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Abstract. A continuous tropospheric and stratospheric ver- with a three-dimensional tropospheric data set extracted from
tically resolved ozone time series, from 1850 to 2099, hassimulations of the past by two CCMs (CAM3.5 and GISS-
been generated to be used as forcing in global climate modelBUCCINI) and of the future by one CCM (CAM3.5). The
that do not include interactive chemistry. A multiple linear future tropospheric ozone time series continues the histor-
regression analysis of SAGE I+l satellite observations andical CAM3.5 simulation until 2099 following the four dif-
polar ozonesonde measurements is used for the stratosphefierent Representative Concentration Pathways (RCPs). Gen-
zonal mean dataset during the well-observed period fromerally good agreement is found between the historical seg-
1979 to 2009. In addition to terms describing the mean an-ment of the ozone database and satellite observations, al-
nual cycle, the regression includes terms representing equivthough it should be noted that total column ozone is over-
alent effective stratospheric chlorine (EESC) and the 11-yrestimated in the southern polar latitudes during spring and
solar cycle variability. The EESC regression fit coefficients, tropospheric column ozone is slightly underestimated. Ver-
together with pre-1979 EESC values, are used to extrapotical profiles of tropospheric ozone are broadly consistent
late the stratospheric ozone time series backward to 1850with ozonesondes and in-situ measurements, with some de-
While a similar procedure could be used to extrapolate intoviations in regions of biomass burning. The tropospheric
the future, coupled chemistry climate model (CCM) simu- ozone radiative forcing (RF) from the 1850s to the 2000s is
lations indicate that future stratospheric ozone abundance8.23 W nT 2, lower than previous results. The lower value
are likely to be significantly affected by climate change, andis mainly due to (i) a smaller increase in biomass burning
capturing such effects through a regression model approacbmissions; (ii) a larger influence of stratospheric ozone de-
is not feasible. Therefore, the stratospheric ozone datasedletion on upper tropospheric ozone at high southern lati-
is extended into the future (merged in 2009) with multi- tudes; and possibly (iii) a larger influence of clouds (which
model mean projections from 13 CCMs that performed aact to reduce the net forcing) compared to previous radia-
simulation until 2099 under the SRES (Special Report ontive forcing calculations. Over the same period, decreases in
Emission Scenarios) A1B greenhouse gas scenario and thatratospheric ozone, mainly at high latitudes, produce a RF of
A1l adjusted halogen scenario in the second round of the-0.08 W nT2, which is more negative than the central Inter-
Chemistry-Climate Model Validation (CCMVal-2) Activity. governmental Panel on Climate Change (IPCC) Fourth As-
The stratospheric zonal mean ozone time series is mergesessment Report (AR4) value €0.05W nt2, but which is
within the stated range 6£0.15 to +0.05 W m?2. The more
Correspondence td: Cionni negativg value is .expl.ained by the fact _that t_he regressi_on
= (irene.cionni@dir.de) model simulates significant ozone depletion prior to 1979, in

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

11268 I. Cionni et al.: Ozone database in support of CMIP5 simulations

line with the increase in EESC and as confirmed by CCMs,(IPCC, 2007). This has largely resulted from increases in
while the AR4 assumed no change in stratospheric RF prioozone precursor emissions due to anthropogenic activities,
to 1979. A negative RF of similar magnitude persists into thebut climate processes may also have played a role (Gauss
future, although its location shifts from high latitudes to the et al., 2006). For example, several studies indicate that un-
tropics. This shift is due to increases in polar stratospheriader future climate change, tropospheric ozone may reduce
ozone, but decreases in tropical lower stratospheric ozonajue to increased destruction related to higher absolute hu-
related to a strengthening of the Brewer-Dobson circulationmidities (Johnson et al., 2001). On the other hand, ozone
particularly through the latter half of the 21st century. Differ- may increase due to positive climate feedbacks such as an
ences in trends in tropospheric ozone among the four RCPmicreased influx from the stratosphere (Collins et al., 2003;
are mainly driven by different methane concentrations, re-Shindell et al., 2006; Hegglin and Shepherd, 2009), or higher
sulting in a range of tropospheric ozone RFs between 0.diogenic VOC emissions (Sanderson et al., 2003; Hauglus-
and 0.1 Wm? by 2100. The ozone dataset described heretaine et al., 2005). The net impact of climate change on
has been released for the Coupled Model Intercomparisotropospheric ozone is uncertain, but it is likely to vary sig-
Project (CMIP5) model simulations in netCDF Climate and nificantly by region, altitude, and season (Stevenson et al.,
Forecast (CF) Metadata Convention at the PCMDI website2006; Isaksen et al., 2009; Jacob and Winner, 2009). In ad-
(http://cmip-pcmdi.linl.govy. dition to past and expected future changes in tropospheric
ozone, stratospheric ozone has been subject to a major per-
turbation since the late 1970s due to anthropogenic emissions
of ozone-depleting substances (ODSs), now controlled un-
1 Introduction der the Montreal Protocol. It is necessary to account for the
climate effects of stratospheric ozone depletion and recov-
The Working Group on Coupled Modelling (WGCM) of the ery to correctly detect and attribute greenhouse gas (GHG)
World Climate Research Programme (WCRP) has agreed othduced climate change. In particular, the ozone hole has
a new set of coordinated climate model experiments (Tayloeen the primary driver of changes in Southern Hemisphere
et al., 2009). This set of climate model simulations forms summertime high-latitude surface climate over the past few
phase five of the Coupled Model Intercomparison Projectdecades (Thompson and Solomon, 2002, 2005; Thompson et
(CMIP5). The purpose of these experiments is to addressil., 2005). Due to the projected disappearance of the ozone
outstanding scientific questions that arose as part of the Intemole during the 21st century, a deceleration of the poleward
governmental Panel on Climate Change (IPCC) Fourth As-side of the jet (a decrease in the Southern Annular Mode)
sessment Report (AR4), to improve understanding of cli-is simulated by most stratosphere-resolving Chemistry Cli-
mate, and to provide estimates of future climate changemate Models (CCMs) (SPARC CCMVal, 2010; Perlwitz et
Since not all coupled models participating in CMIP5 have in- al., 2008; Son et al., 2008). This is opposite to the response
teractive chemistry, there is a need to provide fields of radiafound in the mean of the IPCC AR4 models that did not in-
tively important gases and aerosols to force these models. Telude interactive chemistry and prescribed constant clima-
this end, a joint effort of the Chemistry-Climate Model Vali- tological ozone. The future evolution of stratospheric ozone
dation (CCMVal http://www.pa.op.dIr.de/CCMValActivity  will be affected not only by ODSs but also by climate change.
of WCRP’s Stratospheric Processes and their Role in Cli-An increase in upper stratospheric ozone is expected from
mate (SPARC) project and the Atmospheric Chemistry andCO,-induced cooling, and a decrease in tropical ozone and
Climate (AC&C, http://igac.jisao.washington.edu/ACandC. an increase in extratropical ozone in the lower stratosphere
php) initiative was established, to generate an ozone concenis expected to follow a strengthening of the Brewer-Dobson
tration data set as a function of latitude, altitude and time.circulation (Butchart et al., 2006; SPARC CCMVal, 2010;
Prescribing a continuous ozone time series from the past int@yring et al., 2007; Shepherd, 2008).
the future, rather than prescribing a static ozone climatology, This paper describes the AC&C/SPARC ozone database
ensures that ozone is more realistically represented in thénat has been created in support of CMIP5. The dataset cov-
CMIP5 simulations that do not have interactive chemistry. ers the period 1850 to 2100 and can be used as ozone forc-
In IPCC ARA4, around half of the climate models prescribeding in CMIP5 models that do not include interactive chem-
a constant ozone climatology (see e.g. Son et al., 2008).  istry. The dataset has been released to the climate community
Several studies indicate that a correct representation oin netCDF Climate and Forecast (CF) Metadata Convention
stratospheric and tropospheric ozone is crucial for reproducat the PCMDI CMIP5 websitehftp://cmip-pcmdi.linl.govy.
ing past trends in climate variables as well as for providingSection 2 describes the method that has been used to create
reliable projections of surface climate change and temperathe ozone database, while Sect. 3 presents the results and a
ture trends. For example, previous work indicates that thecomparison with in situ and ozonesonde observations. Sec-
tropospheric ozone burden has increased by around 70 T@ion 4 summarizes the corresponding radiative forcing (RF)
(~30 %) between 1890 and 1990 leading to a global mearand Sect. 5 closes with a summary and discussion.
RF of around 0.35W @ [+0.25 to +0.65 W 2] in 2005
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2 Method and data historical (1850-2000) emissions described in Lamarque et
al. (2010a). Emissions are kept constant from 2000 to 2009
2.1 Historical segment of the ozone database in both historical simulations. In addition, CAM3.5 used
(1850-2009) sea surface temperatures (SSTs) and sea ice concentrations

(SICs) from a previous simulation with the Community Cli-

The historical segment of the ozone database covers the penate System Model Version 3 (CCSM3) while the GISS-
riod 1850 to 2009 and combines separate stratospheric andUCCINI model used observed SSTs (Hadley Centre dataset
tropospheric data sources. An overview of all data sourcesf Rayner et al., 2003). The simulation from CAM3.5 was a
and their formats is given in Table 1. The most accurate optransient simulation from 1850 to 2005 (after a 10-yr spin-up
tion for reproducing historical time varying radiative forcing at 1850) while the GISS-PUCCINI model performed time-
from ozone is to create a three dimensional (latitude, lon-slice experiments every 20 yr between 1850 and 1930 and ev-
gitude, altitude) ozone time series based on observationssry 10 yr thereafter. Each time-slice experiment was run for
However, observations are not available for the entire peeight years with two years spin-up, so that the last six years
riod and for the whole atmosphere. Therefore, regressionef each simulation are used to calculate the climatological
based data filling or output from CCMs is used to provide amean for the corresponding decade. The GISS-PUCCINI re-
database with full coverage. sults were interpolated to the CAM3.5 vertical grid and an

Stratospheric observations are taken from Randel anciverage of both was taken. This average field represents the
Wu (2007). They are constructed using a multiple linear re-historical tropospheric ozone field in the ozone database. The
gression analysis of Stratospheric Aerosol and Gas Experidecadal climatological means were linearly interpolated to
ment (SAGE) I+ll satellite observations combined with polar create annual values, which means that the data have decadal
ozonesonde data from Syowa {69 and Resolute (79N) smoothing included, even though it is annual (i.e. it does not
for the period 1979-2005. The interannual changes derivedepresent sub-decadal variability).
from this data set are then combined with a seasonally vary-
ing ozone climatology from Fortuin and Kelder (1998) to 2.2 Future segment of the ozone database (2010-2099)
provide a monthly global data set. The regression includes
terms representing EESC and 11-yr solar cycle variability. The future segment of the ozone database covers the period
Thus, other sources of interannual variability, including vol- 2010 to 2099 and is merged with the historical time series in
canic eruptions and the Quasi-Biennial Oscillation (QBO), 2009.
are removed. The zonal mean stratospheric time series is ex- The three dimensional (latitude, longitude, altitude) fu-
tended backwards to 1850 based on the regression fits comure tropospheric ozone time series continues the historical
bined with extended proxy time series of EESC and solarCAM3.5, but not PUCCINI, simulation until 2099 follow-
variability. The stratospheric and tropospheric data are coming the four different Representative Concentration Pathways
bined by merging the two data sets across a climatologi{RCPs). The RCP emissions were generated by Integrated
cal tropopause derived from NCEP/NCAR reanalyses. AAssessment Models (IAMs) and harmonized with the his-
netCDF file of the tropopause climatology can be found intorical emissions from Lamarque et al. (2010a) in both am-
the supplementary information. For each profile, the tropo-plitude and geographical distribution. The four RCP sim-
spheric ozone data are used up to the altitude closest (butlations performed with CAM3.5 (Lamarque et al., 2010b)
below) the tropopause, and the stratospheric ozone data aste RCP 8.5 (Riahi et al., 2007), RCP 6.0 (Fujino et al.,
used for higher levels. 2006; Lamarque et al., 2011; Hijioka et al., 2008), RCP 4.5

Before the 1960s, very few direct observations of tropo-(Clarke et al., 2007), and RCP 2.6 (van Vuuren et al., 2007).
spheric ozone are available (Marenco et al., 1994 and refThe number after “RCP” indicates the radiative forcing from
erences therein). Furthermore, unlike in the stratospherdpng-lived greenhouse gases in Wfreached by 2100 in
a multiple linear regression of the temporal evolution oneach scenario. Since RCP simulations from a coupled cli-
factors such as EESC is not possible to define the tropomate model were not available at the time the simulations
spheric ozone distribution. Indeed, the distribution of precur-were started, SSTs and SICs from SRES (Special Report on
sor emissions (and their changes with time) is strongly local-Emission Scenarios) simulations closest to the RCP GHG
ized and does not allow for simple correlation functions. Tro- scenarios were used (CCSM3 commitment, SRES B1, SRES
pospheric ozone estimates are therefore derived from CCMA1B, and SRES A2 for RCP 2.6, 4.5, 6.0, and 8.5, respec-
simulations. The tropospheric ozone simulations were periively, where in the commitment simulation concentrations
formed using the Community Atmosphere Model version of all atmospheric constituents were held fixed at year 2000
3.5 (CAM3.5, Lamarque et al., 2010a) and the NASA GISSvalues). The time series for the greenhouse gas concentra-
model for Physical Understanding of Composition-Climate tions (methane (Ckj, carbon dioxide (C@), nitrous oxide
INteractions and Impacts (GISS-PUCCINI, Shindell et al., (N20)), as well as for ozone precursor emissions (nitrogen
2006). Both models simulate tropospheric and stratospherioxides (NQ), carbon monoxide (CO), volatile organic com-
chemistry with feedback to the radiation and were driven bypounds (VOCSs)) are shown in Fig. 1 (see original datasets

www.atmos-chem-phys.net/11/11267/2011/ Atmos. Chem. Phys., 11, 1MP8&¥2-2011
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Table 1. Summary of data sources used in the AC&C/SPARC ozone database.

STRATOSPERE TROPOSPHERE
Period Format Data source Period Format Data source
1850-1978 Monthly mean time The EESC regres- 1850-2009 Monthly mean time Two-model mean
varying zonal mean sion fit coefficients, varying 3-D field derived from
field (altitude, together with (altitude, latitude, = CAM3.5
latitude, time) that pre-1979 EESC longitude time) (Lamarque et al.,
considers solar values, are used 2010a) and GISS-
variability to extrapolate the PUCCINI (Shindell
stratospheric ozone et al., 2006)
time series back- simulations.
ward to cover the
period
1979-2009 Monthly mean time Multiple linear
varying zonal mean regression analysis
field (altitude, of SAGE I+l
latitude, time) that satellite observa-
considers solar tions and polar
variability ozonesonde
measurements from
Syowa (69 S) and
Resolute (73N)
2010-2099 Monthly mean time CCMVal-2 2010-2099 Monthly mean time CAM3.5 RCP
Single scenario: varying zonal mean 13-model, see Four scenarios:  varying 3D field 2.6,4.5,6.0,and
adjusted A1 field (altitude, Table 2 and SPARC RCP 2.6, 4.5, (altitude, latitude, 8.5 simulations
halocarbons latitude, time) that CCMVal (2010) 6.0, and 8.5. longitude time) (Lamarque et al.,
scenario and does not considers 2010a).
SRES A1B GHG solar variability
scenario.

at http://www.iiasa.ac.at/web-apps/tnt/Rcpb/While the

The two-dimensional (latitude, altitude) monthly mean

ozone precursor emissions NACO, and VOCs are some- stratospheric ozone projections are taken from the future ref-
what different in the four RCPs, large differences amongerence simulations (REF-B2) of 13 CCMs that performed
the RCPs exist for the greenhouse gases, including thé¢his simulation to 2099 in CCMVal-2 at the time the ozone
ozone precursor methane (@H CH,4 concentrations in the  database was created. These models, which do not have de-
RCP 8.5 scenario increase substantially above today’s valtailed tropospheric chemistry, are listed in Table 2 along with
ues (1750 ppb) to above 3500 ppb by 2100, while in RCP their horizontal resolution and uppermost height/pressure
4.5 and RCP 6.0 CHis similar to today’s values in 2100 level. They are described in detail in the references cited
and decreases t81250 ppb in the RCP 2.6 scenario. Since as well as in Morgenstern et al. (2010) and Chapter 2 of
methane is a strong contributor to ozone formation, suchSPARC CCMVal (2010). REF-B2 is the so-called reference
large variations in methane concentrations by 2100 will sig-simulation and is a transient simulation from 1960 to 2100.
nificantly contribute to variations in tropospheric ozone. It In this simulation the surface time series of halocarbons are
is however important to recognize that potentially importantbased on the adjusted Al scenario from WMO (2007), which
simplifications were used for the generation of those concenincludes the earlier phase out of hydrochlorofluorocarbons
trations (Meinshausen et al., 2011). These include a sim{HCFCs) that was agreed to by the Parties to the Montreal
plified representation of the methane self-impact on its life-Protocol in 2007. The long-lived GHG surface concentra-
time, the climate impact on OH and, possibly more impor- tions are taken from the SRES A1B scenario (IPCC, 2001).
tantly, the lack of consideration of variable natural emissionsExternal natural forcings such as solar variability and vol-
of methane, especially wetlands. g€@oncentrations vary canic eruptions are not considered, as they cannot be known
from ~935 ppm in the RCP 8.5 scenarios to 420 ppm in thein advance, and in any case would have little impact on long-
RCP 2.6 scenario in 2100, whileo® ranges from 345 to term changes in radiative forcing. It should be noted that
435 ppm, respectively. only one of the CCMs (CMAM) was coupled to an ocean

Atmos. Chem. Phys., 11, 11267292 2011 www.atmos-chem-phys.net/11/11267/2011/
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Table 2. Stratospherically resolving chemistry-climate models (CCMs) that are included in the multi-model mean stratospheric ozone
projections in this database.

CCM Group and Location Horiz. Res. Upper level REF-B2 References
1 AMTRAC3 GFDL, USA ~200km 0.017 hPa REF-B2 Austin et al. (2009)
2 CAM3.5 NCAR, USA 1.9x2.5 3.5hPa REF-B2 Lamarque et al. (2008)
3 CCSRNIES NIES, Tokyo, Japan T42 0.012hPa REF-B2 Akiyoshi et al. (2009)
4 CMAM Environment Canada, University T31 0.00081 hPa xREF-B2  Scinocca et al. (2008); Fomichev
of Toronto, York Univ., Canada et al. (2007); de Graréet al., (2000)
5 CNRM-ACM Meteo-France; France T63 0.07 hPa REF-B2 éqi (2007); Teysadre et al. (2007)
6 GEOSCCM NASA/GSFC, USA 2.5 0.015hPa REF-B2 Pawson et al. (2008)
7 LMDZrepro IPSL, France 2%5¢3.75 0.07 hPa REF-B2 Jourdain et al. (2008)
8 MRI MRI, Japan T42 0.01hPa XREF-B2 Shibata and Deushi (2008b, a)
9 SOCOL PMOD/WRC and ETHZ, T30 0.01hPa xBEF-B2 Egorova et al., (2005);
Switzerland Schraner et al. (2008)
10 ULAQ University of L'Aquila, Italy R6/11.8x22.5 0.04hPa XREF-B2 Eyring et al. (2006); Eyring et
al. (2007); Pitari et al. (2002)
11 UMSLIMCAT University of Leeds, UK 2.5x3.75 0.01hPa REF-B2 Tian and Chipperfield (2005);
Tian et al. (2006)
12 UMUKCA-UCAM University of Cambridge, UK 25x3.7% 84 km REF-B2 Morgenstern et al. (2008);
Morgenstern et al. (2009)
13  WACCM NCAR, USA 1.9x2.5 5.9603% 10 %hPa 3«REF-B2 Garcia et al. (2007)
Total CO2 concentration Total CH4 concentration Total N20O concentration
1000 1 1 1 1 1 1 4000 1 1 1 1 1 1 450 1 1 1 1 1 1
—SRES A1B 3500 E o L
so0 4 —historical - 3000 4 P
—_ RCP2.6 —_ — 390 o
& RCP4.5 8 2500 3 a1
2 6004 ——RCP6.0 F= Z 360 o -
8 CP8 5 3 2000 FS
o ’ © 2\ 2 330 - -
400 4 | 1500 4 F
1000 - 300 4 -
200 T T T T T T 500 T T T T T T 270 T T T T T T
1880 1920 1960 2000 2040 2080 1880 1920 1960 2000 2040 2080 1880 1920 1960 2000 2040 2080
Years Years Years
Total NOx emissions Total CO emissions Total VOC emissions
140 1 1 1 1 1 1 1200 1 1 1 1 1 1 240 1 1 1 1 1 1
. 127 \\ E 1000 4 X L2 \ r
S 100 \\ o %‘ g 180 4 [
T w0 d LS o001 r s
2 \ 9 2 150 -
g 60 SFE 600 Y
é 10 [ 8 Q 120 o -
20 [ 400 - - 50 4 I
0 T T T T T T 200 T T T T T T 60 T T T T T T
1880 1920 1960 2000 2040 2080 1880 1920 1960 2000 2040 2080 1880 1920 1960 2000 2040 2080
Years Years Years

Fig. 1. Time series of different greenhouse gas concentration@j& Oy, (b) CH4 and(c) N2O as well as emission scenarios {dj NOy,
(e)CO and(f) VOC in the historical period (1850 to 2000) and for the four RCPs (2000 to 2100). Additionally, the GHG scenarios are shown
for the SRES A1B scenario.

in CCMVal-2, whereas in all other CCMs SSTs and sea-database (37 latitudes and 72 longitudes) is performed. Alin-
ice concentrations are prescribed. The CCMs have been exar interpolation is also used to obtain a monthly mean time
tensively evaluated as part of the SPARC CCMVal Reportseries that spans the period from 2010 to 2099. Finally, as in
(SPARC CCMVal, 2010). The setup of the REF-B2 simula- the historical part, the future stratospheric and tropospheric
tions is further described in Eyring (2008) and Chapter 2 ofdata are spliced together by merging the two data sets across
SPARC CCMVal (2010). the climatological tropopause derived from NCEP/NCAR re-
analyses (see also Sect. 2.2), to produce a smooth final data

To merge the future tropospheric data with the strato- ot from 1850 to 2100.

spheric data, first a linear re-gridding of the ozone data at
the same levels, latitudes and longitudes of the historical

www.atmos-chem-phys.net/11/11267/2011/ Atmos. Chem. Phys., 11, 1MP8&¥2-2011
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Fig. 2. Upper row: time series of annual mean northern midlatitude ozone [ppmv] at 5hPa (left) and 50 hPa (right) from the historical
ozone database (black line, derived from observations), the future stratospheric time series under the SRES A1B GHG scenario (blue line,
derived from CCMVal-2 13-model mean), and the merged dataset (red line). Lower row: time series of annual mean northern midlatitude
ozone [ppbv] at 500 hPa (left) and 700 hPa (right) from the historical ozone database (black line, derived from PUCCINI and CAM3.5 model
mean, the future tropospheric ozone projections for the four RCPs (colored solid lines, CAM3.5 simulation), and the merged dataset (colored

dashed lines).

Table 3. Date of return to 1980 column and 50 hPa ozone in the AC&C/SPARC ozone database compared to the 1980 baseline-adjusted time
series of Eyring et al. (2010a). The range in brackets in the right most columns provides the uncertainty range from the 18 CCMs in Eyring
et al. (2010a). For the AC&C ozone database, the stratospheric ozone is shown since tropospheric column ozone differs substantially among

the RCP scenarios (see Eyring et al., 2010b).

adjusted RCP 4.5

origin

adjusted RCP 2.6

origin

1880 1920 1960 2080
time

— — -adjusted RCP 8.5
original RCP 8.5
— — -adjusted RCP 6.0

original RCP 6.0

2000 2040

al RCP 4.5

al RCP 2.6

Region AC&C/SPARC Eyring et al. AC&C/SPARC Eyring et al.
Stratospheric ~ (2010a) Ozone at (2010a)
column ozone  Total column 50 hPa Ozone at

ozone 50 hPa

Tropics annual — 2042 - -

mean [2028, -] [= -]

Midlatitude NH 2054 2021 - 2043

annual mean [2014, 2029] [2024, -]

Midlatitude SH 2031 2035 2049 2058

annual mean [2030, 2040] [2035, -]

Antarctic 2045 2051 2065 2057

October mean [2046, 2057] [2049-2065]

Arctic March 2031 2026 2035 2031

mean

[2023, 2031]

[2023-2041]
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2.3 Merged historical and future ozone database

11273

ered while interpreting CMIP5 models that are forced with

the ozone dataset described here:

To merge the historical dataset with the future data set, dif-
ferences in the annual cycle for 2009 are calculated and then
subtracted from all time series in the future data set in both
the troposphere and stratosphere. This calculation is done
for all latitudes, longitudes and levels of the database. In
addition, the ozone mixing ratios have been vertically inter-
polated from the original pressure levels to the final pres-
sure levels that are defined in the database. This vertical in-
terpolation was done with the function int2p of the NCAR
Command Language (NCL) softwarbttp://www.ncl.ucar.
edu/Document/Functions/Built-in/int2p.shimising the op-

tion of logarithmic interpolation. Vertical smoothing was not
applied.

As an example, the upper row of Fig. 2 shows the time se-
ries of northern midlatitude ozone from the CCMVal-2 multi-
model mean compared to the historical ozone database that
is based on observations and the merged dataset for two se-
lected stratospheric levels (5 and 50 hPa). The offset that ex-
ists between the multi-model mean and the observations in
2009 is removed in the merged database. The interannual
variability decreases in the stratosphere since solar variabil-
ity is not considered in the future CCMVal-2 simulations and
since the multi-model mean timeseries has been smoothed
before the merging (Sect. 2.2). The merging works well
in cases where the simulated trend between 1960 and 2009
agrees well with observations. In the northern midlatitudes,
this is the case for the 5 hPa level, but not for the 50 hPa level,
where the observed trend is larger (see Chapter 9 of SPARC
CCMVal, 2010 and Austin et al., 2010). As a result, while in
the CCMVal-2 13-model mean (blue line) ozone at 50 hPa
returns to 1980 levels, this is not the case in the merged
database. The differences in ozone return dates at 50 hPa and

— The historical database is derived from observations in

the stratosphere but consists of a 2-model mean in the
troposphere, see discussion above.

The ozone database consists of a zonal mean ozone field
(latitude, altitude) in the stratosphere, but is a full three
dimensional field (latitude, longitude, altitude) in the
troposphere.

The stratospheric ozone database includes solar vari-
ability in the past since the pastis based on observations,
but does not include solar variability in the future.

— While the future tropospheric database is consistent

with the four RCPs, the stratospheric ozone projections
are based on the SRES A1B GHG scenario (i.e. only
one scenario in the future). This approach was taken
since at the time the ozone database was required for
the CMIP5 activities (September 2009), a multi-model
mean existed only for this single GHG scenario. Im-
plications of different GHG scenarios on stratospheric
ozone are discussed in Eyring et al. (2010b). With a
small set of models that performed the individual sim-
ulations, it was found that differences in stratospheric
column ozone among the six GHG scenarios considered
(SRES A1B, SRES B2, SRES A2, plus the three RCPs
8.5, 4.5 and 2.6) are largest over northern midlatitudes
(~20DU by 2100) and in the Arctic40 DU by 2100)
with divergence mainly in the second half of the 21st
century.

for column ozone are summarized in Table 3. The merging3 Results and evaluation

results in differences between the ozone return dates derived

from the multi-model mean CCMVal-2 time series (Eyring Befor_e showing the radiative forcing results in S_ect. 4,_ we
etal., 2010a) and the AC&C/SPARC ozone database. Thes@escribe aspects of the merged ozone database including to-
differences are largest in the northern midlatitudes while intal column ozone (Sect. 3.1), tropospheric column ozone

all other regions the return dates are within the uncertainty(Sect. 3.2), surface ozone (Sect. 3.3), and vertical profiles
range derived by Eyring et al. (2010a). of ozone (Sect. 3.4). Since the tropospheric part of the ozone

The lower row of Fig. 2 shows two tropospheric levels database is created from model simulations, we also evalu-
(500 and 700hPa). Since the GISS-PUCCINI simulation is2t8, 1 results by comparing them to satellite, ozonesonde
not continued into the future, there is also a small shift be—and in situ observations. The CCMs that are used for the

tween the merged simulation (colored dashed line) and thestratosphenc ozone projections under the SRES A1B GHG

one by CAMS3.5 (colored solid lines). The resulting merged scgn.ariol.have been extensively ev:lslluated and analysed in the
database is also shown for one tropospheric (500 hPa) an%mstmg iterature (SPARC CCMVal, 2010).

one stratospheric (50 hPa) level for different regions in Fig. 3.31 Total column ozone

Animations that show decadal averages for total and tropo-

spheric column ozone from the 1850s to the 2090s for theFigure 4 shows decadal averages of zonal mean total col-
four RCPs can be found in the Supplement. umn ozone for representative decades of the historical com-
It should be noted that the resulting merged ozonebined stratospheric and tropospheric database. The well-
database has some internal inconsistencies, which are briefknown features of highest total column ozone in Northern
summarized below. These inconsistencies need to be consiédnd Southern Hemisphere spring, low ozone values with a
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Fig. 3. Annual time series at 500 hPa (left) and 50 hPa (right) in various regions (spring-time Arctic and Antarctic, annual mean northern and
southern midlatitudes, annual mean tropics).

small seasonal cycle in the tropics and a relative ozone maxthe NIWA combined total column ozone data, TOMS ob-
imum in the midlatitudes of the Southern Hemisphere in lateservations and the SAGE I+l satellite observations. As de-
winter/early spring are represented in the pre-ozone hole pescribed in Hassler et al. (2009), total column ozone in the
riod until the 1960s, with very little differences in the decadal Antarctic in the Randel and Wu (2007) dataset (i.e. in the
means of the 1850s to the 1960s. From the 1970s onward®\C&C/SPARC ozone database) is higher than in the NIWA
the dominant change in total column ozone is the appearancand TOMS data sets because in this region the Randel and
of the minimum ozone column above the Antarctic due to Wu (2007) database is based only on the ozonesondes from
increases in ODSs. In addition, recent Arctic total columnthe Syowa station located at €9. This station is not in
ozone in spring is also smaller than before 1970. the centre of the vortex but is close to the vortex edge and
The 20-yr mean climatological total column ozone from therefore the ozone measured there is occasionally indica-

1980 to 1999 from the AC&C/SPARC ozone database gen.tive of midlatitude rather than polar air. This is confirmed by
erally compares well to the NIWA combined total column Solomon et al. (2005) who show that the Syowa station dis-
ozone database (Bodeker et al., 2005) and to TOMS obseRlays smaller October mean ozone depletion than the station
vations (Stolarski and Frith, 2006), see Fig. 5. It should beat the South Pole. With respect to the NIWA observations,
noted that total column ozone in the historical time seriestotal column ozone of the AC&C/SPARC database averaged
is mainly dominated by stratospheric ozone (i.e. not tropo-0ver the period 1980-1999 has a slightly larger bias over
spheric ozone) and thus this is mainly a comparison betwee/Antarctica in spring than does the CCMVal-2 multi-model
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Decadal mean total column ozone As noted in previous studies (e.g. Austin et al., 2010;
AC&C/SPARC 1850-1859 AG&G/SPARC 1900-1909 SPARC CCMVal, 2010; Eyring et al., 2010a), the evolution
o " of tropical total (or stratospheric) column ozone depends on
g % g % the balance between the increase in upper stratospheric con-
% 732 32 732 centrations (due to Cfinduced stratospheric cooling which
60 < 60 < increases ozone) and the decrease in lower stratospheric con-
90 @ P90 @ - centrations (due to projected increases in tropical uppwelling,
JFMAMUJ JASONDJ JFMAMUJJASONDUJ

see also Fig. 3). As aresult the projected changes are in gen-
eral small compared to extra-tropical regions3(DU). Be-
cause ozone averaged over midlatitudes first decreases until
around 2000 and then increases again in the upper and lower
stratosphere over the 21st century (see also Fig. 3), a sim-
) ilar evolution is projected for midlatitude stratospheric col-
JFMAMUJJASONDJ JFMAMJJASONDUY umn ozone, with the minimum in both hemispheres being

ACBC/SPARC 1970-1979 AC&C/SPARC 1980-1989 reached by~2000 followed by a steady and significant in-
crease (see green and black curves in upper and lower left
panels of Fig. 7).

AC&C/SPARC 1950-1959 AC&C/SPARC 1960-1969

Latitude
Latitude

90
60
30

Latitude
o
Latitude

-30

o e ==

JFMAMUJJASONDU JFMAMJJASONDJ

3.2 Tropospheric column ozone

In Fig. 8 tropospheric column ozone values averaged over
the period 2005 to 2009 are compared to values derived
from OMI and MLS instruments on board the Aura satel-
lite (Ziemke et al., 2011; sourcénttp://acdb-ext.gsfc.nasa.
gov/Dataservices/cloudslice/newdata.htm). Tropospheric

. ozone column in the ACC/SPARC ozone database is slightly
JEMAMUJJASONDY JEFMAMJJASONDY lower than the OMI and MLS observations (by less than
5DU, see upper row in Fig. 8). The local maximum be-
tween Africa and South America, a region that is affected

Fig. 4. Decadal mean total column ozone [DU] in the historical part BY Piomass burning, is reproduced. The lower row in

of the ozone database. The decades span the period from the 185b64J- 8 shows that the annual cycle in tropospheric column
(top left) to the 2000s (bottom right). ozone is in general well reproduced by the AC&C/SPARC

ozone database. However, the maximum during spring

in the Southern Hemisphere and the maximum during
mean (Fig. 6a—d). The historical changes in total columnspring/summer in the Northern Hemisphere are underesti-
ozone are dominated by responses to ODSs, resulting imated. This seasonal increase in tropospheric column ozone
peak ozone depletion around 200080 DU lower than its  is the effect of both increased photo-chemistry and dynam-
1980 value), which is in reasonably good agreement withics (stratosphere-troposphere exchange) (de Laat et al., 2005;
the NIWA observations (Fig. 6e). The decline in spring- Ziemke et al., 2011).
time Antarctic total column ozone is followed by a slow and  Tropospheric column ozone shows a historical change be-
steady increase until 2100 (see light blue curve in upper rightween 1850 and 2000 of around &®.1 DU, which is 21—
panel of Fig. 7). 35 % less than the model-range (8.9-10.8 DU for chemistry-

Arctic total column ozone in spring is higher than in the climate models with tropospheric and stratospheric chem-

NIWA and TOMS data sets (Fig. 5). In this case the differ- istry) documented in Gauss et al. (2006). The models in
ences are relatively small (less than 6 % in April). The Ran-Gauss et al. (2006) used a variety of estimates for year 2000
del and Wu (2007) values, and thus the ozone database valuesnissions, and methane was set at 1740-1760 ppb (see their
in the Arctic, are based on the Resolute ozonesonde medFrable 2). For 1850, all anthropogenic emissions were set to
surements at PAN. Spring-time Arctic total column ozone zero, biomass burning emissions were reduced by 90 %, and
evolves similarly to spring-time Antarctic ozone, but with methane was set at 792 ppb. The methane change applied
smaller ozone losses during the peak ozone depletion periody Gauss et al. (2006) is similar to that used here (Fig. 1b),
(~23 DU smaller than the 1980 value). In addition, ozone but the 1850-2000 changes in emissions, especially biomass
increases significantly above 1960 values by the end of théurning, are generally smaller in our study (e.g. overallNO
21st century in the SRES A1B simulation, due to GHG- emissions increase by 32 Tg(N)yrhere, but by an average
induced strengthening of the Brewer-Dobson circulation (seeof 38 Tg(N) yr-! in the models used in Gauss et al., 2006),
dark blue curve in upper right panel of Fig. 7). and this is probably the main reason why the tropospheric

AC&C/SPARC 1990-1999 AC&C/SPARC 2000-2009

Latitude
Latitude

150 200 250 300 350 400 450
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Fig. 5. Total column ozone climatologies (1980 to 1999) for the AC&C/SPARC ozone database compared to the NIWA combined total
column ozone database (Bodeker et al., 2005) and TOMS (Stolarski and Frith, 2006).
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Fig. 6. September to November total column ozone mean (1980-midlatitudes (35-6DN), tropics (28 N—-25°S), and global mean
1999) from the CCMVal-2 multi-model mea@) and the bias of  (90° N-9(° S). The four future scenarios are RCP 2.6 (dashed
it from the NIWA databasdb). (c, d) Same aga, b), but for lines), RCP 4.5 (solid lines), RCP 6.0 (dotted lines), and RCP 8.5
the AC&C/SPARC ozone databage) time series of total column  (dashed-dotted lines).
ozone over Antarctica (averaged from 60=%) from 1960 to 2000
for the CCMVal-2 multi-model mean (red line) and standard devia-
tion (blue shaded area) in comparison to the AC&C/SPARC ozone
database (green line) and observations from the NIWA database
(black dots).
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2005-2009 mean tropospheric column ozone to the time series of ozone at 500 hPa the spread between the
AC&C/SPARC MLS/OMI RCP scenarios is larger in the Northern than in the Southern
Hemisphere. Ozone in the RCP 8.5 scenario increases glob-
ally, with largest increases around°30 over Europe, Africa
and Far East Asia.

3.3 Surface ozone

180 150WM20W90W 60W 30W 0 30E 60E 9OE 120E150E 180 180 150WM20W90W 60W 30W 0 30E 60E 90E 120E150E 180

AC&C/SPARC annual cycle MLS/OMI annual cycle . .
w1 Y . Figure 10 shows decadal mean surface ozone in the past
o :/(0—/\: e (1940s and 2000s) and future (2050s and 2090s). In the
= e ?‘_ past, surface ozone has increased over the globe due to the
Ly L e increase in ozone precursors (see Fig. 1), with largest in-
- =] \ - ﬁ creases in the northern midlatitudes over land. In the future
SEM AM YA s 0N D JEM AM U A s 0N Dy scenarios, the reduction in N@missions in the RCP 2.6, 4.5

and 6.0 scenario from around 125 Tg(N®r ! in 2000 to
around 60 Tg(N®) yr—1 in 2100, along with the decrease in
Fig. 8. Tropospheric column ozone averaged between 2005CO and VOC emissions and the change in methane concen-
and 2009 from the AC&C/SPARC ozone database compared tdrations (see Fig. 1) results in a reduction of surface ozone by
MLS/OMI observations (from Ziemke et al., 2011). the 2090s compared to the 2000s for all RCPs (Fig. 10). In
contrast to tropospheric column ozone which is continuously
increasing in the RCP 8.5 scenario (Fig. 9), surface ozone is
ozone increase reported here is less than in most previoudecreasing in RCP 8.5. In the last decade of the 21st century,
studies. surface ozone in the RCP 6.0 scenario is slightly higher than
Trends in tropospheric and total column ozone betweerin the RCP 8.5 scenario, partly as a response to the higher
the 2010s and the 2090s are summarized in Table 4. Unlik&/OC and CO emissions in the RCP 6.0 scenario at the end
in previous studies that assessed CCMVal-2 SRES A1B simef the 21st century. However, this also reflects the larger
ulations (Austin et al., 2010; SPARC CCMVal, 2010; Eyring magnitude of climate change in RCP 8.5, and the associated
etal., 2010a), trends in tropospheric column ozone contributaegative feedbacks of climate change on surface ozone, in
substantially to the trends in total column ozone in the fu-particular due to increases in absolute humidity, and hence
ture CAM3.5 RCP simulations. Therefore, future total col- ozone destruction (e.g. Johnson et al., 2001). It should be
umn ozone in various regions (upper row in Fig. 7) variesnoted that the changes in surface ozone in the RCP 8.5 sce-
among the scenarios although the stratospheric ozone praario are much smaller than those projected by model simu-
jections are based on a single future scenario (lower row idations based on the SRES A2 N®cenario (Prather et al.,
Fig. 7). These variations result from tropospheric column2003), where NQ emissions were continuously increasing
ozone differences among the RCPs (middle row in Fig. 7),up to 109.2 TgNyr? in 2100 (358.8 TgN@yr~1) by 2100
which are large in the northern midlatitudes and in the Arc-(IPCC, 2001). The large increases in N@rojected in the
tic (~16 and 13 DU by 2100, respectively) and smaller over SRES A2 scenario are now thought to be highly unlikely,
Antarctica, southern midlatitudes, and the tropie§(5 and  given global concerns about air quality and the pervasive up-
9 DU by 2100, respectively). While the changes in the emis-take of measures to reduce air pollution (e.g. Dentener et al.,
sions of important ozone precursors (N@O, VOCs) are  2005; Cofala et al., 2007). The Prather et al. (2003) study
not hugely different between RCPs (except,NOr which also did not include any climate change feedbacks on surface
the RCP 8.5 emissions in 2100 ar80 % larger than the ozone.
other RCPs), there are wide variations (a factor of 3 between
RCP 2.6 and RCP 8.5) between the estimated mixing ratio$.4 Vertical ozone profiles
for methane (van Vuuren et al., 2010). Therefore, as noted
by Lamarque et al. (2010b), the large variations in tropo-To further evaluate the AC&C/SPARC ozone database in
spheric column ozone among the four RCPs are likely dughe troposphere, we also compare the vertical profiles to
to the different methane mixing ratios that strongly impact 0zonesondes at selected stations from Logan et al. (1999)
tropospheric ozone, much more than the difference i, NO and to in situ measurements for selected sites from Emmons
emissions (see also Fiore et al., 2002). The differences iret al. (2000).
methane are therefore the main driver of the tropospheric The first column in Fig. 11 shows the annual cycle in
ozone changes in the 21st century. In addition, Fig. 9 show®zonesonde observations from Logan et al. (1999), and the
a map of tropospheric column ozone for selected decades afecond column the equivalent plot from the AC&C/SPARC
the historical and future database. The overall evolution isozone database. The final column compares all points, with
similar to that of the 500 hPa level shown in Fig. 3. Similar bars indicating the standard deviation in the observations.

0 5 10 15 20 25 30 35 40 45
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Table 4. Trends (2090s—2010s) in total and tropospheric column ozone in the four RCPs.

I. Cionni et al.: Ozone database in support of CMIP5 simulations

Spring- Spring- Annual Annual Annual Annual
time Arctic time mean mean mean global
(FMA) Antarctic southern northern tropics mean
(60° N— (SON) midlati- midlati- (25° s— (90° S—
9C° N) (90° S— tudes tudes 25°N) 9C° N)
60° S) (60° S— (35° N—
35°S) 60° N)

RCP 2.6 Total 56 DU 104 DU 29DU 14DU —2DU 12DU
Column (13 %) (38 %) (10 %) (4 %) (—1%) (4 %)
Ozone
Tropos. —7DU obu —2DU —9DU —4DU —5DU
Column (—22 %) (0%) (—=7%) (—29 %) (—17 %) (—18 %)
Ozone
Stratos. 63 DU 104 DU 31DU 23DU 2DU 17DU
Column (16 %) (40 %) (11 %) (8%) (1%) (7 %)
Ozone

RCP 4.5 Total 61 DU 103DU 30DU 19DU obu 15DU
Column (15 %) (38%) (10 %) (6 %) (0%) (5%)
Ozone
Tropos. —2DU —-1DU —-1DU —4DU —2DU —2DU
Column (=7%) (—3%) (—5%) (—13%) (—10%) (—9%)
Ozone
Stratos. 63 DU 104 DU 31DU 23DU 2DbU 17DU
Column (16 %) (40 %) (11 %) (8%) (1%) (7 %)
Ozone

RCP 6.0 Total 60 DU 103 DU 30DU 19DU obu 15DU
Column (14 %) (38%) (10 %) (6 %) (0%) (5%)
Ozone
Tropos. —-3DU —-1DU —-1DU —4DU —2DU —2DU
Column (—10%) (—3%) (-5%) (—13 %) (—10%) (—9%)
Ozone
Stratos. 63 DU 104 DU 31DU 23DU 2DbuU 17DU
Column (16 %) (40 %) (11 %) (8%) (1%) (7 %)
Ozone

RCP 8.5 Total 69 DU 106 DU 35DU 30DU 7DU 22DU
Column (17 %) (39 %) (11%) (9%) (3%) (8%)
Ozone
Tropos. 6 DU 2DU 4DU 7DU 5DU 5DU
Column (19 %) (12 %) (18 %) (19 %) (18 %) (18 %)
Ozone
Stratos. 63DU 104 DU 31DU 23DU 2DU 17DU
Column (16 %) (40 %) (11 %) (8%) (1%) (7 %)
Ozone

Where the model overpredicts (underpredicts) the observaical regions not immediately influenced by nearby precur-

tions by more than one standard deviation, the point is plot-sor sources (Churchill, Hohenpeissenberg and Aspendale).
ted in red (blue); these points are shown in the second colThere is an excellent agreement between the ozonesonde
umn by the solid (dashed) contours. The approach that wameasurements and the ozone database, with differences en-
taken in the comparison was to focus on the troposphericlosed almost everywhere within 1 standard deviation of the

ozonesonde observations with records of about 15 yr (1980-ebservations.
1995) and locations that are representative of large geograph-
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Decadal mean tropospheric column ozone
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Fig. 9. Decadal mean tropospheric column in the historical database (left for the 1940s and 2000s) and the RCPs (right); from top to bottom:
RCP 2.6, RCP 4.5, RCP 6.0 and RCP8.5 shown for the 2050s and 2090s.

Tropospheric ozone mixing ratios from a number of air-  Turning now to the long-term changes in vertical profiles,
craft campaigns have been mapped onté lBgitude by 3 Fig. 13a shows the percentage differences in the annual cy-
latitude grid by Emmons et al. (2000), with additional data cle between the 1960s and the 2000s & ®0The region
from more recent campaigns (sk#p://gctm.acd.ucar.edu/ of maximum ozone depletion is localized between about 150
datg, up to and including TRACE-P in 2001. Twelve differ- and 30 hPa (approximately 14—-25 km altitude) in October (up
ent campaigns between 1985 and 2001 from 12 different reto ~90 %), shown in detail in Fig. 14 where both the magni-
gions have been selected for this comparison (Fig. 12). Theéude and the vertical profile of the depletion associated with
comparison to in-situ measurements of vertical ozone prothe ozone hole over the South Pole is seen to agree well with
files reveals that the AC&C/SPARC ozone database is genthat derived from ozonesondes. Ozone depletion begins dur-
erally inside the interval that represents 90 % of the observaing August corresponding to exposure of the cold winter air
tions with some deviations in regions of biomass burning. Toto sunlight (Sanders et al., 1993; Lee et al., 2000). Dur-
summarise the comparison with aircraft data, we find genering November at around 70 hPa ozone starts to recover fol-
ally good agreement between the database and observatiorlewing the warming of the winter vortex and its subsequent
Exact agreement, especially near episodic sources of ozongreakup. At lower altitudes (150 hPa) the largest ozone de-
precursors, cannot be expected from relatively coarse resolipletion occurs between December and January and the re-
tion global models with climates not constrained by meteo-covery starts later, in March. This lag between the mid-
rological re-analyses. dle and lower stratosphere is a consequence of the down-

ward transport of ozone-poor air from above (Solomon et al.,
2005). Figure 13b displays percentage differences between
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Fig. 10. As Fig. 9, but for decadal mean surface ozone.

the 1960s and the 2000s in zonal annual mean ozone. In The corresponding vertical profiles of the projected future
the lower stratosphere the differences are negative over mostzone changes for RCP 4.5 in the troposphere and SRES
of the latitudes, reaching aroureéd0 % in the Antarctic at AlB in the stratosphere are shown in Figs. 13c, d and 14.
100 hPa. From 40N to 90° N ozone shows negative trends As discussed earlier in the context of the stratospheric col-
of about 15% between 300 hPa and 50 hPa, which agreesmn changes (Fig. 7), the ozone hole largely but not en-
well with the trends estimated from ozonesondes in Randetirely recovers to 1960s values by the 2090s (Fig. 14). Mid-
et al. (1999). The increase in ozone below the tropopausdatitude values in both hemispheres as well as polar lower
reaches 25-30% in the tropics and 15-25% in the northstratospheric ozone considerably exceed 1960s values by the
ern hemispheric troposphere and is mainly attributable ta2090s, while tropical lower stratospheric 0zone continues to
the increase in ozone precursor emissions (Lamarque et aldecline throughout the 21st century, with the behaviour in
2005). Two maxima are exhibited: one close to the surfaceboth cases due to the enhanced Brewer-Dobson circulation.
between 3N and 20 N and the other at around 300 hPa and In the upper stratosphere, the 21st century recovery exceeds
2(° N. According to Gauss et al. (2006), the near—surface inthe 20th century decline because of the additional ozone in-
crease in ozone is directly related to the increase of anthroerease from Cginduced upper stratospheric cooling.

pogenic emission sources. The second maximum is proba- _. . ) ) )
bly related to convective uplift of the underlying maximum, Figure 13d indicates that ozone is projected to decline by
~10-20 % throughout much of the troposphere, under the

but may also be partly related to climate change which tends cp 4 ! ol h H i the North
to increase the exchange of ozone between the stratosphePe -5 scenario, especially near the surface in the North-

and troposphere (Collins et al., 2003; Hegglin and Shepherd?rn Hemisphere. The exception is th? polar upper tropo-
2009). sphere, which shows some increases in ozone close to the

tropopause, associated with increased addition of ozone from
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Fig. 11. Comparison of tropospheric ozone (ppb) from the AC&C/SPARC ozone database with ozonesonde observations at three different

sites. The first column shows the annual cycle in observations from Logan et al. (1999), the second column is the equivalent plot from the

AC&C/SPARC ozone database. The final column compares all points, with bars indicating the standard deviation in the observations. Where
the model overpredicts (underpredicts) observations by more than one standard deviation, the point is plotted in red (purple); these points are
shown in the second column by the solid (dashed) contours.

the overlying stratosphere, where ozone levels are projectednd aerosols is included. In the LW, absorption and emission
torise. by H,O, COy, N2O, CH,, Oz, CFC11, CFC12 and aerosol
is included. Data from the HITRAN92 molecular database
(Rothman et al., 1992), together with LOWTRAN7 (Kneizys
4 Radiative forcing et al., 1988) for @ in the SW are used. Line and continuum
absorption are treated as in (Clough et al., 1989). The effects
of clouds are included in the calculations performed here.
Recent updates to ozone absorption coefficients in the code
o ) ! ?J. Manners, personal communication, 2011) have not been
ozone radiative forcings. This code solves the two-Stream, . ded in the results presented here, and preliminary results

('he' upwardssa:/r\lld _downvlvards) :;IL:XGS of radlail\j)vn n both thesuggest that this is an important caveat, as the updates have
short-wave (SW, i.e. solar) and long-wave (LW, i.e. terres-g; 0 impact on calculated ozone radiative forcings.
trial) regions of the spectrum. Spectral resolution can be

varied: here a low spectral resolution is used, with 8 LW To calculate an ozone radiative forcing, the code is ap-
bands and 6 SW bands. This resolution is typical of GCMs,plied as follows. A base calculation of radiation fluxes is per-
and gives good agreement with much higher resolution verformed (using decadally averaged monthly ozone data from
sions of the code, across a range of conditions (Edwards anthe 1850s) for each column of model atmosphere (i.e. for
Slingo, 1996). In the SW, absorption by®, CO, O3, Oz each B x 5° grid square, every month). Profiles of several

4.1 Radiative forcing code and methods
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Fig. 12. Vertical profiles of campaign observation from Emmons et al. (2000) and the AC&C/SPARC ozone database for different regions.
Boxes and whiskers indicate the central 50 % and 90 % of the observations, with a vertical bar at the median and a star in the mean. The
AC&C/SPARC ozone database is averaged over the same latitudes as the observations. Mean and standard deviations over the same tin
period of the campaign are shown by the solid and dashed lines.

atmospheric and surface properties (e.g. temperature, humigpond quickly (days to months) — much more quickly than
ity, clouds, surface albedo) are required; here we use modehe surface-troposphere system, which will respond on multi-
data from an integration of the 64 level HadAM3 GCM (Pope annual timescales. A better estimate of the long-term forcing
et al., 2000; Tian et al., 2005). The radiation calculation ison the surface climate takes into account this short-term re-
then repeated, keeping everything the same, but using a disponse of stratospheric temperatures (Forster et al., 2007).
ferent ozone field (e.g. from the 2000s). The change in neStratospheric temperature adjustment was achieved by first
radiation at the tropopause between these two calculationsalculating stratospheric heating rates for the base atmo-
gives the instantaneous radiative forcing. sphere. The stratosphere was assumed to be in thermal equi-

By changing the ozone field, heating rates in the strato-“.b“um’ with dynamical heating exactly balancing the radia-

sphere will have changed. If such a change were to happeHve heating. Furthermore, the dynamics were assumed to

in the real atmosphere, stratospheric temperatures would rdémain constant following a perturbation to ozone. Hence
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Fig. 13. (a)Annual cycle at 80 S and(b) meridional cross-section of the percentage differences in ozone between the 1960s and the 2000s.
(c, d) Same aga, b), but for the differences between the 2000s and the 2090s. The future GHG scenario shown is RCP 4.5 in the troposphere
and SRES A1B in the stratosphere.

to maintain equilibrium, radiative heating rates must also re-in the troposphere. We use essentially the same climatolog-
main unchanged. To achieve this, stratospheric temperaturasal definition of the tropopause as used earlier in the con-
were iteratively adjusted in the perturbed case, until strato-struction of the ozone database. We do not use exactly the
spheric radiative heating rates returned to their base valuesame tropopause because the data is interpolated to a differ-
This procedure is called the fixed dynamical heating approx-ent vertical grid from that in the database in order to per-
imation (Ramanathan and Dickinson, 1979). form the radiation calculations. This means that close to

Here we report global annual mean forcings at thethe tropopause, the interpolation mixes some values from

tropopause, after stratospheric temperature adjustment, tak® Stratospheric and tropospheric parts of the database. We
ing an area weighted average over all months. The code ha&10S€ to keep the stratospheric RF calculations purely strato-
previously been used to calculate tropospheric ozone radigsPheric, so all values following interpolation that included
tive forcings (Stevenson et al., 1998, 2000, 2006). ThesdnY influence of tropospheric values were included in the tro-
previous studies have used 19 vertical levels, with the levelPOSPheric RF calculation. This means the tropospheric RFs

concentrated towards the surface. The 19-level version wal'clude a small component (less than 0.01W2|)nfrom the
upgraded to 64 levels, providing much more vertical reS0|u_stratos_phere. Calculations were also performed with ozone
tion in the stratosphere and upper troposphere. changing throughout the \{vhole atmosphere - resqltg showed
o . that summing tropospheric and stratospheric radiative forc-
In order to separate the radiative forcing components fron]ngs gave the same result (within 1-2 %) as the whole at-

changes in tropospheric and stratospheric ozone, one S@hssphere calculation, indicating that non-linear effects were
of calculations was performed with changes in ozone Onlynegligible.

above the tropopause, and another where ozone only changed

www.atmos-chem-phys.net/11/11267/2011/ Atmos. Chem. Phys., 11, 1MP8&¥2-2011
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90S October itive SW component and a (larger in magnitude) negative
LW component. A decrease in stratospheric ozone levels

— 2000-2009 sondes . . .
lets more downwelling SW into the troposphere, and since

| ----1962-1971 sondes

30

" —5090s the upwelling SW flux must be less than the downwelling
27 7 | —2000s SW, there must be a positive SW RF at the tropopause as-
| —1960s sociated with stratospheric ozone depletion. The negative

B LW RF mainly arises due to the stratospheric temperature

I adjustment (i.e. stratospheric cooling, due to the decrease in
- stratospheric ozone). This reduces the downwelling LW flux

I at the tropopause; the upwelling LW at the tropopause is un-
= changed, since tropospheric temperatures are fixed, hence the
I negative LW RF.

The treatment of clouds in the radiation code has a sig-
nificant influence on the calculated RFs (Table 5), and con-
tributes uncertainty to the values. With clouds completely

removed from the calculations, the global mean tropospheric

T ozone RF is 38 % higher. The SW RF component is slightly
0 3 6 9 12 15 18 smaller when clouds are removed, as the albedo is reduced,

Ozone [mPa/Pa] and this outweighs the effect of more SW radiation reach-

ing the surface, which allows £ochanges below clouds to

Fig. 14. October mean vertical ozone profiles from the oy art 4 larger RF. The clear-sky LW RF is much larger, as
2000s and 2090s (black, blue, and red solid lines, respectively) confthe removal of CI(.JUdS eXpOS?S.the_ ho.tter surface, the main
(@ource of upwelling LW radiation; this allows more up-

pared to ozonesondes for the 1960s (1962-1971, black dashed lin I diati h h th f th
and the recent past (2000-2009, blue dashed line). The future GH elling LW radiation to pass through the parts of the atmo-

scenario shown is RCP 4.5 in the troposphere and SRES A1B in théPhere with higher levels of ozone. Removing clouds has
stratosphere. only a small influence on the net stratospheric ozone RF, al-

though the influences on the SW and LW components are

both increased in magnitude (Table 5). The SW stratospheric
4.2 Radiative forcing results O3 RF increases when clouds are removed, due to the re-

duced albedo (the downwelling SW is unchanged by the re-
Figure 15a shows a map of the tropospherig¢ @dia-  moval of clouds, but the upwelling SW is reduced, hence the
tive forcing (RF) for the period from the 1850s to the net stratospheric §SW RF at the tropopause is increased).
2000s (global mean: 0.229WTh; cf. 0.35 (range 0.25— The LW forcing becomes more negative when clouds are re-
0.65)Wn12 from Forster et al., 2007). The lower value moved because the upwelling LW is increased, but the down-
compared to most previous estimates is mainly due to thavelling LW (controlled by the temperature of the overly-
smaller change in ozone in this study, although the de-ing stratosphere) is largely unchanged. We use cloud fields
tails of the radiation calculations, such as the treatmentcloud fractions, cloud liquid water, and cloud ice) from the
of clouds (see below), may also be important. The RFHadAM3 model; these particular cloud fields have not been
peaks at over 750 mWn? over the Middle East, and is compared in detail to observations, although the model in
positive everywhere except over the Southern Ocean andeneral is known to produce a reasonable climate (Pope et
Antarctica, where the RF is negative. Figure 15b showsal., 2000). It should be noted that a climate model that is
a map of the stratospheric3ORF for the period from forced with the AC&C/SPARC ozone database will produce
the 1850s to the 2000s (global mear0.078 W n12; cf. a slightly different RF for a variety of reasons, e.g. different
—0.05+ 0.1 W nT2: Forster et al., 2007). The negative forc- clouds, tropopause and concentrations of other radiatively
ing is strongest at high latitudes, especially the Antarctic, andactive species.
is due to ozone depletion caused by anthropogenic halogen Figure 16a—d shows the evolution of zonally averaged tro-
loading. pospheric ozone RF from the 1850s up to the 2090s, for

Table 5 shows the SW and LW components of the RFsthe four RCP emissions scenarios (the plots are identical up

(cf. Gauss et al. (2006): Tables 5 and 6). About two thirdsto the 2000s). The negative RFs at high southern latitudes
of the tropospheric ozone RF is in the LW, and one third in have emerged since the 1960s, and are associated with de-
the SW. The LW forcing peaks where large ozone changegreases in tropospheric ozone, largely driven by downwards
coincide with a large temperature contrast between the surtransport of air with depleted stratospheric ozone levels. The
face/lower atmosphere and the upper troposphere, whereagobal mean tropospheric ozone RF grew approximately ex-
the SW forcing peaks where the ozone changes coincide witlponentially up to the 1970s, when growth started to flatten off
high albedos. The stratospheric ozone RF comprises a pogFig. 15). The future tropospheric ozone RFs retain a similar

Height [Km]
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Fig. 15. Ozone radiative forcings (mWﬁ?) at the tropopause (after stratospheric temperature adjustment) for the 2000s, relative to the
1850s, for(a) tropospheric ozone ar(®) stratospheric ozone.

Table 5. Global mean tropospheric (Trop) and stratospheric (Strat)Our decadgl mean values SuggeStS that for .the Pe“o‘?' 1979~
ozone radiative forcings (Wn?, at the tropopause, after allow- 1998, we find the stratospheric ozone RF to increase in mag-
ing for stratospheric temperature adjustment following the fixed dy-nitude by 0.046 W m?, which is quite consistent with the
namical heating approximation) for the 2000s relative to the 1850s AR4 observationally based value. However, the regression
split into short-wave (SW) and long-wave (LW) components, for model used here to extrapolate stratospheric ozone prior to

cloudy and clear skies. 1979 predicts that there was pre-1979 ozone depletion in line
with the elevated values of EESC in 1979. This assumption

SW LW Total is supported by the CCMVal CCMs which clearly show sig-

nificant pre-1979 ozone depletion proportional to the growth

Egg coudy 008 ol 0229 in EESC (Shepherd, 2008; Eyring et al., 2010a). As a re-
Stratcloudy 0.122 —0.200 —0.078 sult, our calculated stratospheric ozone RF, which is relative
Stratclear ~ 0.163 —0.238 —0.075 to pre-industrial times, is about 60 % higher than the central

value reported by the ARA4.

The projections are based on a single future halogen load-
ing scenario (see Sect. 3). Stratospheric ozone RF shows
a gradual recovery at the poles to near pre-ozone deple-
tion levels by the 2060s (Fig. 16e). However, at the same
time as polar ozone recovers, tropical stratospheric ozone

steadily decreases through the 21st century, most strongly
in the NH. These two effects approximately cancel them-

selves out in terms of global mean RF, which remains nega-
tive in the future, with a slight decrease in magnitude to about

—0.05W nT2 in the mid 21st century, then a slight increase
. in magnitude by the 2090s, with the stratospheric ozone RF
2010s, then falls steadily to a value of 0.087 Wirby the moving from the poles to the tropics (Figs. 16e and 17). This
2090s. near-cancellation of future RF changes in the global mean

The stratospheric ozone RF grew from near zero in themay be slightly overestimated, since as noted in Sect. 2.3 the
1960s; the forcing from the 1850s to the 1960s was insignif-merging of observed and modeled stratospheric ozone results
icant (Fig. 15). The forcing grew rapidly through the 1970s in a non-recovery of lower stratospheric ozone in northern
and 1980s before peaking in the 1990s0(079WnT2),  midlatitudes (see Figs. 2 and 3), which is inconsistent with

but has changed little since then up to present-day (2010)he CCMVal model results (Austin et al., 2010).
(Figs. 16e and 17). The magnitude of this value is consid-

erably higher than that of the central stratospheric ozone RF

reported by the AR4, which was0.05+ 0.1 W n2 (Forster

et al., 2007), although lies well within the stated uncertain-> Summary

ties. The AR4 central value was based on observed changes

in stratospheric ozone from 1979-1998; to allow for possibleThis paper discussed the ozone database that has been re-
stratospheric ozone changes prior to 1979, the AR4 increasel@ased to the climate community in support of CMIP5 simu-
the uncertainty range but did not change the central valuelations in netCDF Climate and Forecast (CF) Metadata Con-
implicitly assuming that there were no changes in strato-vention at the PCMDI CMIP5 websitéigp://cmip-pcmdi.
spheric ozone prior to 1979. Simple linear interpolation of linl.gov/). It covers the period 1850 to 2100 and can be used

geographical distribution to the historical forcing, with peaks
in the sub-tropics. Under the high RCP 8.5 emissions sc
nario, the global RF rises steadily, reaching 0.413 W oy
the 2090s. For RCP 6.0, the RF peaks at 0.235W in
the 2050s, before falling to 0.177 Wthby the 2090s. RCP
4.5 follows a similar trajectory, peaking at 0.255 Wnin
the 2040s, before falling to 0.165 WTh by the 2090s. In
the RCP 2.6 scenario, the RF peaks at 0.235W in the
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(a) RCP2.6 Tropospheric O3 RF (relative to 1850s) mW/m2 (b) RCP4.5 Tropospheric O3 RF (relative to 1850s) mW/m
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Fig. 16. Zonal mean radiative forcing, 1850s to the 209@sd) tropospheric ozone for four future scenarios (RCP2.6, RCP4.5, RCP6.0 and
RCP8.5); ande) stratospheric ozone (single scenario).

as forcing in general circulation or Earth system models that . Global mean 03 RF mWi2
do not include interactive chemistry. "
The historical part of the ozone database covers the perioc
1850 to 2009 and consists of separate stratospheric and tro=°
pospheric data sources. A multiple linear regression analy-
sis of SAGE I+l satellite observations and polar ozonesonde **
measurements was used for the stratospheric dataset durin _
the well-observed period from 1979 to 2005. The regres-
sion includes terms representing equivalent effective strato- .
spheric chlorine (EESC) and the 11-yr solar cycle variability.
The EESC regression coefficients are used to extrapolate tha.;~—
data back in time, and form a stratospheric ozone time se-
ries backward to cover the entire historical time period 1850—Fig. 17. Evolution (1850—-2100) of decadal mean global average
2009. Three-dimensional (latitude, longitude, height) tropo-ozone radiative forcing, shown for tropospheric ozone (black up
spheric data are derived from the chemistry-climate modelgo 2000s) and stratospheric ozone (red). Beyond the 2000s, four
CAM3.5 and GISS-PUCCINI. Both models simulate tropo- different scenarios for tropospheric ozone precursor emissions are
spheric and stratospheric chemistry with feedback to the radifollowed: RCP 2.6 (green), RCP 4.5 (blue), RCP 6.0 (cyan) and

ation and were driven by the available historical (1850—2000)?1CP d$'5 t(n;ak?elnta). The d;tratosphere fo"g"‘.’s ;smgle scenaf.rio: tkllte
emissions described in Lamarque et al. (2010a). adjusted halogen foading scenario, and IS the average ol resutts

._from 13 CCMs that performed the REF-B2 scenario of CCMVal-2
The future part of the ozone database covers the perioGyis foliows the SRES A1B climate scenario).
2010 to 2100 and seamlessly extends the historical database.

The future ozone timeseries also combines separate strato-
spheric and tropospheric data sources: the stratospheric
ozone projections are taken from the future reference sim-
ulations (REF-B2) of the 13 CCMs that performed a future

RCP8.5

S

RCP4.5
Tropospheric O3 RF

Stratospheric O3 RF
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simulation until 2100 under the SRES Alb GHG scenarioble 5). The tropospheric ozone RF is concentrated in the
and the Al adjusted halogen scenario in CCMVal-2. In thesub-tropics, and grew exponentially up to the 1970s, before
stratosphere, the multi-model mean of the REF-B2 simula-flattening off (Figs. 16 and 17). In the future scenarios, the
tions is used in all RCP scenarios. As in the past, stratotropospheric forcing increases .4 W n2 (RCP8.5), re-
spheric ozone data are zonal means rather than a full threenains fairly steady before decliningte0.2 W ni2 (RCP6.0
dimensional field as in the troposphere. Unlike in the histor-and 4.5), and decreases steadily~6.1 W nT2 (RCP2.6);
ical segment of the database (1850—-2009), the REF-B2 simthese changes are mainly driven by the underlying €bh-
ulations do not include the solar cycle. The ozone databaseentrations in these scenarios. Decreases in stratospheric
here is therefore provided without solar cycle in the future,ozone, mainly at high latitudes, produced a RF from the
since climate model groups might want to use a future solarL850s to the 2000s o£0.08 W nT? (Fig. 15b), somewhat
irradiance that is consistent with the one used in the climatemore negative than the central AR4 value-63.05W n12,
model simulations for a regression. A regression of the solabut within the stated AR4 range 6f0.15 to +0.05 W m?
signal similar to that in the historical part can be applied in (Forster et al., 2007). Most of this forcing arose between the
case the representation of the solar forcing in the future 0zon@970s and the 1990s, and the larger magnitude found here re-
database should be maintained. Extended datasets with aults from stratospheric ozone decreases prior to 1979, which
extrapolation of the data to 0.01 hPa for the use in high topwere assumed to be zero by the AR4. Over the time pe-
models and datasets with the solar cycle added in the futureiod 1979-1998, the stratospheric ozone RF calculated here
have been constructed by the UK National Centre for Atmo-changed from—0.033 to—0.079 W n12, a change that is
spheric Science (NCAS) and the UK MetOffice, respectively, very consistent with the AR4 observationally based estimate
and are available on the PCMDI website. The future tropo-of —0.05 0.05 W m2 over this same period. However, the
spheric ozone time series continues the historical CAM3.5EESC-based regression model used here assumes that ozone
simulation until 2100 using the four different Representa-depletion occurred prior to 1979 in line with the growth of
tive Concentration Pathways (RCPs). The stratospheric an@ESC, an assumption that is well supported by the CCM-
tropospheric data are combined by simply merging the twoVal CCMs (Eyring et al., 2010a). A negative stratospheric
data sets across the climatological tropopause, to produce @zone RF of similar magnitude persists into the future, al-
smooth final data set. though its location shifts from high latitudes to the tropics.
The stratospheric ozone database has been compared Tdis shift is due to recovery of polar stratospheric ozone to-
a 20-yr (1980-1999) climatology of satellite measurementsgether with a decrease of tropical lower stratospheric ozone
The percentage differences between the climatological aninduced by a strengthened Brewer-Dobson circulation, al-
nual cycle from satellite data and the AC&C/SPARC ozonethough the extent of persistence of the negative RF is likely
database are less than 7 % everywhere except over Antarslightly overestimated here because of the lack of ozone re-
tica in spring where the database underestimates the depth abvery in the northern midlatitude stratosphere in the merged
the ozone hole. Tropospheric column ozone has been condata set. The RF values given here are only indicative of the
pared to a 6-yr (2005-2009) climatology from MLS/OMI RF that will be produced in a climate model that is forced
satellite measurements. The geographical distribution anavith the AC&C/SPARC ozone database, since the climate
the annual cycle are well reproduced by the ozone databasepodel, for example, will not have exactly the same cloud
but tropospheric column ozone is generally slightly lower distribution and tropopause. The different tropopause will
than observed especially in the Southern Hemisphere. Tropamatter if the ozone database is prescribed as absolute values
spheric 0zone mixing ratios have been evaluated with meamnd not relative to the tropopause.
climatologies from ozonesondes (Logan et al., 1999) and We note that the most accurate option of representing
in situ measurements from aircraft campaigns (Emmons ebzone in climate model simulations is to calculate ozone
al., 2000). The vertical profiles of tropospheric ozone areinteractively, so that changes in ozone feed back on atmo-
broadly consistent with ozonesondes and in-situ measurespheric dynamics and radiation and vice versa. Compared
ments, with some deviations in regions of biomass burning. with CMIP3 simulations, CCMVal-2 simulations — which in
We calculate that increases in tropospheric ozone froncontrast to the CMIP3 simulations have interactive chemistry
the 1850s to the 2000s produce a radiative forcing of— have a mean stratospheric climate and variability that is
0.229 W n7? (Fig. 16a), at the lower end of the IPCC range much closer to the observations, based on pointwise compar-
of 0.25-0.65W m? (Forster et al., 2007). This probably isons of zonal-mean winds and temperature (Chapter 10 of
reflects relatively small changes in biomass burning emis-SPARC CCMVal, 2010). In the troposphere, mean climate
sions since pre-industrial times in this study compared toand synoptic variability are similarly close to the observa-
most earlier work (Lamarque et al., 2010a), and also a largetions in both groups of simulations, while interannual vari-
impact of stratospheric ozone depletion filtering down into ability tends to be better simulated by the CCMVal models.
the troposphere at high southern latitudes. It may also b&herefore, a prescribed ozone field is always a compromise
partly due to a different treatment of clouds, which have since the ozone field, for example, will not be consistent with
a relatively large influence on the calculated RF value (Ta-the meteorological state of the climate model in a particular
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