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Abstract. We present a vertically resolved zonal mean vations increases on average the correlation with a reference
monthly mean global ozone data set spanning the periodiata set, but does not decrease the mean squared error. Anal-
1901 to 2007, called HISTOZ.1.0. It is based on a newyses of HISTOZ.1.0 with respect to the effects of El Nifio—
approach that combines information from an ensemble ofSouthern Oscillation (ENSO) and of the 11 yr solar cycle on
chemistry climate model (CCM) simulations with historical stratospheric ozone from 1934 to 1979 qualitatively confirm
total column ozone information. The CCM simulations in- previous studies that focussed on the post-1979 period. The
corporate important external drivers of stratospheric chem-ENSO signature exhibits a much clearer imprint of a change
istry and dynamics (in particular solar and volcanic effects,in strength of the Brewer—Dobson circulation compared to
greenhouse gases and ozone depleting substances, sea ghe post-1979 period. The imprint of the 11yr solar cycle
face temperatures, and the quasi-biennial oscillation). Thas slightly weaker in the earlier period. Furthermore, the to-
historical total column ozone observations include ground-tal column ozone increase from the 1950s to around 1970
based measurements from the 1920s onward and satellit@ northern mid-latitudes is briefly discussed. Indications for
observations from 1970 to 1976. An off-line data assimila- contributions of a tropospheric ozone increase, greenhouse
tion approach is used to combine model simulations, obsergases, and changes in atmospheric circulation are found. Fi-
vations, and information on the observation error. The pe-nally, the paper points at several possible future improve-
riod starting in 1979 was used for validation with existing ments of HISTOZ.1.0.

ozone data sets and therefore only ground-based measure-

ments were assimilated. Results demonstrate considerable

skill from the CCM simulations alone. Assimilating observa-

tions provides additional skill for total column ozone. With

respect to the vertical ozone distribution, assimilating obser-
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9624 S. Brénnimann et al.: A global historical ozone data set

1 Introduction ozone increase between the 1950s and around 1970 are anal-
ysed in Sect. 6. Conclusions are drawn in Sect. 7.

Stratospheric ozone affects the radiation budget of the at-

mosphere and therefore needs to be incorporated in cliz2 Data
mate model simulations. Models usually require a two- . .
dimensional (latitude, pressure) ozone distribution as a2'1 Model simulations
boundary condition. As the spatial distribution of ozone

han n different tim les related to external forcin In this study we use an initial condition ensemble of nine
changes o ere escales refated 1o external 1orcingsy ., ations from 1901 to 1999 that was performed with

a transient ozone boundary condition is essential. While Nphe chemistry-climate model SOCOL Version 2 (Schraner
the third Climate Modelling Intercomparison Project (CMIP- et al., 2008). The simulations are described in Fischer et
3) some models still used a time-invariant ozone cIimatoI—al (2608b) SOCOL is a combination of the middie atmo-
ogy (Miller et al., 2006), current model simulations (CMIP5) there version of the ECHAM4 spectral AGCM (Manzini

rznoolsztly g.se algr;wge —?ependt(;nt oggne d‘?‘ta slet (Tayldort et Aand McFarlane, 1998) and the chemistry-transport model
)- Since , WO~ orthree-dimensional 0zone data Setg, =7 4 (Egorova et al., 2003). It was run with a spectral

are available from merging different satellite (or other) Obser'truncation of T30 and 39 levels on a hybrid sigma-pressure

\2/32_%”5 ée'gb?;?éasrskl anldt!:nth, %026 H.asilgggt al., lzgogl;boordinate system, with the model top at 0.01 hPa. A hybrid
). For simuiations starting in - a global ) herical advection scheme is used for transporting chem-

monthly mean two-dimensional ozone data set was produce al species (Zubov et al., 1999), with the Prather advec-

whose temporal variability was described using a regressioreion scheme in the vertical (Prather, 1986) and the Semi-
approach based on stratospheric chlorine and the 11yr s '

o . ) “agrangian scheme in the horizontal direction (Williamson
lar cycle (Cionni et al., 2011). T_h|s da_ta set was demgneg‘nd Rasch, 1989). The model participated in the CCMval val-
for coupled ocean—atmosphere simulations and consequent

d tinclude int |variability that arises due t dation experiments (SPARC CCMVal, 2010) and the C20C
oes notinclude interannuafvariability that arises due to non'intercomparisons for AGCMs (e.g. Scaife et al., 2008). Fur-
forced climate variability.

. . . ther comparisons are performed in Sect. 4.
Fpr atmospherlc_ general circulation models (AGCMs), a The model was constrained at the boundaries with monthly
vertically and meridionally resolved ozone data set WouldS Ts and sea ice from the HadISST1 data set (Rayner et
be desirable that is as close to observations as possible ar

h | flects int | variability. which ; , 2003) and land-surface properties based on Hagemann
ence aiso reflects interannual variability, which may anse, 2002). Solar variability was prescribed using spectral solar
e.g. from changes in sea surface temperatures (SSTs). F

instance. the r N t a climate model to a forcin h Yradiance data from Lean (2000). Greenhouse gases and or-
Stance, Ine response ot a climateé modet to a torcing SUCh ag, ie chorine and bromine containing gases were prescribed
volcanic eruptions may depend on the prescribed ozone fiel

(e.g. Muthers et al., 2013). Moreover, for analysing strato- the lowermost five Iayers: In addition., surface emissions
ol S ‘ ) . of CO and NQ were prescribed (see Fischer et al., 2008b

spheric Vaf""?b"'ty prior to 1979 and .'ts. relation to SSTs O for details). Stratospheric aerosols were taken from Sato et

ext'ernal forcing, a vertically and meridionally resolved, his- al. (1993). The model set-up included a nudging of the quasi-

torical ozone data set would also be valuable.. biennial oscillation (QBO) using a preliminary version of the
Here we present an approach for producing a monthl

mean zonal-mean vertically resolved global historical ozoneQBO reconstruction by Bronnimann et al. (2007b).

data set based on chemistry climate model simulations ang >  zone observations

historical (ground-based and satellite-based) total column

ozone observations using data assimilation techniques. Thg 2.1  Ground-based total column ozone observations

main aim of this paper is to discuss the approach and point

to possible improvements. The product, termed HISTOZ.1.0Ground-based measurements of total column ozone have

is presented and analysed with respect to prominent variabilbeen made since the 1920s (for a review see Bronnimann et

ity prior to 1979, focusing on El Nifio—Southern Oscillation, al., 2003a). In 1957, the start of the International Geophysical

the 11 yr solar cycle, and the stratospheric ozone trend fronYear (IGY), a global standardized network, employing tech-

1957 to 1970. nigues superior to what had previously been available, was
The paper is organised as follows. Section 2 describes thestablished. Hence we distinguish pre-IGY and post-IGY pe-

data used and Sect. 3 gives an overview of the approach. Irnods in the following analysis.

Sect. 4 we briefly report on the ancillary processing and anal- For the pre-IGY period, we use all series described by

ysis steps, with further details in the Supplement. In Sect. Brénnimann et al. (2003a), comprising several long, ho-

we present HISTOZ.1.0 and discuss validation results in thenogenised, and semi-continuous series such as those from

post-1979 period. Some prominent variations in the globalArosa since 1926 (Staehelin etal., 1998), Oxford, 1924-1975

ozone field such as those due to El Nifio—-Southern Oscilla{Vogler et al., 2007), Tromsg since the 1930s (Hansen and

tion (ENSO) or the 11 yr solar cycle as well as the apparentSvenge, 2005), Dombas and Oslo from the 1940s (Svendby,
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Fig. 1. Map showing the locations of the ground-based total column ozone stations used in this study.

2003), and Spitsbergen, 1950-1963 (Vogler et al., 2006), ag.2.2 Backscatter ultraviolet (BUV) observations

well as several shorter series. The latter were re-evaluated

as described in Bronnimann et al. (2003b). Those historicallotal column ozone was measured from space starting in

data series qualified as “poor” in Brénnimann et al. (2003b)1970 with the backscatter ultraviolet (BUV) instrument on-

were excluded. In addition, measurements from Gulmarg andvoard Nimbus-4 (Heath et al., 1973; Stolarski et al., 1997).

Srinagar were excluded due to their poor seasonal coverag&ue to battery failure, coverage decreased after the first two

Despite their rather low quality, total column ozone data de-years, but data were retrieved until 1976. The data quality is

rived from measurements by the Smithsonian Institution atinferior to later missions and the data have only rarely been

Table Mountain, California (Bronnimann, 2005), were usedused in publications. Here we use reprocessed BUV data

because they constitute an important source of informatior(Stolarski and Frith, 2006). Comparisons with ground-based

for the 1920s and 1930s. For the post-IGY period, data werdotal column ozone data were performed to check their qual-

obtained from the World Ozone and Ultraviolet Radiation ity (see Supplement). We make use of monthly zonal mean

Data Centre (WOUDC). We chose measurement series wittiotal column ozone in Slatitude bins. Figure 2 shows the

at least 5 complete years prior to 1979 and few instrumennumber of available monthly means from BUV. Note that

changes. In all, total column ozone series at 57 locations werg/henever a zonal mean value from BUV was available, no

used (Fig. 1, Table S1). All selected series were also used afground-based data from the correspondifigdiitude belt

ter 1978 for testing and validation purposes. were assimilated (but all ground-based data were used for

Monthly means were calculated as the average of the availthe pre-processing steps described in Sect. 4).

able observations if at least ten daily values were available.

Moreover, at least eight monthly means must be available pe2.3  Auxiliary observation-based data

sequence (i.e. per series obtained with the same instrument

type and observation mode, see Table S1), otherwise the sé&dditional data sets were used in various pre-processing

ries were discarded. This criterion was necessary to retairsteps. With respect to ozone, we used the monthly BDBP

enough degrees of freedom for the bias adjustment. Figure Zertically resolved ozone data set (Bodeker et al., 2013),

gives the number of monthly mean values. The first obser1979-2007, as a reference. In addition, Version 8 TOMS

vations became available in 1925. Until about 1950, mea-satellite total column ozone data were used for validation

surements from around five sites are available in each monthand, in some cases (see Table S1), for calibrating the correc-

This number then increases to around ten between 1950 artgbn function for the zonal mean adjustment (see Sect. 4 and

1957 and to around 20 to 35 from the IGY onwards. Supplement). Note that no TOMS total column ozone data
were assimilated. For comparison purposes we also use total

www.atmos-chem-phys.net/13/9623/2013/ Atmos. Chem. Phys., 13, 9&539 2013
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40 ditions. However, on a seasonal scale, total column ozone
is strongly influenced by factors that are prescribed in the
model such as sea surface temperatures, the quasi-biennial
oscillation, or volcanic aerosols. Our simulations thus have
seasonal predictability from the boundary conditions. In fact,
Fischer et al. (2008b) show that a considerable fraction of
the observed, zonally averaged total column ozone variabil-
ity is captured by the SOCOL simulations based solely on
the boundary conditions.

Since predictability comes from the boundary conditions,
there is no need to update the initial conditions. This al-
lows using pre-computed simulations in an off-line approach,
which has many advantages. For instance, the procedure can
. be optimised and observations or error information can be
1996 updated without the need to repeat the simulations.

IGY validation period

30

20

Number of observations

104

0 T T T T T T T / T T
1924 1936 1948 1960 1972 1984

Fig. 2. Number of monthly mean values assimilated in the as-3 1 E bl fil
similation period (1925-1978) and validation period (1979-1999).3-1  Ensemble square root filter

Ground-based and BUV data are shown in light and dark grey shad- . . o
ing, respectively. The basis of our approach (sketched schematically in Fig. S1)

is the off-line data assimilation procedure described by
Bhend et al. (2012). The approach aims to find an optimal

column ozone from two reanalyes, namely from ERA-40 State (in the model space), termed “analysiskgr starting
from 1957 to 2002 (Uppala et al., 2005) and from the twenti- from a “background” model state, and adding a correction

eth century reanalysis (20CR, Compo et al., 2011) from 1901that depends on the observatignd'he observation error co-
to 2010. variance matribR determines the weight given to each obser-

tion, we used 200 hPa GPH data from ERA-40 from 1957how deviations in each element of the model state vector are
to 2002 in a regression framework (see Sect. 4.3). ERA-4d¢lated to deviations in each other element and thus deter-
was supplemented back in time by statistically reconstructednines how the information from the observations is spread
upper-level fields from Griesser et al. (2010) which are basednto model space. . _

on historical upper-air and surface data. Additionally, for one We use the ensemble square root filter (EnSRF, Whitaker

analysis we also include 200 hPa GPH from NCEP/NCARand Hamill, 2002), a variant of the ensemble Kalman filter
reanalysis (Kistler et al., 2001). (EnKF, e.g. Evensen, 2003), to determine the correction (see

Bhend et al., 2012 for the following). In our applicatiof,

a vector of lengthn, denotes the monthly mean ozone at all
3 Method grid points (latitudes, levels) for a given time from one sim-

ulation (one member) in an initial-condition ensemble simu-
Our method starts from the modelled ozone distribution andation. Each member, as well as the ensemble mean, are cor-
uses a data assimilation approach to correct the model fieldeected using the observatiopgall available monthly means
according to the sparse historical data. The resulting estifor the corresponding time), a vector of lengthin the En-
mates are both physically consistent and consistent with th&®RF,xp is decomposed into the ensemble m&grand the
observations. In this Section we outline the principal steps ofdeviations therefromx()). Similarly, the correction is sepa-
the approach. rated into an ensemble mean correction (Eg. 1) which is iden-

Data assimilation combines information from observa- tical to the EnKF correction, and a correction of the anoma-

tions with numerical models. It implies that the models havelies from the ensemble mean (Eg. 2):
predictability on the timescales considered. In numerical
weather prediction or reanalyses applications, assimilatiorxa = Xp + K (y — Hxp) (1)
time steps are short (hours) and predictability mainly comes
from the initial conditions, i.e. the model is used to generate a

short-term forecast, which is then corrected according to ob¥a=¥,+K (¥’ —Hxp) = (' —KH ) xp, with : y'=0, )
servations. The corrected fields are then used as new initial
conditions for the next forecast. whereH, a matrix of sizen x m, is the Jacobian matrix of

In our application we use long assimilation time steps (seathe linear observation operator that mimics the observations
sons, although the data are monthly, see Sect. 3.2). There fsom the model state (see Sect. 3.3). The Kalman gain ma-
hardly any predictability on a seasonal scale from initial con-trix K (m x n) is identical to the gain matrix in the classical

Atmos. Chem. Phys., 13, 9623639 2013 www.atmos-chem-phys.net/13/9623/2013/
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EnKF approach (Eg. 3). 3.3 Observation operator
The functionH (x) transforms the model space into the ob-
-1 . ) .
K = P°HT (HPbHT + R) () servation space. For a given observatjon

H(x) = c-Z,max0,1—|o(x) —e(I/Ap)
The gain matrix for the ensemble anomalies is expressed as - mon(x) - Az(x) - x, (5)
follows (Eq. 4):
wheregp(x) is the latitude of element of x, Ag is the grid
A7 spacing, ana(y) is the latitude of the observation (i.e. the
K = P°H' [(M) :| term ma_x(Ol— |<p(_x) — <p(y)|_/Ago) prowdes_ the weights of
a linear interpolation)Az(x) is the layer thickness and the
. constant = 2.6868x 10'6 molec. cnT? converts the result to
» ( /HPPHT +R+\/§) ’ (4) Dobson Units (DU). The function many) selects the month,
i.e. it equals 1 (else 0) if element pertains to the same
month asy. The layer thickness is calculated from geopo-
whereP? is them x m background error covariance matrix, tential height (.GPH) from the ensemble mean. For S"_“P"C“V
(and after finding only a very small dependence on interan-

Ris ther x » observation error covariance matr_lx (Sect. 4 nual variability), the GPH profile from 1960 was used for all
and Supplement). We assume that the observation errors are

O . - ears.
uncorrelatedR is diagonal), which allows a serial incorpo- . S

: A As H expresses a linear combination of the elemenis of
ration of each observation (i.B.is a scalar).

the Jacobian matrix off, termedH, consists of its coeffi-
cients:
3.2 State vector

H(x)=Hx=y. (6)
In most data assimilation approaches, the veetdescribes
the model state at a given time. In our off-line data assimila-In our implementationH is a vector (because observations
tion procedurey is not used as initial condition, and hence are assimilated serially) and its scalar product withives
there is no need to consider the entire model state. In outhe integrated and interpolated ozone column for the latitude
case,x comprises only zonal mean ozone concentrationsand month of the observation.
The product is generated at monthly resolution. However,
as ozone at middle to high latitudes has strong month-to-
month correlation during the summer months of the respec4  pata processing and auxiliary steps
tive hemisphere (Fioletov and Shepherd, 2003), observations
in a given month were allowed to affect neighbouring monthsBefore the sketched approach can be applied, many auxil-
in the same season by combining six consecutive months intiary steps are necessary, which are briefly summarized here;
one state vectar. In other wordsx contains the monthly  each paragraph in this Section corresponds to a Section in the

and zonally averaged ozone number densities from all gridSupplement, which gives a detailed technical description.
cells for six months. Sudden steps due to gaps in individ-

ual observation records are expected to be smoothed argll Model assessment
the sparse information is exploited more fully. Based on the
correlation tables in Fioletov and Shepherd (2003), the six-As already discussed and shown by Fischer et al. (2008b), the
month seasons are defined as May to October and Novembenodelled total column ozone agrees well with observations.
to April. Correlations between the seasons are low so thatHowever, further analyses are necessary to assure the physi-
this procedure is not expected to introduce large steps at theal consistency of the modelled fields, since it affects the co-
transitions of the seasons. variance structure, which has an important effect on the out-
The zonal mean ozone fields comprise 36 latitudes and 3@ome. In a regression approach, we analysed the response of
pressure levels (0.01, 0.05, 0.1, 0.3, 0.5, 1, 1.6, 2.5, 4, 6.3he zonal mean ozone fields to several important forcing fac-
10, 15.9, 25.1, 39.8, 63.1, 100, 150, 200, 250, 350, 450, 550tors. Results are shown in the Supplement and demonstrate
650, 750, 800, 850, 900, 950, 980, 1000 hPa), of which onlythat SOCOL reproduces the expected effects of the QBO,
25 levels are used, as ozone is set to zero in the top layer angblcanic eruptions, solar irradiance changes, and ENSO in
the four lowermost layers. After combining the data into six a statistical sense and in a physically and chemically consis-
month blocks, the final state vecterhas a length of 5400 tent manner. The assessment also shows, however, that the
and the covariance matriR° has around % 10’ elements, annual cycle at 25 hPa and higher levels does not agree well
i.e. it is conveniently small. with observations (BDBP) in the extratropics (see Fig. 3).

www.atmos-chem-phys.net/13/9623/2013/ Atmos. Chem. Phys., 13, 9&539 2013
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Fig. 3. Comparison of zonal mean ozone at two levels and in three latitude regions from the original SOCOL simulations (red dotted),
debiased SOCOL simulations (blue) and BDBP (thick black).

4.2 Debiasing of model data well, it clearly adds uncertainty that needs to be taken into
account when specifying the errors (Fig. S3).

Ozone in SOCOL has a seasonally varying bias relative to o )

the BDBP data set. This bias was removed by means of 44 Debiasing of total column ozone observations
regression model calibrated in the overlapping period 1979—- . .

1999 in each calendar month (see Supplement). The resull@ecall .that the modgl data were d.eb.|ased W'th. regpect to
(Fig. 3) show that the debiasing brings the time series closePDBP in the overlapping period. A similar er|aS|ng IS nec-
to the observations and again shows good agreement witfssary for the total col.umn ozone obseryatlons (both ground-
respect to interannual variability, but trends differ in some based and EJV satellite data). We a_\ppIIHcto the debiased
cases. The procedure also resolves, in a statistical sense, ti°d€! datarp and calculated the difference from observa-
problem identified in the previous paragraph concerning thet'ons,' "e_'y_H(xb)' The first harmonic of the seasonal cycle
mismatch of the extratropical annual 0zone cycle at highenof this difference was then used to correct the observations.

levels as compared to observations. . . .
4.5 Construction of observation error covariance

) matrix
4.3 Adjustment of ground-based total column ozone to

zonal means R is a diagonal matrix that contains the observation error
variances. We assume that the error variangg consists

The ground-based total column ozone data represent a giveof three additive terms: the error variance of a zenith ob-
location, whereas the assimilation requires zonal averageservation, an air mass dependent error variance, and an er-
Because station data are too sparse to form averages ovesr variance due to an insufficient adjustment to zonal means
latitude bands, the data from each station were adjusted t¢see Supplement). The error of a zenith observation was de-
represent the zonal mean total column ozone of the corretermined based on metadata and literature information (with
sponding latitude. The adjustment was performed based ostandard deviations between 4 and 20 DU). The air mass de-
200 hPa GPH, assuming that deviations of local total col-pendent error was estimated based on a statistical analysis
umn ozone from zonal mean total column ozone behave simef BUV total column ozone and co-located ground-based
ilarly as deviations of local 200 hPa GPH from zonal meantotal column ozone data. It was estimated as 2% per unit
200 hPa GPH. Previous studies have found a very close reair mass for BUV and 0.5 % for ground-based total column
lation between upper-level GPH and total column ozone,0zone (and assuming solar noon observations). Finally, the
specifically at mid-latitudes (e.g. Steinbrecht et al., 1998;error due to an insufficient adjustment to zonal means was
Bronnimann et al., 2000) and this relation was also found toestimated from applying the adjustment procedure to TOMS
be strong in historical data (Vogler et al., 2007; Bronnimannspatially resolved total column ozone data and comparing to
and Compo, 2012). Although the procedure works relativelythe TOMS zonal mean. This error was additionally weighted

Atmos. Chem. Phys., 13, 9623639 2013 www.atmos-chem-phys.net/13/9623/2013/
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to account for the fact that neighbouring stations have corre-
lated errors (see Supplement). 360 \

4.6 Background error covariance o

The background covariance mati¥® was estimated from
the ensemble covariance matrix. Due to the small ensemble ,,,
size, spurious correlations off the diagonal may occur which
affects the results. The covariance matrix was therefore lo-
calised in latitude (leaving the altitude dimension unaltered), *®
i.e. covariances between distant latitudes were reduced to 1965 1970 1975 1980 1985 1990 1995
wards zero using a distance weighting. Because ozone it
strongly affected by the BDC, which shows a distinct, sea- 40
sonally dependent, latitudinal structure, the distance weight-
ing itself depends on season and latitude (see Supplemen2 s )
Fig. S4). A localisation was also applied in time, using a AN g Y A
length scale of 3 months (consistent with Fioletov and Shep- S TN A ALK 4 ) Ay
580 ( i \&%Nashvw\\e"'} vl
1965 1970 1975 1980 1985 1990 1995

@ ozone (DU)

Tof

Total ozone

herd, 2003).

4.7 Assessment of observation errors

The consistency of errors was assessed monthly by com
paring the variance of differences between observations an¢ 32
model y — H (xp) with the sum of the variances of the ob-
servation errorg3,, and the background error (i.e. the en- = *°
semble varianceZ,, see Supplement). The variance of the
differences was slightly higher than expected, but in general? *
our error estimates that are based on metadata and indeper 20
dent analyses are broadly consistent with the expected differ-
ences. Further improvements on the side of the observation:
(debiasing, homogenisation, outlier screening) might be ben- 1965 1970 1975 1980 1985 1990 1995

eflzll?l' . ized ina R Fig. 4. Example of the pre-processing steps of monthly mean to-
processing steps are summarized, using ROmMe as ag,| ¢ojymn ozone observation series performed in this paper. Top:

example site, in Fig. 4 (top, note that November—April aver- comparison of raw series (black), zonally adjusted series (orange),
ages are shown here). The zonal correction of the observagebiased series (blue solid), and ensemble mean background (de-
tions (orange) removes some of the variance of the originabiased SOCOL, blue dashed) for the case of Rome. Middle: de-
raw series (black). The subsequent debiasing of the observaiased observations (solid) and ensemble mean background (debi-
tions (blue) does not change the variance but brings the curvesed SOCOL, dashed) for Rome, Tateno, Nashville, and BUV zonal
closer toH (xp) (dashed). The middle panel shows debiasedmean data at 35-4IN. Bottom: comparison of debiased observa-
observations (solid) as well & (¥) (dashed, November—  tions (black, grey shading indicates the estimated observation error),
April averages) for three sites (Rome, Nashville, Tateno) angPackground (ensemble mean and members, red and orange) and
one BUV series (35-4MN). All series represent similar lati- '€ final HISTOZ.1.0 product (ensemble mean and members, dark
tudes. As a consequendé(¥p) is quite similar for all sites. End Ilg_ht blue) for the average of the three stations Rome, Tateno,

h . . ashville.
The zonal correction should bring the three observation-
based series (which are at very different longitudes) closer to-
gether. Indeed, the mutual correlations increase from 0.6—0% Results
to 0.65-0.8, but differences remain. BUV shows an outlier
(winter 1975), which is related to an observation error. The
procedure rejects observations outsitt8(c 3+ 02,9%°,
hence the erroneous value is not assimilated.

one (DU)

5.1 The HISTOZ.1.0 data

The assimilation corrects the zonally averaged background
ozone field in such a way as to best match all adjusted total
column ozone observations. Corrections are usually largest
at the locations of observations and at altitudes of high ozone
variability. However, large corrections sometimes also occur
in polar regions, even though little information is available
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(see Fig. S5 for four example months). In addition, correc- 'STOZ
tions of opposite sign are sometimes found equatorward of
the assimilated information, pointing to the important role
of PP.

Figure 4 (bottom) shows results for the zonally adjusted, "ff\'l"wf“ HMHWMNW M

SPARC
debiased total column ozone average from Rome, Nashville [RIFIFIFIFIFIFIFIFIFIFIFIF] UL

. ; -~ W Y Y Y Y YV Y Y Y YV Y Y Y Y Y YYYYYYYYY
Tateno and the corresponding series frograndxy, (andxz
andxyp). It is apparent that, is much closer to the obser- @SS SSSSSS S SSSmmm s m === =
vations tharnxp. The same holds faF; andxp. Correlations S RS
with observations increase from 0.69 to 0.90. The ensemble™; o s 1005 1510 1912 1914 1016 ioi 1920 szz  is2a 192
spread also decreases considerably. The observations ver“'STOZ V7SI T RILA 7 ANI A ANKAAT]
often lie outside the ensemble spread (assuming uncorrelatefe WA IWIIVIA A
errors, we estimated the observation error in Fig. 4 error to ik
around 2.5 DU) and hence the model might be overconfident. ,_" "
No sudden jumps in the corrections are found during the time "’fﬁx WWWMW
of season transition. - llvl I_Jl I\urll_ J I\u’ L/ -J' LJI I,]I I_Jl Ivl I_Jl I_JI I'JI Ivl IVI U I‘“rl I,,r' I_Jl L",I U Ivl I\"’I I-gl IV

The HISTOZ.1.0 ensemble mean at 25.1 hPa is comparec

to the SPARC data set (Cionni et al. 2011) (interpolated to @SS S S0t S S S S S S s s e m m =
25.1hPa) and BDBP (from 1979 onward) (Fig. 5) in the form I
of latitude time cross sections. As expected, HISTOZ.1.0 ™c28 1650 Toaz o4 193 1938 1960 1oaz 194 195 1948 1950 952
shows clear interannual variability which is lacking in the [Sifmwmm ] 7 L
Cionni et al. (2011) data by construction. The interannual N L"UL"UL‘HL A/ "Hk‘ U AN VTN
variability in HISTOZ.1.0 is already seen in the first subpe- . 1
riod plotted (1901-1926, i.e. before observations are assim- ,ﬂﬁr[ Bk . i
ilated), generated by the model boundary conditions. In the %% i 'd # o & ﬁ"" Nﬁ“ﬁ'\-}, "“WWN H\H"W
last period, i.e. from 1979 onward the agreement betweenj .” VP P FIFFIFIFIFIFIFIF NI FINIFINT
HISTOZ.1.0 and BDBP is very good for the tropical and
subtropical regions, but differences are found over the po-
lar regions, especially Antarctica, where HISTOZ. 1.0 shows B e e S S

lower minimum values than BDBP. 1954 1956 1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978
HISTOZ

VATV LA

5.2 Validation using quasi-independent data

In the following, the agreement between HISTOZ.1.0 and
quasi-independent data sets is assessed more quantitativelluk ik ikt kb EAEUEIA LA LRI A ARRRARE
Note that this is only possible for a validation period after &
1979, where quasi-independent data of high quality are avail- “"“f“""""“’"V"“‘J“““V**V*V““““VV"VV
able. The pre-1979 part of HISTOZ.1.0 cannot be validated [SEE S SIS S S S S S0 0 - . =

in this way; some comparisons with total column ozone from AR A A N T {43444044444
reanalyses for the early period are shown in the next s,ubs,ecBDP """"""" i s

tion. _ AASANASAASAAAAAAAAAAAAAAN

We use the reduction of error RE (see Cook et al., 1994)
as a measure of skill. RE measures the squared difference§is

between the candidate data sgtaind “truth” x; (a validation o M-N-"l‘-ﬁ-‘ﬁ-‘-l‘" i P P T AR A A P
data Set) and Compares thls StatIStIC Wlth a “no knOWIedge 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004

prediCtion”xO such as a CIimatOIogy: “:EEH:D ozone (10 molec./cm’)
Z (xc— xt)2 Fig. 5. Latitude-time cross section of HISTOZ.1.0, the SPARC data

RE=1- 3 (x0— xt)Z’ @ set, and BDBP (after 1979 only) at 25.1 hPa from 1901 to 2004.
For xc = xq, RE is 0. Oftenxg has little or no variance. As

a consequence, ¥c has much more variance, it may lead atingxy, xp, for xa) as well as its 1979-1999 climatology as
to negative RE values evenit correlates withet (the RE  xq. The former indicates the skill added by the assimilation
measure tends to punish high variance). In general, positivevhile the latter indicates the total skill (model plus assimila-
RE values are assumed to indicate skill. In our application tion).

we use the debiased model backgrourgli¢ used for evalu-
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titude levels) before calculating RE leads to slightly higher

06 values (not shown).
In terms of correlation with BDBP on a seasonal mean
04 basis, HISTOZ.1.0 performs slightly better theg (Fig. 8),
w showing that the assimilation of observations slightly in-
02 creases the correlation. This implies that the lack of skill in
terms of RE values may be related to increased variance. The
0.0 covariance matrix was not localised in the vertical dimen-
sion, hence applying a localisation might lead to improved
02 results.
90s 60S 308 Eq. 30N 60N 90N In all, the results show that HISTOZ.1.0 has considerable

) skill for total column ozone and for the seasonally averaged
Fig. 6. RE values for zonal mean total column ozone (monthly e tica| ozone distribution. The skill in the vertical ozone dis-
means) derived from comparing HISTOZ.1.0 with TOMS. Thick i, mainly comes from the simulations. Assimilating
lines are for the ensemble mean, thin line for the members. Bluethe observations slightly improves the vertical ozone distri-
refers toxg = climatology ofx}, orange refers twg = xp. L .

bution in terms of correlation, but does not reduce the mean
squared errors. As only total column ozone is assimilated,
skill in the vertical structure (with respect ,) can only
As “truth” we use TOMS for total column ozone and come through the background error covariance méafix
BDBP for the vertical ozone distribution. The analysis was pointing to the need to further improve the specification of
performed for the period 1979-1999. During this period, to-this matrix. Another reason for low skill is that, (used as
tal column ozone observations from around 30 stations (novg) was debiased with respect to same data set (BDBP) and
satellite data) were assimilated, which is typical for the post-the same time period as used for validation (unlike the de-
1957 period. Note that the validation period contains two vol- biasing fory) with the result that its error is small by con-
canic eruptions, anthropogenically driven ozone depletionstruction. The skill added by the observations is largest in the
and strong trends in atmospheric circulation (e.g. positivelower stratosphere of the mid-latitudes where dynamically
trends in the North Atlantic Oscillation) that are generally induced ozone changes are large and observations are avail-
not well depicted by climate models (e.g. Scaife et al., 2008).able.
It thus provides a rather strong test.
The validation against TOMS zonal mean total column5.3 Comparison with reanalysis data
ozone shows mostly positive RE values (Fig. 6), indicating
that HISTOZ.1.0 is mostly closer to TOMS thap. With re- Although no other observation-based ozone data set is avail-
spect to the 1979-1999 climatologyxyf, RE reaches values able for comparison in the pre-1979 time period, it is inter-
between 0.3 and 0.6, indicating the total skill of the prod- esting to compare total column ozone from HISTOZ.1.0 with
uct. The high skill in the equatorial zone is arguably due toindependent total column ozone data from reanalyses. Note
the well-modelled effect (after the seasonal debiasing) of thehat the latter data themselves have large uncertainties. Here
QBO on ozone. Usingp asxg, values are close to 0 in the we use data from ERA-40 reanalyses (1957-1978) and 20CR
tropics (where almost no station data are assimilated) an@1924—-1978). Both data sets have been compared with ob-
around 0.2-0.5 in the extratropics. This skill results entirely servations previously (Dethof and Hélm, 2004; Kunz et al.,
from assimilating observations. The skill for the ensemble2007; Brénnimann and Compo, 2012). Pre-satellite total col-
mean is mostly higher than the skill for the individual en- umn ozone in ERA-40 at northern mid-latitudes was found to
semble members, but the latitudinal structure is very similar.be biased high, with a strong increase during the 1957-1978
The validation of the vertical structure using BDBP as period. For 20CR, a good correspondence with observations
“truth” (here we only analyse the ensemble mean) showswvas found on the day-to-day scale at northern mid-latitudes
much lower RE values (Fig. 7). There is skill relative to (Brénnimann and Compo, 2012). In the following we focus
climatology, stronger on a seasonal mean basis than on an boreal winter total column ozone at mid latitudes, which
month-to-month basis. This suggests that most of the skilis where we expect the skill of all products to be largest. As
comes from the simulations, which show stronger responsealmost no total column ozone observations had been assim-
to boundary conditions on seasonal-to-interannual than orlated prior to 1927, we use data from the winter 1927/28
month-to-month timescales. Relative ¥g there is hardly  onward.
any skill. Although the assimilation correctly increases or de- For zonal mean total column ozone neaft BgFig. 9) we
creases the amount of ozone in the column for a given latifind a relatively good agreement between HISTOZ.1.0 and
tude, it may put the difference at a slightly wrong altitude 20CR in terms of interannual variability. The Pearson corre-
or add variance, thus decreasing RE. Degrading the spatidation coefficient { = 0.43) is statistically significant for the
temporal resolution (seasonal mean? Iditude bins, 5 al-  analysed period (1928-1978). This is due to the assimilated
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Fig. 7. RE values for the zonal mean vertical ozone distribution derived from comparing HISTOZ.1.0 with BDBP (only for the ensemble
mean) for boreal winter and summer periods.

November to April May to October of ENSO. The total column ozone increase peaking in 1970
60 1Im Bl I = has been interpreted in terms of tropospheric ozone increases
a N (Shindell and Faluvegi, 2002).
£ w0 &
3 =" Ll 6 Analyses
% 20 - - ™
3 ‘: In this section three analyses of HISTOZ.1.0 are presented.
0 . e A i They concern the effects of the El Nifio—Southern Oscillation
80S 40S Eq. 40N 80N 80S 40S Eq. 40N 80N (Sect. 6.1), and of the 11 yr solar cycle (Sect. 6.2) on ozone.
Difference in correlation coefficient There is ample literature for both effects, but based primarily
| on the last 30 yr, which unfortunately also carry other strong
03 02 -041 o 01 02 03 external signals (volcanic eruptions, ozone depletion, green-

Fig. 8. Difference in the Pearson correlation coefficient between house gases). HISTOZ.1.0 provides an opportunity to anal-

r(HISTOZ, BDBP) andr(xp,, BDBP) for the ensemble mean for YS€ these effects in an independent period that is less dis-
boreal winter and summer averages. turbed by other forcings. In Sect. 6.3. we also briefly revisit

the total column ozone increase between 1957 and 1970.

6.1 El Nifio—Southern Oscillation (ENSO)
information as only a low correlation- & 0.11) is found

when usingxp. The correspondence with ERA-40 is much It has been suggested that ENSO affects the distribution of
worse. Obviously, ERA-40 total column ozone is affected by ozone in the stratosphere by changing the strength of the
an artificial trend and a bias. Several interesting features ar8DC (e.g., Sassi et al., 2004; Brénnimann et al., 2004). The
marked on the plot, which will be addressed in the follow- SOCOL model (Fischer et al., 2008a), as well as the simu-
ing analyses: the maxima in 1940-1942, and 1969/70, théations used here (Fischer et al., 2008b), have been assessed
increase from the early 1950s to around 1970, and the minfor the effects of ENSO on ozone (see also Fig. S2). Here we
imum in 1976. These features were noted by contemporarjocus on particular, strong events. We start with the ENSO
scientists. The 1940-1942 anomaly was described by Langlaycle 1939-1944, comprising the long-lasting El Nifio event
(1952) and others, the trend peaking in 1970 by Komhyr etin 1940-1942 (Brénnimann et al., 2004) that was apparent in
al. (1971), Johnston et al. (1973) and Goldsmith et al. (1973)Fig. 9. We contrast the mean ozone values for the El Nifio
The maxima have also triggered attention in recent years (e.gevent 1940-1942 with the averages of the years 1939, 1943
Brénnimann et al., 2004; Fischer et al., 2008a on the 1940-and 1944, during which La Nifia was present. The model cor-
1942 and 1976 extrema) and were analysed in the contextectly simulates an increase in ozone in the extratropics in
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370 — — Table 1.Selection of Strong El Nifio and La Nifia winters (January—
HISTOZ March) following Brénnimann et al. (2007a).

3601 20CR
El Nifio La Nifa
pre-1979 post-1979 pre-1979 post-1979
1940 1987 1934 1985
1941 1998 1943 1989
1952 2003 1950 2000
1958 1956
330 1966 1968
1930 1940 1950 1960 1970 1973 1971
1977 1974
1976

3501 {4

total column ozone (DU)

340

370

fixed GHG
fixed ODS
fixed CO/NOx

36

o

350
TOZ.1.0 andrp) of the El Nifio-La Nifia differences is shown

in Fig. 10c, indicating the locations of stations whose data

were assimilated. As expected, the assimilation increases

ozone at latitudes where observations are available. Interest-

ingly, an even more pronounced increase is found for the po-

lar regions. Furthermore, the procedure decreases ozone in
11490 the tropics, although no observations are available from that
region. This is consistent with a strengthening of the BDC,
showing that the correction resulting from the assimilation is
physically meaningful.

The 1969/70 positive and 1975/76 negative excursions in
Fig. 9 might also partly be due to ENSO events. The effect
L _ o -~ of the 1976 La Nifia event on ozone was modelled i_n Fischer
NNR et al. (2008a). Here we contrast the 1969/70 EIl Nifio event
b ' - (which was only moderate) with the strong 1975/1976 La
1930 1940 1950 1960 1970 Nifia event by compositing differences in the annual means
(1969-1970 minus 1975-1976). The results (Fig. 10, bottom

umn ozone near 48N in HISTOZ.1.0 (black)xp, (thick light grey), ro.W) agalr.LShOW asignofan I.n.crease n s:trer}gth of the BDC
20CR (green dashed, scaled to match HISTOZ.1.0 in the 195g.With El Nifio events. An additional contribution may have
1978 period), and ERA-40 (orange dashed). (middle) November-cOMe from the solar cycle (see Sect. 6.2).

to-April averages of zonal mean total column ozone ne&rNi8 Most previous studies on the ozone response to ENSO
in four SOCOL ensembles: all forcings simulations (g, thick have focused on the period after 1979. However, two of the El

light grey), fixed greenhouse gas concentrations (fixed GHG, thinNifio events during this period concurred with volcanic erup-
dark grey, scaled to match HISTOZ.1.0 in the 1928-1957 period) tions, which may obscure a clean attribution to ENSO, and
fixed ozone depleting substance (fixed ODS, purple) and fixed tronot many other strong events have been observed. Using HIS-
posheric ozone precursors (fixed COR@ark olive). Bottom: Tz 1.0 we analysed the average ozone fields in January—
November-to-April averages of total column ozone nearM&om \jarch and composited all strong EI Nifio winters after 1934
HISTOZ (black) and zonal mean 200hPa GPH (right scale, in- (4, engre a minimum number of assimilated observations)
verted) from different reanalysis data sets. . e . L . -
minus strong La Nifia winters using the list given in Brénni-
mann et al. (2007a) (see Table 1). The difference (Fig. 11a)
shows a very prominent ozone signature with an increase in
boreal winter and a decrease in the tropics, but the differencethe northern extratropics and a decrease in the tropics (rela-
vanish when analysing calendar year averages (Fig. 10a). Itive deviations are shown in Fig. S6). This pattern, reflecting
contrast, the observations show an ozone increase in the ean increase in strength of the BDC, is consistent with the
tratropics in the annual means (Bronnimann et al., 2004). literature (see Sassi et al., 2004; Manzini et al., 2006; Brén-
In HISTOZ.1.0, after assimilating the observations nimann et al., 2004; Fischer et al., 2008b). The composite
(Fig. 10b), the El Nifio-La Nifia difference is more pro- of three El Nifio and three La Nifia events after 1979 from
nounced. The meridional structure is consistent with aBDBP (Fig. 11b) shows a signal that is much less clear and
strengthening of the BDC. The difference (between HIS-even shows a decrease in northern high latitudes.
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Fig. 9. (top) November-to-April averages of zonal mean total col-
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Ny _— e —— diance, the same maxima and minima would be found within
% - The post-1979 period shows an ozone increase through-
out the stratosphere with increasing solar activity, strongest
&= » © !:pgi m¢, i 01 sphere (in mixing ratio, see also Fig. S2). The average dif-
ference inxy, in the pre-1979 period (Fig. 12) shows a simi-
is no longer uniform, and differences arise in the tropical
Fig. 11.Differences in Jan-Mar averages of zonal mean ozone for Eltropopause region (the same plot is given in Fig. S6, with
(a, based on HISTOZ.1.0) and the post-1979 peribdBDBP).  npear 40km altitude is comparable with the literature (e.g.
Percentage deviations are shown in Fig. S10. Hood and Soukharev, 2012) and can be explained by di-
stratosphere are likely dynamical consequences of the pri-
6.2 The 11yr sunspot cycle mary upper-stratospheric signal. Compareafgpthe signa-
Analyses have also been performed with respect to the efperiod around 1970 corresponds to a solar maximum and the
fect of the 11 yr solar cycle. Rather than reconstructed total-a Nifia around 1976 to a solar minimum, which may have
resolved, we used the monthly International Sunspot Numthe new results confirm the findings from previous studies
ber record, available from the Royal Observatory of Bel- based on the post-1979 period.
php) as the proxy for solar activity. After smoothing the se- 6.3 The total column ozone increase from the 1950s to
ries with a 24-month moving average, we chose periods of around 1970
in the 11 yr sunspot cycle (Table 2), subdivided into pre-1979The apparent total column ozone increase from the 1950s to
(4 cycles, analysed in HISTOZ.1.0) and post-1979 periods (3around 1970 is briefly studied in this subsection. Shindell and

% 02 the uncertainty of the temporal resolution.
in the lower stratosphere (in number density) or upper strato-
8S 403 Eq 4N 8N 805 408 lar pattern, although the increase in the northern hemisphere

Nifio minus La Nifia winters (see Table 3) for the pre-1979 period ozone changes expressed as percentage). The large increase
rect photochemical effects. Signatures in the tropical lower
ture in HISTOZ.1.0 is slightly weaker. Note that the EI Nifio

solar irradiance from Lean (2000), which is only annually contributed to the signal found in the previous figure. In all,

gium’s website [jttp://sidc.oma.be/sunspot-data/SIDCpub.

24 consecutive months of maximum and minimum activity

cycles, BDBP). Note that using Lean (2000) total solar irra- Faluvegi (2002), highlighting the importance of this period
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Table 2. Definition of periods of solar maxima and minima.

Maxima Minima
pre-1979 post-1979 pre-1979 post-1979

Dec 1936 to Nov 1938 May 1979 to Apr 1981  Apr 1943 to Mar 1945  Apr 1985 to Mar 1987
Apr 1947 to Mar 1949 Dez 1988to Nov 1990  Feb 1953 to Jan 1955 Aug 1995 to Jul 1997
Apr 1957 to Mar 1959  Feb 2000 to Jan 2002  Dec 1963 to Nov 1965 Sep 2007 to Auty 2009
Aug 1968 to Jul 1970 Feb 1975 to Jan 1977

* We used January—December 2007 for the last minimum as BDBP ends in 2007.

for understanding radiative forcings, found that the apparentations that were performed in the same way as outlined in
total column ozone increase took mostly place in the north-Sect. 2 except that one factor per ensemble was kept constant.
ern hemisphere and can be attributed to tropospheric ozonkn one set, greenhouse gases were fixed at their 1900 value,
increase. The vertical structure of the linear trend in an-in a second set (starting 1950), ozone depleting substances
nual mean HISTOZ.1.0 ozone from 1957 to 1970 (Fig. 13b)(ODS) were fixed at their 1950 value, and in a third set (also
shows that the ozone increase originates in the lower andtarting 1950), tropospheric ozone precursor emissions (CO
middle stratosphere, while the lowermost stratosphere showand NQ,) were fixed at their 1950 values. Comparing total
a decrease. SOCOL has only a crude treatment of tropoeolumn ozone in these simulations (ensemble means} to
spheric chemistry and arguably underestimates regional trofor 48° N in boreal winter (Fig. 9b) implies again a small
pospheric ozone production. Neverthelégsshows a slight  contribution from tropospheric ozone formation, but a larger
increase in tropospheric ozone over northern mit-latitudescontribution from greenhouse gas changes. The comparison
(Fig. 13a). Compared t®p, HISTOZ.1.0 amplifies the to- also shows that the ozone increase would have even been
tal column ozone trend (for mid-latitudes in boreal winter, higher without ODS, which in the model already had an in-
see Fig. 9). This amplification is due to less negative trendfluence on ozone from the mid-1960s onwards.
in the lowermost stratosphere, but also an increase in tropo- In summary, we find indications for three contributions
spheric ozone poleward of 408! (Fig. 13c). Given the low to the total column ozone increase at northern mid-latitudes
skill of HISTOZ.1.0 in the vertical distribution and given the from the 1950s to around 1970: tropospheric ozone forma-
crude tropospheric chemistry, it cannot be excluded that mordion, climate effects of the greenhouse gas increase, and
of the total column ozone increase is related to troposphericdecadal changes in atmospheric circulation, all of which
ozone increase. counteracted a negative trend expected from ozone depleting
Interestingly, a positive trend at 48l is also found forto-  substances. Further studies involving HISTOZ.1.0, other data
tal column ozone in 20CR (Fig. 9), which does not explicitly sets, and model simulations may help elucidating the causes
include chemistry nor resolve changes in the BDC. A possi-of the 0zone increase in the 1957—1970 period more fully.
ble cause in 20CR might be decadal circulation changes near
the tropopause. In fact, zonal mean 200 hPa GPH ne€ax 48
in boreal winter shows a decrease in NCEP/NCAR reanal- )
ysis and ERA-40 (Fig. 9, bottom). Ozone has a very long” Conclusions and outlook
lifetime in the lowermost stratosphere, so that even decadal )
scale changes in circulation may cause changes in the ozorl@ this paper we have produced, validated, and analysed
distribution (see Steinbrecht et al., 1998). Decadal changes it tWo-dimensional ozone data set from 1900-2008 termed
atmospheric circulation from the 1950s to around 1970 thudiISTOZ.1.0 that can be used as a boundary condition for cli-
might have contributed to the apparent total column ozondNate model simulations. The data set is based on chemistry-
change. Thompson et al. (2010) have pointed to an abrup@“mate modgl simulations up to 192_5 and an off—lm_e ensem-
change in Northern Hemispheric SSTs between 1968 and!€ Kalman filter approach, combining the simulations with
1970, near the end of the period of the ozone increase. Thhistorical total column ozone data afterwards. Independent
relation between the ozone changes and climate trends thu@lidation suggests that the data set has high skill relative to a
remains to by further studied. climatology (both for total column ozone and for the vertical
Shindell and Faluvegi (2002) find that increasing green-0Zone di_strjbution). Relative to the model background, gddi—
house gas concentrations may have led to a negative stratgonal skill is found for total column ozone. For the vertical
spheric 0zone trend over the 1957-1970 period due to an in@stnbutmn, gsllght increase in correlations with the valida-
crease in stratospheric water vapour. While a detailed attribution data set is found as compared to the model background,

tion study is beyond the scope of this paper, we also analyseegt no decr_ease in the mean squared error. An analysis of the
three small (3 members each) ensembles of SOCOL simudifference fields between HISTOZ.1.0 and the model back-

ground shows that the increments are physically meaningful.
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Fig. 13. Trends in annual mean zonal-mean ozone from 1957 to 197(ajahe background(b) HISTOZ.1.0 and(c) the difference
HISTOZ.1.0 minus background.

HISTOZ.1.0 supports analyses of the effects of ENSO andatmospheric circulation as well as for greenhouse gas forc-
the 11yr solar cycle on ozone in periods that have not yeting, all of which counteracted a decreasing tendency due to
been previously studied. Importantly, the 1930s to 1970s peezone depleting substances.
riod studied here, unlike the satellite period that is studied Several shortcomings of HISTOZ.1.0 were identified and
in most other publications, is much less strongly affectedimprovements could be explored for future versions of the
by volcanic eruptions, ozone depletion, and greenhouse gadata set, comprising the number of ensemble members, and
emissions. Our results largely confirm previous studies. Inthe quality of the simulations themselves, as well as details
the case of ENSO, the signature is more robust than in thén the set-up of the assimilation such as the debiasing of ob-
satellite period. A clear strengthening of the BDC during El servations, the localisation of the background error covari-
Nifio winters relative to La Nifia winters is found. High solar ance matrix, or the incorporation of a non-diagdRahatrix.
irradiance elevates ozone throughout the stratosphere, agalsing the same general approach (outlined by Bhend et al.,
consistent with previous studies. Furthermore we have ad2012), it might also be possible to assimilate upper-air infor-
dressed the increase in northern extratropical total colummation to better constrain ozone or to generate 3-dimensional
ozone from the 1950s to around 1970. Although a more de-ozone distributions.
tailed study is beyond the scope of this paper, we found in-
dications for a contribution of troposheric ozone, changes in
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