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Abstract. In this paper, we present a HARMonized dataset of OZone profiles (HARMOZ) based on limb
and occultation measurements from Envisat (GOMOS, MIPAS and SCIAMACHY), Odin (OSIRIS, SMR) and
SCISAT (ACE-FTS) satellite instruments. These measurements provide high-vertical-resolution ozone profiles
covering the altitude range from the upper troposphere up to the mesosphere in years 2001-2012. HARMOZ
has been created in the framework of the European Space Agency Climate Change Initiative project.

The harmonized dataset consists of original retrieved ozone profiles from each instrument, which are
screened for invalid data by the instrument teams. While the original ozone profiles are presentied-in di
ent units and on dierent vertical grids, the harmonized dataset is given on a common pressure grid in netCDF
(network common data form)-4 format. The pressure grid corresponds to vertical sampfirigkof below
20 km and 2-3 km above 20 km. The vertical range of the ozone profiles is specific for each instrument, thus
all information contained in the original data is preserved. Provided altitude and temperature profiles allow
the representation of ozone profiles in number density or mixing ratio on a pressure or altitude vertical grid.
Geolocation, uncertainty estimates and vertical resolution are provided for each profile. For each instrument,
optional parameters, which are related to the data quality, are also included.

For convenience of users, tables of biases between each pair of instruments for each month, as well as bias
uncertainties, are provided. These tables characterize the data consistency and can be used in various bias and
drift analyses, which are needed, for instance, for combining several datasets to obtain a long-term climate
dataset.

This user-friendly dataset can be interesting and useful for various analyses and applications, such as data
merging, data validation, assimilation and scientific research.

The dataset is available &ttpy/www.esa-ozone-cci.ofgg=node¢161 or at doi:10.527Pesa-0zone_cc -
limb_occultation_profiles-2001_2012-v_1-201308

Published by Copernicus Publications.
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1 Introduction 10°

The creation of homogenized ozone profile datasets baset
on limb or occultation measurements from sensors on boardg
the European Space Agency (ESA) Envisat satellite, aség 1o°}
well as from ESA Third Party Missions (TPM), is one
of the primary objectives of the European Space Agency /\/_/\/\
Climate Change Initiative project (Ozone_chitp;y/www.

number of measure

esa-ozone-cci.ojg Six instruments that provide long-term 10 —— Gomos
measurements are involved in this project. Three of them are _Z'CF::&ACHY
on board Envisat: Global Ozone Monitoring by Occultation /\/\/ OSIRIS

of Stars (GOMOS), Michelson Interferometer for Passive At- — ACE-FTS

mospheric Sounding (M|PAS) and Scanning Imaging Spec- 1%?)02 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
trometer for Atmospheric Chartography (SCIAMACHY); _ _
two of them are on board Odin: Optical Spectrograph andrigure 1. Number of measurements in each year and for each in-
InfraRed Imaging System (OSIRIS) and Sub-Millimeter Ra- strument. Number of MIPAS and SCIAMACHY measurements de-

. . crease significantly in 2012 due to the loss of Envisat. GOMOS data
diometer (SMR), and one is on board the SCISAT-1 sately year 2012 are not included in HARMOZ, because GOMOS
lite: Atmospheric Chemistry Experiment — Fourier Trans- experienced instrumental problems at that timé.
form Spectrometer (ACE-FTS). Three of the instruments
— GOMOS, SCIAMACHY and OSIRIS — retrieve ozone

profiles from measurements in the UV-visible wavelengthp i in Climate IQC — International Ozone Commission

range. MIPAS and ACE_—F_TS use infrared wavelengths, a_anACO-03 — Integrated Global Atmospheric Chemistry Ob-
SMR operates at sub-millimeter wavelengths. Two of the iN-sarvations. NDACC — Network for the Detection of Atmo-

struments use the occultation technique: GOMOS uses Stegpheric Composition Change) initiativettpy/igaco-o3.fmi.
lar occultation and ACE-FTS performs solar OCCUItat'OnS'fiNDO/working groups.htnl

SCIAMACHY and OSIRIS are limb-scattering instruments; 1o paper is organized as follows. Section 2 presents a

MIPAS and SMR measure thermal emission spectra. Moré;anera| description of the dataset and the data processing.
details on individual datasets are presented in Sect. 3.. Ovelzach dataset has mandatory parameters, which are the same
all, the datasets cover th.e years 2001-2012 (not all instrugyr 5 jnstruments (discussed in Sect. 2), as well as optional,
ments cover the whole time period). The yearly data vol-j,syment-specific parameters (discussed in Sect. 3). The
ume for the HARMOZ instruments is illustrated in Fig. 1. ya¢5 format and availability are presented in Sect. 4. To char-
Between the various datasets, there are 0zone measuremeR(§eize the data consistency, tables of biases between each
available for all seasons, various times of day, and good latiy, i of instruments are created. The construction and format

tudinal coverage (as an example, Fig. 2 illustrates the latitu+ the bias tables are discussed in Sect. 5. The summary con-
dinal coverage in 2008). cludes the paper.

The data from dferent sensors have ftérent proper-
ties such as specific quality flags, and the data can have
outliers due to problematic retrievals under some condi-2 General description of the harmonized dataset
tions. In some cases (like for GOMOS), ozone data qual-
ity strongly depends on a set of parameters, which make§he individual datasets from each instrument passed qual-
using this dataset complicated for non-experts. As a firstity control, which has been performed by the instrument ex-
step towards data homogenization, we have created a HARperts. The quality control procedures are described in detail
Monized dataset of OZone profiles (HARMOZ). HARMOZ in Sect. 3. Only valid data are included in HARMOZ.
consists of independent datasets from individual instruments, Each profile has been interpolated onto a common pres-
which are carefully screened for outliers, interpolated to asure grid (Ozone_cci pressure grid hereafter), which is an
common pressure grid and saved in the common netCDFextension of the SPARC Data Initiative pressure grid (Heg-
(network common data form)-4 format. This database isglin and Tegtmeier, 2010; Tegtmeier et al., 2013). The
used in various “higher-level” analyses performed within the Ozone_cci pressure levels and the corresponding pressure al-
Ozone_cci project (in particular, in creating Level 3 data, titudes are presented in Appendix A. The vertical spacing of
see the Ozone_cci web pabgtp;//www.esa-ozone-cci.ofg the Ozone_cci grid corresponds+d km below 20 km and
?0=nodeg160 for details). Convenience of using the harmo- ~2-3 km above. The number of pressure levels included in
nized dataset has prompted us to make this dataset avaithe individual datasets depends on the valid altitude range
able to the scientific community. This dataset contributes toof the ozone profiles. For example, GOMOS data are pro-
the initiative on past changes in the vertical distribution of vided on the Ozone_cci grid in the range 250-1Pa,
ozone (SIN (SPARC - Stratospheric Processes and theirwhile MIPAS data are provided in the range 400-0.05 hPa.

Earth Syst. Sci. Data, 5, 349-363, 2013 www.earth-syst-sci-data.net/5/349/2013/
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Figure 2. Logarithm of number of measurements irf 1&itude zones and in each month of year 2008.

The altitude range of the individual datasets can be found in

LS 112 Table 1 and is illustrated in Fig. 3. The largest altitude range
L | 107 is achieved for occultation instruments, which cover also the
lower thermosphere.
The data files contain the mandatory variables that are
L e e M B p B 70 the same for all sensors. The main variables are profiles
Ol T 1T [ 1T T 11 65 of ozone concentrations (molesti and their uncertain-
. 8 E RS ties. The auxiliary information includes temperature and al-
% = @) |_|—_ X titude profiles at the measurement locations for converting
< 8 2 <ZE 0 a4 W _qc’; ozone data to_ tﬂiere_nt units (mixing ratimurr_]ber density
5 o < — % O |l 3 on pressur@ltitude in all possible combinations), as well
@ E O o < § as geolocation, time, and vertical resolution. The full list of
3:’ n 8 © mandatory parameters is presented in Table 2. The optional,
instrument-specific parameters, which include those related
250 - - - R 10 to the quality of data, can be found in Table 3; they are
588 I g-g discussed in more detail in Sect. 3. The data are written in
1=05 ) P S S 56 the netCDF-4 format, in agreement with standard conven-

tions (ttpy/cf-pcmdi.linl.goydocument&f-conventiongl.
Figure 3. lllustration of altitude ranges of ozone measurements for6)' Each netCDF file (for each instrument) contains the data
the individual instruments in HARMOZ. The vertical axis is not to from one month (see Sect. 5 for more details on data format).
scale. For regridding of profiles, a linear interpolation in the
logarithm-pressure vertical coordinate is used. The altitude-
pressure profiles needed for the interpolation are based on
retrieved data or taken from the meteorological model data
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Table 1. General information about the datasets. Note that the average number of profiles per day is estimated from the average yearly
volume, thus the number of profiles in each particular day cliardiignificantly from these average estimates.

HARMOZ verti- Local time Vertical resolution ~ Estimated Average number Original ozone  Source of temper-
cal range precision  of profiles unit and Level 2 ature data
per day vertical grid
GOMOS 250-k 10*hPa ~10p.m. 2km below 30km, 0.5-5% ~110 number density ECMWF
3km above 40km, (cm®) on tan- analysis
a linear transition gent altitudes
between
MIPAS 400-5x102hPa ~10p.m.and profile-dependent, 1-4% ~1000 vmr on fixed al- Retrieved
~10a.m. 3-5km titude grid temperature
SCIAMACHY  250-5x102hPa ~10a.m. profile-dependent, 10-15% ~1300 number density ECMWF
3-5km (cm3) on fixed analysis
altitude grid
OSIRIS 450-% 10*hPa ~6am.and ~2-3km, altitude- 2-10% ~250 number density ECMWF
~6p.m. dependent (cm®) on fixed analysis
altitude grid
SMR 300-5<102hPa ~6a.m.and profile-dependent, ~20% ~250 vmr on fixed ECMWF
~6p.m. ~2.5-3.5km alypressure grid analysis
ACE-FTS 450-X%10“*hPa  sunriseand ~3km 1-3% ~11 vmr on fixed al- Retrieved (15—
sunset titude grid 120 km)+ GEM

model (0-15 km)

Table 2. Mandatory parameters in the HARMOZ netCDF filllg, andN,,s denote the number of pressure levels and the number of profiles,
respectively.

Parameter and unit Dimensions Description

time (days since Nprof X 1 The parameter to index the profiles

1900-01-01 00:00:00)

air_pressure (hPa) Naie X 1 The vertical coordinate

altitude (km) Nait X Norof The geometric altitude above the mean sea-level

latitude (deg north) Npror X 1 Latitude of each profile (given at altitude35 km)

longitude (deg east) Npror X 1 Longitude of each profile (given at altituee35 km)

mole_concentration_of_ozone Nait X Norof Vertical profiles of ozone. Number density (ciis

_in_air (moles cr?) acquired by multiplying the variable with Avogadro
constaniN, = 6.02214x 10?® moles?

mole_concentration_of_ozone_in_airNai X Nprof Uncertainty (random error) associated with the ozone profiles

standard_error (moles cr¥)

vertical_resolution (km) Nait X Npror OF Nagx 1 FWHM of the averaging kernel

air_temperature (K) Nait X Nprof Temperature profiles at the locations of measurements, for conversion

from concentration to mixing ratio

(mainly, European Centre for Medium-Range Weather Fore{ainties (random error) were interpolated as

casts, ECMWF) at the locations of measurements (Table 1).

This interpolation does not introduce significant inaccuracy,C = WCorigWT, 1)

because the uncertainty of the altitude-pressure profiles is

very small. For the instruments providing reliable covariancewhereCyiqg andC are original and interpolated matrices, re-

matrices of retrieval errors, the covariance matrices of uncerspectively, andV is the interpolation matrix. The parameter
“standard_error” contains the square roots of the diagonal el-
ements ofC; it represents the uncertainty (random error) of

Earth Syst. Sci. Data, 5, 349-363, 2013 www.earth-syst-sci-data.net/5/349/2013/
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Table 3. Optional parameters in the HARMOZ netCDF filéky: andNys denote the number of pressure levels and the number of profiles,
respectively.

Parameter and unit Dimensions  Descriptammment
GOMOS
orbit_number Nprof X 1 Envisat orbit number
star_number Nprof X 1 Star number in GOMOS catalogue
star_magnitude Nprof X 1 Star visual magnitude
star_temperature (K) Nprof X 1 Star dfective temperature
obliquity (deg) Nprof X 1 Obliquity of occultation: the angle between the orbital plane and the line of sight
sza (deg) Nprof X 1 Solar zenith angle at tangent point
chi2 Nar X Nprot~ Profiles ofy2-statistics x? is usually close to 1; large values indicate
problems with retrievals
illumination_condition_flag Nprof x 1 0 — full dark, 3 — straylight, 2 — twilight, 4 — straylight and twilight.
SAA_flag Nprof X 1 The indicator showing that the data might fkeeted by the South Atlantic
Anomaly (cosmic rays); 0 —no, 1 —yes
SCIAMACHY
orbit_number Nprof X 1 Envisat orbit number
state_id Nprof X 1 State ID of the SCIA measurement
height_sat (km) Nprof X 1 Satellite altitude above the sea level, for each profile
radius_earth (km) Nprof X 1 The Earth radius at locations above the tangent points
sza_tanpnt (deg) Nprof X 1 Solar zenith angle at tangent point
pixel_lat (deg north) Nprof X 4 The ground latitudes of the four corners of the limb scan pixel
pixel_lon (deg) Nprof X 4 The ground longitude of the four corners of the limb scan pixel
total_ozone_column (mm) Ny x 1 Total ozone column estimated for each profile; 1 sath®0 DU (Dobson unit)
systematic_error (%) Nait X Nprof Systematic errors derived from parameter deviation simulation
MIPAS
apriori_temperature (K) Nait X Nprof temperature profiles at locations of measurements based on ECMWF and MSIS data
geo_id Nprof X 22 MIPAS geolocation identifier formatted as XXXXX_YYYYMMDDThhmmssZ where
XXXXX =orbit, YYYY =year, MM=month, DD=day, hh=hour, mm=minute,
ss=second
orbit_number Nprof X 1 Envisat orbit number
sza (deg) Nprof X 1 Solar zenith angle
chi2 Nprof X 1 x? value of retrievals
dof Nprof X 1 Degrees of freedom of target retrieval
rms (NW cntsrt) Norot X 1 Root mean square of residual spectra
OSIRIS
scan_number Nprof X 1 OSIRIS scan number
albedo Nprof X 1 Retrieved albedo
ssa (deg) Nprof X 1 Solar scattering angle
sza (deg) Nprot X 1 Solar zenith angle
optics_temperature (K) Nprof X 1 Average optics box temperature
SMR
quality Nprof X 1 Quality flag O: best quality, 4: tolerable
solar_zenith_angle (deg)  Ngorx 1
local_solar_time (h) Nprot X 1

measurement_response Nait X Nprof Proportion of measurement; measurements with weak influence of a priori have
measurement response close to 1.

scaled_potential_ Nait X Nprof Profiles of potential vorticity (Lait, 1994) scaled at 475 K potential temperature level

vorticity (Km?kg=ts™)

equivalent_latitude (deg) Nait X Nprof Profiles of equivalent latitude at locations of measurements

ACE-FTS

beta_angle (deg) Nprof X 1 B angle is defined as the angle between the orbit plane of ACE-FTS and the vector from
the Sun. Itis a proxy for vertical resolution.

www.earth-syst-sci-data.net/5/349/2013/ Earth Syst. Sci. Data, 5, 349-363, 2013
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Table 4. The approximate reduction factors for uncertainty esti- well as the source of air density data, which can be used for
mates due to regridding (the reported values of uncertainties shouldonversion from ozone concentration to mixing ratio. Spe-
be multiplied with the factor from the table). cific features of individual datasets are described below.

GOMOS MIPAS SCIAMACHY OSIRIS SMR ACE-FTS
1 1 0.94 0.9 0.85 0.92

3.1 GOMOS

GOMOS is a stellar occultation instrument on board Envisat
(Bertaux et al., 2010; Kyrola et al., 2010). Ozone profiles
individual profiles. Due to the structure Gq andW, di- are retrieved from UV-visible spgctrometer mea§urements
agonal elements o are very slightly reduced compared to at w_avelengths 25Q—692 nm. In this dataset, nighttime ozone
the diagonal elements Gf,iy. For the instruments, for which  Profiles (solar zenith angle larger than 1pprocessed with
covariance matrices are not easily available orfiisiently ~ the IPF version 6 processor are used. GOMOS provides
reliable, the uncertainty estimates were simply linearly inter-Stratospheric ozone profiles with vertical resolution of 2—
polated to the Ozone_cci grid (in the same way as the ozon& KM and estimated precision of 0.5-5% (Tamminen et al.,
profiles). In these cases, the reduction of uncertainties dug€010)- GOMOS data were filtered for outliers and unreliable

to interpolation has been estimated based on a sample céi—até using the recommendations of the readme document
variance matrix and the information about the vertical reso-Nttp7/€arth.eo.esa.ificgenvisatgomogdocumentation

lution and the original grid. This reduction is very small, of RMF_0117_GOM_NL__2P_Disclaimers.pdfn addition,

a factor~ 0.85-0.95 (Table 4). It should be stressed here thatV® have excluded occultations terminated above 40 km.

the correction factors presented in Table 4 approximate only 1he stellar flux recorded by GOMOS, and thus signal-to-

changes in uncertainty estimates due to regridding. noise ratio gnd precision of retrieved profiles, depend_s on
Note also that the Ozone_cci grid is finer than the verticalStéllar magnitude and spectral class. The GOMOS optional

resolution of the ozone profiles, therefore the uncertainties aparameters include the star identification number in the GO-

adjacent layers are correlated. Without covariances providedVOS catalogue (the smaller the star number, the brighter the

there is the risk to overestimate the independent informatiorsté') &s well as the information about the star's visual magni-
contained in the profiles. For some of the instruments, therdude and &ective temperature. Note that occultations of stars

exist “advanced” versions of HARMOZ files with full co- With insufficient UV flux (dim and cool stars), which cannot
variance matrice€ stored. These data can be provided uponProvide information about ozone in the upper stratosphere,
request. are not included in the harmonized dataset. In the previous
Three instruments (GOMOS, SCIAMACHY and OS|R|S) GOMOS processaor, IPF Version 5, ozqne retrievals from dim
provide ozone number density profiles, thus the conver-a”_d cool stars were problematic glso in the str{:\tosphere plue
sion to concentration (moles cA), the unit used in HAR- to inaccurate dark charge correction and low signal-to-noise

MOZ, is simply division by the Avogadro constahls = ratio (e.g., Keckhut et al., 2010). The quality of ozone pro-
6.02214x 1023 moles?. MIPAS. ACE-FTS and SMR re- files in such occultations in the version 6, which uses a more

trieve ozone mixing ratio profiles. For MIPAS and ACE- advanced dark charge correction method, is still under eval-

FTS, the retrieved temperature and pressure profiles werdation. Therefore, these data are not included in HARMOZ.
used for conversion to HARMOZ ozone concentration rep- 1he obliquity is defined as the angle between the local
resentation, thus making it fully consistent with the origi- Vertical and the trajectory of the tangent point within the
nal mixing-ratio profiles. For SMR, temperature profiles are 8tmosphere (Gurvich and Brekhovskikh, 2001); it isfér

taken from the ECMWF fields. Therefore, smail @.1 %) in-orbital-plane occultations. The vertical sampling is denser
drifts and jumps in the ECMWF density (which can be in oblique occultations. Thanks to the Tikhonov-type target-
caused, for example, byfiirent amounts of assimilated data resolution regularization (Kyrola et al., 2010; Sofieva et al.,

over time, httpy/www.ecmwf.infresearcterado/getindex 2004) and accurate parameterization of modeling errors in
Qualitylssues can induce an additional uncertainty of the the GOMOS v6 algorithm (Sofieva et al., 2009, 2010), the

same magnitude in SMR ozone concentrations reported iiguality of GOMOS ozone profiles and uncertainty estimates
HARMO?Z. practically does not depend on this parameter. Very oblique

occultations (with obliquity larger than 8pare not present

in the harmonized dataset.
3 Short descriptions of individual datasets The profiles of the normalizeg? statistics indicate the

quality of retrievals and the quality of error estimates (nor-
In this section, a brief overview of the individual datasets is malization is on the number of spectral channels minus the
presented. The general parameters of the individual datasetsumber of fitted parameters, for exact definition of this pa-
are collected in Table 1. They include information about therameter see e.g., Sofieva et al., 2010). Usugfly,, is very
altitude range of individual datasets, typical local time, ver- close to 1, thus indicating the proper characterization of un-
tical resolution, original representation of ozone profiles, ascertainties. However, there are occultations in the GOMOS
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dataset that have very largd,,,, values. They usually cor- cessor under this comparison, which is the KIT IN#&A
respond to the locations over the South Atlantic Anomaly version V5R_03 22@21 research processor (in particular,
(SAA), which are &ected by energetic particles. From the this processor has shown the best performance in the up-
harmonized dataset, such data are also excluded. The SAper troposphere and lower stratosphere in comparisons with
flag presented in the list of optional parameters has beewzonesondes and lidars). The results of the processor inter-
computed based on the position of the satellite. Thereforecomparison are described in detail in Laeng et al. (2013). The
it does not reflect the real quality of the ozone data; it is pre-description of the KIT IMKIAA processor can be found in

sented for information only. von Clarmann et al. (2003, 2009). The dataset has been ex-
The illumination flag indicates the illumination conditions tensively validated (Laeng et al., 2012, 2013).
(full dark limb, straylight, twilight). The bright-limb occul- The following filtering was applied to the retrieved data in

tations (with illumination= 1) are not present in the harmo- order to ensure the good quality of the profiles.
nized dataset. The best quality of ozone profiles and their un-
certainty estimates is achieved in full dark illumination con-
ditions. The summary of the GOMOS optional parameters is
collected in Table 3.

For interpolation to the HARMOZ pressure grid, we used
the ECMWF altitude-pressure profiles at occultation loca-
tions.

— The data for which the diagonal value of the averaging
kernel is less (in absolute value) than 0.03 are consid-
ered unreliable and are discarded, because this corre-
sponds to a local altitude resolution exceeding approx-
imately the entire altitude coverage of the profile. This
filter shall guarantee that only data are used which con-
tain at least a minimum of measurement information.

— Data in parts of the atmosphere that lie below the low-

ermost useful tangent altitude are discarded, as they do
MIPAS is a Fourier transform spectrometer on board Envisat ~ not contain measurement information. This applies in
for the detection of limb emission spectra in the middle and particular to cases when the spectra measured at low
upper atmosphere, which operates in the 4.15-id.@ave- tangent altitudes are discarded due to cloud contamina-
length range. It measures during day and night, pole-to-pole,  tion.

at an altitude range from 6 to 70km (170km), dependingpoy interpolation to the HARMOZ pressure grid and for con-
on the measurement mode, producing more than 1000 progersion to ozone concentration units, MIPAS retrieved tem-
files per day. MIPAS provides stratospheric 0zone profileSperature and pressure profiles have been used. The ECMWF
with vertical resolution of 3-5km and estimated precision of (e mperature profiles at measurement locations are included

1-4%. o o N _as optional parameters. Several other parameters character-
MIPAS was working in its originally specified mode with ;¢ the retrieval quality (Table 3).

spectral resolution of 0.035 cth (unapodized) and tangent
altitude steps of 3km (coarser in the upper stratosphere an
above) until March 2004, when an instrument failure cause
a disruption of operation. The operation was resumed on 1GCIAMACHY on board Envisat has three observation
January 2005 with a slightly adapted observation mode: thanodes: nadir, limb and occultation (Bovensmann et al., 1999,
spectral resolution had to be reduced to 0.0625'ctun- 2004). The SCIAMACHY field of view is 2.6 km at a dis-
apodized) since then, while the spatial sampling could be imtance of 3000 km in the flight direction. The atmosphere is
proved to 1.5-2 km tangent altitude step width in the strato-sampled vertically in 3.3 km steps in the limb mode. SCIA-
sphere, and an along-track sampling of 410 km (550 km beMACHY measures the scattered, reflected and transmitted
fore). The finer vertical sampling allowed for better verti- solar radiation and covers the wavelength range between 212
cal resolution of the MIPAS products. However, this has theand 2386 nm divided into 8 channels. The SCIAMACHY-
shortcoming of a not fully consistent data record before andUP limb retrieval algorithm (V2.9) used in this study ex-
after the change of observation mode. Currently, only dataploits the scattered radiances in the UV and visible ranges
from the second period since 2005 are included in the har{channel 1 at 212-334 nm and channels 3 and 4 covering
monized dataset. 392-790 nm) to retrieve ozone number density profiles.
There exist four MIPAS Level 2 processors: the opera- While the precursor version of the SCIAMACHY-IUP
tional ESA processor and three independent research prdimb processor (V2.3) averaged all data during the horizon-
cessors hosted by ISAC-CMBniversity of Bologna, Ox-  tal scan with a swath of 960 km providing one profile per
ford University and KIT IMK/IAA, respectively. All four  limb scan, version V2.9 retrieves four profiles per scan. This
processors use the same Level 1b data, but the Level Besults in an increased cross track horizontal resolution of
algorithms are dferent. In the framework of Ozone_cci 240km. The retrieval algorithm employs the SCIATRAN ra-
project, ozone profiles retrieved by the four MIPAS proces-diation transfer model (RTM) (Rozanov et al., 2001, 2013)
sors were compared. For creating the harmonized datasesnd an inversion scheme with a first-order Tikhonov regular-
the MIPAS data were taken from the best performing pro-ization. To retrieve ozone profiles, the normalized radiances

3.2 MIPAS

.3 SCIAMACHY
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in the UV and triplet method in the visible wavelength ranges3.5 SMR
have been used (Mieruch et al., 2012; Rahpoe et al., 2013;

von Savigny et al., 2005b; Sonkaew et al., 2009). The Ozone$MR on board the Odin satellite has been measuring thermal
number density is retrieved in the altitude range from 8 to€Missions since 2001 to present. For SMR, the version 2.1,
70 km. 501.8 GHz band retrievals are presently (April 2013) recom-

mended for use. SMR measures ozone also independently in
certainty is a major error source for SCIAMACHY. The other bands and results from these bands will be included

pointing accuracy for the entire limb scan is estimated tot @ later stage. The Level 2 products from the 501.8 GHz

be about 200 m (Bramstedt et al., 2012), while the relativeP@nd provide ozone data in thel2-60km altitude range

pointing error between fierent tangent heights is negligibly (@Pove 17-18km at midiatitudes) with 2.5-3.5km vertical
small. resolution and a single-profile precision of about 20 %. The

An alternative retrieval of ozone profiles from SCIA- systematic error is estimated to be smaller than 0.75 ppmv

MACHY limb observations is provided by the European (e..g., Urban gt al., 2005, 2006)..N0te that measyrements 'in
Space AgengfLR (Doicu et al., 2007). The original re- this observation mode were carried out every third day until
trieval was based upon retrievals from visible wavelengths”Pril 2007 and every other day thereafter. The thermal emis-
only covering the Chappuis ozone absorption bands. This'O" techmque_ allows ozone to be measured during d"fly and
limits the retrieved altitudes to below 40km compared to Nght. Global fields betweer 83°S and~83’ N are typi-
about 65 km in the SCIAMACHY-IUP retrieval. cally produced from 14-15 orbits per observation day based

SCIAMACHY provides stratospheric ozone profiles with ©N UP 0 65 limb scans per orbit. Since they are derived from
vertical resolution of 3-5km and estimated precision of 10—& relatively weak spectral line, individual ozone profiles are

15% (Rahpoe et al., 2013). Ozone data are usually of pOOp|u_ite noisy but averages agree reasonably well vyith correl-
quality in cloudy conditions. Therefore, data at altitudes 2tV measurements (e.g., Dupuy et al., 2009; Jégou et al.,
contaminated by clouds are filtered out in the harmonized?
dataset. For interpolation to the HARMOZ pressure grid, we

used the ECMWF altitude-pressure profiles at measuremerft S i X :
used. A filtering of outliers (also using data from other si-

As discussed by von Savigny et al. (2005a), pointing un-

008; Jones et al., 2007).
For HARMOZ, SMR data with a quality flag equal to 0
r 4 and a measurement response larger than 0.67 have been

locations. . .
multaneously retrieved species such a©ONand CIO) has
also been applied. For SMR, vertical resolution is estimated
34 OSIRIS from the full-width-at-half-maximum (FWHM) of averag-

ing kernel functions calculated fftine by the retrieval al-

OSIRIS on board the Odin satellite has been taking limb-9°rithm) for 4 observation days in 2010 (mid-March, mid-
scattered measurements of the atmosphere from 2001 tc'ljune,_mld-September, mid-December). The FWHM profiles
present. It operates at wavelengths of 280-810 nm. For th¥/€' intérpolated on the HARMOZ pressure grid and zonal
harmonized dataset, the OSIRIS SaskMART v5.0x ozondM€ans were calculated in Lovide latitude zones. The de-
data (Degenstein et al., 2009; Roth et al., 2007), which is'ived FWHM climatology indicates thus typical values of the
retrieved using the SASKTRAN spherical radiative trans- altitude resolution as a function of latitude and pressure.

fer model (Bourassa et al., 2008), have been used. The data 1€ Most important optional parameter is the measure-
have been filtered for outliers according to the techniqued"€Nt response, which indicates the fraction of measurement
described by Adams et al. (2013a). This involves a threednformation in the retrieved profiles. In the case of a very
step process: (1) radiances are screened for evidence ¥f€aK influence of the a priori, the measurement response is
clouds and energetic particles; (2) retrieved ozone profiles ar§!0S€ t0 1. In our studies within the Ozone_cci project, we
screened using statistical techniques; and (3) retrieved ozori¢S€ the data with the measurement response larger than 0.75.
profiles are assessed visually (for details, see Appendix A inU;ers may use a higher thre;hold value and apply stricter fil-
Adams et al., 2013a). OSIRIS provides stratospheric 0zond€"Ng depending on application.

profiles with vertical resolution of 23 km and estimated pre- 0" theé SMR 501.8 GHz band, retrievals use ECMWF
cision of 2-10 % (Bourassa et al., 2012). temperature and pressure profiles at the measurement loca-

During inter-comparisons with other satellite and in situ iONS- Consistently, the same tempergfpressure profiles
measurements (Adams et al., 2013a, b), it was found thaf@ve been used for interpolation to the HARMOZ grid and

agreement between OSIRIS and the validation datasets dd0" conversion of retrieved volume mixing ratios to ozone
pends on the OSIRIS optics temperature, retrieved aerosofgoncentrations.
and albedo. These are included as optional parameters in the
OSIRIS harmonjzed dataset. ' 36 ACE-FTS

For interpolation to the HARMOZ pressure grid, we used
the ECMWF altitude-pressure profiles at measurement locaACE-FTS is a solar occultation instrument that records spec-
tions. tra between 2.2 and 13un (750-4400cm') at a high
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spectral resolution of 0.02 cth(Bernath et al., 2005). ACE- CF-1.5 convention. Sample scripts to read the netCDF-4
FTS provides retrieved altitude profiles of the volume mixing files with MATLAB, IDL and IGOR Pro are also available
ratio (vmr) of ozone on a 1km native grid. Each measure-on the web page.

ment is made at the time of local sunymenset. ACE-FTS

provides stratospheric ozone profiles with vertical resolutions  pata agreement tables

of ~3 km and estimated precision of 1-3 %.

For HARMOZ, the version 3.0 processed data from March To quantify the agreement between the individual datasets in
2004 to September 2010 have been used. These data ha¥\RMOZ, tables of experimental biases between each pair
been filtered to only include data points that are within 5 me-of instruments are provided, as well as the uncertainty of the
dian absolute deviations (MADs) from the vmr median. Ad- bias estimates. The data agreement tables are computed using
ditionally, any data point for which the vmr error exceeds the collocated measurements with the following restrictions on
measurement has also been excluded. time differenceAt, distance between tangent pointg, and

The temperature profiles, which are included in the |atitude diferenceAd:
netCDF files, are determined in two parts. Between 0 and . :
15km, values from the GEM operational weather model of a ;Eandard collocationjat] < 24 h|Ad| < 1000 km,|Ad] <
Environment Canada are used. Between 15 and 125 k), CO ’
lines are used for direct temperature retrievals (Boone et ii. tight collocation:|At| < 4 h,|Ad| <400 km.

al., 2005). The corresponding pressure profiles were usegpg tight collocation criterion is based on thieetive hor-
for interpolation of ozone profiles from altitude to the pres- j;onta| resolution of the considered lifiacultation mea-
sure (HARMOZ) grid and for conversion of retrieved volume surements, and can be considered therefore as the “natu-

mixing ratios to ozone concentrations. ral” collocation criterion. The standard criterion ensures a

For this study, it is useful to include the beta angle (an-g gicient number of collocated measurements and thus pro-
gle between orbital plane and the Sun—Earth vector) as ajiges reliable bias estimates with better seasonal and latitu-
optional parameter for each profile, as this can give an indi-gina coverage. Analogous criteria have previously been suc-

cation of the vertical spacing. ACE initially takes measure- cossfylly applied in satellite inter-comparisons (Adams et al.,
ments on a tangent-altitude grid and the vertical spacing of2013a, b; Kyrola et al., 2013). In the case of multiple collo-

this grid varies depending on the beta angle. When the betgateq measurements, only the nearest in time is selected.

angle is at a minimum (), the vertical spacing can be as o gl pairs of instruments, the bias tables are provided
high as 6km at high altitude, which means that the occul-foy the standard collocation criterion. When possible, the bias
tation is almost perpendicular to Earth's surface. However,apes for tight collocation criterion are also provided; these

when the beta angle is at a maximum (set to abotl} 8%  4re for pairs involving the dense samplers MIPAS and SCIA-
vertical spacing can be as low as 2km (at high altitudes)yacHy.

because now ACE measurements are at an oblique angle t0 The vertical resolution is~3km for all instruments

Earth’s surface. It is not a straightforward problem to deter—(S”ghﬂy smaller for GOMOS and OSIRIS, slightly larger for

mine the vertical resolution of each occultation because thigjpas and SCIAMACHY). The diference in vertical res-

is dependent on a number of factors including the beta ang)tion between the HARMOZ instruments cannot generate

gle. Itis best to e_stlmate the vertical reso_lut|on as an averaggjgnificant systematic ffierences in ozone profiles (they can

of 3km for all points and the beta angle is provided to indi- g g5 large as 1-2 % in the worst cases, as estimated via

cate the quality of this estimate. A vertical resolution of 3 km comparison of original GOMOS data (the best vertical res-

is typically used when validating ACE-FTS measurements,| tion 2-3 km) and the same data but smoothed down to

(Dupuy et al., 2009). 3.6—4.2 km vertical resolution, the approximate vertical reso-
lution of MIPAS and SCIAMACHY). Therefore, we ignored

- the diference in vertical resolution in the bias analysis.
4 Data format and availability The analysis of ozone filerences between Ozone_ccilimb

] ] ] ] instruments has shown that biases are additive rather than
The harmonized dataset is provided in netCDF-4 formaty iplicative. Therefore, we calculate the relative Hiees
(with README file) and can be found at the Ozone_cci

web page httpy//www.esa-o0zone-cci.ofgg=nod¢161 b= 2M’ 2)
(or doix10.527Qesa-0zone_cci-limb_occultation_profiles- X1) +(x2)

2001_2012-v_1-201308lIt consists of folders correspond- wherex; and x, are collocated measurements from two in-
ing to satellite and instrument. Each folder contains monthlystruments at a given altitude arfg denotes medmedian
data files with self-explanatory names. For example, theestimates (both are provided). The relative uncertaintyisf
file ESACCI-OZONE-L2-LP-GOMOS_ENVISAT-IPF_V6- estimated as

200801_fv0004.nc contains GOMOS ozone profiles for 2 O (xa—%9)

January 2008. The parameters in the files are compliant witf{? = (1) + (X2) ' VN ®)
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Table 5. Main parameters of bias tables in the netCDF format.

Parameter and unit Dimensions  Descriptammment
Variables
air_pressure (hPa) Nt X 1 The vertical coordinate
approximate_altitude (km) Naie X 1 Approximate altitude at pressure levels computer-a46 log, (1013 P),
Pis pressure in hPa
latitude_centers (deg north) Niar x 1 Centers of latitude bins: 8%, 60 S, 40S,20S,0,20N, 40 N, 60° N, 80N
bias (%) Niat X Nait Bias between instrument #1 and instrument #2 estimated as the meafieoéries,
Eq. (2)
robust_bias (%) Niat X Nait As “bias”, but the median estimates are used
bias_uncertainty (%) Niat X Nt Uncertainty of the bias estimated using the standard sample stfferedices, Eq. (3)
robust_bias _uncertainty (%)  Niat X Ngt Uncertainty of the bias estimated using the robust sample stdfefefices, Eq. (3)
number_of _collocated_data N X Ngi number of collocated data in each latitude bin and at each pressure level
bias, % " Bias uncertainty, % . log10 of the number of data in bins
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Figure 4. A visualization example of bias-related parameters from bias tables, for GOMOS versus OSIRIS in January 2008.

where o(y,_x, iS the sample standard deviation of the 2001_2012-v_1-201308 The folders contain bias ta-
difference distribution computed in a standard or in a robusbles corresponding to each month in netCDF-4 format.
way aso = %(P84—P16), Pss and P are 84th and 16th The file names contain information about the year and
percentiles, respectively, aidl is the number of collocated the month, as well as the instruments and the collo-
measurements. In the agreement tables, both parameterscation type. For example, the file ESACCI-OZONE-
and o, are expressed as percentages. The estimates usiggreementTable GOMOS_OSIRIS_200801.nc  contains
the median and percentiles are referred to as “robust” in thehe bias table between GOMOS;) and OSIRIS %) for
created files. Equation (3) represents the standard error afanuary 2008, for the standard collocation criterion. The
the mean derived assuming uncorrelated randomly samplefiles for tight collocation criterion end with “_tight.nc”. The
measurement pairs. This assumption is appropriate foparameters included in the netCDF files are presented in
nearly all HARMOZ pairs due to the properties of data Table 5. A sample visual representation of the main bias
and the method for selecting the collocated measuremenparameters is shown in Fig. 4.

For MIPAS-SCIAMACHY collocations, deviations from The data agreement tables present experimental estimates
assumption are possible; this problem is discussed in Toohegf biases and their uncertainties. At some locations and sea-
and von Clarmann (2013). The bias is evaluated over thesons, the estimated biases can be not statistically significant.
common altitude range of the pair of instruments, usingFurthermore, discrepancies at upper altitudes are expected
concentration profiles. The bias is evaluated for each montt{and observed), because of diurnal ozone variations (e.g.,
in 20° latitude zones from 905 to 90 N. The bias tables Sakazaki et al., 2013, and references therein). The created
are structured in 15 folders corresponding to the instrumenbias tables are convenient for higher-level analyses, which
pairs, e.g., “GOMOS_OSIRIS". They can be found at the might aim at detecting statistically significant biases, their
same web paghttp;//www.esa-ozone-cci.ofgo=node161 latitudinal dependence, and possible drift in time. Examples
(or doil0.527@esa-ozone_cci-limb_occultation_profiles- of such higher-level analyses are presented in Figs. 5and 6. A
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Figure 5. GOMOS minus MIPAS (in % indicated by color scale) at 30 km, as a function of latitude and time, for standard (top) and tight
(bottom) collocation criteria.

detailed analysis of biases and drifts between the instrument§ Summary
will be presented in a separate paper.
Figure 5 shows the time—latitude dependence of biases for
“GOMOS minus MIPAS” at 15 hPa~(30 km), for standard ~We have described the HARMonized dataset of OZone pro-
and tight collocation criteria. As seen in Fig. 5, the wider files (HARMOZ) based on limb and occultation data from

collocation criteria do not significantly change the observedSix satellite instruments: GOMOS, MIPAS, SCIAMACHY,
biases. At the majority of locations, GOMOS reports slightly OSIRIS, SMR and ACE-FTS. The main strength of HAR-
smaller ozone Va|ue5, and thigférence is stable in time. MOZ is thatitis User'friendly: the independent datasets from
Figure 6 shows mean (over all seasons) biases for 2007individual instruments, which passed thorough quality con-
2008 with respect to MIPAS, as a function of latitude and trol, are presented in the same form as far as possible (com-
altitude (subplots show relative fiirences for “instrument mon vertical grid, common parameters, and a common data
minus MIPAS"). The weighted mean (with uncertainties of format). Although the datasets are simple and user-friendly,
individual biases) is used for averaging of monthly bias val-they are also comprehensive: all important parameters at-
ues. Since the number of collocations with MIPAS over the tributed to individual datasets are presented. Quality of ozone
considered two years is large, the observeftedinces are  Profiles in HARMOZ is characterized by uncertainty esti-
statistically significant. Two features can be easily noticed inmates and the vertical resolution. The created data agree-
Fig. 6. First, MIPAS is biased high at altitudes of 40-45 km ment tables provide ready information for various bias and
with respect to all instruments. This feature has also been nodrift analyses. This information is of high importance in joint
ticed in MIPAS validation studies (Laeng et al., 2012, 2013). data analyses and in data merging. A detailed analysis of bi-
Second, a visible enhancement in SCIAMACHY data in the@ses and drifts between the Ozone_cci instruments will be
equatorial atmosphere a30 km is observed. This feature is the subject of a future publication.
unique for SCIAMACHY and also has been observed pre- Between the various datasets, there are ozone measure-
viously (Mieruch et al., 2012). The presented examples arénents available for all seasons, various times of day, and
only simple illustrations of possible analyses using the har-good latitudinal coverage. This user-friendly dataset can be

monized dataset and the data agreement tables. very interesting and useful for ffierent analyses and appli-
cations, such as data merging, data validatioffiedént inter-

comparisons, data assimilation and scientific research. The
system has been designed in a flexible and open way in order
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Figure 6. Latitude—altitude dependence of biases with respect to MIPAS (“instrument minus MIPAS” in % is shown in color scale). Dashed
black lines indicate:5 %.
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