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Abstract. Within the European project UFTIR (Time se- trends are seen at the two mid-latitude stations Zugspitze and
ries of Upper Free Troposphere observations from an Eudungfraujoch (47N), only one of them being significant; 3)
ropean ground-based FTIR network), six ground-based stathe highest latitude stations Harestua°(B), Kiruna (68 N)
tions in Western Europe, from 78 to 2& N, all equipped  and Ny-Alesund (79 N) show significant positive total col-
with Fourier Transform infrared (FTIR) instruments and part umn trends. Following the vertical information contained
of the Network for the Detection of Atmospheric Compo- in the ozone FTIR retrievals, we provide partial columns
sition Change (NDACC), have joined their efforts to evalu- trends for the layers: ground-10km, 10-18 km, 18-27 km,
ate the trends of several direct and indirect greenhouse gasasid 27—-42 km, which helps to distinguish the contributions
over the period 1995-2004. The retrievals of CO,4CH from dynamical and chemical changes on the total column
CoHg, N2O, CHCIFR,, and @@ have been optimized. Us- o0zone trends. We obtain no statistically significant trends in
ing the optimal estimation method, some vertical informa- the ground-10 km layer for five out of the six ground-based
tion can be obtained in addition to total column amounts. Astations. We find significant positive trends for the lower-
bootstrap resampling method has been implemented to demnost stratosphere at the two mid-latitude stations, and at Ny-
termine annual partial and total column trends for the targeb&lesund. We find smaller, but significant trends for the 18—
gases. The present work focuses on the ozone results. TH& km layer at Kiruna, Harestua, Jungfraujoch, andidza
retrieved time series of partial and total ozone columns areThe results for the upper layer are quite contrasted: we find
validated with ground-based correlative data (Brewer, Dob-significant positive trends at Kiruna, Harestua, and Jungfrau-
son, UV-Vis, ozonesondes, and Lidar). The observed totajoch, and significant negative trends at Zugspitze aniidza
column ozone trends are in agreement with previous studThese ozone partial columns trends are discussed and com-
ies: 1) no total column ozone trend is seen at the lowest latpared with previous studies.

itude station Iz&a (28 N); 2) slightly positive total column
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1 Introduction three years at mid-latitude and lower stratosphere, and three
to five more years for polar latitude and upper stratosphere),
The increase of radiatively active gases in the atmospheréhe EESC is decreasing since the late 1990s (WMO, 2006),
and their impact on climate changes are among the most imand a turnaround of the negative stratospheric ozone trend
portant environmental problems of today. Therefore it is im- followed by a recovery of stratospheric ozone to the pre-1980
portant to monitor their evolution to understand the presentvalues is expected as a response to the Montreal Protocol. In-
climate and predict future climate changes. Ground-basedleed, the global mean total ozone in the 2002—2005 period is
Fourier transform infrared (g-b FTIR) measurements allowsimilar to the 1998—-2001 values, indicating that ozone is no
the determination of the atmospheric abundances of manjonger decreasing (WMO, 2006). The fact that the observed
constituents. Long-term and regular observations, necessatyrnaround is an evidence for the beginning of the ozone “re-
to determine the variability and long-term trends of the at- covery”, which has been defined (WMO, 2006) to be “due
mospheric species, are made at many stations within the Neto changing EESC”, is still under debate. Indeed, several
work for the Detection of Atmospheric Composition Change authors have detected a turnaround in the last decades neg-
(NDACC?). Within the framework of the European project ative trend of mid-latitude total ozone (Hadjinicolaou et al.,
UFTIR? (Time series of Upper Free Troposphere observa-2005; Reinsel et al., 2005; Stolarski and Frith, 2006), where
tions from a European ground-based FTIR network), pre-the individual contributions of the dynamical and chemical
sented in De Magire et al. (2005), six g-b FTIR stations changes vary according to the studies. The evaluation of
have joined their efforts to evaluate the trends over the pethe vertical distribution of the stratospheric ozone trends is
riod 1995-2004 of several direct and indirect greenhousevery helpful to separate dynamical and chemical contribu-
gases. All the stations are situated in Western Europe, covtions, since they differ according to the altitude (Yang et al.,
ering a large latitudinal range from 2Bl to 79 N. Com-  2006): the lowermost stratosphere is more influenced by dy-
mon strategies for the retrievals of CO, gHCoHes, N2O, namical changes, whereas the upper stratosphere is more sen-
CHCIR (HCFC-22), and @ have been established to opti- sitive to EESC changes. In the present paper, we demon-
mize the vertical information content of the retrieved profiles. strate that time series of g-b FTIR measurements are very
Therefore, the FTIR retrieval products include distinct tropo- suitable for studying the vertical distribution of stratospheric
spheric and stratospheric abundances, in addition to standamzone trends since they can provide independent ozone par-
total column amounts. A bootstrap resampling method hagial columns amounts in three different altitude layers in the
been applied to the time series of these abundances in ordstratosphere.
to obtain tropospheric, stratospheric and total column trends. As a greenhouse and surface air pollutant gas, and as a
This method is described in Gardiner et al. (2008). precursor of the OH oxidant, tropospheric ozone is therefore
Stratospheric ozone is produced by photolysis of molec-the subject of many studies (for a review, see IPCC, 2001).
ular oxygen and removed by dynamical and chemical pro-Tropospheric ozone is produced by photochemical oxidation
cesses. The ozone global mean total column for the perio@f carbon monoxide, methane and nonmethane volatile or-
1997-2001 was about 3% below the pre-1980 average valuganic compounds (NMVOCs) in the presence of nitrogen
(WMO, 2003). This ozone depletion depends on the lati-oxide radicals N@ (NO+NGQ,). The other main source of
tude: no significant trend was observed in the tropics, whiletropospheric ozone is transport from the stratosphere, the so-
the Northern and Southern Hemisphere (NH and SH) mid-called STE process (for stratosphere-troposphere exchange).
latitude (35-6C°) ozone total columns were 3% and 6% Its main sinks are photochemical and chemical reactions and
below their pre-1980 values, respectively. The decline ofdry deposition. Depending on the geographical location, sea-
global total column ozone is attributed mainly to the reactiveson, and altitude (surface or free troposphere), the sign and
chlorine and bromine coming from anthropogenic emissionsmagnitude of the tropospheric trends can be very different ac-
The implementation of the 1987 Montreal Protocol and its cording to the possible causes of the observed ozone changes
Amendments and Adjustments has led to a reduction of th€Oltmans et al., 2006). In Europe, an increase of tropospheric
emissions of ozone-depleting substances (ODSs). In 200%zone occurred at mid-latitude from pre-industrial times to
the abundances of these anthropogenic gases in the tropthe 1980s due to the increase of anthropogenic emissions of
sphere had decreased by 8-9% from the peak value observeione precursors (such as NO In the last two decades,
in the 1992—-1994 period (WMO, 2006). The Equivalent Ef- ozonesonde measurements in Western Europe show a level-
fective Stratospheric Chlorine (EESC) was defined (Danielling off or a slight decrease of tropospheric ozone depending
et al.,, 1995) to relate the ODSs abundances in the tropoen the station (Oltmans et al., 2006). Indeed, while emis-
sphere to the inorganic chlorine and bromine abundances isions are increasing in parts of Asia, the European and North
the stratosphere, and hence to ozone depletion. Since it takégmerican emissions have been reduced since the late 1980s
a few years for the ODSs to reach the stratosphere (aboutlonson et al., 2006). However, MOZAIC (Measurement of
Ozone and Water Vapor by Airbus In-service Aircraft) air-
Thttp://www.ndacc.org craft measurements show increased tropospheric ozone in
2http://www.nilu.no/uftir the 1995-2001 period in Paris and Frankfurt (Zbinden et al.,
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2006). The situation is different at high Iatiltudes, which are Table 1. Location and altitude (in km above sea level) of the six g-b
far from polluted areas and therefore more influenced by horet)R stations that are contributing to the UFTIR network.

izontal and vertical (STE) transport (Tarasick et al., 2005;
Kivi et al., 2007). For the period 1996—-2003, ozonesonde

) . L . Station Latitude Longitude Altitude (km)

observations in the Arctic indicate positive trends of tropo- _
spheric ozone (Kivi et al., 2007). Since the observed trends ~ Ny-Alesund 79N 1E 0.02
seem to vary depending on the studies, even in close loca-  Kiruna 68 N 20°E 0.42
tions at NH mid-latitudes, our UFTIR data set from six FTIR garest_ltja fgm ﬂo E g'gg
stations in Europe provides an important contribution to the ugspitze . '

tudy of trends in the t h Jungfraujoch 47N 8°E 3.58
study of ozone trends in the troposphere. lzaia 28 N 160W 237

In Sect. 2, we describe thes@etrieval strategies that have
been adopted by the six ground-based FTIR stations. We
show that the vertical information content that can be ob- ) ) )
tained from FTIR solar absorption measurements by usingamounts retrieved from these two different algorithms under
the optimal estimation method (OEM) of Rodgers (2000) Identical conditions are in excellent agreement; in particular,
allows us to separate the atmosphere into four independeript@! column amounts of £agree to within 0.5%. _
layers: grounch~10 km,~10-18 km,~18-27 km, and-27— In both codes, the retrieved vertical profiles are obtained
42km. In Sect. 3, the ozone total and partial column timeDPY fitting one or more narrow spectral intervals (microwin-
series obtained at each station are presented and validat&PWs).- The OEM needs the a priori vertical volume mixing
Dobson, UV-Vis, ozonesondes, and Lidar). Section 4 dis-and the a priori covariance matrix associated with the target
cusses the 0zone total and partial column trends for the ped@s profile. The retrieved state vector contains the retrieved

riod 1995-2004, as obtained with the bootstrap resampling/ MR of the target gas defined in discrete layers or at discrete
method of Gardiner et al. (2008). altitude levels in the atmosphere, as well as all other fitted pa-

rameters, e.g., the retrieved scaling factors for the interfering
species’ column amounts, and fitted values for some model

2 FTIR observations parameters. The latter can include the baseline slope of the
spectrum and instrumental line shape parameters such as an
2.1 Instruments effective apodization parameter.

The vertical information content of the retrieved profiles

Table 1 identifies the six ground-based FTIR stations, lo- . : . :
. oo depends strongly on the choice of microwindows and a pri-

cated in Western Europe, that are contributing to the UFTIR_ " . . :
ori information, which are part of the retrieval strategy. One

network. These stations have been making regular solarf the UFTIR objectives has been to optimize the retrieval

absorption measurements for many years and the deriveq . . S :
. . -Strategy in order to maximize the vertical information regard-
time series of total column abundances of many atmospheric¢ . .
ing the target gas, in the troposphere and in the stratosphere.
. Fach individual station has its own specificities (different al-
ments are performed over a wide spectral range (around 600 ; e .
1 ; . . titudes, different ozone amounts and variabilities, ...), thus it
4500 cn1 ), using the high-resolution spectrometers Bruker . . . . .
~ is almost impossible that a completely identical set of pa-
120 M for Izala and Harestua, and Bruker 120 HR for the . . .
. : rameters leads to an optimal strategy at all the sites simulta-
other stations. The spectrometers can achieve a spectral r€sously. Onlv the parameters that are essential to avoid Svs
olution of 0.0035 and 0.002 cnd, respectively. y. Dnly the p Y

tematic biases between the various stations results have been
homogenized: these are the retrieval micro-windows and the
spectroscopic database. Each partner optimized the other re-

The aim of the UFTIR project has been to retrieve, in addi-tl’iEV&' parameters, such as the a pl’iOI’i information, for his
tion to standard total column amounts, vertical profile infor- Site.

mation, and thus to provide time series for different altitude ~The vertical information content of the retrieved target gas
ranges. The derivation of low vertical resolution profiles is profile can be quantified by the number of degrees of free-
possible thanks to the pressure dependence of the absorptiglem for signal (DOFS), which is the trace of the so-called
line shapes. The “inversion” process is an ill-posed problemaveraging kernel matriR, defined in Rodgers (2000) by:

that is solved using the Optimal Estimation Method (OEM)

developed by Rodgers (2000). Two different algorithms have

been used in the present work, PROFFIT9 (Hase, 2000) at, = x, + A(x — x,) + error terms Q)
Kiruna and Iz&éia, and SFIT2 (Pougatchev et al., 1995; Rins-

land et al., 1998) at the other stations. It has been demonwherex, andx, are the retrieved and a priori state vectors,
strated in Hase et al. (2004) that the profiles and total colummespectively, and is the true state vector. All vectors are

2.2 FTIR retrieval strategy
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Table 2. Summary of the retrieval parameters used at the six UFTIR stations. All microwindows (MW) are giveritn cm

Ny-,&lesund Kiruna / 1z&a Harestua Zugspitze Jungfraujoch
Retrieval code SFIT2v 3.81 PROFFIT9 SFIT2v 3.81 SFIT2v 3.81 SFIT2v 3.81
Spectroscopy  HITRAN 2004 HITRAN 2004 HITRAN 2004 HITRAN 2004 HITRAN 2004
p, T profiles Daily sondes NCEP Daily sondes Daily sondes NCEP
Upper altitude: Upper altitude: Upper altitude:
standard atmosphere NCEP standard atmosphere
MW 1000-1005 1000-1005 1000-1005 1000.57-1003.2 1000-1005
for O3 profile 782.56-782.86
retrievals 788.85-789.37
993.3-993.8
Retrieved HO H,O H,O H,O profiles HO
Interfering CQ, CoHy COy, CoHy simultaneously CQ, CoHy
species 0668, 0686 retrieved in: 0668, 0686
1110.8-1112.2
A prioriH,O  Daily sondes Daily from Monthly a priori Yearly 1976 US Daily from
profiles independent from sondes standard atmosphere  independent
and MW retrievals in: at Blindern retrievals in:
1110.0-1113.0 (1998-2002) 1110.0-1113.0
1117.3-1117.9 1117.3-1117.9
1120.1-1122.0 1120.1-1122.0
A priori O3 Yearly from sondes Summer Remedios  Monthly Yearly 1976 US Yearly from sondes
profiles (1994-2004) and climatology: from sondes standard atmosphere  at Payerne and
HALOE climatology  polar (Kiruna) (1995-2000) and microwave at Bern
at this latitude and midlatitudes HALOE climatology (1995-1999)
(Izaha) at this latitude
Sy Constant with Constant with Constant with From Oslo CTM2 Constant with
altitude (10%). altitude (10%). altitude (10%). smoothed altitude (10%).
Gaussian correlation  No correlation Gaussian correlation Gaussian correlation ~ Gaussian correlation
HWHM : 8km HWHM : 5km HWHM : 4 km HWHM : 4 km
SNR for 100 100-150 140 217 200
retrievals
Instrument ILS fixed ILS fixed: ILS fixed: - Polynomial fit - Polynomial fit
Line Shape ideal - ideal (Kiruna) - modulation from (second order) (second order)

- 40 parameters
from LINEFIT
(Izaha)

of modulation
- no phase error

of modulation
- no phase error

LINEFIT, 1 parameter
with linear decrease
- no phase error

limited to the part representing the target gas profile to facil-(Barret et al., 2002) that it gives a DOFS for target gas

itate the discussion in the following subsections. between 4 and 5, i.e., at least one more than the 1002.6—
1003.2 cnt! microwindow previously used in Pougatchev et

spectroscopic al. (1995), and that it is less sensitive to possible correla-
tions between fitted instrument line shape parameters and re-
trieved VMR profiles. The spectral region around 305I¢m

The UFTIR strategy for @retrievals includes the use of the recently used at Poker Flat (Kagawa et al., 2007) also gives
1000-1005 cm? microwindow: it has been demonstrated @Poutone DOFS less. The choice of the spectral region in the

2.2.1 Choice of microwindows and

databases
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first two studies was guided by the presence of a high numbethe G; retrieval process. At N)&Iesund, some daily sondes
of O3 lines with different intensities which gives information are available and thus used as a priori profiles up to around
both in the stratosphere and the troposphere. On the othe30 km. They are extrapolated to higher altitudes by a yearly
hand, these ®lines are very sensitive to errors in the tem- standard climatology. At Harestua, the individual prior re-
perature profiles. Indeed, the temperature profile is a fixedrievals of water vapour, which are more difficult for low
parameter in the retrieval process: daily pressure/temperatur@titude sites, failed. As no daily sondes were available as
profiles have been taken either from daily sondes when availat Ny-Alesund, the traditional approach of scaling a climato-
able, or from the National Centers for Environmental Pre-logical profile was adopted. Thes@ priori profiles are taken
diction (NCEP), as summarized in Table 2. Schneider etfrom different climatology depending on the location of the
al. (2005) exploited @signatures around 785 crththat are  stations. Table 2 summarizes, for each station, the sources of
less temperature sensitive but provide less information in thehe O3 and HO a priori profiles.
troposphere. Very recently, Schneider and Hase (2008) pro- Another element of a priori information that has a strong
posed a simultaneous retrieval of @nd temperature in the influence on the retrieved profiles and on the DOFS is the a
1000-1005 crm! microwindow. This approach significantly priori covariance matrix,. Ideally, this matrix should ex-
reduces the impact of errors in the temperature profiles on th@ress the natural variability of the target gas, and thus should
retrieved Q profiles (Schneider and Hase, 2008; Schneiderbe as realistic as possible and evaluated from climatological
et al., 2008) . Another disadvantage of the 1000-1005'cm  data (Rodgers, 2000). The diagonal element,aepresent
microwindow is the presence of interfering water vapour the variability of the target gas VMR at a given altitude, and
lines. Therefore, the interfering water vapour profiles havethe non-diagonal elements represent the correlation between
been dealt with carefully, as explained in the next section. Atthe VMR at different altitudes. The SFIT2 version 3.81 used
Zugspitze however, the window was shortened to avoid watetiuring the UFTIR project only accepts a Gaussian-shaped
vapour lines. At Kiruna and |7, three microwindows have correlation between layers of which the half width at half
been added to have better sensitivity for high solar zenithmaximum (HWHM) has to be specifiddOne option to de-
angle measurements. The choice of microwindows and theermine the diagonal elements of the a priori covariance ma-
corresponding interfering species are listed in Table 2, fortrix is to use daily profiles from a 3-D Chemistry-Transport
each station. The absorptions of all interfering species thaModel (CTM), e.g., the Oslo CTM2 model (Isaksen et al.,
appear in the micro-windows are included in the simulated2005). This option has been taken at the Zugspitze station:
spectra. Thus, the absorption lines due to;CCyH4, and it leads to a variability around 14% in the lower troposphere,
Ogz isotopes are also calculated at the stations where they angsing to about 57% at the tropopause. Bamatrix adopted
not retrieved. The only difference is that at these stations, thén the Zugspitze retrievals has kept this overall shape, but
profiles of these molecules are fixed to their a priori profiles.slightly smoothed to a maximum variability of about 50% at
The reason for that is that the absorption of the interferingthe tropopause. Because CTM2 is essentially a tropospheric
gas can be so small that a simultaneous retrieval of the intermodel, the diagonal elements$f decreased smoothly from
fering species’ profile or column does not improve the target8% at about 27 km to zero at 70 km, thereby underestimating
gas retrieval nor the spectral residual. the real variability. This explains why smaller DOFS are ob-
All stations have used HITRAN 2004 spectroscopic line tained at Zugspitze for the altitude range above 27 km, as
parameters (Rothman et al., 2005). It has been noticed thatill be seen in the next section.
this choice minimizes or avoids some oscillations that ap-Experience shows that a realisB¢ matrix that imposes only
pear when using the HITRAN 2000 database including offi-a weak constraint on the a priori profile can lead to oscilla-

cial updates through 2001 (Rothman et al., 2003). tions in the retrieved profile. To avoid this problem, it was
suggested to adopt an a priori covariance matrix with 10%
2.2.2 Choice of a priori information variability on the diagonal, at all altitudes. At the Jungfrau-

joch station, the latter approach was compared with the one
Generally, the a priori profiles of the interfering species areadopted at Zugspitze. The retrieval results are equivalent for
taken from climatology. In the retrieval procedure, these pro-total and middle to high stratospheric columns. But in the
files are scaled together with the inversion of the target gasroposphere, it appeared that the agreement with correlative
profile. But, considering the importance of water vapour ozonesonde data was better using the more constr&ned
lines in our ozone microwindow and the high variability of matrix (10%). Therefore, the latter option was adopted at al-
water vapour in the atmosphere, special care was taken famost all stations (see Table 2). One should notice that, even
this molecule, as follows. At the Zugspitze station, thedH  if all stations (except Zugspitze) are usingamatrix with
profile was retrieved simultaneously with thes ©One, us-  diagonal elements representing 10% of variability, this does
ing an additional microwindow optimized forJ@ retrievals.  not mean that they are applying exactly the same constraint
At Kiruna, 1zaiia and Jungfraujoch, daily4® a priori pro-
files were determined first, in three microwindows selected 3A new version v 3.9 is now available that allows full, and there-
for that purpose and listed in Table 2, and then scaled infore more realisticS, matrix to be employed.

www.atmos-chem-phys.net/8/6865/2008/ Atmos. Chem. Phys., 8, 6865-6886, 2008
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Table 3. Characterization of the retrieved profiles at each sta- the meas‘%rem‘?”t error. In ogr retrievals, we ass8ite b,e
tion: the typical degrees of freedom for signal (DOFS), and Sensi-diagonal, in which case the diagonal elements are the inverse
tivity Range (SR) of the ground-based FTIR retrievals (Gd: ground;Square of the effective SNR.

TC: total column; PC: partial column).
2.2.3 Instrument line shape

Station TC SR Limits PC
DOFS (km)  of PC(km) DOFS The VMR profiles of target gases are retrieved using the

Ny-Alesund 4.6 Gd-51 Gd-9.0 1.0 shape of their absorption lines. The observed absorption
9.0-17.0 1.0 line shapes also depend on the instrument line shape (ILS)
17.0-27.0 11 which is therefore needed in the forward models of the re-
270410 10 trieval codes. Among the UFTIR stations, three different pa-

Kiruna 50 Gd42 Gd-98 13 rameterisations of the ILS have been used. At Ki_runa, .Ny-
9.8-18.3 11 Alesund, Harestua, and Iza, the ILS has been retrieved in-
18.3-27.7 1.4 dependently from HBr or PO absorption measurements in
27.7-416 1.0 a low-pressure gas cell with the LINEFIT code, as described

Harestua 6 Gd40 Gd-10.6 15 in I_-|z_ise et al. (1999). In this approach, the Io_ss of modulation
106-17.6 1.2 efficiency and the phase error can be described 1) by 40 pa-
17.6-27.6 1.6 rameters (20 for each) at equidistant optical path differences
27.6-39.8 1.1 (OPDs); 2) or simply by two parameters assuming a linear

decline of the modulation efficiency with OPD, and a con-

Zugspize 43 Gd-37 Gd-110 11 stant phase error. For the two former stations, the LINEFIT

11.0-17.9 1.3

17.9-279 14 results were close to, and thus have been approximated by,
27.9-41.9 05 the ideal ILS: there is no loss of modulation efficiency versus
OPD and no phase error. At fza, the ILS was not ideal and
Jungfraujoch 4.6~ Gd-44 Gd-10.6 1.0 the 40 parameters obtained from LINEFIT have been used to
ig:gzg:i i:g describe the ILS. At Harestua, the second option of parame-
27.4-42.4 1.2 ters from LINEFIT was used and the phase error, which can
lead to asymmetrical ILS but which was close to zero, was
Izaia 4.8 Gd-45 Gd-10.7 1.0 neglected. At Zugspitze and Jungfraujoch, it also has been
10.7-183 1.0 taken into account that the ILS may not be ideal: the ILS

18.3-27.7 15

277-416 11 distortions have been approximated by an empirical apodiza-

tion function (that represents only symmetrical distortions).
In the case of an ideal instrument, the apodization function
would be constant and equal to 1. In case of a non ideal

to the retrievals. As one can see in Table 2, the Gaussian cot-S, the parameters of the empirical function are retrieved
relation length has been chosen differently at each stationtogether with the VMR profiles, using the ideal ILS as the a
It corresponds to typical climatological data, except for Ny- Priori value. A polynomial fit of order 2 has been used. The
Alesund and Kiruna. Also the effective signal to noise ratio Phase error, close to zero, has been neglected.

(SNR) in the retrievals is different from one station to an-

other. This effective SNR is smaller than the value derived2-3 Vertical information in FTIR retrievals

from the inherent noise in the spectra, since the residuals in a

spectral fit are not only coming from pure measurement noisé®S mentioned previously, the vertical information contained
but also from uncertainties in the model parameters. The efin the FTIR retrievals can be characterized by the averag-
fective SNR is used as a regularization parameter. It is thdnd kernel matrixA. This matrix depends on measurement
ratio of both adjustable paramet&Ssand SNR that defines and retrieval parameters including the solar zenith angle, the
the respective weights of a priori and measurement informaSPectral resolution and signal to noise ratio, the choice of
tion in the retrieval, i. e., the averaging kernel maixThis ~ SPectral microwindows, and the a priori covariance matrix

is evident from the following equation (Rodgers, 2000): S.. The rows ofA are the so-called averaging kernels and
they represent the sensitivity of the retrieved profile to the

real profile. Their full width at half maximum (FWHM) is a
A= (KTse—lK + s;l)—lKTse—lK, 2) measure of the vertical resolution of the retrieval at a given

altitude. We give in Fig. 1 the typical averaging kernels for
whereS; is the measurement error covariance matrix Knd the G; retrievals at the Jungfraujoch station. According to
is the weighting function matrix that links the measurementtheir FWHM, the vertical resolution is about 8 km forz.O
vectory to the state vector: y=Kx+e¢, with € representing  On top of the kernels plotted in Fig. 1, we have added the
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Fig. 1. Characterization of the $retrieval at Jungfraujoch. Full

lines: volume mixing ratio averaging kernels (ppmv/ppmv) for the Fig. 2. Partial column averaging kernels (mol. cRimol. cm*z)
altitudes listed in the legend. Dotted line: Sensitivity of the retrieval o, O3 at Jungfraujoch.

as a function of altitude.

. . joch are given. Indeed, we see that the four layers are in-
so-called “sensitivity” of the retrievals to the measurements.dependem i.e. that their averaging kernels are resolved at
This sensitivity at altitude i; calculatet_:i as the sum of the qir FWHM, and that the averaging kernels peak at the right
elements of the corresponding averaging kerbelAxi- It gitude, iie., at the middle of the chosen layer limits. In Ta-
indicates, at each altitude, the fraction of the retrieval thatyo 3 e give the altitude ranges of the layers for each sta-
comes from the measurement rather than from the a priorio, - and the typical DOFS contained in the corresponding
information. A value close to zero at a certain altitude indi- partial columns. We see from Table 3 that the layering di-
cates that the retrieved profile gt that altitude is nearl;_/ inde—vide approximately the atmosphere in one tropospheric layer,
pendent of the real profile and is therefore approaching the,n three stratospheric ones. For the lowest layers, the upper
a priori profile. Figure 1 shows that the ground-based FTIR}inits do not correspond to the real tropopause heights, but
measurements of£at Jungfraujoch have a sensitivity larger 4y glightly below their mean values, derived from the NCEP
than 0.5 from the ground to about 44 km altitude. This meansyatabase. that are 10.1. 10.6. 11.0. 11.8. 11.8. and 14.9 km
that the retrieved profile information above 44 km comes for¢,, Ny-Alesund, Kiruna, Harestua, Zugspitze, Jungfraujoch
less than 50% from the measurement, or, in other words, thal 4 |24, respectively. The standard deviations from these
the a priori information influences the retrieval by more than ,aans are about 1.1 km except forflaavhere it is 1.6 km.
50%. ) ) For the latter station, the 10.7-18.3 km layer will be a mix-

Depending on the measurements and the retrieval paramegre of troposphere and stratosphere, while it will be quasi
ters used at the various stations, the altitude range over Wh'CBurer stratosphere for the other stations. Nevertheless, we
the retrieved profiles are fairly sensitive to the measurementsgid not find major changes in the trends afiaavhen choos-
as well as the DOFS will be different. Table 3 gives, for eaching a higher upper limit for the lowest layer such as 13.7 km,
station, the vertical ranges where the sensitivity is larger tharbrobably because the trends of the two lowest layers at this

0.5 (called Sensitivity Ranges, SR, in the table). The typ-gtation are similar as will be seen in Sect. 4. Thus we have
ical DOFS obtained at each station over the whole altitudechosen to keep similar limits for all the stations.

range (TC DOFS) are also added in Table 3: they are about
4.7. They correspond to a measurement at a typical solap.4 FTIR random uncertainties
zenith angle. The standard deviations(ilof DOFS for all

measurements at different solar zenith angles is typically 0.26,¢ ¢an distinguish three main sources of random uncertain-
Therefore hereinafter, we will not discuss profiles but ratherties for the FTIR retrieved profiles: the measurement error

partial column amounts in four independent layers. The layery, o 14 the measurement noise, the model parameters error,
limits have been chosen such that the DOFS is at least 1.0 Bd the smoothing error expressing the low vertical resolu-

each associated partial column. The thus defined layers areon of the ETIR retrievals.
independent on the basis of the resolution of the averaging
kernels, as can be seen in Fig. 2, where the partial column
averaging kernels of the four layers in the case of Jungfrau-
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O3 FTIR random errors

Table 4. Combined noise and model parameters errors, smoothing

—e— Total (noise and model parameters) errors, total (COmbined and SmOOthing) random errors, for partia|
Zero baseline offset, LOS, ILS .
60 Channeling and tit 1 and total columns at Jungfraujoch.
| Spectroscopy for interfering species
50 ‘\ Temperature i
I Noise Limits Noise-model Smoothing Total random Natural
= (km) error (%) error (%). error (%) variability (%)
€ 40 B
g | 3.6-10.6 3.7 9.0 9.7 30
£ 30) i 10.6-17.8 2.9 5.9 6.6 41
17.8-27.4 8.1 2.7 8.5 11
20/ 1 27.4-42.4 4.9 3.3 5.9 10
/ 3.6-100 4.2 0.4 4.2 12
10 —
0 EE
0 5 10 15 20 25 )
Errors [%] 2.4.2 Smoothing error

Fig. 3. Ground-based FTIR random errors (in %). forthe ®-  The smoothing erroB, associated with the low vertical res-
trievals at Kiruna. LOS: line-of-sight; ILS: instrument line shape  g|ytion retrieved profiles is (Rodgers, 2000):

2.4.1 Noise and model parameters errors S, = (A —DSuarA - D7, (4)

Figure 3 shows the square-root of the variances (“error bars”)Vith Syar the covariance matrix associated with the true natu-
of the spectral noise and individual model parameters contrifal variability of the G profiles. ThisS,ar matrix is different
butions to the random error covariance matrix of ther®  from station to station. As an example, at the Jungfraujoch
trievals, as well as the combined random error. The structurgtation, Syar has been evaluated using sonde measurements
in the error profiles shape reflects the effect of the propagaat Payerne and HALOEobservations around the location
tion of the different errors in the retrieval process. It appearsof the station, for the altitudes below and above 22 km re-
clearly that the dominant sources of random uncertainties arépectively. From the sonde measurements, then@ural
the temperature profile uncertainties and the baseline erroiariability reaches a maximum of 77% at the tropopause,
except in the troposphere where the channelling and tilt errofvhereas we have seen in Sect. 2.2.2 that the Oslo CTM2
dominates. As the instruments and the retrieval settings aréodel predicts 57%. This indicates that the Oslo CTM2
very similar for all UFTIR stations, a unique noise and model model probably underestimates the @tural variability.
parameters error budget has been evaluated for the typical Table 4 gives the smoothing error for the four partial
case of a measurement at Kiruna with a solar zenith angle ofolumns at Jungfraujoch. We see from Table 4, that the
70°. smoothing error is the major source of error on thepto-
From the error covariance matri®, associated with a files below 18 km, where the Lvariability is largest. How-
given error source, we can calculate the associated af@  ever, when comparing the g-b FTIR data with correlative
on the partial columns defined in Table 3. This calculation isdata that have a much higher vertical resolution, the correla-
made according to: tive profiles are smoothed with the FTIR averaging kernels.

This procedure makes the impact of the smoothing error on

the error budget associated with the comparisons negligible
APC=g"S.g, (3)  (Rodgers and Connor, 2003).

Furthermore, the contribution of the smoothing error to the
in which g is the operator that transforms the volume mixing tgtal column random error is minor: using Eq. (3), we ob-
ratio profile in the appropriate partial column amount. The tajn |ess than 0.5% for smoothing error, which is negligible
elements Og are equal to zero for the altitudes outside of the Compared to the total column random error Coming from the

concerned partial column boundaries. We give in Table 4 theyther contributions mentioned in the previous section (4.2%).
combined noise and parameters errors, for each of the four

partial columns in the case of the Jungfraujoch layers. The2.4.3 Total error

total column error can be evaluated in the same mangner,

covering the whole altitude range of the retrieved state vectorThe total random error for the total column has been evalu-
namely from the ground to about 100 km. The typical FTIR ated in this work to be 4.2%. The difference with the value
combined (noise and model parameters) random error on thef 3.3% reported by Barret et al. (2002, 2003), who use the
O3 total column is 4.2%.

4The HALogen Occultation Experiment on board UARS, the
Upper Atmosphere Research Satellite.
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Table 5. Statistical means (M) and standard deviations (STD) of the relative differences betweesttital@olumns from the FTIR and
correlative (CORR, being Dobson, UV-Vis or Brewer) measurements, in percentage. The numbers of comparisons N involved in the different
statistics are given between parentheses. The standard error on the mean (SEM#BIBaMRl the random errak DIFF/mean(CORR) on

the comparisons are also included (in [%)]).

FTIR station CORR station M[%] STD [%] N SEM [%] Random error [%]

Ny-Alesund UV-Vis at NyAlesund?® +12.0 8.5 (136) 2.2 4.9

79 N,20ma.s.| 1995-2001

1995-2004 UV-Vis at NyAlesund® +12.1 6.7 (15) 5.2 4.7
2002-2004
Dobson at NyAlesund® +0.7 3.1 (7) 3.5 4.2
1995-1997

Kiruna Brewer at Sodanksl® +2.7 6.9 (431) 1.0 45

68° N, 420m a.s.| 1996-2004 (241km, 179ma.s.l.)

1996-2004

Harestua UV-Vis at Harestifa +9.4 6.6 (374) 1.0 4.6

60° N, 596 m a.s.| 1998-2005

1995-2005 Dobson at Osto +8.6 5.0 (88) 1.6 4.3
1995-1998 (35km, 90 m a.s.l.)

Zugspitze Dobson at Hohenpeissenliérg +0.4 3.6 (341) 0.6 4.3

47N, 2964 m a.s.I 1995-2004 (43km, 975m a.s.l.)

1995-2004

Jungfraujoch UV-Vis at Jungfraujoéh +1.5 3.9 (627) 0.5 45

46.5° N, 3580m a.s.| 1995-2004

1995-2004

Izaha Brewer at Izaa? +2.9 3.8 (446) 0.5 4.4

28 N, 2367 m a.s.| 1999-2004

1999-2004

a source: NDACCP Source: CALVAL: ¢ Source: WOUDC.

same micro-window, can be explained partly by the fact thatties in the 1Qum region between HITRAN 2000 (Rothman
Barret et al. (2002, 2003) have not taken into account baseet al., 2003) and HITRAN 2004 (Rothman et al., 2005) that
line error, and that they have assumed a temperature unceincludes Q line parameters following the work of Flaud et
tainty of 1.5K, whereas we have adopted a 2 K uncertaintyal. (2003).

It is obvious in Fig. 3 that the temperature error is the domi-

nant error contribution in the stratosphere. Therefore the re- ] ) S

cent approach of Schneider and Hase (2008) and Schneidér Time series of Q g-b FTIR products and validation

et al. (2008), which widely eliminates this error, allows the

improvement of future FTIR @retrievals. In the frame of the UFTIR project, the six g-b FTIR stations

. ) ] have reprocessed their time series gf Ohe periods covered
~ The dominant systematic error on total columns is the O py the time series are given in Table 5. Because we consider
line intensity uncertainty (Barret et al., 2003; Schneider ety solar absorption measurements, the time series at Ny-

al., 2005; Kagawa et al., 2007; Schneider and Hase, 2008)4jesund and Kiruna cover only the March-September and
The G; air broadening coefficient uncertainty is an important janyary—November periods, respectively.

source of uncertainty when considering the retrieved profiles
and partial columns. For example, the total column amounts
obtained using HITRAN 2004, as in the present work, are
about 3.5-4% higher than the ones obtained using the HI-
TRAN 2000 database version (not shown in this paper). This
is in agreement with the differences in theg {the intensi-
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Fig. 4. Time series of @ total columns at each station. calval/), or the World Ozone and Ultraviolet Radiation Data

Centre (WOUDC, http://www.woudc.org/).

The results of the comparisons are given in Table 5. They
are expressed in terms of the statistical means of the relative
differences M, with M=mean(FTIR-CORR)/mean(CORR),
and the statisticald standard deviations, STD, in percent,
with STD=std(FTIR-CORR)/mean(CORR). The bias M is
Ista’[istically significant if it is larger than the standard er-

3.1 Gtotal columns
3.1.1 FTIR total column time series

Figure 4 displays the time series of @tal columns at each

g-b FTIR station. We clearly see the well-known seasona . .
variation of ozone having a maximum in spring (Brasseurror on the mean defined as SEM=3STD/v/N, with N

and Solomon, 1984). The seasonal variation is isolated irjfhe number of comparisons in the statistics. The random

Fig. 5 which shows the monthly mean total columns over the®Mo" OnN the absolute difference FTIR-CORR s simply:
periods of measurements. Also well-known (Brasseur andADIFF=y/ AFTIR?+ ACORR, with AFTIR and ACORR
Solomon, 1984) is the lower amount of ozone at lower lat-the absolute random errors on the FTIR and correlative mea-
itudes in all seasons (I#a), and the higher amplitude sea- Surements, respectively. The standard deviation of the dif-
sonal variation at higher latitudes. The larger total columnférences (STD) can be compared to the random error on
amounts at higher latitudes are mainly due to higher ozondhe difference in percent\DIFF/mean(CORR). As seen in
concentrations below 20 km, where transport, and particu_sect. 241, the FTIR random error on total column has been

plays an important role (Brasseur and Solomon, 1984). usually mu_ch smaller than the FTIR one. The UV-Vis ran-
dom error is between about 0.2% (for Harestua) and 1.6%
3.1.2 Validation with ground-based correlative data (for Jungfraujoch), and the Brewer and Dobson random er-

rors are typically 1%. Thus, as can be seen in Table 5, the
Comparisons have been made with ground-based correkorrelative random error contribution to the combined ran-
ative data (CORR). The daily means of FTIR data havedom errors is small.
been compared with the daily means of correlative data on First, considering the biases, we can notice from Table 5
the same day. Whenever possible, we have selected cothat a significant positive bias is present at all the stations
relative data taken at the same location. For Kiruna andexcept for the Dobson comparisons at Zugspitze and Ny-
Zugspitze, only one year of local correlative measurementdilesund. This significant bias is below 3% for Jungfrau-
was available, thus in order to validate the time series,joch, Izdla, and Kiruna. We have seen in Sect. 2.4.2 that
we have made comparison with data from Sodaalghd the systematic error due to thes @ne intensity parameter
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can induce a bias as large as 3.5-4%. However, this spectro- S ‘ L
. . . 1 2 3 4 5 6 7 8 9 100 11 12
scopic error can not explain the much larger biases observed Month
o . . . 18 ial col - 18k
at Harestua and NjMesund in the comparisons with UV- L x10 O Partel columns [10 - 38 knl
Vis data. The bias at Harestua is present in both the UV-Vis
and Dobson comparisons, thus it seems that the FTIR total 35y

columns are overestimated at this station. ForAlgsund,

the bias between UV-Vis and FTIR measurements is most
probably due to the analysis of the UV-Vis data in the UV
wavelength region (336 to 357 nm) applying full multiple
scattering in the radiative transfer model (F. Wittrock, pri-

Ind
o
T

molec. cm ™2

vate communication). For up to now unknown reasons, this 181

causes 6 to 12% smaller values for ozone depending on so- A4 L

lar zenith angle. A new data set analysed in the visible (425 — H\\\%Hﬁ’w*x*i%,,ﬁ
to 497 nm) solves this problem and will be uploaded to the O 4 s 6 7 & o 10 u 1
NDACC database quite soon (F. Wittrock, private communi- 1o o, parta columne [Ground - 10 k]
cation). This interpretation is confirmed by the Dobson com- B S
parisons which show no bias for the few coincidences that 12}

were found with FTIR measurements. ul

Second, considering the standard deviations, we see in Ta-
ble 5 that for the three stations at lowest latitude, STD is
within the random error. One can even notice that the ran-
dom error of the comparisons of 4.3 to 4.5% could be too

conservative, as the STD is always equal to or below 3.9% i /
for these stations. For the three stations at highest latitude, of -

10r

molec. cm™2
o ©0
T

~

the standard deviations are larger than the random error, ex-
cept for the Dobson comparisons. For Kiruna, the reason S
could be the higher natural variability of:Gat higher lati- 1oz 3 4 s 0 T8 9 10 112

tude that could lead to a spatial collocation problem for the

comparisons with Sodankyl Also the temporal variability  Fig. 7. Monthly means of @ partial columns at each station. The
could play a role in the comparisons since only daily meandayer limits are indicative in the figures, the exact limits are given in
are compared. Table 3.
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3.2 s partial columns umn. The high altitude of the three lowest latitude sites thus
explains about half of the difference in tropospheric ozone
321 Partial columns time series amounts with the high latitude stations.

3.2.2 Validation with ground-based correlative data
We have seenin Sect. 2.3 that the DOFS is around 4.74or O

which justifies the definition of four partial columns (see Ta- Validation of FTIR ozone partial column amounts in the dif-
ble 3) and consideration of the corresponding time series. Aderent layers has been made using correlative ozonesonde
an example, Fig. 6 displays the partial columns time seriesand Lidar data, that provide vertical profiles of @om the
at the Jungfraujoch station. We can notice in this figure thatground to about 30 km, and from about 10 to 45 km, respec-
the timing of the seasonal maximum of ozone is different fortively. The source of these correlative data is the NDACC
different altitude layers. Figure 7, which shows the monthly database, except for the ozonesondes at Gardermoen which
means of partial columns at each station, illustrates this feawere taken from NILU Atmospheric Database for Interactive
ture even better, and confirms that it exists at all stations. ARetrieval (NADIR, http://www.nilu.no/nadir/). As done in
the same time, it shows that the phases of the seasonal vari&ect. 3.1.2 regarding the validation of ozone total columns,
tion of ozone in each layer are slightly different with latitude. we have compared daily mean ozone values. To take into
In the upper layer £27-42 km), the maximum in the account the different vertical resolutions of the FTIR and
ozone partial column occurs in summer, shifting from early correlative ozone profiles;., we have used the method of
summer to late summer when going from high to low lati- Rodgers and Connor (2003). In the present case, the verti-
tude. The amounts of ozone are highest for the lowest latical resolution of the ozonesondes and Lidar profiles is much
tude station Izaa, in agreement with higher photo-chemical higher than that of the ground-based FTIR data. Therefore
production of ozone at these altitudes during this season, anthe averaging kernel matrix of the correlative profiles is con-
particularly at the latitude of I17&. sidered to be the identity matrix. Before comparing the cor-
As already mentioned in Sect. 3.1.1, the lowermost stratoJ€elative profiles to the FTIR ones, we smoothed them accord-

sphere is influenced by transport, and the large gradients ifd to the characteristics of the FTIR data, following:
ozone amounts as a function of latitude in the 10-18 km
layer are due to downward poleward circulation (Brasseur®s = ¥a T A(¥c — Xa), ®)

and 'Solomon, 1984).' At high .Iat|t'udes, the Qesgent Of.a'rin whichx; are the smoothed correlative profiles andand
coming from the tropics occurs in winter, but this air remains

. o . are the FTIR a priori profile and the FTIR averaging kernel
in the stratosphere for several months, giving a maximum O.fr‘;atrix, respectively.

ozone in spring in the lowermost stratosphere, and a maxi- We give in Table 6, the statistical means (M) of the rel-

mum in late wmter—spnng in the 18-27 km layer. ative differences between the ozone partial columns from
For the tropospheric column (groundtOkm), we clearly  prir and correlative profiles in percent, M=mean(FTIR-

see the difference between the mid-latitude NH broad maXi'CORR)/mean(CORR) and the associated statistical 1
mum in summer and the spring maximum at the highest latgtangarg deviations, STD, in percent, STD=std(FTIR—
itude stations. One might expect tropospheric ozone to bQ:ORR)/mean(CORR), for the partial columns defined in Ta-
largest in spring, as the STE process is most effective duringy ;e 3 The standard errors on the mean (SEM£3N) are

late winter and spring. This is indeed what is observed forai5, given in order to detect the statistically significant bi-
the non-polluted sites of Kiruna, Nitesund and Harestua. 5565 The random error on the differences of partial columns
But, as explaln(_ad in Logan ,(1985)' a broad summer MaXlig calculated from Eq. (3), wher8, is the random error
mum is present in the mid-latitude NH, where photochemicalgyariance matrix on the difference of the profiles FTIR—

production of ozone associated with anthropogenic sourcegorR. Based on Rodgers and Connor (2003) and the fact
(NOy, CO, and hydrocarbons) occurs. ABO°N, Logan 4 the averaging kernel matrix of the correlative data has

(1985) reports some longitudinal differences in the seasonggen set to the unity matrix, we obtain for the random error
cycle of tropospheric ozone, with e.g., a summer maximumyq, 2 riance matrix of the differences:

in Florida and Bahamas, but not in southern Japan due to

the summer monsoon. At Iaa, we see the summer maxi- S — Sy, + AszAT, (6)

mum. We see in Fig. 7 that the differences in tropospheric

ozone between the three high altitude sitesf{#galungfrau-  with S,, the random error covariance matrix of the g-b FTIR
joch and Zugspitze) and the others is approximatedy @’ retrieved profile and,, the random error covariance matrix
molec. cm2. The tropospheric ozone amounts are of courseof the correlative profile, specified on the FTIR retrieval grid.
strongly affected by the different altitudes of the sites. ForThe FTIR random error covariance mati®,, which in-
example, the annual mean ozone partial column in the lowestludes the noise and model parameters errors, is described
3 km layer at Kiruna is about210*” molec. cnt?, and rep-  in Sect. 2.4.1. The vertical smoothing error, as seen in
resents more than 20% of the tropospheric (gd-10 km) col-Sect. 2.4.2, can be neglected in the comparisons as we have
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Table 6. Statistical means (M) and standard deviations (STD) of the relative differences betweeypaei@ columns (PC) from the FTIR

and correlative (CORR) measurements, in percentage. The correlative ozonesondes and Lidar profiles have been smoothed with the FTIF
averaging kernels. The numbers of comparisons N involved in the different statistics are given between parentheses. The standard error ol
the mean (SEM=3STR/N) and the random error on the comparisons are also included (in [%]). Gd: ground.

FTIR station CORR station PC limits [km] M [%] STD [%)] N SEM [%] Random error [%]
Ny-Alesund  Sondes at Njdesund?® Gd-9.0km +9.1 19.6 (40) 9.3 3.2
1995-2004 9.0-17.0km +4.5 16.0 (38) 7.8 3.1
17.0-27.0km 4.7 9.1 (31) 4.9 75
Kiruna Sondes at Sodanla? Gd-9.8km +2.9 17.3 (134) 4.5 2.8
1995-2004 (241 km) 9.8-18.3km +2.7 21.8 (132) 5.7 3.0
18.3-27.7km 2.4 10.2 (94) 3.2 8.5
Lidar at Andoyaf 9.8-18.3km 7.7 17.2 (52) 7.2 3.1
1995-2004 (260 km) 18.3-27.7km +3.4 11.6 (90) 3.7 8.2
27.7-41.6km —0.7 12.7 (62) 4.8 5.8
Harestua Sondes at Garderm&en Gd-10.6 km +6.2 155 (20) 104 2.7
1995-2000 (20 km) 10.6-17.6km -0.8 14.8 17) 10.8 3.5
17.6-27.6 km +9.2 13.6 (11) 12.3 7.6
Zugspitze Sondes at Hohenpeissenlferg Gd—11.0 km +0.7 16.6 (230) 3.3 3.2
1995-2004 (43 km) 11.0-17.9km +10.5 214 (230) 4.2 3.0
17.9-27.9km +0.6 6.6 (227) 1.3 8.4
Lidar at Hohenpeissenbefg 11.0-17.9km - - 2) - -
19952004 (43 km) 17.9-27.9km -0.4 6.7 (171) 15 8.3
27.9-41.9km +7.4 10.2 (161) 2.4 51
Jungfraujoch  Sondes at Payefhe Gd-10.6 km +3.0 11.0 (400) 1.7 3.8
1995-2004 (84 km) 10.6-17.8km +4.8 9.8 (400) 1.5 3.0
17.8-27.4km  +52 3.7 (377) 0.8 8.4
Lidar at Hohenpeissenbefy ~ 10.6-17.8km - - (0) - -
1995-2004 (268 km) 17.8-27.4km +7.3 4.3 (343) 0.7 8.3
27.4-42.0km +5.2 4.8 (329) 0.9 5.1
Izaha Sondes at Izaf Gd-10.7km +4.2 15.9 (66) 5.9 2.8
1999-2004 10.7-18.3km +1.5 22.7 (65) 8.4 2.9
18.3-27.7km +9.6 4.7 (59) 1.9 8.4

asource: NDACCP Source: NADIR.

smoothed the correlative profiles by the FTIR averaging ker- The mean relative differences (M) of the tropospheric
nels. TheS,, matrix is taken diagonal for both ozoneson- layer, i.e. the biases, are lower than approximately 4% at all
des and Lidar measurements. The random error budget fostations, except Harestua (6%) and Alesund (9%). Con-

the ozonesondes was not given individually in the NDACC sidering the standard error on the mean (SEM), they are never
database, thus we used typical values from the JOSIE-2008tatistically significant, except at the Jungfraujoch station,
report (Smit and Straeter, 2004): 5% from the ground towhere the bias is only +3401.7% (MtSEM). In the lower

20 km and 7% above. The random errors of Lidar profiles arestratospheric layer (10—18 km), the biases with the ozoneson-
given individually in the data files of the NDACC database. des are positive but statistically non significant at all sta-
We took the mean of the provided values for the profilestions, except at Zugspitze (10:8.2%). and Jungfraujoch

in daily coincidence with FTIR measurements. The Lidar (4.8+1.5%). For this layer, the comparisons with Lidar mea-
errors can be larger than 20% at the tropopause and abow&irements show a slightly significant negative bias at Kiruna
40 km, but after the smoothing with FTIR averaging kernels (—7.7+7.2%). In the 18-27 km layer, the biases are statisti-
in Eq. (6), they are below 5% in the lower stratosphere, andcally non significant at all stations, except at Jungfraujoch
below 10% around 40 km. (+5.2+0.8%). and Iz&Aa (9.6:1.9%). We notice a good
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s total coumns (molec. i) at Jungfraujoch random errors. In the troposphere, the standard deviations
. K . are between 11% and 20%, while the random error is only
: : between 3 and 4%. In the 10-18 km layer, the standard de-
viations are between 10% and 24%, and the random error

1.40E+19

1.20E+19

1.00E+19

s00e+1s ¢ AR W 4 5 around 3%. This is not surprising considering that ozone has

’ : - more variability in the tropopause region, thus we expect that

voocs L —;u:w the spatial and temporal differences between both measure-
SO . S I K K I ments have a larger impact in the two lower layers.

a
0.00E+00 e
BB

. 4 Ozone trends in Western Europe from g-b FTIR mea-
PR surements

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

-2.00E+18

0 total columns (molec. cm™) at Ny-Alesund

L60En10 ‘ Gardiner et al. (2008) describes the bootstrap resampling
— s method that has been implemented in the UFTIR project to

© Bootstrap resampled

1.40E+19 +

.
X

oo | . make statistical trend analysis of the UFTIR time series. The

8 é; | ¢ objective of the bootstrap analysis approach is to determine
o i . the annual trend and associated uncertainties, based on a sta-
80081181 SR i . tistical model that makes minimal assumptions about uncer-
60054181 tainty distributions associated with the raw data. In order to
4008418 { capture the regular intra-annual variations in a statistically

robust manner without having to make detailed assumptions
about the nature of the intra-annual behaviour, a Fourier se-
ries is used to model the data. The year-to-year variability,
that can appear particularly at the Arctic sites, will not be
O captured by the intra-annual Fourier series, but is effectively
a noise source in the linear trend determination, and therefore
Fig. 8. Measured and bootstrap resampled ozone total columns afeeds into the uncertainties in the determined trends. These
Jungfraujoch (top) and Ngdesund (bottom). The linear trends and  ncertainties correspond to the 95% confidence interval of
the residuals are also shown. the bootstrap resampled distributions, which would be equiv-
alentto 2 standard deviations for normal distributions (Gar-

consistency between ozonesonde and Lidar comparisons. ﬁ%‘”er et al., 2008). It was ch_osen n G?‘rd'”er et al. (2008)
to use a common order Fourier series in the trend analyses

the higher stratospheric layer 27—-42 km, the Lidar compar—]c I . d all sites to o ist in th it
isons show an excellent agreement at Kiruna. Positive signif—Or all species and all Sites 1o give consistency in the resutts.
The third order Fourier series provided the best overall re-

icant biases of 5.2% at Jungfraujoch and 7.4% at Zugspitze . . :

are observed in the comparisons between FTIR and Lida?UIt for all species. Generally, the variation we get in the

measurements at Hohenpeissenberg. This confirms the rér_end and uncertainty values for different order series is sig-
sult by Steinbrecht et al. (2006) when. comparing Lidar andnificantly smaller than the basic uncertainty in the trend. In

SAGE data: the Lidar data at this station are too low betweerFhe present wprk, we also use third order Fourier series, for
30 and 42 km, with a maximum of 10% at 38 km. We observe.tOtal. and partial columns trends. As an example, we show
that in general there is a positive bias at all layers, which i Fig. 8 the ozone total columns from the FTIR time se-

in agreement with the total column comparisons showed iyies together with the fitted time series from the bootstrap

Table 5. The main systematic error sources for FTIR partialres_ﬁlmIOIIng method, at_Jung_fraUJoch and atAlgsund. The_
columns being the line intensities and air broadening co- r95|duals and the obtained linear trends are also shown in the
efficients (Barret et al., 2002, 2003), the error on the spectrof'gure' One can see that thg measured FTIR to_tal columns
scopic parameters could partly explain the observed biase re \!vell reproduced by the third order Fourier series, even at
The use of spectroscopic databases different in the prese y-A lesund where the data only cover the Mg reh-September
work (HITRAN 2004) and in the work of Barret et al. (2002) eerlod. One should take care that the obtained trend at Ny-
HAIesund concerns only this period. In the same manner, the

explains the different biases obtained, for the Jungfraujoc Lends ai i th t secti for Ki v th
station, in the ozonesonde comparisons in both studies. rends given in the next sections for Kiruna concern only the
anuary to November period.

The standard deviations are smaller or comparable to thé]
random errors only for the 18-27 km layers (with the ex-
ception of Harestua where STD is larger) and the 27-42km
layer at the Jungfraujoch station. In the two layers at lower
altitude, the standard deviations are always larger than the

2.00E+18

orl

0.00E+00

~2.00E+18

S
» g
;i »
»
b>
g d
S
by b
K4
S
i3
LG 2
b
»
>

Atmos. Chem. Phys., 8, 6865-6886, 2008 www.atmos-chem-phys.net/8/6865/2008/



C. Vigouroux et al.: Evaluation of ozone trends from g-b FTIR observations 6879

Gardiner et al. (2008) provides results for total, tropo- The total ozone trend at I@a is small and non significant
spheric and stratospheric column trends and associated ur—-0.08+0.28%/yr), in agreement with previous studies for
certainties for the six UFTIR target species. For ozone, Gardatitudes around 20-3W using TOMS/SBUV data (Rein-
diner et al. (2008) finds that total and stratospheric columnsel et al., 2005; Andersen et al., 2006).
trends are very similar, which is expected given the fact that At the two mid-latitude stations, one observes small
the stratospheric column makes up 90% of the total columnpositive trends in total ozone, significant for Jungfraujoch
In the present work, we have used the same method to derivf.414+0.21%/yr~1.32+0.69 DU/yr) and not significant for
trends for the four individual partial columns identified in Ta- Zugspitze (0.15%0.29%/yr ~0.47+0.91 DU/yr). Based on
ble 3 for each station. The results are presented in Table 7TOMS/SBUV data, Reinsel et al. (2005) obtain a signifi-
where we have given only the approximate boundaries forcant positive trend of 1.730.57 DU/yr for the period after
the layers: ground-10km, ~10-18 km,~18-27 km, and the turnaround in 1996 up to 2002, for the 45>B0atitude
~27-42km. The trends and their associated uncertaintieband. Our results are in agreement with the observation of a
are expressed as annual trends, in % relative to the mean vaidrnaround in the negative trend of mid-latitude total ozone:
ues for the year 2000. The small differences between the toan ozone minimum is observed in 1993, with particular low
tal columns trends given in Table 7 and Table 3 of Gardinerozone values mainly due to the Mt. Pinatubo volcanic erup-
et al. (2008), come from the different definition of the total tion, and a turnaround point is often chosen around 1996 for
columns: from the ground up to about 100 km in the presentrend studies (Stolarski and Frith, 2006; Dhomse et al., 2006;
work, and from the ground up to about 50 km in Gardiner etAndersen et al., 2006; Reinsel et al., 2005). As discussed

al. (2008). in these previous studies, it is still under debate whether
the turnaround is due to declining EESC, because the total
4.1 Total column trends ozone trends are also influenced by solar activity (11-year

, . cycle), volcanic eruptions, temperature, and dynamical pro-
We see from Table 7, that at the three highest latitude stagegses (Brewer-Dobson circulation and nonlinear synoptic
tions, the last decade total column ozone trends are Sigyaye forcing). Also, the positive ozone trends in the Arctic,
nificantly positive. We obtain +0.920.64, +0.640.39,  ,qqqciated with the recent warmer winters, play a role in the
and 0.58:0.48%lyr (-3.4:2.3, 2.11.3, 2.6:1.8 DUlyN) mid-latitude positive trends: it was shown that the transport

for Ny-Alesund, Kiruna, and Harestua, respectively. ThiS ot o;4ne_depleted air from the polar vortex has an influence
is in agreement with Weatherhead and Andersen (2006) whey, the |ongitudinal differences in past negative ozone trends

report an increase of fibout2.5 and 2 DU/yr at latitudéNB80 4t mid-latitudes (Andersen and Knudsen, 2006). Quantify-
and 60-70N, respectively, for 19962004, based on mergedng the individual contributions of the processes that drive
TOMS/SBUV2 satellite data. The high variability of 0zone ;46 trends is very complex and a great challenge for mod-
in the Arctic, mainly driven by changes in dynamics, makesgjing studies. Since these contributions are dependent on al-

it difficult to detect and interpret a possible turnaround in the iy ,qe it is very useful to investigate the vertical distribution
ozone trend at these latitudes (WMO, 2006). Therefore, it

: g o~ of ozone trends.

is too early to explain the observed positive trends at NH

high-latitudes by the decrease of EESC. They could rathem,z Midd|e-upper Stratosphere (27_42 km) trends

be due to the higher occurrence of warmer winters that ap-

peared since 1997/1998 in the Arctic compared to the previ-Table 7 shows that the trends for the upper layer (27-42 km)

ous period 1991-1997 (Manney et al., 2005), and that leadsesulting from our study are quite different according to the

to less ozone depletion during these warm winters/springsstation.

To demonstrate this, we have calculated the total ozone trend We detect significant positive trends at the high latitude

at Harestua, for the 1995-2005 period, as one more year dgtations Kiruna and Harestua, but not at Algsund. The

data was already available for that station, and we found dack of measurements at Nyesund during polar night

reduced and non significant trend of 0:@43%/yr. In-  could explain partly the apparent disagreement with the two

deed, the very cold winter/spring 2004/2005 in the Arctic other high latitude stations. Indeed, if we reduce the Kiruna

leads to large ozone loss (Manney et al., 2006), as observeand Harestua data to the March—September period, reduced

for Harestua in Fig. 4, with lower ozone values during springtrends are obtained, nonetheless still significantly positive:

2005 compared to 1997—2004 springs. This gives an examplé.06£0.41%/yr and 1.7&0.69%/yr, respectively. A change

of the strong influence of the temperature, which is linked toin Brewer-Dobson circulation, which is active in winter in the

planetary wave activity (Dhomse et al., 2006), on the trendsmiddle-upper stratosphere at high latitudes, could be respon-

in the Arctic. sible for a seasonal dependence in the observed trends. Un-
fortunately, there are too few studies regarding upper strato-
spheric ozone trends in the Arctic to corroborate our results.
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Table 7. Annual O; trends and uncertainties (95% confidence limits) in grotti@®-km, ~10-18 km,~18-27 km,~27—-42 km and total
columns (as % of 2000 value). The exact boundaries of the layers are given in Table 3. The measuremeAtssaindyand Kiruna are
restricted to the March—September and January—November periods, respectively.

FTIR station Latitude Period Ground10km ~10-18km ~18-27km ~27-42km Total
Ny-Alesund 79N 1995-2004 —0.03 @0.92) 1.99 £1.31) 0.86 £0.82) —0.13 @0.67) 0.92 {0.64)

Kiruna 68N 19962004  0.36£0.51)  0.27£40.78)  0.6340.46)  1.45£0.44)  0.64 0.39)
Harestua 6ON  1995-2004 -0.8140.69) —1.36(1.15) 1.0340.43) 3.0640.73)  0.56 {-0.48)
Zugspitze 47N 1995-2004  0.090.74)  2.03£1.49) —0.010.30) —0.50 ¢0.32)  0.15 £0.29)

Jungfraujoch 47N 1995-2004  0.2240.49)  1.0840.76)  0.30¢0.17)  0.2640.18)  0.41{0.21)

Izaha 28N 1999-2004 -0.62 &0.77) —0.43&1.72) 0.5840.30) —0.82&0.38) —0.08 0.28)

At Izafa, the upper layer trend is significantly negative at Hohenpeissenberg was due to record low stratospheric
(—0.82+0.38%/yr). We can notice a longitudinal difference ozone values in the winters 2003/2004 and 2004/2005. If
with the significant positive trend (0.190.189%/yr) ob-  we limit the evaluation of trends to the 1995-2002 period,
tained at Hawia(19.5° N, —155.6 E) for the 35-45km layer we find indeed a better agreement between both stations
and the period 1997-2005 from Lidar and microwave mea-with +0.27+0.48%/yr and +0.28&0.24%/yr for Zugspitze
surements (Steinbrecht et al., 2006). No other studies arand Jungfraujoch, respectively. Thus, the last two winters
available for these altitudes in the subtropics, and reasonat Zugspitze (47N, 12° E), 2002/2003 and 2003/2004 (the
for this longitudinal difference should be investigated. How- Zugspitze time series ends in September 2004), where par-
ever, other experiments confirm our results: afigkaECC ticularly low ozone partial columns occur in the 27—-42 km
sondes are launched weekly and high quality Brewer mearange, have a quite important influence on the associated
surements are performed continuously since 1992. The EC@end. For about 25 days out of the 35 days when lowest val-
sondes show no significant trend below 18 km, but a signif-ues were seen at Zugspitze during these two winters, there
icant positive trend for the 18—-27 km layer (086022%/yr)  are no data at Jungfraujoch, probably due to bad weather
for the period 1992-2006 (A. Redondas, private communi-conditions. These winter values have a large impact on the
cation, trends are obtained according to Reinsel et al., 2002Yrend evaluation, most likely because the Zugspitze time se-
This increase is not observed in the total t@ends obtained ries contains less data during the first years of measurements,
from the Brewer data (0.120.16%/yr) for the same period especially in winters. This is illustrated in Fig. 9. The dif-
(A. Redondas, private communication). These two observaference in the upper stratospheric ozone trends at both sta-
tions support the negative trend found in the FTIR data fortions is, for a large part, responsible for the difference in
the 27-42 km layer. the total ozone trends seen in previous section. It is worth

At the two mid-latitude stations, the trends are small noticing that another study regarding Umkher data at Arosa
but significant, and of different signs: negative at (47° N, 10°E) (Zanis et al, 2006) has shown a negative trend
Zugspitze (0.50+0.32%/yr—0.42+0.27 DU/yr) and posi-  in the 32.6-37.5km layer 6£0.38+0.25%lyr for the 1996—
tive at Jungfraujoch (+0.260.18%/yr+0.22+0.15 DU/yr). 2004 period, and-0.30+0.27%/decade for the layer above
Both results are consistent, within their uncertainties,37.5km.
with the study of Yang et al. (2006), which obtains The causes of the observed levelling off or even of the
+0.06+0.31 DUlyr, for columns above 25km from SAGE “turnaround” of the past negative upper stratospheric ozone
satellite measurements between 30 antdM6for the 1997—  trend in NH mid-latitudes around 1996, are not well distin-
2005 period. However, it is surprising to obtain trends that doguished up to now. At these high altitudes where chem-
not agree within their uncertainties for stations that are veryistry plays a major role, the change in EESC amounts is in
close (318 km) to each other. A similar situation was noticedcompetition with the end of the solar maximum (11-year
by Steinbrecht et al. (2006) who obtained a negative ozoneycle), as were debating Newchurch et al. (2003); Stein-
trend in the 35-45km altitude range at Hohenpeissenberdprecht et al. (2004a); Cunnold et al. (2004); Steinbrecht et
(48N, 11°E) but not in Haute Provence (4Hl, 6° E). al. (2004b). The two solar maxima before 1999—-2003 coin-
Steinbrecht et al. (2006) suggested that the negative trendide with large volcanic eruptions, and the 1999-2003 solar
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maximum coincides with a decrease in ODSs: more years of O, paral ol (27,4 - 42. k] (ol am) at ugratioch
. . . 3.50E+18

measurements are needed to distinguish the effect of the so-
lar cycle on ozone (WMO, 2006). More recently, the study ™ At @ . .
LETAR W, (B 4

of Yang et al. (2006), based on a model constrained by satel- et
t i’gi 2t 2 *
I A <

2.50E+18

lite observations, indicated chemical processes, driven by the** |
EESC decrease, as the major cause of the levelling off of the===| L
ozone upper stratospheric trends in the last decade, with @ = 1 s esame
30% contribution to the total ozone trends. This is in contra- sees| |
diction with Dhomse et al. (2006) who concluded that EESC oo
changes had a minor impact on the recent total column 0zones e+

trends. 2006418
-1.50E+18

4.3 Lower-middle stratosphere (18-27 km) trends e vo- 2 e (s ey mmigme
3.50E+18 I I

Inthe 18-27 km layer, ozone trends are significantly positive | | ="

at all stations, except Zugspitze where the trend is near zero | 2 o

(see Tab_le 7) N _ i Lo b g

The significant positive trends at Kiruna and Harestua, >  {, 2%

of 0.63+0.46%/yr and 1.080.43%/yr, respectively, seem  isocus | . * ’

to disagree with the results obtained by Kivi et al. (2007) .|

at seven ozonesonde stations in the Arctic (frorm MGo . R

80°N), four in Europe and three in Canada. This study | . s ‘... s ah m A,

pointed to non significant trends in the 40—10 hPa layer for °®=®——* k '4,-‘%,‘:.‘, R ‘q ‘}‘ Wiy %

the period 1996-2003. Even if we limit the time period for e | RN SR

the evaluation of our trends to this same period, we find sig- ... ’

nificant positive trends. But if we use a layer that corresponds 19951996 1097 1080 1999 2000 2001 2002 2003 2004 2005 2000

better to the 40-10 hPa range at Kiruna (around 21-29 km)
which contains a DOFS of 1.04, we then obtain a trend of
0.54+0.55% which is indeed non significant. The reason for
this result is that the positive trend is actually situated in the
16-22 km layer (0.780.55%, DOFS=1.1). The same be-
haviour is observed at Harestua: the trend for the 22—29 km
layer is smaller than for the 18-27 km layer, even if it re- latitudes (Miller et al., 2006; Yang et al., 2006) obtained
mains significant in this case (0-88.67%/yr, DOFS=0.9). non significant trend, in the 18-25km layer for the 1996—
At Ny-Alesund also, the trend is non significant in the 21— 2005 period. From the study by Yang et al. (2006), the trend
29 km layer. Unfortunately, we cannot compare the trend achange at these altitudes would also be due to the levelling off
Ny-Alesund to the Kivi et al. (2007) results since in our case 0f EESC, rather than to dynamical changes, rising to about
it represents the March to September trend, while Kivi et al.50% the total (18-25km layer and upper stratosphere) con-
(2007) show very contrasted results depending on season aritibution of EESC changes to total column ozone trends.
do not include the whole March to September one.

Also at Izdia, we obtain a significant positive trend of 4.4 Near-tropopause/lowermost stratosphere (10-18km)
0.58+0.30%/yr. The literature does not provide easily com- trends
parable results for that latitude, altitude and time period,
since we only found SAGE and SBUV trends for the com- Regarding the trends in the lower stratosphere (10 to 18 km
plete 1979-2004 period (WMO, 2006). However, as men-altitude), we see in Table 7, that the results are quite dif-
tioned in the previous section, the ECC sondes afidza ferent for the three high latitude stations. The high posi-
show a significant positive trend for the 18-27 km layer tive trend at Nyf\lesund for the March—September period
(0.61+0.22%l/yr) for the period 1992-2006 (A. Redondas, (1.994-1.31%/yr) could be explained by the warmer winters
private communication). that occurred since 1997/1998 leading to less ozone depletion

For the two mid-latitude stations, we obtain a zero trendin late winter / early spring at this station, in a similar way
(—0.01+0.30%/yr) at Zugspitze, and a significantly posi- to the total column trend. This effect is less clear at Kiruna,
tive trend at Jungfraujoch (0.3.17%l/yr) in the 18-27km  where the trend of this ozone layer is much smaller and non
layer. Both results agree with the observation of a levellingsignificant (0.240.78%/yr). However, the trends at these
off of the past slightly negative trend around 30 km, sincetwo stations are in agreement within their uncertainties and
1993-1996 (WMO, 2006). Previous studies at NH mid- with the work of Kivi et al. (2007). The latter study obtains,

Fig. 9. Measured and bootstrap resampled ozone partial columns
(~27-42 km) at Jungfraujoch (top) and Zugspitze (bottom). The
linear trends and the residuals are also shown.
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for the period 1996—-2003, positive trends of H3426%/yr NH mid-latitudes (Miller et al., 2006; Yang et al., 2006), and
for the tropopause—150hPa layer and #R58%/yr for  Umkehr measurements at Arosa (Zanis et al, 2006). Yang et
the 150-40 hPa layer for all seasons, and higher trendal. (2006) find that the positive trend of 0:£0.55DU/yr in
in the January—April period. For the same reason than inthe tropopause-18 km layer, obtained from 11 ozonesondes
previous section (the positive trend is located in the 16-between 30 and 6NN, contributes 50% to the total column
22 km layer), the trend at Kiruna for a layer correspond-trends and is mainly due to trends in dynamical processes.
ing to the tropopause—40 hPa (around 11-21 km) is higheAlso, Miller et al. (2006) find that the influence of the Arc-
(0.47+0.65%/yr, DOFS=1.6), but in our case it remains nontic Oscillation is statistically significant. The highly nega-
significant. For Kivi et al. (2007), this large change relative tive past trend at mid-latitude in the lowermost stratosphere
to the past negative trend in the lowermost stratosphere layawas attributed for an important part to the export of polar
can be primarily attributed to dynamical changes. ozone loss (Chipperfield, 2003); similarly, the positive ozone
The trend at Harestua is large and negativetrends observed over the 1995-2005 period in the Arctic sta-
(—1.60+0.90%/yr), which looks in contradiction with tions probably contribute to the positive trend, observed in
the other stations and Kivi et al. (2007). At present no the lowermost stratosphere over the same period, at the mid-
explanation is found for that behaviour, thus results fromlatitude stations.
this station should be taken with care. It could be that the In conclusion, the dynamical changes that make ozone in-
high DOFS (5.6) obtained for that station compared to thecrease in the lowermost stratosphere contribute to the fact
other ones (Table 3) is somehow unrealistic and indicateghat the total ozone trends changes in the NH mid-latitudes
that the retrievals were not sufficiently constrained. appeared quicker than expected on the basis of only the
In the 10-18 km layer at IZ&, which is the layer around EESC decline (WMO, 2006; Reinsel et al., 2005; Weather-
the tropopause for this low latitude station, we obtain a neg-head and Andersen, 2006). The causes of the trends in the
ative but non significant trend{0.43+£1.72%/yr), in agree- lower stratospheric circulation are unclear. It could be due to
ment with ECC sondes at I#a (A. Redondas, private com- natural climate variability or climate change due to increas-
munication). In the subtropics, the only long-term recordsing greenhouse gases (WMO, 2006).
at these altitudes come from SAGE measurements, whereas
in the tropics ozonesonde data are also available from thd.5 Tropospheric ozone
SHADOZ (Southern Hemisphere Additional Ozonesondes) , .
network since 1998. Randel et al. (2006) have compared théS the FTIR retrievals have only one DOFS in the tropo-
SAGE Il ozone between 16—18 km and°$8-20 N to the sphere, we can not have separate trends for the boundary
mean of seven SHADOZ stations. They agree well in de-l2yer andthe free troposphere. In this study, the upper bound-
tecting a negative trend for the period 1998—2004. Randel efY IS not the tropopause, as it is the case in Gardiner et al.

al. (2006) attributes this decrease in ozone near the tropicd2008). but an altitude between 9 and 11km, chosen to give
tropopause to an increase in the mean upwelling (Brewer@t I€ast one DOFS between the ground and the upper bound-

Dobson) circulation. As this study does not observe a de@"- _
crease in ozone for lower altitudes, the authors do not con- 't iS cléar from Table 7 that the trends in the troposphere

sider an increase in deep convection is plausible. In our casé'® Non significant, except at Harestua where it is signifi-

if we limit the partial columns to 1015 km, and to 15-18 km, cantly negative. This negative trend at Harestua is also ob-

it seems indeed that the negative trend is located in the sec€rved in the CTM2 model simulations as shown in Gardiner
ond layer and not in the lowest altitude, but it is still non sig- €t &l- (2008), and the reason for it is not yet understood.
nificant (0.58:1.53%/yr and—1.36+2.10%/yr for 10—15 km Within their uncertainties, the trends at the two high lati-

and 15-18 km, respectively). One should take care as th&/de stations NyAlesund and Kiruna;-0.030.92%/yr and
DOFS is less than 1 in these layers (only about 0.5), whichQ-36£0.51%l/yr, respectively, are in agreement with the value

limits the interpretation of these results. On the contrary,Of 0-310.30%/yr obtained by Kivi et al. (2007), for the

Solomon et al. (2005) find, from 2 long-term ozonesondesd"ound-400 hPa layer, and for the 1996-2003 period. Kivi

time series in the tropical Pacific region, that the frequency®t @l- (2007) attribute the observed positive trends in tro-

of reduced or near-zero ozone events betwedal5 km has  Pospheric ozone to changes in the Arctic Oscillation, that
increased since the mid-1990s, and concludes that the frd€9ulates the transport of ozone and its precursors from pol-
quency of deep convection has increased since then. luted areas toward the pole, and that may also influence the
The trends in the lowermost stratosphere at the twoS T E. Tarasick et al. (2005) also show a significant correla-
mid-latitude stations, Jungfraujoch and Zugspitze turntion between the lower stratospheric and tropospheric trends
out to be high and significantly positive, equal from ozonesondes in Canada (53<88 that could come
1.08+0.76%/yr (~0.59+0.41DU/yr) and 2.031.49%/yr from STE processes or from the effect of stratospheric ozone
(~0.88+0.64 DUI/yr), respectively. These high values and ©" UV-induced photochemical destruction of tropospheric
the fact that the trends are larger in this layer than in the 18-920N€-
27km layer are in agreement with ozonesondes studies at
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At Izaha (28 N), we obtain a negative but non signif- them being significant. The highest latitude stations Harestua
icant ozone trend in the troposphere -00.62+£0.77%l/yr.  (60° N), Kiruna (68 N) and Ny-Alesund (79 N) show high
Not much is known about the tropospheric ozone trends inand significant positive total column trends, of 0.56, 0.64 and
the tropics and subtropics due to the lack of measurement€.92%l/yr, respectively.
Some inconsistencies exist between the trends derived from Secondly, we have investigated the time series and asso-
MOZAIC aircraft measurements on the one hand and fromciated trends of ozone partial columns in four independent
SHADOZ ozonesondes on the other hand (WMO, 2006). In-layers, as derived from the FTIR measurements using the
deed, Bortz et al. (2006) report an increase of 20% in uppeoptimal estimation method. The separate trends can help to
tropospheric tropical ozone for the 1994-2003 period fromdistinguish the contributions from dynamical and chemical
MOZAIC measurements. This increase is attributed to an(EESC) changes on the total column ozone trends. Since
increase in ozone precursors. On the contrary, Randel et alve find higher and positive ozone trends in the lowermost
(2006) deduces no significant trend from SHADOZ measure-sstratosphere (10—-18 km) at the two NH mid-latitude stations
ments below 14 km. Furthermore, as seen in the previougompared to the upper stratospheric layer (27-42 km), our
section, Solomon et al. (2005) observe a higher frequency ofesults seem to confirm that transport changes are the dom-
reduced or near-zero ozone events in the upper tropospheieant contribution to the total column trends at mid-latitude.
in tropical southwest Pacific stations. The above uncertain-The enhanced ozone observed in polar stations is also con-
ties and apparent inconsistencies highlight the importance ofributing to the increase in mid-latitude ozone (Dhomse et al.,
additional independent data in the tropical regions such a2006). A reason for the high positive trends at high latitude is
the FTIR at Iz&ia. As seen previously, sondes measurementshe occurrence of warmer winters in the Arctic in the consid-
at Izéla are also giving a non significant trend in the tropo- ered period, linked to changes in the planetary wave activity
sphere (A. Redondas, private communication). (Dhomse et al., 2006). The high positive upper stratosphere
The non significant trends of tropospheric ozone that wetrend observed at Kiruna and Harestua indicates probably a
observe at Zugspitze and Jungfraujoch, of 8:094%/yr  contribution from EESC decline. The trends seems to be
and 0.22-0.44%lyr, respectively, are in agreement with pre- even higher in winter, since a non significant trend is seen
vious studies that show a levelling off of the increase inin the 27-42km layer at N\Mesund where solar measure-
tropospheric ozone in Europe due to the decline of anthroiments are impossible in polar winter. This would support
pogenic ozone-precursors. Ozonesondes studies show, in tledso a contribution from changes in the Brewer-Dobson cir-
two last decades, a slightly decreasing tropospheric ozoneulation, which is active in winter at these altitudes. To un-
trend at Hohenpeissenberg (Oltmans et al., 2006) and a zeralerstand whether these dynamical changes are due to natural
trend at Payerne and Uccle (WMO, 2006) in agreement withvariability or climate change, and to distinguish also the re-
the decreasing emissions. spective effect of the 11-year solar cycle and the EESC de-
cline on ozone trends, further years of observations would
be required. To explain some regional or longitudinal differ-
5 Conclusions ences in the trends, such as the differences in upper strato-
spheric trends at Jungfraujoch and Zugspitze, or ditdzand
The NDACC network includes six ground-based FTIR sta- Hawa (Steinbrecht et al., 2006), could also be a challenge
tions in Western Europe, covering the°1®to 28 N lat- for modelling studies. We find significant positive trends for
itudes. Within the European project UFTIR (Time series the 18-27 km layer at Kiruna, Harestua, Jungfraujoch, and
of Upper Free Troposphere observations from a Europearzaiia. With the exception of Harestua, none of the ground-
ground-based FTIR network), these stations have reanalyseghsed stations displays a statistically significant trend in the
their ozone spectral time series for the period 1995-2004, ustroposphere. This is an interesting result, because differ-
ing a retrieval strategy that optimizes the vertical information ent studies have reported various, not necessarily compatible
content. As such, it has been possible to provide time seriegrend results.
of ozone partial columns in four independent layers in the When comparing with literature, the ozone trends obtained
atmosphere, in addition to total column amounts. A boot-in the present work seem robust, even for the quite short
strap resampling method has been applied to determine thgeriod considered (1995-2004). This demonstrates that the
corresponding total and partial column annual trends. continuation of the NDACC FTIR measurements will pro-
We have first demonstrated the reliability of the ground- vide an appropriate data set for the study of the total column
based long-term FTIR measurements for providing total col-ozone trends and their vertical distribution, from the ground
umn ozone trends. Indeed, the trends derived from the FTIRup to about 42 km.
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