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Abstract. The 2008 Antarctic ozone hole was one of the sors at low solar elevation over Antarctica. The assimilation
largest and most long-lived in recent years. Predictionsof data from MLS was crucial to obtain a good agreement
of the ozone hole were made in near-real time (NRT) andwith the observed ozone profiles both in the polar strato-
hindcast mode with the Integrated Forecast System (IFSyphere and troposphere. The ozone analyses by the three
of the European Centre for Medium-Range Weather Foremodel configurations were very similar despite the different
casts (ECMWF). The forecasts were carried out both withunderlying chemistry schemes. Using ozone analyses as ini-
and without assimilation of satellite observations from mul- tial conditions had a very beneficial but variable effect on
tiple instruments to provide more realistic initial conditions. the predictability of the ozone hole over 15 days. The ini-
Three different chemistry schemes were applied for the detialized forecasts with the MOZART-3 chemistry produced
scription of stratospheric ozone chemistry: (i) a linearizationthe best predictions of the increasing ozone hole whereas the
of the ozone chemistry, (ii) the stratospheric chemical mechdinear scheme showed the best results during the ozonehole
anism of the Model of Ozone and Related Chemical Trac-closure.

ers, version 3, (MOZART-3) and (iii) the relaxation to cli-
matology as implemented in the Transport Model, version 5,
(TM5). The IFS uses the latter two schemes by means of
a two-way coupled system. Without assimilation, the fore-

casts showed model-specific shortcomings in predicting staffhe paper presents forecasts of the ozone hole over Antarc-
time, extent and duration of the ozone hole. The assimyjca in 2008, which were made with and without assimilation
ilation of satellite observations from the Microwave Limb of ozone retrieval products from multiple sensors to provide
Sounder (MLS), the Ozone Monitoring Instrument (OMI), 4z0ne initial conditions, and which used different chemistry
the Solar Backscattering Ultraviolet radiometer (SBUV-2) gchemes of varying complexity.

and the SCanning Imaging Absorption spectroMeter for At- - The gzone hole in 2008 was large and long-lasting. Its size
mospheric CartograpHY (SCIAMACHY) led to a signifi- 5t the heginning of October was larger than 90% of the events
cantimprovement of the forecasts when compared with totakjnce 1979 (WMO, 2008). The stratospheric ozone layer
columns and vertical profiles from ozone sondes. The comMy,yer Antarctica has shown severe catalytic 0zone destruction
bined assimilation of observations from multiple instruments,, 5ystral spring since the late 1970s and similar phenomena
helped to overcome limitations of the ultraviolet (UV) sen- gre ghserved over the Arctic (WMO/UNEP, 2007). Reduc-
tions in chlorofluorocarbon emissions imposed by the Mon-
treal protocol and its amendments are predicted to lead to

C_:orrespondence_toJ. Flemmin_g a recovery of springtime stratospheric ozone over the poles,
BY (johannes.flemming@ecmwft.int) but it will take several decades before the ozone layer will
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be healed (Newman et al., 2006). Hence, monitoring of thesimulate and assimilate, using its 4D-Var implementation, re-
stratospheric ozone depletion remains important to assess thaetive gases such as ozone, carbon monoxide, nitrogen diox-
increase in UV radiation at the surface. ide, formaldehyde and sulfur dioxide in both the troposphere
Ultraviolet to visible range (UV-VIS) instruments provide and the stratosphere. This has been achieved by means of
the longest record of ozone measured from space, and sem-coupled system (Flemming et al., 2009) in which the IFS
sors such as the Ozone Monitoring Instrument (OMI) andis linked to the CTMs MOZART-3 (Horowitz et al., 2003;
the SCanning Imaging Absorption spectroMeter for Atmo- Kinnison et al., 2007) or TM5 (version KNMI-cy3-GEMS,
spheric CartograpHY (SCIAMACHY) can provide high res- Krol et al., 2005). In the coupled system IFS-CTM, the IFS
olution ozone total column observations. However, the re-makes use of the simulation of chemistry, emission and de-
stricted sun light at the ozone-hole onset limits the use ofposition in the CTM without directly simulating these source
UV-VIS sensors at this time. The Microwave Limb Sounder and sink processes in the IFS. The MOZART-3 chemical
(MLS) does not depend on sun light and can make profile ob-mechanism explicitly simulates ozone chemistry including
servations over Antarctica during the whole year, albeit with stratospheric processes whereas the TM5 version used here
a low horizontal resolution. Modelling the correct timing and applies a relaxation to stratospheric ozone climatology. The
magnitude of the Antarctic ozone hole involves a complexnew coupled system combines the NWP approach with the
interplay between dynamical phenomena, i.e. the strengtlCTM-based approach for simulation and assimilation of at-
and temperature of the Antarctic vortex, slow heterogeneousnospheric constituents in both the stratosphere and the tro-
chemical processes during the austral winter and the rapigosphere. It is therefore essential that the ozone assimilation
release of chlorine and bromine when sun light reaches théy the coupled system IFS-CTM does not degrade the ozone
polar region (Solomon, 1999). values in the troposphere. This is a difficult task because of
Ozone has been included in global numerical weather prethe dominance of stratospheric ozone in the total column and
diction (NWP) models as a prognostic variable since the mid-the limited vertical information of satellite observations.
1990’s (Derber and Wu, 1998) in order to assimilate satel- Ozone retrievals from OMI, SCIAMACHY, SBUV-2 and
lite observations of ozone within the NWP data assimilationMLS have been assimilated in this study. The MLS retrievals
framework. Besides the monitoring of the man-made ozonéhave the potential of being important for the quality of the
depletion, the crucial role of ozone in the atmospheric radi-ozone analyses because of the ability of MLS to measure
ation budget and its link to wind fields (Allaart et al., 1993; during the polar night and to provide vertical profile infor-
Riishojgaard, 1996) through its tracer characteristics moti-mation between the lower mesosphere and the stratosphere.
vated the introduction of the ozone variable. The underlyingWhile many studies (e.g. Levelt, et al., 1998; Eskes et al.,
ozone chemistry schemes are often simplifications of strato2002; Geer et al., 2006) focus on the assimilation of only
spheric processes derived from parameterizations of Chensne specific instrument, ozone profile retrievals from MLS
ical Transport Model (CTM) results (Cariolle ande@g, have been assimilated together with retrievals from one UV-
1986; McLinden et al., 2000; McCormack et al., 2006) or instrument such as SBUV-2 (Jackson and Orsolini, 2008) or
observed climatologies (Fortuin and Kelder, 1998). For ex-OMI (Stajner et al., 2008). The use of multiple instruments
ample, Geer at al. (2007) compare different ozone assimiraises the question of the inter-instrument biases since they
lation systems based on linear chemistry schemes. Coy atould degrade the analyses. The precise quantification of
al. (2007) investigate the influence of observation and modethese biases in the time of the ozone hole, as shown in this
biases for the assimilation by a model system with and with-paper, is complicated by the different sampling of the instru-
out a linear chemical scheme. As pointed out in a review byments, the reduced retrieval quality at low solar elevation and
Lahoz et al. (2007), using data assimilation systems basethe pronounced horizontal ozone gradients.
on CTMs (e.g. Khattatov et al., 2000;&vard et al., 2000; In addition to evaluating the quality of the ozone assim-
Errera et al., 2008; Massart et al., 2009) has been an alteitation and chemistry, this paper also investigates the time
native to the NWP approach. The CTM systems can applyspan over which the initialization with ozone analyses im-
more complex chemical schemes and give the opportunity tgroves the forecast for each chemical scheme. This “chemi-
study the chemical impact on other species during the ozoneal predictability” of ozone has to be distinguished from the
assimilation. “meteorological predictability” of the underlying dynamical
At the European Centre for Medium-Range Weather Foreprocesses. In order to demonstrate the impact of the chem-
casts (ECMWEF), ozone has been operationally assimilatedcal scheme on the predictability, initialized ozone forecast
and forecast using an updated version of the linearizedvere carried out with all three chemistry schemes and with a
scheme by Cariolle and & (1986) since 1999 (@Im tracer without chemical conversion.
et al., 1999), and it was included in the ERA40 re-analysis Predictability is understood as the time span over which a
(Dethof and HIm, 2004). Within the “Global and regional satisfactory forecast can be made. The predictability is there-
Earth-system Monitoring using Satellite and in-situ data” fore related to the model performance, which depends on
(GEMS) project (Hollingsworth et al., 2008), the ECMWF's the quality of the model, its initial conditions and boundary
integrated forecast system (IFS) was extended to be able tdata (Kalnay, 2003). The chaotic behavior of atmospheric

Atmos. Chem. Phys., 11, 1961977, 2011 www.atmos-chem-phys.net/11/1961/2011/



J. Flemming et al.: Forecasts and assimilation experiments of the Antarctic ozone hole 2008 1963

dynamics has led to the well known realization that the pre-ozone fields is therefore not only important for NRT fore-
dictability of the weather itself is limited (see for an overview casts but also for independent CTM runs, which are shorter
Lorenz, 2006, in Palmer and Hagedorn, 2006) and that ithan one year.
varies with respect to the meteorological situation. The im- Using prognostic ozone fields in the radiative transfer cal-
pact of the chaotic aspect of the predictability can be quan-culation is an interesting prospect to improve temperature bi-
tified with an ensemble of meteorological forecasts whichases of NWP or climate models in particular in the strato-
use slightly different meteorological initial conditions. These sphere. For this purpose, simulations of realistic ozone pro-
forecasts will diverge more quickly if the predictability is files are required. For instance, de Graridpt al. (2009)
low. The sensitivity of CTMs to initial conditions of the show improvements in temperature predictability at 50 hPa
concentrations is strongly controlled by the strength of theby one day with a coupled Chemistry-Dynamics Assimila-
simulated sink and source terms. As in the case of the metedion system, which uses a full chemistry scheme and assimi-
rological model, the impact of the initial conditions vanishes lates ozone profiles of the Michelson Interferometer for Pas-
but — in contrast to the meteorological case — an ensemble dfive Atmospheric Sounding (MIPAS).
CTM forecasts will not diverge if the initial concentration of ~ The remainder of the paper is structured as follows. The
the concentrations were slightly disturbed but they will reachthree different chemistry schemes and the model configura-
a state controlled by the sources and sinks. tion are described in Sect. 2. The data assimilation set-up
The chemical lifetime of ozone in the stratosphere variesand the assimilated observations, including an investigation
with height from a month in the lower part to a couple of of the inter-instrument biases, are also introduced in this sec-
hours in the upper part as simulated by two-dimensionaltion. Section 3 contains the evaluation of the ozone fore-
CTMs (e.g., Fig. 6 in Gray and Pyle, 1989). The lifetime cast with and without ozone assimilation in the period from
of ozone is also significantly shorter during the developmentAugust to December 2008. The first step is the validation
of the ozone hole. against column values of ozone sondes to evaluate the anal-
Most of the variability of stratospheric ozone on the global yses with independent data. In the next step, the ozone-hole
scale is caused by dynamical processes. That is why anomaize below 220 Dobson Units (DU) is used as a compact
lies of the geopotential height in the stratosphere have beeparameter to study the forecasts with different forecast lead
successfully used as a predictor for the ozone variabilitytimes and initializations. The last step in the evaluation looks
(Long et al., 1996). Sekiyama and Shibata (2005) identifyat the shape of the forecast ozone profiles. The paper ends
the predictability of the 100 hPa geopotential height as thewith conclusions and a summary of the results in Sect. 4.
limiting factor for the predictability of the ozone anomalies.
Simmons et al. (2005) show that the dynamical features of ,
the vortex, even during the vortex split event in 2002, can2 Model and experiment set-up
be well predicted. The quality of the ozone hole forecast will
depend strongly on the correct representation of the chemic

processes since the ozone lifetime is shortened. The model configurations of the IFS for this study differed
Eskes et al. (2002) obtain a predictability range of at leastyy i their simulation of the ozone chemistry. The IFS used

four to five days based on anomaly correlations of total jy 5 |inearized scheme, which is a further development of the

ozone with respect to monthly means for the southern hemig.heme by Cariolle and @& (1986), (i) a full chemistry

sphere. Stajner et al. (2006) show improvements in predicg.peme implemented in the CTM MOZART-3 and (iii) a cli-
tion of ozone in middle latitudes over several days from well- matological approach, which is the relaxation to the ozone

captured dynamical variability and improved initialization of climatology as implemented in the CTM TM5. The latter

ozone values in the polar vortex due to assimilation of 0zong&,,5 schemes have been made accessible to the IFS by means
data from solar occultation instruments. Tegtmeier and Shepgs o two-way coupled system that links the IFS to the CTMs
herd (2007) report much longer lasting, i.e. half a year andy;67ART-3 and TM5. The coupled system is described and
more, correlations of observed stratospheric 0zone anoma;,jigated in Flemming et al. (2009). The coupled CTMs,
lies in the extra-tropics, which they attribute to anomalies in\,ich are driven by IFS meteorological data, provide the
odd nitrogen compounds. _ _ IFS with the tendencies of sink and source processes which
While the dynamical processes determine the spatial paty g not directly modeled in the IFS. The chemical conversion

terns of the ozone fields, the biases of the simulated 0zoNg,teg from the linear scheme are calculated as part of the IFS
concentrations are caused by the accumulation of Chem'(‘:ode.

cal biases and of biases due to errors in the resolved-scale
and sub-scale transport processes (van Noije et al., 2004;
Rind et al., 2007). If these biases are corrected by using
ozone analyses as initial conditions, the effect might be long-
lasting because of the long-lasting impact of ozone anomalies
mentioned above. The correct initialization of stratospheric

a%'l Three schemes for stratospheric ozone chemistry

www.atmos-chem-phys.net/11/1961/2011/ Atmos. Chem. Phys., 11, 19672011



1964 J. Flemming et al.: Forecasts and assimilation experiments of the Antarctic ozone hole 2008

2.1.1 Linear scheme (IFS) ation times are 2.5 and 4 days, for the tropics and the extra-
tropics, respectively.

The parameterization is a description of the ozone chemistry

in the stratosphere. The temporal change due to chemical.2 Data assimilation method

sources and sinks of ozone is simulated in the following way:

The ozone satellite observations were assimilated by

dOg _ _ ; r S ECMWEF's incremental formulation of the four-dimensional
ar :"1+‘“2(O3_O3)+"3(T_T)+C4(/O3_/O3)+C5(Cleq) Os variational data assimilation (4D-Var) method. A description
p p of the 4D-Var data assimilation algorithm of the IFS is given
The change depends on the deviations of the ozone conce®Y Mahfouf and Rabier (2000) and with focus on the assimi-
0 lation of aerosol in Benedetti et al. (2009). In 4D-Var, a cost

tration G;, temperaturd and overhead ozone columfi©3  function is minimized over a time window in such a way that
.the resulting analysis is an optimal combination of the model

p
from the respective mean modeled 2-D photochemical equis. : ) i
librium stateT and Oz (Cariolle and Teyssdre, 2007, ver- fields and the observations. Prescribed model and observa

sion 2a). The coefficientsy, cz, cs and s vary monthly tion error statistics determine how much weight is given to

. . : the modeled and observed values in the combination. 4D-Var
and are given for different latitude band and pressure lev- . . . ;
akes it possible to fully take into account all observations

els. The formula also includes a parameterization of the ra |c!n . T . :
. P . L. P ithin the minimization time window. In 3D-Var, unlike 4D-
ozone loss due to the chlorine catalytic cycle which is base . :
; . - — ar, observations are assumed to occur at the same time.
on a prescribed global equivalent chlorine cont€hyy of

- . A detailed description and examples of the application of
3.31 ppbv. The coefficient is not zero only at temperatures o
below 195K in daylight conditions. Its non-zero value cor- the coupled system IFS-MOZART for the assimilation of at-

L mospheric constituents can be found in Inness et al. (2009).
-fol f . ' : . . e
responds to an e-folding time of about 5 days The implementation of the chemistry simulation into the 4D-
2.1.2  Full scheme (IFS-MOZART) \_/ar apparatus vyith the coupled s_ystem foII(_)WS the assimila-
tion of ozone with the parameterized chemistry (Dethof and

The MOZART-3 chemical mechanism simulates the tropo-H0Im, 2004), which means that the chemistry scheme is ap-
spheric and stratospheric chemistry with 106 species. Thélied to determine the increments between the model and the
chemical mechanism is described in Kinnison et al. (2007). Itobservations but it is not included in the minimization by the
also includes the ozone destruction caused by catalytic chenfdjoint and tangent linear model which is applied to these
istry of halogenic compounds and their activation by hetero-increments. The adjoint and tangent linear model accounts
geneous reaction on the surfaces of polar stratospheric cloud¥ly for transport processes, which are assumed to be the
(PSC). The PSCs simulated by the MOZART-3 are liquid bi- main reason for the variability on the time scale of the assim-
nary sulfate, nitric acid trinydrate (NAT), supercooled ternary ilation window of twelve hours.
solution and water ice. The model version described in Kin- The background errors of ozone were derived from an
nison et al. (2007) was further updated in the following de- €nsemble of forecasts (Fisher and Andersson, 2001) apply-
tails: (i) improved local conservation of inorganic chlorine ing the linear ozone chemistry scheme. The background er-
and bromine, (ii) correction of photolysis look-up tables, (iii) ror matrix is represented in a wavelet formulation (Fischer,
update of rate constants according to Sander et al., (20063006). The same background error matrix was used in all
and (iv) improved simulation of surface area density of NAT assimilation runs.
and ice PSCs. The MOZART-3 code version 3.5.02 used The assimilation of ozone data with all three model config-
in this study is consistent with the code of the Whole At- urations is statistically univariate in the sense that zero back-
mosphere Community Climate Model (WACCM), version ground error covariance terms between the chemical tracers
3.5.48, which was validated in SPARC CCMVal (2010). and the meteorological fields were defined. The impact of
the ozone data assimilation on wind and temperature fields
2.1.3 Climatological scheme (IFS-TM5) has been switched off. A possible impact on the rest of the
chemical species in MOZART-3's full chemistry scheme ap-
TM5 simulates tropospheric ozone with a modified CBM4 peared only as a consequence of the chemical interaction in
(Carbon Bond Mechanism 4) scheme (Houweling et al.,the coupled CTM, which uses the analyzed ozone fields as
1989). It does not apply any representation of stratospherignitial conditions every 12 h (Flemming et al., 2009).
chemistry; instead the ozone field in the stratosphere is con-
strained by climatology. This is based on a monthly varying,2.3 Assimilated satellite observations
pressure dependent, zonal-average ozone concentration field
representative for the years 1980-1991 (Fortuin and KelderTable 1 lists the assimilated satellite observations. OMI
1998). Ozone is nudged to the climatology above 45 hPa irand SCIAMACHY retrievals are total column data whereas
the tropics, and above 90 hPa at all other latitudes. The relaxMLS and SBUV-2 retrievals are partial columns at mostly
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Table 1. Assimilated satellite observations, specifications and blacklist criteria with respect to solar elevation (SOE) and latitude (LAT).

Sensor Platform Assimilated columns  Blacklist cri-Provider Product
teria
SBUV-2 NOAA 16/17/18 6 (0.1-1013hPa) SCGHB° NOAA V8
LAT < —8C°
omI AURA Total SOE<1 NASA OMDOAQO3 v883
SCIAMACHY  Envisat Total SOE<6° KNMI O3doas
MLS AURA 16 (0.02-215 hPa) NASA MLS-Aurh2GP-03v02-23-NRT-03
stratospheric levels. Comprehensive validation studies of the Number of assimilated observations (605-90S)
retrieval with ground based measurements were presentemoow prverrorvere BN
by Balis et al. (2007) for OMI, Froidevaux et al. (2008) for weoood [T OMU
MLS, by Eskes et al. (2005) for SCIAMACHY and Bhartia | [T |
etal. (1996) for SBUV-2. 120004 T B T Y
The horizontal resolution of MLS is about 200—-300 KM 0000 e BT % e

and the vertical resolution is about 3km in the range from g0 1..... ...
0.1hPa to 215hPa. The horizontal resolution of OMI is 13 o,/ BT T ST T S :
X 24 km and that of SCIAMACHY is 3260 km. The hori- 4000 L S o
zontal resolution of MLS is about 2—3 times coarser than the ;00 . ™ -
resolution of the assimilating model. The horizontal resolu- o Y
tion of OMI and SCIMACHY is about 8 and 3 times finer Sos %508 o o8 Sos
than the IFS resolution of about 120 km
The vertical resolution of MLS in the considered region Fig. 1. Number of assimilated satellite observations per day over
was about half as fine as the resolution of the assimilatingAntarctica (60 S-90 S) in the period from 1 August to 31 Decem-
model. The height of the IFS layers varies from 1 km to 2 km ber 2008.
between 150 and 1 hPa, whereas the MLS data have a ver-
tical resolution of about 3km in this pressure range. It was
therefore useful to provide the data assimilation system withhalf & thinning-grid box length from the selected observation
partial columns to better account for the difference in verticalin neighboring grid boxes. A different observation is chosen
resolution. The MLS data were converted to partial columnsfor different times because of the variable mapping between
without loss of the vertical resolution. the model grid and the orbit location. Thinning is applied
The data providers observation-error data were used, pue minimize the spatial correlation between the observation
they were modified to be at least 10% for OMI and SBUV. €rrors, which is not accounted for within the 4D-Var imple-
The original retrieval errors were increased because they didhentation.
notinclude the representativeness error of the observation for Figure 1 shows the number of the assimilated observa-
the respective model grid box. In the considered area betions, i.e. the ones passing the quality test, for the period 1
tween 60 and 90 S, the errors of OMI and SCIAMACHY  August to 31 December 2008 betweer?6@0° S. The sen-
ranged from 20% to 30%. The error of the stratospheric par-sors using solar UV-VIS radiation (SCIAMACHY, OMI, and
tial columns was about 5-10% above 68 hPa for MLS andSBUV) were only gradually providing more usable observa-
above 16 hPa for SBUV-2, and up to 25% for the partial tions with increasing length of the solar day. The microwave
columns below. observations of MLS were available in the same quantity
As part of ECMWF operational activities, the ozone ob- over the whole period and were therefore the dominant infor-
servations are monitored in terms of inter-instrument biasegnation source until mid-October. The number of the SBUV-
and their impact on the analysis before they are actively use@ observations was small compared to that of the other instru-
in operational mode (Dragani, 2009). This procedure resultgnents, which led to their generally small influence during the
in a quality control that prevents observations from beingassimilation. SBUV-2 had the biggest influence in the upper
assimilated if their accuracy is low. Blacklist criteria have stratosphere. All observations apart from MLS were received
been developed to exclude data observed at low solar elevdd NRT and the hindcast experiments used also these data
tion angles (see Table 1). Further, the high-resolution dat&ets.
from OMI and SCIAMACHY are thinned by choosing one  The study of inter-instrument biases has to consider that
observation within each°k1° grid box. The thinning al- the instruments measure at different times and locations,
gorithm takes the first observation which is not closer thanwhich is of importance because of the large horizontal
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Table 2. List of experiments.

Experiment Label  Ozone initial conditions Assimilated Sensors Chemistry scheme  FC Length hours  NRT

IFS-MOZ-FC Forecast - Full 96 Yes

IFS-MOZ-ANA*  Analysis SCIA, SBUV-2, OMI Full 72 Yes

IFS-MOZ-ANA Analysis SCIA, SBUV-2, OMI, MLS  Full 72 -

IFS-MOZ-FC15 Forecast, 1st and 16th day SCIA, SBUV-2, OMI, MLS  Full 24 -
each month analysis

IFS-TM5-FC Forecast - Climatology 24 —

IFS-TM5-ANA Analysis SCIA, SBUV-2, OMI, MLS  Climatology 72 -

IFS-TM5-FC15 Forecast, 1st and 16th day SCIA, SBUV-2, OMI, MLS Climatology 24 -
each month analysis

IFS-FC Forecast - Linear 24 -

IFS-ANA Analysis SCIA, SBUV-2, OMI, MLS  Linear 72 -

IFS-FC15 Forecast, 1st and 16th day — Linear 24 -
each month analysis

TRC-FC15 Forecast, 1st and 16th day — none 24 -

each month analysis

gradients during the ozone-hole period. Figure 2 shows time Averaged assimilated observations (605-905)
series of the 24-hourly spatial averages over80° S of the x
assimilated total column observations from OMI and SCIA-
MACHY and the sum of the partial columns from MLS and
SBUV-2. The typical values of the MLS partial columns in £ 55,
the lowest 10 levels, i.e. between 215 and 5hPa, was about
15DU per level and about 2DU in the levels above. The §200~~
lowest SBUV-2 partial column, i.e. below 16 hPa, contained
about 75% of the total column, and most of the remaining 150

300

= SCIAMACHY |
oMl

= MLS

x SBUVN16

s SBUVN17

ozone mass was part of the column above, i.e. between 6 and - SBUVN18
16 hPa. The data sets from all instruments showed the same "% - 010 o0 o o
overall temporal variation but with large biases until the end 2008 2008 2008 2008 2008

of October. The MLS added columns were lower than the ) o ]
UV sensors by about 50 DU until this point in time. About Fig. 2. Daily mean of assimilated ozone total columns in DU from

o A _SCIAMACHY and OMI and sum of partial columns from MLS and
half of this difference was caused by the fact that MLS ob SBUV-2 aboard NOAA 16, 17 and 18 in averaged over Antarctica
served the area poleward to°82 all the time. It was there-

- (60° S-90 S) in the period from 1 of August to 31 of December
fore able to capture a larger proportion of the ozone hole.,qgg

The missing tropospheric contribution, i.e. below 215 hPa, in
partial columns in the MLS data (see Table 1) contributed
about 18-22DU. The UV-VIS sensors showed a considerof IFS-MOZART for OMI, SCIAMACHY and MLS against
able spread until the end of October. This variability seemedatitude, averaged over one week at the end of August and the
also be largely caused by the different locations of the asend of November. The analysis departures from the 16 par-
similated observations. This is supported by the fact that a&ial MLS columns between 0.02 and 215hPa (see Table 1)
12-hourly accumulation of the observations, i.e. at the lengthwere symmetric and had nearly zero average at all latitudes
of the assimilation window and not over the whole day, led between 60S-90 S for all levels as a whole (see Fig. 3) and
to a diurnal variation of up to 50 DU, which was caused by also for the individual levels (not shown). This means that the
the zonal asymmetry of ozone hole. The high values fromanalysis was bias-free against this data set, which covered the
SBUV-2 on NOAA-16 in the second half of October have stratosphere only, both at the end of August and November.
been identified as a sensor fault. Atthe end of August, OMI’s total column values had a bias of
More detailed insight into the inter-instrument biases canabout 4 DU against the analysis with the highest bias occur-
be obtained from comparing the departures of the observaring at lower solar elevation (not shown). The SCIAMACHY
tions from a three-dimensional ozone field. By doing so thetotal columns were on average bias free but showed small
observed partial column values can better be compared witimegative biases at higher solar elevation at the end of August.
observed total column values at different locations. Figure 3Vlany more observations from OMI and SCIAMACHY had
shows the frequency distribution of the analysis departuredeen assimilated at the end of November. At this time the
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Fig. 3. Frequency distribution of analysis departures (observation minus analysis) from IFS-MOZ-ANA (see table 2) in DU (vertical axis)
against latitude (horizontal axis) for total column observations from SCIAMACHY (left) and OMI (middle) and partial columns observations
from MLS (right, different y-axis range) over Antarctica (68—90 S) in the period from 27 August to 3 September 2008 (top) and from 27
November to 4 December 2008 (bottom). The circles show the average for each latitude interval.

OMI total columns were almost bias-free against the analy-teorological initial conditions for each forecast were derived
sis and therefore also against MLS. The SCIAMACHY val- from the operational ECMWF analysis. The ozone initial
ues had a mostly positive bias against the analysis of aboutonditions were taken either from the previous forecast (FC)
4 DU when averaged over the whole domain. When binnedor from an assimilation experiment which produced analyses
according to solar elevation (not shown), the SCIAMACHY at 00:00 and 12:00 UTC in two 12 h 4D-Var cycles every day
bias was highest at low solar elevation where it reached arfior the initialized forecasts (ANA) . This assimilation exper-
average value of 12 DU. The lowest SBUV-2 columns, i.e.iment also used the operational analysis as meteorological
below 16 hPa, had an overall negative bias of about 2 DU atnitial conditions.
the end of November. SBUV-2 on NOAA 18 showed in-  The assimilation experiments were run for each model set-
creasing negative biases from 4 to 8 DU at betweenar®l  up, i.e. each chemical scheme, and the analyses were used
82° S. for the forecast with the respective scheme. The assimilation
Figure 3 also shows the latitude range for which satellitesexperiments used observations from SCIAMACHY, SBUV-
observations were assimilated. While MLS always covered2, OMI and MLS. Additionally, the NRT forecast by IFS-
the area polewards to 83, OMI and SCIAMACHY obser- MOZART (IFS-MOZ-ANAY), for which MLS data were not
vations had not been used south of abolitSby the end available, was evaluated.
of August. By the end of November observations over the To further study the influence of the chemical scheme
whole domain were assimilated. on the forecast quality, additional one-day forecasts (FC15)
In summary, the biases between the instruments varied invere carried out which were initialized from the previous
time, reached values of up to 3% and were highest at lowforecast as the FC runs on all days apart from the 1st and

solar elevation. 16th day of each month, for which they were initialized by
the respective ozone analysis. FC15 runs were also carried
2.4 Experiment set-up for a tracer without chemical conversion.

The IFS was run with a T159 spectral resolution and
The IFS forecasts evaluated in this paper (Table 2) differedhe grid point space was represented by a reduced Gaus-
in the model set-up, i.e. the choice of the applied chemicalsian grid (Hortal and Simmons, 1991), which has a grid box
scheme, and whether ozone analyses were used to initiate tisize of about 125km. The vertical discretization consisted
forecast. The forecasts were started at 00:00 UTC every dagf 60 hybrid sigma-pressure levels, reaching up to 0.1 hPa.
in the period from 1 August to 31 December 2008. The me-The CTMs MOZART-3 and TM5 were run in the coupled
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Table 3. Ozone sondes used for the evaluation.

Name Lat Lon  Observations per month in 2008  Network/Institute

Aug Sep Oct Nov Dec

Neumayer -70.65 -8.2¢ 7 13 10 7 4 WOUDC & NDACC/AWI-NM
McMurdo —77.85 166.67 0 8 10 0 0 NDACC/University of Wyoming
Marambio —64.24 56.63 9 8 9 9 9 WOUDC/FMI-SMNA

Syowa —69.0° 39.6° 6 5 4 5 5 WOUDC/IMA

Ushuaia —54.8% 68.3F 2 4 6 5 1 WOUDC/SMNA
MacquariIsland —54.5 158.924 4 4 2 0 0 WOUDC/ABM

South Pole —-90.C° 6 11 9 6 5 NDACC/NOAA

Table 4. Average of ozone columns in DU derived from sondes (OBS) and biases (model minus observation) for all model configurations
and stations (see Table 3).

Station OBS IFS-MOZ-FC IFS-TM5-FC IFS-FC IFS-MOZ-ANA IFS-TM5-ANA  IFS-ANA
Neumayer 159.8 28.7 40.1 -3.1 5.0 7.7 8.4
Syowa 185.3 22.9 355 47 3.6 8.1 3.7
McMurdo 155.3 35.3 42.2 55 10.7 11.5 11.0
Marambio 206.6 23.7 40.4 -15.0 13.0 12.3 12.1
Ushuaia 217.4 115 254 -223 9.0 10.5 12.1
Macquarie Island  304.8 6.4 33.3 -19.3 4.7 9.2 8.4
South Pole 154.3 13.9 30.2 -37 3.2 3.7 6.5

experiments on a regular latitude-longitude grid ofP % 2.9
and 2 x3° grid box length respectively; they used the same
vertical discretization as the IFS.

3 Evaluation of the forecasts

May Jun Jul Aug Sep Oct Nov Dec
2008

May Jun Jul Aug Sep Oct Nov Dec
2008

3.1 Synoptic overview
Fig. 4. Monthly mean of observed temperature profiles (leff, @

The 2008 ozone hole started to grow rapidly after mid- y-axis pressure inhPa) and respective forecast errors (right, in K)
August, which is about 2—3 weeks later than the average sta@ver Neumayer station for the period from May to December 2008.
time of the last ten years. It reached its maximum in mid- Blue colours indicate low values and red colour high values.
September, being at this time only slightly smaller than the
biggest recorded ozone hole in 2007. The 2008 ozone holeors at Neumayer Station from May to December 2008. The
lasted longer than most previous events and ended in Decentemperatures below the minus 85 threshold of the forma-
ber. Its size in mid-October was larger than 90% of the yeargion of ice clouds (PSC type Il) occurred in July and August.
since 1979 according to WMO (2008). Van Peet et al. (2009)The forecast temperature profiles were very similar to the ob-
present GOME-2 profile retrievals from September to De-served patterns in the region of the ozone hole between 150-
cember 2008, which agreed well with sonde profiles from20 hPa, but they were about 0.5-1 K cooler than the observed
Neumayer station (see Table 3). values below 20 hPa and about 2—3 K cooler above 20 hPa, in

The temperature at 50 hPa was below the 1979-2007 aparticular in July.
erage on most days from June to August. The volume below Humidity observations from sondes are less reliable in the
the threshold temperature for the formation of PSCs type Istratosphere and are therefore not suited for a test of the fore-
(NAT) was well above the long-term average, in particular in cast humidity. MLS retrievals of water vapor can be used to
early September. The vortex was stable and mostly concerevaluate the stratospheric humidity for latitudes up t6 82
tric (WMO, 2008). A comprehensive evaluation of the mete- The observation error varies from 15% at 100 hPa to 4%
orological forecasts and analyses is beyond the scope of thiat 1 hPa. fittp://mls.jpl.nasa.gov/products/hpooduct.php.
paper. Exemplarily, Fig. 4 shows time series of the monthly At the time of the PSC formation, the MLS water vapor re-
mean observed temperatures and the respective forecast drievals had values of 2.5-3 ppmv within the polar vortex and
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Fig. 5. Columns of ozone soundings at different locations (OBS, %1 o8 o100 ot ot ot
see Table 3) in the period from 1 August to 31st of December 2008 2008 2008 2008 2008 2008

and the corresponding predictions for the first forecast day by IFS-

MOZART (blue triangle), IFS-TMS5 (green circle) and IFS (red dia- Fig. 6. Time series of observed total columns (OBS) in DU, y-axis,

mond) without assimilation (FC, left) and with assimilation (ANA, from ozone sondes at South Pole Station and from forecasts without

right). (FC) and with assimilation (ANA) by IFS-MOZRT, IFS-TM5 and
IFS. Only soundings whose top pressure was between 5 and 8.5 hPa

4-5 ppmv outside the polar vortex at 56 hPa. PSCs were sime'® shown.

ulated within the polar vortex despite an underestimation of

humidity by 1 ppmv inside the polar vortex. Outside the po- (see Fig. 5). On the first forecast day, the mean biases of the
lar vortex the water vapor was 0.5—-1 ppmv below the MLS IFS-MOZART, IFS-TMS and IFS FC run were changed from

21.7,36.1 and-8.2DU to 7.3, 9.9 and 9.7 DU respectively
by the initialization with the analyses. As described later, the
3.2 Comparison with ozone columns from sondes low overall biases of IFS FC, which were even lower than the
biases of IFS ANA, were caused by the compensation of un-
The forecasts were evaluated against ozone soundings frogierestimation in August and September and overestimation
seven locations (see Table 3) in the Antarctic region for thein the later months. IFS-ANA had a constant small positive
period August to December 2008. Typical uncertainties forbias over the whole period. Table 4 lists the biases and the
these ozone observations in the lower stratosphere are lesibserved averages for the individual stations. The ANA runs
than 5% for both the random and the systematic error (e.ghad the lowest biases at South Pole station; the highest biases
Beekmann et al., 1994). The number of soundings variedccurred at Marambio, which is located closer to the edge of
for the different stations. Most observations were availablethe ozone hole. The initialization with analyses improved not
in September and October when the ozone hole was fullyonly the biases but also reduced the standard deviation of the
developed. Marambio, Neumayer and South Pole station haérrors from 24.7, 32.0 and 26.1 DU to 13.3, 13.9 and 13.5
the most complete records. DU for IFS-MOZART, IFS-TM5 and IFS respectively. The
The observed ozone profiles were converted to ozongariation among the three different chemistry schemes was
columns. The soundings stopped mostly at heights betweegreatly reduced, which means that the analyses were mainly
10 to 5hPa and the recorded top height was also appliedetermined by the continuous assimilation of satellite obser-
in the calculation of the forecast ozone columns. The to-vations rather than the underlying model approach. Figure 6
tal column values, i.e. up to the model top of 0.1 hPa, wereshows time series of the observations, the FC and ANA runs
about 5% larger than these vertically limited values. Figure 5by all three model set-ups for South Pole station. The ANA
shows scatter plots of observed and forecast ozone columrigins followed the observations closely, whereas the biases of
by the three model systems with and without assimilation.the FC runs varied in time, which will be discussed in the
Although there was a correlation of 0.93, 0.87 and 0.91 beext section.
tween the observations and the FC runs by IFS-MOZART, _
IFS-TMS5 and IFS respectively, IFS-MOZART and IFS-TM5 3.3 Forecast of the development of the ozone hole size
mostly over-predicted whereas IFS under-predicted the ob- .
serva{ions. 'IPhe largest relative biases for IIE)S-MOZART oc-The size of the ozone hole fore_cast by the ANA’ FC and
curred at stations close to the edges of the ozone hole such §5C15 runs after 12_h using th_e d|fferent chemistry schemes
McMurdo and Neumayer, but McMurdo's bias was further is shown as a function of tlme in Fig. 7. The ozone hole was
increased by the observations coverage limited to Septembe(:fxpreSS(ad as .the area fraction below 220 DU l_)etweé|$62
and October (see Table 3). Lower biases occurred at Soutﬁnd 90.5' A d|.scu55|on of _the .usefglness of this frequently
Pole and at the stations mostly outside the ozone hole, Whe(rjg.seOI dlagnostlp threshold s given in Newman et aI.. (2004).
IFS showed in general the highest biases. When initialize \gure 8 contains maps of the ozone total column fields by
with analyses, forecasts (ANA) improved to a large extentthe different forecasts for the 30 September 2008.

observations.
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. : — Moz Fig. 8. Ozone total columns (DU) over Antarctica on 30 Septem-
0.6 ] ber 2008, 12:00 UTC, from the runs without assimilation (FC, top),
| with assimilation (ANA, middle) and from runs initialized 14 days
previously (FC15, bottom) by IFS-MOZART, by IFS and by IFS-
0.4 TMB5. Blue colours indicate low values below 220 DU; red and dark
7 red colors indicate values above 370 DU.
0.2 i
1 The FC runs by IFS-MOZART correctly predicted the
e T e o T oy oee time of the ozone-hole development and its closure but it
] ) under-predicted the maximum extent by about 20% (Fig. 7,
. Antarctic Ozone Area Fraction (below 220 DU) FC15 top). The simulations of the ozone hole were an improve-
| — ANA ment over the simulations of the year 2000 ozone hole with
0.- — 'TF,aS MOZART-3 by Kinnison et al. (2007). Their simulated
' — MOZ ozone hole is too small and delayed and the ozone values
—— TRC around the polar vortex are too high in early spring when

using meteorological analyses from the ECMWF's opera-
tional system or a 4D-VAR version of the re-analysis sys-
tem as meteorological input data. Kinnison et al. (2007)
conclude that an overestimation of the Brewer-Dobsen cir-
culation (van Noije et al., 2004), which they also find in an
underestimation of age-of-air, and enhanced mixing into the
A A\ vortex are the reasons of the underestimation of their ozone
AUG SEP ocT NOV DEC hole. Monge-Sanz et al. (2007) had already reported that
the transition from 3D-Var to 4D-Var improved the realism
Fig. 7. Area fraction below 220DU in the area 88-90 S at  of the age-of-air simulation. O. Stein (personal communi-
12:00 UTC from the runs without assimilation (FC, top), runs with cation) demonstrated that age-of-air was more realistic with
i‘sf"m'c'jatl'g?h ((f‘NA'fm'd?]'e) a’lﬁ (“;glr;nz 'tr:'“a')'Z:d"‘:)g'{AOO”Z;\hReT the meteorological analyses of the 4D-VAR system used in
stan ay of each mon » bottom) by 17>V this study than the ones used by Kinnison et al. (2007). The
(MOZ, blue), IFS (red), IFS-TMS (green) and a tracer without IFS-MOZART simulation in this paper showed more realis-

chemistry (TRC, orange, FC15 only). See Table 1 for the assim- . | col field d and inside th
ilated satellite observations. MLS was not assimilated in the NRTtIC ozone total columns fields around and inside the vortex

ANA* run with IFS-MOZART (MOZ-NRT, dotted blue line, mid- (see Fig. 8, top) with the updated version of the IFS meteoro-
dle panel only). logical model. There were still deficiencies in the simulation
of the vertical profiles, which will be discussed in Sect. 3.4.
The linearized scheme (IFS) forecast (FC) the ozone-hole
development three weeks too early but the slow closure from

Atmos. Chem. Phys., 11, 1961977, 2011 www.atmos-chem-phys.net/11/1961/2011/



J. Flemming et al.: Forecasts and assimilation experiments of the Antarctic ozone hole 2008 1971

October onwards followed the analyses very well. The ex- F156ias60.905 Fe1s Bias 60-905

aggerated ozone loss by the linear scheme could be caused], T — e ]

by the negative temperature bias of the analysis as shown x{ — fmws 301

. . . . 20 == TRC 204

in Fig. 4. Further, the temperature-triggered catalytic ozonez | 2 0]

loss term (see Sect. 2.1) does not take into account the de- ‘TS——— | ] =

lay between the conditioning of the PSCs and the activation »o+———+———++——+—++—1 2+
. . N 123 456 7 8 9101112131415 12 3 456 7 8 9101112131415

of the chlorine. Cariolle and Teysdre (2007) show that the Day sfter ntalization Day afterniaizaion

linear scheme, of which we used version 2a, is able to pro-

duce an ozone hole with minimum values of 140 DU, which Fig. 9. Bias _of the ozone total columns over 6023 from the
is about 20 DU higher than the observations from the TOMsFC15 runs with IFS-MOZART (blue), IFS (red), IFS-TMS (green)
. . and a tracer without chemistry (TRC, purple) for the period of the
|nstru‘ment for the year 2001. A cold tracer (C_arlolle and ozone hole development (left: 1 August—30 September, average of
T_eyssed_re, 2007, Eskes etal., 2003).may h?'P to improve thefour FC15 runs) and its closure (right: 1 October—31 December,
simulation of the ozone-hole start with the linear scheme.  ayerage of six FC 15 runs). The FC15 runs were initialized with
The climatological approach (IFS-TM5, FC) correctly pre- ozone analyses at the forecast start.
dicted the quick development of the ozone hole but its full ex-
tent in September was slightly under-predicted. The forecast
ozone hole had already disappeared by the start of Novenmgust could not fully correct the untimely simulation of the
ber, when still half of the area south of 6Bad total ozone o0zone hole with IFS. The initialization on 1 September led to
columns below 220 DU in the analyses. a very realistic simulation of the ozone-hole size over the
Despite the biases of the FC runs, the spatial patterns of théollowing 15 days by all schemes. In particular the IFS-
ozone total column fields were in all cases similar to the ANA MOZART forecasts were very close to the analyses in this
and FC15 runs (e.g. see Fig. 8). Since the ANA run showed geriod. Around 16 September the ozone hole had reached
very good agreement with observations, it can be concludeds maximum size. The correction by initialization on this
that the more dynamically driven exchange between the vorday was hardly needed by all schemes including the tracer
tex and its surroundings was well represented by the transpoip correctly forecast the mostly dynamically driven changes
scheme in the IFS. until the end of October. In the later stages of the ozone-hole
It is apparent from Fig. 7 (middle) that the analyzed ozoneclosure chemical processes become more important since the
total columns fields produced by the three different modelingTRC-FC15 runs diverged from the analyses. IFS-MOZART
approaches were very similar because the respective ANAended to predict a slightly delayed closure of the ozone hole
runs did not differ to a large extent for day one. The largestwhereas the linear IFS scheme slightly overestimated the
differences, although only around 20 DU, appeared in theozone-hole closure. The overall correct forecast of the ozone
vortex centre in August and September (Fig. 6), which is leshole suggests that the transport of ozone into the vortex was
observable at this time by the UV-based sensors OMI, SCIAcorrectly simulated.
MACHY and SBUV. These differences can be attributed to  The closure of the ozone hole by IFS-TM5 was, as in the
the differences in the chemistry schemes. When no MLS recase of the FC run, enforced much too early, in particular
trievals were available, as in the IFS-MOZ-ANAun, the  in November and December. A test with no relaxation be-
observed information content was further reduced in the are4ow 5 hPa improved the simulation results of IFS-TM5-FC15
of the ozone hole (see Fig. 1), which led to an underestimaduring the time of the ozone-hole closure at the expense of
tion of the ozone hole by IFS-MOZ-ANAin August and  poorer results during the rapid development of the ozone

September (Fig. 7, middle). hole, which could not be simulated correctly anymore.
Because the predictability differed between the time of the
3.4 Impact of ozone initialization on the forecasts ozone-hole development and its closure, Fig. 9 shows the de-

velopment of the bias in total columns over Antarctica for
More insight into the impact of the chemical schemes onthe periods 1 August to 30 September 2008 and 1 October—
the predictability of the ozone hole can be obtained from the31 December 2008. The results from the FC15 tracer runs
evaluation of the FC15 runs. The FC15 runs are equivalenhelped to quantify the importance of the chemical sources
to a sequel of ten 15-day model runs, which are started fromand sinks at the time scale of the forecast length. The bias of
an ozone analysis on the 1st and 16th day of each month. FC15 TRC increased to about 35 DU over 15 days averaged

Figure 7 (bottom) shows the predictions of the ozone-holeover the first period. The full chemistry of IFS-MOZART

extent by each chemistry scheme and by the tracer withoutvas able to produce nearly unbiased forecasts of the rapid
chemistry (TRC-FC15) as well as the respective values ofozone-hole development up to 10 days. Negative and posi-
the analysis. The importance of the chemistry in the pe-tive biases of about +/10 DU occurred in the FC15 forecast
riod from mid-August to mid-September was demonstratedwith IFS and IFS-TM5 respectively after 15 days. During
by the large deviation of the TRC-FC15 run from the ana-the second period, i.e. time of the ozone-hole closure, the
lyzed values. The initialization with analyses on the 16 Au- FC15 tracer forecast had a positive bias of about 15 DU after
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Fig. 10. Monthly averaged ozone profiles (partial pressure in mPa) forecast by IFS-MOZART (top), by IFS-TM5 (middle) and by IFS
(bottom) without assimilation (FC, green), with assimilation (ANA, blue), with assimilation but excluding MLS data*(ANi4e dotted
line, IFS-MOZART only), and observations (Sonde, red) at Neumayer Station from August to December 2008.

15 days. This would mean an overestimation of the ozonescale development of the polar vortex was correctly predicted
transport into Antarctica, if the chemistry was not important. by the IFS over 15 days. More dynamically complex events
The linear scheme, however, produced a smaller bias of abowduch as the vortex split in 2002 have a shorter meteorological
5 DU showing the best predictability of the schemes duringpredictability of about one week (Simmons et al., 2005).
the ozone-hole closure. The full scheme of IFS-MOZART
underestimated the ozone increase at a rate of about one DB5 Evaluation of vertical profiles
per day. The large biases of IFS-TM5 showed the strong
limitation of the climatological approach for forecast appli- The assimilated satellite ozone retrievals (see Table 1) con-
cations. tained either no (OMI, SCIAMACHY and SBUV-2) or only

A bigger difference in the decrease of the ozone hole ocdimited information (MLS) about the shape of the ozone pro-
curred in the FC15 runs started at 1 December (see Fig. 7jle. Hence, ozone analyses with realistic total column values
bottom). The IFS-MOZART run showed the development of may not necessarily be in good agreement with the observed
a rather large scale negative bias of the ozone total columngzone profiles.
which covered southern mid- and high latitudes. The dif- For the sake of brevity, only the match with observations
ference between the values in and outside the vortex wer&om the soundings at Neumayer Station (see Table 3) is dis-
correctly reproduced. The TRC run, i.e. without chemistry, cussed in this section but the findings were also true for the
showed a large positive bias in the vortex centre, indicatingother locations. Figure 10 shows monthly averages of ob-
the importance of the ongoing ozone depletion, and a smalserved and forecast (day one of FC and ANA) profiles from
negative bias in the mid-latitudes, which might be caused bythe three model configurations. The ozone hole became vis-
insufficient ozone production. The linear scheme underestiible in the observed September average in the altitude range
mated the ozone loss in the vortex but showed more corredbetween 150 to 20 hPa; and it was largest in October.
values outside the vortex. The FC runs by the climatological scheme of IFS-TM5

As a test of the importance of the meteorological forecastcorrectly reproduced the height of the maxima and minima
error, a sequence of initialized forecasts over 15 days withbut underestimated the ozone loss from September onwards
IFS, i.e. without the daily update of the meteorological initial in the region above 200 hPa. The linear scheme of IFS pro-
conditions, was carried out. Its results did not significantly duced the most realistic stratospheric monthly-averaged pro-
differ from the IFS-FC15 runs, which means that the largefiles after September but it overestimated the tropospheric
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values below 500 hPa and under-estimated the stratospheri& Summary and conclusion
concentrations in August and September.

Without assimilation, the profiles of the run with IFS- The paper presents forecast and assimilation experiments of
MOZART showed the indented shape typical for the ozonethe Antarctic ozone hole from August to December 2008.
hole too late. The ozone depletion was too weak and ocThe focus was put on the impact of three different ways
curred at a higher level than the observations suggest. Thto describe stratospheric ozone chemistry and on the char-
maximum ozone loss was simulated at a pressure rangacteristics of satellite observations from MLS, OMI, SCIA-
above 50hPa whereas the observations showed a strongMACHY and SBUV-2 in the region of interest. A linearized
ozone decrease between 50-150 hPa. The identified cold big&heme (IFS), a relaxation to a climatology (IFS-TM5) and a
above 50 hPa (see Fig. 4) could be a reason for an overestthemistry mechanism including heterogeneous processes on
mation of the ozone depletion by IFS-MOZART in this re- PSCs (IFS-MOZART) were applied as chemistry modules
gion. The same feature, i.e. the overestimated ozone losey ECMWF's model and 4D-Var data assimilation system.
above 50 hPa, was also found in the simulation with the lineatOzone-sonde observations were used for the evaluation.
scheme. The linear scheme responds directly to deviations Without correction by ozone analyses, the forecasts dif-
from the climatological temperature field (see Sect. 2.1.).fered to a large extent. The linear scheme predicted the
The lack of sufficient ozone depletion in the lower strato- chemically instigated ozone depletion too early but produced
sphere is more difficult to explain but might be caused by angood results during the more dynamically driven closure of
exaggerated downward transport of ozone, which could alsdhe 0zone hole after its peak in September. The climatologi-

be an additional reason for the too strong ozone decrease i#@l sScheme captured the development of the ozone hole cor-
the upper stratosphere. rectly but did not reproduce the exceptionally long duration

On the first forecast day, the ANA runs assimilating all of the 2008 event due to the strong forcing towards climatol-

satellite data (see Table 1) with all three model configurationg?@y. The chemical scheme of IFS-MOZART correctly fore-
agreed very well with the observed profile in the stratospherecast start and duration of the ozone hole, defined as the area
The maximum error of the month]y mean at any he|ght WasWith ozone below 220 DU. Its maximum size was underes-
about 1 mPa, and the maximum deviation of individual pro- timated by 20%. The main region of the ozone decrease in
files was below 2.5 mPa. No systematic bias could be foundhe simulations of IFS-MOZART was predominantly the up-
at any level in the stratosphere. The ANA runs were in bet-per and not in the lower stratosphere as observations sug-
ter agreement with observations than the respective FC rungest. A cold bias in the upper stratosphere during winter and
in all cases. The good agreement could be attributed to th€xaggerated downward transport of ozone in the polar vor-
assimilation of MLS data because the NRT forecast with IFS-tex might be the reasons for this behavior. Nevertheless, the
MOZART (IFS-MOZ-ANA*), for which MLS data were not  results are an improvement over the simulation of the year
available, produced worse results in particular in Septem-2000 ozone hole with MOZART-3 as presented by Kinnison
ber and October. In this period an over-prediction of strato-€t al. (2007) because of updates of the model code, in partic-
Spheric ozone occurred at about 100 hPa which was accorﬂﬂal' improved simulation of surface area density of NAT and
panied by a large under-prediction of tropospheric ozone. ice PSCs, and because of improved meteorological fields.
The assimilation had in general a positive impact in the Deficiencies in simulating the amount of ozone depletion by
troposphere despite the fact that the lowest MLS partialCTMs (e.g. Kémer et al., 2003) and chemistry-climate mod-
columns covered only the range from 68 to 214 hPa and tha€ls (Struthers et al., 2009) have been reported in the literature.
errors larger than 20% are assigned to this level. It seem$lore recent studies show improvements in the modeling of
that the synergy of column information from SCIAMACHY surface reactions on PSC which trigger the ozone depletion
and OMI being consistent, i.e. bias free, with MLS'’s strato- (€.9. Daerden et al., 2007).
spheric profile led to improved tropospheric profiles. How- The characteristics of the three different chemistry
ever, the problem remains, that tropospheric values weréchemes were overcome by the combined assimilation of
not well constrained by the used satellite observations. ThMLS, SBUV-2, OMI and SCIAMACHY ozone retrievals.
model background error specification is likely to strongly in- One-day forecasts started from the analyses showed a con-
fluence the tropospheric values of the analyses. siderable improvement of bias and error standard deviation
The genera”y good agreement of the ANA runs with pro- when Compared with columns and profiles of ozone sound-
file observations emphasizes the importance of the assimilangs from seven locations. The analyses made with the differ-
tion of ozone profile data, such as MLS or MIPAS. Without €ntchemistry schemes hardly differed, which showed a dom-
assimilation of height-resolved data, the vertical structure ofinating impact of the assimilated observations. Only at the
the analysis depends entirely on the background error statigime of the development of the ozone hole small differences

tics. If the assimilating model does not simulate a realisticappeared between the schemes. At this time of the year, the
profile shape, as in the case of IFS-MOZ-ANA*, the ana- UV-VIS based instruments did not observe a large area south

lyzed profiles can deteriorate. of 60° S and MLS was the main information source.
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The overall good agreement of the analyses is differentstudy of the biases at the end of August and the end of
from the finding of an inter-comparison study of linear strato- November confirmed that inter-instrument biases were be-
spheric ozone schemes by Geer et al. (2006). They foundbw 3%. Both MLS and OMI were nearly bias-free against
a more important dependence of the underlying modelingthe analysis while SCIAMACHY showed a higher positive
approach on the global scale. However, the assimilatiorbias at low solar elevation in November. Inter-sensor bias and
of four independent satellite sensors better constrained ths quantification is a common problem for data assimilation.
ozone fields than the MIPAS observations used in that papeiTherefore, a variational bias correction scheme (Dee, 2005)
The applied observation errors for MIPAS were of similar will be extended to ozone retrievals assimilated at ECMWF.
size (5%) as the values used for MLS in this study. Coy This paper investigated the predictability of the ozone hole
et al. (2007) showed improved analyses in the upper stratowith respect to the chemical scheme. For this purpose, the
sphere when using a linear chemical scheme instead of nability of the schemes to benefit from an initialization with
chemical scheme when assimilating only SBUV-2 observa-ozone analyses was studied over a period of 15 days. The
tions. importance of the chemistry schemes as such was shown

The assimilation of MLS partial column profiles in com- by running forecasts of an initialized tracer without chemi-
bination with total column retrievals from OMI and SCIA- cal conversion. During the ozone development (1 August—30
MACHY proved to be essential for the correctness of the September 2008) the bias of this tracer forecast over Antarc-
ozone profiles in the stratosphere and the troposphere durintica reached about 2.6 DU per forecast day. In the time of
the whole period. The importance of the MLS retrievals wasthe ozone-hole closure (1 October—31 December 2008) the
demonstrated by comparison with an assimilation run frombias was 1 DU per day. The initialized forecasts with IFS-
IFS-MOZART, for which MLS data were not assimilated. MOZART were nearly bias-free during the ozone-hole de-
This NRT run showed less realistic stratospheric profiles andrelopment. The forecast of a too early start of the ozone hole
deteriorated troposphere values, despite good agreement by the linear scheme could not be corrected by the initializa-
terms of total columns. tion in mid-August. With the correct initialization, the clo-

Problems with analyzed ozone profiles from the ERA40 sure of the ozone hole from October to December was well
re-analysis have been reported in Dethof ar@ni(2004)  predicted by the linear scheme, the full scheme of MOZART-
and attributed to missing vertical information and biases. By3 and the tracer over 15 days and longer. The linear scheme
assimilating multiple observations the often complementaryhad a bias of 0.3 DU and the tracer of 0.8 DU per day, which
information of the sensors, such as high resolution total col-means that these schemes tended to closed the ozone hole too
umn observations and vertical profiles, can be gainfully com-quickly. The full scheme tended to delay the closure at rate of
bined. This has been shown in this study and by other authors-0.8 DU per day. The long-lasting impact of the initializa-
(Stajner and Wargan, 2004, Jackson, 2007 and Massart et atipn is proof of the good simulation of the transport processes
2009). A practical benefit of the multi-sensor approach isbecause the closure of the ozone hole is mainly a dynamically
that missing or erroneous data will deteriorate the analysigdriven process. As expected, the strong relaxation to the cli-
to a smaller extent. The assimilated MLS data covered thanatology in TM5 wiped out the impact of the initialization
stratosphere and a further constraint by total column observavery quickly, in particular in November and December.
tions was needed to improve the analyzed ozone fields in the The findings of this paper and others (e.g. Sekiyama and
troposphere. Several authors (Stajner et al., 2008; Schoebefhibata, 2005) indicate an often long-lasting influence of
et al.,, 2007; Ziemke et al., 2006) have used the differencestratospheric ozone initial conditions in general. Therefore
between MLS and OMI to successfully infer tropospheric it might become good practice to initialize CTM runs, which
ozone columns. are shorter than a year, with analyses. This would not only

The multi-sensor assimilation raises the question of biasegmprove the simulation but could also assist model develop-
among the different sensors. These biases are more diffiment because the slow accumulation of biases could be better
cult to quantify in areas of large gradients because each indistinguished from more rapidly developing model deficien-
strument measures either partial or total columns at differenties.
locations and times. The retrievals of the UV instruments The good forecasts over fifteen days in the Antarctic re-
are less accurate at low solar elevation. A comparison ofgion by the linear and the full scheme could be used to simu-
the total column values averaged over Antarctica from OMI, late the radiative impact of ozone in order to improve temper-
SCIAMACHY and partial columns from MLS and SBUV- ature biases in the ECMWF model (Morcrette, 2003). How-
2 showed larger inter-instrument differences only until mid- ever, the linear scheme is itself based on climatological tem-
October, i.e. during the time when the UV-VIS based sensorgerature and ozone fields, which may limit the applicability
can only observe ozone at the edges of the Antarctic areaof the linear scheme for two-way temperature-ozone feed-
The derived differences among the instruments were thereback studies. It seems more sensitive to forecast tempera-
fore mostly related to the sampling and did not constituteture biases and would need adjustment for climate-change
biases harmful to the assimilation process. A more detailed simulations. A full chemistry scheme could have a bigger

potential to correctly simulate these interactions, as shown
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