——1994-1997
—1998-2002 . ——1998-2002
——2002-2005 ——2002-2005
14} —— 2006-2009 14} ——2006-2009 14}
19, 27 1 11 |16 9 : 11 (16
154 228 99 [132 154 228 99 [132 5 —
12 E 12f ] 12}
£ 281394 197|285 281 394 ._.‘ 197285 25 —
E | i L i
° 273418 202[303 273 418 o 202/303 50
B A0f E 10} 1 10f
= 222 338 1790247 222 338 M 1791247 32
£ - - - 4
< 183 231 116[153 183 231 - 116153 27
8t E 8f 1 8f
94 117 52 (73 9% 117 53 |73 6 —
33 45 21 [25 33 45 21 [25
6» YR el 4 6.. el B 6'
9 3 [12 9 12
P S P S S B | B S B
-30 -20 -10 0 10 20 30 -30 20 -10 0 10 20 30 -30 -20 -1

0 0 10 20 30
2(Sonde-MOZAIC)/(Sonde+MOZAIC)in %  2(Sonde-MOZAIC)/(Sonde+MOZAIC) in % 2(Sonde-NOXAR)/(Sonde+NOXAR) in %

Fig. 9. As for Fig. 5 but results are separated for 4 different periods. Only BM sondes were used for the periods 1994—-1997 and 1998—
2002, whereas only ECC sondes were launched during the two later periods (2002—2006 and 2006—2009). BM and ECC sondes before
normalization (left panel). Normalized BM and ECC sondes (centre panel). Median of the relative differences between scaled BM sondes
and NOXAR G; measurements averaged over the period 1995-1997 (right panel).

3.4.2 Analysis of the time series sondes, some portion &fO3 certainly arises from higher bi-
ases of the BM sondes in the stratosphere. The differences
in the AO3 between 1994-1998 and 1998-2002, however,

Figure9 shows the average difference profile for four differ- cannot be explained by the scaling, which is around 1.10 for

ent periods using the combined forward and backward trahoth periods.

jectories data set: two periods before changing from BM to  The ECC mean difference profiles between the two pe-
ECC sondes and two periods after the change. Before 199&iods are rather similar, both showing mean deviatiens
BM sondes exceed MOZAIC up to 25%, or up to 15% if 594 (ECC overestimate MOZAIC), in accordance with the
data are not scaled to the Arosa column ozone. The explajOS|E results§mit et al, 2007). The normalization does not
nation for this offset is still uncleaGchnadt POberaj et al. strong|y affectthe ECC performance since the correction fac-
(2009 andLogan et al.(2012) report similar deviations in  tor typically is around 1.0.

the 1990s for European BM sondes in the free and upper The time series of relative differences are plotted in Efy.
troposphere. After 1998, however, this large offset is signif-for both normalized data and unnormalized data, respec-
icantly reduced with BM sondes underestimating MOZAIC tjvely. For each sounding we calculate the mean relative dif-
by < 5%, if not normalized. Scaling to column ozone can ference per 1km bin and average over all bins to produce
correct for the very low bias, but the mean differences in'month|y means. Fina”y, a 13 month central moving average
crease to 5-10 %. The fact that scaling of BM sondes changeg applied to smooth the time series. In general, the time
the sign of the bias has also been noted)eyBacker et al.  series’ reproduce the above findings: there is a large offset
(1998 and Stuibi et al(2008. De Backer et al(1998 also  petween BM sondes and MOZAIC’s UV-photometers prior
proposed an alternative normalization procedure, which wagg 1997/1998, which then decreases<ta10 % after this
evaluated by emoine and De BackgR00]) against SAGE-  date, while the mean ECC sonde deviations typically drift
Il data. Generally, the scaling has been introduced to coraround the 0% line (FiglOc). The backward trajectories re-
rect for the low bias of the BM sondes’ column, but this vea| a typical positive offset of below 5%, except for 2006
clearly has a strong impact on UTLS ozone measurementsyhen the sondes underestimate MOZAIC by 5 %. The dip in

BM-ECC dual flights at Payerne during the OZEX campaign 2006 is more pronounced using forward-only trajectories and
(Stubi et al, 2008 showed that (unscaled) BM sondes under- continues into 2008.

estimate ozone compared to ECC sondes by approximately

5-8% in the UTLS, and by 12-15 % in the stratosphere (15-3.5 Comparison of the Payerne soundings with NOXAR
25km). Since a single scaling factor, which depends primar- measurements

ily on the stratospheric ozone content, is applied to the whole

profile, the higher bias of the BM sondes in the stratosphere i§he reason for the large offset between BM sondes
carried over into the UTLS. Thus, if scaling is applied to BM and MOZAIC prior to 1997/1998 remains unexplained.
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30,116 _111_105 124 125 119 109 03 106 120 98 99 90 83 31 pOSSibly be partlally attributable to a drift in the MOZAIC

: A f P calibration. The results seem to be qualitatively consistent
with Logan et al(2012. However, a large part of the tem-
poral change in the difference between BM ozonesondes and
MOZAIC remains. NoteDias-Lalcaca et all1998 reported
an excellent agreement between MOZAIC and NOXAR
. R : I based on a quasi-simultaneous flight-by-flight comparison.
Payerne . - . However, their analysis is based on just one simple flight and
95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 therefore lacks representativeness.

year
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B

2(Sonde-MOZAIC)/(Sonde+MOZAIC) in %

4 Summary and conclusions

In this paper, we test the application of trajectories for com-
paring different ozone measurement platforms in the up-
per troposphere/lower stratosphere, such as electrochemical
ozonesondes and MOZAIC aircraft observations. Trajecto-

20 bt i
Payerne

2(Sonde-MOZAIC)/(Sonde+MOZAIC) in %
o

-30 P S S S ries are driven by ERA-Interim reanalysis wind-fields, en-
95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 . .
year suring that the model used has not undergone changes in
300012 130 12 142 149 196 17 17 132 137 141 1% 116 10235 resolution or parameterizations over the period considered,
B0 o 0 0 O OO O DO . August 1994 to March 2009.

By comparing MOZAIC with MOZAIC (“self-
matching”), we found that the trajectory method produces
reasonable results showing mean differences ##%
between different aircraft, which is considered accurate
Lo enough for our purposes. Uncertainties associated with

Payerne .~ = | . individual trajectories are larger in the UTLS than in the
% 96 97 98 99 %0 myc-(z)azr 03 04 05 06 07 08 09 stratosphere, thus, for reliable comparison larger sample
sizes are required. Small differences between the results
Fig. 10.Times series of the relative differences between sondes andfom backward-only and forward-only trajectories provide
MOZAIC averaged from 4-14 km altitude, usitaj only backward ~ an indication of the uncertainty associated with this tech-
trajectories(b) only forward trajectories an@) combining forward  nique, especially when applied to a station close to the Alps,
and backward trajectories. Numbers at the top denote the number gind the difficulties models and trajectories have to accurately
soundings available per year. Graylin.es'indicate both BM and ECCquantify the meteorological conditions in the UTLS. The
sondes scaled. The_vertlcal black solid line denote the change fromolssumption of @being a passive tracer along the duration of
BM to ECC sondes in September 2002. 12 days is critical, especially in the troposphere in summer.
Application of the match technique to Payerne ozonesonde
data show encouraging agreement with MOZAIC aircraft ob-
Logan et al(2012, however, found an increase in the servations after 1998. The mean differences of ECC sonde
MOZAIC bias from 1994-2009 over Frankfurt/Munich com- type are less thas5 %, independent of scaling. The BM
pared with the alpine surface site Zugspitze. To investigatesondes record from 1998-2002 shows a similar bias but if
this further, we assume NOXAR measurements as a refscaling to total ozone is applied this increases to up to 10 %.
erence dataset. We use the same method for comparinGoncerning the homogeneity of the time series with respect
BM sondes at Payerne with NOXAR as we used for theto MOZAIC, the forward-only case shows that BM sondes
MOZAIC comparison. Figur®c shows that the mean devia- agree with the ECC sondes when they are not scaled to col-
tion between sonde (scaled to column ozone) and NOXARumn ozone. The pattern obtained from the backward-only
are around 10-15%, 5% lower than the comparison withcase is more difficult to interpret since the ECC sonde dif-
MOZAIC. The fact that some different ozonesondes are posferences amount to 10 % in the first years of operation. In
sibly included in the NOXAR comparison should not affect general, however, the homogeneity of the times series seems
the comparability. However, because of the much smallerto be better preserved if no scaling is applied which is differ-
sample size, the sonde-NOXAR comparison has much largeent to findings ofStubi et al (2008 who recommend scaling
uncertainties. The analysis comprises 56 soundings in 199%oth sonde types.
30in 1996 and only 8 in 1997. Despite the large uncertainty, Recently Logan et al(2012 reported that BM sondes
this somewhat surprising results may indicates that the largenly produced reliable measurements in the troposphere
offset between MOZAIC and BM sondes prior to 1998 may after 1998. When we use NOXAR instead of MOZAIC

10}

2(Sonde-MOZAIC)/(Sonde+MOZAIC) in %
=
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measurements, mean differences between sonde and aircraftin 1995/1996 and 1997, J. Geophys. Res., 106, 27673-27699,
are roughly 5% smaller over the 1995-1997 period. This 2001.

suggests a possible drift in the MOZAIC calibration, consis- Brunner, D., Staehelin, J., Rogers, H. L., Kohler, M. O., Pyle, J. A.,
tent with the findings of.ogan et al(2012). This drift, how- Hauglustaine, D., Jourdain, L., Berntsen, T. K., Gauss, M., Isak-
ever, cannot entirely explain the large differences between S€MN:!-S.A.,Meijer, E., van Velthoven, P, Pitari, G., Mancini, E.,
sonde and MOZAIC observations observed before 1998. Grewe, G., and Sausen, R.. An evaluation of the performance

Paverne was chosen as a test site for this method since it of chemistry transport models by comparison with research air-
Y craft observations — Part 1: Concepts and overall model perfor-

is a very well documgnted squnding s.tati(.)n and we could mance, Atmos. Chem. Phys., 3, 1609-1631,ibB194/acp-3-
confirm our results with previous publications. In a com-  1509.20032003.
panion papertaufer et al.2013, results from many other  cjaude, H., Hartmannsgruber, R., and Kohler, U.: Measurement
ozonesonde stations are discussed. Sites include Sodankyléof Atmospheric Ozone Profiles Using the Brewer/Mast Sonde
(Northern Finland) and Scoresbysund (Greenland), both of — Preparation, Procedure, Evaluation, WMO Global Ozone Re-
which are far away from any MOZAIC airport and thus tra-  search and Monitoring Project, 17, World Meteorol. Organ.,
jectories are essential to compare the different observation Geneva, Switzerland, 1987.
platforms. We aim to provide a coherent overview of the Cul. J., Sprenger, M., Staehelin, J., Siegrist, A., Kunz, M.,
performance of the various ozonesonde sites and to evaluate Henne. S., and Steinbacher, M. Impact of stratospheric intru-
the reliability and consistency of their records in the UTLS ~ SIONS and intercontinental transport on ozone at Jungfraujoch in
which is vital because different sonde types, sensors, prepa- 2005: comparison and validation of two La_granglan approaches,
. . ’ ' Atmos. Chem. Phys., 9, 3371-3383, d6i.5194/acp-9-3371-
ration and processing procedures have been used and/or have2009 2009
changed. Danilin, M. Y., Santee, M. L., Rodriguez, J. M., Ko, M. K. W., Mer-
genthaler, J. M., Kumer, J. B., Tabazadeh, A., and Livesey, N. J.:
Trajectory hunting: a case study of rapid chlorine activation in
Acknowledgements). Staufer's search was funded by a Me- December 1992 as seen by UARS, J. Geophys. Res., 105, 4003
teoSwiss GAW-CH grant. The authors warmly acknowledge the 4018, 2000.
European Commission, Airbus, CNRS-France, and FZJ-Germanyanilin, M. Y., Ko, K. W., Bevilacqua, R. M., Lyjak, L. V.,
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who have carried the MOZAIC instrumentation free of charge since  Man, R. L., McKinney, K. A., Wennberg, P. O., Eisele, F. L.,
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Météo-France, CNES, Université Paul Sabatier (Toulouse, France) Parison of ER-2 aircraftand POAM I, MLS, and SAGE Il satel-
and Research Center Jilich (FZJ, Jiilich, Germany). IAGOS is ad- lite measurements during SOLVE using traditional correlative
ditionally funded by the EU projects IAGOS-DS, IAGOS-ERI, and  analysis and trajectory hunting technique, J. Geophys. Res., 107,
IGAS. MOZAIC-IAGOS data are available via the CNES/CNRS- 8315, d0i10.1029/2001JD000782002a.
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