MIT
Libraries | D>pace@MIT

MIT Open Access Articles

Comparison of three vertically resolved ozone data
sets: climatology, trends and radiative forcings

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Hassler, B., P. J. Young, R. W. Portmann, G. E. Bodeker, J. S. Daniel, K. H. Rosenlof, and
S. Solomon. “Comparison of three vertically resolved ozone data sets: climatology, trends and
radiative forcings.” Atmospheric Chemistry and Physics 13, no. 11 (June 6, 2013): 5533-5550.

As Published: http://dx.doi.org/10.5194/acp-13-5533-2013
Publisher: Copernicus GmbH
Persistent URL: http://hdl.handle.net/1721.1/80329

Version: Final published version: final published article, as it appeared in a journal, conference
proceedings, or other formally published context

Terms of use: Creative Commons Attribution 3.0

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/80329
http://creativecommons.org/licenses/by/3.0/

Atmos. Chem. Phys., 13, 55338550 2013 Atmospheric S

°
[©]

www.atmos-chem-phys.net/13/5533/2013/ Ch ist £
doi:10.5194/acp-13-5533-2013 emistry »
© Author(s) 2013. CC Attribution 3.0 License. and Physics &

Comparison of three vertically resolved ozone data sets: climatology,
trends and radiative forcings

B. Hassle!?, P. J. Youngh?", R. W. Portmann?, G. E. Bodeker, J. S. Danief, K. H. Rosenlof, and S. Solomofi

1Cooperative Institute for Research in Environmental Sciences (CIRES), University of Colorado at Boulder, Boulder,
Colorado, USA

2NOAA, Earth System Research Laboratory, Chemical Sciences Division, Boulder, Colorado, USA

3Bodeker Scientific, Alexandra, Central Otago, New Zealand

4Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, Cambridge,
Massachusetts, USA

“now at: Lancaster Environment Centre, Lancaster University, Lancaster, UK

Correspondence td. Hassler (birgit.hassler@noaa.gov)

Received: 31 July 2012 — Published in Atmos. Chem. Phys. Discuss.: 9 October 2012
Revised: 28 March 2013 — Accepted: 4 May 2013 — Published: 6 June 2013

Abstract. Climate models that do not simulate changes in diative forcing between the data sets (RW81.038 Wn12,
stratospheric ozone concentrations require the prescriptioSPARC:—0.033 Wn12, BDBP: —0.119 Wn12), important
of ozone fields to accurately calculate UV fluxes and strato-in assessing the contribution of stratospheric ozone depletion
spheric heating rates. In this study, three different globalto the total anthropogenic radiative forcing.
ozone time series that are available for this purpose are com-
pared: the data set of Randel and Wu (2007) (RW07), Cionni
et al. (2011) (SPARC), and Bodeker et al. (2013) (BDBP).
All three data sets represent multiple-linear regression fitsl
to vertically resolved ozone observations, resulting in a spa- | _. . . .
) ) . " Using a realistic representation of the stratospheric ozone
tially and temporally continuous stratospheric ozone field .~ > . ; L . .
covering at least the period from 1979 to 2005. The main dif_dlstrlbunon and its changes over time in a changing climate
9 P o is important not only for quantifying the flux of harmful UV
ferences among the data sets result from regression model

“Padiation from the sun reaching the earth’s surface, but also

which use different observations and include different baSIEO understand changes in the dynamics and energy budget of

functions. The data sets are compared against ozonesonde \ , .
. . he earth’s atmosphere. Capturing the observed stratospheric

and satellite observations to assess how the data sets repre- S ; ) .
; . o ozone depletion in global climate models is crucial for repro-

sent concentrations, trends and interannual variability. In the, ™ . ; A
Southern Hemisphere polar redion. RW07 and SPARC unducmg stratospheric temperature changes (Dall’Amico et al.,
. P P eglon, RV 2010), Southern Hemisphere (SH) tropospheric circulation
derestimate the ozone depletion in spring ozonesonde mea;

. o S 8hanges (Son et al., 2009; Polvani et al., 2011), climate and
surements. A piecewise linear trend regression is performe

to estimate the 1979-1996 ozone decrease globally, coverin§urface temperatures n Antarctica (Gillett and Thompspn,
) . . 003), global tropospheric temperature changes (Dall’Amico
a period of extreme depletion in most regions. BDBP overes-

timates Arctic and tropical ozone depletion over this periodgtoﬁl"zgfg)g) and global precipitation changes (Purich and
relative to the available measurements, whereas the depletion Global climate models that do not include interactive

is underestimated in RWQ07 and SPARC. While the three data . . ; . )
) . L ..chemistry depend on a prescribed ozone field as input to in-
sets yield ozone concentrations that are within a range of dif- :
) . . ) . corporate these effects of ozone on the climate system. The
ferent observations, there is a large spread in their respect|v8. . . . )
ozone trends. One conseauence of this is differences of a_lfferences in modelled climate responses arising from dif-
most a factor bf fourin the(lalculated stratospheric ozone raferent Input ozone fields can be significant, and can compli-
P cate the identification of sources of climate signal uncertainty

Introduction
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(e.g. Miller et al., 2006; Solomon et al., 2012). Furthermore,2 Brief description of the ozone data sets
a data set is necessary to validate global chemistry-climate
models, where ozone concentrations are calculated as part dhree different ozone data sets are considered in this study,
the simulation. Therefore, a realistic 0zone data set is imporall consisting of a regression model fit to observational data.
tant both for reducing the uncertainty in the climate model The differences between the data sets arise mainly from (i)
output, and for validation purposes. different basis functions used for the multiple linear regres-

Although many different measurement systems providesion fit to the observations, (ii) the use of different observa-
ozone measurements with high vertical resolution (multipletional data to which the regression models are applied, and
satellite instruments, ozonesondes, ozone lidars, etc.), no sirdii) inclusion (or not) of the troposphere. A brief descrip-
gle measurement type has the temporal and spatial coverag®n of each data set follows, and an overview is provided in
required to create a global, zonal mean, spatially and temTable 1.
porally continuous (gap-free) stratospheric ozone data set. In
particular, the tropics and the high latitudes are regions wher2.1 Randel and Wu (RWQ7)
long-term coverage is especially limited. Because a data set
with incomplete coverage is not suitable as a boundary conThis ozone data set is described by Randel and Wu (2007).
dition for climate models, approaches have been designed tdhe observational data to which their regression model fit
combine different kinds of observations and to fill any re- was applied are derived from SAGE | and Il measurements
maining gaps. (McCormick et al., 1989), covering55° S to 55 N and the

This study focuses on three ozone data sets that (i) havpolar regions above 30 hPa. Measurements from SAGE | are
high vertical resolution, (ii) cover the entire globe through- not used below 20 km. Ozonesonde data from Syowa$§9
out the period from at least 1979-2005, and (iii) have beerand Resolute (75N) provide data for the polar regions from
mainly created to provide climate models with a realistic a climatological tropopause up to 30 hPa. These ozonesonde
ozone input. All three data sets are created by using mulstations both lie on the edges of their respective polar vor-
tiple linear regression fits to a selected set of observationstices, and hence may underestimate the maximum depletion
and therefore are not identical to the original raw measure{e.g. see the comparison of Syowa and South Pole data by
ments. A comparison between these fitted data sets and dBolomon et al., 2005). Between %S and 58 N, the desea-
rect measurements is necessary to understand their strengthsnalized data are fitted with a regression model consisting of
and weaknesses. an equivalent effective stratospheric chlorine (EESC; Daniel

This study is organised as follows. In Sect. 2, the threeet al., 1995) basis function; a solar activity proxy, namely the
ozone data sets are characterized and briefly described. We10.7 cm radio flux (used only above 20 km); and two or-
consider how well the data sets capture the observed intethogonal basis functions representing the quasi-biennial os-
annual ozone variability in Sect. 3, comparing the vertically cillation (QBO). The deseasonalized ozonesonde data are fit-
integrated (ozone column) and vertically resolved climatolo-ted in the polar regions only with the EESC basis function,
gies against TOMS/SBUV (Total Ozone Mapping Spectrom-and the regression coefficients obtained are applied at all lat-
eter/Solar Backscatter UltraViolet instrument) and SBUV/2 itudes poleward of 65 Ozonesonde trends and SAGE trends
data. Section 4 discusses the climatological anomalies of thare then merged by interpolation between &bd 65 . The
data sets. Time series from the regression-based data setsitput from the regression model therefore represents only
for selected months, pressure levels, and latitude zones a@zone anomalies. These anomalies are then superimposed on
compared against corresponding individual data points fronthe ozone climatology of Fortuin and Kelder (1998) (here-
several measurement systems in Sect. 5. We discuss trendfter FK98) to provide a global ozone data set. FK98 use
in the data sets in Sect. 6, focussing on the ozone changezonesonde data from 30 stations and measurements from
from 1979 to 1996, a period of extreme depletion in many SBUV/SBUV2 from 1980 to 1991 to create a monthly zonal
regions. The purpose of this is to assess the extent to whicimean, vertically resolved climatology. The SBUV/SBUV2
the data sets capture the observed ozone decreases, althougftservations have a relatively low vertical resolution (about
we emphasize that the data sets are not suitable for assedskm). This climatology extends from the surface to 0.3 hPa
ing the true ozone trend as they are all based on regressioon 19 pressure levels, but the RWO07 data set only uses the
model output and any trends are effectively imposed by thestratospheric levels.
fit to a linear trend or EESC basis function in the regression RWO07 spans the period from 1979 to 2005, and extends
model. The differences in the three ozone data sets result ifrom the surface to 50km with a vertical resolution of 1 km.
differences in global radiative forcing, which are discussed inSince the RW07 data set is provided on an altitude grid and in
Sect. 7. Finally, in Sect. 8, measures of the overall agreemendzone units of DU/km, here it has been converted onto pres-
between the three data sets and direct measurements from tlsare levels and into volume mixing ratio units (parts per mil-
Stratospheric Aerosol and Gas Experiment Il (SAGE II) andlion volume, ppmv) to facilitate comparisons with the other
ozonesondes are presented. two data sets. The US standard atmosphere was used for the

conversion (see the Supplement).
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Table 1. Overview of the characteristics of the three different data sets and information about the basis functions (BF) included in the
regression model that was used to create the data sets.

RWO07 SPARC BDBP
Ozone units DU krm1 ppmv ppmv
molecules nT3
Vertical units km hPa km
hPa
Temporal resolution monthly monthly monthly
Zonal bands 90S—-90 N, 90° S-90 N, 87.5 S-87.5 N,
5° zones (37) 3zones (37) 3zones (36)
Number of vertical levels 50 24 70
Highest pressure level 0.81 HPa 1.0hPa 0.046 hPa
Time period covered 01/1979-12/2005 01/1979-12/2010 01/1979-12/2006
Includes troposphere - v v
Includes stratosphere v v v
Linear Trend BF - - v
EESC BF v v v
QBO BF (2 orthog.) v - v
Solar cycle BF v v v
Volcano BF - - v
ENSO BF - - v

* if converted with the US standard atmosphere.

2.2 SPARC 2.3 BDBP

The SPARC ozone data set is described by Cionni efThe BDBP data set is fully described by Bodeker et
al. (2011) and was developed by the Atmospheric Chemistryal. (2013). The data set is based on a regression model fit
& Climate (AC&C) initiative, a joint Stratospheric Processes to the observational ozone data from Hassler et al. (2008),
and their Role in Climate (SPARC) and International Global incorporating measurements from SAGE | and Il, the Halo-
Atmospheric Chemistry (IGAC) activity. The data set con- gen Occultation Experiment (HALOE) instrument, the Po-
sists of merged chemistry-climate model and observationallyar Ozone and Aerosol Measurement (POAM) Il and 11l in-
based regression model output, spanning from 1850 to 210Gtruments, the Limb Infrared Monitor of the Stratosphere
and was developed in support of the climate model integra{LIMS), the Improved Limb Array Spectrometer (ILAS and
tions conducted as part of the 5th Coupled Model Intercom-ILAS 1), and over 130 ozonesonde stations globally, repre-
parison Project (CMIP5) for the Intergovernmental Panel onsenting substantially more data sources than used in either
Climate Change (IPCC) 5th Assessment Report (AR5) (Taythe RW07 or SPARC data sets. In addition, the regression
lor et al., 2012). In this study we focus on the post 1979, model used to fit the data contains several more basis func-
observationally based part of the data set. For this periodtions than the other data sets (see Table 1), incorporating a
the SPARC ozone data set is very similar to RW07, exceplinear trend, EESC, the QBO (two basis functions), EidNi
that the QBO basis functions were omitted from the regres-Southern Oscillation, the volcanic eruption of Mt Pinatubo
sion model, which leads to less variability in the data set.(1991), and solar activity (F10.7 cm radio flux). Other ver-
As for RW07, the ozone anomalies derived from the regres-sions of the BDBP are available that use fewer basis func-
sion model are superimposed on the FK98 ozone climatologyions (see Bodeker et al., 2013). The regression model is used
to provide complete coverage for the observationally basedoth for determining interannual ozone variability and for de-
part of the SPARC data set. In contrast to RW07, SPARCscribing the underlying annual cycle, whereas the regression
also includes data for the troposphere, taken from chemistrymodels used for the RW07 and SPARC data sets were ap-
climate model simulations and merged with the stratospheriglied to deseasonalized data. Also in contrast to RW07 and
data across a climatological tropopause. SPARC, the regression model was also used to calculate gap-
The observationally based part of the SPARC data set exfree ozone fields in the troposphere.
tends from 1979 to 2009, and has a vertical range from the The BDBP data set extends from 1979 to 2006, and from
surface to 1 hPa on 24 pressure levels. the surface te~0.05 hPa (70 km) in the vertical on 70 levels
spaced~1km apart. BDBP is available in both a pressure
and altitude coordinate system, and includes both ozone vol-
ume mixing ratio and ozone number density.

www.atmos-chem-phys.net/13/5533/2013/ Atmos. Chem. Phys., 13, 555549 2013
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Fig. 1. Ozone climatologies at 10 hPa as a function of latitude and month, for the Fortuin & Kelder climatology (FK98), a climatology
derived from SBUV measurements (period 1979 to 2005; SBUV), for the three different data sets (RW07, SPARC and BDBP) calculated for
the period 1979 to 2005, and for the BDBP data set calculated for the shorter period 1980 to 1991 (BDBP (1980-1991)). Dark orange/brown
represent high ozone values, light orange represent low ozone values.

3 Climatologies 1000 hPa to 0.3 hPa, whereas the RWO07 data set has 50 levels
that range from the surface to about 0.8 hPa, and that were
3.1 Ozone at 10hPa converted onto pressure levels with a standard atmosphere

(see Table 1). The interpolation of the climatology onto the

For all three data sets, climatologies at key pressure level§hore highly resolved RWO7 vertical levels may introduce a
were calculated for a common period chosen to be from 197glight bias in the calculated pressure, with subsequent im-
to 2005. Figure 1 shows the climatologies for 10 hPa for thePacts on the conversion from DU/km to volume mixing ra-
data sets as Compared to the FK98 C|imato|ogy and the obth. In contrast, the SPARC data set has 24 levels that extend
servations from SBUV/2 (Stolarski and Frith, 2006). Note from 1000 hPato 1 hPa, which is closer to the levels provided
that the SBUV data has a coarser vertical resolution tharPy the FK98 data set.
RWO07 and BDBP, and the measurements registered at 10 hPa The BDBP climatology shows the highest ozone in the
include information from pressure levels above and belowtropics at 10hPa of all three data sets, closely matching the
10 hPa due to the averaging kernel. In addition, Fig. 1 showg€ak concentrations in the SBUV climatology. The gradient
the BDBP climatology for the years 1980 to 1991, i.e. cover-in 0zone between the tropics and the mid-latitudes is steep-
ing the same period as the FK98 C|imato|ogy_ est for BDBP, with that data set ShOWing the lowest 10 hPa
The overall structure is very similar between the three dataPolar ozone concentrations of all three data sets. This feature
sets, the FK98 climatology and the SBUV data, notably (i) 2grees well with the SBUV climatology, for the areas where
the low ozone in the tropics with a weak annual cycle maxi- data is available. The 1980-1991 BDBP climatology is sim-
mizing in February/March and again in September/OCtober;ilar to that calculated for 1979-2005, with Sllghtly increased
(i) an almost latitudinally symmetric gradient from the high ©zone concentrations due to the lower levels of ozone deplet-
tropical ozone to lower high-latitude ozone; and (jii) slightly ing substances for 1980-1991 compared to 1979 to 2005.
higher values in the polar regions in late winter/early spring Climatologies for levels lower in the atmosphere show
(Northern Hemisphere (NH): February/March; SH: Octo- Similar patterns to the 10 hPa climatologies, with a pattern
ber/November). of low ozone appearing in the high-latitude spring months
Since both the RWO07 and SPARC data sets use the ozon@t levels below 50 hPa. Due to the use of the FK98 clima-
climatology described by FK98, their climatologies should tology in the construction of SPARC and RWO07, differences
be almost identical. While SPARC and FK98 indeed showbetween these data sets might be expected to be negligible.
almost an identical ozone distribution at 10 hPa, the Rw07In the case of SPARC, the differences are indeed small and
climatology shows lower ozone than FK98 (and SPARC andare likely attributable to the interpolation to different pres-
BDBP) in the tropics, but similar ozone for the high lati- sure levels and the higher resolution latitude grid. In contrast,
tudes. The differences between the RW07 and FK98 climathere are more pronounced differences between the RWO07
tologies could be due to their different vertical resolutions. and FK98 climatologies, with ozone values being higher
The FK98 climatology consists of 19 levels extending from for RW07 from the lower stratosphere up to 50 hPa, at all

Atmos. Chem. Phys., 13, 5533550 2013 www.atmos-chem-phys.net/13/5533/2013/
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90°S to 70°S 55°S to 40°S 20°S to 20°N 40°N to 55°N 70°N to 90°N
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Fig. 2. Climatological ozone profiles from the three ozone data sets for five latitude regions (first coluh$t®@0C S, second column:

55°S to 40 S, third column: 20S to 20 N, fourth column: 40 N to 55 N, fifth column: 70 N to 90° N) and two seasons (upper row:

MAM, lower row: SON). The lower stratosphere part of the profile (100 hPa to 50 hPa, grey dashed box) is expanded in the small inset in
each graph.

latitudes. At lower pressures however, these differences varelimatologies of SPARC and BDBP are almost identical for

ish almost completely. the whole profile, whereas RWO7 is slightly higher in the
lower stratosphere and from about 7 hPa upward.
3.2 \Vertically resolved ozone These differences in climatologies throughout the strato-

sphere could be caused by the different measurements used
Figure 2 shows mean climatological ozone profiles for thegs jnput data for the regression models (e.g. the low ozone
three data sets for the Antarctic (¥ to 70'S), the tropics  jn Antarctic spring in BDBP). In addition, the different cov-
(20°S to 20 N), the Arctic (70 N to 90°N), the SH mid-  gred time periods on which the BDBP climatology and the
latitudes (58S to 40 S), and the NH mid-latitudes (3N FKog climatology (basis for the RW07 and SPARC clima-
to 55" N), for two different seasons (MAM and SON). Cli- to|ogies) are based could cause some differences in climato-
matological values are lowest for the BDBP data set in thejggical values. Furthermore, the fact that the RWO07 data set
lower stratosphere for the mid- and high latitudes. In particu-had to be converted into mixing ratio units and interpolated
lar, there are distinctly lower ozone values over Antarctica ingntg pressure levels (see Sect. 2.1) might influence the pres-
spring, which exist throughout the stratosphere. This mightsyre assignment. Conversion sensitivity studies (see the Sup-
be mainly based on the fact that a logarithmic transforma-p|ement) showed that the peak height of the maximum ozone
tion of the input data allows the BDBP regression model tojs only slightly influenced by the conversion from altitude
track low ozone values well (Bodeker etal., 2013). By 50 hPagnto pressure levels. However, the associated absolute values
the differences between the BDBP climatology and the twoof the RW07 ozone profiles can differ significantly depend-
other data sets become smaller. At the 30 hPa level, all thremg on latitude and season, with largest differences in polar
data sets climatologies are almost identical in the tropics, anglegions. The conversion chosen for the comparison shown in
BDBP is only slightly lower in the high latitudes. Between thjs study is not the exact replica of the conversion used to
approximately 30 and 7 hPa the differences between data sefgeate the RW07 data set (combination of 7 km scale height
change sign in the tropics, with BDBP having higher climato- and zonal mean, monthly mean temperature climatology (W.
logical ozone values. However, in the polar regions, RWO07 isRandel, personal communication, 2012)); however, it puts

between 30 and 7 hPa. In the tropics RW07 shows the high-

est climatological values again above about 7 hPa, placing

the maximum climatological ozone value clearly higher in 4 Anomalies

altitude than BDBP and SPARC. Climatologies for the SH

mid-latitudes show the three data sets in good agreement upigure 3 shows the ozone column anomalies for each of the
to about 20 hPa, at which point the differences between thendata sets, relative to their respective 1979 to 2005 climatolo-
get more apparent with BDBP showing the lowest values,gies, together with observational data from TOMS/SBUV
and RWO07 showing the highest. In the NH mid-latitudes the (Stolarski and Frith, 2006). This provides an overview of the

www.atmos-chem-phys.net/13/5533/2013/ Atmos. Chem. Phys., 13, 555549 2013
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strong as inthe SH. In the early 1990s, ozone anomalies were

BO°N |7 F YN YYYY A ‘} B} ‘j # By wan a
%“"’N: f i 4 d especially low when unusually deep NH polar ozone deple-
g 7 ] tion was recorded (see, e.g., Newman et al., 1997). Interan-
Ezzz, VLY R ". A A ERR S nual variability is considerable in the tropics and sub-tropics,

1980 1982 1984 1986 1988 1990 1992 1994 1996 w'ggé 2000 2002 2004 where, in particular, the QBO signal is strong.

o VLA R A U M AN S Figure 3b to d show that all three data sets show the de-
5 ] velopment of SH ozone depletion in spring and the Antarc-
g I tic ozone hole. The most negative anomalies at high south-

gzz TRy e ranT ern latitudes appear in the mid-1990s, with similar magni-

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 tudes in all data sets. In addition, all data sets show nega-

S VD D AR DSV S V) ) RARBES tive NH anomalies in the boreal spring, but the deepest NH
Q4ON T ] ozone depletion appears in the BDBP data. The presence of
g or these more negative anomalies in the BDBP data is likely

st : ; ] due, in part, to the volcanic basis functions: several stud-

soesb M B B OB &G Ly L HEREERERL LR . . - .

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 ies have linked enhanced ozone depletlon to the eruption of

N EERGTET T T T TﬂvTi LA L LA LS Mt. Pinatubo (e.g. Rosenfield et al., 1997; Solomon et al.,
0 fONT ' ] 1998; Telford et al., 2009). In addition, Bodeker et al. (2013)
§4OE’S, : 1 ascribe the distinct negative Arctic ozone anomalies during

o I AR R L AR RN the late 1990s and early 2000s in the BDBP data set to an

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 underestimation of the dynamlcally forced ozone increases,
— which is not tracked by the regression model due to the lack
Oz0ne column anomaly / DU of an appropriate basis function. The BDBP more closely

replicates the TOMS/SBUV NH polar temporal evolution,
Fig. 3.Tota}l colum_n ozone an_omalies (with respect to 1979 _to 2005)pyt its anomalies are more positive in the beginning of the
as a function of time and latitude, f¢a) TOMS/SBUV and inte-  4ime period (early 1980s), and stay more negative at the end
grated ozone from lowest to highest level avallable_, for the threeOf the time period. Overall, this results in a larger negative
data sets(b) RWO7, () SPARC, and(d) BDBP. White regions i BOBP than in SPARC, RWO7 or TOMS/SBUV.
in (a) indicate where no TOMS/SBUV data were available. Blue . L . o
colours indicate negative anomalies, red colours indicate positive Outs.,|.de of the. polar r_eglons, the impact of thellnclu5|on
anomalies. of additional basis functions in the BDBP regression model

is clearly apparent, with the anomalies having much more

structure than in RWO07 and, especially, in the SPARC data.
general ozone evolution and the degree of variability cap-The BDBP variability compares well to the TOMS/SBUV
tured by the three data sets. Column data for TOMS/SBUV,anomalies, suggesting that the BDBP data set is in this sense
SPARC and BDBP all include tropospheric ozone, while this closer to reality than RWQ07 or SPARC. The lack of a QBO
is excluded with RWO07, which begins at a climatological basis function in the SPARC data leads to the anomalies
tropopause. However, by comparing the anomalies, we rein the tropical and mid-latitudes having very little tempo-
move this systematic bias (assuming that the changes in theal structure. Tropical ozone decreases are strongest in the
tropospheric burden make small contributions) and focus orBDBP data. The evolution of the tropical column ozone
interannual variability. The approach is supported by the factanomalies is well captured by the RWO07. However, as for
that the anomalies calculated from the layered SBUV/2 datahe NH polar region, tropical ozone depletion in the BDBP
set (Bhartia et al., 2004), where ozone was integrated frondata set might be too strong, whereas it might be slightly
approximately 64 hPa upward, show a very similar pattern totoo weak for SPARC. The exclusion of a (possibly changing)
those of the TOMS/SBUV (albeit with slightly weaker posi- tropospheric column contribution could contribute to these
tive anomalies at the beginning of the time series and slightlydifferences.
stronger negative anomalies at the end of the time series), Analysis of data set anomalies on different pressure lev-
suggesting that tropospheric ozone only has a small influencels (not shown) reveals characteristics similar to those evi-
on the total column ozone anomalies. dent in the integrated ozone anomalies. Antarctic ozone de-

The TOMS/SBUV anomalies (Fig. 3a) show the well- pletion is present in RWO07 up to about 50 hPa, weakening

known pattern of the ozone hole evolution in the SH po- at higher altitudes. In the tropics and subtropics the RW07
lar region, with positive anomalies before the late 1980sanomalies are mainly characterised by a QBO pattern. As
and increasingly more negative anomalies thereafter. Thevith the integrated anomalies, vertically resolved SPARC
TOMS/SBUV data are only available when the satellite cananomalies show the least variability of all three data sets. Po-
see the sun, meaning that anomalies cannot be calculated &r ozone depletion and a general global tropical decreasing
high latitudes for all months. Figure 3a also shows that ozondrend are represented, the latter being comparable in mag-
depletion is apparent in the NH polar region, although not asitude to RWO07 for all pressure levels. The relatively low

Atmos. Chem. Phys., 13, 5533550 2013 www.atmos-chem-phys.net/13/5533/2013/



B. Hassler et al.: Comparison of three vertically resolved ozone data sets 5539

variability for SPARC is to be expected given the smaller January, 80°N to 85°N  April, 80°N to 85°N
number of basis functions included in the fit. LR AR R A A AR R T A R AR AL A R AL

As Fig. 3, the BDBP data set shows the more interannual

8

7
variability than the other regression-based data sets, but itg 6F R - o E
does agree reasonably well with the other data sets in the evoe ° v =v~v=wweiv=ae 3 & A=
4 . E

3

2

7

[ppmv]

lution of Antarctic anomalies. The Antarctic ozone depletion

signal correlates across different pressure levels up to 10 hPa,
although weakening with increasing altitude. In the Arctic,

ozone depletion in the BDBP is stronger than the other two ge
data sets. The most negative anomalies in this region appear>
at pressure levels up to 50 hPa in 1992/1993, following the % . MW
Mt. Pinatubo eruption, but this strong anomaly disappears atz * m N E
higher altitudes. Negative tropical ozone anomalies are also £ ¥
largest for BDBP, peaking in the 2000s. In the lower strato- © pEvveiiiiiiiiend B,
sphere, the tropical BDBP anomalies do not show the QBO < # g pr T

pattern as prominently as RW07, but the QBO-signal extends g

Ozone at

o
I
1
T
1

w
I
»*
1
T
1

et o - R ]
further into the mid-latitudes. The BDBP QBO pattern is § EAy A roan %
more clearly apparent in the mid-stratosphere and with moreg 2 H 3 b E
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Although the comparison of the vertically integrated ozone g
climatologies, and anomalies of the three different data sets%; E VTNV
against TOMS/SBUV provides some validation of the three
data sets, high-latitude data gaps in the TOMS/SBUV data © -1‘2;8‘0‘ '1'9|8'5' '1'9|9b' '1'9|9'5' '2'o|o'o' '2'o|o'5: :1'9|8'o' '1'9|8'5' '1'9|9'o' '1'5;9'5' '2'o|o'0' '2'(;0'5;
preclude validation for those regions. For this reason, we Year Year

compare the three data sets against data from several ver- BDBP RWO07 SPARC

t?cally resolved measureme_nt. SyStem‘_‘S' particglar!y duringFig. 4. January (left) and April (right) ozone time series°80to

time of polar darkness, providing additional validation. The gge N for four different pressure levels. Individual ozonesonde mea-

following four sub-sections provide a more detailed descrip-surements available in this zone are shown for these months (grey

tion of the comparison of the ozone time series in the Arcticopen circles), together with UARS MLS monthly means (dark grey,

and the Antarctic, the NH mid-latitudes, and also in the trop-filled circles) and AURA MLS monthly means (dark grey, filled

ics. An expanded range of these comparisons can be founstars), and the BDBP (black), RWQ07 (red) and SPARC (blue) time

in the Supplement. series. The vertical grey line denotes the inflection point selected
We use vertical profiles from the satellite-mounted SAGE | for piecewise linear trend calculations (see Sect. 6).

and Il, HALOE, POAM Il and Il instruments, and ozoneson-

des from Hassler et al. (2008). These data are stored on a

common vertical grid and are quality checked, but are otherfrom ozonesondes. Only ozonesonde data are shown between

wise unaltered. In addition, we use SBUV/2 monthly mean80° N and 85 N as no satellite data are available for the com-

layer data (Bhartia et al., 2004), and data from the Microwaveparison in that region. All ozonesonde measurements were

Limb Sounder (MLS) on the Upper Atmosphere Researchtaken at the two Canadian sounding stations, Eureka and

Satellite (UARS) (Livesey et al., 2003) and the Earth Observ-Alert. There are more data at the levels lower in the atmo-

ing System (EOS Aura) (Livesey et al., 2008) at pressure levsphere since the altitudes reached by the ozonesonde vary

els and latitude regions where they are available. This lattebetween soundings.

data set acts as a fully independent data source since it is not For both January and April, the RW07 and SPARC time

used in any of the three data sets as input for the regressioseries are almost identical in shape at 100 and 70hPa, al-

zone

o
LLLLLLL

models. though SPARC is consistently lower. At 30 and 10 hPa RwWO07
shows more variability than SPARC, due to the QBO ba-
5.1 Northern Hemisphere polar region sis functions used to create this data set, and, furthermore,

the offset between RW07 and SPARC becomes smaller. The
Figure 4 shows the January and April time series df-80 BDBP time series shows the most variability at all pressure
85° N lower stratospheric ozone at four pressure levels fromlevels, with distinct QBO related features and, especially
the three different data sets with individual measurementsn the lower stratosphere, influences of the Mt. Pinatubo
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—mboxeruption. In the lower stratosphere, the BDBP time January, 45°N to 50°N  April, 45°N to 50°N
series shows larger changes between the beginning of theg 10 g T T AR AR ALY RALAAA
time series and the mid-1990s. The overall slope of the & “F
BDBP time series is more similar to RW07 and SPARC at &
altitudes above 70 hPa, and the QBO-related variability dom- 2
inates the time series structure. The BDBP time series showsg
lower ozone levels than RWO07 at all pressure levels. Com- &
pared to SPARC, BDBP ozone is lower at 30 and 10hPa,§ e e e e
but more similar at 100 and 70 hPa. Offsets between BDBP § ;E ElN 3 el
and the other two data sets appear to depend on seasory Y
most likely due to the data set differences in climatologies A -
(Sect. 3).

Time series of all three data sets fall within the range
of the available ozonesonde measurements at all pressure 3 ==~
levels despite their offsets, partly because the spread in%
the ozonesonde measurements is large. The RW07 time se—%
ries tends to fall on the upper end of the ozonesonde data,%> °
whereas SPARC and BDBP fall within the middle of the & 2ESve—ASgis====i =A== ana -
ozonesonde range. In the absence of soundings earlier thar§ 1E i F :
the late 1980s, it is difficult to judge how well the ozone de- © oBlvitvilintintin it d Blvn b binn il
crease in the NH polar region is represented in the three dataz 0 L N A AL T L L AN R ALY
sets. It is also unclear from this comparison which data set & 2°F ElZ E
gives the most realistic 0zone decrease as deduced from th&

raw measurements.
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5.2 Northern Hemisphere mid-latitudes

Data availability is high for the Northern Hemisphere mid-
latitudes since this is a region frequently seen by satellitesF19- 5- January (left) and April (right) ozone time series*4bto
and has a high density of sounding stations. Figure 5 Shong" N forfourdl_fferem pressure levels. Individual ozonesonde mea-
the time series of ozone for the latitude band Mo 50 N suremgnts available in th_ls zone are shown for these months (grey
for January and April, for the three ozone data sets an pen circles), togethgr with SAGE | and Il (orange open squares),
ALOE (red open diamonds), and SBUV/SBUV2 (dark green,
measurements from SAGE | and Il, HALOE, OzonesondesrfiIIed triangles), UARS MLS monthly means (dark grey, filled cir-
SBUV/SBUVZ, UARS MLS and AURA MLS. cles), AURA MLS monthly means (dark grey, filled stars), and
At all four pressure levels shown RWO07 is slightly higher the BDBP (black), RW07 (red) and SPARC (blue) time series are
than BDBP in January, but similar to SPARC at 30 hPa andshown. The vertical grey line denotes the inflection point selected
10hPa. At these pressure levels, all three data sets are dbr piecewise linear trend calculations (see Sect. 6).
most identical in April, with the most pronounced difference
being the higher variability in RW07 and BDBP compared
to SPARC. This is due to the higher number of basis func-For more mid-latitude time series comparison (Northern and
tions used to create these data sets. In particular, a prominefouthern Hemisphere) see the Supplement.
QBO-like pattern in the RW07 and BDBP can be seen from
70 hPato 10 hPa. Overall, differences between the ozone da
set time series are small, both in absolute values and in th
estimated ozone decrease until the mid-1990s.
The spread in the individual measurements in winter an

23 Tropics

Eigure 6 shows the tropical ozone time series betwées 5

dand 5 N for all three data sets for April and July, together

spring (e.g. January shown here) is high at all levels anoYvIth ozonesondg m_easurementsf from seven stations (I_Brazav-
e ' llle/Congo, Malindi/Kenya, Nairobi/Kenya, San Cristo-

for all shqwn megsurement sy;tgms, meaning that all thre%aI/Ecuador, Christmas Island/Australia, Sepang/Malaysia,
data set time series are well within the measurement rang%(aashidoo/MaIdives) and measurements from SAGE | and

Compared to January, the measurement frequency is ess i HALOE, and SBUV/SBUV2. Note that no data are avail-

April (with nqtably less megsurements from SAGE !I apd able in April for RW07 at 100 hPa, as this is masked out by
HALOE), which likely contributes to the smaller variabil- . s
the climatological tropopause.

ity in the measurements. Nevertheless, all three data sets
are clearly within the range of the individual measurements.
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Fig. 6. April (left) and July (right) ozone time series betweeéh$ § 0.10 E E
to 5° N for four different pressure levels. Individual ozonesonde 5 E . Soan ]
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(grey open circles), SAGE | and Il (orange open squares), HALOE O o1 Llowwnbuviubvuui i binuals

(red open diamonds), and SBUV/SBUV?2 (dark green, filled trian- 1980 1985 19936‘;?95 2000 2005

gles), UARS MLS monthly means (dark grey, filled circles), AURA

MLS monthly means (dark grey, filled stars), and the BDBP (black), BDBP RW07 SPARC

RWO7, (red) and SPAR,C (b“!e) tlmg Series are shovyn. Th.e ve.rtlcahg' 7. October ozone time between %8S and 90 S for four dif-

grey line denc_)tes the inflection point selected for piecewise Ilnearferent pressure levels. Individual ozonesonde (grey open circles),
trend calculations. and POAM 11 and Il (violet starts), and the BDBP (black), RW07
(red) and SPARC (blue) time series are shown. The vertical grey
For 100 and 70hPa, values from the SPARC time Se_Ilne den_otes the inflection point selected for piecewise linear trend
. ; calculations.

ries are bracketed by higher RW07 and lower BDBP values

at the pressure levels shown. At 100 hPa in July, RWO07 is

around 60 % higher than SPARC, and 60 % to 100 % higher

than BDBP. At 70hPa, RWQ7 is only slightly higher than time at the 30 hPa and 10 hPa levels, at 70 hPa and 100 hPa
both BDBP and SPARC, but at 30 hPa the three data seta clear decrease in ozone is present in the BDBP time series
are almost identical. The lack of a QBO basis function re-from the beginning of the time series until the late 1990s (as
duces the interannual variability in the SPARC time series,described in Sect. 4).

whereas both RW07 and BDBP show a strong QBO related Figure 6 also shows that the spread between measurements
pattern at 30 hPa, which is even more pronounced in RWO7#rom the different data sources, and even between measure-
at 10 hPa. In contrast to the 100 hPa and 70 hPa, the RWOments from the same data source, can be large betwegn 5
time series is lower than the other two data sets at 10 hPaand 5 N. In particular, there is a step-function type differ-
For April at 10 hPa, the difference between the RWO07 andence between SAGE | (1979-1981) and later measurements.
SPARC time series ranges from 0.5 ppmv to 1 ppmv, and beAt 100 hPa in July, RWO07 ozone is substantially higher than
tween the RWO07 and BDBP is at least 1 ppmv for all years.all the measurements except SAGE | values, SPARC falls
While all three data sets show minimal ozone decreases witln the higher range of the measurements, whereas BDBP
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values are consistent with the data from the other sourceghe late 1990s/early 2000s, between 100 hPa and 30 hPa. Al-
At the lowest pressure level (10 hPa), the BDBP time se-though no electrochemical sonde data are available at the
ries tracks the ozone values from the bulk of the measureSouth Pole prior to 1986, Solomon et al. (2005) showed that
ments, whereas SPARC, and especially RWO07, are at thearlier measurements there from the Brewer system also sup-
lower range. While ozone decreases during the first 15 tgort a strong decline in ozone in the 1980s. The BDBP time
20yr of the period appear to be present in the measurementseries capture the decrease at the three lower levels, and are
(e.g. July at 70hPa), this decrease is linked to the ozoneentred in the measurement spread. While the RW07 and
values provided by SAGE | at the very start of the period. SPARC underestimate the ozone depletion described by the
Since the measurements are highly variable for the differentneasurements, the sharp decrease in SPARC at 70 hPa from
months and over the analysed pressure range (see figures tine early to late 1990s shifts that time series closer to the cen-
the Supplement), the validity of this ozone depletion in thetre of the measurement spread. At 10 hPa, the spread in the
BDBP time series cannot be confirmed. On the other handmeasurements is large, encompassing the time series of all
the lack of ozone depletion in RW07 and SPARC also cannothree data sets. SPARC lies at the higher end of the measure-
be confirmed (Solomon et al., 2012). ments, RWO07 is lower than SPARC but still at the higher end
of the measurements, and BDBP closer to the centre.
5.4 Southern Hemisphere polar region

Figure 7 shows October ozone mixing ratios for the threeg Trends
data sets at 100, 70, 30 and 10hPa for the latitude zone
85°S-90 S, together with ozonesonde data from the SouthAll three data sets that are part of this comparison are gen-
Pole station (the only station in this latitude band) and mea-erated using multiple linear regression methods. Any ozone
surements from both POAM instruments, which are avail-trends in these data sets are effectively imposed by their
able from the mid-1990s onward. This time and location WasEeESC basis function fit to the underlying measurements.
chosen for comparison to examine the maximum depletiorTherefore, the purpose of the trends calculated in this section
in the Antarctic ozone hole (e.g. Solomon, 1999). Note thatis to evaluate the differences between the three data sets, and
the graphs for 100 hPa and 70 hPa are displayed with a logto serve as reality-check when compared to trends derived
arithmic y-axis to show the severe depletions that are oftendirectly from measurement time series.
measured within the ozone hole. We applied a multiple linear regression model to all three
RWO07 and SPARC time series for 100 hPa and 30 hPa argata sets, which was similar to that used to construct the
similar, with a strong ozone decrease through the late 1990shree data sets, but replacing the EESC basis function with
At 10 hPa SPARC is offset from RW07 and BDBP by about two piecewise linear trends (Reinsel et al., 2002). The inflec-
1 ppmv. There is a QBO-like pattern in RW07, and theretion point, i.e. the time when the second trend term of the
is no trend in SPARC, differing significantly from the other piecewise linear trend method is allowed to deviate from the
layers shown. The SPARC time series for 70 hPa is somefirst trend term, was set at the end of 1996, as suggested by
what unusual since it follows RWO07 closely until the early Reinsel et al. (2002). This approach has also been applied
1990s and then drops to much lower values in the late 1990s0 describe ozone depletion up to the peak of anthropogenic
This is the atmospheric region of highest ozone depletion inchlorine and bromine concentrations in the stratosphere (e.g.
Antarctic spring (e.g. Solomon et al., 2005) and a realisticNewchurch et al., 2003; Steinbrecht et al., 2006; Jones et
representation of the degree of ozone depletion is importangl., 2009). In addition to the two trend terms, the regression
for climate change attribution studies with climate models, amodel included an offset term (to describe the average an-
task for which all three data sets are intended. BDBP showsiual ozone amount) and basis functions to describe ozone
a distinctly stronger and earlier ozone decrease than RWOVariability due to the QBO, solar cycle and ENSO. Autocor-
and SPARC at 100hPa and 70hPa, but a similar trend atelation in the residuals of the regression model was consid-
30hPa and 10hPa. BDBP is offset from the two other dataered (Bodeker et al., 1998). We focus our discussion on the
sets by up to approximately 1.5 ppmv at 30 and 10 hPa, butesults for the first trend term, describing the ozone change
all three data sets start at approximately the same 1979 valuggom the beginning of 1979 to the end of 1996, in the follow-
at 100 hPa and 70 hPa. BDBP appears to agree better with thag sections.
South Pole observations, which is not surprising since this is
the only data set to incorporate those data; both RW07 ané.1 Annual mean trends
SPARC only use observations from Syowa station at%9
As ozone abundances reach lower values in the heart of thBigure 8 shows the annual mean trends calculated from all
south polar vortex, this also explains why the ozone depletiorthree data sets for the period 1979 through 1996 as a func-
is strongest with BDBP. tion of latitude and pressure. This comparison focuses on the
South Pole ozonesonde measurements show a clear dstratosphere, as the tropospheric trends are not statistically
crease in ozone after the mid-1980s, with lowest values irsignificantly different from zero for the analysed time period.
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RWO07

Annual mean ozone trends displayed as a function of lat-
itude and pressure or altitude show a distinct pattern: strong
ozone depletion in the high-latitude lower stratosphere, with £
stronger trends in the SH than the NH (as suggested by to-3
tal column ozone trends, e.g. WMO, 1999, Fig. 4-18; Randel &
and Wu, 2007), a weaker ozone decrease in the tropics, and
a region in the middle stratosphere where trends are not sta-
tistically significantly different from zero (e.g. WMO, 1999,
Fig. 4-32; Randel and Wu, 2007; McLinden et al., 2009). 5
In the upper stratosphere between 40 km and 50 km (4 hPas %
to 1hPa) a stronger ozone decrease occurs again, especially 1o o

H H : : H %[71”'%%}';% 29:
in the high latitudes of both hemispheres (e.g. McLinden et y,; 0/45{{////{{//%////7//;
al., 2009). These general features are all reproduced by all "o - - o 0
three data sets, although some differences exist. The polar  _ BDBP

lower stratosphere trends in RW07 and SPARC are very sim-
ilar in structure and amplitude, and both show lower trends in
the Arctic compared to the Antarctic. The maximum ampli-
tude of the ozone depletion in Antarctica is slightly greater
in RWO07 than in SPARC. The BDBP shows larger ozone de-

creases at the highest latitudes near 100 hPa to 70 hPa in both

polart re?l_or]s}_)[/vglle thle chadng??hforSRW07 and SdPgRC arq:ig. 8. Left column: Annual mean trend (% per decade) as a func-
constant in latitude polewar 9 e Syowa (&) f':m €S~ tion of latitude and pressure for the time period 1979 to 1996, for
olute (75 N) ozonesonde stations, the two stations used agye rRwo7 data set, for the SPARC data set, and the BDBP data
raw input for the polar regions in the RWO07 and SPARC re-get Hatched regions show trends that are not significantly different

gression models. from zero at the 2 level. Blue colours indicate negative trends, red
Table 2 summarizes the mean decadal trends for differcolours indicate positive trends. Contour levels£85, 430,25,

ent regions of the stratosphere for all three data sets. Differ--20, 15, +10, £7.5, £5, £2.5, 0. Right column: same as left
ences in annual mean trends between RWO07 and SPARC igolumn, but enlarged to the regione® to 60 N, 70 hPa to 1 hPa.
the Antarctic lower stratosphere are about 2—3 % per decaddé\ote that no trend values are available for RWO7 in the troposphere
Trends for BDBP in this region are only slightly larger than Since RWO07 is only defined in the stratosphere.
RWO7 (approx. 2% more ozone decrease per decade); how-
ever, strong negative trends in BDBP extend into the mid-
dle stratosphere and farther into the mid-latitudes. Trends irare slightly larger for RW07 (Fig. 8 left column and Ta-
the Arctic lower stratosphere from BDBP are much strongerble 2). BDBP trends are two to four times larger in that re-
than either RWO07 or SPARC. Such a trend magnitude is nogion. Forster et al. (2007) calculated tropical lower strato-
supported by total column ozone trend analyses (e.g. WMOspheric ozone trends from SAGE |l measurements between
1999, Fig. 4-18; Randel and Wu, 2007) and most likely is an1984 and 2005. While the trend pattern they obtained appears
artefact of the methods used in creating of the BDBP datasimilar to the pattern shown for the BDBP trends (Forster
set. Individual raw measurements in the Arctic (see Fig. 4)et al., 2007), the magnitude of their trends is approximately
show a wide spread amongst measurements during the sameb % to —7 % per decade. This is more similar to the range
month; however, a decrease in ozone over the years appeao$ the trends from RWOQ07, but somewhat larger than the
to exist in that latitude zone at least for the lower strato- SPARC trends. Furthermore, Randel and Thompson (2011)
spheric pressure levels. The magnitude of this decrease in theombined SAGE Il ozone measurements frorfi @@o 20 N
BDBP data set is mainly determined by two factors: (1) thewith tropical ozonesonde measurements for the period from
lack of measurements available at the beginning of the timel984 and 2009 and estimated an ozone decrease of approxi-
series in this latitude zone, and (2) the presence of unusuallynately—4 % per decade between 1984 and 2009&d hPa.
low ozone values at the end of the fitting period (mid-1990s;This too is closer to trends derived from RW07 and SPARC
WMO, 2003, Figs. 3-30 and 3-31); e.g. see the time serieghan to BDBP.
for 70 hPa in April in Fig. 6. With no data to anchor the trend  The comparisons suggest that it may be the inclusion
at the beginning of the time series, the method used to createf SAGE | data in the BDBP data set that is creating
the BDBP data set (Bodeker et al., 2013) likely overestimategshe anomalously large ozone trends in BDBP. However,
the ozone decrease in the Arctic lower stratosphere. trends shown in Fig. 8 and Table 2 describe the ozone
The annual mean trends in the tropical lower stratospherehanges from 1979 to 1996, covering a different time pe-
also differ considerably amongst the three data sets. Trendsod than either Forster et al. (2007) or Randel and Thomp-
derived from RWO07 and SPARC are similar, although theyson (2011). Trends from these studies are therefore not
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Table 2. Annual and seasonal mean ozone trends and theuricertainty for the three different data sets for four different atmospheric
regions. Trends are given % per decade and are calculated for the time period 1979 to 1996. Antarctic ré§idn: B® S; Arctic
region: 70 N to 9C¢° N; tropics: 20 S to 20 N. DJF: December-January-February; MAM: March-April-May; JJA: June-July-August; SON:
September-October-November.

RWO7 SPARC BDBP

Annual means

Antarctic lower strat. [200-50 hPa] —15.414+0.10 —12.88+0.13 —17.88+0.30
Arctic lower strat. [200-50hPa]  —5.04+0.07 —4.20+0.08 —-12.85+0.31
Tropics, lower strat. [LO0-50 hPa] —4.70+0.21  —2.58+0.21 —12.74+0.53
Upper strat. [10—1 hPa] —4.89+£0.06 —5.524+0.06 —3.94+0.04

Seasonal means — DJF

Antarctic lower strat. [200-50hPa] —11.50+0.36 —8.28+0.38  —15.994+0.97
Arctic lower strat. [200-50hPa] —3.89+0.19 —4.75+0.26 —17.55+0.93
Tropics, lower strat. [LO0-50hPa] —5.49+0.77 —-3.43+£1.03 —13.38+2.11
Upper strat. [10-1 hPa] —5.06+:0.20 —-5.44+0.20 —-4.31+0.14

Seasonal means — MAM

Antarctic lower strat. [200-50 hPa] —6.23+0.36 ~ —5.55+0.46  —1.47+0.97
Arctic lower strat. [200-50hPa] —-7.80+0.17 —-5.444+0.18 —12.85+0.72
Tropics, lower strat. [LO0O-50hPa] —3.93+0.26 —2.48+0.64 —12.68+2.10
Upper strat. [10-1 hPa] —5.40+0.27 —6.15+0.19 —4.57+0.14

Seasonal means — JJA

Antarctic lower strat. [200-50 hPa] —18.09+0.33 —19.16+0.46 —19.79+1.21
Arctic lower strat. [200-50 hPa] —4.99+0.26 —-3.00+£0.27 —-6.20+1.20
Tropics, lower strat. [100-50 hPa] —4.09+0.66 —1.53+0.49 —-11.74+1.41
Upper strat. [10-1 hPa] —-4.41+0.19 -5.31+0.19 —-3.20+0.16

Seasonal means — SON

Antarctic lower strat. [200-50 hPa] —28.11+0.38 —19.33+0.40 —38.17+0.89
Arctic lower strat. [200-50hPa] —2.46+0.27 —3.05+0.36 —15.24+1.36
Tropics, lower strat. [LO0-50hPa] —5.68+0.68 —2.70+£0.63 —13.47+1.51
Upper strat. [10-1 hPa] —458+0.19 —-4.83+0.19 —-3.10+0.14

necessarily directly comparable to the trends derived hereagree well with trends derived from SAGE /1l by Wang et
When the Forster et al. (2007) methodology is applied to theal. (2002). This is expected since both RW07 and SPARC
three data sets and linear trends calculated for the same timere heavily based on SAGE data in this region. BDBP trends
period (1984 to 2005), the trends derived from BDBP rangein this region can be more than double these values, espe-
from around—7 % to —8 % per decade in the tropical lower cially in the tropics, which is likely due to additional data
stratosphere, compared to aroun8l% per decade for RW07 sources being used for the creation of the data set and the
and around-2 % per decade for SPARC. BDBP trends then more complex regression method.
are similar to the trends reported by Forster et al. (2007), Another region of special interest for annual mean ozone
whereas RW07 and SPARC trends are clearly smaller. trends is the upper stratosphere where a response to climate
Several studies show only annual mean trends betweenhange (e.g. increasing greenhouse gas concentrations) is ex-
60° S and 60N, from around 70 hPa up to around 1 hPa pected in addition to the impact of changes in ozone deplet-
(e.g. Wang et al., 2002; McLinden et al., 2009; WMO, 2011, ing substances. Upper stratospheric trends for all three data
Fig. 2-4). This is the region of the stratosphere that is wellsets strengthen with increasing latitude, but are weaker than
covered by SAGE Il measurements, and therefore trend calin the lower stratosphere (Fig. 8, left column). The magni-
culations are rather straightforward there. Figure 8 (right col-tudes of the trends for the three data sets are similar, with
umn) shows the annual mean trends calculated from the threBDBP showing a slightly weaker annual mean ozone de-
data sets, displayed for the same geographical and atmarease (ca—4 % per decade) than RWO07 (ca5 % decade)
spheric region as the SAGE data. Trends at around 70 hPand SPARC (ca-5.5 % per decade; Table 2). A small area of
for RWO7 are only slightly larger than for SPARC, and both positive trends in the Antarctic in the BDBP data set, around
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2 hPa, does not likely represent a real ozone increase from Trends in the NH polar lower stratosphere are largest in

1979101997, butis more likely caused by constraining errorsall seasons for BDBP, and are of comparable magnitude for

of the BDBP regression method, as described by Bodeker eRWO07 and SPARC. Differences between BDBP and the other

al. (2013). Overall, SPARC trends are slightly more negativetwo data sets can reach up to four times the trend value (e.g.

than RWO07 and BDBP in the tropics and mid-latitudes in thein DJF), and are only of comparable magnitude for JJA. Sea-

upper stratosphere. They are strongest in the SH polar regiosonal differences are largest for BDBP, ranging from -18%

poleward of 60 S, and between 4 hPa and 1 hPa (see Cionnper decade in DJF te-6 % per decade in JJA. The weakest

etal., 2011). This pattern does not appear in RW07 or BDBPseasonal cycle in trends is found for SPARC, where trends
SAGE data alone show trends in the upper stratosphericange from—4.8 % per decade in DJF to 3% per decade in

region up to—8 % per decade (McLinden et al., 2009) and JJA.

slightly higher (Wang et al., 2002), with a very similar spa-

tial pattern to the trend for the data sets. SPARC is the data o ]

set with trends closest to the SAGE trends. Trends derived Radiative forcing

by analysing only SBUV data, as shown in McLinden et

al. (2009), are slightly lower (up te 6 % per decade) and are

therefore closer to the trends derived from RW07 and BDBP.

In this section, we compare the ozone radiative forcing im-

plied by the three data sets. The ozone radiative forcing is
defined as the net change in radiation entering the tropo-
sphere due to a change in ozone. The adjusted radiative forc-
ing was computed, which is where stratospheric temperatures

Table 2 shows seasonal trends and their statistical uncertairre adjusted to the ozone changes using the fixed dynamical
ties for the three different data sets. All calculated seasonaeating approximation. This adjustment is a first order effect
trends are statistically significant at the fevel, except the  for stratospheric ozone changes, whereas for other forcing
MAM trend for BDBP in the SH polar lower stratosphere. agents itis typically only a 10-20 % effect.
Uncertainties are up to three times higher for the BDBP The radiative forcing for stratospheric ozone changes is
trends than for RW07 and SPARC, owing to the higher vari-€xamined over the period of maximum ozone depletion, us-
ability in this data set. The uncertainties presented in Table 2ng averages of 1979-1981 for the background state and
show that the three data sets seldom overlap within their re1995-1997 for the heavily depleted period. Data from the In-
spective statistical errors, and it is structural uncertainties thaternational Satellite Cloud Climatology Project (ISCCP) are
dominate the differences between them. Nevertheless, it iysed for the temperature and cloud fields and the calculation
useful to examine the seasonality of the statistical uncertainis done using seasonal averages. This radiative forcing code
ties. is the same as used by Portmann et al. (2007), which has
Differences between the data sets are most pronounced fdteen shown to compare well with other codes (Forster et al.,
the tropical lower stratosphere, where BDBP trends are up?005).
to three times higher than RW07 and SPARC trends in all Table 3 shows the computed radiative forcing values. Tro-
seasons (Solomon et al., 2012), although trends differ onlypospheric ozone changes are not included because they are
slightly between the seasons for a given data set. Trends if¢latively small during this time period and because one of
the upper stratosphere also do not differ much for the differ-the data sets (RW07) does not include tropospheric ozone.
ent seasons, and the three different data sets are ranked in th&e table shows the large cancellation between the instanta-
same pattern for all seasons: BDBP shows the smallest trendleous forcing and the stratospheric adjustment, which makes
followed by RWO07 and SPARC with the largest trends. In JJAthe accurate calculation of the total forcing sensitive to smalll
BDBP trends are up to 40 % smaller than those of SPARCdifferences. The uncertainty in the total radiative forcing
RWO?7 trends are up to 15 % smaller than SPARC. is proportional to the instantaneous and adjustment values,
The largest seasonal difference in trends is present fomeaning that even a modest 10 % uncertainty in these val-
the SH polar lower stratosphere. For BDBP, the trends ardl€s translates to a 0.03 Wrhuncertainty in the total forc-
not Signiﬁcant in MAM and are approximate|.y38% per |ng The BDBP data set induces Considerably more radia-
decade in SON. Seasonal variability in trends for this regiontive forcing than RW07 or SPARC data sets. This is a con-
is not as high for RW07 and SPARC; however, both thesesequence of larger ozone decreases in the subtropics in both
data sets are similar with their smallest trends in MAM and hemispheres and the SH mid-latitudes (see Fig. 9). The dif-
their largest trends in SON. Trends for RWO07 are larger tharferences in radiative forcing between the ozone data sets im-
for SPARC (except JJA), and trends for BDBP are strongerly different surface climate responses when the ozone data
than for RWO07 (except MAM). Differences are largest in Sets are used in climate models; further, the larger ozone de-
Antarctic spring (SON) when most ozone depletion happenscreases at mid- and high latitudes in the BDBP data set can

trends for BDBP are approximately 35 % higher than Rw07be expected to cause larger responses of climatic modes of
trends, and twice as large as SPARC trends. variability (e.g., the SAM and NAM) compared with RW07

and SPARC data sets.

6.2 Seasonal trends
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Table 3. The radiative forcing (sz) due to stratospheric ozone 01¢
changes between 1979-1981 and 1995-1997. The instantaneous
shortwave (SW), instantaneous longwave (LW), adjustment due to
stratospheric temperature changes, and total radiative forcing are
shown.

SW Lw Adjustment  Total E
RWO7 0.147 -0.062 -0.124 —0.038
SPARC 0.141 -0.061 -0.113 -0033 O] — BDBP E
BDBP 0.209 -0.087 -0.241 -0.119 —05F — - _ -SPARC E
—0.6§ O S O O OSSR RS
. ) -90 -60  -30 0 30 60 90
8 Discussion and summary Latitude

This study describes three recent, long-term, global, zonafig- 9. Annual mean radiative forcing due to ozone changes be-

mean, ozone profile data sets. All three data sets are based §§fe€" 1979-1981 and 1995-1997 averages for BDBP (solid line),
RWO07 (dotted line), and SPARC (dashed line) ozone data sets. The

regression model output, and therefore the degree of variabil- . o
. - lobal mean values from these calculations are given in Table 3 (col-
ity described by them depends strongly on the number an mn total)

the choice of basis functions used for their creation. Their
climatologies, anomalies, and annual and seasonal trends
have been compared with each other, as well as with several
satellite-based and in situ measurements. the same pressure levels. For each latitude zone and pressure
The overall pattern of the climatologies look very similar level, the sum of the squared residuals between the available
for all three data sets, and compare well to TOMS/SBUV SAGE Il data and the three data sets were calculated, then
data and the FK98 climatology. However, absolute valuesnormalized to the number of the available SAGE Il monthly
differ for the three data sets. RWO07 tends to have the highmeans for that specific time series, and the resulting aver-
est climatological values at lower and higher altitudes in theage squared difference related to the overall SAGE Il mean
stratosphere, whereas it tends to be the lowest in the midef the whole time series for the respective latitude zone and
stratosphere, implying that the vertical gradient in ozone ispressure level. The results for this measure of matching the
different to BDBP and SPARC. BDBP climatological val- SAGE Il data are shown in Fig. 10. Only pressure levels from
ues tend to be the lowest, possibly related to the fact thafl00 hPato 1 hPa are shown since RWO07 does not provide tro-
its underlying climatology is derived from the full 1979— pospheric data and SAGE Il data is sparser lower down in the
2005 period of the input data. This is in contrast to RWO07 atmosphere. The match to SAGE |l data is best for the BDBP
and SPARC, which are both based on the FK98 climatol-data set with most of the average squared difference for the
ogy, covering 1980 to 1991 and based on low resolutionshown pressure levels being below 7.5 %, in the tropics and
SBUV data. The anomaly patterns from the three data setsiid-latitudes even below 5%. Average squared differences
differ markedly, with SPARC showing the least variability for SPARC are only slightly higher than for BDBP, but over-
and BDBP showing the most, due to the different number ofall still mostly below 7.5 %. For RW07 the average squared
basis functions used. In general, BDBP shows the strongedifferences are clearly higher than for the other two data sets,
ozone changes over the whole period (1979-2005), espewith the majority of the values below 40%. As mentioned
cially in the polar regions and the tropics, whereas SPARCabove, the bias that is present in the RWO07 climatologies
shows the weakest. This is then reflected in the resulting racause the bias for the overall time series, and increases there-
diative forcing estimates. fore the difference of the RWQ07 time series from SAGE II.
Comparisons with individual measurements from several A second set of monthly means was calculated from
different measurement systems show very good agreement @flobal ozonesonde data. The calculated average squared dif-
the overall magnitude of the ozone values with BDBP, goodferences between the three data sets and the ozonesonde
agreement with SPARC, and a slightly less good agreementeasurements are shown in Fig. 11. Only pressure levels
with RWO7. The biases present in the RWO07 climatologiesfrom 100 hPa to 10hPa are considered for this comparison
(see Sect. 3) also bias the overall magnitude of the time sesince ozone soundings often do not reach altitudes above
ries. As a measure of how well the time series of the threeghe 10 hPa pressure level. For all three data sets the agree-
data sets represent the ozone values measured by SAGE Hent with the ozonesondes is not as good as with SAGE |l
monthly mean, zonal mean values from all available, quality-data, with more values in the range of 10% and 30 % than
screened SAGE Il measurements were calculated and intebefore. This might be partially caused by spatially biased
polated onto the pressure levels from SPARC (see Sect. 2.2yonal means. Longitudinal biases are possible for the dif-
The BDBP and RWO07 data set were also interpolated ontderent latitude zones due to the location of the available
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Fig. 11. Average squared difference between all available monthly
mean ozone sonde values for given latitude bands and pressure lev-
els, and(a) the RWO07 data sefb) the SPARC data set, arfd) the
BDBP data set, given in percent. Note that for RWO07 at 100 hPa
some monthly means are not available betweeh2@nd 28 N

due to missing tropospheric data. Colours changing from black to
ed indicate a change in average squared differences from 0% to
Q00 %.

Fig. 10. Average squared difference between all available monthly
mean SAGE Il values for given latitude bands and pressure levels
and (a) the RWO07 data se{p) the SPARC data set, ar(d) the
BDBP data set, given in percent. Note that for RW07 at 100 hPa
some monthly means are not available betweehS@nd 28 N
due to missing tropospheric data. Colours changing from black to
red indicate a change in average squared differences from 0% t
100 %.

al. (2012), showed that the modelled temperature response
ozone sounding stations. While these were considered foin the tropical lower stratosphere is significantly larger if the
the creation of the monthly means for the BDBP regressionBDBP data set is used in a climate model, compared to simu-
(Bodeker et al., 2013), they were not considered for the caljations with SPARC or RW07. Given the difficulties in deter-
culation of the average squared differences shown in Fig. 11mining the uncertainties in both ozone trends and the result-
Overall, the comparisons of the three data sets to sonde daifg ozone forcing for each of the three data sets, the availabil-
are similar to the comparisons with SAGE |l data: differencesity of all three, provides some indication of how accurately
between BDBP and sondes are smallest, they are slightlyrends are known. This allows climate modellers to estimate
larger for SPARC and sondes, and largest for RWO07 and sonthe impact of this uncertainty, as well as the sensitivity of
des. Average squared differences between SAGE Il and thelimate responses to different ozone forcings.
ozonesonde measurements are predominately below 7.5% Strength and weaknesses of the three data sets can there-
(see the Supplement), so differences between data sets afgre be summarized as follows:
either SAGE Il or sondes of that magnitude fall within the

range of measurements uncertainties. — RWO7: This data set captures the main features of
For global climate modellers, the best choice of ozone data  the observed variability. Due to its original format in
set for their model studies will depend on the application. Al- DU/km and on altitude levels, the conversion onto pres-

though all three data sets cover the same time period and the  sure levels and into mixing ratio is likely to introduce
whole globe, clear differences exist between them that would biases. Climatologies of this data set are biased high
likely influence the model results. For example, Solomon et over much of the lower stratosphere and biased low over
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much of the upper stratosphere. Trends in the NH po-Supplementary material related to this article is

lar regions and the tropics might be slightly too weak, available online at: http://www.atmos-chem-phys.net/13/
and are clearly too weak in the SH polar regions. The5533/2013/acp-13-5533-2013-supplement.zip

data from the two ozonesonde stations in the northern

and southern polar regions that are used to describe the

high-latitude ozone changes might not capture the fullAcknowledgements-unding for B. Hassler has been provided by

extent of the spring ozone depletion since they are botH"e¢ NOAA NCDC Climate Data Records Program. The authors
ant to thank Bill Randel for helpful comments and discussion

chated at the edge of the respgctlvg polar vortfex, andr:lvbout the manuscript. We thank two anonymous reviewers and
might therefore sample ozone-rich air from outside the
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vortex at imes. improve the manuscript.
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