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Abstract. Interannual-to-decadal variability in stratospheric parable magnitude to those observed and are consistent in all
ozone and climate have a number of common sources, sucanalysed ensemble members. Yet, trend estimates of the ver-
as variations in solar irradiance, stratospheric aerosol loadtical EP flux component vary greatly among ensemble mem-
ing due to volcanic eruptions, El Ko Southern Oscillation  bers precluding any robust conclusions. This suggests that
variability and the quasi-biennial oscillation (QBO). Cur- internal variability in models must be accounted for in order
rently available data records as well as model simulationgo quantify the atmospheric model response in wave energy
addressing stratospheric chemical climate variability mostlyupon external forcings.

cover only the past few decades, which is often insufficient
to address natural interannual-to-decadal variability. Here

we make use of recently reconstructed and re-evaluated data )

products to force and validate transient ensemble model sim!  Introduction

ulations (nine members) across the twentieth century com-

puted by means of the chemistry-climate model socoLThe stratosphere exhibits chemical and dynamical vari-
(SOlar Climate Ozone Links). The forcings include seaability on different time scales, ranging from day-to-day
surface temperatures, sea ice, solar irradiance, stratosphe@riability to interdecadal and longer variability, as well
aerosols, QBO, changes in land properties, greenhouse gas@$ €xhibiting secular trends (Solomon, 1999). Through
ozone depleting substances, and emissions of carbon monogiratosphere-troposphere  coupling, interannual-to-decadal
ides, and nitrogen oxides. The transient simulations are ivariability originating from the troposphere can affect strato-
good agreement with observations, reconstructions and resPheric climate (e.g., Hadjinicolaou et al., 2002) and vice
analyses and allow quantification of interannual-to-decadaVersa (see e.g., Baldwin et al., 2003). For instance, volcanic
variability during the 20th century. All ensemble members €ruptions (e.g., Robock, 2000; Rozanov et al., 2002), solar
are able to capture the low-frequency variability in tropical vVariability (e.g., Hood, 1999; Egorova et al., 2004), ozone
and mid-latitude total ozone as well as in the strength ofdepletion (Gillett and Thompson, 2003), or EIftgi South-

the subtropical jet, suggesting a realistic response to exte€'n Oscillation (ENSO) (e.g., Sassi et al., 2004) may all af-
nal forcings in this area. The region of the northern po|arfect both the troposphere and the stratosphere, and it is an
vortex exhibits a large internal variability that is found in the OP€n question to what extent climate changes are mediated
frequency, seasonality, and strength of major warmings ady the stratosphere. Understanding the mechanisms underly-
well as in the strength of the modeled polar vortex. Resultsing stratospheric interannual-to-decadal variability is impor-
from process-oriented analysis, such as correlation betweelfnt for detecting and attributing a possible ozone recovery
the vertical Eliassen Palm flux (EP flux) component and polar@S Well as for assessing current and future climate change.

variables as well as stratospheric ozone trends, are of com- To study low-frequency variability in the stratosphere we
have applied the new version of the chemistry-climate model

) (CCM) SOCOL (SOlar Climate Ozone Links) (Schraner et
Correspondence toA. M. Fischer al., 2008) to simulate the 20th century in transient mode with
BY (andreas.fischer@env.ethz.ch) a set of nine ensemble members. Most CCM-based studies
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focus on the past 30 years, analyzing the increase in anthro- The paper is organized as follows: Section 2 briefly de-
pogenic ozone depleting substances (ODSs), the effects afcribes the updated version of SOCOL, the compilation of
volcanic eruptions, and of solar variability (e.g. Shindell et boundary conditions, experimental model setup and obser-
al., 1998; Rozanov et al., 2002; Austin et al., 2003; Schnadwational data. Results of the long-term model performance
et al., 2002; Langematz et al., 2003; Rozanov et al., 2005)in the stratosphere are shown in Sect. 3. Our conclusions and
This is also one of the goals of the “REF1-simulations” car- outlook can be found in the last section.
ried out in the CCM Validation Activity (CCMVal) under the
auspices of SPARC (Stratospheric Processes And their Role
in Climate) (see Eyring et al., 2005; Eyring et al., 2006). 2 Descriptions of new model version, boundary condi-
The past 30 years, however, is too short to be representative tions and observational data for comparison
of the full decadal variability of the stratosphere (see e.g.,
Bronnimann et al., 2004). Itis also the period with largest an-A transient simulation over the 20th century (1901-1999)
thropogenic influences due to emissions of ODSs and greenwas carried out in ensemble mode (9 ensemble members) us-
house gases (GHGs) and thus less suitable for studying natirng the CCM SOCOL (Schraner et al., 2008).
ral (solar, volcanic, ENSO) variability. There are a few tran-
sient CCM simulations that go back to the 1960s or 19502.1 Model description
(Shindell et al., 1998; Dameris et al., 2005; Garcia et al.,
2007; Austin and Wilson, 2006; Tegtmeier and Shepherd,The version of SOCOL used in the present work is essentially
2007). Yet, none of these simulations were carried out withSOCOL vs2 described in detail by Schraner et al. (2008).
a large set of ensemble members. In brief, SOCOL vsl1 was first described and validated by
One aspect of scientific interest concerns changes in stratd=gorova et al. (2005). It is a combination of the Middle At-
spheric wave driving over the past decades and future climosphere version of the European Centre/HAMburg Model
mate. As a response to increasing GHG concentrations, mid4 (MA-ECHAM4) spectral AGCM (Manzini and McFarlane,
dle atmosphere models, irrespective of coupling with interac-1998) and the chemistry-transport model (CTM) MEZON
tive chemistry, predict a positive trend in the total amount of (Model for Evaluation of 0ZONe trends) (Egorova et al.,
wave energy reaching the stratosphere (Butchart et al., 20062003). MA-ECHAM4 is a spectral model with T30 hori-
Conversely, Austin et al. (2003) report on CCM simulations zontal truncation and 39 vertical levels on a hybrid sigma-
over 1979-2001 suggesting a reduction in stratospheric waveressure coordinate system. The model spans the atmosphere
drag. However, the exact mechanisms for the circulationfrom the surface to 0.01 hPa.
change suggested by the models remain unclear. The spreadChemical substances are transported by the hybrid nu-
amongst models is large and the trend over 1960—2000 isnerical advection scheme (Zubov et al., 1999), which con-
less clear than over future periods underscoring the need fosists of the Prather scheme in the vertical direction (Prather,
ensemble member simulations to enhance the robustness $086) and of the Semi-Lagrangian scheme in the horizon-
model results. Our simulations contribute to this discussiontal direction (Williamson and Rasch, 1989). Through its
by allowing analysis of more simulations over a longer pe-flux-form, the Prather scheme is mass conservative enabling
riod. First results are shown in this paper. the maintenance of strong vertical gradients, whereas the
While simulations covering the 20th century are standardSemi-Lagrangian scheme is not mass conserving. SOCOL
for atmospheric general circulation models (AGCMs) (seewas used for the CCMVal REF1 simulation from 1975-2000
also The Climate of the Twentieth Century (C20C) project, (Rozanov et al., 2005; Eyring et al., 2006).
Folland et al., 2002; Scaife et al., 2008), this presents a chal- The CCM intercomparison of Eyring et al. (2006) revealed
lenge for CCMs as it requires additional data on boundaryseveral shortcomings in SOCOL compared to observations
conditions as well as additional validation data. The necesand other CCMs. A number of modifications of the transport
sary data, including information on the quasi-biennial oscil-and chemistry/micro-physics scheme in SOCOL have been
lation (QBO) (BHnnimann et al., 2007), upper-level geopo- applied to overcome these problems leading to SOCOL vs2
tential height and temperature fields (Griesser et al., 2008)(Schraner et al., 2008). This includes an improved parame-
as well as historical total ozone (TOZ) data (Vogler et al., terization of stratospheric water vapor condensation, exten-
2006, 2007; Staehelin et al., 1998), are only now becomingsion of chemical transport to all species and a more sophisti-
available. To simulate the 20th century with SOCOL in tran- cated heterogeneous chemistry scheme. A major deficiency
sient mode we have specified solar irradiance, stratospheriof the original model version concerned artificial mass re-
aerosols, sea surface temperatures (SST) and sea ice (Stistribution of several chemical species by a mass fixer af-
emission of GHGs, ODSs, nitrogen oxides (N@nd car-  ter each horizontal transport step. The mass fixer guarantees
bon monoxide (CO), nudged QBO and time evolving land mass conservation on a given layer by adjusting the whole
surface changes at the model's boundaries. The focus of thield and penalizing those regions with the steepest horizon-
paper is on boundary conditions and analysis of long-termtal gradient. However, Schraner et al. (2008) showed that
behavior in stratospheric ozone and dynamics. this procedure led to artificial mass loss or accumulation in
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particular regions (i.e. when the transport error is regionally -
confined). To overcome this, a family-based mass fixing pro-
cedure for species of the nitrogen, chlorine, and bromine
families was introduced. In case of ozone, where a family _
approach could not be pursued, sensitivity runs by Schranerg
et al. (2008) revealed that the transport error in ozone is >
mainly produced in a region betweer4®to 40 N, but pre-
dominantly corrected at the high latitudes. To avoid artificial
mass transport by the mass fixer the fixer correction is only
applied to 40S to 40 N in the latest model version. By T
following this methodology global mass conservation on the 1975 1980 1985 1990 1995 2000
model layers is still ensured.

These modifications led to considerable improvements inFig. 1. Time series of total inorganic chlorine in October at 50 hPa
key chemistry-climate parameters, most notably in high-and 8C S for the ensemble members (black lines) and the ensem-
latitude stratospheric chlorine (Fig. 1) and ozone. Comparedle mean (red line). The blue line shows the development predicted
to observations as well as to other CCMs, SOCOL has sig-by the SOCOL version used for the CCMVal intercomparison pub-

e ; ; : lished in Eyring et al. (2006). The grey hatched area indicates the
nificantly improved in the region of the southern polar vor- NI o
tex. Fo)r/ a dpetailed descript?on of the modificatio%s to and"2"9¢ of all CCMs participating within CCMVal except for SOCOL.

. An estimate of chlorine from HALOE HCI measurements in 1992
results from the latest model version we refer to Schraner,

- . e . is indicated by the black diamond (see also Schraner et al., 2008).
et al. (2008). In this study, in addition to the nine ensemble
member simulations performed with SOCOL vs2, we carried
out one model simulation without the areal restriction®80  |ived bromocarbons emitted naturally from the ocean, for
to 40° N) of the mass fixing-procedure for ozone in order to yhich we assumed a constant contribution of 1.63 pptv and

3.0

2.0

1.0

0.0

analyze the effects of this implementation (see below). 1.21 pptv, respectively, throughout the century (see also War-
- wick et al., 2006). Prior to 1959, we extended the ODSs
2.2 Boundary conditions time series with data from WMO (2003) where available. For

) o methychloride and methylbromide a linear atmospheric trend
Monthly and annually changing SST and Sl distributions \yas applied during the 20th century inferred from Antarc-
were obtained from the Hadley Centre HadISST data Selic firn air measurements (Butler et al., 1999: Sturges et al.,

(Rayner et al., 2003). For the description of solar vari- 2001).

ability we used spectral solar irradiance data compiled by g face emissions of CO and NQure represented by
Lean (2000) (Fig. 2a), which we applied to calculate the timey,xes similar to those used for the CTM MOZART-2, rep-
evolution of solar heating and photolysis rates in the model. resenting values of the year 1990 (Horowitz et al., 2003).
. Natural sources were assumed to remain constant during
2.2.1 Emissions the simulated period, while the time dependence of anthro-
) . ) ) pogenic emissions was taken into account using data from
GHGs (Fig. 2b) and organic chlorine and brominé con-gpGAR-HYDE 1.3 (van Aardenne et al., 2001), given on a
taining source gases (ODSs) are prescribed in SO0, 10 grig at 10 year intervals. These data include emis-
COL in the 5 lowermost model layers (corresponding gjqng from fossil fuel consumption, biofuel combustion, in-
to the Iowgrmost~1.5 km in the model). Flgure 2C  dustrial processes, agricultural land, savannah burning, de-
shows the time development of equivalent effective strato,egtation, and agricultural waste burning. The seasonal cy-
spheric chlorine (EESC) derived from ODS mixing ra- (e of MOZART-2 was superimposed on the total emissions.
tios.  For 1959-2000 the monthly values ofo®  1jq dependent aircraft NGmissions are identical to those

CHg, and CQ are based on W'\_/'O (2003) and ob- seq for the CCM E39/C (Dameris et al., 2005), regridded to
tained from the CCMVal Websllteh(tp.llwww.pa.op.dlr.'de/ the SOCOL grid. They are based on a data set by Schmitt
CCMVal/Forcings/CCMValForcings.html. For GHG mix- .4 Brunner (1997).

ing ratios before 1959, a combination of ice core and in

situ measurements was used as described by Machida eto> 2  aAerosols

al. (1995) and Etheridge et al. (1996, 1998) and provided

on the GISS websiteh(tp://data.giss.nasa.gov/imodelforce/ The time evolution of stratospheric aerosols is prescribed by
ghgases/ the GISS data set described in Sato et al. (1993) with later

Sixteen organic chlorine and bromine source gases arepdates available orhttp://data.giss.nasa.gov/modelforce/

taken into account for the representation of ODSs. Valuesstrataer{see also Fig. 2d). For the period 1850-1999 these
based on the CCMVal website (see above) for 1959-199%lata contain monthly resolved and zonally averaged optical
were complemented with CiBro and CHBg, two short- depths at 550nm for four altitude bands from 15 to 35km
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Fig. 2. Boundary conditions used for the transient simulati@Reconstruction of total solar irradiance (TSI in Wnisee Lean, 2000}b)
Greenhouse gas concentrations for&6blid, in ppmv), MO (dashed, in ppbv) and GHdotted, in ppbv)(c) Ozone Depleting Substances
shown in equivalent effective stratospheric chlorine (EESC, in pfdy)lobal mean extinction by stratospheric aerosols at 550 nm and an
altitude of 22.5km (Ext. in 1/km) (see Sato et al., 1998),Vegetation classes of HYDE (see Goldewijk, 2001) for the year 1900 (above)
and 1990 (below).

height and a latitude grid spacing of.8 Reference to the ment (SAGE I/ll) and Stratospheric Aerosol Measurement
GISS data set is less accurate than using directly the gapSAM II) (Sato et al., 1993).

filed SAGE aerosol record of Thomason and Peter (2006), The monthly stratospheric aerosol properties of SOCOL
as was done by Schraner et al. (2008). However, that recorghs zonal cross sections) are prescribed with surface area
dates back only to the late 1970s, which is why we used thejensities as well as with extinction coefficients, asymmetry
GISS data set. Aerosol optical depths are estimated from opfactors and single-scattering albedos for all 8 spectral bands
tical extinction data for 1882-1990, whose quality increase§2 shortwave and 6 longwave bands). The computation of
with time. Since 1979 data are complemented with satellitethese parameters was performed offline using optical depths
observations of the Stratospheric Aerosol and Gas Experiand effective radii of GISS as input parameters. Effective
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radii during major volcanic eruptions before 1980 were re-al. (1994), prescribing land surface characteristics as a global
constructed based on observations during the eruptions of Hield for present-day conditions. For our purpose, we fol-
Chichon and Mt. Pinatubo. These data were also obtainedbw later updates by Hagemann et al. (1999) and Hage-
from the GISS website. The computation of aerosol proper-mann (2002), who made use of improved estimates of the
ties is based on Mie theory assuming agS@y concentra-  dependence of vegetation parameters on different vegetation
tion in the particle of 70 wt%, a width of a log-normal distri- classes as well as of a much higher resolved global distribu-
bution of 1.8 and using temperatures from ERA40. tion of major ecosystem types (Olson, 1994).

After the model runs discussed here were performed, an Using the mapped and regridded historical vegetation
analysis of the data set revealed an error in the singlemaps we assigned tabulated estimates of surface background
scattering albedo, which was set to 1.0 (scattering only) in-albedo, surface roughness length, vegetation ratio, forest
stead of around 0.995 in the near infrared band for the Miecoverage, leaf area index, soil water capacity and volumet-
calculation. This results in a slight underestimation in heat-ric wilting point to each vegetation class (Hagemann, 2002).
ing due to the presence of stratospheric aerosols. Howevellhe aggregation of surface roughness length to the coarser
outside of the volcanically most perturbed periods this errorgrid was not performed by linear upscaling but using an in-
will not have any significant effect on the model results. verse logarithmic formulation (Claussen et al., 1994). As

Tropospheric aerosols are prescribed by a climatology derecommended by Hagemann et al. (1999), we replaced the
scribed by Lohmann et al. (1999), used for the calculation ofconstant value of volumetric wilting point (as in Roeckner et

local heating rates and shortwave backscatter. al., 1996) with a global spatially varying data set (Patterson,
1990). For years not included in the data set we interpolated
2.2.3 Quasi-biennial oscillation the fields linearly in time.

The oscillation of stratospheric equatorial winds is hudged2.3 Experimental design
in SOCOL according to Giorgetta (1996). The prescribed
zonal mean zonal wind field includes 19 pressure levels~or spin-up we used the off-line CTM version driven by daily
(from 90 hPa up to 3hPa). From 1957 to 1999 data were obwinds, temperature and tropospheric water vapor represent-
tained from ERA40 reanalyses and back to mid-1953 froming the last year of the 25-year long time-slice experiment
the Free University of Berlin. Prior to that, we made use of with CCM SOCOL described by Egorova et al. (2005). We
a QBO-reconstruction that is based on historical pilot bal-carried out a 10 year run with this model using boundary
loon wind data and on the QBO signature in the semidiurnalconditions (NQ- and CO-emissions as well as ODSs and
surface pressure oscillation which was extracted from his-GHG concentrations) for 1890-1899. All mixing ratios, ex-
torical sea-level pressure data. The reconstruction was valieept tropospheric water vapor, were set to zero for the ini-
dated with an independent reconstruction based on historicdlalization. The coupled simulation started in 1900 with a
TOZ data, and it was found that after around 1910, the phasene-year spin-up of the GCM part. In the second year of
of the QBO in the middle stratosphere during peak phaseshe coupled simulation, we perturbed the S@ncentration
should be correct around 80% of the time. Details on the fi-during one month in the range of 0.01% to obtain the nine
nal reconstruction and validation are given byBnimann et  different ensemble members, which after 1901 were driven
al. (2007). by identical boundary conditions. The simulations were run
until December 1999.
2.2.4 Land surface changes
2.4 Comparison to observational data

Effects of anthropogenic vegetation changes have been taken
into account using the HYDE “A’ data set (Goldewijk, 2001), Our analysis in the present study focuses on ozone and dy-
which is compiled on a 0%by 0.5 grid. It includes pas- namics for which a wealth of observational data are available.
ture and cropland areas from 1700 to 1950 in 50 year interThe chemical performance of SOCOL vs2 was extensively
vals and additionally for 1970 and 1990. Wherever possiblevalidated by Schraner et al. (2008). Key tropospheric cli-
Goldewijk (2001) organized the allocation of cropland and mate parameters for the 20th century have been analyzed in
pasture on a country level using historical population densitySOCOL within the framework of the CLIVAR C20C Project.
maps. Figure 2e illustrates the spread of pasture and croplanthis intercomparison revealed a good match with observa-
areas over the globe from 1900 to 1990 (violet colors). In or-tions as well as with other atmospheric general circulation
der to assign the historical vegetation maps to ECHAM4, wemodels on interannual and decadal time scales.
mapped the 18 vegetation classes to the ECHAM vegetation Modeled TOZ is compared against three observational
classes (Claussen et al., 1994; Hagemann et al., 1999; Hagedata sets, the National Institute of Water and Atmospheric
mann, 2002) and interpolated them to the model grid. Research (NIWA) (Bodeker et al., 2005) combined database,

Vegetation parameters in ECHAM4 (Roeckner et al., data from the Backscatter Ultraviolet (BUV) instrument on
1996) are implemented following estimates by Claussen ethe Nimbus 4 satellite in the early 1970s (see also Stolarski
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et al., 1997), and ground-based TOZ measurements prior tole at all latitudes in line with observations. However, the
1970, obtained from the World Ozone and Ultraviolet Ra- simulated ozone hole is somewhat deeper (values drop to
diation Data Centre (WOUDC). We contrast ozone distribu- 100 DU) and persists longer than in the NIWA climatology.
tions to the newly reprocessed Solar Backscatter Ultraviolein terms of latitudinal extent of the ozone hole, model and
(SBUV) data set (version 8) (Rosenfield et al., 2005) and toobservations are in good agreement. In autumn over mid-
a combined data set of SAGE-I/SAGE-II (65-55% N) sup- latitudes TOZ is generally too high compared to NIWA, lead-
plemented with high latitude ozonesonde measurements ahg to an underestimation of the seasonal cycle. In general,
Syowa (69 S) and Resolute (?3N) providing global cover-  the simulated TOZ climatologies over the past two decades
age from 10 to 50 km altitude (referred to as SAGE data setare comparable to those simulated by other CCMs described
for details see Randel and Wu, 2007). Prior to 1970 we comiin Eyring et al. (2006).
pare SOCOL results to ozonesonde measurements from sev- To address the evolution of TOZ in the nine different en-
eral European and North American stations, obtained fromsemble members and hence to qualitatively judge the internal
WOUDC. In addition, to estimate stratospheric ozone trendsvariability of the simulations, we have analyzed TOZ anoma-
we use the Candidoz Assimilated Three-dimensional Ozondies back to 1970 with respect to a climatology over 1979 to
(CATO) data set (Brunner et al., 2006a). This data set, pro-1999 in five latitude bands (see Fig. 4). This is compared
viding global coverage, was reconstructed by assimilatingwith a special run with the ozone mass fixer applied to the
TOZ satellite observations, corrected for offsets and driftsglobal field (blue line) instead of the standard restriction to
against the Dobson network, into an equivalent latitude — po-the latitude band 405-40 N as described above (for details
tential temperature framework. of the mass fixing procedure see Schraner et al., 2008). For
To evaluate the model's dynamics, modeled zonal windmid-latitudes and the tropics the low-frequency variability in
and zonal temperature are compared with the ERA40 reanalll SOCOL ensemble members is in good agreement with
ysis results (Uppala et al., 2005). The northern subtropicathe NIWA collection of observations. The TOZ reduction
jetindex (referred to as “SJI” and measured as the maximunglue to the volcanic eruptions of El Chichon (1982) and Mt.
zonal mean zonal wind at 200 hPa in theN3-50° N belt) Pinatubo (1991) are visible in the tropical belt in the model
and polar vortex strength (referred to as “PVS” and measuredind the observations. However, the modeled decay seems
as the difference between zonal mean geopotential heigho be too fast. In polar regions the amplitude of interannual
of the 100 hPa level averaged over ®6-90° N and 40 N—  variations is larger than at lower latitudes. Consistent with
55° N, respectively) were reconstructed as irdBnimann et ~ observations, a negative trend due to increasing ODS con-
al. (2006a), i.e. using the same predictor data and reconstrugentrations is visible at all latitude belts.
tion method. The reconstructions cover the period 1922 to A shortcoming of SOCOL is the reduced amplitude of the
1947 and were merged with NCEP reanalyses (Kistler et al.seasonal cycle poleward of 3th both hemispheres, which
2001) thereafter. Eliassen-Palm (EP) fluxes were calculateds independent of the detailed configuration of the mass fixer
from ERA40 and NCEP data by I. Wohltmann and are basedcompare blue and grey curves in climatologies of Fig. 4).
on formulations by Andrews et al. (1987). Note that in the Sensitvity tests with the mass fixer completely switched off
following we refer to reanalysis results of ERA40 and NCEP for ozone revealed that this underestimation is at least partly
as “observations”, acknowledging that they are the outputcaused by the mass fixing procedure (Schraner et al., 2008).
from a model based assimilation of observations. As can be seen in Fig. 4, the major effect of the mass fixer
restriction for ozone to the 46-40 N band is to shift the
whole seasonal cycle of TOZ downward (upward) in the trop-

3 Results ics (at mid- to high latitudes). This is because the global layer
transport error and its correction, respectively, is only applied
3.1 Analysis of ozone to a confined area (i.e. where most of the Semi-Lagrangian

transport error occurs, Schraner et al., 2008) instead of the
Figure 3 displays modeled climatologies (ensemble meanylobal field leading to a more realistic seasonal amplitude es-
of zonal mean TOZ over the century. From 1901 to 1960pecially in the tropics. We have compared other fields of the
the seasonal variation in TOZ remained almost unchangedensemble mean and the run with globally applied mass fixer
The increasing concentrations of ODSs in the atmospherge.g. zonal wind, temperature, ozone), but did not find any
(see Fig. 2c) initially led to depleted TOZ only in the re- irregularities that would disprove an areal restriction of the
gion south of 70S for August to October (climatology mass fixing procedure for ozone. Therefore, in the following
over 1961-1980). Compared to BUV data from 1970-1976we address the results of the nine ensemble simulations with
(in a period where ODS concentrations were still relatively the mass fixer restricted to 48 to 40 N.
low), SOCOL underestimates the TOZ peak in the North- To validate modeled TOZ before 1970 we have used NH
ern Hemisphere (NH) and the Southern Hemisphere (SH)ground-based stations of Svalbard, Tromsg, Uppsala, Oxford
For the more recent time period (1981-1999), modeled TOZand Arosa that allow longer-term analysis (starting between
amounts dropped globally and hence altered the seasonal c{924 and 1955) and cover a wide latitude range® 4@o
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Fig. 3. Climatologies of zonal mean TOZ (in DU) for the ensemble mean simulation of SOCOL for 1901-1930 (upper left), 1931-1960
(upper right), 1961-1980 (middle left) and 1981-1999 (middle right). Measurement onboard satellites of BUV (1970-1976) and NIWA
(1981-1999) are shown in lower left and lower right panel, respectively.

77 N, see Fig. 5). The series of Svalbard and Oxford have Similar to TOZ, zonally averaged vertical ozone also
only recently been reevaluated (Vogler et al., 2006; Voglerreveals little climatological change before the late 1970s.
et al., 2007) and provide an excellent data source to validat€onversely, over the past two decades ozone mixing ra-
decadal scale transient simulations with a CCM. The ensemtios dropped significantly, e.g. for the month of January, by
ble members of SOCOL are in reasonable agreement wittaround 1 ppmv at 10 hPa for the latitudes north 6f8{see
observations. This is especially true for Svalbard, but less=ig. 6). Compared to observations of SBUV for the period
so for the autumn months in Uppsala, Oxford, and Arosa.of 1970-1976 and 1979-1999, the location and magnitude
In general,the aforementioned model failures to capture thef the maximum ozone concentration in the tropics is well
magnitude of the seasonal cycle is clearly visible at the dif-reproduced. However, model and observations diverge in the
ferent stations. upper stratosphere (above the 10 hPa level), with largest dis-
crepancies (up to 2 ppmv below observations) over the NH
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Fig. 4. Left: Time series (1970-1999) of zonal mean TOZ anoma-

lies (with respect to 1979-1999, in DU) latitudinally averaged Fig. 5. Modeled (ensemble members: grey; ensemble mean: red)

over 60 N-9C° N, 30° N-6C° N, 30° S—-3C0 N, 30° S-60 S, 60 S— and observed (black) time series of TOZ before 1970 at different

90° S (from top to bottom panel) for individual ensemble members locations in the NH: Svalbard (15.& and 77 N starting 1950),

(grey), ensemble mean (red) and satellite observations (black) ofromsg (18.9E and 69.7 N starting 1935), Uppsala (17.& and

BUV (1970-1976) and NIWA (from 1979). The blue line denotes a 59.8 N starting 1951), Oxford (1°2W and 51.7 N starting 1924)

simulation with a modified SOCOL version (mass fixing procedure and Arosa (9.7E and 46.8 N starting 1926).

for ozone changed from a mass fixer applied to tHeSHAG N lat-

itude band to a globally (305—9C N) applied mass fixer). Right:

Climatologies over 1979-1999 for the five latitude belts. with a correction factor between 0.9 and 1.35 (0.9-1.2 in
case of Hohenpeissenberg) were considered (similar to Lo-
gan, 1994). Brewer Mast data are more reliable than Regener

(SH) in boreal winter (summer). Below the 10 hPa level type of measurements which were frequently applied at that

modeled ozone is too high (more than 1 ppmv), especiallytime (S. Oltmans, personal communication) but excluded in

over the tropics and the SH (NH). This bias was already docthe present study. The European stations in Fig. 6e are at sim-
umented in Eyring et al. (2006) and Schraner et al. (2008)ilar latitudinal location and shown together to obtain a more
and is present in all months. The comparison of 0zone numsobust result.

ber densities against observations by SAGE confirms these In general, SOCOL is in qualitatively good agreement with

findings in the lower and upper stratosphere. It additionallythese old station measurements. This is especially the case

shows an underestimation of ozone throughout the stratoecompared to European stations and Boulder throughout the
sphere in winter polar regions, leading to smaller than ob-year. In contrast to the Canadian station Resolute, which
served TOZ values (compare Fig. 3). is located further north, modeled ozone mixing ratios in the

Prior to 1970 we validated the model runs with lower stratosphere are comparable in winter but higher and
ozonesonde observations during the 1960s from Hohenpeissutside the observed interannual standard deviation during
senberg, Uccle, Payerne, Boulder, and Resolute, e.g. Fig. 6summer (not shown). The model internal variability as well
for the January intercomparison. Note, that a high qualityas the year-to-year fluctuation in station data is largest during
for these old measurements is not assured and a validatiowinter time and reduces in summer.

to model results can therefore only be done in a qualitative To analyze the model runs in a process-oriented frame-

way. For this comparison, only Brewer Mast measurementsvork, we have tested whether the sensitivity of ozone upon
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Fig. 6. (a)—(c) Climatological zonal mean ozone distributions for January (in ppmviddB8OCOL over 1901-1969h) SOCOL (left) and
SBUV version 8 (right) over 1970-197@;) SOCOL (left) and SBUV (right) over 1979-1999. The merged SBUV(/2) data set is given for 9
layers with the lowest layer from 1000 to 64 hPa. January ozone number densitieéz('mdjécules per cf) of SOCOL (left) and SAGE
(right) are shown in(d) over 1979-1999(e) Climatological January ozone profiles (in ppmv, with horizontal bars indicating interannual

standard deviations of observations) of Hohenpeissenberg (HPBerg), Payerne, Uccle (left panel), Boulder (middle panel), Resolute (right
panel) and corresponding profiles from SOCOL.
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increasing concentrations of ODSs is correctly reproducedThe trend coefficienb is regressed upon EESC time series
We estimated ozone trends over all months from 1979-1994taken at the boundary, see Fig. 2c) and given in percentage
by applying a multiple linear regression analysis with solar per unit EESC. (Note that in a strict sense, the coeffidient
variability (see Fig. 2a), two orthogonal QBO time series is not itself a trend, but the sensitivity of ozone with respect
at 10 and 30 hPa, (method based on Wallace et al., 1993p the trend prescribed by EESC, see Maeder et al. (2007).
and extinction from stratospheric aerosols (at 550 nm, sedlowever, in the following for simplicity we refer to it as a
Fig. 2d) as explanatory variables and zonally averaged ozon&end.) Also note that percentage trends are calculated with

anomalies as target value. respect to the average over the trend period. Autocorrelations
_ within the residual time seriegt), which affects the signif-
Os(t)=b - EESQY) + ¢ - solar cylcet+ di - QBOyo icance level of the trend estimate (p-value), were eliminated
+dp - QBO3g + ¢ - Strat aer (1), Q)
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by applying a third-order autoregressive process. The lineapver the whole hemisphere. A further discrepancy to ERA40
regression model was applied to individual ensemble memis a slight shift of the modeled subtropical jet towards the
bers (not shown) and ensemble mean simulation of SOCOltropics in all periods (see also &@nimann et al., 2006b). Its
as well as to observational data sets of SBUV, CATO andmagnitude, however, looks reasonable compared to ERA40.
SAGE (see Fig. 7). To further assess the model’'s performance in the strato-
The general pattern of estimated trends in zonal mearsphere, we have analyzed zonal mean temperature (Fig. 9).
ozone is comparable in all ensemble member simulationsSimilar to zonal wind, no big alterations in modeled zonal
The upper stratospheric ozone trends in the ensemble medamperature can be observed for the first seven decades. In
and individual members of SOCOL show two significant line with a stronger northern polar vortex, modeled temper-
local minima around 40 km altitude of up to10%/ppbv  atures are colder at northern high latitudes between 100 and
EESC. This is in excellent agreement with SBUV and SAGE 10 hPa suggesting too little downwelling over high latitudes.
data. Upper stratospheric negative trends in both hemiln the Antarctic stratosphere, above 100 hPa, higher tempera-
spheres are also appearing in CATO but the magnitude isures are simulated than in the reanalyses in the period 1958—
much lower and probably an artifact of the reconstruction1970, but to a lesser degree for 1971-1999 reflecting again
(Brunner et al., 2006b). In the Antarctic lower stratospherethe sensitivity to the polar vortex. In general, agreement be-
a downward trend of more than20%/ppbv EESC can be tween ERA40 and SOCOL is better for July than January
observed in SAGE and CATO which is generally underes-where a cold bias is present in the lower and upper strato-
timated in SOCOL {14%/ppbv EESC averaged over all sphere over almost all latitudes. A cold bias in the upper
members). However, the variability among the ensemblestratosphere might be connected to a rather simplified ab-
members in this region is larger and three ensemble membeigorption scheme of MA-ECHAM4 for solar UV radiation
reach the magnitude of observed trends. Garcia et al. (2007Egorova et al., 2005). Note that the upper stratospheric tem-
also reported a too small downward trend in the ensemblgeratures are subject to a large variability among different
mean simulation with the Whole Atmosphere Community CCMs, as well as observational data (Eyring et al., 2006).
Climate Model (WACCM). Note, that the lower than ob- Negative model biases near the tropopause can be explained
served TOZ values over southern high latitudes mentionedy the coarse vertical resolution in the upper troposphere-
above is a result of a negative bias (due to remaining artificialower stratosphere (Egorova et al., 2005). The modeled cold
problems of the transport scheme), present throughout théropical tropopause temperature is well reproduced regarding
century, rather than an effect of a negative trend. In the ArcJocation and magnitude and only slightly underestimated. In
tic lower stratosphere the ensemble mean of SOCOL shows general, SOCOL is well able to capture the main dynamical
significant negative trend that is only somewhat smaller tharcharacteristics in zonal mean wind and temperature back to

in SAGE and CATO. 1901.
To address interannual variability in all nine ensemble
3.2 Analysis of dynamics members back to 1920, we have analyzed boreal winter time

series of SJI and PVS (Fig. 10). Model results are compared
A realistic model representation of dynamical features is ato indices for the month of January to March (when recon-
prerequisite for a reliable simulation of 0zone and other tracestructions show sufficient skill, i.e. a reduction of error (RE)
gases as well as for understanding the interaction betweegreater than 0.36) (see @mimann et al., 2006a). Note that
dynamics and chemistry. To assess the stratospheric modalvalidation back to 1920 is only possible for the NH, where
dynamics we first examined the well-known basic processegnough historical upper air station data is available. For the
for the winter and summer hemispheres. Figure 8 illustratesSH we compared the modeled PVS to ERA40 (not shown).
the ensemble mean of zonal mean zonal wind for differentin the case of SJI the correlation between ensemble mean
climatic periods and in relation to ERA40 for the month of simulation and the observed index is high (0.74) and internal
January and July. In SOCOL climatological zonal wind has variability within SOCOL rather low. SJI is strongly related
hardly changed from 1901-1957 to 1958-1970. It simulatego tropical SST and hence ENSO via changes in the Hadley
very well the main characteristics in both hemispheres andCirculation. SOCOL simulates a very strong ENSO response
seasons. The northern winter polar vortex in SOCOL ex-and thus agrees extremely well with the reconstructed in-
ceeds the observed wind speed by more than 7 m/s. This biadex. SOCOL captures comparably little of the year-to-year
is less significant in the period 1958-1970 than in the morevariability in the PVS reconstruction, although observations
recent period (1971-1999). In the winter SH zonal winds inmostly lie within the large ensemble spread. The correlation
the middle to upper stratosphere are weaker than observed fdretween the ensemble mean and reconstruction is far lower
1958-1970 but stronger for 1971-1999, especially in a lati-(0.25) than for SJI and does not increase for individual en-
tude band of 55S-75 S. Upper stratospheric easterlies are semble members. Yet, it is interesting to note that two in-
simulated in both summer hemispheres in agreement wittdividual deviations from the mean are modeled fairly well:
ERA40. However, the areal extent is confined to the mid-winter 1976 and 1987, which are possibly linked to anoma-
latitudes in contrast to ERA40 where strong easterlies prevailous ENSO events (Binnimann et al., 2006b; Fischer et al.,

www.atmos-chem-phys.net/8/7755/2008/ Atmos. Chem. Phys., 8, 77332008
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Strength Subtropical Jet . (ERA40). For the period 1901-1957 the percentage is only

3ol ) H + slightly higher (22%). Dameris et al. (2005) also reported

o x’l‘\“'A B L b }x# a too small number of modeled MWs in the E39/C model.
E ] "xﬂﬁ#ﬁ}## e e A Their model top, however, is at 10 hPa which hinders to fully
B R T T L Y capture the propagation of gravity waves and its interaction

© - Correlation 0.74 4 with the polar vortex.
[T I T T T T T T I T T T T T T T T T I I T T T T TTTToT] . . .
1920 1930 1940 1950 1960 1970 1980 1990 2000 A large fraction of MWs is normally observed in Jan-

uary/early February and in late February and mid-March.

Strength Polar Vortex . . 4

+ + I Five MWs occurred in late November to mid-December. En-

4 N +_+J,+ ++¥, \L semble members diverge largely in the occurrence of MWs

""\#f‘* k. \hﬁw \ﬂ‘\g %dﬁw "w’% 4 .\ in early winter but show an increased frequency towards the
Ty Y i el st il '*\ﬁ/:q: ! end of winter on average in line with ERA40. In January

T cortion 005 + F Y- the chance for a simulated MW, however, is generally low

'HHHHWHHHH“HHHH'HH\HH'HH\HH'HHH\H'H\HHHT\HHHH' (Sim”ar to Dameris et a|., 2005)

1920, 1930 1940 1950 1960 1970 1980 1990 2000 We defined four different parameters addressing the

strength of individual MWs (Fig. 12a—d) in both periods,

300

[gpm]
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Fig. 10. SJI (upper panel) (maximum zonal mean zonal wind at . .
200 hPa in the latitudinal region oPN-50° N) and PVS (lower 1901~1957 and 1958-1999: a) Maximum zonal mean tem-

panel) (zonal mean difference betweerf RB-90° N and 40 N— perature at 85N and 10 hPa, b) M,a),('mum zonal mean tgm—
55° N in 100 hPa Geopotential Height), averaged from January toP€rature at 61N and 10 hPa, c) Minimum zonal mean wind
March and subtracted from a climatology of 1961-1990. Displayedat 61" N and 10 hPa, and d) Maximum temperature increase
are the individual ensemble members (grey lines), ensemble mea@t 10 hPa and 83N within 5 days. In general the strength pa-
(red) and statistically reconstructed time series (black). The correrameters in the ensemble members are in reasonable agree-
lation coefficient of the ensemble mean and the reconstructions arenent with ERA40. The ensemble mean warming lies within
indicated at the lower left of the plots. the range of the first and third quartile of ERA40 (see thin
horizontal lines in Fig. 12) and is hardly altered between the
two time periods. For temperature at°®% (Fig. 12a), SO-
2008). Similar to the NH, the ensemble variability in PVS CcOL shows a slight positive bias for 1958—1999 compared to
of the SH is almost as large as interannual variability of theERA40, whereas agreement is better for the latitudeNs1
observations (not shown). Yet, the correlation between therhe magnitude of average minimum easterly winds is some-
ensemble mean and ERA40 is lower and drops to near zerowhat lower in SOCOL than in ERA40. Good agreement is
To further elucidate the large model spread in the north pofound for the fourth strength parameter (Fig. 12d), where
lar region in TOZ and PVS, we have analyzed major warm-temperature increases in the range of 10 to more than 60K
ings (MW), being a major source of interannual variability per 5 day window are simulated and observed.
during boreal winter (see e.g., Matsuno, 1971). We have ap- Perturbations on the polar vortex and resulting MWs are
plied a standard WMO index with two criteria to diagnose caused by interaction of propagating waves, which is ana-
MWs in the model and ERA4Q for the months of Novem- lyzed in the following. We have first evaluated the verti-
ber to March (see also Chaffey and Fyfe, 2001): 1) 10 hPacal component of the 100 hPa EP flux (EPz), averaged over
temperature difference between°®0 and 90 N is posi-  40° N-8C° N and 40 S-80 S respectively, over the century
tive for four consecutive days (also referred to as “minor to see whether the model captures the total midwinter wave
warming”, note that due to horizontal model resolution we activity that propagates from the troposphere into the strato-
have extracted the fields at latitudes’&land 83 N) and  sphere on an interannual-to-decadal scale. Time series of
2) zonal mean zonal wind at 10 hPa and Bchanges from  EPz (for SOCOL calculated from 12-hourly frequency out-
westerly to easterly flow within the minor warming period put) during winter months (January to February and July to
(also referred to as the “central date”). The central datesiugust, respectively) are shown in Fig. 13a. The overall
were counted separately in each ensemble member and amagnitude of simulated EPz looks reasonable compared to
alyzed upon frequency and seasonality (Fig. 11). Changes inbservations of NCEP and ERA40 in both hemispheres. In
zonal wind from westerly to easterly were counted only oncethe NH some individual developments in the averaged SO-
within a minor warming period and possible final warmings COL time series appear as in observations: e.g., 1966, 1970-
in late March were excluded. 1975, 1983-1987. At least part of these anomalies are related
The total number of MWs for ERA40 over 1958-1999 to warm ENSO events which increase the vertical wave prop-
amounts to 28, which is by a factor of 3—4 larger than in agation in SOCOL (Fischer et al., 2008) and suggest again a
SOCOL averaged over all members for the same periodstrong model response to ENSO. In the SH interannual varia-
This is in agreement with the above mentioned findings oftion in the model and the reanalyses show a less good match,
a too strong modeled northern polar vortex. On average, irthe latter showing a positive trend over the whole period. Yet,
17% (66.6%) of analyzed years a MW is found in SOCOL SH EP flux in the reanalyses are less reliable and the trend
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Fig. 11. November to April histograms of major warmings in the NH for ERA40 (upper left panel) and the 9 different ensemble members
over the period 1901-1957 (red) and 1958-1999 (black). The green (red) shading in the upper left panel denotes the averaged number o
model occurrences for 1958-1999 (1901-1957).

could be an artifact of the data assimilation, since more obvergence of the EP flux is attenuated in SOCOL (less neg-
servational (satellite) data could be assimilated in later yearstive) north of 40N (in the SH the signal is also positive
which may influence the representation of waves. To over-but less dominant). This may explain the stronger than ob-
come this, we have compared climatologies of EP flux di-served polar vortex and the reduced number of MWs seen
agnostics between the ensemble mean and ERA40 over thebove. However, the residual meridional circulation (RMC),
period 1990-1999 (not shown). In the NH (SH) modeled analyzed by the Transformed Eulerian Mean equations (An-
EPz is lower than ERA40 from 30N-6C° N throughout the  drews et al., 1987) and the tropical tape recorder reveal a
stratosphere (from 536-80 S up to 20 hPa). Note that this less clear signal. The RMC is only decelerated in a region
negative bias is caused by averaging out some of the ensenfrom mid- to high latitudes up to 10 hPa and not uniformly
ble member variability, but is still consistent with Fig. 13. over the whole hemisphere as would be expected from re-
In addition, wave mean flow interaction measured by the di-duced wave mean flow interaction. In the SH the RMC is
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Fig. 12. Strength parameters of major warmings in the NH for 1958—-1999 (left, ERA40 and individual ensemble members, E1-E9) and
1901-1957 (right, for E1-E9)a) Maximum zonal temperature (in K) at 85l and 10 hPa(b) same as (a) but at 8N, (c) Minimum zonal

mean zonal wind (in m/s) at 8N and 10 hPa(d) Maximum temperature increase at 10 hPa arfd\8@ithin 5 days (in K/5d). The boxplots

display the median as well as the 1st and 3rd quartile. The individual major warmings are indicated by grey dots. The thin horizontal line
marks the model ensemble mean within the two time periods.

weaker in the upper stratosphere but stronger in the middle Trends of EP flux and the RMC are presently a widely dis-
and lower stratosphere. In addition, the tropical tape recordecussed topic of the scientific community (see e.g., Butchart
exhibits too strong upwelling compared to observations (notet al., 2006). We have calculated trends of EPz (of Fig. 13a)
shown). Yet, the estimated upward velocities are not con-within the modeled and observed time series for different
stant in altitude but rather show stronger windspeed fromtime windows to account for decadal variability (Fig. 13b,
100 hPa to 40 hPa and reduced windspeed from 40 hPa arithbles 1 and 2). Reanalyses show a positive NH EPz trend
10 hPa, similar to Steil et al. (2003) for simulation with MA- of around 2%/decade (not significant) over 1958-1979 and
ECHAM4/CHEM model. a negative trend over 1980-1999. Model realizations over
the same period simulate trends of opposite signs (Table 1),
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Fig. 13. (a)Upper panel (lower panel): January to February (July to August) averaged time series (1901-1999) of the vertical EP flux
component (in 1@kg/52) at 100 hPa, averaged over°40-8C° N (40° S-80 S) for ensemble members (grey), ensemble mean (black),
ERA40 (red) and NCEP (blue)b) Boxplot of calculated NH, left panel, (SH, right panel) EP flux trends (in %/decade) for different time
periods in the ensemble simulations (grey dots), ERA40 (red) and NCEP (blue).

which are mostly not significant. Over 1980-1999 the modelbers (two of them significantly on the 5% level) exhibit nega-
realizations do not capture the negative trend as in the reanative EPz trends for the trend period 1901-1959 similar to the
yses. Note that most CCMs show a smaller than observediH.

negative trend for the period 1979-2001 (Austin et al., 2003)

which is not significant in most models. Model results before  Propagating waves affect the state of the winter polar vor-
1958 are somewhat more conclusive: seven out of nine mem€x and related variables, such as temperature and TOZ.
bers show a negative trend over 1930-1959 and a p03|t|v€“9h correlation between meridional heat flux (proportional

trend over 1901-1929 for the whole set of ensemble memi0 EPz in the stratosphere) and 50 hPa polar temperatures has
bers. Yet, statistical significance on the 5% level is againPeen documented by Newman et al. (2001) and addressed in

almost absent in all ensemble members. several CCM-comparison studies (Eyring et al., 2006; Austin
et al., 2003). Here we evaluate this process by showing scat-
In the SH, for 1958-1999, SOCOL features a large modelter plots of January to February (July to Augusty40i—
spread with trend estimates of both signs compared to verd(®® N (40° S—80 S) EPz and February to March (August to
strong positive trends in the reanalyses (Table 2), whichSeptember) 50 hPa zonal temperature averaged o9eN-60
could be affected by data quality (see above). Note tha©0® N (60° S—90 S) (Fig. 14a). In the NH the linear fit be-
ERA40 and NCEP show rather large dissimilar trends in thetween modeled polar temperatures and EPz agrees extremely
SH. One realization shows a significant positive trend (on thewell with NCEP and ERA40 for the period 1958-1999 and
5% level) of 7.5%/decade over 1958-1999. This is some-also for 1901-1957. This is also true for the SH compared
what smaller than ERA40. Before 1958, all SOCOL mem-to NCEP. Differences in the intercept reflect deviations in
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Table 1. NH trends (Beta, in %/decade) and standard error (se) in the 100 hPa vertical component of EP flux, averagétlegér Aband
over January to February for different periods. Light grey (dark grey) shading marks statistically significant estimates with<@®-@tue
(0.2).

Simulations /Observations 10011920 1930-1950  1901-1959 ~ 1058-1979  1980-1999  1958-1999
imulations servations Beta se Beta se Beta se Beta se Beta se Beta se

el 2 39 -31 35 -12 13 05 7.2 4.9 7 14 25
e2 0.2 42 -39 42 -01 15 -67 58 173 7.5 37 25
e3 4.3 5571 35 -32 17 -22 66 -51 83 02 26
e4 2.1 3678 37 -01 13 -35 6.8 -1 74 -14 25
e5 58 27 45 26 15 1 64 6.1 -01 6 36 21
e6 15 5 -32 45 -02 17 31 44 73 81 -13 22
e7 2.5 45 -38 32 -01 14 0.1 6.8 —-47 93 12 28
e8 0.4 4 -31 41 -22 14 -83 63 -57 64 -32 22
e9 0.7 4.6 25 43 07 16 19 6.6-8.9 7 39 25
Ens. Mean 217 422 -28 37 -05 14 -1 63 044 74 09 24
ERA40 22 62 -6 55 2 21
NCEP 34 6.2 -88 64 24 23

Table 2. Same as Table 1 but for SH, averaged ovér3630 S and over July to August.

1901-1929 1930-1959 1901-1959 1958-1979 1980-1999 1958-1999

Simulations/Observations Beta se Beta se Beta se Beta se Beta se Beta se

el —-13 53 1.7 53 -3 19 —6 9 27 11 -01 35
e2 -55 56 -15 61 -26 22 144 10 -13 093 6.4 34
e3 2.2 5 54 55 -03 18 -89 89 -26 10 0.7 34
ed 8 55 22 57 -03 2 =59 5 86 13 75 35
e5 -39 55 -53 55 -08 1.9 4 9 -75 84 14 31
e6 46 54 -59 48 43 18 115 8 41 6.5 09 27
e7 —-44 55 -13 48 -31 18| -13 89 59 76 0 3
e8 -12 55 -88 6 —4.1 2 68 75 134 11 32 32
e9 -25 6.2 -07 51 -25 2 -87 75 -87 6242 25
Ens. Mean -17 55 —-43 54 -23 19 -06 82 162 93 176 3.1
ERA40 17.6 7 71 94 91 29
NCEP 19 7.1 16 81 148 26

polar temperatures. Note that the steeper slope in the SHpril and February (November and September). The corre-
for ERA40 is a result of a cold bias in the pre-satellite lation in the model over 1979-1999 is in reasonable agree-
period, which is not present in NCEP (Karpetchko et al., ment with observations, showing correlation coefficients of
2005). Another useful diagnostic linked to wave propagation0.55-0.65 (0.46—0.62) compared to observed 0.76 (0.81) in
is the accumulation of TOZ as a function of EPz. Randelthe NH (SH). The linear fits are all statistically significant,
et al. (2002) examined the seasonal and latitudinal depenexcept for two members which show a less steep linear de-
dence of the correlation between TOZ and EPz. High cor-pendency. The relationship between TOZ accumulation and
relation was found between TOZ accumulation ovet 60 EPz can also be found in the model for the period 1901—
9(° N (over 60 S-90 S) in March (October) and EPz over 1978, underscoring the existence of dynamically controlled
40° N7 N in March (40 S—70 S in October), which is  polar spring ozone variations on the interannual scale in the
shown as scatter plots in Fig. 14b for the individual ensemblemodel caused by propagating waves.

members (black) and observations of NIWA TOZ and NCEP

EPz (red). Note that TOZ accumulation in March (October)

is measured here as monthly mean TOZ difference between
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Fig. 14. (a)Left panels (right panels): Scatter plots of February—March mean (August—September mean) 50 hPa temperature (in K), averaged
over 60 N-9C° N (60° S-9C S) against NH (SH) EPz (from Fig. 13a) for 1958-1999 (above) and 1901-1957 (below). Shown are ensemble
members (black) and observations of ERA40 (red) and NCEP (blue). Lines indicate linear regression line for different ensemble members
and observations(b) Scatter plots of April minus February (November minus September) TOZ difference (in DU) averaged over 60VN—
90° N (60° S-90 S) against EPz, averaged over48-70° N (40° S—-70 S) for 1979-1999 (above) and 1901-1978 (below). Red symbols

and line are observations of TOZ NIWA vs. EPz NCEP.

3.3 Summary and discussion seasonal cycle is underestimated which is a remaining short-
coming of SOCOL vs2. Compared to satellite observations

In the first seven decades of the 20th century with still mod-Pack to 1970 the low-frequency variability in TOZ is well re-
est anthropogenic influence, modeled climatologies remairProduced over the tropics and mid-latitudes. In the same re-
almost unaltered regarding TOZ, vertical ozone distribution,gion back to 1920, SJI in SOCOL is highly correlated (0.74)
zonal mean zonal wind, and zonal temperature. SOCOL igvith the reconstructed index. Its interannual variability re-
able to capture TOZ development well compared to historicflects to a large degree ENSO variability and correspond-
ground-based stations back to 1924, but the amplitude of thé"d changes in the Hadley and Walker circulations. The
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SJI allows validating model results in an insightful, process-bution, NG- and CO-emissions, GHG and ODSs concentra-
oriented manner over long time-scales. It could potentiallytions, QBO, and changes in land properties.
be further explored by other middle-atmosphere studies to Despite its rather coarse horizontal and vertical resolution
test whether the response to oceanic forcing is correctly re{3.75 x3.75 (T30), 39 layers, 1000-0.01 hPa), simulations
produced. with the CCM SOCOL perform rather well compared to ob-
Zonal mean vertical ozone distributions are in reasonableservations and allow addressing interannual-to-decadal vari-
agreement with SAGE and SBUV. Yet, they show a posi-ability during the twentieth century in relation to its forc-
tive bias in the lower stratosphere and a negative bias in théng parameters. The model well reproduces observed ozone
upper stratosphere. Modeled stratospheric trends over 197%nomalies and reconstructed dynamics in the (sub-) tropical
1999 perform well compared to observations for all ensem-belt. That means that in this region the response of SOCOL
ble members. Trend estimates among the ensemble membeis forcings of QBO, ENSO, solar variability and volcanic
vary most in the southern lower stratosphere where on avereruptions is very realistic and predictable even with less than
age the observed negative trend is underestimated. nine ensemble members. Also, process-oriented analysis of
In general, the polar regions exhibit a large internal modelmodel output (i.e. positive correlation of polar TOZ with
variability. This is revealed by the TOZ and PVS patterns EPz, positive correlation of polar temperature with EPz and
suggesting that a sufficiently large set of ensemble membergegative ozone trend estimates upon EESC) reveal only lit-
will be required if further progress in model development is tle changes between different ensemble members and hence
sought for in these particular geographic regions. For PVS irrepresent robust model results. On the contrary, our analysis
the NH and SH the ensemble spread is almost as high as iref the polar vortex systems (i.e. PVS) show that in these areas
terannual variability in the observed index (except for somethe ensemble spread is very large which hinders to separate
ENSO related events) and hence not predictable. MWs irbetween internal and externally forced variability. The large
the NH being a major source of interannual variability were ensemble range found for estimated trends in stratospheric
analyzed with respect to their frequency, seasonality and inwave drag, including estimates of opposite signs, reveals that
tensity. A much smaller number (factor 3—4 smaller) of MWs the internal variability in models cannot be neglected when
occurred in the model than in observations, though the seapredicting the response in wave energy upon external forc-
sonal distribution of the occurrence frequency looks compa-4ngs.
rable, except for January. No discrepancies to ERA40 were The presented model simulations provide a unigue data set
found for analyzed strength parameters of individual MWs. for further exploration of interannual-to-decadal variability.
This means that SOCOL underestimates the total number ofh particular, itis planned to quantify the impact of solar vari-
MWs but it evolves in a comparable way in case a MW oc- ability, ENSO variability and volcanic eruptions upon strato-
curs. The underestimation of MWs indicates a too strongspheric 0zone and climate individually over the whole twen-
northern polar vortex which is further endorsed by highertieth century. The interaction between low-frequency vari-
zonal wind speed and colder temperatures over the Arcti@bility in the stratosphere and tropospheric climate modes
stratosphere compared to ERA40. EPz and EP flux diverwill be addressed in addition.
gence reveal less wave activity and less wave mean flow in-

. . . - . _AcknowledgementsiF is funded by ETH Zurich (TH project
teraction during winter months for 1990-1999 in the north CASTRO) and SB by the Swiss National Science Foundation. PK

ern high latitudes and hence less perturbations of the polag supported by the S-ENETH project TUMMS, BPL and CSP by

vortex. In the SH the signal is less clear. the EU projects SCOUT-O3 and QUANTIFY, respectively.

Time series of modeled EPz in the NH and SH exhibit We would like to thank Ingo Wohltmann for EP flux calculations

a large internal variability as well as interannual variability. of ERA40 and NCEP and William Randel for providing us SAGE
Modeled trends of EPz are generally not significant and the ;e data set.

spread of estimates between different ensemble members is
high. More sophisticated techniques are required to furtheiedited by: K. Hamilton
explore the robustness of the trend estimates. The correlation
between EPz and polar temperature as well as EPz and po-
lar spring TOZ was examined, which shows good agreement
with observations for both hemispheres and reveal comparaRéferences

ble relationships for the pre-ERA40 and pre-satellite perlod.AndreWS, D. G., Holton, J. R., and Leovy, C. B.: Middle Atmo-

sphere Dynamics, Academic Press, 1987.
. Austin, J., Shindell, D., Beagley, S. R., B, C., Dameris, M.,
4 Conclusion and outlook Manzini, E., Nagashima, T., Newman, P., Pawson, S., Pitari, G.,
Rozanov, E., Schnadt, C., and Shepherd, T. G.: Uncertainties
We have applied the CCM SOCOL vs2 (Schraner et al., and assessments of chemistry-climate models of the stratosphere,
2008) with a set of 9 ensemble members covering the 20th Atmos. Chem. Phys., 3, 1-27, 2003,
century in transient mode using prescribed SSTs, Sl distri- http://www.atmos-chem-phys.net/3/1/2003/

Atmos. Chem. Phys., 8, 775%#77, 2008 www.atmos-chem-phys.net/8/7755/2008/


http://www.atmos-chem-phys.net/3/1/2003/

A. M. Fischer et al.: 20th Century Ensemble Simulations with the CCM SOCOL 7775

Austin, J. and Wilson, R. J.: Ensemble simulations of the de- a chemistry-climate model, Geophys. Res. Lett., 31, L06119,
cline and recovery of stratospheric ozone, J. Geophys. Res., 111, doi:10.1029/2003GL019294, 2004.
D16314, doi:10.1029/2005JD006907, 2006. Egorova, T., Rozanov, E., Zubov, V., Manzini, E., Schmutz, W.,
Baldwin, M. P., Stephenson, D. B., Thompson, D. W. J., Dunker- and Peter, T.: Chemistry-climate model SOCOL: a validation of
ton, T. J., Charlton, A. J., and O’'Neill, A.: Stratospheric mem-  the present-day climatology, Atmos. Chem. Phys., 5, 1557-1576,
ory and skill of extended-range weather forecasts, Science, 301, 2005,

636-640, 2003. http://www.atmos-chem-phys.net/5/1557/2005/

Bodeker, G. E., Shiona, H., and Eskes, H.: Indicators of AntarcticEgorova, T. A., Rozanov, E. V., Zubov, V. A, and Karol, I. L.:
ozone depletion, Atmos. Chem. Phys., 5, 2603-2615, 2005, Model for investigating ozone trends (MEZON), lzv. Atmos.
http://www.atmos-chem-phys.net/5/2603/2005/ Ocean. Phy., 39, 277-292, 2003.

Bronnimann, S., Luterbacher, J., Staehelin, J., Svendby, T. M.Etheridge, D. M., Steele, L. P., Langenfelds, R. L., Francey, R. J.,
Hansen, G., and Svenoe, T.: Extreme climate of the global tropo- Barnola, J. M., and Morgan, V. I.: Natural and anthropogenic
sphere and stratosphere in 1940-1942 related to El Nino, Nature, changes in atmospheric CO2 over the last 1000 years from air in
431, 971-974, 2004. Antarctic ice and firn, J. Geophys. Res, 101, 4115-4128, 1996.

Bronnimann, S., Ewen, T., Griesser, T., and Jenne, R.: MultidecadaEtheridge, D. M., Steele, L. P., Francey, R. J., and Langenfelds, R.
signal of solar variability in the upper troposphere during the 20th  L.: Atmospheric methane between 1000 AD and present: Ev-
century, Space Sci. Rev., 125, 305-317, 2006a. idence of anthropogenic emissions and climatic variability, J.

Bronnimann, S., Schraner, M.,Mer, B., Fischer, A., Brunner, D., Geophys. Res., 103, 15979-15993, 1998.

Rozanov, E., and Egorova, T.: The 1986-1989 ENSO cycle inEyring, V., Kinnison, D. E., and Shepherd, T. G.: Overview of

a chemical climate model, Atmos. Chem. Phys., 6, 4669-4685, planned choupled chemistry-climate simulations to support up-
2006b, coming ozone and climate assessments, SPARC Newsletter, 25,
http://www.atmos-chem-phys.net/6/4669/2006/ 11-17, 2005.

Bronnimann, S., Annis, J. L., Vogler, C., and Jones, P. D.: Recon-Eyring, V., Butchart, N., Waugh, D. W., et al.: Assessment of tem-
structing the quasi-biennial oscillation back to the early 1900s, perature, trace species, and ozone in chemistry-climate model
Geophys. Res. Lett., 34, L22805, doi:10.1029/2007GL031354, simulations of the recent past, J. Geophys. Res.-Atmos., 111,
2007. D22308, doi:10.1029/2006JD007327, 2006.

Brunner, D., Staehelin, J., Kunsch, H. R., and Bodeker, G. E.:Fischer, A. M., Shindell, D. T., Winter, B., Bourqui, M. S.,

A Kalman filter reconstruction of the vertical ozone distribu- Faluvegi, G., Bonnimann, S., Schraner, M., and Rozanov,
tion in an equivalent latitude-potential temperature framework E.: Stratospheric Winter Climate Response to ENSO in three
from TOMS/GOME/SBUV total ozone observations, J. Geo- Chemistry-Climate Models, Geophys. Res. Lett., 35, L13819,
phys. Res., 111, D12308, doi:10.1029/2005JD006279, 2006a.  doi:10.1029/2008GL034289, 2008.

Brunner, D., Staehelin, J., Maeder, J. A., Wohltmann, |., andFolland, C. K., Shukla, J., Kinter, J., and Rodwell, M.: The Climate
Bodeker, G. E.: Variability and trends in total and vertically re-  of the Twentieth Century Project, CLIVAR Exchanges, 7(2), 37—
solved stratospheric ozone based on the CATO ozone data set, 39, 2002.

Atmos. Chem. Phys., 6, 4985-5008, 2006b, Garcia, R. R., Marsh, D. R., Kinnison, D. E., Boville, B.
http://www.atmos-chem-phys.net/6/4985/2006/ A., and Sassi, F.: Simulation of secular trends in the mid-
Butchart, N., Scaife, A. A., Bourqui, M., et al.: Simulations of an-  dle atmosphere, 1950-2003, J. Geophys. Res., 112, D09301,

thropogenic change in the strength of the Brewer-Dobson circu- doi:10.1029/2006JD007485, 2007.
lation, Clim. Dynam., 27, 727-741, 2006. Griesser, T., Bbnnimann, S., Grant, A., Ewen, T., Stickler, A. and

Butler, J. H., Battle, M., Bender, M. L., Montzka, S. A., Clarke, Comeaux J.: Reconstruction of global monthly upper-level tem-
A. D., Saltzman, E. S., Sucher, C. M., Severinghaus, J. P., and perature and geopotential height fields back to 1880, J. Clim, in
Elkins, J. W.: A record of atmospheric halocarbons during the preparation, 2008.
twentieth century from polar firn air, Nature, 399, 749-755, Gillett, N. P. and Thompson, D. W. J.: Simulation of recent South-
1999. ern Hemisphere climate change, Science, 302, 273-275, 2003.

Chaffey, J. D. and Fyfe, J. C.: Arctic polar vortex variability in the Giorgetta, M. A.: Der Einfluss der quasi-zweijaehrigen Os-
Canadian Middle Atmosphere Model, Atmos. Ocean, 39, 457— zillation auf die allgemeine Zirkulation: Modellrechnungen
469, 2001. mit ECHAM4, Examensarbeit Nr. 40, MPI-Report 218, Max-

Claussen, M., Lohmann, U., Roeckner, E., and Schulzweida, U.: Planck-Institut éir Meteorologie, Hamburg, 1996.

A global data set of land-surface parameters, MPI Report 135Goldewijk, K. K.: Estimating global land use change over the past
Max-Planck-Institut fir Meteorologie, Hamburg, 1994. 300 years: The HYDE Database, Global Biogeochem. Cy., 15,
Dameris, M., Grewe, V., Ponater, M., Deckert, R., Eyring, V., 417-433, 2001.
Mager, F., Matthes, S., Schnadt, C., Stenke, A., Steil, BihBr  Hadjinicolaou, P., Jrrar, A., Pyle, J. A., and Bishop, L.: The dynam-
C., and Giorgetta, M. A.: Long-term changes and variability ina ically driven long-term trend in stratospheric ozone over northern
transient simulation with a chemistry-climate model employing  middle latitudes, Q. J. R. Meteorol. Soc., 128, 1393-1412, 2002.
realistic forcing, Atmos. Chem. Phys., 5, 2121-2145, 2005, Hagemann, S., Botzet, M., ibnenil, L., and Machenhauer, B.:
http://www.atmos-chem-phys.net/5/2121/2005/ Derivation of global GCM boundary conditions from 1 km land
Egorova, T., Rozanov, E., Manzini, E., Haberreiter, M., Schmutz, use satellite data, MPI Report 289, Max-Planck-Institut¥e-
W., Zubov, V., and Peter, T.. Chemical and dynamical response teorologie, Hamburg, 1999.
to the 11-year variability of the solar irradiance simulated with Hagemann, S.: An Improved Land Surface Parameter Dataset for

www.atmos-chem-phys.net/8/7755/2008/ Atmos. Chem. Phys., 8, 77332008


http://www.atmos-chem-phys.net/5/2603/2005/
http://www.atmos-chem-phys.net/6/4669/2006/
http://www.atmos-chem-phys.net/6/4985/2006/
http://www.atmos-chem-phys.net/5/2121/2005/
http://www.atmos-chem-phys.net/5/1557/2005/

7776 A. M. Fischer et al.: 20th Century Ensemble Simulations with the CCM SOCOL

Global and Regional Climate Models, MPI Report 336, Max-  temperature since the late nineteenth century, J. Geophys. Res.,

Planck-Institut &ir Meteorologie, Hamburg, 2002. 108, 4407, doi:10.1029/2002JD002670, 2003.
Hood, L. L.: Effects of short-term solar UV variability on the strato- Robock, A.: Volcanic eruptions and climate, Rev. Geophys., 38,
sphere, J. Atmos. Sol.-Terr. Phy., 61, 45-51, 1999. 191-219, 2000.

Horowitz, L. W., Walters, S., Mauzerall, D. L., et al.: A global Roeckner, E., Arpe, K., Bengtsson, L., et al.: The atmospheric gen-
simulation of tropospheric ozone and related tracers: Description eral circulation model ECHAM-4: model description and sim-
and evaluation of MOZART, version 2, J. Geophys. Res., 108, ulation of present-day climate, MPI Report 218, Max-Planck-
4784, doi:10.1029/2002JD002853, 2003. Institut fur Meteorologie, Hamburg, 1996.

Karpetchko, A., Kyro, E., and Knudsen, B. M.: Arctic and Antarctic Rosenfield, J. E., Frith, S. M., and Stolarski, R. S.: Version 8
polar vortices 1957—2002 as seen from the ERA-40 reanalyses, J. SBUV ozone profile trends compared with trends from a zon-
Geophys. Res., 110, D21109, doi:10.1029/2005JD006113, 2005. ally averaged chemical model, J. Geophys. Res., 110, D12302,

Kistler, R., Kalnay, E., Collins, W., et al.: The NCEP-NCAR 50- doi:10.1029/2004JD005466, 2005.
year reanalysis: Monthly means CD-ROM and documentation,Rozanov, E., Schraner, M., Schnadt, C., Egorova, T., Wild, M.,
B. Amer. Meteorol. Soc., 82, 247-267, 2001. Ohmura, A., Zubov, V., Schmutz, W., and Peter, T.. Assess-

Langematz, U., Kunze, M., Kruger, K., Labitzke, K., and Roff, G. ment of the ozone and temperature variability during 1979-1993
L.: Thermal and dynamical changes of the stratosphere since with the chemistry-climate model SOCOL, Adv. Space Res., 35,
1979 and their link to ozone and CO2 changes, J. Geophys. Res., 1375-1384, 2005.

108, 4027, doi:10.1029/2002JD002069, 2003. Rozanov, E. V., Schlesinger, M. E., Andronova, N. G., Yang,
Lean, J.: Evolution of the sun’s spectral irradiance since the Maun- F., Malyshev, S. L., Zubov, V. A., Egorova, T. A., and Li,
der Minimum, Geophys. Res. Lett., 27, 2425-2428, 2000. B.: Climate/chemistry effects of the Pinatubo volcanic erup-

Logan, J. A.: Trends in the Vertical-Distribution of Ozone — an  tion simulated by the UIUC stratosphere/troposphere GCM
Analysis of Ozonesonde Data, J. Geophys. Res., 99, 25553— with interactive photochemistry, J. Geophys. Res., 107, 4594,
25585, 1994. doi:10.1029/2001JD000974, 2002.

Lohmann, U., Feichter, J., Chuang, C. C., and Penner, J. E.: PreSassi, F., Kinnison, D., Boville, B. A, Garcia, R. R., and Roble, R.:
diction of the number of cloud droplets in the ECHAM GCM, J. Effect of ElI Nino-Southern Oscillation on the dynamical, ther-
Geophys. Res., 104, 9169-9198, 1999. mal, and chemical structure of the middle atmosphere, J. Geo-

Machida, T., Nakazawa, T., Fujii, Y., Aoki, S., and Watanabe, O.: phys. Res., 109, D17108, doi:10.1029/2003JD004434, 2004.
Increase in the Atmospheric Nitrous-Oxide Concentration during Sato, M., Hansen, J. E., Mccormick, M. P., and Pollack, J. B.:
the Last 250 Years, Geophys. Res. Lett., 22, 2921-2924, 1995.  Stratospheric Aerosol Optical Depths, 1850-1990, J. Geophys.

Mader, J. A., Staehelin, J., Brunner, D., Stahel, W. A., Wohltmann, Res., 98, 22987-22 994, 1993.

I., and Peter, T.. Statistical modeling of total ozone: Selec- Scaife, A. A., Kucharski, F., Folland, C. K., et al.. The CLIVAR
tion of appropriate explanatory variables, J. Geophys. Res., 112, C20C Project: Selected 20th century climate events, Clim. Dy-
D11108, doi:10.1029/2006JD007694, 2007. nam., doi:10.1007/s00382-008-0451-1, 2008.

Manzini, E. and McFarlane, N.: The effect of varying the source Schmitt, A. and Brunner, B.: Emissions from aviation and their
spectrum of a gravity wave parameterization in a middle atmo- development over time, in Pollutants from air traffic — results
sphere general circulation model, J. Geophys. Res., 103, 31523- of atmospheric research 1992-1997, DLR-Mitt., 97-04, 37-52,

31539, 1998. 1997.
Matsuno, T.: Dynamical Model of Stratospheric Sudden Warming, Schnadt, C., Dameris, M., Ponater, M., Hein, R., Grewe, V., and
J. Atmos. Sci., 28, 1479-1494, 1971. Steil, B.: Interaction of atmospheric chemistry and climate and

Newman, P. A., Nash, E. R., and Rosenfield, J. E.: What controls its impact on stratospheric ozone, Clim. Dynam., 18, 501-517,
the temperature of the Arctic stratosphere during the spring?, J. 2002.

Geophys. Res., 106, 19 999-20010, 2001. Schraner, M., Rozanov, E., Schnadt Poberaj, C., Kenzelmann, P,
Olson, J. S.. Global ecosystem framework-definitions, USGS Fischer, A. M., Zubov, V., Luo, B. P.,, Hoyle, C. R., Egorova,
EROS Data Center Internal Report, Sioux Falls, SD, 1994. T., Fueglistaler, S., Bmnimann, S., Schmutz, W., and Peter, T.:

Patterson, K. A.: Global distributions of total and total-available soil ~ Technical Note: Chemistry-climate model SOCOL: version 2.0
water-holding capacities, Master thesis, University of Delaware, with improved transport and chemistry/microphysics schemes,

Newark, DE, 1990. Atmos. Chem. Phys., 8, 5957-5974, 2008,
Prather, M. J.: Numerical Advection by Conservation of 2Nd-Order  http://www.atmos-chem-phys.net/8/5957/2008/
Moments, J. Geophys. Res., 91, 6671-6681, 1986. Shindell, D. T., Rind, D., and Lonergan, P.: Increased polar strato-

Randel, W. J., Wu, F., and Stolarski, R.: Changes in column ozone spheric ozone losses and delayed eventual recovery owing to in-
correlated with the stratospheric EP flux, J. Meteorol. Soc. Japan, creasing greenhouse-gas concentrations, Nature, 392, 589-592,
80, 849-862, 2002. 1998.

Randel, W. J. and Wu, F..: A stratospheric ozone profile Solomon, S.: Stratospheric ozone depletion: A review of concepts
data set for 1979-2005: Variability, trends, and comparisons and history, Rev. Geophys., 37, 275-316, 1999.
with column ozone data, J. Geophys. Res., 112, D06313Staehelin, J., Renaud, A., Bader, J., McPeters, R., Viatte, P., Hoeg-
doi:10.1029/2006JD007339, 2007. ger, B., Bugnion, V., Giroud, M., and Schill, H.: Total ozone

Rayner, N. A, Parker, D. E., Horton, E. B., Folland, C. K., Alexan-  series at Arosa (Switzerland): Homogenization and data com-
der, L. V., Rowell, D. P, Kent, E. C., and Kaplan, A.: Global parison, J. Geophys. Res., 103, 5827-5841, 1998.
analyses of sea surface temperature, sea ice, and night marine &teil, B., Bruhl, C., Manzini, E., Crutzen, P. J., Lelieveld, J.,

Atmos. Chem. Phys., 8, 775%#77, 2008 www.atmos-chem-phys.net/8/7755/2008/


http://www.atmos-chem-phys.net/8/5957/2008/

A. M. Fischer et al.: 20th Century Ensemble Simulations with the CCM SOCOL 7777

Rasch, P. J., Roeckner, E., and Kruger, K.: A new interactiveVogler, C., Bbnnimann, S., and Hansen, G.: Re-evaluation of the

chemistry-climate model: 1. Present-day climatology and inter- 1950-1962 total ozone record from Longyearbyen, Svalbard, At-

annual variability of the middle atmosphere using the model and mos. Chem. Phys., 6, 47634773, 2006,

9 years of HALOE/UARS data, J. Geophys. Res., 108, 4290, http://www.atmos-chem-phys.net/6/4763/2006/

doi:10.1029/2002JD002971, 2003. Vogler, C., Bronnimann, S., Staehelin, J., and Griffin, R.
Stolarski, R. S., Labow, G. J., and McPeters, R. D.: Springtime E. M.. Dobson total ozone series of Oxford: Reeval-

Antarctic total ozone measurements in the early-1970s from the uation and applications, J. Geophys. Res., 112, D20116,

BUV instrument on Nimbus 4, Geophys. Res. Lett., 24, 591-594, doi:10.1029/2007JD008894, 2007.

1997. Wallace, J. M., Panetta, R. L., and Estberg, J.: Representation of
Sturges, W. T., Mcintyre, H. P., Penkett, S. A., Chappellaz, J., the Equatorial Stratospheric Quasi-Biennial Oscillation in Eof

Barnola, J. M., Mulvaney, R., Atlas, E., and Stroud, V.: Methyl  Phase-Space, J. Atmos. Sci., 50, 1751-1762, 1993.

bromide, other brominated methanes, and methyl iodide in polatvarwick, N. J., Pyle, J. A., Carver, G. D., Yang, X., Savage,

firn air, J. Geophys. Res., 106, 1595-1606, 2001. N. H., O’'Connor, F. M., and Cox, R. A.: Global modeling
Tegtmeier, S. and Shepherd, T. G.: Persistence and photochemical of biogenic bromocarbons, J. Geophys. Res., 111, D24305,

decay of springtime total ozone anomalies in the Canadian Mid- doi:10.1029/2006JD007264, 2006.

dle Atmosphere Model, Atmos. Chem. Phys., 7, 485-493, 2007 Williamson, D. L. and Rasch, P. J.: Two-dimensional semi-

http://www.atmos-chem-phys.net/7/485/2007/ lagrangian transport with shape-preserving interpolation, Mon.
Thomason, L. and Peter, T.: Assessment of Stratospheric Aerosol Wea. Rev., 117, 102-129, 1989.

Properties (ASAP), SPARC Report No. 4, WCRP-124, 2006. WMO: Scientific assessment of ozon depletion: 2002, Global ozone
Uppala, S. M., Kallberg, P. W., Simmons, A. J., etal.: The ERA-40 research and monitoring project, No. 47, Geneva, 2003.

re-analysis, Q. J. R. Meteorol. Soc., 131, 2961-3012, 2005. Zubov, V. A., Rozanov, E. V., and Schlesinger, M. E.: Hybrid
van Aardenne, J. A., Dentener, F. J., Olivier, J. G. J., Goldewijk, C. scheme for three-dimensional advective transport, Mon. Wea.

G. M. K., and Lelieveld, J.: A 1 degrees x 1 degrees resolution Rev., 127, 1335-1346, 1999.

data set of historical anthropogenic trace gas emissions for the

period 1890-1990, Global Biogeochem. Cy., 15, 909-928, 2001.

www.atmos-chem-phys.net/8/7755/2008/ Atmos. Chem. Phys., 8, 77332008


http://www.atmos-chem-phys.net/7/485/2007/
http://www.atmos-chem-phys.net/6/4763/2006/

