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Abstract. The Michelson Interferometer for Passive Atmo- MIPAS operated in its standard observation mode for approx-
spheric Sounding (MIPAS), on-board the European ENVI-imately two years, from July 2002 to March 2004, with scans
ronmental SATellite (ENVISAT) launched on 1 March 2002, performed at nominal spectral resolution of 0.025¢mand
is a middle infrared Fourier Transform spectrometer measurcovering the altitude range from the mesosphere to the up-
ing the atmospheric emission spectrum in limb sounding geper troposphere with relatively high vertical resolution (about
ometry. The instrument is capable to retrieve the vertical dis-3 km in the stratosphere). Only reduced spectral resolution
tribution of temperature and trace gases, aiming at the studyneasurements have been performed subsequently. MIPAS
of climate and atmospheric chemistry and dynamics, anddata were re-processed by ESA using updated versions of
at applications to data assimilation and weather forecastingthe Instrument Processing Facility (IPF v4.61 and v4.62) and
provided a complete set of level-2 operational products (geo-
Correspondence tdJ. Cortesi Ioc_ated vertical profiles of temperature and vol_ume mixing
(u.cortesi@ifac.cnr.it) ratio of H,O, Oz, HNO3, CHyg, N2O and NQ) with quasi

Published by Copernicus Publications on behalf of the European Geosciences Union.



4808 U. Cortesi et al.: MIPAS ozone validation

continuous and global coverage in the period of MIPAS full components of the comparison errors. By combining the re-
spectral resolution mission. In this paper, we report a detailedults of this large number of validation data sets we derived
description of the validation of MIPAS-ENVISAT opera- a general assessment of MIPAS v4.61 and v4.62 ozone data
tional ozone data, that was based on the comparison betweeaquality.
MIPAS v4.61 (and, to a lesser extent, v4.62) ¥MR pro- A clear indication of the validity of MIPAS @ vertical
files and a comprehensive set of correlative data, includingprofiles is obtained for most of the stratosphere, where the
observations from ozone sondes, ground-based lidar, FTIRnean relative difference with the individual correlative data
and microwave radiometers, remote-sensing and in situ insets is always lower thatt10%. Furthermore, these differ-
struments on-board stratospheric aircraft and balloons, conences always fall within the combined systematic error (from
current satellite sensors and ozone fields assimilated by thg hPa to 50 hPa) and the standard deviation is fully consis-
European Center for Medium-range Weather Forecasting. tent with the random error of the comparison (from 1 hPa to
A coordinated effort was carried out, using common cri- ~30-40 hPa). A degradation in the quality of the agreement
teria for the selection of individual validation data sets, andis generally observed in the lower stratosphere and upper tro-
similar methods for the comparisons. This enabled mergposphere, with biases up to 25% at 100 hPa and standard de-
ing the individual results from a variety of independent ref- viation of the global mean differences up to three times larger
erence measurements of proven quality (i.e. well characterthan the combined random error in the range 50-100 hPa.
ized error budget) into an overall evaluation of MIPAG O The larger differences observed at the bottom end of MIPAS
data quality, having both statistical strength and the widestetrieved profiles can be associated, as already noticed, to the
spatial and temporal coverage. Collocated measuremenigffects of stronger atmospheric gradients in the UTLS that
from ozone sondes and ground-based lidar and microwavere perceived differently by the various measurement tech-
radiometers of the Network for the Detection Atmospheric niques. However, further components that may degrade the
Composition Change (NDACC) were selected to carry outresults of the comparison at lower altitudes can be identified
comparisons with time series of MIPAS;@artial columns  as potentially including cloud contamination, which is likely
and to identify groups of stations and time periods with anot to have been fully filtered using the current settings of the
uniform pattern of ozone differences, that were subsequentlyIPAS cloud detection algorithm, and in the linear approx-
used for a vertically resolved statistical analysis. The resultymation of the forward model that was used for the a priori
of the comparison are classified according to synoptic and reestimate of systematic error components. The latter, when
gional systems and to altitude intervals, showing a generallyaffecting systematic contributions with a random variability
good agreement within the comparison error bars in the upover the spatial and temporal scales of global averages, might
per and middle stratosphere. Significant differences emergeesult in an underestimation of the random error of the com-
in the lower stratosphere and are only partly explained byparison and add up to other error sources, such as the possible
the larger contributions of horizontal and vertical smoothing underestimates of the p and T error propagation based on the
differences and of collocation errors to the total uncertainty.assumption of a 1 K and 2% uncertainties, respectively, on
Further results obtained from a purely statistical analysis ofVIIPAS temperature and pressure retrievals.
the same data set from NDACC ground-based lidar stations, At pressure lower than 1 hPa, only a small fraction of the

as well as from additional ozone soundings at middle lati-selected validation data set provides correlative ozone data
tudes and from NDACC ground-based FTIR measurementsgf adequate quality and it is difficult to derive quantitative

confirm the Valldlty of MIPAS Q prOﬁleS down to the lower conclusions about the performance of MIPAS @trieval
stratosphere, with evidence of larger discrepancies at theor the topmost layers.

lowest altitudes. The validation against @MR profiles us-

ing collocated observations performed by other satellite sen-

sors (SAGE Il, POAM lIl, ODIN-SMR, ACE-FTS, HALOE,

GOME) and ECMWEF assimilated ozone fields leads to con-1 Introduction

sistent results, that are to a great extent compatible with those

obtained from the comparison with ground-based measure©zone is one of the six atmospheric trace gase©(HDs,
ments. Excellent agreement in the full vertical range of theHNOs, CH,, N2O and NQ) that, along with temperature,
comparison is shown with respect to collocated ozone data&onstitute the set of target products of the Michelson Inter-
from stratospheric aircraft and balloon instruments, that waderometer for Passive Atmospheric Sounding (MIPASs{
mostly obtained in very good spatial and temporal coinci- cher and Oelhafl996 on-board the European ENVIronment
dence with MIPAS scans. This might suggest that the largeiSATellite (ENVISAT) and plays a pivotal role in the major-
differences observed in the upper troposphere and lowerity of the research areas covered by the scientific mission of
most stratosphere with respect to collocated ground-basethe instrumentKischer et al.2000. The need for global
and satellite @ data are only partly due to a degradation of and continuous monitoring of ozone total column and ver-
MIPAS data quality. They should be rather largely ascribedtical distribution is primarily linked to its absorption prop-
to the natural variability of these altitude regions and to othererties in the ultraviolet, that prevent biologically harmful
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UV radiation from reaching the lower atmosphere and thesimilation and Satellite Intercomparison) sub-groups. The
Earth’s surface, and to its impact as a radiatively active gasactivity started three months after the ENVISAT launch (1
that strongly influences the atmospheric heating rates. Théarch 2002) with the calibration and validation experiments
former are, in fact, responsible for the protective action ofof the commissioning phase and continued during the 12
the ozonosphere, that has been severely reduced by ozomeonths of the main validation phase (1 September 2002
depletion at high latitudes and whose recovery can be anto 1 September 2003) and the first part of the long-term
ticipated only by reliable projections which solve the exist- validation programme. Preliminary results of the geophys-
ing uncertainties on the complex interactions between stratoical validation of MIPAS ozone measurements were pre-
spheric gas-phase and heterogeneous chemistry and dynasented during the First and the Second ENVISAT Valida-
ics (Solomon 1999 von der Gathen et al1995. The  tion Workshop held at ESA's European Space Research IN-
second is evident, first of all, throughout the mutual influ- stitute (ESA-ESRIN, Frascati, Italy), in December 2002 and
ence between natural variability and anthropogenic forcingMay 2004, respectively. A first attempt was made there to
on ozone concentration on one side and the alterations ofichieve a quantitative evaluation of the quality of MIPAS
the temperature profile on the other, that represents one afear real-time (produced within three hours from the mea-
the most important feedbacks between atmospheric chenmsurement time) and off-line (produced with a less stringent
istry and climate Ryle et al, 2005. The ozone levels and constraint for the processing time and using an extended re-
their greenhouse effect are especially relevant at the boundrieval range) @ data products, by combining the results of
ary between the Upper Troposphere and the Lower Stratoeomparisons with ozone sonde, lidar and microwave mea-
sphere (UTLS region), where they take part in the control ofsurements from individual ground-based stations and net-
stratospheric-tropospheric exchange, that in turn drives thevorks Blumenstock et al.2004), with remote-sensing and
long-term trends of tropospheric ozone budget and potenin situ observations from balloon and aircraft field campaigns
tially alters the oxidizing capacity and the level of pollution (Cortesi et al.2004), as well as with profiles from concur-
of lower atmospheric layers. rent satellite sensorKeérridge et al. 2004. As a further

Moreover, several questions related to the chemistry andnd closing step in the process of gradual merging and inte-
transport and to the energy budget of the upper atmosphergration of individual validation results, we finally conducted
are still open and demand a more accurate knowledge of tha coordinated effort, focussing on MIPAS @ata versions
ozone distribution in conditions of local thermodynamic dis- v4.61 and v4.62, to homogenise criteria and strategies of the
equilibrium, e.g. the problem of thezone deficitn the up-  comparison with different correlative data sets and to update
per stratosphere and lower mesosphere and the investigatidhe pre-launch estimates of precision and accuracy of the se-
of Oz non-LTE (non Local Thermal Equilibrium) emission lected MIPAS ozone products.
(Crutzen et a].1995. New insight into all of these aspects ~ An overview of the latter phase, with presentation of fi-
can be gained by exploiting MIPAS ozone and ozone-relatechal results and conclusions, is given in the following sec-
species measurement capabilities, which are optimally suitetions. In Sect. 2, we briefly revisit some basic information
to cover the full altitude range from the lower thermosphereabout MIPAS operational ozone data, whilst in Sect. 3 we
down to the UTLS. provide general remarks on the choice of the ozone valida-

A crucial step towards the exploitation of MIPAS ©p- tion data set and strategy. Sections 4, 5 and 6 are devoted
erational products in quantitative studies investigating theto detailed description of the methodology and results of the
above mentioned science issues is, however, a thorough valalidation against ground-based, airborne and satellite ozone
idation process, based on comparison with a comprehensivmeasurements, respectively. Comparisons between MIPAS
suite of correlative data sets and capable of deriving an overand ECMWF (European Center for Medium-range Weather
all assessment of the reliability and quality of MIPAS ozone Forecasting) ozone profiles are presented in Sed sum-
measurements. This aim has been accomplished - for the setary of the results from the different categories of correlative
of ozone data obtained by MIPAS during the period from 6 measurements is discussed in Sect. 8 and final conclusions
July 2002 to 26 March 2004 (i.e. during the instrument nom-about the quality of MIPAS ozone retrieval are presented in
inal spectral resolution mission, see Sect. 2) — throughout &ect. 9.
series of dedicated experiments executed by different teams
and providing results that were subsequently combined into
a general and consistent picture. 2 MIPAS ozone data

The present paper represents the final outcome of this ac-
tivity, that involved scientists from the sub-groups of the MIPAS is a middle infrared Fourier transform spectrome-
ENVISAT Atmospheric Chemistry Validation Team (ACVT) ter operating on-board the ENVISAT platform and acquir-
contributing to the geophysical validation of MIPAS ozone ing high resolution spectra of atmospheric limb emission in
profiles, i.e. the GBMCD (Ground-Based Measurements andive spectral bands within the frequency range from 685 to
Campaign Database), the ESABC (ENVISAT Stratospheric2410 cnt! (14.6 to 4.15 pm)Rischer et a.2007). Launched
Aircraft and Balloon Campaigns) and the MASI (Model As- on the sun-synchronous polar orbit of the satellite with an
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inclination of 98.58 and at an altitude of about 800 km, MI- the case of ozone retrievals, the dominating sources of sys-
PAS performed quasi-continuous measurements at nominagematic uncertainty come from the propagation of pressure
spectral resolutiono=0.025cnt!, defined as the spac- and temperature retrieval error, from spectrocopic errors and
ing between independent spectral elements of the unapodizeidom the effects due to atmospheric horizontal gradients, as
spectrum and corresponding to an interferometer maximunwell as from radiometric gain and calibration errors. Fur-
path difference equal to 20 cm) during a period of two years.ther systematic components, such as those due to interfering
In this standard observation mode, the instrument scannedpecies (HO, CO,, N2Os) or non-local thermal equilibrium

17 tangent altitudes for each limb sequence, viewing in the(NLTE) effects contribute less than 1% to the total error bud-
rearward direction along the orbit with a sampling rate of get. NLTE can have a larger effect above 55 km.
approximately 500 km along track and with a horizontal res-

olution across track of about 30 km. The vertical scanning

grid ranges between 6 km and 68 km, with steps of 3km from3 Ozone correlative data sets and validation strategy

6 to 42km, 5km from 42 to 52km, and 8 km from 52 to

68km. On a daily basis, MIPAS covers the Earth with 5 The coordinated effort for the validation of MIPAS opera-
latitude by 12.5 longitude spacing. Complete global cover- tional ozone data v4.61/v4.62 involved the comparison with
age is attained approximately every three days by 73 scansollocated measurements of the @rtical distribution from

per orbit and 14.3 orbits per day scanning the latitudinala variety of observation platforms and techniques and the
range from 87 S to 89 N. MIPAS operation was temporarily combination of the resulting pieces of information into co-
halted at the end of March 2004 because of excessive anomderent and quantitative statements about the validity of the
lies observed in the interferometric drive unit and resumed inselected products. We exploited different categories of cor-
January 2005 in a new operation mode at reduced spectraklative data, obtained from ground-based stations, from
resolution (0.0625cmt) and on a finer vertical grid. The high altitude aircraft and balloon campaigns and from other
data obtained during the instrument full spectral resolutionsatellite missions as well as from assimilateg fi@lds by
mission, from 6 July 2002 to 26 March 2004, have beenECMWF. We took advantage of the redundancy and com-
processed by using v4.61 and v4.62 of ESA level-1b andplementarity of the reference data sets to strengthen the sta-
level-2 (based on an unconstrained non-linear least-square fiistical confidence in our results and to achieve the widest
procedure) operational algorithms, as described in details irspatial (vertical and geographical) and temporal (diurnal and
Kleinert et al.(2007 and inRaspollini et al.(2006 respec-  seasonal) coverage. To this aim, and within the practical lim-
tively, and provide a self-consistent set of quasi-continuousts posed by the large number of validation measurements,
measurements for temperature and the six target speciespecial attention was paid to the selection of uniform criteria
For the purposes of MIPAS ozone validation, the two ver- and methods for individual comparison. With reference to
sions of ESA operational processor are substantially equivthe general guidelines proposed Bigcher et al(2007) for
alent; as a baseline for our comparisons we have generallthe validation of MIPAS operational products, we adopted
adopted v4.61 data, using v4.62 only for those cases wherbaseline criteria of 300km and 3h as the ideal for maxi-
v4.61 ozone profiles in coincidence with the selected valida-mum spatial and temporal separation respectively between
tion measurements were not available. Retrieval of ozoneMIPAS and the correlative ozone profiles. Departure from
VMR vertical distribution for v4.61/v4.62 data products these criteria was allowed in a number of specific cases and
was carried out using three microwindows: microwindows under suitable conditions, up to a maximum of 500 km and
[1122.800-1125.800] cnt and [1039.375-1040.325] cth 10h, in order to increase the statistical value of the compar-
(the latter used in the altitude interval 52—68 km), in MI- ison. A validation approach relying on the terminology and
PAS band AB (1020-1170 cm), associated with the ozone methodology described ivon Clarmann(2006 for the sta-
fundamental modes; andvs, and microwindow [763.375— tistical bias and precision determination with matching pairs
766.375]cntl, in MIPAS band A (685-970cm), close  of O3 VMR measurements was followed (cp., for instance,
to the center of the ©®v, band. The total error budget on Sect.6) and in some cases rigorously applied to evaluate the
the ozone vertical distribution retrieved from individual MI- effects of coincidence errors or horizontal smoothing (cp.
PAS scans can be evaluated by combining the random corSect.4.4). Comparisons were mostly performed between
tribution due to the mapping of the radiometric measuremenprofiles of & VMR using pressure as vertical coordinate.
noise into the retrieved profiles (expressed by the square roddVith the objective to reduce systematic and random com-
of the diagonal elements of the error variance-covariance maparison errors associated with the MIPAS vertical smoothing
trix included in ESA level-2 data products) and the a pri- error, correlative profiles measured at much higher vertical
ori estimates of systematic componeridsifhia et al. 2002 resolution than that of MIPAS were transformed using the
derived from the analysis carried out at University of Ox- method described in Seet.1.1 which uses both the aver-
ford (see data available for five different atmospheric sce-aging kernels and the a priori profiles associated with the
narios athttp://www-atm.physics.ox.ac.uk/group/mipas/err MIPAS retrievals. This operation was generally performed
hereafter indicated as “Oxford University error data set”). In by using a common routine. Trajectory Hunting Techniques
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Table 1. NDACC and WOUDC ground-based stations contributing to MIPAS/@lidation.

4811

Ozonesondes

Station Location Latitude Longitude Institute Sonde type
Alert Canada 8250 —-62.33 MSC ECC
Eureka Canada 80.05 —-86.42 MSC ECC

Ny- Alesund Svalbard 78.91 11.88 AwI ECC
Thule Greenland 76.51 —68.76 DMI ECC
Resolute Canada 7472 —-94.98 MSC ECC
Scoresbysund Greenland 70.48 —-21.97 DMI ECC
Esrange Sweden 67.88 21.06 NIES ECC
Sodankya Finland 67.37 26.67 FMI ECC
Keflavik Iceland 63.97 —22.60 INTA ECC
Orland Norway 63.42 9.24 NILU ECC
Jokioinen Finland 60.82 23.48 FMI ECC
Churchill Canada 58.75 —-94.07 MSC ECC
Edmonton Canada 53,55 -—-114.1 MSC ECC
Goose Bay Canada 53.32 -60.38 MSC ECC
Legionowo Poland 52.40 20.97 INWM ECC
De Bilt Netherlands 52.10 5.18 KNMI ECC
Valentia Ireland 51.93 -10.25 ME ECC
Uccle Belgium 50.80 435 KMI ECC
Praha Czech Republic 50.02 14.45 CHMI ECC
Hohenpeissenberg  Germany 47.80 11.02 DWD Brewer-Mast
Payerne Swiss Alps 46.49 6.57 MCH ECC
Tsukuba Japan 36.05 140.13 IMA Carbon-lodine
Paramaribo Surinam 581 -55.21 KNMI ECC

San Cristobal Galapagos —-0.92 —89.60 CMDL ECC
Nairobi Kenya -1.27 36.80 MCH ECC
Malindi Kenya —-2.99 40.19 RPSM ECC
Natal Brazil —5.42 —35.38 INPE ECC
Watukosek Java —7.50 112.6  JAXA ECC
Ascension Island Congo —7.98 —14.42 NASA ECC
Tutuila Samoa —-1423 -17056 CMDL ECC

Fiji Fiji —-18.13 178.42 CMDL ECC
Saint-Denis Reunion —21.05 55.47 CNRS ECC
Irene South Africa —25.25 28.18 SAWS ECC
Lauder New Zealand —45.03 169.68 NIWA ECC
Marambio Antarctica —65.28 —56.72 INTA ECC
Dumont d’Urville  Antarctica —66.67 140.01 CNRS ECC
Syowa Antarctica —69.00 39.58 JMA Carbon-lodine
Neumayer Antarctica —70.65 —-8.25 AWI ECC
Belgrano Antarctica —77.87 —34.63 INTA undefined

were applied to calculate lagrangian coincidences, whenevet
direct matching did not provide sufficient statistics for the
comparison (particularly in the case of the comparison with
balloon-borne measurements, cp. SBLt.

Comparison with WMO/GAW ground-based mea-
surements

4.1 Comparison with NDACC and WOUDC ozone sondes,
lidar and microwave networks

4.1.1 NDACC and WOUDC data

A comprehensive intercomparison between MIPAS ozone
measurements and correlative data obtained from exten-
sive ground-based networks contributing to WMO’s (World

www.atmos-chem-phys.net/7/4807/2007/ Atmos. Chem. Phys., 7, 48672007
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Table 1. Coninuted.

Lidar

Station Location Latitude Longitude Institute
Eurekd* Canada 80.05 —86.42 MSC

Ny- Alesund Svalbard 78.91 11.88 AwI
ALOMAR,Andoya Norway 69.28 16.02 NILU
Hohenpeissenberg Germany 47.80 11.02 DWD
Haute Provence French Alps 43.94 571 CNRS
Tsukuba Japan 36.05 140.13 NIES
Table Mountain California 34.23 -117.41 JPL
Mauna Loa Hawaii 19.54 —-155.58 JPL
Lauder New Zealand —45.03 169.68 RIVM

) not included in the analysis of Sedt1

Table 1. Continued.

Microwave radiometers

Station Location Latitude Longitude Institute
Ny- Alesund  Svalbard 78.91 11.88 IFE
Kiruna Sweden 67.84 21.06 IMK
Bremen Germany 53.11 8.86 IFE
Zugspitze German Alps 46.49 6.57 MCH
Mauna Loa Hawaii 19.54 —-155.58 UMAS
Lauder New Zealand —45.03 169.68 UMAS

Meteorological Organisation) Global Atmosphere Watch of the sensing solution used in the electrochemical cell and
(GAW) programme was carried out at the Belgian Institute the type of correction applied for pump efficiency. Unfor-
for Space Aeronomy (BIRA-IASB). The comparison data tunately, this information is not always given or well identi-
set included ozone profiles from 39 ozone sonde stationdied in the data files. However, as shown during the JOSIE
(039), 8 lidar systems (LID) and 7 microwave radiome- (Julich Ozone Sonde Intercomparison Experiment) chamber
ters (MWR) associated with the Network for Detection of comparison$mit and Stater, 2004, if ozone sondes are op-
Atmospheric Composition Change (NDACC), formerly the erated in a specific way, a similar level of precision and ac-
NDSC Kurylo and Zander2001), and/or the World Ozone curacy is achievable from the different sonde types. Typical
and Ultraviolet Data Centre (WOUDC). Prior to using data error estimates are:

uploaded routinely to the WOUDC archive, their quality )

was investigated carefully on statistical and climatological — Systematic error from 3% (0-20 km) to 5% (20-35 km);
grounds. Stations and instruments contributing to the present
study are listed in Tablé. Electrochemical concentration

cell (ECC) ozone sondes are launched more or less regularljgerential absorption ozone lidar (DIAL) systems provide
on board small meteorological balloons at a variety of sta-the vertical distribution of night-time ozone number density
tions from pole to pole. They yield the vertical distribution 4t qititudes between 8—15 km and 45-50 km. Actual opera-
of ozone VMR from the ground up to burst point, the latter (o, gepends on the cloud cover and other measurement con-
occurring typically around 30 km. Ozone VMR recorded at gitions, The typical integration time of an 0zone measure-
a typical vertical resolution of 100-150m is converted int0 ment in the whole stratosphere is 4 h. Typical vertical resolu-
ozone number density using pressure and temperature dagy, ranges from 300 m up to 3 km depending on the altitude.
recorded on-board the same balloon. Error on the 0zongpe accuracy of the lidar ozone profile depends on the dura-

profile of ozone sonde depends on a large number of Pagon of the measurement and on the vertical resolution chosen
rameters. For ECC sonde important parameters are: thg, process the data. Individual errors bars are given in each

manufacturer of the sonde (SPC or EnSci), the percentagg,one file. Typical accuracy estimates range from 3 to 7%

— precision from 5% (0—20 km) to 7% (20-35 km).

Atmos. Chem. Phys., 7, 4804867, 2007 www.atmos-chem-phys.net/7/4807/2007/
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from 15 to 40 km. At 40-45km and above, due to the rapid (b) Based on the classification obtained from the previous
decrease in signal to noise ratio, the error bars increase and step and starting from the time series of ozone partial

significant bias reaching 10% may exisi¢Dermid et al, column, identification of time periods where the agree-
1998 Godin et al, 1999. ment has a constant behaviour and derivation of verti-
Millimetre wave radiometers (MWR) operate night and cally resolved statistics.

day, providing ozone VMR integrated over typically 2h (a

few stations provide shorter integration time) from 20-254.1.2 Error budget of ground-based comparisons

to 70 km, with a vertical resolution of 8 to 12km. Ozone

VMR is converted into number density using ECMWF or MIPAS and ground-based instruments offer a different per-
NCEP meteorological analyses of pressure and temperatur€€ption of atmospheric ozone. Such differences must be con-
The individual errors bars usually are given in each ozoneSidered to interpret comparison results properly. To evaluate

data file. Typical accuracy ranges from 5% at 20 km to 209%the comparison error budget, we took into account, along
at 70km where the information content is smaller leaving With the measurement and retrieval error of MIPAS and of

a larger weight to a priori constraint€gdnnor et al. 1995 the correlative instrument, the contributions associated with
Tsoy 1995 2000. Its low vertical resolution poses addi- the vertical and horizontal smoothing differences and with
tional problems for comparisons, for which dedicated meth-the spatial separation of the two ozone profiles. Expanding
ods have been develope@djisesi et al.2005. Rodgers’ theory and formalisnRpdgers 1990, we consid-
Taking into account the ground-based error contribution€red, therefore, the following total comparison error covari-
does not change the total error budget dramatically: this conance S.
tribution is small compared to the contribution of both MI- T
PAS errors and horizontal smoothing differences in presencég = Su + Sy + (Amy = Avy) Sv (Amy = Aw.v)
of large horizontal inhomogeneities in the ozone field. + (Av,n — An,u) St (AmH — AN,H)T + Sao0z (1)
As the comparisons are based on profiles convoluted with
MIPAS averaging kernels, for the ground-based error, acWhere:
cording to Calisesi et al(2005, we have considered the  Su = MIPAS error (measurement, retrieval and retrieval

term: parameters)

AK TWT SerWAK Sy = _Correlative instrument error (measurement, retrieval
R and retrieval parameters)

whereAK is MIPAS averaging kernel matri¥V the inter- Ay = MIPAS averaging kernels, vertical (V index) and

polation matrix from ground-based grid to MIPAS grid and horizontal (H index)

S r the ground-based error covariance. Ay = Correlative instrument averaging kernels, vertical

The study is based on MIPAS off-line processor version(V) and horizontal (H)
4.61 data and it covers 2003. A moderate relaxation of Sy = Atmospheric variability covariance (vertical)
space and time collocation criteria with respect to the agreed Sy = Atmospheric variability covariance (horizontal)
basline was introduced, to find the best trade-off between the S,o3 = Spatial distance error
opposite requirements of statistical relevance of the results The effect of differences in vertical resolution can be es-
and minimum comparison error associated with the spatiatimated by means of the vertical averaging kernels (AK) as-
and temporal separation of the measurements: sociated with the MIPAS retrieval of the ozone profile. First,
¢~Ks of the low-resolution data are used to map the high-
resolution profile to the low-resolution perception. The a pri-
— O3S or LID within 6 h; ori profile used in Optimal Estimation retrievals is also in-
cluded as it may introduce an additional bias. Second, the
smoothing difference error is estimated as the difference be-
tween the smoothed and original profiles. For MIPAS com-
— MWR: within 15min at Payerne, Bremen and Ny- parison with high vertical resolution measurements (O3S or
Alesund (shorter integration time). lidar):

— 500 km from ground-based station to tangent point; an

— MWR: within 2 h at Kiruna, Zugspitze, Mauna Loa and
Lauder;

The comparison/ validation strategy consisted of two steps: Axy = xé” + Ay (XN B xé”) —xy @)
(a) Investigation based on ozone partial columns defined by
the pressure levels [75-35], [35-15], [15-7], [7-3] and Where:
[3-0.8] hPa and aimed at re-grouping different stations Axy = Vertical smoothing error
around principal systems with similar patterns of par- xy = High resolution profile (O3S or lidar)
tial column differences and making a phenomenolog- x» = MIPAS ozone profile used to compute the vertical
ical separation between atmospheric layers dominatecveraging kernels

by dynamics and layers dominated by photo-chemistry.
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and for MIPAS comparison with lower vertical resolution assimilated ozone fields. The along orbit distribution — me-

measurements (MWR): dian position and 90% extension as a function of tangent al-
titude — of the MIPAS information content was estimated by
Axy =xl + Ay (XM - Xév) — Xy (3)  DeClercq and Lambei200§ using their two-dimensional
radiative transfer model of the MIPAS full limb scanning
where: _ _ sequence. It is important to note that BASCOE absolute
X = High resolution profile (MIPAS) ozone fields have shown to compare reasonably to HALOE,
X, = MWR a priori ozone profile CRISTA and MLS and, more important here, that relative

) . i fields are accuratdefrera and Fonteyr2001; Fonteyn et al.
As the MIPAS processor retrieves only one-dlmen5|onaI2003_

profiles, no AKs are available for the study of horizontal

smoothing. The MIPAS uncertainties associated with hor-4 1 3 Time series of @partial column differences: result
izontal smoothing are calculated rather as an estimate of and discussion

the ozone gradient interfering with the MIPAS line of sight

(LOS), that is, the horizontal component of atmosphericThe first segment of our study concentrated on the analysis
noise associated with the MIPAS measurement. 'We US@f time series of the differences between MIPAS and ground-
Eq. @): based ozone partial column data. The analysis included as-
sessments of the different contributions to the total compari-
son error, as defined in Sedt1.2 Comparison results vary
significantly between the lower stratosphere, where dynam-
ics and chemistry interfere, with clear influences of tropo-
spheric dynamics, and the higher stratosphere, where photo-
chemistry dominates. Consequently, a classification based
on regularities in the pattern of thes@artial column differ-
ences emerges: in the lower stratosphere (75-35 hPa), results
regroup around synoptic and regional systems and the sys-
tems linked to stratospheric transport; reaching into the mid-
dle stratosphere (35-15hPa), we move from large synoptic
groups to a more zonal behaviour and we can extend the pre-

The ozone gradient is estimated from 4-dimensional ozon&/iously described synoptic systems to group more stations;
fields generated by the Belgian Assimilation System ofin the middle and upper stratosphere (15-7hPa, 7-3hPa, 3
Chemical Observations from ENVISAT (BASCOEjrera  0.8hPa), zonal symmetry becomes dominant and compar-
and Fonteyn2001;, Fonteyn et al.2003. BASCOE is a  isons results follow this behaviour. Deviations from zonal
data assimilation system of stratospheric chemistry usinggymmetry nevertheless exist and must be taken into account.
the four-dimensional variational (4D-VAR) method. In the A typical output of the comparison carried out for each of the
course of a run, BASCOE can ingest satellite observationsaforementioned groups of measurement sites is displayed in
The resulting “assimilated field” is an estimate of the chem-Fig. 1, presenting the results obtained at Western and Central
ical composition of the stratosphere based both on the set deurope stations. The plot shows, as black dots, the percent-
observations and on the physical laws describing the evoluage relative difference in ozone partial column (73-35hPa)
tion of the system synthetized into the model. They are de-between MIPAS and correlative ozone sonde data at West-
fined at 37 hybrid pressure levels from 0.1 hPa down to theern and Central Europe stations over 2003, and smoothing
surface. The horizontal resolution of BASCOE standard out-and collocation errors (running mean in plain and standard
puts is 3.75 in latitude by 5 in longitude. For our study we deviation in dashed) estimated by the aforementioned meth-
have used off-line version v3d24 of BASCOE fields. ods. Grey rectangles identify monthly means (central line)

Finally, to complete the comparison error budget, theand standard deviations of the differences.
ozone partial column difference induced by the spa- In general, the comparison error is dominated by the effect
tial/temporal separation of the two ozone profiles can be esof differences in horizontal smoothing of atmospheric vari-

Axyg = iab5<vaEDIAN '?ENVISAT) | MIPAS |g909 (4)

where:

Axpg = Horizontal smoothing error (or horizontal compo-
nent of atmospheric noise)

_V)XMEDMN = Ozone gradient at the median point of MI-
PAS LOS

7ENV|SAT = ENVISAT direction (MIPAS LOS is back-
ward along track)

| MIPAS |g0% = LOS extension of 90% information air
mass .

timated by: ability. While ground-based instrumentation captures only a
portion of the air mass probed by MIPAS, MIPAS smoothes
AO3=03 (| XM |) —O3 (| XsTaTION ) (5)  atmospheric inhomogeneities over several hundred kilome-

tres. Red curves in Figl give the range of atmospheric
where| XMIPAS | | is the estimated geolocation of the me- variability smoothed by the MIPAS measurement, that is, an
dian point of MIPAS LOS] XstaTion | is the ground-based upper limit of the expected difference between MIPAS and
station geolocation and40X) the ozone partial column atthe ground-based ozone column data. We can conclude from the
corresponding location and time estimated using BASCOEplot that differences in horizontal smoothing can account for

Atmos. Chem. Phys., 7, 4804867, 2007 www.atmos-chem-phys.net/7/4807/2007/
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the observed standard deviation of the comparisons in mos MIPAS vs GAW/NDACC 03 75-35 hPa PC
of the cases, but not for systematic differences as those af *
pearing in Fig.1 in summer 2003. Horizontal smoothing sl
differences are followed in magnitude by errors associatec

with geolocation differences. The latter also correlate with
the standard deviation of comparisons, but their amplitude i<z
dominated by MIPAS horizontal smoothing effects. Errors
associated with vertical smoothing differences are smaller g
Their effect could account for a small, constant offset in the &
comparisons. In most cases, comparison results can be inteé
preted by considering the different error contributions. How- < '°f
ever, in some cases, they cannot account fully for the differ-%

T
® (MIPAS - GROUND)/GROUND|
Vertical Smoothing
Spatial Distance
Horizontal Smoothing

LR

» 00000

[ ]

%

o

" (%% o

ence

ence noticed between MIPAS and correlative partial column 038 Dot kM1 (505431
data. MIPAS reports larger partial columns than the ground -] |33 e oH O Wb @7.5.11.0) :
based_instruments. O3S Payerne MCH (46.5,6.6)

-40 I
Jan03 Apr03 Julo3 Oct03

1. in the 75-35hPa layer at stations from northern (see

Fig. 1) and southern mid latitudes, equator and tropics; Fig. 1. Time-series of the percentage relative difference in

2. at 35-15hPa over stations at the equator, in the tropics?2°ne partial column (75-35hPa) between MIPAS and correla-
and in Antarctica during ozone hole event; and tive ozonesonde .data at five Wgstern and Cent.ral Europe stat!ons
’ for 2003, and estimated smoothing and collocation errors (running
mean in plain and & standard deviation in dashed). Grey-shaded
rectangles identify monthly means (central line) and standard devi-

ations of the differences.

3. inthe 3-0.8 hPa layer at European stations.

At 7-3hPa, MIPAS partial columns underestimate correla-
tive observations in Hawaii. The comparison error budget
cannot account for these observed differences. In all other , .

analysed situations, MIPAS partials column data agree wel['0l€” (that is, for 2003, 21 August to 15 October) and “nor-
with those reported by the ground-based instrumentation™@l 0zone” periods (that is, for 2003, 16 October to 20 Au-

and the observed differences fit well within the comparison34SY-
error budget. A few examples of the results obtained for the absolute

and relative differences of MIPAS Lvertical profiles with

4.1.4 Comparison of ®vertical profiles: results and dis- 0zone sonde and lidar data are shown in Fgsand b, re-
cussion spectively. Each plot of Fig shows, for each collocated pair

of profiles, absolute differences between MIPAS and correl-
The first step of our analysis was instrumental in get-ative measurements (light grey lines). To eliminate vertical
ting an overall view of the agreement between MIPAS andsmoothing differences, high-resolution correlative measure-
WMO/GAW ground-based data, and also in determiningments have been previously convoluted with MIPAS averag-
time periods and groups of stations where comparison resulting kernels and biased by the first-guess profile, following
are sufficiently consistent to allow the meaningful derivation the method proposed Bodgers and Conn@2003. Black
of statistical values. As a second step of our analysis, wdines depict statistical values (mean and $tandard devia-
derived vertically resolved statistics of the comparisons be-ion) of the absolute or relative differences between MIPAS
tween MIPAS v4.61 ozone profiles and correlative data ob-and ground-based data. Red lines depict the total system-
tained at NDACC and WOUDC stations. The comparisonsatic error of the comparison. The mean difference between
have been performed at each individual station listed in TaMIPAS and ground station data should be compared to these
ble 1 and summary plots have been computed for stations belines. The total systematic error of the comparison is cal-
longing to the same synoptic system/ zonal region and showeulated as the sum of MIPAS systematic error and the sys-
ing mostly identical comparison results. The groups are theematic bias due to non-perfect collocation (spatial/temporal
same as above, except that in this case we have separatéibtance, as explained in Sedtl1.2. The yellow block de-
ozone sondes and lidar results to allow better discriminatiorlimited by dashed red lines depicts the total random error of
of ground-based error contributions. the comparison. This value should be compared with the 1

At Arctic, Northern and Southern middle latitude sites, the standard deviation of the differences. This total random er-

results can be separated between 1 October to 31 March andr of the comparison is calculated as the quadratic sum of
1 April to 30 September. At tropical and equatorial stations, MIPAS random error, ground-based random error, random
the weak seasonal variation allows us to draw annual plotscontribution of spatial/temporal distance and LOS inhomo-
At Antarctic stations results can be separated between “ozongeneity.

www.atmos-chem-phys.net/7/4807/2007/ Atmos. Chem. Phys., 7, 48872007



4816 U. Cortesi et al.: MIPAS ozone validation
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Fig. 2. Vertically resolved statistics of the absolute differences between MIPA8ata and NDACC and WOUDC measurements in the
Arctic (see main text for explanations).

Figures3a and b show the results of the comparison, with4.2 Comparison with NDACC/EQUAL lidar network
ozone sonde and lidar respectively, in terms of relative dif-
ferences. These results are similar to those obtained from thé.2.1 The EQUAL @ validation data set
absolute difference comparisons, but should be considered
carefully: A purely statistical analysis of the differences between MI-
PAS G; vertical profiles and lidar data was carried out by the
— The total error budget of the comparison is firstly calcu- groups involved in the EQUAL (Envisat QUality Assessment
lated for absolute difference and secondly a percentagQyith Lidar) project, based substantially on the same NDACC
is estimated. data set adopted by the BIRA team for the pseudo-global in-
— Low ozone concentrations lead to large relative differ- tercomparison descrlbeo! n Seét_], |.e._the measurements
ence although absolute differences are small. In thes rom the ground-based lidar stations listed in Tahlevith
cases, mean and standard deviation of relative dn‘ferthe addition of the Eureka (Lat. 80.08; Lon. 86.42W)
ence are not relevant. The percentages obtained belo@'te The selection of collocated pairs of MIPAS and lidar
12-15km at middle and high latitudes, below 20 km at observations was based on matching criteria slightly relaxed
tropical and equatorial station, and during "ozone hole” with respect to the agreed baseline, in order to get a suffi-
in Antarctica shouldn’t be considered. f:lent number pf coincident profiles for a statistically mean-
ingful comparison: the useful matches were chosen within
An overall summary of the results obtained from the com-a 400 km, 10 h window. A total of 627 matching pairs was
parison of Q vertical profiles is presented in Taki?g with identified and was used to validate MIPAS @vel 2 off-
a detailed assessment of the quality of the agreement bdine data v4.61 and v4.62 in the period from 6 July 2002 to
tween MIPAS and ground-based measurements (O3S, LI26 March 2004. The comparison was based on a statistical
and MWR) for each altitude region and synoptic or regional analysis of the differences between profiles af @umber
system. density measured as a function of altitude by MIPAS and by

Atmos. Chem. Phys., 7, 4804867, 2007 www.atmos-chem-phys.net/7/4807/2007/
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Table 2. Results of the comparison between MIPAS v4.61 ozone profiles and NDACC ground-based measurements.
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Fig. 3. Vertically resolved statistics of the relative differences between MIPASI@a and NDACC and WOUDC measurements in the
Arctic (see main text for explanations).

lidar stations in the range from 10 km to 50 km. The vertical tween 15 and 40 km, whilst slightly larger values of positive
co-ordinate for MIPAS profiles was transferred from pressureand negative bias (up ta15%) are obtained outside this alti-

to altitude by using ECMWF data: we interpolated ECMWF tude range, respectively above 40 km and below 15km. The
pressure and geo-potential height (GPH) to the MIPAS re-quality of the agreement in the lower and middle stratosphere
trieval pressure grid and converted the resulting GPH valuess confirmed by the substantial match between the mean and

to geometric altitude. the median of the differences at these altitudes. The occur-
rence of outliers in the distribution of the relative differences
4.2.2 Results and discussion leads to an increase of the standard deviation and, when

asymmetric, introduces a discrepancy between the mean and

The results of the comparison for the whole set of collocatedh® median values, as it happens, in our case, at altitudes be-
pairs are summarised in Fig. On the left panel, the mean 0w 20km and — to a lesser extent — above 35-40km. To
profiles of @ number density measured by MIPAS and by b_etter identify possible sources qf the obse_rved discrepan-
lidars are displayed, along with the correspondingstan-  Ci€s, we have extendeq the stgtlst|cgl a|_1aly3|s. of MIPAS and
dard deviations. The mean and the median of the percentadilar Oz collocated profiles, by investigating their latitude de-
differences between MIPAS and lidag @rofiles relative to ~ Pendency. No distinction was found between Southern and

the lidar values are plotted in the middle panel. On the samd\orthermn Hemisphere. We calculated the mean and the me-
graph, we show the mean relative differencgo standard dian of the relative differences, as well as their standard devi-

deviation (light green profiles) and indicate, for some of the ations, for three latitude pands correspo_nding to the Tropical
altitude levels, the number of MIPAS and lidar pairs taken (Tom the Equator to latitude 23 to Mid-latitude (from
into account by the statistics at that level. On the right panelatitude 23.5 t0 66.5) and to the Polar (from latitude 66.5
the standard deviation of the relative differences is compared® the Pole) regions; the results are displayed in bigA

with the standard deviations of the selected MIPAS and lidarSMall positive bias (less than 5%] is generally found between
profiles. The mean relative difference is lower thee be- 20 and 40km both in the Mid-latitude and in the Tropical

Atmos. Chem. Phys., 7, 4804867, 2007 www.atmos-chem-phys.net/7/4807/2007/
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Fig. 4. Results of the comparison between MIPAG @rofiles and ground-based lidar measurements matching the coincidence criteria of
400 km and 10 h. On the left, MIPAS and lidar mean profiles are shown by bold red and blue line, respectively; the same colour code is used
for the thin lines representing theslstandard deviations. The plot in the middle panel shows the mean (bold green) and the median (bold
black) of the relative differences, with the thin green lines indicatingtthe standard deviations from the mean difference; on the right side

of the plot, the number of coincident pairs that have been used in the calculations are reported for some of the altitude levels. On the right
panel, we display the standard deviations of the relative differences (bold green) and of MIPAS (bold red) and lidar (bolgl firoie6

regions, with the exception of the 21-24 km range in the lat-(46.5 N, 8.%° E) in the Northern Hemisphere, and Lauder,
ter, where the mean difference increases up to 10%. At théNew Zealand (450S, 169.7 E), Wollongong, Australia
tropics larger values of the mean relative differences (up to(34.4 S, 150.5 E), and Arrival Heights, Antarctica (775,
50%) are found below 20 km, associated with a standard de166.4 E) in the Southern Hemisphere. These instruments
viation of the differences that exceeds those of the individualare all operated within the NDACC. Quality control is ap-
instruments. At high latitudes, MIPAS{Olata are biased plied according to the NDACC guidelines. In addition to
low with respect to the lidar measurements, with differencescolumn amounts of € low vertical resolution profiles are
that remain always below 7% from 15km up to 40km al- obtained from solar absorption spectra by using the Optimal
titude. Once again, the discrepancy increases at the lowegstimation Method oRodgers(2000 in the inversion pro-
tangent altitude of MIPAS (below 12 km), with a negative grams, namely PROFFIT (PROFile FIT) for Kiruna station,
bias up to—20% and a standard deviation of the mean rela-described byHase et al(2000 and byHase et al(2004

tive differences comparable to the ones of MIPAS and lidarand based on the forward model KOPRA (Karlsruhe Opti-
profiles. Notably, the larger differences between the meammized Precise Radiative transfer Algorithidpfner et al.
and the median of the distribution observed below 20 km arel998, and SFIT2 Pougatchev et gl1995 Rinsland et al.
mostly localised at mid-latitude, while elsewhere remain ei- 1998 for the other stations. The SFIT2 and PROFITT codes
ther small (less than a few percent in the Polar region) orhave been cross-validated successfullHage et al(2004).

negligible (at the tropics) for the whole altitude range. The retrieval process, in both codes, involves the selection of
retrieval parameters: spectral microwindows, spectroscopic
4.3 Comparison with NDACC FTIR network parameters, a priori information, and model parameters. The
choice of these retrieval parameters has been optimized in-
4.3.1 FTIR data dependently at each station. An exception was made for

) ) the spectroscopic database: all stations agreed in using the
MIPAS v4.61 ozone data |n.the period 6 July 2092 t0 26 I TRAN 2004 databaseRothman et al.2009 in order to
March 2004 are compared with ground-based Fourier Transgiq piases due to different spectroscopic parameters. For

form InfraRed (FTIR) measurements at five stations: Kiruna, 49 infrared bands of §the line positions and intensities have
Sweden (67.8N, 20.4 E) and Jungfraujoch, Switzerland
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Table 3. Statistical means (MRD) and standard deviations (SD) of the relative differences (X-FTIR)/mean(FTIR) in percengqiahiaO
columns defined by the given pressure limits. X is the MIPA§Spartial column collocated within 3 h and 300 km from the ground-based
FTIR measurements. The number N of comparison pairs for each station, the combined random error, aistithéz8d error on the mean
(SEM) are also reported.

Station Pressure Range 3®artial Column  Random Error N SEM
[hPa] MRD =+ SD [%)] [%6] [%6]
Kiruna 2-168 +1.3+6.3 5.6 24 3.9
Jungfraujoch 2-214 —3.54+6.1 55 12 5.3
Wollongong 1-196 —0.4423 6.1 4 3.5
Lauder 3-185 —5.6+2.9 5.5 17 21
Arrival Heights  2-163 —7.1481 7.1 16 6.1

been indeed updated in the HITRAN 2004 database follow- - the lowest altitudes of valid MIPAS profiles which have

ing those of the MIPAS databasmifpas-pf-3.Xfor the v4.61 a mean of about 12km over the data set selected for
products) Raspollini et al. 20086. comparison;
4.3.2 Methodology of the comparison As for the vertical profiles, we first calculated the absolute

differences between MIPAS and FTIRz@artial columns
Pairs of coincident ozone profiles from MIPAS and from @nd then divided these by the mean of the FTIR partial

each of the five FTIR stations are selected for comparison acc0!Umns to obtain the relative differences. In TaBlgthe
cording to the baseline criteria-@ h, 300 km), with spatial M€an and the standard deviation of the partial column rela-

separation between satellite and ground-based observatiofi¥€ differences are reported for each station, along with the
evaluated at the MIPAS nominal tangent height of 21 km.Number N of coincident pairs and the estimated random error
Each spatially collocated MIPAS scan is compared with the®" the Q partial column differences. We have evaluated the
mean of the FTIR measurements recorded within the chosefndom error covariance matrix of the difference MIPAS -
temporal coincidence criterion. The comparison is made on & 'R, using the work oRodgers and Conng2003 for the

pressure grid. The MIPAS profiles are degraded to the lowefomparison of remote S'Ourjding instruments an€alisesi
vertical resolution of the ground-based FTIR measurementsSt &- (2009 for the re-gridding between the MIPAS and the
following: FTIR data (se&/igouroux et al, 2006 for more details). The

FTIR random error budget has been estimated for a typical
measurement at Kiruna (F. Hase, IMK, private communica-
tion). There are different contributions to the MIPAS random
error covariance matrix. The error covariance matrix due to
: . . the noise is given in the MIPAS level 2 products for each
ggi)rf::;eiea:gglcame;r:g?rzrsep?ceti\l/:;)I/R a priori profile and aver- profile. We have chosen to use, as the noise contribu'Fion to
' 7 the MIPAS random error matrix, the mean of the covariance
For the sake of homogeneity, a common approach Wagayrices of the coincident MIPAS profiles. Two coincident
agreed for the calculation of{partial columns and verti- \ypag profiles at Lauder have been removed from the com-
cal profile differences in the comparisons. parisons, because their random errors were especially large.
Vertical profiles— we calculated the absolute difference Following the approach adopted for MIPAS comparison with
(MIPAS-FTIR) between MIPAS smoothed profiles and the gther satellite measurements, we have added to the MIPAS
low vertical resolution FTIR measurements. The mean rel-zndom error budget the systematic errors with random vari-
ative difference in percent and the associatedstandard  gapjlity (i.e. error due to propagation of pressure and tempera-

deviation were then obtained by dividing the mean absoluteyre random covariance into the ozone retrieval), as explained
differences and standard deviation, respectively, by the meag, getail in Sect. 6.

of the FTIR & profiles.
Partial Columns- the boundaries of partial columns, de- 4,.3.3 Results of @partial column intercomparison
fined by pressure levels as indicated in Taklevere chosen
taking into account: Time series of @ partial columns at the five ground-based
stations are displayed in Fi¢. For each station, the up-
— the ground-based FTIR sensitivity, which is reasonableper panel in the plot shows the results of FTIR measure-
up to around 40 km for ments and of collocated MIPAS data. In the lower panel,

Xy = Xg + A (Xp — Xq) (6)

wherex,, andx, are the original and the smoothed MIPAS
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Table 4. Results of the comparison with mid-latitude ozone soundings.

Altitude range n; b; o, Op;,sys Di a4, md X12€ ; L;
(km] [ppmvl  [ppmvl  [ppmvl  [ppmvl  [ppmVvl  [ppmV]
0.0-7.5 5 -0.04 0.01 0.17 0.03 0.02 1.69 0.890

7.5-10.5 9 -0.01 0.02 0.20 0.06 0.03 2.77 0.973
10.5-13.5 19 -0.07 0.03 0.16 0.13 0.06 7.97 0.987
13.5-155 21 -0.09 0.04 0.20 0.18 0.13 5.01 1.000
16.5-19.5 19 -0.05 0.05 0.15 0.24 0.21 171 1.000
19.5-22.5 19 0.15 0.11 0.22 0.49 0.23 3.70 1.000
22.5-255 18 0.15 0.08 0.33 0.33 0.35 0.84 1.000
15.5-28.5 17 -0.37 0.12 0.41 0.49 0.47 1.13 1.000
28.5-31.5 15 -0.42 0.17 0.55 0.67 0.63 1.35 1.000
31.5-34.5 9 -0.18 0.34 0.70 1.04 0.73 191 0.993
34.5-37.5 6 -0.01 0.43 0.78 1.07 0.82 1.75 0.941
37.5-40.5 4 —0.53 0.50 0.74 0.99 0.70 1.98 0.793

the mean relative differences between MIPAS and FTIR partion of air masses; it also increases the horizontal smooth-
tial columns are plotted. In Tablg, we report the mean ing error as already seen in Seétl. For comparison with
and the standard deviation of these relative differences foKiruna measurements, a PV criterion has been applied, so
each station. The estimated random error on the relative difthat critical coincidences with relative differences in poten-
ference of @ partial columns, combining the ground-based tial vorticity larger than 15% have been neglected. For Ar-
FTIR and MIPAS error budgets, is around 6% for all the sta-rival Heights, tests performed by applying the same criterion
tions except Arrival Heights (7%). The agreement is goodresulted in a reduction of the standard deviation, but showed
for Kiruna, Jungfraujoch and Wollongong, where there is nono influence on the bias.
statistically significant bias, as can be seen in Table 4 by com-
paring the mean of the differences to thesgandard erroron 4.3.4 Results of @vertical profiles intercomparison
the mean (SEM=3D//N). A small negative bias of MI-
PAS O partial column is observed in the comparison with Results of the comparison between @ertical profiles re-
Lauder and Arrival Heights data, which is presently not ex- trieved from collocated measurements of MIPAS and each of
plained by known contributions to the systematic error bud-the five ground-based FTIR stations are displayed in Fig.
get of the comparison. It must be noticed, however, that aThe individual plots show the mean and ktandard devia-
spectral micro-window region at 2100 crwas selected for  tion of the relative differences (MIPAS-FTIR) in ozone vol-
Oz retrieval at Lauder and Arrival Heights and that a high ume mixing ratio versus pressure. The combined random
bias in ozone total column (on average, 4.5%) was observe@rror associated with thegOnean difference is represented
when comparing these results with those obtained from thdy the shaded grey area. The 3tandard error on the mean
analysis of Arrival Heights spectra in retrievals employing is also reported to facilitate the discussion of the statistical
micro-windows in the 1000 crt region. Differences, of  significance of the observed bias. The black solid lines in
up to 4%, have been observed in retrievals of total columneach plot mark the pressure levels adopted as the lower and
O3 when employing different micro-window spectral regions upper limits for the calculations of ozone partial columns.
(Rinsland et al.1996. This suggests that different choices We notice in Fig.7 that, except of Kiruna, the profile dif-
of spectral micro-windows might explain the different biases ferences are oscillating. First, one should remember that the
observed at different stations. retrieval of vertical profiles from ground-based FTIR solar
absorption spectra is an ill-posed problem. Therefore, the
For all the stations, except Arrival Heights, the standardinversion needs to be constrained by some a priori infor-
deviations are within 6%, which is comparable to the esti-mation and the inversion results depend on this information
mated random error on the difference. For Arrival Heights,and on some additional retrieval parameters, as mentioned
the standard deviation (8.1%) is larger than the estimated rann Sect.4.3.1 The number of degrees of freedom for signal
dom error of 7.1%. This is not surprising considering the po-of the retrieved profiles between 12 and 40 km is only about
tential vorticity differences between the observed MIPAS and3.5. In the present exercise we did not define a common re-
ground-based air masses that can occur at the pole during thdeval strategy for the five stations. Only for Lauder and
spring. The stronger atmospheric gradient at the poles durind\rrival Heights similar retrieval parameters have been used.
spring has not only an effect on the error due to the colloca-This latter fact probably explains why we observe similar
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oscillations in the difference profiles at Lauder and Arrival — the team of the Institute of Atmospheric Physics of
Heights. the Chinese Academy of Science, providing results of

The bias is below 10% at Kiruna in the whole altitude the ozone soundings from Beijing, China (39.48
range and usually not significant taking into account the 3 116.28 E) in the period 2002-2004.

standard error on the mean. The bias is below 10% for_ = | . i
Jungfraujoch, and 15% for Lauder and Wollongong, at pres_Comcldent pairs c_Jf MIPAS and_ ozone s_ondes profiles were
sures lower than 80hPa. The bias is below 25% at ArrivalS€l€cted by applying the baseline criteria of 300km and 3h
Heights in the whole altitude range. The error can be statisfO" Maximum spatial and temporal separation. The compar-
tically significant at some pressure levels, but, as previouslySOn was then carried out according to the procedure em-
pointed out, the FTIR profiles have to be interpreted with Ployed byRidolfi et al. (2007 to validate MIPAS tempera-
care considering their small degrees of freedom. RegardiUré data against radiosondes measurements from L'Aquila
ing the standard deviations, in Fig, we can see that they and Potenz_a. Here below we brlefl_y summarise the basic
are roughly in agreement with the combined random errorSt€PS Of this approach, while referring to the above men-
in the middle stratosphere, whereas they are greater than tHi®n€d papers for a precise definition of the terminology and
random error in the lower stratosphere, especially at Arrivalvalidation strategyon Clarmann2008 and for a more de-
Heights where the variability of ©is expected to be larger. tailed explanatlon'of the |nd|y|dugl stgps pf the comparison
and of the underlying approximationRi¢lolfi et al, 2007):
4.4 Comparison with ozone soundings at individual mid-

latitude stations Vertical smoothing- First of all, we took into account

the effects of MIPAS vertical smoothing on the comparison.
nCorrelative ozone data on the same pressure grid of the MI-

PAS matching profile were obtained, by convolving the orig-

inal high vertical resolution measurement of the ozone sonde

A statistical analysis of the differences between coincidentXrethires With the MIPAS averaging kernels and a priori pro-
O3 profiles obtained by MIPAS and by mid-latitude ozone filé:

sondes was conducted using the methodology suggested tky o4 A (x N ) )
von Clarmann(200§ for bias and precision determination ~ e smeothed= +0 rethires— 10

with matching pairs of measurements. The correlative dataNherefref,smoothediS the smoothed ozone sonde profile, A is
considered here consisted of ozone soundings from fouthe MIPAS averaging kernel matrix ang is the a priori pro-
sites, that were not included as part of the NDACC data setsile that was used as the linearisation point for the calculation
selected in Sec#t.1and that were provided by. of the averaging kernels. Both A anglin Eq. (7) were repre-
sented over the vertical grid of the matching MIPAS profile
by using the shrinking/streching and interpolation methods
described irRaspollini et al(2006. xg is the ozone vertical

YAllsﬁzAsg?\ilof;?;O;ndm% é)éséem from L;;Aquri:a, distribution retrieved from MIPAS measurements when the
taly (42. P ), wit 0ZONe Sondes Nav- ., state of the atmosphere is equal to the a priori profile

ing a precision of 4-12% in the troposphere and 3—4%(xref hire<=X0)-
between 100 and 10hPa. The various sources of sys-
tematic errors are also altitude dependent and are be- Time and space collocation errer In order to correct for
tween=12% (Komhyr et al, 1995 the temporal and spatial mismatch between MIPAS and the
ozone sonde measurement of each comparison pair, we fol-

the team of University ,Of Atheqs, that performgd mea- owed Eqg. (15) invon Clarmann(2006 using assimilated
surements of the vertical profiles for the location of ozone fields from ECMWE:

Athens, Greece (37.60, 23.40 E), by using electro-

chemical concentration cells (ECC, EN-SCI, InC.), With et = fref smoothecrt X Somaf — yeemwi (8)
corrections based on observations of the total ozone

content made with the DOBSON spectrophotometerwherexreecfm""f is the ECMWF ozone field interpolated at the
Nr. 118 installed at the campus of the Athens Univer- location and time of the ozone sounding, whilst the term
sity; X%ﬁmavgf is the ECMWEF field at the location and time of MI-

_ ~ PAS scan (see below).
— the team from Environment Canada and the Univer-

sity of Toronto that obtained §profiles in coincidence Horizontal smoothing- in order to include the effects of

with MIPAS overpasses from ozone sondes launchedVIPAS horizontal smoothing, the following expression was
i f.

in Vanscoy, Canada (52.0%, 107.08 W) during the ~ used for the calculation of Fionct

MANTRA (Middle Atmosphere Nitrogen TRend As- co .

sessment) balloon campaign in 2002; Xﬁﬁrﬁnav; = dlaG‘A xﬁq?&vsv

4.4.1 Mid-latitude ozone sounding data and compariso
methodology

— the team of University of L'Aquila, that contributed
to the MIPAS validation activity by operating a

9)

www.atmos-chem-phys.net/7/4807/2007/ Atmos. Chem. Phys., 7, 48872007



4826 U. Cortesi et al.: MIPAS ozone validation

wherexﬁqﬁgg’;’f is a matrix whose columns represent ECMWF whereomipasi,md @andoret i, md are the random errors of MI-
O3 values interpolated at the time of each MIPAS scan andPAS and of the ozone sonde respectively. In order to validate
at the points along the MIPAS line of sight that we used to MIPAS random error, we must verify that the precisjgnis
calculate A. A detailed description of the procedure adoptedconsistent with the random error of the comparisgning.

for the calculation Ofx%?’g;";’f can be found in (Ridolfi et al.,

2007). 4.4.2 Results of the comparison

Binning in pressure MIPAS Oz measurements and ozone The statistical analysis described in Set#.1was applied
sonde corrected values from the selected pairs of coinciderto a validation data set consisting of 22 matching pairs of
profiles were binned in pressure according to the vertical gridVMIPAS and ozone sonde profiles. The results obtained from
defined by MIPAS nominal retrieval levels, so that no more the application of Eqs.7j through (5) are presented in Ta-
than a single entry per profile could be associated to eaclble 4, where we report for each altitude bin the bigsand
pressure bin. This allowed us to discard vertical correlationsts standard deviationy,, the systematic errar, ;,, on the
between values of the individual profiles and to perform abias, the precisiorp; and the random errafy, ,,q4 On the
statistical analysis over the binned pairs, in the hypothesiglifferenced;.
that horizontal correlation between measurements are negli- The quantifiers¢Z ; andL; in the last two columns of Ta-
gible after debiasing, as suggested in Sect. 8 of the paper bjle 4 characterise the significance levels of these results. The

von Clarmanr(2006). reduced chi-squarg,%’i, with expectation value equal to 1.0,
o . _ is defined by:
Determination of the bias The bias; at thei-th pressure
bin was computed from the expression: 2 1 . [xmipasi (k) — Xreti (k) — bi]?
XRi = 1 Z 2 (16)
1L (ni — 1) k=1 94;,md
"o Z[xm'pas’( ) = reti (K)] (10) and tests the consistency of the differendg&) with their

P k=1 . L . .
expectation valué; within their random erroby, md. L; is

with the associated standard deviation given by: the probability that a new comparison might yield a smaller
— value of the reduced chi-squaxg ;.
oy = Y i1 [xXmipasi (k) — xret,; (k) — b;]? (11) In the left panel of Fig8, the vertical profile of the biak;

‘ ni(n; — 1) is shown as a function of the approximate center altitude of

, i each pressure bin (solid line), with error bars corresponding

where the sums extend over tiecomparison pairs that pro- 14 the 959 confidence interval derived from the t-statistics
vide a valid entry for thé-th bin. The validation of our cur- ¢ each altitude bin (see Ridolfi et al., 2007, and reference
rent esumatelof.MIPAS systgmaﬂc err@ﬁ_ipassys, obtained therein). For comparison, the curvés;, s,s of the system-
from the a priori values provided by University of Oxford, gic error of the bias (dashed lines) are overplotted. A statisti-
requires that the bids is equal to zero within its total uncer- .4y significant bias (i.e. a bias that is different from zero be-

tainty oy, rot, €xpressed by: yond the 95% confidence interval defined above) is found for
5 5 most of the altitude bins. This bias is, however, consistently
Ob;tot = 4/ O, + 0, sys (12) lower than the combined systematic error of the comparison,

as expected to validate the current estimate of MIPAS sys-
tematic uncertainties.
In the right panel of Fig8, the precisionp; (solid line)
is compared with the random errey, mg on the difference
d; (dashed line); here, the error bars represent the 95% confi-
dence interval computed from the chi square statistics of each
> 2 altitude bin. We observe a reasonable agreement between the
Tbi-sys = \/gmipa5i~5y5+ refi,sys (13) o curves over the whole range of the comparison, with sig-
nificant discrepancies found for the altitude bins at 21, 15 and
Determination of the precision we calculated the preci- 12km, where in any case the precision value never exceeds
sion p; of the result of the comparison at each pressure bin: the combined random error by a factor larger than 2.

pi = op/ni (14)

and compared it with the random error of the difference
d; (k)=xmipasi (k) —xret ; (k) given by:

whereoy, sysis the systematic error on the bias that we eval-
uated from the root-sum-squaredfipassys and of the ozone
sonde systematic errefer sys (associated with the corrected
value x,.r and calculated from the estimated bias of the
ozone sonde):

_ 2 2
Od;,md = \/Gmipasi,rnd + Ofefi.md (15)
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Fig. 8. Results of the statistical analysis for MIPAS @ias and precision determination by comparison with matching measurements from
mid-latitude ozone soundings. See text in Séct.1for explanations.

5 Comparison with stratospheric balloon and aircraft PRA (Karlsruhe Optimized and Precise Radiative transfer

measurements Algorithm) together with a Tikhonov-Phillips regularisation
procedure lopfner et al. 2002. A total of 34 ozone mi-
5.1 MIPAS-B2 crowindows have been chosen in the mid-infrared spectral re-
gion to infer vertical ozone profiles from the measured spec-
5.1.1 MIPAS-B2 data and comparison methodology tra. The resulting vertical resolution of the profiles lies typ-

ically between 2 and 3km and is therefore comparable to
A balloon-borne version of the MIPAS-ENVISAT instru- MIPAS. The error estimation includes random noise, tem-
ment, MIPAS-B2, operated by a team of Forschungszenperature errors, Iing of sight i'na.ccuracies, and spectroscopic
trum Karlsruhe (IMK-FZK), was flown during mid-latitude data errors._A_det_alled_ description of the level 2 MIPAS-B2
(Aire sur I'Adour, France, 24 September 2002) and Arctic data fanaly5|s IS g|ven_|WetzeI et al.(_ZOOQ and ref_ere_nces
(Kiruna, Sweden, 20-21 March 2003 and 3 July 2003) Va|_there||_1. Tgble 5 provides an overview of the coincidences
idation flights and obtained a set of correlative data in veryUSed in this paper for the comparison between MIPAS-B2
good spatial and temporal coincidence with the satellite mea@nd MIPAS-ENVISAT ozone measurements. For MIPAS-B2
surements Qelhaf et al, 2003. The high quality of the flights 11 and 13, a close to perfect coincidence with MIPAS-

collocations, combined with several features of the MIPAS- ENVISAT could be reached in time and space. For flight 14,

B2 instrument configuration that are closely matching thosetlis iS true only for the coincidence in space while the time

of MIPAS-ENVISAT (spectral coverage, spectral resolution, difference amounts several hours. However, both observa-
sensitivity and radiometric accuracy, etc.), offer an uniquelions were carried out in the same air mass. We used ex-
opportunity for the validation of the vertical profiles of ozone Clusively MIPAS-ENVISAT ozone data version 4.61 for our
and other MIPAS target species. A detailed description ofc0Mparson.

the MIPAS-B2 spectrometer is given kriedl-Vallon et al.

(2004. The limb-sounding observations acquired during the

ENVISAT validation flights were processed using a least

squares fitting algorithm based on the forward model KO-
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Fig. 9. Results of the comparison between coincident MIPAS-ENVISAT and MIPAS-B2 ozone measurements at mid-latitude and in the
Arctic region.
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Table 5. Summary of the coincidences between MIPAS-ENVISAT and MIPAS-B2. Temporal and spatial separation between MIPAS-
ENVISAT and MIPAS-B2 scans for each of the available comparison pairs. The distance between the coincident scans is calculated at
20 km.

Location Date MIPAS-ENVISAT MIPAS-B2 Distance  Time diff.
[orbit, scan] [flight, scan] [km] [min]

Aire sur 'Adour 24 Sep 2002 2975, scan 14 F11,scan S 207 14

Aire sur 'Adour 24 Sep 2002 2975, scan 15 F11,scan S 358 15

Aire sur 'Adour 24 Sep 2002 2975, scan 16 F11, scan N3 79 14

Kiruna 20 March 2003 5508, scan 20 F13, scan N3a 78 14

Kiruna 21 March 2003 5515, scan 30 F13, scan D15c 28 20

Kiruna 3 July 2003 7004, scan 6 F14, scan 3 2 506
5.1.2 Results -1.0 05 0.0 05 1.0

1 - ' : | - ' 1

In Fig. 9, we present the results of the comparison be- @sgsa?c'ﬂf‘zdﬁgi\g‘fg“:ﬁzﬁgnMIPAS_B)
tween all the available pairs ofz0matching profiles listed ® Mean combined total error
in Table 5. Each panel shows on the left side the MIPAS- Mean combined systematic error
ENVISAT and MIPAS-B2 ozone VMR profiles, retrieved _©_Mean combined random ermor .
from the coincident limb scanning sequences and on the right 1 S \\ . .
their absolute difference with over-plotted combined random 1 . . I
and total errors. The MIPAS-B2 measurements have been 1 - % S o
cross checked with ozone sondes launched shortly after the 1 1 . o L 10
launch of the MIPAS-B2 instrument. These comparisons® % . .
have shown a general good agreement between MIPAS-BE % DE .
and the sondes (see, e.Wetzel et al. 2006. In general, £ 1 ‘. - o
an excellent agreement is obtained both for the mid-latitude® j e if o
as well as for the high latitude measurements over the Whol%"_’ 1 % N o
range of vertical overlap, with significant discrepancies oc- ] .. j! e
casionally observed at the lowest levels (belel00 hPa) ] . e
or in proximity of the peak of the @vertical distribution 100 - 100
(above~10 hPa, where MIPAS-ENVISAT overestimates the .
ozone content). The absolute difference between MIPAS- ol
ENVISAT and MIPAS-B2 ozone values is mostly within 1 {“'
the combined total error, often remaining below its random l g
component. An overall statistics of the comparison, show- . . .
ing mean profiles of the Pabsolute difference and corre- 10 .0'_5 0!0 of5 1.0

sponding total, random and systematic errors is displayed in
Fig. 10. Average values have been calculated over all the
pairs of coincident profiles: the mean absolute difference isF_ 10, Absolute diff b MIPAS-ENVISAT and
shown (solid red line), along with the standard error of the '9: 10- Absolute difference between - anc

. MIPAS-B2 ozone volume mixing ratio averaged over all the avail-
mean (error bars). A bias between MIPAS-ENVISAT and !

. . - able collocations.
MIPAS-B2 ozone values, that is marginally higher than the
combined systematic errors, is only observed, at some pres-
sure level, below 100 hPa. Moreover, the standard deviations 2 FIRS-2 and IBEX
never exceeds the combined random error value, except for a
few levels above 10 hPa. 5.2.1 Balloon-borne FT-FIR measurements and compari-
son methodology

O, VMR absolute diff. (ppmv)

Two balloon-borne high resolution Fourier transform Far-
Infrared (FT-FIR) spectrometers were deployed in field
campaigns for the validation of the ENVISAT chemistry
payload: the Far InfraRed Spectrometer (FIRS-2) of the

www.atmos-chem-phys.net/7/4807/2007/ Atmos. Chem. Phys., 7, 48872007
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Fig. 11. Comparison between MIPAS v4.61 and FIRS-2 (30 October 2002 and 19/20 September 2003) ozone measurements. Mean absolute
and relative differences between MIPAS and FIRS-2 MR reconstructed using trajectory analysis and averaged in altitude bins of
Ah=1.5km are shown on the left and right panel, respectively. Error bars represestdiidard deviations. The number of elements per
altitude bin is also displayed.

Harvard-Smithsonian Center for Astrophysics, Cambridge trieved from FIRS-2 measurements during flights from the
MA, USA (Johnson et al.1995 and the Infrared Balloon National Scientific Balloon Facility balloon launch site at
Experiment (IBEX) operated by the Institute for Applied Fort Sumner, NM, USA (Lat. 34N, Lon. 104 W) on 20
Physics “Nello Carrara” (IFAC-CNR), Firenze, Italign- October 2002 and on 19-20 July 2003 and with those ob-
chini et al, 2009.The FIRS-2 and IBEX instruments are tained by IBEX in the trans-Mediterranean flight from Tra-
capable of retrieving the vertical distributions of a num- pani, Italy (Lat. 38 N, Lon. 12 E) to Spain on 29-30 July
ber of trace gases from float altitude (approximately 35—-2002. In both cases, useful coincidences between MIPAS
40 km) down to the tropopause, with vertical resolutions observations and measurements of the two FT-FIR spec-
of ~2-3km, from limb sounding observations of the at- trometers could be obtained only after substantial relaxation
mospheric emission spectrum. FIRS-2 measurements covef the spatial-temporal matching criteria, as shown for in-
the spectral region of 80 to 1220 crh while IBEX oper-  stance in previous analyses carried out for MIPAS\@AIi-

ates in photon noise limited conditions and acquires specdation Cortesi et al.2004. No matching pair is available
tra in narrow bands (typically 2 cnt wide) within the inter-  for comparison, if we apply our baseline criteria for maxi-
val 10-250 cmt. FIRS-2 observations of £xoncentrations mum temporal and spatial separation. As a consequence, we
use transitions both in the rotational band between 80 andiecided in the current work to exploit the two sets of cor-
130 cntt and thev, band between 730 and 800t The  relative balloon data, using a Trajectory Hunting Technique
former lend the most weight above 25 km, while the latter (THT) (Danilin et al, 2002 that launches backward and for-
contributes almost entirely below 20 km. In this section we ward trajectories from the locations of measurements and
compare MIPAS @ data v4.61 with the ozone profiles re- finds air parcels sampled at least twice within a prescribed

Atmos. Chem. Phys., 7, 4804867, 2007 www.atmos-chem-phys.net/7/4807/2007/
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Fig. 12. Comparison between MIPAS v4.61 and IBEX (29-30 July 2002) ozone measurements. Mean absolute and relative differences
between MIPAS and IBEX @VMR are plotted as in Fig. 11.

match criterion during the course of several days. A simi-the noise in the technique and providing estimates to its pos-
lar procedure was applied for comparison of MIPAS ozonesible extension to multi-platform comparison for the selected
profiles with both FIRS-2 and IBEX measurements, relying time period, can be found ifaddei et al(20086.

on isentropic trajectories calculated using the University of

L'Aquila Global Trajectory Model Redaellj 1997 Dragani ~ 5.2.2 Results of the comparison with FIRS-2 data

et al, 2002, on the base of ECMWF meteorological fields. )
Four days backward and forward isentropic trajectories, deR&Sults of the comparison between MIPAg@easurements

parting from the geolocations of FIRS-2 and IBEX retrieved @"d data from the FIRS-2 flights on 20 October 2002 and

profiles were calculated and MIPAS;@rofiles at locations ~ ©N 19-20 July 2003 are shown in Figl. Mean absolute

within 2 degrees in longitude, 2 degrees in latitude and 2 h in@"d relative differences between MIPAS v4.61 and FIRS-2

time along these trajectories were identified and vertically in-O3 VMR calculated with THT and binned by altitude values

terpolated in Potential Temperature, to obtain thes@lume ~ (Ah=1.5km) are displayed on the left and right panel, re-
mixing ratio value to be compared with the correspondingSPectively; o error bars and total number of reconstructed
FT-FIR measurements. The resulting comparison pairs werdata in each bin are also indicated. Very good agreement
then binned by altitude, in steps ah=1.5 km and averaged within 1o error bars, with relative differences withinl0%,

and 10 RMS values of the differences (MlPAS — FT-FIR is found down to about 24 km. At lower levels the mean rel-
data) in Q volume mixing ratios were calculated. Prelimi- ative difference increases, mainly resulting from the small

nary results of a so called “self-hunting” analyses of MIPAS values of ozone mixing ratio at these altitudes, although the
data that matches satellite observation with themselves, prg2osolute difference remains reasonably small.

viding a test for the precision of the instrument products and

the quality of the calculated trajectories and thus assessing

www.atmos-chem-phys.net/7/4807/2007/ Atmos. Chem. Phys., 7, 48872007
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Fig. 13. Comparison of MIPAS @ profiles from orbit 4678, scan @) and from orbit 4677, scan 2®) with the in situ profiles acquired
during the SPIRALE flight.

5.2.3 Results of the comparison with IBEXg Oata 'Environment, Oréans, France) and employing the tech-
nigue of tunable diode laser absorption spectroscopy to per-
Mean absolute and relative differences between MIPASform simultaneous in situ measurements of several minor at-
v4.61 and IBEX Q@ data obtained during the trans- mospheric constituentsvioreau et al. 2005. The instru-
Mediterranean flight of 29-30 July 2002 are presented inment, contributed to the ESABC programme with a mid-
Fig. 12 MIPAS measurements agree reasonably well withlatitude and with a high latitude flight, carried out, respec-
the balloon profile down to approximately 27 km (mean rel- tively, from Aire sur I'’Adour on 2 October 2002 and from
ative differences withint10%). At lower altitudes, MIPAS  Kiruna on 21 January 2003 to measurg, GHz, N>O, CO,
appears to underestimate the ozone content by up to 30-40%0O, NO,, HNOs; and HCI VMR profiles. MIPAS ozone
with respect to IBEX data versions 4.61 and 4.62 have been compared with SPI-
RALE Og profiles obtained during the descent phases of the
October 2002 flight and during the ascent phase of the Jan-
uary 2003 flight. For the Arctic flight, direct coincidences
with two MIPAS scans (orbit 4677, scan 20, v4.62 and or-
bit 4678, scan 6, v4.61), whose temporal separation from the

SPIRALE (SPe,ctro_scopie InfraRouge_ par Absorption degp|pa| £ measurements satisfied the baseline matching cri-
Lasers Embarcgs) is a balloon-borne instrument operated ygjon A;<3h, were available. The location of this flight
by LPCE-CNRS (Laboratoire de Physique et Chimie de

5.3 SPIRALE

5.3.1 SPIRALE data and comparison methodology

Atmos. Chem. Phys., 7, 4804867, 2007 www.atmos-chem-phys.net/7/4807/2007/
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was close to the vortex edge and although the spatial sep- — the trajectory ending at the point of the SPIRALE pro-
aration does not satisfy the baseline criteriam<300 km file;

(300-500 km for scan 20, 600—-800 km for scan 6), MIPAS

and SPIRALE measurements were made at locations close — four trajectories ending close to this point on the same
in PV (5 to 25% for scan 20, 5 to 35% for scan 6). Di- is_entropic surface40.5° in latitude and+0.5° in lon-
rect coincidences were not possible in the case of the mid- ~ 9itude);

latitude flight. For the latter, the comparison was carried
out, by means of trajectory analysis with MIPAS profiles
from orbit 3019, scans 14 and 15 (v4.61) on 27 September

at 23:52:50 UT and 23:54:11 UT, respectively. For each trajectory, PV at 00:00 UT on 28 September has
Estimations of the uncertainties on SPIRALE measure-then been computed, along with mean PV and standard devi-
ments have been previously described in detdibreau et  ation for each set of 7 trajectories. Finally, we calculated the
al, 2005. In brief, random errors mainly come from the difference between the mean value and the PV at the end of
signal-to-noise ratio and from fluctuations of the laser emis-the trajectories (SPIRALE profile) as a function of potential
sion signal, which have more important effects at lower alti- temperature.
tudes (6% below 18 km) than at higher altitudes (2%). Sys- We found that between 400K and 600K and between
tematic errors originate from the laser line width (increasing700 K and 900K, standard deviation is very low2—3%)
from 1% at lower altitudes to 3% at higher altitudes) and theand PV is conserved relatively well on the 4.5 days trajecto-
spectroscopic parameters which are well determined (5%jies (the differences are less than 10%). This is not the case
at the used wave numbers (2081.7—-2082.5tm Adding below 400 K, between 600 K and 700 K and above 900 K. Air
guadratically the random errors and the systematic errors remasses mixing probably occurs on these isentropic surfaces.
sults in total uncertainties of 6% at altitudes above 18 KMSPIRALE data are therefore no longer representative of the
(p<80hPa) and 8% below 18 km-80hPa). MIPAS sys- measurements made by MIPAS on the same isentropic sur-
tematic errors have been computed by the Oxford Univerface. Moreover, by comparing the PV values of SPIRALE
sity: Polar winter night time conditions and day and night and MIPAS profiles, we found that PV differences are lower
mid-latitude conditions have been used, respectively, for theahan 10% between 400K and 600K for both profiles and
Arctic case and the mid-latitude case. above 700 K for profile 14. We conclude, therefore, that SPI-
RALE data may be used to validate:

— two trajectories endingt6.25K (about 250 m) above
and below the point of the SPIRALE profile.

5.3.2 Results of direct comparison — MIPAS profile 14 of orbit 3019 on the potential sur-

faces between 400 K and 600 K and between 700 K and

In Fig. 13, the G profile obtained by SPIRALE during the 900K, which corresponds to the retrieval nominal MI-

Kiruna 2003 flight is compared with coincident MIPAS O PAS altitudes 18, 21, 24, 30 and 33 km:

profiles from orbit 4678, scan 6 and from orbit 4677, scan 20.

Both the SPIRALE original high vertical resolution profile ~ — MIPAS profile 15 of orbit 3019 on the potential sur-
and its smoothed version after the application of MIPAS av- faces between 400K and 600 K, which corresponds to

eraging kernels are displayed. In general, a good agreement the nominal MIPAS altitudes: 18, 21 and 24 km

is observed in both cases, with MIPAS; @ata from or-

bit 4677, scan 20 mostly matching SPIRALE smoothed val- The results of the comparison are shown in Fig, high-
ues within the error bars (with the only notable exception of lighting an almost perfect overlapping between MIPAS and
the level above 100 hPa, where MIPAS @ closer to SPI-  SPIRALE Q; measurements.

RALE raw data). Slightly larger discrepancies are found in
the comparison with MIPAS orbit 4678, scan 6, possibly due
to increased comparison errors introduced by the greater spa-
tial separation (600—800 km, PV differences up to 35%).

5.4 MIPAS-STR, SAFIRE-A and FOZAN on-board the M-
55 Geophysica aircraft

5.4.1 Ozone data of the M-55 Geophysica remote-sensing

. ) and in situ payload
5.3.3 Results of trajectory-based comparison

Simultaneous measurements of the ozone vertical distribu-
The feasibility of using long trajectories for MIPAS valida- tion in strict coincidence with MIPAS-ENVISAT overpasses
tion by comparison with data of the SPIRALE flight on 2 Oc- were obtained by the in situ and remote-sensing instru-
tober 2002 at Aire sur I’Adour was investigated by means of aments of the M-55 Geophysica high altitude aircraft dur-
PV analysis of sets of trajectories ending close to each poining dedicated flights at mid-latitude (Forlitaly, July and
of the SPIRALE profile. For each point of the SPIRALE October 2002) and in the Arctic region (Kiruna, Sweden,
profile (with potential temperature steps®=25K), seven  February—March 2003), aiming at the validation of the satel-
backward trajectories have been calculated: lite chemistry sensors, as reported in detailoytesi et al.
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Fig. 14. Comparison of MIPAS @ profiles orbit 3019, scan 1) and scan 1%b) with SPIRALE data.

(2004. The remote-sensing payload embarked aboard th&NVISAT v4.61/v4.62 data and are, therefore, directly com-
M-55 stratospheric platform during these missions consistepared with the satellite measurements without correcting for
of two FT spectrometers operating in limb sounding geome-the vertical smoothing effects.

try and capable of retrieving the ozone VMR profile from the S

upper troposphere up to the flight altitude and the total ozone The cherr.nllumlnescent ozone sonde FOZAN (Fast OZone
column above: MIPAS-STR (MIPAS STRatospheric aircraft ANalyzer), jointly operated by ISAC-CNR (Bologna, ltaly)
FZK-IMK, Karlsruhe, Germany) and SAFIRE-A (Spec-’ and CAO (Central Aerological Observatory, Moscow, Rus-
troscopy of the Atmosphere by using Far-InfraRed Emissions'a) tegms, prc.)wdes.m situ measurements of t.he 0Z0one con-
_ Airborne, IFAC-CNR, Firenze, Italy). MIPAS-STR is an centration at flight altitudeMushkov et al.1999 with a sam-

1 1 1 . - . . 0
aircraft version of the satellite spectrometer and operates i Ilrcuigorgtle of 1 Hz and tprelusll_iqnhand a}cguracy Equlal tof.|8/°
the middle infrared spectral region with similar characteris- and U.0.2 ppmv, respectively. High resolution vertical protiies
tics and performancesiesch et a).1996. SAFIRE-A is _(typlcally, a vertical resolution of about 1Q m is obtained dur-
a high-resolution FT instrument, performing limb emission ing ascent and descent phases of the fI|ght) oBE@ recon-
measurements in narrow bandss(~1—2 cnt %) within the structed from FOZAN measurements acq_wred during take-
far-infrared spectral region (10-250ch), as described in off and I:_;mdmg, as well as during ocpasmda.lesperformed
Bianchini et al.(2004). Both instruments obtain ozone pro- by the aircraft close tq the geolocation of MIPAS'ENVISAT
files with a vertical resolution (approximately 1-2 km) that is scans. MIPAS averaging kernels are applied to FOZAN high

slightly better, but still comparable with the one of MIPAS- resolut|o_n Qdatato _obtaln_the smoothed profile to be com-
pared with the satellite retrieved values. We report results of
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Table 6. Best temporal and spatial coincidences selected for MIPAS-ENVISAT ozone validation with the M-55 Geophysica aircraft mea-
surements. For each MIPAS scan, we report the interval of the scans used to calculate the MIPAS-STR and SAFIRE-A collocated mean
profiles and the corresponding UTC time window, along with the flight segment of the closest FOZAN profile. N.A. indicates cases for
which either no data or no coincidence within 300 km and 3 h are available.

Date MIPAS-ENVISAT  MIPAS-STR SAFIRE-A FOZAN

Orbit Scan (UT) Scan interval (UT) Scan interval (UT) Flight segment (UT)

12 (09:19) 11-22 07:28— N.A. landing (09:30-10:12
22 July 2002 2051 (09:19) 07:59) ( anding ( )
13 (09:20) 39-47 (09:06— N.A. take-off (06:01—-06:28)
09:27)
24 Oct 2002 sq03 14(122) NA 5-9(19:36-20:26)  dive (19:50-20:28)
15(21:23) N.A. 10-15 (20:33— take-off (18:41-19:06)
21:22) landing (21:58-22:36)
19 (20:34) 21-26 (20:28— 13-14 (20:36—20:45)  dive (19:43—20:26)
2 March 2003 5250 20:40)
20 (20:36) 45-50 (21:18- 14-19 (20:45— take-off (18:40-19:10)
21:30) 21:25)
21(20:37) 64-65 (22:06— 20-23 (21:34— landing (22:24—23:05)
22:09) 21:53)
27 (08:46) 42-47 (07:47— 15-16 (09:21- N.A.
08:01) 09:30)
5386  28(08:47) 31-36 (08:45— 9-14 (08:32—-09:13)  N.A.
12 March 2003 08:58)

29 (08:49) 6-11(09:16-09:30) 2-8(07:36-08:24) take-off (07:13-07:44)
landing (11:00-11:47)

sagy 21(10:27) 42-47 (07:47- 15-16 (09:21- N.A.
08:01) 09:30)

22(10:28) 54-59 (09:53— 17-20 (09:39- N.A.
10:06) 10:02)

our comparison based on the use of both the high resolutioflere, we have selected a sub-set of the above comparison

and smoothed FOZAN data. pairs including only those flights for which at least two sen-
sors of the M-55 Geophysica payload provided useful ozone
5.4.2 Comparison methodology measurements (for mutual data quality check) and choos-

ing, for each MIPAS scan, the {profiles measured with
A total of 11 flights and about 45 flight hours was per- the best spatial and temporal coincidence by MIPAS-STR,
formed with the M-55 Geophysica for the validation of the SAFIRE-A and FOZAN. The resulting validation data set is
ENVISAT chemistry payload in the frame of the 2002—2003 shown in Table6, illustrating the combinations of MIPAS-
ESABC field campaigns. The results of these airborne meaENVISAT, MIPAS-STR, SAFIRE-A and FOZAN profiles
surements have been stored and are now accessible at the Efpat have been used for our comparison. All the compar-
VISAT Cal/Val database of the Norwegian Institute for Air isons with correlative data provided by the M-55 Geophys-
Research (NILU http:/nadir.nilu.no/calva)l Using these ica payload have been carried out using MIPAS-ENVISAT
data, multiple coincidences can be identified — based on thélata v4.61. In the case of the aircraft remote-sensing mea-
agreed matching criteriaAs <300 km, A7 <3 h) — between ~ surements, we have compared thev@rtical distribution re-
MIPAS-ENVISAT and the remote-sensing and in situ aircraft trieved from the individual MIPAS-ENVISAT scans with the
observations, thus obtaining a comprehensive set of collomean VMR profile of MIPAS-STR (or SAFIRE-A) obtained
cated Q profiles to be considered for validation purposes. by averaging over all the limb scanning sequences collocated
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Table 7. Statistics over all comparisons of MIPAS to SAGE(H) Zonal averagegb) Seasonal averages for the Southern (SH) and Northern
Hemisphere (NH) an¢t) all collocations.

@
Latitude Pressure Mean Relative Root Mean N Month of Year
Band Range Difference Square
90°S-60S  70-0.75hPa  +2%+9% +5%>+11% 69 3Dec,4Feb
60°S-30S  70-0.75hPa —7%<«+11% +9%>+18%" 64  3/4 Jan, April-3 May, 3 July
30°N-60° N  70-0.75hPa —6%<>+4% +5%«>+12% 29  Jan+3 Mar, 3 Apr, 2/3 (22) July
60°N-9C°N 70-0.75hPa —4%<«+4% +5%>+7% 169 April+3 June, 2/3 July, 3 Sep
* except at p>45 hPa close to 40%
(b)
Hemisphere Season Pressure Mean Relative Root Mean N
Range Difference Square
Spring 70-0.75hPa 0%+9% +4%>+12% 32
SH Summer 70-0.75hPa  —5%<«>+14% +5%¢>+15%" 45
Autumn 70-0.75hPa —5%<>+7% +5%«>+15% 25
Winter 70-0.75hPa —10%<+12%  +6%->+15% 26
Spring 70-0.75hPa —4%<+4% +5%>+10% 101
NH
Summer 110-0.75hPa —5%<«>+3% +5%x>+10% 95
T except at p-45 hPa close to 40%
(c)
Collocations Pressure Mean Relative Root Mean N
Range Difference Square
ALL 100-0.75hPa  —4%<« +4% +5%>+14% 326

with the selected satellite overpass. SAFIRE-A mean pro+or stems from the retrieved temperatures used to obtain the
files have been calculated over fixed pressure levels, correirace gases. A temperature error of 2K results in an upper
sponding approximately to a regular altitude grid with stepslimit VMR error for Oz of <10%. Effects such as non-LTE,
of 1.0km. MIPAS-STR @ profiles have been retrieved on uncertainties in the pointing of the instrument, horizontal at-
a fixed altitude grid. The VMRs of one altitude have been mospheric inhomogeneity along the line of sight can cause
averaged to get the mean profilépfner et al.2001; Keim further errors, which were considered of minor importance.
et al, 2004. The UTC time interval covered by SAFIRE-A As the three dominating error sources are independent they
and MIPAS-STR averages is indicated in TabBleTotal er-  sum up to below 14%. The estimate of the systematic error
ror budget estimates are reported for both instruments, comin SAFIRE-A ozone profiles takes into account the contribu-
bining the random error contributions (measurement noisdion of the assumed pressure and temperature profik&4)
and retrieval error) and the systematic uncertainties. For th@nd the spectroscopic errer$%).
mean MIPAS-STR profiles three sources dominate the error
budget. The detector noise in the individual spectra leads to In situ vertical profiles, measured by FOZAN during as-
about 2% (I) in a single profile. This is in good agree- centor descent phases of the flight, are compared with collo-
ment with the standard deviation of the average. The seceated MIPAS-ENVISAT measurements and with the remote-
ond error source is connected to the use of HITRAN spectrakensing data recorded on-board the aircraft when flying at
line data for the radiative transfer calculation in the forward level (flight altitude between 17 and 20 km) immediately be-
model. This error is estimated to be below 10%. The third er-fore/after the M-55 ascent/descent. As previously stated, the
comparison is made using both high vertical resolution in situ
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data and the smoothed profile obtained by convolution withENVISAT orbit 5250/scan 19 and orbit 5386/scan 29) and
MIPAS averaging kernels. can account for the observed differences with remote-sensing
The comparisons cover the altitude range betwe2hkm data, whilst horizontal gradients encountered at the border of
(slightly above the maximum flight altitude) and MIPAS- the polar vortex might at least partially justify the discrep-
ENVISAT lowest tangent altitude. The aircraft measure- ancy in ozone values retrieved by the airborne and satellite
ments conducted in the polar region aimed at validatinglimb-sounders. We can notice from Fifj6, that MIPAS-
MIPAS-ENVISAT products in presence of strong vertical ENVISAT normally tends to be in a very good agreement
and horizontal gradients. Consequently, the correspondwith MIPAS-STR and only occasionally to show significant
ing data set (February—March 2003 data) generally includeslifferences, mostly in terms of a slight overestimate of the
data acquired at the border of the polar vortex, with verticalozone VMR. The latter trend is more pronounced in compar-
and horizontal inhomogeneities much larger than those enison with SAFIRE-A mean profiles, that are almost consis-
countered at mid-latitude (July and October 2002 data). Taently lower than MIPAS-ENVISAT @ values.
avoid strong gradients along the line of sight of the remote In order to investigate the origin of the observed differ-
sensing instruments, which decrease the quality of the meaences, we must remember that our selection of collocated
sured profiles, the flights were planned with long north southozone profiles was based on standard criteria for the maxi-
legs. The aircraft measurements have been performed in westum separation, in space and in time, between pairs of satel-
east direction, while the MIPAS-ENVISAT measured north lite and aircraft measurements and did not take into account
south along the gradients. Very high quality coincidences,any further requirement for the proximity of the observed
both in the spatial and in the temporal domain, characterizeair masses. This implies, for observation performed across
the correlative data set available from the M-55 Geophys-strong vertical and horizontal gradients, that matching mea-
ica campaigns; particularly for the remote-sensing measuresurements, satisfying the spatial and temporal coincidence
ments, considering that the time difference between MIPAS-<riteria, can be associated with substantially different con-
STR/SAFIRE-A and MIPAS-ENVISAT is on average less ditions and thus explain the observed discrepancy between

than 1 h (see Table). ozone mixing ratio retrieved from airborne and satellite data.
We can look, for instance, at the Potential Vorticity field
5.4.3 Comparison results on the isentropic surfacd®=420 K (approximately 18 km) in

the region covered by the M-55 flight on 12 March 2003

Results of the comparison between MIPAS-ENVISAT ozone (from NCEP data at 12:00 UTC), as displayed in the map
profiles and the M-55 correlative measurements obtainedf Fig. 17. And we can notice the geolocation of a particu-
during Northern mid-latitude flights (FarlItaly, 22 July lar set of collocated measurements from MIPAS-ENVISAT
2002 and 24 October 2002) and during the Arctic campaign(orbit 5386 — scan 28), MIPAS-STR (scans 31-36) and
(Kiruna, Sweden, 2 March 2003 and 12 March 2003) areSAFIRE-A (scans 9-14): MIPAS-ENVISAT and MIPAS-
shown in Fig.15 and Fig.16, respectively. Each plot dis- STR limb measurements mostly overlap on a region with
plays the ozone vertical distribution retrieved by MIPAS- PV values of about (261) pvu (1 pvu=108 K m2kg~1s1),
ENVISAT for one of the selected overpasses and the collowhilst SAFIRE-A mean profile results from averaging over
cated Q profiles measured by the remote-sensing and in sitta more extended area including air masses with PV values
sensors of the aircraft. Ozone VMR values are plotted versuais high as~30pvu. In the plot of Fig.16, we observe,
pressure, in a range roughly corresponding to the 6—25 km ineorrespondingly, matching ozone values retrieved H km
terval, as indicated by the approximate altitude scale reportethy MIPAS-ENVISAT and MIPAS-STR (approximately 1.8—
on the right axis of the plots. The error bars on MIPAS- 2.0 ppmv) and lower VMR measured by SAFIRE-A (ap-
ENVISAT, MIPAS-STR and SAFIRE-A profiles indicate the proximately 1.6 ppmv). This example, as well as similar
total uncertainty on the corresponding ozone values. checks performed using different combinations of coincident

Very good agreement is found at mid-latitude, with air- data, confirm that whenever a significant difference is found
craft O3 measurements and satellite data generally matchbetween simultaneous ozone measurements of MIPAS and
ing within their total error bars (with the only exception one of the M-55 Geophysica sensors this is mostly due to
of the MIPAS-ENVISAT orbit 2051/ scan 12, that overes- sampling of different air masses across a region of strong
timates the @ VMR below 100 hPa compared to MIPAS- horizontal (and vertical) gradients. A more comprehensive
STR, still matching, however, the in situ measurements acand quantitative analysis of thes@ifferences in the (PV,
quired by FOZAN during landing). Reasonably good re- ®) space is currently in progresfédaelli et al. 2009,
sults are found, on the other hand, also from the comparbased on the entire{lata set available from the SAFIRE-
ison of the ozone profiles from the Arctic flights, despite A/ENVISAT validation campaigns and will be presented in
the larger atmospheric inhomogeneities that characterize tha dedicated paper.
measurement scenario at higher latitudes. The occurrence
of strong vertical gradients is highlighted in the comparison
with in situ measurements (see, for instance, plots of MIPAS-
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Table 8. Statistics over all comparisons of MIPAS to HALO&) Zonal averagegh) Seasonal averages aw) all collocations.

(a)
Latitude Pressure Mean Relative Root Mean N Month of Year
Band Range Difference Square

90° S-60 S 73-0.20hPa  +4%+13% +7%>+20% 49 2 July, May—Jun-3 July
60°S-30 S 68-0.10 hPa -14%+22% +20%->+30% 17 2 Nov, 3 Nov

30°N-6C* N 81-0.10hPa -8%+14% +28%>+30% 25 3 May, 4 Jan

60°N-9C° N 65-0.20hPa  +14%+24% +23%->+31% 50  3/4 Jan, 2/3 July, 3 Aug, 3 Nov

(b)
Season Pressure Mean Relative Root Mean N
Range Difference Square

Spring 88-0.20 hPa —0.08%+6% +8%>+21% 24
Summer 70-0.20 hPa +5%6+9% +12%>+20% 48
Autumn 94-0.10 hPa +319+64% +38%>+94% 28
Winter 70-0.20 hPa +2.5%+22% +20%>+26% 41

(©)

Collocations Pressure Mean Relative Root Mean N

Range Difference Square
ALL 70-0.20 hPa +7%>+16% +21%>+25% 141
5.5 ASUR count for the lower vertical resolution of the ASUR mea-

surements. The smoothed MIPAS values were used to calcu-
5.5.1 ASUR data and methodology of the comparison late the absolute and relative differences with the collocated
ASUR measurements. Mean profiles of the differences were
Measurements of the ozone VMR profile gathered by the Air-finally obtained by averaging over the available coincidences
borne Sub-millimetre Radiometer ASURIges et al.1995  in different latitude bands (the tropics, Mid-latitude and the
during the SCIAMACHY Validation and Utilization Experi-  Arctic).
ment SCIAVALUE (ix et al, 2005 are used in this study to
validate MIPAS ozone data products v4.61. ASUR is a pas5.5.2 Results
sive heterodyne radiometer for middle atmospheric sound-
ing, operating in the frequency range 604-662 GHz and fly-Mean profiles of the absolute difference between ASUR and
ing on-board an aircraft to avoid signal absorption due toMIPAS O3VMR and of their relative difference with respect
tropospheric water vapour. Mixing ratio profiles of strato- to the ASUR values, calculated from the available data set
spheric trace gasesz(CIO, HCI, HNO3, N2O, etc. are re-  of direct coincidences, are reported in Fi@ for three lati-
trieved on a 2 km altitude grid using the optimal estimation tude bands, corresponding to the tropics$%530 N), mid-
method Rodgers 1990. The retrieved ozone profiles from latitude (30 N-6C° N), and the Arctic (60N-8C N), as well
16 km to 50km have a vertical resolution of 7-10km, de- as for all of these regions combined. Both the absolute and
creasing with altitude and a horizontal resolution of aboutrelative differences are plotted as a function of altitude, with
20km. An error in instrument calibration led to system- an approximate pressure scale derived from the U.S. Stan-
atically high values in earlier ASUR publications. This dard Atmosphere displayed on the right axis. The yellow
error has been rectified for this paper, and the measureshaded area represents the &tandard deviation from the
ment accuracy is now better than 10%uttippurath et al. mean profile. The total number of coincidences is 50 with
2007. We compared the collocated ozone profiles obtainedhe majority, 22 instances, in the Arctic, 7 instances in mid-
by MIPAS and ASUR within the baseline coincidence cri- latitudes, and 21 instances in the tropics. The MIPAS-ASUR
teria As<300km andAr<3h. The MIPAS ozone profiles deviation is—0.9 to +0.4 ppmv o040 to +4% in the trop-
were convoluted with the ASUR averaging kernels, to ac-ics at 20—40 km, whereas at mid-latitudes the difference is
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Fig. 15. Results of the comparison between MIPAS-ENVISAT v4.61 ozone data and correlative measurements performed by the remote-
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sensing and in situ payload of the M-55 Geophysica during the mid-latitude flights on 22 July 2002 and on 24 October 2002i figetyForl

(Lat. 42 N, Lon. 12 E).

within 0.9 ppmv or—15 to +25%. The agreement between retrieved by four solar occultation instruments (SAGE I,
the profiles is very good in the Arctic between 20 and 40 km,HALOE, POAM Il and ACE), by a nadir-viewing sensor
where the difference is withit:0.4 ppmv or—6 to +4%.

6 Comparison with satellite measurements

(GOME) and by a limb-emission sounder (ODIN-SMR).

A common strategy was followed for the validation of MI-
PAS G; profiles by comparison with these space-borne sen-
sors, using the key concepts of the scheme for statistical bias
and precision determination with matching pairs of measure-

Correlative measurements of the ozone vertical distributionments described imon Clarmann(2006 and based on the
are obtained by several satellite sensors operating simultangomparison:

ously with the MIPAS-ENVISAT spectrometer and employ-

ing different observation modes. In this section we check 1. between the mean percentage difference (MIPAS-

the validity of MIPAS 4 data against coincident profiles

www.atmos-chem-phys.net/7/4807/2007/
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Fig. 16. Results of the comparison between MIPAS-ENVISAT v4.61 ozone data and correlative measurements performed by the remote-

sensing and in situ payload of the M-55 Geophysica during the high-latitude flights on 2 March 2003 and 12 March 2003 from Kiruna,
Sweden (Lat. 68N, Lon. 20’ E).
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Fig. 17. False color map of Potential Vorticity on the isentropic surfa@eet20 K and M-55 Geophysica route during the ENVISAT validation

flight from Kiruna on 12 March 2003. The geolocation of MIPAS-ENVISAT tangent points for the selected overpasses (orbit 5386 and
5387) is indicated (black circles). The geographical coverage of collocated aircraft measurements, in coincidence with MIPAS-ENVISAT
orbit 5386, scan 28 is also displayed, with white triangles and white squares corresponding, respectigetyetm@rofiles measured by
SAFIRE (scans 9-14) and MIPAS-STR (scans 31-36).

error of the two instruments, in order to identify unex- sections, whenever a different choice has been made, like for
plained biases in MIPAS ozone measurements instance in the case of MIPAS/POAM comparison). With
the only exception of the comparison with the GOME ob-
2. between the standard deviation of the mean relative dif-seryations, no averaging kernels have been applied, because
ference and the combined random error, in order to val-of the similar vertical resolution of MIPAS and the reference

idate the precision of MIPAS. instruments.
Details of the procedure for the implementation of this The interpolated profiles were used to calculate the relative

scheme were agreed and slightly adapted in the individuaff€¥iation, RD, in ozone VMR values retrieved by MIPAS
cases, to better exploit the specific features of each data setnd PY the correlative sensor at each pressure level (p) using
Unless otherwise noted, the standard criteria for maximur=9- a7:
space and time separation of 300 km and 3 h with the refer-

. ; MIPAS[O3],~REFERENC
ence measurements were strictly applied, to select the comRD(p) = 100x [RSZPERENCEOﬂP sl (17)
parison pairs available during the overlapping period of op-
eration of MIPAS and the validating instrument. The mean relative deviation (MRD) and root mean square

For each of the selected pairs, both MIPAS and the refer{RMS) of the relative deviation between all MIPAS and
ence instrument ©profiles were interpolated on a common correlative sensor pairs were determined, along with corre-
pressure grid, to enable a statistical analysis of collocatedponding quantities averaged over subsets of latitudinal or
measurements having different vertical resolutions: the interseasonal bands, whenever further investigation was required
polation grid was generally defined by averaging the pressur¢o isolate the source of discrepancies identified in the global
values of the selected MIPAS scans (details about interpolaaverage or to diagnose zonal and seasonal patterns irgthe O
tion of Og vertical profiles are provided in the relevant sub- mean differences.
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Fig. 18. The absolute (MIPAS-ASUR ozone VMR in ppm) and percentagéNIR/MIPAS VMR in %) difference between the MIPAS and
ASUR ozone profiles in the tropics (top left), mid-latitude (top right), the Arctic (bottom left) and the average of all these latitude sections
(bottom right). The thick red line indicates the meamrofile at each section and the yellow shaded area represents the standard deviation
from the mean profile. The dotted line stands#a.5 ppm or+5%. The number of averagex profiles at each climatic region is also noted

in the plots.

In all cases, beside the MRD over all the available coinci-error on the individual profiles, show a random variability
dences, mean profiles of both MIPAS and the reference inover the longer time-scale involved when averaging differ-
strument are displayed in the plots of the global average. ent MIPAS scans and/or orbits and tend to contribute to the

Combined random and systematic error estimates on thetandard deviation of the mean difference rather than to the
Oz VMR difference between matching profiles were basedbias. Taking this into account, for the purpose of our com-
on the expected uncertainties of MIPAS measurements angarisons with concurrent satellite sensors, we have consid-
on validated precision and accuracy of the correlative data. ered the error contribution due to propagation of pressure and

As far as MIPAS errors are concerned, we refer, in gen-temperature (pT) random covariance into the retrieval of O
eral, to the ESA level 2 products for the random error dueVMR (taken from the Oxford Univ. data set) as a randomly
to propagation of the instrument noise through the retrievalvariable component and combined it with the measurement
and to the a priori estimate of systematic errors provided bynoise — using the root-sums-square method — to obtain MI-
University of Oxford. PAS random error. MIPAS systematic error was conversely

An important point we made, to properly evaluate the calculated by subtracting the pT propagation error from the
combined error budget associated with the mean relative difoverall systematic error given in the Oxford Univ. files.
ference of collocated §profiles, is that some of the compo-  In the following sub-sections, details of individual com-
nents, listed in the Oxford University data set as systematigparison with the above listed satellite sensors are provided.

Atmos. Chem. Phys., 7, 4804867, 2007 www.atmos-chem-phys.net/7/4807/2007/
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Fig. 19. Comparison between MIPAS and SAGE II: statistics over all the collocatgpr@iles. On the left panel, MIPAS and SAGE IO
mean profiles with total error bars are shown; on the right, mean relative differences and standard deviations, along with combined random
and systematic error, are plotted.

A very brief description of the instrument and of the correla- surements of absorption by trace gases are inve@@ad ét
tive data set is given in each case, specifying the data versioal., 1989 to provide vertical profiles with a horizontal reso-
adopted for the comparison with MIPAS v4.61 and/or v4.62 lution of about 200 km and a vertical resolution of 1 km in the
profiles and referring to the most recent publications and uprange 8-38 km and of 5km in the range 38-50 htaqldin
dated information for details about their measurements valet al, 1985. The latitude coverage of SAGE Il measure-
idation and quality assessment. Results of the comparisoments is from 80N to 80°S. SAGE Il ozone concentra-
with each of the validating sensors are presented and distion profiles are retrieved using spectra from the 0.60 um

cussed. wavelength channel. Validation of SAGE Il data version 6.1
(Wang 2002 shows an agreement within 10% with ozone

6.1 Comparison with SAGE Il ©profiles sonde measurements from the tropopause up to 30 km, with
SAGE Il slightly overestimating €5%) the ozone content

6.1.1 SAGEIldata between 15 to 20 km. A former version of SAGE Il (v5.96)

) ) had been extensively validated within 7% at 20 to 50 km
The Stratospheric Aerosol and Gas Experimen(8AGE (Cunnold et al.1989. The version 6.2 of SAGE Il was im-

I1) (McCormick 1987), launched on 5 October 1984 aboard e by adjustment to the aerosol clearing and by the cor-
the Earth Radiation Budget Satellite (ERBS), is a seven-

o / rection of channels 520 and 1020 nm for absorption of the
channel sunphotometer, at visible and near-infrared Wavebxygen dimer.
lengths ranging from 1.02 um to 0.385 pum, that uses the solar
occultation technique to measure aerosol volume extinction
coefficients, @, NO, and HO mixing ratio. The limb mea-
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Fig. 20. Comparison between MIPAS and SAGE II: zonal averages. Relative differences and comparison errors averaged over four latitude
bands. The number of coincident pairs in each zone is indicated in parenthesis.

range from 16 to 53 km accuracy is between 5% and 7%, pre-
cision between 4.1% and 6.7%, systematic error is between

In this work, SAGE Il ozone data v6.2 are used to validate1.5% and 6.2%.

MIPAS data v4.61/v4.62 for the period of the instrument full

spectral resolution mission. The baseline coincidence criteri®.1.3 Results

(spatial separatiorz300 km and temporal separatictB h)

are applied, to select the SAGE Il and MIPAS ozone profilesin Fig. 19, the statistics of the comparison between MIPAS

to be compared. A total of 326 pairs of matching profiles isand SAGE Il collocated ozone profiles over all the avail-

identified. For the estimate of the error budget of the com-able collocations (total number = 326) is presented. The
parison, we have used the values for precision and accuracsolid red line represents the mean relative difference, with
of SAGE Il ozone data given iG@unnold et al(1989: in the error bars indicating the standard error on the mean. (oe. 1

6.1.2 Comparison methodology

Atmos. Chem. Phys., 7, 4804867, 2007 www.atmos-chem-phys.net/7/4807/2007/
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Fig. 21. Comparison between MIPAS and SAGE II: seasonal averages. Relative differences and comparison errors averaged over different
seasons in the Northern and Southern Hemisphere. The number of coincident pairs in each season/hemisphere is indicated in parenthesis.

standard deviation of the MRD divided by the square root ofdashed lines respectively, whilst the shaded area corresponds
the number of matching pairs in the sample). The combinedo the MRD+10 standard deviation. In the entire pressure
random and systematic error are represented as dotted amdnge from the lower stratosphere to the upper stratosphere
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(approximately from 100 hPato 1 hPa), the mean deviation otant in logarithmic pressure, was selected and both POAM
MIPAS Os VMR relative to SAGE Il is within®=5%, mostly ~ and MIPAS results were interpolated onto this common grid.
reflecting a positive bias of MIPAS to SAGE Il that never ex- POAM pressure is derived from UKMO (United Kingdom
ceeds the combined systematic error. The good agreememetOffice) pressure. The fine vertical pressure grid ensures
between the two data sets is confirmed by the root mearhat fine vertical structures in the profiles from both instru-
square of their mean difference that is significantly largerments are preserved for the comparison and smoothing by
than the combined random error only at lower altitudes, forinterpolation can be avoided.

pressure values higher tharB0 hPa. Mean relative differ- POAM Il error analysis has been carried outliompe
ences for different latitude bands are plotted in B@.high- et al.(2002. The random error is below 5% throughout the
lighting the fact that the main source of discrepancy is con-stratosphere with a minimum value of 1% at 20km. In the
centrated in the Southern Hemisphere mid and high latitudegroposphere the random error is rapidly increasing to val-
with evidence of a significant hlgh bias of MIPAS in thee60 ues of more than 10%. According tmmpe et a|(2003'

90° S above 10hPa. The seasonal dependency of the relOAM Il ozone profiles are neither affected by improper
tive differences has also been investigated, as shown by theemoval of sunspot artefacts nor by aerosol feedback errors

plots in Fig.21. A complete seasonal coverage is obtainedin gas retrieval, which means that systematic errors are neg-
only for the Southern Hemisphere, where the observed biafigible for ozone.

is (marginally) higher than the systematic uncertainties on
the MRD between approximately 10 and 2hPa and below6_2_2 Results and discussion

~30hPa in autumn and winter, and for a peak centred around

~45hPa in spring and summer. In the N(_)rthern Hgmlsphere,l_he global average of the relative differences of MIPAS
on the other hand, the available collocations provide smaller,

: . . L O3 profiles with respect to collocated POAM IIl measure-
values of the mean difference with no evidence of significant . .
. ments is less thar-5% between approximately 60 hPa and
biases throughout the whole stratosphere.

0.2hPa (see Fi22). No evidence of unexplained biases is
found within the whole range from the upper troposphere
(~300hPa) up to the lower mesosphered(12 hPa), with
the only exception of a localised peak around 100 hPa where
the MRD exceeds the combined systematic error. The avail-
able data set of MIPAS/ POAM coincident ozone measure-
ments provides only a partial coverage for calculation of
4 spacecraft since 23 March 1998, is a nine-channel pho_zo_nal means over differe.nt Iati_tudg bands, with no matchir)g
tometer, that performs solar occultation measurements i ars sapsfylng the baseline gntena of_3OQ km and 3 at mid
selected bands from 0.354 to 1.018 um, to derive profileéat'tUde in the Southern Hem|spher.e (ie. in Fhe rangesd

of O, NO,, H,0, as well as temperature and wavelength- to 60° SS). Results of the comparison carried out over the
dependent aerosol extinction. Ozone profiles are primaril pther latitude bands are shown in FRg, where we can no-

retrieved from spectra recorded by the channel centered jce that the peak of the MRD mainly originates from the high
603 nm, near the peak of the Chappuis absorption band. Th titude data of both hemispheres. No correlation was found,
vertical resolution of the ozone retrieval is 1 km throughout owever, with any seasonal cycle (e.g. PSC climatology), as

the stratosphere, but degrades rather quickly to 2-3 km in thglisplayed in Fig24, showing an MRD profile that exceeds

upper troposphere. The horizontal resolution is estimated téhe combln_?: systkem?nc error grm;)n? 100 hlP;/ln mgszt(;:;the
be approximately 30 km perpendicularly to the line of sight Seasons with peak values ranging between oan 0

(i.e. parallel to the terminator) and about 200 km parallel to

the line of sight. Details of the retrieval algorithm and error 6.3 Comparison with ODIN-SMR §profiles
analysis for POAM Il version 3.0 can be found irumpe

et al. (2002. Validation of POAM Il ozone has been per- 6.3.1 SMR data

formed inRandall et al(2003.

Ozone data version 4.0 from the POAM lll instrument are The Sub-Millimetre Radiometer (SMR) was launched aboard
used for comparison and validation of MIPAS data versionthe ODIN satellite on 20 February 2001 for a combined as-
v4.61/v4.62. The selection of collocated MIPAS and POAM tronomy and aeronomy mission. SMR is a limb sounding
profiles was based on the standard criteria of 300 km and 3 nstrument that employs four tunable heterodyne receivers
for the maximum spatial and temporal separation of match4in the range 486-581 GHz and one mm-wave receiver at
ing measurements and resulted in a total of 1571 comparisoft19 GHz, to observe atmospheric thermal emission spec-
pairs within the three latitude bands [99—60° N, [60° N— tra for the determination of the vertical distribution of trace
30° N].and [60 S—90 S] and in the period from 1 June 2002 species relevant to stratospheric and mesospheric chemistry
to 26 March 2004. A fine vertical pressure grid, equidis- and dynamicsNlurtagh et al.2002 Frisk et al, 2003.

6.2 Comparison with POAM Il @ profiles
6.2.1 POAM lll data

The Polar Ozone and Aerosol Measurement Il (POAM I11)
instrument Lucke et al, 1999, operating on the SPOT-
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Fig. 22. Comparison between MIPAS and POAM lII: statistics over all the collocatgp©files. Global mean profiles of OVMR
measured by MIPAS and by POAM llI, with error bars indicating the corresponding total uncertainties (left panel). Mean relative difference
between MIPAS and POAM lll ozone data and combined error budget (right panel).

In the current work, we compared ODIN-SMR version creases te~0.75 ppmv at 20 km. In terms of relative units,
1.2 data in the period from 20 July 2002 to 26 March 2004the error is of the order of 5% above 30km and increases
with collocated MIPAS Ozone profiles v4.61. By apply- below up to 35% at 20 km.

ing the standard coincidence criteria afs <300 km .and The comparison has been done including all the match-
Ar<3h, we selected a total number of 1270 matching pro-ing pairs of measurements available in the test period. Only
files. ODIN-SMR data used for this comparison (available good quality ODIN-SMR profiles have been selected and a
at http://wwyv.rss.chalmers.se/ge)m\&ere obtaineq fro'm the measurement response (defineddspan et al, 2005as the
stratospheric mode band at 501.8 GHz. Theli@e is at  sym of the averaging kernel at a given altitude and provid-
501.5GHz, allowing the retrieval of {profile between 21 jnq an estimate of the relative contribution to the informa-
and 45km with a vertical resolution of 3.5-4km. The re- tion coming from the measurements and from the a priori)
trieval algorithm is based on the Optimal Estimation Method. larger than~0.75 has been used to assure that the informa-
The version 1.2 puts more weight on the a priori information tjon, comes from the measurements and not from the a priori.
with respect to previous versions and this leads to smootheg, MIPAS, only profiles associated with a successful pres-
and less noisy profiles with the drawback of a slightly re- g,re/temperature ands@etrievals have been considered.
duced resolution and altitude range. The ODIN-SMR level 2 . o
analysis uses temperature data from the ECMWF in the The ODIN-SMR systematic error results from the individ-

. . | instrumental errors (i.e. calibration error, pointing uncer-
stratosphere as well as data from model climatology in thel@ strumental errors (i.e. calibration error, pointing unce

mesosphereHedin 1991). The ozone retrieval in this band tainty, antenna and sideband response knowledge, spectrom-

is dominated by the spectroscopic error. The expected tota‘ftedr reso!{utlon), _model eflfﬁr %E‘I;Ieg&gaturs knowled?e)
systematic error is lower than 0.4 ppmv above 25 km and in-3N¢ Spectroscopic error. 1he ->MIR random error for
single profile retrieval is due to the intrinsic receiver noise.
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Fig. 23. Comparison between MIPAS and POAM Illz@rofiles:

zonal averages.
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On average, a typical systematic error profile has been con-
sidered for both MIPAS (from Univ. Oxford error estimate)
and ODIN-SMR measurements. These systematic error pro-
files are then multiplied by the respective meagp gofiles

of the matching pairs of measurements. The combined sys-
tematic error is given by the root sum square of the two in-
struments systematic errors. The combined random error is
given by the root sum square of the averaged random error
profiles of the two instruments.

6.3.2 Results and discussion

The global average of the percentage difference between MI-
PAS and ODIN-SMR ozone values, calculated over the full
set of collocated measurements is presented ir2sigvhere

the mean profile of the relative difference between MIPAS
and ODIN-SMR with respect to the latter is plotted along
with error bars representing the standard error on the mean
(10). The MRD values are withie-5% from approximately

40 to 1 hPa, with MIPAS mostly overestimating the €n-

tent. The resulting bias is anyhow constantly lower than the
combined systematic error in the full range [60-1 hPa]. Out-
side this interval, both in the upper stratospheric layers and in
the UTLS, the average O/MR values retrieved by ODIN-
SMR become increasingly higher than those measured by
MIPAS. This discrepancy could be due to a lack of statistics.
There are not so many points as can be seen from the standard
deviation at altitudes below 60 hPa. Moreover the theoreti-
cal retrieval altitude grid for ODIN-SMR @at 501.5 GHz is
between 21 and 45 km (60-1 hPa), therefore altitudes below
60 hPa might include mainly the a priori information.

No significant variations in the seasonal and latitudinal
mean differences are present between MIPAS and ODIN-
SMR Gg3; the global average of the differences is represen-
tative of the overall comparison between the two different
instruments capabilities.

6.4 Comparison with ACE-FTS £profiles
6.4.1 ACE-FTS data

The ACE-FTS Atmospheric Chemistry Experimestru-
ment is a high resolutionAs=0.02 cnT) Fourier trans-
form spectrometer operating from 2 to i (0=750-
4100 cnTl). It performs solar occultation measurements of
the vertical distribution of trace gases and temperature from
the cloud top up to about 100 km. The ACE-FTS measure-
ments are recorded every 2s. This corresponds to a mea-
surement spacing of 2—6 km, which decreases at lower alti-
tudes due to refraction. The latitude coverage is fromN85

to 85 S. The instrument was launched on 12 August 2003, as
part of the ACE missionRernath et al.2005, on-board the
Canadian satellite SCISAT-1. A modified global fit approach
Boone et al(2005 is adopted for the retrieval of pressure,
temperature and volume mixing ratio profiles. Results of
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Fig. 24. Comparison between MIPAS and POAM lllI: seasonal averages for the NorthefrhNJ®@° N]) and Southern high latitudes
([60° S-90 S]).

ACE-FTS ozone measurements have been validated againBAS, only ozone profiles associated with a successful pres-
ozone sondes and other satellite measurem@dteljna et  sure/temperature andz@etrievals have been considered.

al,, 2005 Fussen et al2005 Walker et al, 2005 McHugh The estimated systematic error profile for ACE-FTS data

et al, 2005. . : L .
’ . version 2.2 is based on the validation comparisons of
Here, MIPAS ozone data v4.62 are compared with ACE'ACE-FTS with different satellite instruments (POAM llI,

FTS version 2.2 data in the period from 4 February 2004 tOSAGE Il and HALOE) and balloon-borne ozone sonde

26 March 2004. During the first five months of the MISSION, v iker et al, 2005 McHugh et al, 2009, This estimated
only sunsets were measured because of problems with space-

. : 0 0

craft pointing at sunrise. Therefore the latitude coverage fora)éz[\?éna“c error is up to 10% below 35km and up to 35%

this comparison is limited to 20N—85° N. The selected co- '

incidence criteria were 300 km, 6 h. A slightly relaxed tem-

poral mismatch, compared to the generally adopted 3h, hag 4 o Results and discussion

been chosen in order to increase the statistics of the compar-

ison since the ozone does not vary significantly relaxing the

time scale from 3 to 6h. A total of 152 matching pairs of The results of the comparison between coincidegnt@a-

profiles is available for the comparison of MIPAS and ACE surements of MIPAS and ACE-FTS can be summarised by

Os data. The ACE operational retrieval employs a weightedthe plot shown in Fig26, where the mean relative differ-

non-linear least squares fit. A priori profiles are used only asence of MIPAS ozone VMR with respect to ACE values is

a first guess and to constraint the shape of the profiles aboveisplayed. A pronounced peak of the MRD, corresponding

the highest analyzed measurement. to a low bias of MIPAS, emerges above approximately 1.0
The comparison has been done including all the matchhPa, but appears fully justified by our estimate of the com-

ing pairs of measurements available in the test period. Onlybined systematic errors of the two instruments (larger than

retrieved ACE points of the profiles have been used in +40% above~2hPa). This is also the case, throughout the

the comparison according to the quality flags specified bywhole profile from 0.1 hPa down to 250 hPa, if we exclude

ACE team. The ACE profile above the highest analyseda thin layer around 10 hPa, where a percentage mean rela-

measurement is given as a scaled initial guess profile antive difference of about 15-20% cannot be explained by the

it is not taken into account in the comparison. For MI- estimated systematic uncertainties.
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Fig. 25. Comparison between MIPAS and ODIN-SMR: statistics over all the collocatqur@iles.

6.5 Comparison with HALOE @profiles priori assumption and simulates the gas and broadband mea-
surements using specific line by line forward models obtain-
6.5.1 HALOE data ing O3 and interfering gas spectroscopic information from

the HITRAN 1991-1992 database (SPARC, 1998). HALOE

The HALOE (HALogen Occultation Experimeninstru- ozone measurements have been extensively validated, as de-
ment, that operated from September 1991 to November 2008cribed byBruhl et al.(199 for the results obtained with
on-board the Upper Atmospheric Research Satellite (UARs)yersion 17 of the retrieval software. The authors present to-
is a solar occultation infrared radiometer that obtains con-tal error estimates associated with the HALOE ¢hannel
centration profiles of pressure, temperature, aerosol and se@nd values range from 95% at 0.01hPa and 11% at 0.1 hPa
eral trace gases. It uses broadband and gas filter radionnd gradually increase to 30% at 100 hPa. Significant sys-
etry to measure solar energy absorption over the 2.45 unematic errors below 50 km are uncertainties in the retrieval
to 10.04 um spectral rang®(ssell et al.1993. A single  algorithm’s forward model in particular, spectral line param-
ozone profile is retrieved from 9.6 pm channel radiances dur€ters and approximations, and the instrument's altitude reg-
ing each of the daily 15 sunset and 15 sunrise events with afftration. Pointing errors increase rapidly in the lower strato-
effective 2.5km vertical resolution although data are over-sphere and below where cloud and aerosol interference start
sampled at 300 m intervals. The UARS is in a circular or- to dominate. In general, HALOE version 17 data were to
bit inclined at 57 at altitude of 600 km from which vertical found to agree well within the errors associated with com-
ozone profiles from 12 to 90 km are obtained near globallyparative sources, with a tendency to be low by 5% between
between 30S to 70 N and 70 S to 30 N following ayaw  30hPaand 1 hPa.

manoeuvre every 36 days. The HALOE retrieval algorithm  Off-line MIPAS versions 4.61 and 4.62 level 2 ozone are
incorporates a modified onion peeling approach with no acompared to the HALOE version 19 ozone profiles. The

Atmos. Chem. Phys., 7, 4804867, 2007 www.atmos-chem-phys.net/7/4807/2007/
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Fig. 26. Comparison between MIPAS and ACE-FTS: statistics over all the collocajgunddiles.

coincidence criteria used for the validation is a distance andive difference obtained by averaging the deviation of MIPAS
time difference of 300 km and 3 h and is applied to MIPAS Os values relative to coincident HALOE profiles. From the
data from July 2002 to March 2004. Conditions fulfilled for global average, MIPAS data are found to show constantly
the comparison are (a) only profiles corresponding to suchigher G concentrations from 0.1 to 100 hPa relative to
cessful retrieval flags were selected (b) the profile should exHALOE, with MRD values less than 10% in the 0.2-50 hPa
ceed 45 km and reach 12 km and below and (c) no additionainterval and increasing to 25% at 100 hPa. At pressures less
cloud flagging has been applied, i.e<l.8 is assumed from than 100 hPa, where estimates of HALOE random and sys-
the v4.61 and v4.62 processing. The total number of matchetematic uncertainties are available, the combined systematic
for the above coincidence criteria are 156 with 141 (98 v4.61error fully accounts for the observed positive bias of MIPAS.
and 43 v4.62) profiles fulfilling the conditions applied. The Combined random errors are fairly consistent with the root
estimate of HALOE error budget is based partly on infor- mean square of the relative differences from 0.1 down to
mation contained in the data files, which provide along with50 hPa. Zonal and seasonal averages of the relative differ-
the ozone profile — the random error component (consistence (MIPAS-HALOE) are plotted in Fi28 and Fig.29,

ing of noise and aerosol) error, and Table 1Bofihl et al. respectively. No evidence for MRD higher than the expected
(1996 is consulted for the remaining random and systematicsystematic uncertainties emerges, when limiting the calcula-
error components. All HALOE version 19 data have beention of the average to the selected latitude bands or seasons.
screened for cloud and aerosol effects in accordance witlTable 8 summarises the results of the comparison between
Hervig and McHugh(1999. MIPAS and HALOE.

6.5.2 Results In the MIPAS operational processoRdspollini et al,
2009, both v4.61 and v4.62 algorithms have included a

Results of comparison between MIPAS and HALOE ozonecloud detection algorithm to identify clouds in MIPAS spec-

measurements are shown in F&Y, in terms of mean rela- tra so that such spectra are not included in the retrieval of

www.atmos-chem-phys.net/7/4807/2007/ Atmos. Chem. Phys., 7, 48872007
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Fig. 27. Comparison between MIPAS and HALOE: statistics over all the collocatepr@files.

pressure/temperature and trace gases. For both versions, thempared to its corresponding Cl value. For the MIPAS data
cloud index for band A (the most commonly used cloud flag), that are used in this MIPAS-HALOE analysis, ozone data
CI-A, is set with CI-A<1.8 as flagging cloudSpang et al.  corresponding to Gi1.8 have been successfully removed in
2004); the CI-A arises from the ratio of the integrated sig- both versions of MIPAS data. In general it has been found
nal from 788-796 cm! with the integrated signal from 832— that v4.61 processor has not always removed data corre-
834cnrt, sponding to cloudy level 1b spectra. A sub-section of MI-
A number of tests were performed to investigate whetherPAS data was then cloud-screened using a range of Cl thresh-
the increased MIPAS — HALOE MRD below 50 hPa may be olds, including CI-A<2.2 (Sembhi et a].2006 and up to CI-
due to inefficiencies in the cloud detection algorithm. Two A<3.0, and the analysis repeated. No significant change was
possible scenarios are: found in the MRD between 50 and 100 hPa. Thus we can ver-
ify that for these cases, which are mid-latitude/polar tropo-
— the cloud detection algorithm does not effectively iden- spheric clouds, the current Cl can sufficiently remove cloud-
tify and remove cloudy level 1b spectra allowing con- corrupted ozone data and increasing the threeshold does not
taminated spectra to enter level 2 processing and resultmprove the MRD. No coincidences were found in PSC
ing in anomalous ozone concentrations; dominated seasons/latitudes or in the tropics. It should be
) ) noted that anomalous ozone concentration observed in MI-
— the current CI-A threshold is not rigorous enough mean-p g qata in the tropical upper troposphere and lower strato-
ing that optically thinner clouds in the MIPAS FOV  gphare (UTLS), where more frequent and higher tropical cir-
have a significant effect on lower altitude ozone con- s hersist, are successfully removed when using a higher
centrations and that this threshold should be raised. | {yreshold Sembhi et al.2006. From the tests described
%bove, it is concluded that MIPAS-HALOE ozone compar-

To test the above hypotheses each MIPAS ozone profile use
in ths MIPAS \\I/S ﬁ,JALOI; cSomparisons wazs isoEatetlj alfd iIsons observed between 50 and 100 hPa are not affected by
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Fig. 28. Comparison between MIPAS and HALOEK @rofiles: zonal averages.

cloud contamination and that the cloud detection algorithm(McHugh et al, 2005. The largest differences of greater than
is efficiently removing corrupt v4.61 and v4.62 MIPAS data 30% usually occur at 15 km and below but also differences of
in these cases. up to 20% occur near 22 km in some regions (mostly tropics
Comparisons of updated HALOE ozone data (versionsand subtropics) with HALOE< SAGE Il. These compar-

18 and 19) with correlative satellite instruments show thatisons and also the results Bbrchi and Pommerea{2007)
generally, HALOE possesses a 5-10% negative bias at ahow that HALOE has a tendency to be low near altitudes of
altitudes below the ozone peak~f0hPa) particularly in 15 to 20 km and below and differences are largely due to the
comparison to SAGE Il — versions 5.93 and 6Mofris et ~ band model used to simulate ozone in the HALOE forward
al., 2002, POAM IIl (Randall et al.2003 and ACE-FTS  model and aerosol/cirrus effects that become dominant when
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Fig. 29. Comparison between MIPAS and HALOE @rofiles: seasonal averages.

the ozone signal reduces. It is possible that systematic dis.6 Comparison with GOME &profiles

crepancies in addition to inaccuracies in HALOE pointing at

lower altitudes are likely to contribute to the increased MRD 6.6.1 GOME data and comparison methodology

below 50 hPa. Forward model errors are to be improved in

HALOE version 20 set for release in late 2006 (E. Thomp- The Global Ozone Monitoring Experiment (GOME) is a

son, personal communication). The remaining MRD is likely naqir viewing backscatter UV-visible spectrometer measur-
to be biased toward MIPAS forward model and mstrumentaling contiguously between 237—-790 nm with a spectral reso-

factors such as assumptions of horizontal homogenous afyiion of 0.2-0.4nm. It has been operating on the second

mosphere and uncertaintie; in .the apodised instrument "”European Remote-Sensing (ERS-2) satellite since 1995, with
shape (ILS) that are most significant between 12 and 20kmgqha) coverage available up to May 2003. At the Rutherford
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Fig. 30. Comparison between MIPAS and GOME ozone profiles. MIPAS and GOME/KAR mean profiles calculated on all the col-
locations available from 905 to 60 N (left panel). Corresponding statistics for the relative differences between MIPAS and GOME and
associated comparison error budget (right panel).

Appleton Laboratory (RAL), a retrieval scheme has been dewhere the GOME a priori was found to contribute signifi-
veloped to retrieve ozone profiles spanning the troposphereantly to the profile (using a cut-off where the reduction in
and stratosphereMunro et al, 1998, with vertical resolu-  error in the retrieved GOME data is less than 50% of the a
tion of approximately 6 km in the stratosphere. The datapriori error), have been removed.
produced by this retrieval scheme and used in our compar- In order to compare the MIPAS data to GOME, the MI-
ison have been validated against ozone sondes and has beBAS profiles were first interpolated (linearly in log pressure)
found to agree within 10% in the altitude range between 12to the GOME pressure grid. Since GOME has a lower resolu-
and 40 km. Larger biases have been identified in the Tropication than MIPAS, the GOME averaging kernels were applied
UTLS below 50 hPa with the GOME £values up to 50% to the MIPAS data to degrade its resolution to match that of
higher compared to ozone sondes. GOME. As the GOME averaging kernels were only quoted
In this work, MIPAS version 4.61 ozone data have beenin units of number density the retrieved MIPAS temperature
validated against the GOME profiles for the time period be-profile was used to convert to units of VMR. In order to ap-
tween November 2002, and May 2003. Matching MIPAS ply the averaging kernels the MIPAS profile was extended to
and GOME profiles were found using the specified coin-cover the complete range of the GOME pressure grid (1000—-
cidence criteria of 3h and 300km, with the best matched0.01 hPa) using ECMWF data below the lowest MIPAS level,
GOME profile used if there was more than one match to aand the GOME a priori profile at high altitudes. However,
given MIPAS profile. only values in the range of the original MIPAS data were
The GOME ozone data were available on a fixed pressurd!Sed in the comparison, and a stringent check was applied to
grid between 1000 and 0.01hPa. However, the comparisoh€Move any points with a significant contribution from alti-
was restricted to altitudes below 1hPa, as the GOME valtudes outside the MIPAS range.
ues are not reliable at high altitudes. Additionally any points
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Fig. 31. Comparison between MIPAS and GOME @rofiles: zonal averages.

The relative differences between the smoothed MIPASdifferences (up to 50%) are observed. Below 100 hPa, the
profiles and the collocated GOME profiles were then deter+andom errors in the GOME data can become large. The MI-
mined by computing the mean absolute difference and dividAS errors were interpolated to the GOME pressure grid, and
ing it by the mean GOME profile to obtain global, zonal and also had the GOME averaging kernels applied to give the ap-
seasonal MRD profiles. propriate errors for the smoothed MIPAS profile. In order to

For the estimate of GOME total error budget, random er-apply the averaging kernels the random error profiles were
rors were obtained from the data file, whilst the systematicextended with errors of 100% above and below the MIPAS
error was taken to be 10%. This data set has been validated @mplitudes. The averaging kernels were applied to the ran-
have a bias better than 10% in the range from 12—40 km, aldom error using Eq.18):
though the errors may be greater than this at lower and higher
altitudes. In the tropics below approximately 50 hPa, largerSy,, , = ASmdAT (18)
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Fig. 32. MIPAS v4.61 and ECMWF @ VMR mean profiles: global averages (on the left) and corresponding mean relative difference,
standard deviation and MIPAS errors (on the right).

where $yqis the MIPAS random covariance matrix (only the (not shown here) do not exhibit any relevant features with
diagonal elements), whilst the systematic errors were derivedespect to the global average. Zonal MRD profiles were ob-

from Eq. @9): tained by averaging over the latitude bands°[R860° N],
[30° S—30 N], [60° S—30 S] and. [90 S-60 S], as shown
Sasys = ASsys (19) in Fig. 31 A peculiar behaviour is found, at the higher pres-
whereSsysis the systematic error profile. sure levels, for the low latitudes compared to mid and high
latitudes: MRD values withint5% are obtained in the belt
6.6.2 Results from 30° S to 30 N, with MIPAS mostly underestimating the

ozone content with respect to GOME arour@00 hPa; in

Results of the comparison between MIPAS and GOME O the other bands, large positive values of the MRD are gen-
measurements, averaged over the whole set of coIIocategra”y found below~100hPa. The latter can be explained
profiles, are shown in Figg0. Global means of the GOME  py a few anomalously high values in MIPAS profiles at these
ozone retrieved values and of the MIPAS smoothed prOf”eq']eightS, possib|y due to the presence of undetected clouds.
are displayed on the left panel. On the right, the statistics ofin the tropics, most of the points at the lowest pressure lev-
the relative differences and of the comparison error budget is|s are removed, either because the a priori contribution to
presented. Only points at latitudes south of Bthave been  the GOME retrieved value is more than 50% or because a
included in the global zonal mean, as there was found to be @jgnificant area of the GOME averaging kernels lies below
prOblem with a number of the GOME retrievals in the North- the bottom of the MIPAS prof"e (genera”y 15 km at low lat-
ern Hemisphere high latitudes in April and early May 2003. jtyde). If we take into account that the GOME retrieved pro-
The mean relative difference between MIPAS and GOMEfjles generally overestimate the ozone content in the Tropical
ozone mixing ratio is within the combined systematic error yTLS, the negative bias observed for MIPAS data in com-

in the pressure range between about 1.0 hPa and 200 hPa. parison with GOME appears to be reasonab]y ]ust|f|ed
Moreover, as GOME only measures in sunlight, and the

period of overlap between GOME and MIPAS was restricted,
our comparison could achieve only a limited seasonal and
latitudinal coverage. We calculated seasonal mean relative
differences for the periods December 2002—February 2003
and March—May 2003 and found that the resulting profiles
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7 Comparison with ECMWEF assimilated fields

7.1 ECMWEF data and comparison methodology
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zonal and seasonal averages.

erage geo-location and time of each MIPAS scan. The pro-
files were then interpolated vertically and had MIPAS av-

eraging kernels applied. Prior to October 2003 the opera-

tional ECMWF system assimilated only data from SBUV/2
As part of the coordinated effort for the validation of MIPAS 3nd GOME, which are limited in vertical resolution and re-
full spectral resolution measurements, we have comparedyricted to day-time only measurements. SBUV/2 data have
MIPAS Oz profiles v4.61 with assimilated ozone fields ob- peen assimilated since April 2002 as 6 layers, with the lowest
tained from the ECMWF operational analysis data archivedjayer covering the altitude range between 16 hPa and the sur-
at the British Atmospheric Data Center (BADC). The 0zone face, and has been restricted to observations with solar zenith
mass mixing ratio was provided every 6 h on an N80 reducetpgles less than 84 degrees. Total column ozone data from
gaussian grid, and vertically on 60 model levels up to 0.1 hPagOME were assimilated between April 2002 and June 2003,
This was converted to volume mixing ratio, and spatially (in at |atitudes between 40 and 50 S, and for solar zenith
latitude and longitude) and temporally interpolated to the av-
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angles less than 80 degrees. Between 7 October 2003 andIPAS profiles. These were then binned into fixed pressure
25 March 2004 MIPAS (version 4.59) data were also assimi-bins, defined by the midpoints between the nominal retrieval
lated. We have therefore limited our comparison to the periodevels for the pressure profile from the mid-latitude refer-
from July 2002 to September 2003, during which ECMWF ence atmosphere. The mean relative difference (defined by
data represent an independent source for the validation athe ratio between the mean absolute difference and the mean
MIPAS-ENVISAT O3 products. ECMWEF profile in percent) in each pressure bin was then
Quantitative errors were not available for the ECMWF determined, along with the corresponding mean pressure in
ozone data, and no errors have been included for ECMWEF ireach bin.
the plots shown in this paper. In the analysis of the ERA-40 Global mean profiles of the relative differences have been
ozone data quality (similar to that of the operational ECMWF calculated, along with zonal and seasonal averages over
data used here prior to the assimilation of MIPAS) conductedfive latitude bands (JO0N-65° N, 65° N-20° N, 20° N-20° S,
by Dethof and HIm (2004 the ozone profiles were generally 20° S-65 S, 65 S-90 S) and four seasons (JJA, including
found to compare well with independent observations, ex-data for July—August 2002 and June—August 2003; SON, in-
cept for the case of high latitude winter and spring profiles including data for September—-November 2002 and September
both hemispheres, where large discrepancies in the ECMWR003; DJF, including data for December 2002 and January—
data were observed. In addition, a low bias was observedrebruary 2003; MAM, including data for March—May 2003).
for the peak ozone values in the tropics. The “Assimilation Random and systematic error estimates were allocated to
of Envisat data” project (ASSET) compared ozone analysegach mean profile of the relative differences, taking into ac-
including ECMWEF, for the period between July to Novem- count only the contribution from MIPAS uncertainties.
ber 2003 Geer et al.200§. In general it was found that
ECMWEF data agreed to withie=10% compared to sonde 7.2 Results of the comparison
data throughout much of the stratosphere. However larger bi-
ases were seeninthe UTLS, the troposphere, the mesospheviean @ VMR profiles from global averages of MIPAS
and for profiles in the Antarctic region. Above 5hPa therev4.61 and ECMWEF data are shown in FBR, along with
was observed to be a positive bias compared to HALOE their mean relative difference and combined error estimates.
whilst in the mesosphere the model does not include diur"MRD mostly falls within the MIPAS systematic error and ap-
nal variability. A low bias was observed in the ECMWF data pears to be associated with a slight altitude shift between the
at the tropical tropopause, whilst in the lower stratosphereMIPAS and the ECMWF profiles, that is reflected in signif-
ECMWF data were generally biased high compared to thdcant biases (i.eMRD| > MIPAS systematic error) around
sondes. 2hPa and 50hPa. A closer insight can be gained by ex-
The procedure we adopted for comparing ECMWF andamining the latitudinal and seasonal dependency of the rela-
MIPAS ozone data is based on the same scheme described iive difference between MIPAS and ECMWF ozone profiles.
Sect. 6.1 for the comparison with concurrent satellite mea-This is shown in Fig33, where zonal and seasonal averages,
surements, although data were averaged over pressure binsalculated over the 2002—-2003 data, are displayed. A sub-
rather than interpolated to a fixed pressure grid. We sestantially good agreement is evident, throughout all seasons,
lected all the MIPAS ozone profiles within the comparison at mid-latitude, both in the Northern and in the Southern
period, except those for which any of the quality flags wereHemisphere, whilst major differences are clearly highlighted
set as bad or that contained ozone VMR values greater tham the tropics and at high latitude, particularly in the Antarc-
100 ppmv, or equal to Td°ppmv, or where the associated tic region. In the latitude band betweerr20and 20 S, we
variances were negative. For each MIPAS profile, collocatedbbserve that MIPAS constantly overestimates tharixing
values were obtained, as previously mentioned, by interposatio relative to ECMWF by up to 100% at pressures higher
lation of the ECMWF ozone VMR fields, both horizontally than~50-60 hPa (approximately 20—25km). On the other
and temporally. MIPAS averaging kernels were applied ver-hand, a negative bias in the range-10 to ~25% char-
tically to the ECMWF profiles using a modified version of acterizes the MRD at levels aboveb hPa in the Southern
the routine generally adopted in all other cases. In this prohigh latitudes, especially during Summer and Spring (and,
cedure, the nominal MIPAS averaging kernels were adjustedlightly reduced, during Winter. This confirms the bias al-
to match the true pressure levels of each individual MIPASready observed by the ASSET results in the ECMWF data).
measurement, whilst the correlative ECMWF data were in-In the same latitude band large positive and negative differ-
terpolated to the fine pressure grid on which the averagingences are found in different seasons aroti®0 hPa (up to
kernels were supplied. These averaging kernels were the®40% in Winter and Autumn and40% in Summer) possi-
applied to the adjusted ECMWF data, providing correlative bly connected to the presence of Polar Stratospheric Clouds..
data on the same pressure grid as each of the individual praSimilarly, we assume that the discrepancy observed between
files. MIPAS and ECMWEF ozone values at the tropical tropopause
The absolute differences between MIPAS @WMR and might be caused by the presence of high altitude cirrus clouds
ECMWEF values were computed for each of the individual in the latitude range [ZON-20° S].
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0.1

25km), the observed bias is always lower than the combined
1 systematic error. The slightly larger bias observed in the
|60 comparison with ACE-FTS measurements, marginally ex-

E ceeding the combined systematic error around 10 hPa, can be
possibly explained by the limited number of coincident pro-
files available for the validation of MIPAS measurements and
by the coarse characterisation of ACE-FTS systematic error
available for our comparison. Below 20-25km and above
50 km, an increase in the absolute values of the global MRD
of ozone VMR profiles is generally observed. At the higher

1 pressure levels, particularly around 100 hPa, MIPAS/al-

120 ues are 5% to 25% larger compared to the majority of the

1 validating satellite sensors. Only in the case of the compari-
son with POAM llI data, however, this positive bias is larger
than the combined systematic errors of the comparison. No
coherent indications can be derived from the large differ-
ences observed at the lowermost levels, where the occurrence

Fig. 34. Summary plot of global mean relative differences between of stronger atmospheric gradients results in a significant en-

MIPAS O3 VMR profiles and coincidence measurements by con- hancement of different cpmponents OT the comparlson.error
current satellite sensors. (primarily those due to time-space mismatch and to differ-

ences in vertical and horizontal smoothing). The effect of the
larger natural variability on the spatial and temporal scale of
In summary, we can conclude that a good agreement ishe selected coincidence criteria can also be highlighted by
found between MIPAS v4.61 and ECMWF ozone data, withlooking at the standard deviation of the mean relative dif-
the only notable exception of the discrepancies observed ifierences between MIPAS and other space-borne sensors in
the SH high latitude at about 100 hPa and in the tropicalcomparison with the combined random error. In general,
tropopause, that might be attributed respectively to the presSD and random uncertainty exhibit a very good matching
ence of Polar Stratospheric Clouds and of high altitude cirrugn the stratosphere down to approximately 20 km~&0—
(see Sect8). All the other relevant differences that we could 80 hPa (25km or~30-40hPa in the case of SAGEIl and
identify in the seasonal and zonal averages can be explaine@DIN-SMR), whilst the standard deviations become increas-
by known effects due to the quality of ECMWF data. ingly larger than the estimated random error in the lowermost
stratosphere and in the upper troposphere. Much greater SD
values are found throughout the full altitude range only in the
8 Summary and discussion of the results case of the comparison with ACE (Fig6). The remarkably
good quality of MIPAS v4.61 and v4.62 ozone profiles in the
In this section we will go over the main points of the compar- pressure range 1-50 hPa, emerging from the results of satel-
ison with the different categories of correlative data selectedite comparison, is amply confirmed by the extensive analy-
for the validation of MIPAS @ operational products and we sis we conducted using a variety of ground-based correlative
will make an attempt to merge the key results obtained fromdata. Ground-based validation and satellite measurements,
each group of reference measurements into an overall assessa the other hand, also reflect a similar degradation in the
ment of MIPAS ozone data quality. We start our summary byoutcome of the comparison for the UT and LS regions with
focusing on the outcome of the comparisons with other satelrespect to the middle stratosphere. In particular, the pole-to-
lite sensors, that - in view of the better spatial and temporalpole validation, based on ozone sondes, lidar and MWR data
coverage — are capable of providing, by their own right, afrom the NDACC network clearly indicates a variability of
general indication on the validity of MIPAS{profiles. In  the results for different synoptic regions below 25 km, with a
Fig. 34, we report the global average of the relative differ- prevalence of positive biases between 5% and 20%. Only in
ence between MIPAS and collocated ozone profiles obtained few cases, a significant bias is found between 25 and 40 km
by concurrent space-borne instruments. and the mean difference is always lower than 10%. Evidence
An excellent agreement is found in most of the compar-of a low bias in MIPAS ozone measurements are also occa-
isons at pressures ranging from approximately 50 hPa up tsionally found, as in the case of the comparison with FTIR
1.0 hPa, with MRD values constantly withinl 0% (with the  Os partial columns described in Sedt3. Here, significant
only small exception of the value10 hPa for the compari- mean differences are obtained at two stations (Lauder and
son with ACE-FTS). The results of individual comparisons Arrival Heights), that could be possibly caused by the use of
consistently show that, within this pressure range (roughlydifferent micro-windows for the retrieval of thes@rofile.
corresponding to the altitude interval between 50 km and 20—
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In order to better investigate the source of the larger dis-ble for the large differences observed in the comparison with
crepancies we found in the altitude range between 25knGOME collocated profiles for 100 hPa in the extratrop-
and MIPAS lowest tangent heights, a valuable tool is offeredics (cp. Sect6.6); and this is reasonably the cause of the
by the comparison with coincident measurements acquiregbositive bias (MRD>30% below 18 km) between MIPAS
on-board high altitude platforms. The possibility of plan- measurements and lidar profiles in the tropics (cp. Sez}.
ning validation flights in optimal coincidence with the satel- and in the ECMWF results (cp. Se@.2) and of the worst
lite overpass and according to the most favourable meteoroagreement that is found in the same region with respect to
logical conditions, makes it feasible (especially for aircraft the ASUR data (cp. Sedd.5). However, no definite proof of
payloads) to acquire correlative measurements with mini-cloud contamination has been established in this study.
mum spatial and temporal mismatch (often much lower than  Moreover, when evaluating the outcome of our validation
the required 300km and 3 h) and in completely clear sky.exercise, we should take properly into account some of the
Most of the balloon and aircraft data presented in this padimitations associated to our estimate of the systematic and
per satisfy, in fact, the above mentioned requirements, as iflandom component of the comparison error budget. First of
the case of MIPAS-B balloon data that were generally ob-all the choice of considering the different a priori systematic
tained from almost perfect time and space coincidence witherrors as contributing either to the bias (purely systematic
MIPAS-ENVISAT or in the case of the M-55 Geophysica errors) or to its standard deviation (systematic errors with a
validation flights that were mostly executed in cloud free random variability) should in principle be made according
conditions. In these cases, we obtain a substantial agreemefy§ the kind of spatial and temporal average of the individ-
between MIPAS @ data and collocated reference profiles ual comparison. On the contrary, the application of uniform
also at lower stratospheric and upper tropospheric altitudesgriteria to a variety of time and space scales might result in
where significant biases and lower precision had been genander or over-estimation of both MIPAS systematic and ran-
erally found by ground-based and satellite validation exper-dom uncertainty. In addition to this, we must remember that
iments. Our results from balloon-borne validation measurethe a priori error values we used for our estimates rely on a
ments (MIPAS-B, FIRS-2 and SPIRALE) typically provide a linear approximation of the University of Oxford reference
mean difference of @mixing ratio within+0.5 ppmv forthe  forward model and tend to underestimate the actual contri-

full vertical range of the comparison-(0-35km). The only  butions of systematic uncertainties to the total error budget
exception is offered by the results of the comparison withespecially at the lower altitudes.

O3 profiles recorded during the trans-Mediterranean flight of

the IBEX spectrometer. In this case, a low bias of MIPAS

O3 VMR was observed using trajectory analysis with mean9 Conclusions

relative differences as high as 30% between 15 and 20 km?

The airborne data set from the validation campaigns with the ) ,
M-55 Geophysica provides a further clue of the fair quality In this paper, we have p_res_ented the results of an extensive
of MIPAS-ENVISAT ozone measurements in the range from 21alysis aimed at the validation of MIPAS-ENVISAE @er-

10 to 20 km: showing that a good match is normally found tical profiles obtained during the instrument full spectral res-

between the satellite and the aircraft profiles and that dis—OIUtion mission (6 July 2002-26 March 2004) and retrieved

crepancies exceeding our estimate of the total error budgelfSlng versions 4.61 and 4.62 of the ESA operational proces-
can often be explained in terms of different air masses mea>°" o o
sured by the satellite or by aircraft sensors. Even though, The validation strategy was based on the synergistic use of
due to the sparse character of their geographical and temp@,'varlety of correlative data sgts from independent sources,
ral coverage, balloon and aircraft measurements can be uséfth complementary features in terms of the trade-offs be-
to derive information of limited statistical value, still these tWeen accuracy and spatial and temporal coverage.
results suggest that the large discrepancies observed below We compared MIPAS ozone partial columns and vertical
20-25 km must be partly ascribed to the influence of naturaprofiles with collocated measurements from instruments at
variability on the outcome of the comparison. more than 50 NDACC ground-based stations (ozone son-
Additional sources of the discrepancies observed g O des, lidar, FTIR and microwave radiometers), from remote-
VMR values at lower altitudes, can be identified on the basissensing and in situ sensors aboard stratospheric aircraft
of complementary hypotheses that emerge from specific subtMIPAS-STR, SAFIRE-A, FOZAN, ASUR) and balloon
sets of individual results. A critical issue is certainly repre- (FIRS-2, IBEX, MIPAS-B2, SPIRALE) and from 6 concur-
sented by the current choice of the thresholds for the Cloudent satellite sensors (SAGE Il, POAM IlI, ACE-FTS, ODIN-
Index value Raspollini et al. 2006, that may not be suffi- SMR, HALOE, GOME), as well as with assimilated fields
ciently stringent to enable the removal of all significant cloud from ECMWF.
contamination effects from MIPAS ozone retrievals at all lat-  Special attention was paid to rigorous selection of refer-
itudes Glatthor et al.2006 Sembhi et al.2006. This might  ence data, based on homogeneous criteria that were only
explain, for instance, the high MIPASsQralues responsi-  slightly adapted, from case to case, to match the specific
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features of each validation data set and of the selected consults of the comparison with ground-based ozone sondes and
parison methodologies. lidar measurements, ASUR or GOME data for typical exam-
The overall picture that can be derived from the outputples), can be reasonably ascribed to residual cloud contami-
of the comparisons with the individual groups of collocated nation. This interpretation would suggest a more conserva-
ozone measurements provides a sound basis for the requirdive choice, in terms of cloud filtering capabilities, for the
assessment on the validity of MIPAS ozone profiles over athreshold value of the Cloud Index is needed.
wide range of altitudes, latitudes and seasons. The evidence for an underestimate of MIPAS random error
The very good agreement, that was found between 50 hPan the lower stratosphere and upper troposphere is also con-
and 1 hPa with the majority of correlative data sets, demon-ssistent with the linear approximation of the forward model
strates the inherent high quality of MIPAS ozone measure-adopted by University of Oxford for the a priori evaluation of
ments through most of the stratosphere. The mean relasystematic errors with random variability. As clearly demon-
tive differences with correlative data are withirl0% and  strated by the results of the comparison in the middle and
no apparent bias was observed, in this pressure range, thapper stratosphere, this approximation properly describes the
could not be explained by known systematic effects alreadya priori uncertainties down to 20-25 km, but might become
included in the comparison error budget. Similarly, the vari- inadequate at lower altitudes.
ability of the global mean differences between MIPAS and In general, we cannot avoid the intrinsic limit of the linear
coincident Q profiles appears to be fully consistent with approach to the calculation of the a priori contributions to
the expected random error from 1 hPa down to at least 30-MIPAS random error, but some margin of improvement can
40 hPa. still be identified in our estimate of specific components. A
We can conclude therefore that in the altitude interval be-typical example is provided by the pT error propagation, that
tween approximately 20-25 km and 50-55 km, the existingwe entered in our calculation of the overall random uncer-
estimate of MIPAS @ systematic error sources provided by tainty of the comparison. This is an approximate value, both
University of Oxford are substantially correct; and that MI- as a consequence of the linearisation introduced to calculate
PAS G; precision error, as computed from level-2 data andthe pT propagation matrices, as well as of the assumptions
from Univ. of Oxford a priori estimate for pT error propa- made for the choice of the pressure and temperature error
gation, is equally appropriate. We recall here that, accordvalue to propagate. Since the latter values are mostly under-
ing to the pre-launch calculations of the Oxford team, theestimated at lower altitudes, this leads to an underestimation
systematic and the random components of the a priori errorlso for the contribution of the pT error propagation to the
budget (evaluated for a single ozone profile at mid-latitudeoverall random error budget.
and in daytime conditions) have an average value-6%o A more realistic estimate could be obtained by considering
and~5% respectively in the altitude interval between 20 km the actual values for the pressure and temperature retrieval
and 52 km. At lower and higher altitudes, a roughly linear error and propagating it by means of pre-computed matri-
increase of both the random and systematic uncertainties ises included in ESA level-2 data products. A problem due
expected up te-15-20% at 10 km and up to upte30-35%  to the incorrect implementation of the pT error propagation
at 68 km. algorithm in MIPAS operational data v4.61 and v4.62 pre-
Below 20 km, we generally observe a degradation of thevented us from using this procedure in our comparison, but
agreement between MIPAS and most of the coincident datawill be corrected in future versions, thus making it possible to
with the appearance of statistically significant biases fromslightly improve the estimate of MIPAS random uncertainty.
5% to approximately 25% at 100 hPa and standard deviation At pressures lower than 1 hPa and particularly for the up-
substantially larger than the combined random errors by germost retrieval levels of MIPAS ozone profiles, a tendency
factor of 1.5 to 3.0 in the range50-100 hPa. Part of the dis- to observe larger differences is generally shown by our anal-
crepancies at pressure levels greater thd00 hPa can rea- ysis. However, fewer coincidences, mostly from correlative
sonably be traced to the higher variability of the air masses irmeasurements provided by other satellite sensors, are avail-
the lowermost stratosphere and upper troposphere (as clearble at these altitude and the output of the comparison cannot
shown in Sect4.1by the detailed analysis based on NDACC achieve the same statistical value as for the rest of the profile.
data, demonstrating that atmospheric inhomogeneities, anioreover the larger uncertainties of the reference data in this
particularly horizontal gradients, represent a major compo-+ange and the relatively poor characterisation of their random
nent of the comparison error budget). and systematic errors do not allow us to consider them, in a
Further sources of uncertainty, affecting the results of ourstrict sense, as a useful data set for validation purposes. As a
comparisons, have been identified, that can be more directlgonsequence, we cannot derive any quantitative assessment
translated into specific recommendations for possible im-for the quality of MIPAS ozone profiles for{pl hPa.
provements of MIPAS ozone data quality and error estimate. Taking into account the summary of our results and the
Positive biases, associated with unrealistically large ozoneecommendations and caveats we expressed in our conclu-
values at the bottom end of MIPAS profiles and observedsions, we can assess that MIPAS ozone operational data
with respect to various sets of correlative data (cp. the rev4.61 and v4.62 are validated in the vertical range from
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