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Abstract. This paper aims to summarise the current per-the system (CTM or NWP system). Where results diverge, a
formance of ozone data assimilation (DA) systems, to showmain explanation is the way ozone is modelled. It is impor-
where they can be improved, and to quantify their errors. Ittant to correctly model transport at the tropical tropopause,
examines 11 sets of ozone analyses from 7 different DA systo avoid positive biases and excessive structure in the ozone
tems. Two are numerical weather prediction (NWP) systemdield. In the southern hemisphere ozone hole, only the analy-
based on general circulation models (GCMs); the other fiveses which correctly model heterogeneous ozone depletion are
use chemistry transport models (CTMs). The systems examable to reproduce the near-complete ozone destruction over
ined contain either linearised or detailed ozone chemistry, othe pole. In the upper-stratosphere and mesosphere (above
no chemistry at all. In most analyses, MIPAS (Michelson In- 5 hPa), some ozone photochemistry schemes caused large
terferometer for Passive Atmospheric Sounding) ozone datdut easily remedied biases. The diurnal cycle of ozone in
are assimilated; two assimilate SCIAMACHY (Scanning the mesosphere is not captured, except by the one system
Imaging Absorption Spectrometer for Atmospheric Char- that includes a detailed treatment of mesospheric chemistry.
tography) observations instead. Analyses are compared tdhese results indicate that when good observations are avail-
independent ozone observations covering the tropospherable for assimilation, the first priority for improving ozone
stratosphere and lower mesosphere during the period July tBA systems is to improve the models.
November 2003. The analyses benefit strongly from the good quality of
Biases and standard deviations are largest, and sho#he MIPAS ozone observations. Using the analyses as a
the largest divergence between systems, in the troposphertfansfer standard, it is seen that MIPAS5% higher than
in the upper-troposphere/lower-stratosphere, in the upperHALOE (Halogen Occultation Experiment) in the mid and
stratosphere and mesosphere, and the Antarctic ozone holepper stratosphere and mesosphere (above 30 hPa), and of
region. However, in any particular area, apart from the tropo-order 10% higher than ozonesonde and HALOE in the lower
sphere, at least one system can be found that agrees well wigtratosphere (100 hPa to 30 hPa). Analyses based on SCIA-
independent data. In general, none of the differences caMACHY total column are almost as good as the MIPAS
be linked to the assimilation technique (Kalman filter, three analyses; analyses based on SCIAMACHY limb profiles are
or four dimensional variational methods, direct inversion) or worse in some areas, due to problems in the SCIAMACHY
retrievals.
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1 Introduction 2006b).
Different approaches can be used for ozone data assim-

The Assimilation of ENVISAT Data project (ASSET, http: ilation and the choice will vary depend upon the applica-
/ldarc.nerc.ac.uk/asset) aims to provide analyses of atmaion. For studies of chemistry and transport, assimilation
spheric chemical constituents, based on the assimilatiosystems can be based on chemical transport models. These
of observations from ENVISAT, and to develop chemical rely on operationally-produced analyses of wind and temper-
weather and UV forecasting capabilities. Data are assimature (such as those from ECMWF) to advect chemical con-
ilated into a variety of different systems, including chemi- stituents. If chemistry is treated approximately, these mod-
cal transport models (CTMs) with detailed chemistry or lin- els are extremely fast and can be used to assimilate many
earised chemistry, and Numerical Weather Prediction (NWP)months of observations in a few days on a desktop computer.
systems based on General Circulation Models (GCMs),Including a detailed chemistry scheme, with dozens of con-
either with linearised chemistry, or coupled to detailed- stituents and hundreds of reactions, allows a more accurate
chemistry CTMs. Data assimilation techniques (see e.g.simulation of the ozone distribution, but is slower. The CTM
Kalnay, 2003) include three and four-dimensional variationalapproach has been very popular for ozone analysis systems
data assimilation (3-D-Var and 4-D-Var) and the Kalman Fil- (e.g., Fisher and Lary, 1995; Khattatov et al., 2000; Elbern
ter (KF). Itis hoped that, by confronting these various modelsand Schmidt, 2001; Errera and Fonteyn, 20Btijner et al.,
and techniques with the newly available ENVISAT observa-2001; Chipperfield et al., 2002; Fierli et al., 2002; Cathala
tions, it will be possible both to gain an understanding of theiret al., 2003; Eskes et al., 2003, 2005a; El Amraoui et al.,
strengths and weaknesses, and to make new developments.2804; Massart et al., 2005; Segers et al., 2005a; Wargan et al.,
number of ozone analyses have been created within the AS2005). Itis also possible to introduce a prognostic ozone field
SET project; this paper compares them to independent obseas a relatively straightforward upgrade to an existing NWP
vations and to ozone analyses from outside the project. Thgystem (e.qg., Struthers et al., 2002; Dethof aridiht] 2004;
aim is to summarise the current performance of ozone dat&eer et al., 2006b), though ozone assimilation then becomes
assimilation systems, to show where they can be improvedpart of a very large operational system, requiring a super-
and to quantify their errors. computer. Much work is still required to confirm the pro-

Datasets of assimilated ozone will be useful for researctposed benefits (listed in the previous paragraph) of including
and monitoring of ozone depletion (e.g¥MO, 2003), ozone directly into NWP systems. One alternative approach
tropospheric pollution, and UV fluxes, and beyond this, is to couple CTMs, with a detailed description of chemistry,
ozone assimilation is expected to bring a number of benefitdo GCM-based NWP systems, such that feedbacks between
in NWP. First, in the upper-troposphere/lower-stratospherechemistry, dynamics and radiation can be maintained.
(UTLS), ozone has a photochemical relaxation time of order Current operational satellite ozone observations include
100 days, and it can be used as a tracer to infer atmospheribe Total Ozone Mapping Spectrometer (TOMS), measur-
motions using 4D-Var (e.g., Riishgjgaard, 1996; Peuch et al.jng total column ozone, and the Solar Backscatter Ultravi-
2000). Second, NWP systems have typically used a zonablet (SBUV) instrument (e.g., Bhartia et al., 1996), which
mean ozone climatology in modelling heating rates and in theproduces vertical profiles. ENVISAT, launched in 2002, pro-
forward radiative transfer calculations used in the assimila-vides the instruments MIPAS (Michelson Interferometer for
tion of satellite radiances such as those from the Atmospheri®assive Atmospheric Sounding), SCIAMACHY (Scanning
Infrared Sounder (AIRS). An estimate of the true 3-D ozonelmaging Absorption Spectrometer for Atmospheric Chartog-
distribution is likely to improve these calculations. Exper- raphy) and GOMOS (Global Ozone Monitoring by Occul-
iments at ECMWF found that variations in ozone amountstation of Stars). Between them, these instruments measure
of ~10 to 20% could result in changes in modelled tropi- many species beyond ozone, and vertical resolution is much
cal UTLS temperatures of up to 4 K (Cariolle and Morcrette, improved over the operational instruments. For example, Ml-
2006). The diurnal cycle of ozone is important in the mid- PAS has roughly twice the vertical resolution of SBUV in the
dle atmosphere. Model runs with diurnally varying ozone stratosphere (see e.g. Fig. 2, Wargan et al., 2005). Dethof
show temperature differences of up to 3 K in the stratospherg(2003a) and Wargan et al. (2005) show that ozone analyses
compared to those with climatological ozone (Sassi et al.are significantly better when MIPAS observations are assim-
2005). A prognostic ozone field also allows the modelling of ilated, compared to experiments using only total column or
feedbacks between radiation, chemistry and dynamics, antbw-vertical resolution observations like TOMS or SBUV.
this is expected to improve forecasts, especially over longer The ASSET project is based around assimilating the data
timescales. However, no study has yet found a clear benefirom ENVISAT. The EOS-Aura satellite, launched in 2004,
in terms of forecast scores (e.Nlorcrette, 2003). Finally, in  has instruments with similar capabilities. Research instru-
order to simulate a good ozone distribution, models used ilfents such as those on ENVISAT and Aura do, however,
assimilation systems must be able to simulate stratospheribave a limited lifetime and data products are not always
transport well; problems are often revealed when these modavailable quickly enough to be included in operational NWP
els are confronted with real observations (e.g., Geer et al.schedules. Hence research satellite data is often best used
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Table 1. Principal features of the analysis systems and climatologies. See Sect. 2 for details.
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Name Type  Winds Lon/Lat Levels Data Ozone observa- Ozone photo- Heterogeneous
resolution  from assim- tions chemistry ozone chem-
(degrees) 100 to ilation istry
1hPa scheme
ECMWF opera- NWP 0.5/0.5 21 4D-Var SBUV, GOME Cariolle v1.2 T <195K term
tional (approx.) total columns,
MIPAS  from
7/10/2003
ECMWF MIPAS NWP 0.5/0.5 21 4D-Var SBUV, GOME Cariolle v1.2 T <195K term
(approx.) total columns,
MIPAS
throughout
DARC/Met Office NWP 3.75/2.5 18 3-D-Var MIPAS Cariolle v1.0 Cold tracer
KNMI TEMIS CTM ECMWF 3.0/2.0 21 sub- SCIAMACHY  LINOZ Cold tracer
optimal TOSOMI total
KF columns
KNMI SCIA- CTM  ECMWF 3.0/2.0 21 sub- SCIAMACHY  Cariolle v1.0 Cold tracer
MACHY profiles optimal profiles
KF
BASCOE v3d24 CT™M ECMWF 5.0/3.75 21 4D-Var MIPAS 57 species PSCBox
BASCOE v3qg33 CT™M ECMWF 5.0/3.75 21 4D-Var MIPAS 57 species PSC
parametrization
MOCAGE- CTM  Arpege 2.0/2.0 17 (to 3-D- MIPAS Cariolle v2.1 T <195K term
PALM/Cariolle 5hPa) FGAT
MOCAGE- CTM  Arpege 2.0/2.0 17 (to 3-D- MIPAS REPROBUS Carslaw et al.
PALM/Reprobus 5hPa) FGAT (Lefevre et al.,, (1995)
1994)
MIMOSA CTM ECMWF 1.0/1.0 14 sub- MIPAS None None
optimal
KF
Juckes (2006a) CTM ECMWF 2.0/20 10 Direct MIPAS None None
(approx.) inversion

Logan/Fortuin/Kelder climatology

for re-analyses, and to help improve models and assimila- This is the first time an intercomparison of ozone assimila-
tion systems such that the operational observations may bgon systems has been made. Historically, intercomparisons

assimilated more successfully.

between GCMs have tried to standardise as many factors as
There have been a number of previous intercomparisonpossible (e.g. Gates, 1992; Pawson et al., 2000). Compared
between the ozone distributions in chemistry-climate modelso GCMs, there are many more areas where assimilation sys-
(Austin et al., 2003) and in CTMs (e.g., Bregman et al., 2001;tems can diverge, such as in the assimilated observations
Roelofs et al., 2003). These, and numerous other individ{also their errors and the quality control applied to them), the
ual studies, have illustrated the importance of correctly mod-assimilation technique, and the specification of background
elling ozone transport. It is also well known that in CTMs errors. This makes it much trickier to understand differences

driven by analysed wind fields, the stratospheric Brewer-between experiments.
Dobson circulation transports constituents far too quickly
(Schoeberl et al., 2003).

www.atmos-chem-phys.net/6/5445/2006/
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Since an intercomparison of assimilation systems is boungsis systems involved. It outlines many of the initial re-
to be difficult, why not simply rely on model-only results? sults and it draws initial conclusions on the various different
The reason is that assimilation systems often perform verymethods used. There is not scope in this paper for detailed
differently to models. This can result in problems: well comparisons, such as between different types of chemistry
known examples include the spin-down of tropical moistureschemes, or between 3-D-Var and 4-D-Var. These are any-
in the ECMWEF system (Uppala et al., 2005) and the excesway best performed in an experimental setting within a sin-
sive stratospheric Brewer-Dobson circulation produced bygle assimilation system. However, the intercomparison pro-
assimilated wind datasets. In contrast, some problems foundides a framework under which these results, and their signif-
in free-running models can be corrected, if not totally elim- icance, can be assessed by comparison to a variety of other
inated, by the regular insertion of observational data. Forassimilation approaches and systems. These more detailed
example, stratospheric tracer gradients become much monesults will be described in further papers. Most data, fig-
realistic in assimilation experiments compared to free modelures, and code are publicly available via the project website
runs (e.g. Chipperfield et al., 2002). Hence, data assimilatior{http://darc.nerc.ac.uk/asset).
systems need to be separately validated.

For this intercomparison, ozone analyses have been made
for the period July to November 2003, chosen because o2 Analyses
the availability of good quality MIPAS data. This period in-
cluded one of the largest ozone holes on record (e.g., DethoBefore describing in detail the analyses and climatologies in
2003a), caused by relatively low temperatures in a fairly sta-the intercomparison, we show examples of the ozone fields at
ble southern hemisphere (SH) polar vortex, which was de-68 hPa on 31 August 2003 (Fig. 1). Sunlight has started to re-
stroyed by the usual top-down break-up during October andurn to high latitudes after the winter, triggering the depletion
November (Lahoz et al., 2006). of ozone in a ring around the pole (see e.g., WMO, 2003).

Eleven analysis runs are included in the intercomparisonSunlight has not yet returned to the pole itself. The ring of
made using seven different systems, summarised in Table higher ozone (3 to 5ppmm) at about°4% is the remain-

As a reference, a climatology is also included in the inter-der of ozone that has descended throughout the SH high lati-
comparison. Most systems assimilate MIPAS ozone observatudes during the winter, from levels higher in the atmosphere
tions, though KNMI analyses assimilate SCIAMACHY in- where ozone amounts are greater. It is clear that at 68 hPa
stead. Apart from the common time period, and (in mostall the analyses show broadly similar and (from Sect. 5) re-
cases) the assimilation of MIPAS, we did not impose otheralistic structures. Compared to the others, the KNMI SCIA-
standardisation. This was both for reasons of expediency anMACHY profile analyses have a bias; due to a lack of ob-
also to include as many analysis products as possible in theervations before October they are based principally on the
intercomparison. Both CTMs and GCMs are representedfree-running model.

and ozone chemistry may or may not be modelled. If in-

cluded, it is done either by highly detailed reaction schemes2.1 ECMWF

or via a parametrization often known as a Cariolle scheme

(e.g., Cariolle and Bqlg, 1986; McLinden et al., 2000; Mc- Ozone observations have been assimilated into the opera-
Cormack et al., 2004). The Cariolle scheme is a linearisatiortional ECMWF analyses (http://www.ecmwf.int) since April

of ozone photochemistry around an equilibrium state, using2002. During 2003, GOME columns and SBUV profiles
parameters derived from a more detailed model. were assimilated, though in August and September 2003,

Analyses are interpolated from their native resolution ontothere was very limited availability of GOME data. MIPAS
a common grid and then compared to independent ozone datsias assimilated operationally from from 7 October 2003 un-
from Halogen Occultation Experiment (HALOE), ozoneson- til 25 March 2004. Here we consider two datasets: (a) the
des and TOMS, and to MIPAS. The common grid simplified operational analyses and (b) a dataset that includes assim-
the task of making the intercomparison, but it also introducedilated MIPAS ozone throughout the July-November period,
avoidable errors. Sectioh1 quantifies these errors; we do based on a pre-operational test suite before 7 October, and
not believe they have much impact on our conclusions. operational analyses after 7 October (Dethof, 2003a). In

Most of the analysis systems are focused on the stratoall cases, the MIPAS data is version 4.59 of the Near Real
sphere, but the scope of the comparison spans from the troFime product. Gross outliers in the MIPAS retrievals are re-
posphere to the mesosphere. This is because many of thjected based on a comparison against the background ozone.
assimilation systems produce output over the whole verticaMariational quality control is also appliecAfdersson and
range. The quality of the analyses is expected to be poor idarvinen, 1999).
the troposphere but it is still useful to quantify and under- The GCM in use when the analyses were made had a hor-
stand the errors in such regions. izontal resolution of T511+450 km) and 60 levels in the ver-

This paper introduces the intercomparison project, thetical, from the surface up to 0.1 hPa. Ozone was advected
method used, the independent data sources, and the analsing a semi-Lagrangian transport scheme. Ozone chemistry

Atmos. Chem. Phys., 6, 5445-5474, 2006 www.atmos-chem-phys.net/6/5445/2006/
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ECMWEF operational ECMWF MIPAS DARC/Met Office UM KNMI TEMIS

5.34
5.08

4.82
4.56
4.30
4.04
3.78
3.51
325
2992
2732
2478
2210
1.95
1.69
1.43
1.16
0.90
0.64

0.38
0.12

MIMOSA

Fig. 1. Ozone (ppmm) at 68 hPa in the southern hemisphere on 31 August 2003, shown on a polar stereographic projection bounded by the
equator.

was parametrized with version 1.2 of the Cariolle schemeGCM and no assimilation of HIRS (High resolution infrared
(Cariolle and Bqe, 1986; Dethof and 6ilm, 2004), which  radiation sounder) channel 9 ozone radiances.
includes a description of heterogeneous ozone depletion. Cli- The assimilating GCM has a horizontal resolution of
matological ozone (Fortuin and Langematz, 1995), not prog-3.75 longitude by 2.8 latitude and 50 levels in the ver-
nostic ozone, was used for modelling heating rates. tical, from the surface to~0.1hPa. It uses a new dy-
Data assimilation uses 4D-Var (e.g., Rabier et al., 2000)hamical core (Davies et al., 2005) which includes a semi-
Ozone is assimilated univariately, but it can still affect the Lagrangian transport scheme. This gives a better descrip-
dynamical analyses through the 4D-Var method (e.g., Ri-tion of the Brewer-Dobson circulation than that seen in Geer
ishgjgaard, 1996) and through the influence of ozone orft al. (2006b). Ozone photochemistry is parametrized by
the assimilation of temperature radiances. Background erv1.0 of the Cariolle and Bqie (1986) scheme. Improving
ror correlations are calculated using an ensemble of analyse®n Geer et al. (2006b), heterogeneous ozone chemistry is
(Fisher, 2003); background error variances are flow depenow parametrized, using a cold tracer scheme (Eskes et al.,

dent. 2003). Climatological ozone (Li and Shine, 1995), not the
prognostic field, is used for modelling heating rates.
22 DARC/Met Office Data assimilation uses 3-D-Var (Lorenc et al., 2000). As

for ECMWF, ozone is assimilated univariately, but 3-D-Var

The Met Office NWP system has recently been extended té:I oes not infer dynamlcal |nformat.|on, SO the_ °r?'y effect of
)zone on the dynamical analysis is through its influence on

allow the assimilation of ozone (Jackson and Saunders, 200 . S )
emperature radiance assimilation. Background error covari-

Jackson, 2004) but ozone is not assimilated operatlonallyances are uniform for all latitudes and longitudes, and they

Here, MIPAS v4.61 ozone and temperature are assimilated Irglre based on the ECMWEF vertical covariances. As illustrated

re-analysis mode, alongside all operational dynamical obseri—n Geer et al. (2006b), the MIPAS ozone observations are

vations, using a stratosphere/troposphere version of the op- . . .
erational NWP system. The system is that described in GeeSUbJect to quality control, but with a lax threshold, so very

et al. (2006b), but with a number of improvements to the]rew observations are rejected.

www.atmos-chem-phys.net/6/5445/2006/ Atmos. Chem. Phys., 6, 5445-5474, 2006
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2.3 KNMI servations in the ozone hole are rejected. Observations are
also rejected if they fail a check for spurious vertical oscilla-

The Royal Netherlands Meteorological Institute (KNMI) op- tions in the profile.
erateaCTM (knOWﬂ as TM5) which has been used to assimi- The model includes 57 chemical Species and 4 types of
late SCIAMACHY ozone data. The CTM uses a subset of 44stratospheric PSC particles (ice; supercooled ternary solu-
of the ECMWF model levels, from the surface to 0.1 hPa, ontion, STS; nitric acid trihydrate, NAT; sulphuric acid tetrahy-
a 3 longitude by 2 latitude grid. Data assimilation is done drate, SAT) with a full description of stratospheric chemistry
using a sub-optimal Kalman Filter (see e.g., Kalnay, 2003),and microphysics of PSCs. All chemical species are advected
where the background error variances, but not the COfre'aand interact through 143 gas-phase reactions, 48 ph0t0|y5is
tions, are advected as a tracer. Two different configurationgeactions and 9 heterogeneous reactions. To allow for calcu-
are presented. lating transport of PSCs, size distributions of each type are

The first configuration assimilates total column ozone discretized using 36 bins from 0.002 to 36 um. PSC micro-
from SCIAMACHY, retrieved at KNMI using the TOSOMI  physics is described by the PSCBox scheme (Larsen et al.,
algorithm (Total Ozone retrieval scheme for SCIAMACHY  2000). In order to improve agreement with MIPAS ozone,
based on the OMI DOAS algorithm, Eskes et al., 2005b). Theo, photolysis rates were multipled by 1.25. This version is
CTM is driven by ECMWEF operational analyses of winds referred to as v3d24.
and temperatures. Ozone photochemistry is parametrized us- Based on early results of this intercomparison, a new
ing the LINOZ scheme (MCLinden etal., 2000), avariant on version of BASCOE, V3q33, was produced_ Among the
Cariolle and [2qe (1986). Heterogeneous chemistry useschanges, v3g33 replaces the full PSC calculation by a
a cold tracer scheme. For assimilating total column obserparametrization that defines (1) surface area density of ice
vations, the vertical error correlations are set proportional toand NAT when their occurrence is possible and (2) the loss
the vertical ozone profile. The system is very similar to that of HNOz and HO due to sedimentation (Chabrillat et al.,
described in Eskes et al. (2003). 2006Y). Ice PSCs are supposed to exist in the winter/spring

The second Configuration assimilates ozone prOfiles (”:ﬁ:)o|ar regions at any gr|d point where the temperature is
v1.6) from the limb-sounding mode of SCIAMACHY. SCIA-  colder than 186 K, and NAT PSCs at any grid point where the
MACHY limb profiles are mainly available for October and temperature is colder than 194 K. The surface area density
November 2003; July to September is a free model run aparfs set to 10° cm?/cm? in the first case and 10 cm?/cm?®
from a few assimilated profiles in August. The main uncer-in the second. Additionally in v3q33, Ophotolysis rates
tainty in the SCIAMACHY product is pointing, which has are no longer scaled; this reduces the bias against HALOE
a vertical offset of 1-2km (Segers et al., 2005b). All pro- pyt increases it against MIPAS (see Sect. 5.1). Finally, the
files have been shifted in the vertical to get the best matcharakawa A grid of v3d24 was replaced by a C grid (see e.g.,
with model forecasts prior to analysis. Ozone chemistry isKalnay, 2003) in v3qg33.
parametrized using Cariolle andeue (1986) v1.0 and a  The CTM is driven by ECMWF operational analyses of
cold-tracer scheme. The CTM is driven by ECMWF short ywinds and temperatures, and uses a subset of 37 of the
range forecasts at 3 hourly intervals. The system is otherecMWF model levels, from the surface to 0.1 hPa, orfa 5
wise similar to that described in Segers et al. (2005a). longitude by 3.75 latitude grid.

Data assimilation is done using 4D-Var. The background
error standard deviation is set as 20% of the background
The Belgian Assimilation System of Chemical Observations222"¢ amount. Though there are no off-diagonal elements

from ENVISAT (BASCOE, http://www.bascoe.oma.be) is a in the background error covariances (i.e. no vertical or hor-

AD-Var assimilation system descended from that describeézomal correlations), information from MIPAS observations

in Errera and Fonteyn (2001). Studies of the Antarctic and!sS ;Sallmsspr?_'aedr;hrtos\?:r;hzsotl?]see;vatrlizn gﬁi;aézrr’r;jngnmr;ﬁ;
Arctic winter using the CTM of BASCOE can be found in y ‘ ' 9 grdp 9

: measurement point, and the relatively broad horizontal reso-

Chabrillat et al. (2006) and Daerden et al. (2006). MI- X . . .
PAS v4.61 ozone (§), water vapour (HO), nitric acid lution of the grid also helps to spread the information.
(HNOg), nitric dioxide (NG&), methane (Ch) and nitrous 25 Meteo-France/CERFACS
oxide (\,O) are assimilated. Observations are subjected to
an Optimal Interpolation Quality Check (OIQC, e.9. Gau- The Meteo-France/CERFACS assimilation system is based
thier et al., 2003). In practice, the lowest MIPAS ozone ob—upon the 3-D CTM MOCAGE and the PALM software (Mas-

1Chabrillat, S. H., Van Roozendael, M., Daerden, F., Errera’Eﬁ’:tni[tzlal:vsgfgloyéggsla\:ﬁlﬂt ozone data are assimilated,
Q., Hendrick, F., Bonjean, S., Wilms-Grabe, W., Wagner, T., . . ]
Richter, A., and Fonteyn, D.: Quantitative assessment of 3-D PSC- The PALM framework is particularly versatile, as both

chemistry-transport models by simulation of GOME observationsthe CTM degree of sophistication (for instance, the num-
during the Antarctic winter of 2002, in preparation, 2006. ber of chemical tracers involved, the physical or chemical

2.4 BASCOE
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parametrizations, the horizontal and vertical geometries) anaiing the stratosphere-00 hPa to~1hPa) and a%lby 1°

the data assimilation technique can be changed easily; thiktitude-longitude grid. Advection is semi-Lagrangian. The
makes the MOCAGE-PALM system a useful platform for model includes neither ozone chemistry nor cross-isentropic
sensitivity studies in chemical data assimilation. transport.

MOCAGE is a flexible tropospheric and stratospheric 3- Data assimilation is done using a sub-optimal Kalman
D CTM developed at Mteo-France, offering several con- Filter with advected background error variances, and uses
figurations of varying computational costs. Two separatethe Physical Space Assimilation System method (PSAS, e.qg.
configurations are examined here. The first uses lineaKalnay, 2003). Background error correlations are flow de-
ozone chemistry, with v2.1 of the Cariolle an@de (1986)  pendent and anisotropic, specified in terms of distance and
scheme. The second includes a detailed representation dlfie potential vorticity (PV) field. The model error covari-
stratospheric and upper tropospheric chemistry, based upoance Q) is diagonal, and proportional to the ozone amount,
the REPROBUS chemical scheme (kefe et al., 1994), x, e.g.0=(¢x)2 whereq=0.024 day! and has been tuned
which comprises 55 transients and species and takes into acsing x 2 tests.
count heterogeneous chemistry on polar stratospheric clouds ECMWF operational temperature and pressure fields are
(Carslaw et al., 1995; Lefrre et al., 1998). The REPROBUS used to interpolate these isentropic analyses onto pressure
chemistry version of MOCAGE has already been used forlevels for this study.

UTLS assimilation studies (Cathala et al., 2003). A more

comprehensive version of MOCAGE, with comprehensive2.7 Juckes

tropospheric chemistry, is run daily in operational mode at

Méteo-France for chemical weather and air quality appli- These are analyses produced by a direct inversion method
cations (Dufour et al., 2004, see daily global forecasts at(Juckes, 2006a,b), which assimilates months of MIPAS v4.61
http://www.prevair.org/en) ozone data by making a single iterative solution. The phys-

MOCAGE relies on a semi-Lagrangian advection schemeical constraint is based on an isentropic transport equa-
(Josse et al., 2004). For the experiments presented heréon. Rather than discretising the predictive equations (which
MOCAGE has a 2by 2° horizontal resolution and 47 hybrid would give a CTM), the product of these equations with
sigma/pressure levels extending from the surface up to 5 hPdheir adjoint is discretised. The resulting self-adjoint sys-
The meteorological forcings are@#o-France ARPEGE op- tem of equations is solved with a multigrid relaxation algo-
erational meteorological analyses of pressure, winds, temfithm. This is equivalent to solving the Kalman Smoother
perature and humidity (Courtier et al., 1991), available every(e.g. Rodgers, 2000) with fully advected background error
6h. covariances. However, this technique avoids the need to rep-

Any assimilation algorithm can be seen as a sequencéesent the background error covariance matrix explicitly.
of elementary operations or elementary components that Ozone transport is driven by ECMWF operational winds
can exchange data (Lagarde et al., 2001). Based on thignd temperatures, on 13 isentropic levels from 380K to
idea, the CERFACS PALM software (http://www.cerfacs.fr/ 3000 K. In the horizontal, a binary thinned latitude-longitude
~palm) manages the dynamic launching of the coupled comspherical grid is used, giving approximately By 2° res-
ponents (forecast model, algebra operators, 1/0 of observaelution. The model error covariancgy is diagonal, with
tional data) and the parallel data exchanges. The MOCAGEa constant value of 0.02 pprfday’. The model includes
PALM assimilation system is set up here in a 3-D-FGAT con- neither ozone chemistry nor cross-isentropic transport. As
figuration (3-D First Guess at Assimilation Time, Fisher and for MIMOSA, ECMWF pressure and temperature fields are
Andersson, 2001). As a first approximation, background er-used for interpolation onto pressure levels in this study.
ror standard deviations are prescribed as 20% of the back-
ground ozone amount. In order to spread assimilation incre2.8 Climatology
ments spatially, horizontal background error correlations are
modelled using a generalized diffusion operator (Weaver andlo contrast with the assimilated ozone fields, we include a
Courtier, 2001), with a length-scale of;4no vertical back- ~ climatology-derived product in the comparison. As a mini-

ground error correlations are considered. mum, we would expect the analyses to do better than clima-
tology. We combine the Logan (1999) tropospheric ozone
2.6 MIMOSA climatology with the Fortuin and Kelder (1998) stratospheric

ozone climatology. In each case, the climatologies are re-
MIMOSA (Modele Isentrope de transportéddchelle de  solved on a monthly basis.
I'Ozone Stratospérique par Advection) is a CTM driven by The Logan (1999) climatology uses ozonesonde, sur-
ECMWF operational winds and temperatures (Fierli et al.,face in-situ data and the TOMS/Stratospheric Aerosol and
2002). MIPAS v4.61 ozone data are assimilated. There is ndsas Experiment (SAGE) tropospheric residual, to produce
quality control; all observations are included. There are 16a partly 3-D and partly 2-D climatology on 13 levels from
isentropic levels from 335 K to 1650 K, approximately span- 1000 hPa to 100 hPa, covering latitudes fromi 830 8% N.
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Fig. 2. Standard deviation of ozone background error, given as a ) _
percentage relative to climatological ozone, averaged for the periodmpact of observations on the system will also depend on
7 October 2003 to 31 October 2003 in the regias80° S to 30 N how many observations are rejected by quality control.

and(b) 60° Sto 90' S, for the analysis systems of ECMWF, DARC,  \We examine the background error standard deviation

BASCOE and MOCAGE-PALM (see key in Fig. 3). MIPAS error (j o the square root of the diagonal of the background error
standard deviations, averaged for the same region and time perio

h by the black [ ovariance matrix) from a number of the analysis systems,
are shown by the blackine. and compare it to the MIPAS ozone observation error stan-
dard deviation (Fig. 2). In each case these have been nor-

The Fortuin and Kelder (1998) climatology uses ozoneson-malised by the climatological ozone amount (see Sect. 4 for

des, SBUV and TOMS total ozone, from 1980 to 1991, to the method). The comparison is done to illustrate the var-

produce a 2-D (latitude-pressure) climatology with 19 Ievels'ed approaches to background error modelling, and to give

from 1000 hPa to 0.3 hPa and covering latitudes fromB0 some indication of the weight assigned to observations in the
to 8¢ N ' different systems. As already noted, however, many other

i . . factors affect the observations’ weight in the final analysis.
An ozone field was created on the intercomparison com-

mon grid, daily at 00Z and 127, by interpolating the clima-  F19ure 2 shows large differences in the ozone background
tologies linearly in time, and treating the climatologies as € standard deviations assumed in the assimilation sys-

representative of the 15th of each month. Beyond the north{€MS- In the mid and upper stratosphere (levels above
ern and southern limits of the climatologies, horizontal ex- 30 "P#), DARC and ECMWF background error standard de-
trapolation was done at constant value. Logan (1999) value¥iations are less than 5% of the ozone field. These are
were taken for levels at 150 hPa and below, and Fortuin andltimately derived from an ensemble of analyses (Fisher,
Kelder (1998) above, up to 0.3 hPa. Figure 1 shows that thi003); the small standard dev_iations in the upper stratosphere
results in a zonal distribution which, as expected, does nofNd mesosphere are most likely due to the strong control

represent the synoptic features in the ozone field. of the ozone field by parametrized ozone photochemistry
schemes at these levels. The BASCOE and (to 5 hR#9d4
2.9 Comparison of ozone background errors France/CERFACS systems have background error standard

deviations of typically 20%, based on ad-hoc methods. At
The background error covariance matrix (eiglnay, 2003) these levels the DARC and ECMWF analyses are likely to
is important in determining the weight given to observationsgive less weight to observations. MIPAS observation errors
in data assimilation. In general, at the observation point,are markedly larger at the tropical tropopause, and all the
more weight is given to the model as the background errorsystems are likely to give relatively lower weight to MIPAS
standard deviation becomes smaller compared to the obsefbservations here than in the rest of the stratosphere.
vation error standard deviation. However, the spreading of The specification of background errors is known to be one
information away from the observation point is determined of the most difficult parts of any assimilation system. From
by the background error correlations, any observation errofFig. 2 and the details given earlier, we see that ozone assim-
correlations (not usually considered), and the observation opHation systems use very varied and often ad-hoc approaches
erator. Here, only the DARC and ECMWF systems includeto modelling background error covariances. Despite this, we
vertical correlations in the background errors. The generalater find that the quality of the analyses is often similar: any
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differences coming from the background errors are too small MIPAS coverage
to be identified in an intercomparison. This is certainly an ~ 10000[ ! ' ' ! N
area where more studies are needed. . :
8000 ' ' ul
I L ]
3 Ozone observations [ ]
Aug
6000
3.1 MIPAS ‘% [ L —
(@) L
MIPAS observations are used in two ways in this paper. First, 4000 : : Sep
MIPAS ozone observations have been assimilated into all the T L ]
analyses, except those from KNMI, which assimilated SCIA- i : : Oct 1
MACHY instead. The exact set of MIPAS observations in- 2000 s L E—— 1]
cluded in each system will vary, depending upon the quality - ; ; 1
control procedures used. Second, in order to calculate statis- ol i i Npv i i
tics for the intercomparison, we have compared a fixed set of -90 -60 -30 Lati?ude 30 60 90
MIPAS observations to all the analyses including those from
KNMI.

MIPAS is an interferometer for measuring infrared emis- Fig. 4. Number of MIPAS profiles used for validation, by latitude
sions from the atmospheric limEiécher and Oelhaf, 1996). (in 10° bins) and by month, for July to November 2003. Histograms
MIPAS operational data are available between July 2002 andor different months have been staggered by an interval of 2000
March 2004, after which instrument problems meant it couldcounts.
only be used on an occasional basis. The operational mea-
surements were made along 17 discrete lines-of-sight in the, . e .
reverse of the flight direction of ENVISAT, with tangent algorithm (e.g., Talagrand, 200Stajner etal,, 2004). We did

. . . not use the O-F statistics produced by the assimilation sys-
heights between 8 .km and 68 km: The vertical resolution WaSems themselves but instead calculated statistics from a com-
~3 km and the horizontal resolution was800 km along the

line of sight. ENVISAT follows a sun-synchronous polar or- parison between the common-gridded analyses and a fixed

bit, allowing MIPAS to sample globally, and to produce up to set of MIPAS observations. This was done to avoid reading a

1000 atmospheric profiles per dav. Coverage is auite uni plethora of different file formats, to ensure that a fixed set of
L P P per day. Loverage IS quit observations was used, and to be able to calculate statistics
form in time and there are only minor variations with latitude

. for those analyses which did not include MIPAS observa-
(see Fig. 4).

. . . tions. Section 4.1 quantifies the errors resulting from the use
From the infrared spectra, ESA retrieved profiles of pres- d g

c of the common grid. The fixed set of MIPAS observations
sur(‘je, tgmperaturel,7ozone, Watgr vapEogg gglgfzpq Ha lini included all those supplied in the ESA data files except those
and NO at up to 17 tangent points ( ' » RaSPOIIN 14t failed screening criteria developed during data assimila-

et al., 2006). MIPAS version 4.61 data, reprocessed Ofﬂ,'netion experiments at DARC (Lahoz et al., 2006).

is used throughout this work, except in the ECMWF assim- To calculate statistics of the difference between analysis

|Iat|(()jn [Il_Jr?S dY]thefe the tl)\letar Real 4T5|rge Vg‘si GperdUCt WaSand MIPAS, the MIPAS retrievals are treated as point mea-
used. ‘The diierences between va.o9 and va.bl processoly, .ements and the analyses are interpolated to the MIPAS

are minor. ) .. retrieval points linearly in IaP) in the vertical. The paired
MIPAS ozone appears unbiased when compared t0 indegterences are then binned to the nearest pressure level on

pendent data except in the lower stratosphere where a smaf\q jntercomparison grid. It is well known that comparison in

positive bias has been noted (Dethof, 2003a,b, 2004; FiSCh%rms of radiances, or the use of averaging kerrégigers,
and Oelhaf, 2004; Wargan et al., 2005; Geer et al., 2006b)o00. Migliorini et al., 2004), produces a better representa-

However, a comparison against ozonesondes using the Mg, of the information content of the retrievals: these meth-
PAS averaging kemels, but only a limited number of coloca- o s 5re increasingly used in calibration and validation activi-

tions, identified no bias (Migliorini et al., 2004). In Sect. 5.3 ioq Byt here, no assimilation system uses MIPAS radiances
we find a positive bias of order 5% in the upper stratospherg,; 5 ayeraging kernel representation, so it is the bias in M-

with respect to HALOE, increasing to roughly 10% with re- pag retrievals, treated as a point values, that is important.
spect to sonde and HALOE in the lower stratosphere. The

official MIPAS validation papers are currently in preparation. 3 2 Ozonesondes

Typically, assimilation systems produce observation mi-
nus first guess (O-F) statistics that are used for monitoringDzonesondes are used as independent data to validate the
biases between the observations and the models, and chec&nalyses. Profiles have been obtained from the World
ing that statistical assumptions are valid in the assimilationOzone and Ultraviolet Radiation Data Centre (WOUDC,
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Fig. 5. Number of ozonesonde profiles used for validation, by lati-
tude (in 10 bins) and by month, for July to November 2003. His-
tograms for different months have been staggered by an interval of
50 counts.

http://www.woudc.org/), Southern Hemisphere Additional [ A ]

Ozonesondes project (SHADOZ, http://croc.gsfc.nasa.gov/ ~ 1000L — L

shadoz/, Thompson et al., 2003a,b) and the Network for 0 5 ozontO/mPa 15 20

the Detection of Stratospheric Change (NDSC, http://www.

ndsc.ncep.noaa.gov/). We use ozonesonde ascents from 42

locations, not including the Indian stations, and compris-Fig. 6. Example of comparison between sonde ozone at full resolu-

ing mostly Electrochemical Concentration Cell (ECC) types, tion (black line), layer-averaged (black triangles) and the analyses

with five locations using Carbon-lodide sondes and one locafkey in Fig. 3) at 11:36 UTC on 24 September 2003 at Legionowo

tion using Brewer-Mast sondes. We approach this dataset i21.0° E, 52.# N).

the knowledge that it may be somewhat heterogeneous, both

in the sonde types used, but also in the correction factors ap-

plied to the data, and in the operating procedures at each sitélle points between 125hPa and 84 hPa. Especially within

See Komhyr et al. (1995) and Thompson et al. (2003a) forthe polar vortex, sondes may drift long distances during their

more discussion of the importance of these techniques anéscent, but tracking information is not always supplied. We

procedures. However, we believe this heterogeneity is wortrflisregard the horizontal movement of sondes and assign the

accepting in order to gain the widest global coverage. Themeasurement position as the launch longitude and latitude.

number of sonde ascents available to this intercomparison, Figure 6 gives an example of the intercomparison, show-

and their latitudinal and temporal coverage, are summariseéhg both the full-resolution sonde profile and the layer-

in Fig. 5. Sondes typically make measurements from the suraverages used to calculate statistics, alongside a number of

face to around the 10 hPa level. different analyses. We will return to this figure in Sect. 5.5.
Total error for ECC sondes is estimated to be withir%

to +17% in the upper tropospher5% in the lower strato- 3.3 HALOE

sphere up to 10hPa and14% to +6% at 4 hPa (Komhyr

etal., 1995). Errors are higher in the presence of steep ozond ALOE (Russell et al., 1993) uses solar occultation to de-

gradients and where ozone amounts are low. rive atmospheric constituent profiles. HALOE is used here
In order to compare sonde profiles, with a relatively high as independent data for validation. Figure 7 shows the cover-

vertical resolution, to the analyses on the intercomparisorage available. The nature of the solar occultation technique

common grid, the sonde profiles are averaged over a layemakes the data sparse in time and space, with about 15 ob-

bounded by the half-way points (calculated linearly) be- servations per day at each of two latitudes. The horizontal

tween the common pressure levels. For example, analysagsolution is 495 km along the orbital track and the vertical

at 100 hPa are compared to the mean of any ozonesonde proesolution is about 2.5 km.
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We use an updated version 19 product, screened for cloud HALOE coverage
using the algorithm of Hervig and McHugh (1999), and ! ! : aul : : ;
available from the HALOE website (http://haloedata.larc. 1400;' E 5 5 : ]
nasa.gov/). We found that, compared to the previously .ot s 5 [ ]
available version 19, the one with cloud screening substan- [ : 5 Aug 5 5
tially improved the quality of results in this intercompari- 1000 5 E b
son around the tropical tropopause. Aside from the cloud i |_,_\_‘__—_‘_\— .
screening, version 19 ozone retrievals are nearly identical to€ 800:— E E Sep E -
those of v18, and above the 120 hPa level they agree withS ; H : H ]
ozonesonde data to within 10% (Bhatt et al., 1999). Below 600} ; ; oot
this level, profiles can be seriously affected by the presence [ ; ; ; : ]
of aerosols and cirrus clouds. A0F —— ; o ]
HALOE profiles are supplied on 271 levels with very close 200k ; ; Nov ; ; R
vertical spacing, but vertical variation is smooth due to the i : : : : 1
much broader vertical resolution of the instrument. Hence, to ob— 1 —.—'—:—_—nl_l_.
compare to the analyses on common pressure levels, HALOE -90 -60 -30 Laﬁ?ude 30 60 90

is simply interpolated between the nearest two of the 271
levels. Longitudes and latitudes vary with height in HALOE
profiles but for this comparison, those at 10 hPa are taken tgig. 7. Number of HALOE profiles used for validation, by lati-

be representative of all levels. tude (in 10 bins) and by month, for July to November 2003. His-
tograms for different months have been staggered by an interval of
3.4 TOMS 300 counts.

The Total Ozone Mapping Spectrometer (TOMS) measures

backscattered ultraviolet radiances with high horizontal res-data. Based on the results of sensitivity tests (Sect. 4.1), the
olution (38km by 38km) and daily near-global coverage. choice of a 3.75 longitude by 2.5 latitude grid, 37 fixed
There are small gaps between orbital coverage bands neffessure levels, and twice daily analyses (00Z and 127) ap-
the equator. During the intercomparison period, due to theP€ars to be a reasonable compromise. Pressure levels are 6
lack of sunlight at very high latitudes, there is no data in Per decade between 0.1 hPa and 100 hPa (as used on the Up-
July, August and September in the southern high latitudesPer Atmosphere Research Satellite (UARS) project). Below
the same for October and November in the north. TOMS isthis, there are levels at 150, 200 hPa, and so on every 50 hPa
not assimilated in any of the analyses evaluated here. down to 1000 hPa.

We use version 8 of the level 3 total column ozone prod- All comparisons against independent data, except those
uct, which is a daily composite of binned observations. Ver-against TOMS (see Sect. 4.1), were made using analyses on
sion 8 has partial corrections for calibration problems in thethe common grid. All vertical interpolations were done lin-
post-2000 TOMS data from the Earth Probe satellite, andearly in In(P?) (whereP is pressure) and all horizontal inter-
improved retrievals under extreme conditions (high observapolation, bilinearly in longitude and latitude.
tion angles, in the Antarctic, aerosol loading) compared tov7 Statistics were built up from the difference between anal-
(McPeters, personal communication, 2004). A full validation yses and observations. In this paper, statistics were binned in
of TOMS v8 has not yet been published, but v7 uncertaintieghe regions referred to here as the southern and northern high
were estimated as about 2% for the random errors, 3% fotatitudes (90 S to 60 S and 60N to 9C° N, respectively),
the absolute errors and somewhat more at high latitudes duée southern and northern midlatitudes {60to 30 S and

to the higher zenith angle (McPeters et al., 1998). 30° N to 6C° N respectively) and the tropics (38 to 30 N).
Statistics were binned monthly; also for the entire period 18

August 2003 to 30 November 2003 (before 18 August 2003,
4 Method the DARC analyses were not adequately spun up).
Ozone amounts vary by many orders of magnitude through
All analyses were interpolated from their native resolutionsthe atmosphere. Units of partial pressure emphasise the
onto a common grid. This was done to make the intercom-UTLS; units of mixing ratio emphasise the mid and upper
parison task easier, but with the knowledge that it would in-stratosphere. In order to give approximately equal weight
troduce a small extra source of error, quantified in Sect. 4.1.through the atmosphere, statistics were normalised with re-
The resolution of the common grid was determined by thespect to climatology, and displayed as a percentage. As
need to minimise storage requirements whilst not losing im-an example, for a particular bin (e.g. July in the tropics at
portant geophysical variability in time or space, and so min-100 hPa), wheréruns over alk observations in this bin, the
imising colocation error when comparing with independent percentage mean differendebetween analysis interpolated
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Fig. 8. Effect of varying horizontal and temporal resolution in
comparisons between analysed and sonde ozone. The figure shows
standard deviation of (analysis — sonde) for 8 October 2003 to 28 ~7

November 2003 for(a) 30° S to 30 N at 32 hPdb) 60° S to 90' S 100.0 bt bl

at 32hPa andc) 30° N to 60° N at 200hPa. Crosses represent -20 -10 M%anl& 20 30 OSt:fr?darAdO desgtiosnolfyioo

DARC analyses at 3.75by 2.5 resolution. Diamonds represent

ECMWF operational analyses reduced to Gaussian N80 resolution

(approximately 1._12‘5by 1.125). The_se are joined by a line to tri- Fig. 9. BASCOE — HALOE ozonda) bias andb) standard devia-

angles representing ECMWF operational analyses reduced to 3.75,. . . ) . .
. tion, normalised by climatology, calculated with a 12 h time window

by 2.5° resolution. . . . . . .

on the intercomparison grid (solid) and from the original model grid
and with a time mismatch of less than 15 min (dashed). The averag-
ing period is 18 August 2003 to 30 November 2003 and the region

to the observation positiond{) and observationd), would is 3 S to 30 N.

be calculated as

T3 (A 1
d = 100 x L 1)
C

wherec is the mean of the Logan/Fortuin/Kelder climatol-

temporal variability of ozone appears to be fairly small. The
main regions where the temporal and spatial resolution are
; : X ; important are the polar stratosphere (e.g. Fig. 8b) and the
ogy at this level, for this month, and for this region (e.g. the nigjatitude UTLS (e.g. Fig. 8c). Here, time windows longer
tropics, 30 S to 30 N). This climatology does not go above 5, 15 h appear to increase standard deviations quite consid-
0.3hPa, so at the top levels (0.21, 0.15 and 0.1hPa) we Usgap|y Increased spatial resolution is unimportant in the po-
mean ozone from the BASCOE v3q33 run instead. This pary, regions, but does have a small effect in the UTLS. Degrad-
ticular approach to normalisation was chosen to reduce thg,, snatial resolution further to that of the BASCOE analyses
influence of very small ozone amounts on the percentaggs. py 3.75) made essentially no difference, and the results
statistics. If a formulation is chosen that includgsn the 5.6 ot shown. Hence, it is the time resolution, rather than
denominatord can show very large percentage values at they,q porizontal resolution, that limits the accuracy of the in-
tropical tropopause and in the ozone hole. tercomparison. The 12 h time window appears a reasonable
compromise.

In the mesosphere, however, there is a strong diurnal cycle
We investigated the effect of the horizontal and temporal gridin 0zone (Sect. 5.8). Figure 9 examines the effect of this on
resolution on the statistics @fA;—1;), by varying the time  the statistics of (BASCOE — HALOE) ozone for the tropical
and space resolution of the ECMWF and DARC analyses infegion. Results at other latitudes are similar. Only the BAS-
comparisons to independent data. As previously described-OE analyses simulate a diurnal cycle. In a special run of
the intercomparison only considers analyses at 00Z and 12he assimilation system, profiles were generated at HALOE
hence independent data colocations are found within a tim@bservation locations at the nearest model timestep, giving
window of 12 h. We found that changing the spatial or tem-a maximum time mismatch of 15min. Statistics generated
poral resolution of the common grid had very little effect using a 12h time window are substantially different above
on the mean differences between analysis and sonde. How?-5 hPa, indicating the effect of the diurnal cycle. Hence in
ever, the standard deviations were affected in some region#is work we do not show MIPAS or HALOE statistics above
and Fig. 8 shows results for four selected time windows: 6,the 0.5hPa level.

12, 24 and 48 h. We first consider the tropical stratosphere The influence of vertical interpolation on the statistics
(Fig. 8a), where changing the temporal and horizontal resis more complicated. In the case of TOMS, experiments
olution makes very little difference, and the horizontal and showed that going from the 50 levels of the DARC analyses

4.1 Sensitivity tests

Atmos. Chem. Phys., 6, 5445-5474, 2006 www.atmos-chem-phys.net/6/5445/2006/



A. J. Geer et al.: Intercomparison of ozone analyses 5457

to the 37 common levels caused a bias in total column cal- 01T T T AR AR LA L R
culations of between 3 DU and 7 DU. Hence, 0zone columns AN @) (b)
were calculated for all analyses from their original vertical >
resolution. Ozonesondes and HALOE have a dense vertical [

spacing, even if in the case of HALOE the actual resolution 10
is much lower. Ozonesonde measurements were binned ontog

the common levels; HALOE was interpolated. In neither of

these cases do we expect large problems with vertical repre- 10.0f

sentativeness.
Itis in the comparisons with MIPAS that issues of vertical

representation and interpolation are most serious. Interpo-
lation errors can be large where the field being interpolated 100.0¢

has extrema or sharp kinks; in ozone profiles the sharp transi-

Pressure /hP.

tion at the tropical tropopause between very low tropospheric N /’—<
ozone values and much higher stratospheric values is one of 100001 o L
the most severe. To calculate statistics of (analysis — MI- 60-40-20 0 20 40 60 O 20 40 60 80 100
PAS) in this study, the analyses are interpolated from the in- Mean /% Standard deviation /%

tercomparison common grid to the MIPAS retrieval points.
What was the loss of accuracy compared to statistics cal- _ o _ _
culated by interpolating directly from the analyses on their Fig- 10. Effect of different vertical interpolation strategie¢a)
original model levels? This is likely to have been a more ac-Méan and(b) standard deviation of (ECMWF — MIPAS), nor-
curate approach. As an example, Fig. 10 shows the mean ar{’aallsed by climatology. The strategies were to interpolate ECMWF
L - . to MIPAS from the original 60 model levels (red), and from the

standard deviation of (ECMWF — MIPAS) for the tropical re- id (black). Th . iod is 18 003

i Iculated by these two different methods Comparquommon grid (black). The averaging period Is 18 August 0
g|0n,.ca y_ " 0 November 2003 and the region i3®to 30 N.
to using full resolution analyses, the common grid changes
MIPAS biases versus ECMWF by up to 7% near the tropi-

cal tropopause (at 100 hPa and 68 hPa). A similar change i§ . .
s 0 November 2003, normalised by climatology (see Sect. 4).
found at the midiatitude tropopause at 100hPa (not Shovvn)lndicated at the top of the figureyis the nugsk;esr of profiles)

but elsewhere the effect of the common grid is less than 2%. . o C
The common grid has virtually no impact on the standard®" which the statistics are based. Statistics are only plotted
deviations at a particular level if the number of colocations with data

I I 0, 0, -
It is to be acknowledged that the approach used in thi available is at least 50% (25% for MIPAS) of the total num

X . . . er of profiles. For example, less than half of sonde ascents
paper for comparisons to independent data is not ideal. Im-each the 10 hPa level in the northern hemisphere (NH) high
provements could have been made if the statistics in Eq. (1?

. . atitudes in Fig. 12, so to avoid unrepresentative results, this
were calculated in observation space. However, our ap; ; .
N level is not plotted. Comparisons are not done above 0.5 hPa,
proach saved effort and allowed flexibility in the calcula- because of the diurnal cvcle in ozone
tion of statistics. Aside from MIPAS comparisons at the 4 '
tropopause, it introduced few errors. For most of the stratosphere and mesosphere above 50 hPa,
biases between the analyses and HALOE, sonde and MIPAS
are between-10% and 10%. In the upper stratosphere and
5 Results mesosphere the ECMWF analyses have biases of up to 20%
in magnitude; DARC and KNMI TEMIS have biases of up to
This section first gives an overview of the results of the in- 40%. Section 5.8 shows these biases are caused by problems

tercomparison, by examining mean (Sect. 5.1) and standar$ith the linear chemistry schemes used in the models.
deviation (Sect. 5.2) of differences compared to ozonesonde, In the lower stratosphere (LS, 100 hPa to 50 hPa), analyses
HALOE and MIPAS. We then examine MIPAS calibration are biased typically 10% to 15% high compared to sonde and
(Sect. 5.3) and compare the analyses to TOMS (Sect. 5.4/1ALOE, but some analyses reach 50% at 100 hPa in the trop-
We then examine in more detail the troposphere (Sect. 5.5)ics. Biases are typically smaller against MIPAS, reflecting a
tropical tropopause (Sect. 5.6), ozone hole (Sect. 5.7) and themall (~10%) positive bias between MIPAS and the indepen-

upper stratosphere and mesosphere (Sect. 5.8). dent data at these levels (Sect. 5.3). There are big variations
between different analyses in the lower stratosphere in the
5.1 Biases SH high latitudes, reflecting the analyses’ differing success

in capturing the ozone hole (Sect. 5.7) and near the tropical
Figures 11, 12 and 13 show respectively the biases againstopopause, associated with both poorly-simulated transport,
HALOE, sonde and MIPAS, for the period 18 August 2003 to and a degradation in the quality of the assimilated observa-
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Fig. 11. Mean of (analysis — HALOE) ozone, normalised by climatology, in latitude bands for the period 18 August 2003 to 30 November

2003. Statistics are shown for the ECMWF MIPAS, DARC, KNMI TEMIS, BASCOE v3d24 and v3g33, MOCAGE-PALM Cariolle v2.1
and Reprobus, Juckes and MIMOSA analyses. See colour key in Fig. 3.
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Fig. 12. Mean of (analysis — sonde) ozone, normalised by climatology, in latitude bands for the period 18 August 2003 to 30 November
2003. The analyses shown are the same as in Fig. 11; see colour key in Fig. 3.

tions at these levels (Sect. 5.6). A number of analyses showare the only analyses examined here to be based only on total
very large biases in the troposphere, examined in Sect. 5.5. column, rather than profile, observations. Hence the analysed

. . vertical profile is model-determined. These biases are in ac-
.At SH h.'.gh Ia_tltudes, KNMI TEMIS analyses stand out cord with previous studies which have shown that analyses

with a positive bias of 10 to 15% between 10 hPa and 30 hP ; . .

acainst MIPAS. HALOE and sonde. Above and below this ased on total column observations provide a poorer descrip-
9 ) . : . . tion of the vertical structure than do those based on profile

level, the bias becomes negative. There is6D% negative observations (Struthers et al., 2002; Dethof, 2003a).

bias against sonde at 200 hPa. The KNMI TEMIS analyses

Atmos. Chem. Phys., 6, 5445-5474, 2006 www.atmos-chem-phys.net/6/5445/2006/



A. J. Geer et al.: Intercomparison of ozone analyses 5459

90 t0-60 (145150bs)  -60 t0-30 (14223 0bs)  -30 to 30 (28393 obs) 30 to 60 (15186 obs) 60 to 90 (16500 obs)
PR e 7 e g e B IR B et

u
|

|
|

A
I

Pressure /hPa

saa s T A PP S A e i lay paaly ' NI S A A Pl IITITE A A
-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40
% % % % %

Fig. 13. Mean of (analysis — MIPAS) ozone, normalised by climatology, in latitude bands for the period 18 August 2003 to 30 November
2003. The analyses shown are the same as in Fig. 11; see colour key in Fig. 3.
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Fig. 14. Mean of (analysis — sonde) ozone, normalised by climatology, in latitude bands for the month of November 2003. The analyses
shown are the same as in Fig. 11, but with the addition of the KNMI SCIAMACHY profile analyses; see colour key in Fig. 3.

The Juckes analyses are essentially unbiased when contation will be affected by biases (e.g., Dethof, 2004) between
pared to MIPAS observations assimilated on isentropic levelghe MIPAS temperatures used to assimilate the data on isen-
(Juckes, 2006a), yet biases exist when compared to MIPASropic levels, and the ECMWF temperatures used here in the
on pressure levels in Fig. 13 in this comparison. There arevertical transformation to pressure levels. This bias results
two likely explanations. First, the Juckes analyses have lowem a small vertical uncertainty in the pressure assignment of
vertical resolution than other analyses (see Table 1). Therdoth the Juckes and MIMOSA ozone profiles. Making the
will be errors associated with interpolation onto the highercomparison in observation space would have helped elimi-
vertical resolution of the common grid. Second, the interpo-nate these problems.

www.atmos-chem-phys.net/6/5445/2006/ Atmos. Chem. Phys., 6, 5445-5474, 2006



5460 A. J. Geer et al.: Intercomparison of ozone analyses

-90 to -60 (237 obs) -60 to -30 (242 obs) -30 to 30 (450 obs)

30 to 60 (355 obs) 60 to 90 (249 obs)
T T SRR EE R T 3 HIBEEE T Ean
1 Ly

Nl
L |
|
|

Pressure /hPa

0 20 40 60 80 0O 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
% % % % %

Fig. 15. Standard deviation of (analysis — HALOE) ozone, normalised by climatology, in latitude bands for the period 18 August 2003 to 30

November 2003. The analyses shown are the same as in Fig. 11, but with the addition of the Logan/Fortuin/Kelder climatology (black line);
see colour key in Fig. 3.
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Fig. 16. Standard deviation of (analysis — sonde) ozone, normalised by climatology, in latitude bands for the period 18 August 2003 to 30

November 2003. The analyses shown are the same as in Fig. 11, but with the addition of the Logan/Fortuin/Kelder climatology (black line);
see colour key in Fig. 3.

Next we examine biases in the KNMI SCIAMACHY pro- ber; October biases are similar and are not shown. In the
file analyses. SCIAMACHY profiles were only available in lower stratosphere (200 hPa to 10 hPa), the SCIAMACHY
guantity for assimilation for October and November during profile analyses have up to 20% negative bias compared to
the intercomparison period; it would not make sense to in-sonde and (figures not shown) HALOE and MIPAS. Espe-
clude them in the August to November figures. Instead,cially in the NH the SCIAMACHY profile analyses are no-
Fig. 14 shows the analysis biases against sonde in Noventably different from the others. This bias is thought to be due
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Fig. 17. Standard deviation of (analysis — MIPAS) ozone, normalised by climatology, in latitude bands for the period 18 August 2003 to 30
November 2003. The analyses shown are the same as in Fig. 11, but with the addition of the Logan/Fortuin/Kelder climatology (black line);
see colour key in Fig. 3.

to problems with the shape of the SCIAMACHY profiles in tion systems these gradients are expected to provide dynam-
the lower stratosphere. Against HALOE and MIPAS (figuresical information, particularly on the horizontal position of
not shown) biases are no more than +20% in the upper stratdhe polar front (e.g., Riishgjgaard, 1996; Peuch et al., 2000;
sphere and mesosphere, which is comparable in magnitude tdudson et al., 2003). However, the analyses show relatively

many of the other analyses (Figs. 11 and 13). large standard deviations here, though they are still an im-
provement over climatology.
5.2 Standard deviations In other regions, particularly the tropical stratosphere,

analyses do little better, or even worse, than climatology.

Figures 15, 16 and 17 show the standard deviations of dif-These are regions of relatively low synoptic variability, re-
ferences between analyses and HALOE, sonde and Miflecting long-term balances between transport, radiation and
PAS ozone respectively, normalised against climatology (se€hemistry. In the upper stratosphere, ozone is close to pho-
Sect. 4). As a reference point, these figures also show th&chemical equilibrium. If analyses do worse than climatol-
standard deviations of the differences between observation@dy, this suggests they have unrealistic spatial variability in
and the Logan/Fortuin/Kelder climatology. Again, statistics 0zone fields that are in nature relatively smooth. Such vari-
are only plotted at a particular level if the number of coloca- ability can come from noisy observational increments and
tions is at least 50% (25% in the case of MIPAS) of the total Poorly modelled transport (examined in Sect. 5.6 for the trop-
number of profiles available. ical tropopause), and in the upper stratosphere from problems

Analyses demonstrate smaller standard deviations than clivith linearised ozone chemistry schemes (Sect. 5.8). Never-
matology throughout the high latitude stratosphere, and irtheless, with standard d_eV|at|0ns a_lround 5% through the mid
the midlatitude lower stratosphere and upper tropospheré‘f‘d upper stratosphere in the tropics, the analyses are clearly
(10hPa to 300 hPa). Looking at the monthly statistics (notStill quite accurate here.
shown), at high latitudes the analyses demonstrate the largest N the mid and upper stratosphere (above 50 hPa), standard
improvements over climatology in September, October anddéviations are typically less than 10% against HALOE and
November. During these months, the analyses are succe&l® 10hPa only) sonde data. However, the DARC, ECMWF
fully capturing the strong synoptic variability due to the on- @hd KNMI TEMIS analyses show exceptions to this in some
set of the top-down breakup of the polar vortex in the SH€gions of the upper stratosphere, as well as in the meso-
(e.g., Lahoz et al., 2006) and the increasing surf-zone activSPhere. Section 5.8 shows that the main explanation for this
ity around the developing vortex in the NH. The midlatitude 1S problems with the use of linearised ozone photochemistry
UTLS is also a region of high variability in ozone. Ozone Schemes.
has strong gradients across the tropopause; in data assimila-
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Fig. 18. Estimates of the mean of (MIPAS — sonde) (solid) and (MIPAS — HALOE) (dotted), using BASCOE v3g33 analyses as a transfer
standard, and normalising by climatology, in latitude bands for the period 18 August 2003 to 30 November 2003.

In the lower stratosphere (between 50 hPa and 100 hPajpwn biases, varying in space and time, but these will cancel
standard deviations against sonde, HALOE and MIPAS be-out if each set of observations is sampling equally in space
come larger than in the upper stratosphere. In the midlati-and time.
tude comparisons (3G to 60 S and 30N to 60° N) analy- Figure 18 summarises the biases calculated using BAS-
ses show standard deviations against MIPAS, HALOE andCOE v3g33 analyses as the transfer standard. These are
sonde of~20% at 100hPa. At high latitudes and in the chosen for their small standard deviations against indepen-
tropics, standard deviations are larger, and there are notablgent data through the stratosphere (Figs. 15 and 16), though
differences between the analyses themselves. Sections 5fig. 18 would in general be similar no matter which analy-
and 5.7 explain these differences in terms of the analysesses are chosen (figures not shown). The sampling patterns
ability to capture respectively the ozone hole and the tropi-of sonde and HALOE vary with time (Figs. 5 and 7) and the
cal tropopause. The larger standard deviations of the tropopjases show some variation when broken down by month,
sphere are examined in Sect. 5.5. but the features identified in Fig. 18 are broadly typical of

At 100 hPa in the tropics, there is also disagreement bethe period. In the upper stratosphere (aboa9 hPa), MI-
tween the data types. The standard deviations of (analysiPAS measures approximately 5% more ozone than HALOE.
— sonde) are~30%, compared te-85% for (analysis — MI-  In the lower stratosphere (100 to 30 hPa), MIPAS has a high
PAS) and~70% for (analysis — HALOE). There appears to bias of typically 10% compared to sonde and HALOE. This
be a large degradation in the quality of the satellite observalower stratospheric bias is a consistent feature of other stud-

tions at these levels. Section 5.3 investigates further. ies that have considered the calibration of MIPAS for a va-
riety of periods and data versions (Dethof, 2003a,b, 2004;
5.3 MIPAS validation Fischer and Oelhaf, 2004; Wargan et al., 2005; Geer et al.,

2006b). No bias was seen by Migliorini et al. (2004), who
Previous sections have indicated differences in ozondook account of the MIPAS averaging kernels, but considered
amounts between MIPAS, ozonesonde and HALOE. Theonly a very small number of retrievals, or by Juckes (2006a)
bias between MIPAS and independent data can be estimatetiho made comparisons on isentropic levels rather than pres-
from the statistics shown in Figs. 11, 12 and 13 as, for ex-sure levels.
ample, (MIPAS — sonde) = (MIPAS — analysis) — (sonde — At 100hPa in the tropics and midlatitudes, MIPAS ap-
analysis). The analyses are used as a transfer standard. Thiears unbiased against HALOE and sonde, though results
has the advantage, compared to colocating pairs of observahould be treated with caution due to the problems of verti-
tions, that all available observations are included in the sameal interpolation around the sharp gradients of the tropopause
ple. Also, it is possible not just to calculate biases, but to(see Sect. 4.1). At 200 hPa, the high bias against HALOE is
compare standard deviations. The analyses will have theilikely a problem with HALOE observations, given the known
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degradation in quality at 100 hPa and below (Bhatt et al.,(a)
1999). Biases between MIPAS and sonde are larger below .,
100 hPa.

Finally, we examine the fact that standard deviations be-
tween MIPAS and analyses are in some cases much larger
than between sonde and analyses. Section 5.2 noted that, »
at the tropical tropopause, MIPAS standard deviations are?
~85%, compared t6-30% for sonde. HALOE standard de- °
viations were similarly large, associated with the aforemen-
tioned degradation in quality of HALOE retrievals at these
levels. For the comparison between MIPAS and sonde stan- . . .
dard deviations, it must be noted that their sampling patterns 50 Latoude 50
are different (Figs. 4 and 5). Did this affect the statistics? We
made a separate comparison (no figure shown) considerinﬁ))
just the region between 18 and the equator, where there  «f - - -
is good sampling from the SHADOZ sondes. The results [ -«
were very similar to those noted above: at 100 hPa, against 30§_ / '
sonde, standard deviations were relatively small (15% to  / \
35%); against MIPAS, relatively large-95%). Hence MI- F
PAS, like HALOE, is much less reliable near the tropical °>”
tropopause. The degradation in the quality of the satellite
retrievals at these levels is likely due to the effects of unde- wf
tected cloud (e.g., Dethof, 2003b), as well as the sharp ver- [
tical gradients in temperature and ozone, particularly so at ¢ . . .
the tropical tropopause. These sharp gradients are hard to re- > Lattuce *
solve using an instrument with-a3 km vertical resolution. ©
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Total column ozone observations are sensitive to ozone pre-
dominantly in the lower stratosphere, with a smaller contri-
bution from the troposphere. In mean terms, BASCOE and
KNMI TEMIS analyses are closest to TOMS total columns
(Fig. 19a). The other analyses show typically 20 to 40 DU
positive biases against TOMS, consistent with the typically
positive biases seen against sonde and HALOE in the lower
stratosphere, particularly (by examination of the monthly oo - ¥ -
statistics) in September, October and November in the ozone ' Latiude

hole region. The BASCOE analyses also have a posi-

tive bias in the lower stratosphere, but a negative bias inFig. 19. (a)Mean andb) standard deviation of (analysis — TOMS)
the troposphere (Fig. 12) contributes to closer agreemenfotal column ozone(c) correlation coefficient of analysed against
with TOMS. The good agreement between KNMI TEMIS TOMS ozone, in 8 latitude bins for the period 18 August 2003
analyses and TOMS probably reflects good agreement bee 30 November 2003. Shown are the ECMWF operational and
tween TOMS and the assimilated total columns from SCIA-MIPAS, MOCAGE-PALM Cariolle v2.1 and Reprobus, KNMI
MACHY. However, this does not say anything about the T_EMIS, DARC and BASCOE v3g33 analyses. See colour key in
KNMI TEMIS ozone profiles: in fact a small negative bias F19- 3-

against ozonesonde at around 200 hPa helps balance positive

biases in the lower stratosphere (Fig. 12).

In terms of standard deviation (Fig. 19b), there is lit- again would be expected due to the assimilation of SCIA-
tle to separate the analyses, with magnitudes typicallyMACHY columns. The correlation coefficient (e.g., Spiegel
10DU to 20 DU. The ECMWF operational analyses have and Stephens, 1999) between analysis and TOMS, calculated
clearly larger standard deviations in the southern hemispherdfom samples in 5latitude bands, reveals wider differences
but they were assimilating only SBUV and very limited between analyses in the tropics (Fig. 19c).

GOME observations during August and September. KNMI  The time evolution of the standard deviation (Fig. 20)
TEMIS analyses have the lowest standard deviations, aseveals a~10 day spinup at the beginning of July in the

o
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Fig. 20. Standard deviation of (analysis — TOMS) total column Fig. 21. Correlation coefficient of analysed against TOMS total
ozone, globally averaged, shown daily from 18 August 2003 to 30column ozone, in 5latitude bins for the period 18 August 2003 to
November 2003. Analyses shown are as Fig. 19 but with the addi30 November 2003. Logan (1999) climatology ozone fields have
tion of the KNMI SCIAMACHY profile analyses; see colour key in  been substituted into the analyses at 200 hPa and below. Analyses
Fig. 3. shown are as Fig. 19; see colour key in Fig. 3.

MOCAGE-PALM runs, and a similar spinup in the DARC the MOCAGE-PALM Reprobus run does include upper-
analyses. These were started on 4 August; standard deviropospheric chemistry. However, it would be hoped that
ations against TOMS decline until about 14 August. Thisif the stratospheric ozone distribution were reasonably well
length of spinup is expected in the DARC system and isanalysed, the models should be able to approximate fluxes
longest in the lower stratosphere (Geer et al., 2006b). Thef ozone into the upper troposphere. Unlike other analy-
other analyses are sections of longer runs that were starteses, DARC and ECMWF include vertical correlations in their
well before July; hence no spinup is seen. The ECMWFspecification of ozone background errors; if these correla-
operational analyses show particularly large standard devitions were to link tropospheric ozone to that at higher levels
ations through August and September, when GOME obser{thus spreading observational information downwards) this
vations were very limited. Smaller standard deviations arewould likely be erroneous and thus cause problems in the
seen when MIPAS are assimilated (throughout the ECMWFtroposphere. In general, we should expect analysed tropo-
MIPAS run, and after 7 October in the ECMWF operational spheric ozone to be of very poor quality, as is indeed revealed
analyses). This shows that the assimilation of MIPAS databy the large biases and standard deviations against sonde in
substantially improved the ECMWF analyses. $mhof  Figs. 12 and 16.

(2003a) for more details. In the troposphere, standard deviations of (analysis —
Figure 20 also includes statistics for the KNMI SCIA- sonde) range between typically 10% and 80% (Fig. 16).
MACHY profile analyses. These are largely based on theAbove 400 hPa and outside the tropics, the analyses demon-
free running model before October. In September, large stanstrate improvements over climatology. Figure 6 gives an ex-
dard deviations of-25 DU are comparable to those from the ample. Most analyses are able to capture a small bulge in
ECMWEF operational analyses, also based on limited obserozone between 200 hPa and 300 hPa, but do not capture the

vations. However, in October and November, assimilation offull strength of what is likely a laminar intrusion of strato-
SCIAMACHY profiles does not reduce the standard devia-spheric air. In these situations, the analyses are limited by
tions to the~15 DU level of the other analyses. This is in their vertical and horizontal resolution. Additionally, the use
contrast to the ECMWF analyses, which improve markedlyof vertical background error correlations in the DARC and
when MIPAS observations are assimilated. This supports th&€CMWF systems is likely to have further smoothed the ver-
conclusion that SCIAMACHY profile observations are not as tical structure. Below 400 hPa, none of the analyses does bet-

good quality as MIPAS in the lower stratosphere. ter than climatology: it would be better to use climatological
ozone.
5.5 Troposphere A similar conclusion can be drawn from the TOMS data.

Standard deviations and correlations with TOMS can be im-
Little observational information on ozone has been incor-proved by substituting the Logan (1999) climatology into
porated in the analyses in the troposphere. However, th¢he analyses at 200 hPa and below. Figure 21 shows that
ECMWF and KNMI TEMIS analyses include total col- for the ECMWF, MOCAGE-PALM, BASCOE and DARC
umn ozone observations and MIPAS provides some infor-analyses, correlations become substantially larger between
mation down to 400 hPa. None of the models represent20° S and 10N compared to Fig. 19¢c, where the analyses
detailed tropospheric chemistry or ozone sources, thouglhave been used throughout the atmosphere. A small degra-
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dation in ECMWEF operational analyses af 20is likely as-
sociated with the poor quality of ozone fields before 7 Oc-
tober (Sect. 5.4). Examination of the column fields (not

ECMWEMIPAS

shown) reveals that the analyses typically lack structure in= 1.00
the equatorial total column ozone field. When the Logan 0.95
climatology is substituted in the troposphere, the combina-; 0.90
tion of tropospheric climatology and stratospheric analyses

appears to give a better representation of the zonal tropicaf™= 0.85
“wave-1" pattern in total column ozone (Thompson et al., 0.80
2003b), which is due to zonal variations in tropospheric § 075
ozone. It could be argued that since the Logan (1999) anal 070

yses are partly based on TOMS tropospheric residuals, im-a T : i
proved agreement with TOMS fields might be expected. Itis  BASCOEV3q33 ) 0.65
also possible that the tropical variability of TOMS columns e, HERTTE o I 3 0.60_
may be affected by high clouds. Nevertheless, Thompsonjgs = ‘
et al. (2003b) have confirmed the tropospheric zonal “wave- === . 78
1” using independent ozonesonde data. _

Some analyses show particularly large biases when com---

o
a
a

o

[

o
Ozone /10°kgkg

e St " | (045

pared to sonde (Fig. 12). The BASCOE analyses, in con-{=¢ s ST 0.40
trast to their good performance at upper levels, also have == 0.35
particulaly large negative bias (typically 50%, all latitudes), _ MOCAGE-PALj Cariolle v2.1

along with high standard deviations. We do not have an ex- 8 . : ; 0.30
planation for the BASCOE problems. A number of other 0.25

large biases are associated with problems in the linear ozon s el [P
chemistry schemes. DARC analyses have a large positive _— ) : _ o B0
bias in the SH near the ground, associated with the Cariolleg £ 3 4o ; '
v1.0 scheme; the same problems are likely responsible forj
high standard deviations against sonde in the SH in DARC — S NN - Mo.os
and ECMWF analyses (Fig. 16). MOCAGE-PALM Cariolle I 0.00
v2.1 analyses have a positive bias, particularly in the tropics, =g & L = L 55 Fed

and this is known to be a problem with v2.1 of the Cari- C
olle scheme. See Geer et al. (2006a) for more information=—-"--
on these biases in the linear ozone chemistry schemes. One

strategy to eliminate these very large tropospheric biases il?ig. 22. Ozone analyses at 100 hPa on 17 October 2003, in ppmm

to impose a relaxation _to an °?°”e Cllmatology:_ the KNMI shown on a Mercator projection with a latitude rangé S@o 30 N
TEMIS analyses use this technique and are relatively succesg ; the equator.

ful in minimising bias against ozonesonde.

0.10

5.6 Tropical tropopause field can come through vertical advection, which could be
due either to large-scale motion or convective activity. Ozone
At the tropical tropopause, there is a wide variation betweerPhotochemical relaxation times arel00 days in this re-
analyses. In general, standard deviations against ozoneson@n (€.g., Cariolle and &qie, 1986), so chemistry should
are relatively high (30% at 100 hPa) and few analyses ddee unimportant, but contradicting this, differences are seen
much better than zonal mean climatology (Fig. 16). Therehere between the two MOCAGE-PALM analyses.
are positive biases compared to sonde at 100 hPa between Figure 22 shows examples of the analysis fields at 100 hPa
30° S and 30N in the MOCAGE-PALM Cariolle v2.1, MI-  on 17 October 2003. Through most of the tropics, ozone
MOSA and DARC analyses (Fig. 12). In contrast, ECMWF amounts appear generally uniform and very low. The posi-
ozone amounts are 10% lower than sonde at 100 hPa. KNMtive biases of the MOCAGE-PALM Cariolle v2.1, MIMOSA
TEMIS, BASCOE and MOCAGE-PALM Reprobus are ap- and DARC analyses are obvious by comparison to the other
proximately consistent with sonde. analyses. At the edge of the tropics, there is a transition to the
The principal factors that will influence ozone analyses athigher ozone values of the surf-zone (see e.g., Plumb, 2002).
the tropical tropopause are the assimilated observations, the Between 10 S and the equator, the ECMWF MIPAS anal-
model’s ability to transport ozone correctly, and the ozoneyses and zonal mean climatology have the closest agreement
background error covariance matrix. The vertical ozone grato ozonesonde, with standard deviations of 15% (figure not
dient is very large in the UTLS, so variability in the ozone shown). From Fig. 22 it appears that this good agreement

www.atmos-chem-phys.net/6/5445/2006/ Atmos. Chem. Phys., 6, 5445-5474, 2006



5466 A. J. Geer et al.: Intercomparison of ozone analyses

with sonde is associated with a very uniform ozone field Problems in the DARC analyses are thought to be due to
around the equator at 100 hPa. Where other analyses shopoor transport. DARC analysis runs that assimilate SBUV
larger standard deviations of difference against ozonesondénstead of MIPAS (not shown here) produce similar structure
it is because they have much more ozone variability in thein the ozone field at the tropopause; hence MIPAS is unlikely
tropics. Based on the comparison with sondes, this variabilto be the cause of the variability in the DARC analyses.

ity is unlikely to be real. The zonal invariance of the equato- In summary, only the ECMWF analyses are able to sim-
rial UTLS ozone field is examined in more detail by Thomp- ulate a smooth ozone distribution at the tropical tropopause.
son et al. (2003a, see their Fig. 12). Other analyses show spurious variability in the ozone field

There are a number of plausible explanations for the probfor a variety of reasons linked to modelled ozone transport,
lems in the analyses; it is likely that the explanations mayas Well as the relatively poorer quality of the observations
be different in different systems. MIPAS ozone is of poorer themselves.
quality at 100 hPa in the tropics, showing excessive noise
(Figs. 16 and 17). It is also well-known that tropical wind 5-7 ©Ozone hole
fields in assimilated datasets are poorly represented (e.g., . . ) .

Zagar, 2004). When used to transport stratospheric traceréo,‘t high latitudes in the southern hemisphere, at levels be-

they produce excessive horizontal mixing between the troptWeen 100hPa and 50hPa, there are variations in the per-

ics and the extratropics, and excessive vertical mixing peformance of the analyses, which in general overestimate the

tween the UTLS and higher levels in the stratosphere (e.g.0Z0N€ amount, and have standard deviations of up to 20%
Schoeberl et al., 2003 Tan et al., 2004). against ozonesonde. These discrepancies come mostly dur-

ing the later part of the intercomparison period, between

MIIIQ A:[ge dC?Sﬁ of the E?tll/llV\_/F ana;lysetsh, Fig. 2 S:Q%?Stst_thaéeptember and November, and can be explained by the anal-
ata have very littie impact on the ozone distribution yses’ ability to capture the development of the ozone hole.

a_t 100 hPa in the_ tropics. Hence, the smopth field is indica-Aloart from KNMI. who assimilated SCIAMACHY, and
tive of good quality transport. In CTM studies, the ECMWF ECMWF who assimilated MIPAS v4.59 alongside GOME
4D-Var operational analyses have been seen to produce be ind SBUV, all other analyses assimilated only MIPAS v4.61
ter age-of-air values, i.e. better stratospheric transport ané0 any diff’erences between them must be due to differencés
mixing, than earlier 3-D-Var analyses such as ERA-40 (€.9. gjtharin the models or in the use of the observations.

ggg}e:ele ettal., 20053' '}'iv(\;g\ﬁ;’ ozogt—:égﬁpounts a::e. 101;0_ Figure 23 shows the time evolution of analysed ozone over
70 lower fhan sonde at . aan a (see Fig. ?he South Pole compared to sonde observations at 32 hPa,
this may be due to continuing excessively fast transport from

the troposphere 46 hPa and 68 hPa. Figure 1 shows the situation at 68 hPa on
' 31 August 2005, with ozone depletion already under way in
The KNMI (TEMIS and SCIAMACHY profile), MI- 3 ring around the South Pole, in regions where sunlight has
MOSA and BASCOE analyses are driven by ECMWF 0p- returned after the winter. At the South Pole itself, ozone de-
erational WindS, so it mlght be eXpectEd that they also WOUIdp|e'[ion began at around 5 September, progressing to almost
produce smooth ozone fields. Instead they still show excescomplete ozone destruction by early October (e.g. Fig. 23b).
sive structure in the tropics. A possible explanation (e.g.,;n November 2003, the vortex was periodically displaced off
Stohl et al., 2004) may be the use of 6-hourly (3-hourly the pole by growing anticyclones, but the lower stratosphere
in the case of KNMI SCIAMACHY profile analyses) snap- yortex (~100 hPa to~50 hPa) itself remained relatively in-
shots of the winds in the CTMs, as compared to the windstact until December (Lahoz et al., 2006). In general, the anal-
within the ECMWF model which evolve every timestep. The yses capture the rapid, early ozone depletion quite well, but
smoother ozone field in the KNMI SCIAMACHY profile  few are able to achieve complete ozone destruction in Octo-
analyses compared to those based on SCIAMACHY totalper, The oscillations in 0zone amount associated with peri-
columns may be due to the difference in observations, bupdic vortex displacements in November are captured well at
is also consistent with the known improvements in KNMI's 32 hPa and 46 hPa. However, most ana'yses also show oscil-
TM5 model when using 3-hourly winds (as in the SCIA- |ations and a rapid rise in 0zone amount at 68 hPa, where this
MACHY profile analyses) rather than 6-hourly winds (as in js not seen the sonde observations.
the SCIAMACHY TEMIS analyses), which would have im- MOCAGE-PALM Cariolle v2.1 analyses, and ECMWF
proved transport in the UTLS (Bregman et al., 2006). (using v1.2 of the Cariolle scheme), achieve a near-complete
The MOCAGE-PALM Reprobus analyses are smootherozone destruction in October using a simple parametrization
than the MOCAGE-PALM Cariolle v2.1 analyses. The in- of heterogeneous ozone depletion. Both v1.2 and v2.1 of
clusion of upper-tropospheric chemistry in the Reprobus runghe Cariolle scheme have a term which is activated in sun-
does appear to improve the field. In these analyses, ozonkght below 195K (e.g., Dethof and &m, 2004). In the
chemistry appears to be faster than that in the Cariolle v2.IMOCAGE-PALM Cariolle v2.1 analyses, it was found that
scheme, which has a photochemical relaxation timed0  this term should not be switched on before the sun reaches a
days at these levels. zenith angle of 87. An earlier version of the MOCAGE-
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PALM Cariolle v2.1 analyses (not shown) instead used a(a)
zenith angle of 9%which gave erroneous early ozone deple-
tion in September at 32hPa, 20hPa and 10 hPa. This early
ozone depletion was also thought to be influenced by a pos-
sible low bias in ARPEGE temperatures, and the fact that
MIPAS data are not assimilated beyond &) meaning the
ozone field is less constrained by observations there.
MOCAGE-PALM Reprobus and BASCOE v3d24 analy- 4
ses each use detailed descriptions of heterogeneous chem-
istry. The Reprobus analyses achieve a good description ’
of the full ozone destruction. In contrast, iN the BASCOE o bbb
v3d24 analyses, 1 to 2 ppmm of ozone remain through Oc- g 2003 Sop 2003 oor003 Nov 2003
tober at 46 hPa and 68 hPa. This problem has been traced
back to an unrealistically low initial background aerosol dis- (
tribution. Specifically, low aerosol number densities led to ¢
overestimated PSC growth and sedimentation. The unreal- | | 1
istically quick depletion of PSCs from the vortex led to a |
severe underestimation of the heterogeneous reaction rates |
from mid-winter onwards. Using the same model as BAS-
COE, Daerden et al. (2006) illustrate that a more realistic
initial background aerosol distribution leads to a much bet-
ter description of the polar winter processes, including the
ozone destruction. In the newer version of BASCOE, v3q33, RN
the microphysics scheme was replaced by a parametrization, * i3 ==% % %% o 5 www
which is independent of the aerosol distribution and hence hug 2003 Sep 2003 Oct2003 Nov 2003
does not suffer from the same problem. BASCOE v3q33(c)
achieves a more complete destruction of ozone in October.
DARC and KNMI TEMIS analyses each use a cold tracer f
formulation for heterogeneous ozone depletion (Eskes et al.,
2003). Neither analysis shows ozone depletion to lower than §
~0.5 ppmm at 68 hPa, and this is reflected in a general over-¢ f
estimation compared to ozonesonde in the SH high latitudess E
(see Fig. 12). DARC use Cariolle v1.0 photochemistry and £ 2
this produces excessive ozone in the ozone hole (Geer et al., §
2006b). If Cariolle v2.1 photochemistry is used instead, 'F
the correct full ozone depletion is produced (Geer et al., [ A
2006a). KNMI TEMIS analyses use the LINOZ photochem- 2 % 0 2 % ® © » © © » % 1 =2
istry scheme, which does not produce excessive ozone in the e e e o
ozone hole, and so it is not clear why ozone amounts are not
depleted further. Fig. 23. Ozonesonde measurements (triangles joined by black line)
The Juckes and MIMOSA isentropic analyses include noand analyses (see key Fig. 3Jat32 hPa(b) 46 hPa anqc) 68 hPa
modelled ozone chemistry. In the Juckes analyses, 1 ppmrver the South Pole. Analysis points are only shown on days when
to 2 ppmm of ozone remain through October at 46 hPa an(%he Slondg l\r/lr}liieSaDrRE?ulzel\lnlc/leln'lt:E l\jr‘sowndaé%}migxy': opera-
o i ional an , , an ro-
68 hPa. The-10% positive bias in MIPAS at thespT levels, as file, BASCOE v3d24 and v3q33, MOCAGE-PALM Cariollepvz.l
compared to ozonesonde (SexB), may be a partial expla-
. and Reprobus, Juckes and MIMOSA analyses.
nation for the problem. The MIMOSA analyses show sev-
eral spikes of high ozone through October at 68 hPa, though
not at 46 hPa or 100 hPa (not shown). At 68 hPa, MIMOSA
ozone fields are very noisy within the ozone hole; Fig. 23cures shown). The KNMI TEMIS analyses instead maintain a
reflects the advection of patches of high and low ozone ovesharp gradient at the vortex edge and almost complete ozone
the South pole in the analyses during October. depletion within, in common with ozonesonde observations.
The rapid increase of ozone in November at 68 hPa inThe others show an ozone hole that both shrinks and fills
all analyses except KNMI TEMIS is contrary to sonde ob- in at these levels, in common with the MIPAS observations
servations of continuing low ozone values (Fig. 23c), yet(figure not shown). An explanation would be th& km ver-
is seen throughout the vortex in the analysis fields (no fig-tical resolution of MIPAS. It is likely that either the vertical
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Fig. 24. Ozone analyses in the mesosphere at 0.32 hPa on 15 November 2003. Projection is polar stereographic, bounded by the equator an
centred on the South Pole.

resolution, or vertical interpolation of MIPAS, is smearing orbits. However, at levels below 0.5 hPa where the diurnal
information from higher levels down to the 68 hPa level. At cycle is not important, the Juckes analyses are typically as
46 hPa, a similar rapid increase in ozone is confirmed in bottclose to HALOE as the BASCOE analyses (standard devia-
analyses, ozonesonde (Fig. 23b), and MIPAS (not shown), agons <10%, Fig. 15).

the vortex breaks down at these levels. Large biases and standard deviations in the KNMI TEMIS
and DARC analyses above 5 hPa can be explained by the lin-
5.8 Upper stratosphere and mesosphere ear ozone photochemistry schemes employed. The DARC

analyses have a positive bias which rises to 40% at 0.5 hPa
In the upper stratosphere and mesosphere, where discrepafirigs. 11 and 13). The bias is uniform at all latitudes and, by
cies exist between analyses, and between analyses and indexamination of the monthly statistics (not shown), uniform
pendent data, they can be explained in terms of the modelledh time. KNMI TEMIS analyses have a uniform negative
ozone photochemistry. In these regions, ozone is close tbias, growing to—40% at 0.5hPa. In the DARC analyses
photochemical equilibrium. Experience with both the KNMI presented here, though not in those of Geer et al. (2006b),
and DARC data assimilation systems shows that the ozon& was found that the radiation term of the Cariolle scheme
fields are strongly controlled by the linear ozone photochem{Cariolle and Eqle, 1986) was incorrectly implemented,
istry parametrizations (e.g. Eskes et al., 2003; Geer et alleading to a discrepancy between analysed overhead column
2006a). At these levels observational increments are largelpzone and the scheme’s internal climatology, giving a pos-
irrelevant to the analyses. This is clearly seen in Fig. 13: bothtive forcing in ozone. The month of October was re-run
ECMWEF and DARC analyses show large biases against thevith (a) a correctly implemented Cariolle scheme and (b)
MIPAS data that they are assimilating. Similarly, errors in the LINOZ scheme (McLinden et al., 2000), as used in the
modelled ozone transport are largely irrelevant at these levKNMI TEMIS analyses. Figure 25 shows the bias against
els. However, it is still possible for errors in modelled tem- MIPAS in these October runs. We note that MIPAS is not
peratures to affect the ozone field via the ozone photochemindependent data, but it offers a much better coverage than
istry (e.g. Geer et al., 2006a). HALOE for the month of October (Figs. 4 and 7) and that

Above ~0.5 hPa, there is a diurnal cycle in ozone that is MIPAS and HALOE are biased by no more tha$% with

only represented in the BASCOE analyses, which includerespect to each other at these levels (Sect. 5.3). Figure 25
detailed chemistry. Comparing to HALOE ozone with a confirms that the DARC biases were due to an incorrect im-
maximum time mismatch of 15 min (Fig. 9) shows that the plementation of the Cariolle scheme, which produced exces-
BASCOE analyses produce a good representation of ozongive ozone in the upper stratosphere and mesosphere. It is
at these levels. Figure 24 shows examples of analysed ozor@so clear that the LINOZ scheme causes an excessive re-
fields in the mesosphere. DARC and KNMI analyses are noduction in upper stratospheric and mesospheric ozone, ex-
shown in this figure because of their large biases at thes@laining the negative bias in the KNMI TEMIS analyses.
levels (Fig. 11). Linear photochemistry schemes, as usedicCormack et al. (2004) have already identified these prob-
in ECMWF analyses, are daily averaged and do not have 4ems with LINOZ. The results of the DARC study of Cariolle
diurnal cycle. Hence, ECMWF produces a relatively uni- sSchemes are described in more detail in Geer et al. (2006a).
form ozone field. The Juckes analyses, which do not in- The ECMWF analyses have relatively high standard devia-
clude modelled ozone chemistry, show stripes caused by thgons (15%) versus HALOE in the SH high latitudes, between
diurnal sampling of the MIPAS ascending and descendinglO hPa and 1 hPa, and positive biases of up to 20% globally
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Fig. 25. Mean of (analysis — MIPAS) ozone, normalised by climatology, in latitude bands for the month of October 2003. Figure shows the
DARC analyses (solid line), DARC analyses with a correctly implemented Cariolle v1.0 photochemistry scheme (dotted line) and DARC
analyses with the LINOZ photochemistry scheme (dashed line).

around these levels (Figs. 11 and 15). Given the DARC andems contain either linearised or detailed ozone chemistry,
KNMI results, this is also very likely associated with the or in two cases, no chemistry at all. In most analyses, MlI-
ozone photochemistry scheme. At high latitudes, there ard’AS ozone data are assimilated. Examples are also shown
also known problems in ECMWF upper stratospheric tem-of SCIAMACHY total column and profile assimilation. The
peratures (Randel et al., 2004). These could have further deanalyses have been interpolated to a common grid and are
graded the output of the ozone photochemistry scheme.  then compared to ozone profiles from sondes, HALOE, MI-
The BASCOE analyses also illustrate the sensitivity of PAS, and to total column ozone from TOMS, for the period
ozone amounts at these levels to the modelled ozone photaluly to November 2003. Results are presented in percentage
chemistry. In the v3d24 analyses, the hotolysis rate was terms, relative to a monthly-mean ozone climatology.
multiplied by 1.25 to gain better agreement with MIPAS. In To summarise such a wide-ranging intercomparison is a
the newer v3q33 version of BASCOE, this scaling factor wasgifficult task. The study naturally focuses on problem ar-
removed. Figures 11 and 13 show that, compared to MIPASas. The troposphere below 400 hPa is poorly represented,
and HALOE, BASCOE v3q33 analyses have less ozone thans would have been expected, and we see that problems ex-
v3d24 throughout the upper stratosphere and mesosphefgt in many analyses in the UTLS, in the troposphere, the
(above 10 hPa). The difference peaks at 15% at 0.5 hPa; heigyper-stratosphere, the mesosphere, and the Antarctic ozone
the v3d24 analyses are closer to MIPAS and the v3g33 analyhole region. Nevertheless, at the tropopause and above, at
ses are Closer to HALOE. ThIS SuggeStS that there are Contir]'east one ana'ysis System can be found that is Capab'e of pro_
uing uncertainties in the observations or chemical modellinggucing very good agreement with sonde, HALOE and M-
at these levels. PAS data. From the lower stratosphere to the lower meso-
sphere (100 hPa to 0.5 hPa) at least one system shows biases
less thant10%. Standard deviations can be less than 10%
6 Conclusion above 50 hPa and less than 20% in the lower stratosphere
(100 hPa to 50hPa). This shows that current assimilation
This paper introduces the method, initial results and analytechniques are capable of producing good agreement with
sis types involved in the ASSET intercomparison. However,independent data. The enhanced skill of the best perform-
many questions remain that will be answered in more detaiing analyses can usually be attributed to better modelling of
in further studies by the partners involved. ozone. The worse performing systems could often be eas-
We have compared 11 different sets of ozone analysedy improved by following similar modelling techniques. All
based on 7 different data assimilation systems. Two are NWPRf these results are contigent upon the good quality of the
systems based on GCMs, and five use CTMs. These sysassimilated ozone dataset: Dethof (2003a) and Wargan et al.
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(2005) have already shown the benefits of MIPAS ozone over
operational observations such as SBUV. The intercomparison
finds few differences that can be attributed to the assimila-
tion technique (i.e. 3-D-Var, 4-D-Var, Kalman filter or direct
inversion, CTM or GCM). It would require focused exper-
iments, rather than intercomparison, to reveal such differ-
ences. Overall, the first priority for ozone data assimilation
systems is to improve the modelling of ozone chemistry and
transport.

We summarise our more detailed results by region:

— Troposphere No analysis system shows any skill be-
low 400hPa. No system incorporates ozone profile
information below 400 hPa, and only the MOCAGE-
PALM Reprobus analyses attempt to model at least
upper-tropospheric chemistry realistically. The best
performer is the MOCAGE-PALM Reprobus run, with
biases less thar-30% compared to sonde observa-
tions in the troposphere. ECMWF, MOCAGE-PALM
Cariolle v2.1 and DARC analyses show some areas
with larger biases, in general linked to problems with
linearised ozone photochemistry schemes (Geer et al.,
2006a). Biases can be reduced by instead forcing the
ozone photochemistry scheme to relax to ozone clima-
tology, as demonstrated in the KNMI analyses.

— Midlatitude UTLS (50 hPa to 400 hPa): Here, where
it is hoped that dynamical information can be inferred
from ozone distributions, standard deviations against
ozonesonde are relatively high. For the best performing
analyses in this region (ECMWEF in the SH and KNMI
TEMIS in the NH) these are 20% to 40%. However,
analyses are generally able to produce much better re-
sults than ozone climatology.

— Tropical tropopause Cariolle and Morcrette (2006)
have shown that in this region, small changes in the
ozone amounts can influence modelled temperatures by
several degrees. Ozone distributions should be rela-
tively uniform (Thompson et al., 2003a), but compared
to ozonesondes, many analyses show positive biases (up
to 50%) and excessive structure in the ozone fields, re-
sulting in standard deviations up to 35% compared to
ozonesonde. The reasons vary depending upon the sys-
tem, but the principal causes are likely to be the known
deficiencies in tropical wind fields in data assimilation
systems, and a degradation in quality of the MIPAS data
at these levels. ECMWF standard deviations are lowest,
at 15%, resulting from a smooth ozone field around the
equator at 100 hPa, suggesting the wind fields and ozone
transport in the system are of good quality.

— SH ozone hole Not all analyses achieve the observed

near-complete ozone destruction over the pole during
October 2003. The MIMOSA and Juckes analyses show
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excessively high ozone amounts in the lower strato-
sphere polar vortex. These systems do not model ozone
chemistry and must rely on MIPAS observations, which
are noisy and have a small positive bias in these re-
gions. The other analysis systems model heterogeneous
ozone depletion in a variety of ways. The simplest ap-
proach (included in the Cariolle v1.2 and v2.1 chem-
istry schemes) is a depletion term which is active in
sunlight at temperatures below 195K. This approach
approximates the near-complete ozone depletion in Oc-
tober in the ECMWF analyses and in the MOCAGE-
PALM system. The KNMI TEMIS and DARC analyses
used a cold tracer formulation, and did well, but they
did not completely deplete ozone in the ozone hole. In
the case of the DARC analyses, complete ozone deple-
tion was prevented by erroneous ozone production in
the photochemistry scheme. The sophisticated scheme
in the Reprobus model, and the PSC parametrization
(Chabrillat et al., 200§ of the BASCOE v3q33 anal-
yses worked very well. In contrast, the BASCOE v3d24
analyses used the detailed PSCBox microphysics model
(Larsen et al., 2000), but with an unrealistically low ini-
tial background aerosol field. This resulted in exces-
sively high ozone amounts of 1 ppmm to 2 ppmm in the
ozone hole. Daerden et al. (2006) have recently shown
that the combination of PSCbox and the BASCOE CTM
can succesfully describe polar processes and ozone de-
pletion using a more realistic background aerosol field.

Upper-stratosphere and lower mesospherés hPa to
0.5hPa): Large biases in DARC, KNMI analyses were
linked to problems with modelled ozone photochem-
istry, which completely dominates over transport or ob-
servational increments at these levels. In the DARC
analyses the Cariolle scheme was incorrectly imple-
mented; in the KNMI TEMIS analyses known problems
of the LINOZ scheme (McCormack et al., 2004) re-
sulted in excessively low ozone. Biases in the ECMWF
analyses also likely result from the linear ozone photo-
chemistry scheme. Such problems are relatively easy to
resolve (Geer et al., 2006a). In contrast, by choosing not
to model chemistry but simply assimilating MIPAS data
into an isentropic model, the Juckes analyses, and MI-
MOSA up to its model top at-2 hPa, have biases and
standard deviations against independent HALOE data
that are typically as low as the detailed-chemistry BAS-
COE analyses. This also illustrates the good quality
of MIPAS ozone data. However, there are still uncer-
tainties in the observations or chemistry at these levels.
MIPAS ozone is around 5% higher than HALOE be-
tween 30 hPa and 1 hPa. This is roughly equivalent to
a 25% change in the Ophotolysis rates in the BAS-
COE analyses. In the v3d24 analyses, thgBotolysis
rates were scaled by 1.25 to produce good mean agree-
ment with MIPAS at these levels; in v3g33 the scaling
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was removed, leading to better mean agreement witthe amount of computer time used. The isentropic assimila-
HALOE. tion schemes (Juckes, 2006a, and MIMOSA) do well against
, . independent observations, and are extremely fast, but do de-
— Mesosphere (above 0,'5 hPa): The diurnal cycle in end on the quality and availability of the MIPAS data. They
ozone atthese I_evels IS n(_)t represented except by mOOEre not as good in the ozone hole, where there are limita-
els using a detailed chemistry scheme. Only the BAS-jons with the MIPAS observations; the CTMs and GCMs
COE analyses are able to reproduce this. Sassi et alyin chemistry do better. The GCM-based analyses require
(2005) show the |mportange of capFurlng this diurnal substantially more computer power than the CTM approach,
cycle when calculating heating rates in the upper Strato'though ozone assimilation is a relatively small additional cost
sphere and mesosphere. when included in an existing NWP system. It still remains

It has been possible to use the analyses as a transfer stafr the proposed benefits of the operational assimilation of

dard to compare MIPAS observations to independent dat@Z0n€ in NWP systems (better assimilation of temperature
from sonde and HALOE. Statistics are calculated from es-adiances, better heating rates, ozone-radiation feedback, the

sentially the full set of available MIPAS profiles. We treat Inference of midlatitude UTLS dynamical information) to
MIPAS as a point retrieval, rather than using averaging ker-Pe demonstrated with improved forecasts in an operational

nels. Hence, much caution should be exercised before intefNWP system.
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— There is excessive noise in observations around the troP;ork also benefited from funds from COST action 723.

ical tropopause, likely due to undetected cloud and the
sharp vertical transitions in temperature and ozone.  Edited by: H. Wernli
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