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Abstract. Future stratospheric ozone concentrations will beble of opportunity” of chemistry-climate model (CCM) sim-
determined both by changes in the concentration of ozoneillations, the contribution of scenario uncertainty from dif-
depleting substances (ODSs) and by changes in stratosphetfierent plausible emissions pathways for ODSs and GHGs to
and tropospheric climate, including those caused by changefiture ozone projections is quantified relative to the contri-
in anthropogenic greenhouse gases (GHGs). Since futurbution from model uncertainty and internal variability of the
economic development pathways and resultant emissions afhemistry-climate system. For both the global, annual mean
GHGs are uncertain, anthropogenic climate change could bezone concentration and for ozone in specific geographical
a significant source of uncertainty for future projections of regions, differences between CCMs are the dominant source
stratospheric ozone. In this pilot study, using an “ensem-of uncertainty for the first two-thirds of the 21st century, up-
to and after the time when ozone concentrations return to
1980 values. In the last third of the 21st century, depen-

@ Correspondence toA. J. Charlton-Perez dent upon the set of greenhouse gas scenarios used, sce-
(a.j.charlton@reading.ac.uk) nario uncertainty can be the dominant contributor. This result
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9474 A. J. Charlton-Perez et al.: Uncertainty in ozone projections

suggests that investment in chemistry-climate modelling isios) are used to quantify the uncertainty in global and re-
likely to continue to refine projections of stratospheric ozonegional stratospheric ozone projections associated with three
and estimates of the return of stratospheric ozone concentrdactors: model uncertainty, scenario uncertainty and internal

tions to pre-1980 levels. variability. By separating the overall uncertainty of CCM
projections in this way, it is possible to identify regions in
which:

1 Introduction

— model uncertainty is dominant, such that projections
could be improved by CCM development leading to a
narrowing of this uncertainty,

Over the past four years the chemistry-climate modelling
community has made progress in understanding and refin-
ing projections of stratospheric ozone over the 21st century.

For the firsttime, a large number of Chemistry-Climate Mod-  _ scenario uncertainty is dominant, such that additional
els (CCMs) have been run using common ozone and climate  simylations of CCMs forced with different GHG scenar-

Stratospheric Processes And their Role in Climate (SPARC)  gpundances, and

Chemistry-Climate Model Validation Project (CCMVal2).
The set of model integrations provided by 18 modelling cen- — internal variability is relatively large, such that there
tres around the world has been extensively studied by alarge ~ will be significant component of the total uncertainty
number of authors and a comprehensive report detailing our ~ which is irreducible.
current understanding of the CCMs was completed early in
2010. As part of CCMVal2, a new analysis of uncertainty
in projections of total column ozone over the 21st century
and dates of return of total column ozone has been produce
(Chapter 9, SPARC CCMVal, 2010). This analysis, how-
ever, has been conducted for reference simulations of CCMs
based on a common GHG forcing scenario. Many recen2 Model integrations
studies have pointed to the role that future changes in GHG
concentrations might play in determining both global and re-Model integrations used in this analysis form part of the
gional ozone abundances over the 21st century (ShepherdCMVal2 intercomparison project. The core set of integra-
2008,Waugh et al., 2009, Jonsson et al., 2009, Oman et altions used are so-called future reference simulations (REF-
2010a). GHGs can affect ozone concentrations through th®&2) from the CCMVal2 activity. These simulations are de-
additional HQ and NG, production from increases in GH scribed and assessed in detail in the SPARC CCMVal report
and NbO decomposition, through acceleration of catalytic (SPARC CCMVal, 2010) and the participating CCMs are de-
ozone destruction cycles in the colder stratosphere and inscribed in Morgenstern et al. (2010) and references therein.
directly by influencing the strength of the Brewer-Dobson REF-B2 simulations use surface time series of halocarbons
circulation and hence the meridional and vertical transport ofbased on the adjusted Al scenario from WMO (2007), and
ozone (Barnett et al., 1974; Randeniya et al., 2002; Rosenthe long-lived GHG concentrations are taken from the SRES
field et al., 2002; Haigh and Pyle, 1982; Chipperfield and Alb scenario Nakicenovic et al. (2000). Sea surface tem-
Feng, 2003; Portmann and Solomon, 2007; Ravishankara qieratures (SSTs) and sea ice concentrations (SICs) are gen-
al., 2009; Butchart et al., 2006). erally prescribed from coupled ocean model simulations, ei-
Given the sensitivity of ozone amounts to GHG concen-ther from simulations of the same atmospheric Global Cir-
trations, there is an additional uncertainty in projections ofulation Model (GCM) run with a coupled ocean, or from
ozone column amounts due to the uncertainty in the use o€oupled ocean-atmosphere model simulations of a different
fossil fuels and other GHG producing compounds over theAR4 GCM simulation under the same A1B GHG scenario.
next 100 years. In the climate change community, this un-Only one of the 13 CCMs used here ran with a coupled ocean
certainty is addressed by producing projections of climate(CMAM).
variables using a range of different possible GHG scenarios To avoid artifacts from using different numbers of mod-
(Special Report on Emissions Scenarios, Nakicenovic et alels as time progresses (Chapter 9 of SPARC CCMVal, 2010;
(2000)), consistent with economic models of global devel-Waugh and Eyring, 2008), only the subset of 13 CCMVal
opment. While these scenarios do not necessarily span thREF-B2 simulations that provided output from 1960-2095
full range of possible GHG emissions, they do at least alloware used in this study.
an estimate of the sensitivity of climate models to different In addition to these REF-B2 simulations, several other
economic development paths. model integrations which primarily varied the GHG scenario
In this study, additional simulations of the CCMs used for are also analysed. Five different GHG scenarios are con-
the CCMVal2 intercomparison forced with different GHG sidered, with the models running each scenario listed in Ta-
scenarios (and in some cases slightly different ODS scenamble 1. Two scenarios were run with different SRES pathways

Identifying regions and time periods where these conditions
are found will aid future CCM ensemble design and inform

oIicymakgrs_about the potential to narrow uncertainty in

0zone projections.
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Table 1. Simulations used in the analysis.

Scenario Name GHG and ODS forcing  Models Reference
REF-B2 SRESA1B AMTRAC3 Austin and Wilson (2010)
CAM3.5 Lamarque et al. (2008)
CCSRNIES Akiyoshi et al. (2009)
CNRM-ACM DéqLe et al. (2007)
Teys®dre et al. (2007)
CMAM Scinocca et al. (2008)
de Grandpe et al. (2000)
GEOSCCM Pawson et al. (2008)
LMDZrepro Jourdain et al. (2008)
MRI Shibata and Desushi (2008a)
Shibata and Deushi (2008b)
SOCOL Schraner et al. (2008)
Egorova et al. (2005)
ULAQ Pitari et al. (2002)

Eyring et al. (2006)

Eyring et al. (2007)
UMSLIMCAT Tian and Chipperfield (2005)

Tian et al. (2006)
UMUKCA-UCAM Morgenstern et al. (2008)

Morgenstern et al. (2009)

WACCM Garcia et al. (2007)
SCN-GHG-SRESA2 SRESA2 CCSRNIES Akiyoshi et al. (2009)

GEOSCCM Pawson et al. (2008)
SCN-GHG-SRESB1 SRESB1 CCSRNIES Akiyoshi et al. (2009)

WACCM Garcia et al. (2007)
SCN-GHG-RCP2.6 RCP2.6 CAM3.5 Lamarque et al. (2008)
SCN-GHG-RCP4.5 RCP4.5 CAM3.5 Lamarque et al. (2008)
SCN-GHG-RCP8.5 RCP8.5 CAM3.5 Lamarque et al. (2008)

(SRESA2 and SRESBL1) but with an identical ODS scenariofrom the general model ensemble in most diagnostics.

to the standard REF-B2 runs. Three additional scenarios Therefore, the predominant influence on ozone amounts
were run by one model (CAM3.5), consistent with the new in the different scenarios considered here is that of chang-
coordinated Climate Change Stabilization Experiments proing GHG quantities. The following analysis will there-
posed for climate models (Meehl et al., 2007). These newfore attempt to quantify the impact of uncertainty in fu-
Representative Concentration Pathways (RCPs, Moss et alure GHG scenario on the evolution of stratospheric ozone.
(2008)) were generated by Integrated Assessment Model$here also remains some uncertainty in future emissions of
(IAMs) and were harmonized with the historical emissions ODS amounts which is outlined in detail by Chapter 8 of
from Lamarque et al. (2010) in both amplitude and geograph-WMO (2007). For example a hypothetical elimination of
ical distribution. The RCP simulations that were performed ODS emissions from both continued ODS production and
with CAM3.5 are RCP 8.5 (Riahi et al., 2007), RCP 4.5 halocarbon banks in 2006 would have accelerated the re-
(Clarke et al., 2007), and RCP 2.6 (van Vuuren et al., 2007))turn of Effective Equivalent Stratospheric Chlorine (EESC)
In addition to the large differences in GHG amount, the RCPto pre-1980 levels by 15 years according to calculations in
scenarios also differ in the concentration of ODS amountsWMO (2007). These uncertainties are not addressed in this
over the 21st century (although to a lesser degree than thstudy, and should be considered as another source of poten-
differences in GHG amount). It is useful to point out at this tial scenario uncertainty that might be quantified in the fu-
stage that CAM3.5 has a low model-top (around 3 hPa) andure. Separation of the impacts of GHG and ODS changes
so it may not respresent some of the important processes afn stratospheric ozone amounts for the CCMVal2 models is
stratospheric ozone dynamics and chemistry as well as thdiscussed in Eyring et al. (2010).

other models. In the CCMVal-2 assessment of model per-

formance, despite its limitations, it is not an obvious outlier

www.atmos-chem-phys.net/10/9473/2010/ Atmos. Chem. Phys., 10, 9473-9486, 2010
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3 Methods for quantifying uncertainty The variance of the ensemble around the multi-model
mean is considered as the model uncertainty, and this is av-

In two previous studies, Hawkins and Sutton (2009, 2010)eraged over the scenarios to give an estimate &f Finally,

quantified the uncertainty in global and regional near surfacghe variance of the multi-model means for each scenario is

temperature and precipitation using a suite of model integraconsidered as the scenario uncertaiiéy,

tion_s from phase 3 of the Coupled Models Intercomp.arison Each model is assumed to be independent and equally re-

Project (CMIP3). We adapt these methods to examine th%"StiC, i.e. no effort is made to weight the models by their

sources of uncertainty in projections of stratospheric 0zongypjiw +o simulate historical changes in ozone. The analysis
for the 21st century, focussing on specific regions and the.a, pe repeated for different seasonal means and regions.

date of return of ozone to 1980 levels. In all cases, decadal mean ozone concentrations are con
A detailed description of the methods used can be found '

in the appendix of Hawkins and Sutton (2009), but the ap_sidered, sincc_e ozone pred.ictions from CCMs are typically
proach is briefly outlined below for an ideal ensemble of used to examine and quantify the long-term changes in ozone

CCM simulations. We also discuss some necessary change""smOuntS rather than predict the amount of ozone present

to the methodology to accomodate issues specific to ozong' 2" given -‘/eg“- This means that our estimates of inter-
nal variability (/<) represent changes on decadal or longer

projection. timescales, and do not consider (for example) the interannual

3.1 Separating the sources of uncertainty vgriability in ozone which is large for some geographical re-
gions and seasons.

For an ideal ensemble of simulationsh(ch is not available Additionally, for ozone projections it is common to con-

for the CCMVal ozone projectiopshe following approach  sider variations from 1980 total column amounts. To calcu-
to separating the sources of uncertainty in ozone projectiontate the ozone offset, a smooth value for the 1980 total ozone
could be followed. column for the particular region and season considered is cal-
It is assumed that the total variance in future ozone con-culated by applying the same Gaussian filter to the raw total
centrations 12) as a function of timer) can be separated column ozone data. The procedure described above is then
into three components, applied to anomalies from this smooth 1980 value in the total
5 2 PR column ozone data.
T =M@ +SE)+1°,
whereM (1)? represents uncertainty due to the use of differ-3.2  Application to ozone projections
ent modelsS$(1)? represents the variance in projections asso-

ciated with different future emissions scenarios dAdep-  An ideal multi-model ensemble for this analysis would com-
resents variance associated with internal variability in 0zoneprise integrations of a large number of different CCMs each
concentrations, which is assumed to be constant in time (thisorced by a large number of GHG scenarios. In the studies
assumption is discussed further in Sect. 4.1). Although wepf Hawkins and Sutton, uncertainty in projections of surface
estimate the internal variability from the model simulations temperature and precipitation are quantified using 15 cou-
themselves (see below) it represents the irreducible compopled ocean-atmosphere GCMs which all ran simulations with
nent of the uncertainty associated with the natural, decadahree different GHG emissions scenarios. Unfortunately an
variation in ozone. ensemble of CCM simulations of similar size is not currently
To estimate the different components, a smooth curve isavailable (see Sect. 2). In order to make progress in quan-
fitted to each model integration, and the variance of the residtifying the uncertainty in ozone projections it is necessary
uals represents the contribution from internal variability. Theto make some approximations to the methodology described
multi-model mean of this quantity then represents an esti-above. Since the simulations available comprise a large en-
mate of /2. Ideally, this quantity would be estimated from semble of model integrations with a single scenario and only
total column ozone data, but the data record is currently toga small ensemble of simulations from a subset of the models
short to do this effectively. In Hawkins and Sutton (2009, (13 CCMs for the REF-B2 ensemble and 2 CCMs for each
2010) a fourth order polynomial is used, but for the ozoneajternative GHG scenario) with different scenarios, a logi-
projections, the smooth curve is created by using a Gaussiaga| first approximation is to restrict the calculation of model
filter, with full width at half-maximum of 20 years, on the uncertainty and internal variability to the single scenario en-
annual data. Other recent work has developed more sophisemble (labelled REF-B2 above and using SRESA1b GHG
ticated methods (see Austin et al., 2010), while the value offorcings). This step assumes that model uncertainty and in-
these techniques is clear, for this early proof of concept studyternal variability in other scenarios is consistent with that in
they were not implememented given the limited resourceshe REF-B2 simulations. This has the added benefit that esti-
available. It is not anticipated that the choice of fitting pro- mates of model uncertainty should be consistent with the es-
cedure will have significant impacts on the conclusions pretimates previously made in the CCMVal2 report (Chapter 9,
sented. SPARC CCMVal (2010)). Estimation of scenario uncertainty

Atmos. Chem. Phys., 10, 9473-9486, 2010 www.atmos-chem-phys.net/10/9473/2010/
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is more difficult, since it is important to avoid contaminating in each scenario is the same as the difference between that
our estimate of scenario uncertainty with model uncertainty. model and the multi-model mean in the REF-B2 run. It is
In this pilot study, two methods are used to estimate scealso consistent with the assumption that the variance of the
nario uncertainty. The first method uses four simulationsmodel ensemble remains the same in each scenario run. This
from three different CCMs (CCSRNIES, GEOSCCM and is a simple assumption, but it has the advantage that it is eas-
WACCM) which are forced with alternative scenarios from ily reproducible and allows progress to be made in assessing
the SRES emissions sets. The second method uses runs fraime relative sizes of scenario and model uncertainty.
a single CCM (CAM3.5) which is forced with alternative  To test this procedure, it was applied to a set of six CCM
scenarios from the RCP emissions set. This separation is ma&imulations which assumed GHG concentrations remained
tivated both by the slightly different nature of the simulations fixed at their 1960 levels from 1960-2100 (note that these
in the SRES and RCP sets and also by the fact that the SRESimulations are not used elsewhere in this study, but are ex-
and RCP forcing sets are designed to separately estimate thensively documented in Eyring et al. (2010). This set of sim-
potential spread in future economic and technological develulations will be referred to as the fGHG simulations). Fig-
opment over the 21st century, leading to different emissionsure 1 shows the smooth trend in global mean total column
of climate relevant gases. Note that the spread in emissionszone (relative to 1960 values) of the multi-model mean for
of carbon dioxide, methane and nitrous oxide are much largethe REF-B2 simulations of the six models (solid black line)
in the RCP scenario set than for the SRES scenario set oveind the multi-model mean for the f{GHG simulations of the

the 21st century. six models (dashed black line). The procedure for the esti-
o . ) mation of the pseudo multi-model mean trend for the {GHG

3.2.1 Method 1: estimation of scenario uncertainty scenario based on a limited number of CCM simulations is
from single scenarios of multiple models illustrated by the grey, blue and yellow lines. In each case,

the grey, blue or yellow line represents an estimate of the

In an ideal ensemble of simulations, the scenario uncertainty  ~ o i o del aan calculated by addisief (1) calcu-
would be estimated by first calculating the multi-model mean| .4 from a single CCM onto to the multi-model mean of

trend of an ensemble of CCM simulations forced with eachy, . oer o cimulations. Each of the grey lines is an esti-

chosen scenario, an_d_ then estimating the sta_ndard deviatioh ste of the dashed black line calculated by a simple aver-
of the scenario specific multi-model mean. Given the small

age of the six fGHG simulations. Clearly, for a single CCM,

is 10 at 1 timate th h luti fal the estimate of the multi-model mean can be very different
IS 1o attempt to estimate the smooth evolulion ot a 1arg€, o e multi-model mean. In the case of CCSRNIES

multi-model ensemble based on the scenario runs ava”abl'?yellow line) and WACCM (blue line), which, along with
This estimate of the multi-model ensemble mean for eac'bEOSCCM ran SRES GHG sensitiviiy simullations used in
scenario will be denoted as tipseudo multi-model mean the later analysis, both models somewhat overestimate the

t|mtfese:|edsft())r ealchlstgene:rr:o. tchne(ljrlg u_n(;grtan;ttyh IS th(latr]sensitivity of the global mean ozone column around the time
estimated by calculating the standard deviation oTthe Mmulll-e 0 y50m 0zone depletion, but by the end of century are
model mean for the reference scenario and the pseudo mult

) . ; close to the multi-model mean.
model mean time series for the other GHG scenarios. . . .
. . . . For the global mean and similar tests in other geographi-
It is assumed that an estimate of the multi-model mean in

each scenario can be made by first measuring the di1‘ferenc(4t:eal regions (not shown) when the pseudo multi-model mean

in the evolution of ozone in each model between its simula-" calculated from two model integrations (red line in this

. . . : xampl h im is closer he true multi-m I
tion in that scenario and in the REF-B2 scenasibf((t),,). example) the estimate is closer to the t_ue_ ult . ode
For example mean. Of course, as more and more scenario simulations are

added to the average shift calculation the pseudo multi-model
shf (t)waccm = x (F)waccM,SRESB1— X (1)WACCM. REF-B2- mean timeseries will better approximate the true multi-model

is the shift for the WACCM model. An estimate of the shift Mean- The example calculations here show that for two mod-

of the multi-model mean for each scenario can then be madigls’ the I;;seuc(ijo Imultl-mc.)delt:]netan LS re?sdo?ablytﬁlo?e”to the
by taking the mean of the model-specific shifts, rue multi-model mean (i.e. that estimated from the full en-

semble of models) and generally approximates the main fea-
shf@)y=y shf(O)m. tures of the true multi-model mean.

m
The pseudo multi-model mean time serigsn(nt) is then  3.2.2 Method 2: estimating scenario uncertainty from
estimated from the REF-B2 multi-model smooth time series runs of a single CCM
(mmt(¢)) as (in this example for the SRESB1 scenario):
An alternative method for estimating scenario uncertainty is
to use multiple simulations of a single CCM forced with a
This procedure is equivalent to assuming that the differenceange of different scenarios. A set of simulations of this type
between each model integration and the multi-model mearis available for the RCP forcing scenarios from the CAM3.5

pmmt(t)sresp1=mmt () +shf (t)srResB1

www.atmos-chem-phys.net/10/9473/2010/ Atmos. Chem. Phys., 10, 9473-9486, 2010
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Global Mean Annual Mean Ozone Column 4 Results
L e L

10 E 4.1 Global mean ozone

To introduce the concept of our quantification of uncertainty
we first show a time series of the global and annual mean, to-
tal column ozone (Fig. 2). The modelled evolution of ozone
for both the past and projected future is shown (in grey), cal-
culated by computing the ensemble mean of the REF and
SRES simulations and is identical in both panels. Estimates
of the model uncertainty and internal variability are drawn
from the REF-B2 simulations, and are identical in the two
panels. Shaded regions show the one standard deviation un-
certainty associated with each of the three uncertainty com-
ponents. The two panels use the two alternative methods
of estimating scenario uncertainty using the SRES scenario
Flg 1. Multi-model mean smooth trend in ozone for six models simulations (top pane|) and the RCP scenario simulations
(CCSRNIES, CMAM, MRI, SOCOL, ULAQ and WACCM) for the (bottom panel).

standard REF scenario (black solid line) and for a scenario with Considering first the top panel, it is clear that when using

fixed greenhouse gas concentrations at 1960 levels (black dashetﬂe SRES scenario simulations. total uncertainty is similar
line). Grey lines show estimate of the multi-model mean trend in ’ Y

the fixed GHG scenario, calculated by adding the shift between thé;hrOLJghOUt the 21st century, W'_th a small reduction arour!d

REF and fixed GHG scenario runs to the multi-model mean trendth€ 2040s as ozone returns to its 1980 values. The relative
from the REF scenario for each of the six models. Estimates proontributions of model uncertainty (blue) and scenario un-

duced using the CCSRNIES (yellow) and WACCM (blue) models certainty (green), however, change markedly over the course
are highlighted in colour. The estimate of the multi-model mean of the 21st century. For short lead times, close to peak ozone
calculated by averaging the shift in the CCSRNIES and WACCM depletion, model uncertainty is large, and is likely related to

models is shown in the red line. the variation in stratospheric inorganic chlorine/GEyring

et al.,, 2007) and related variations in chemistry, dynamics

and transport between the models. By the end of the 21st

CCM. Since three simulations of this model with different .
, : N . __century, when Gl concentrations have returned to pre-1980
RCP scenarios are available it is trivial to calculate the time R
levels, model uncertainty is significantly smaller.

evolving scenario uncertainty by computing the standard de-"" . o . . L
It is worth noting in passing that while running initial con-

viation of the ensemble of three CAM3.5 simulations. This . . -
éj_ltlon ensembles of ozone projections would help to better

estimate of scenario uncertainty can be compared to the ed termine th th trend of th aint
timates derived from method 1, and together with the esti-; etermine the mean smooth trend ot 0zone, the uncertainty

mates of model uncertainty and internal variability from the in the projections related to internal atmospheric variability

REF ensemble to provide a breakdown of the uncertainty inWould remain. As described in the methods section, inter-

ozone projection. nal variability is estimated from the model integrations them-

For the RCP scenario simulations of CAM3.5. there areselves and is assumed to be constant throughout the period of

significant differences in the tropospheric ozone column pe-th€ runs. Examination of the time-evolving residuals for both

tween the runs, because tropospheric ozone precursors vaP € global ozone and other _geographu:al regions revealed that
in general there are no significant changes in the internal vari-

between the diff t ios. Since the f f this study , <. ) .
etween the dierent scenarios. Since the 1ocus o fis st ability estimated from the 13 models in the REF-B2 ensem-

iS on uncertainties in projections of stratospheric ozone,bI a lobal I th it f d

when calculating scenario uncertainty from the RCP simu—0 i.DUO'r gtho a me:[an(;/a;(ejs, . te_re ar?_ vart|a '(f).ni 0 alroun

lations of CAM3.5 only the ozone column above 200 hPais™ " . N the one standard deviation estimate otinternal vari-
ability, with a small trend toward smaller internal variability

considered. th f the 21st cent For the pol [
The major disadvantage of this approach is that it relies) Vo' (1€ COUTBE OF T 287 CEMULY: 07 "e paiar Fegions,

completely on an accurate simulation of the sensitivity of there are _slightly larger uncertai_nties in the estimate of _in-
stratospheric ozone to each forcing scenario by the CAME‘;.éernal variability (as expected gven the smaller_ averaging
model. If this model over or under estimates the sensitivity ofdread and shorter averaging period) with larger variations over

stratospheric ozone to changes in for example GHG amount’si‘ntamt'?at?]f arou.n(; 2;3 DU. and a peak :jn |nlt(etrnal \\/Aa}mabll—
then the estimate of scenario uncertainty will be similarly bi- Ity near to the period of maximum ozone depietion. Yve con-
ased. sider these variations to be small enough that an assumption

of constant internal variability is a valid first approximation
for the analysis conducted in this study. It is also impor-
tant to note that since internal variability is estimated from

Total column ozone / DU

»30:"‘\“‘\“‘\“‘\“‘\“‘\“"
1960 1980 2000 2020 2040 2060 2080 2100
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SRES Scenario Uncertainty remains the largest contributor to the total uncertainty in
‘ ‘ ‘ ‘ ‘ E global ozone throughout the 21st century.

In contrast to the SRES scenario simulations, scenario un-
certainty is a larger component of the total uncertainty in
the RCP scenario simulations. Given the larger spread in
GHG amounts in the RCP simulation this would have been
expected a priori. However, scenario uncertainty from the
RCP scenarios begins to dominate uncertainty in global mean

‘ ‘ ‘ ‘ ‘ ‘ i ozone only by the later third of the 21st century, and not be-
1060 1980 2000 2020 2040 2060 2080 2100 fore global mean ozone has returned to its pre-1980 values.

The enhanced scenario uncertainty also means that the total
uncertainty in projections of total ozone is larger, but only by
1 a factor of around 20% by the end of the 21st century when
E compared to the total uncertainty computed using SRES sce-
E nario uncertainty. It is important to again point out that the
assessment of the RCP scenarios is based on the low-top
CAM3.5 model only. Studies using these scenarios would
be useful to assess the robustness of the result.
E One benefit of dividing ozone projection uncertainty into
1960 1080 2000 2020 2040 2060 2080 2100 model, scenario and internal variability components is that it
vear gives an indication of the benefit in narrowing projection un-

certainty that can be made by improving CCMs and where

Fig. 2. Changes in annual-mean, global-mean, total-column ozone, . . o - .
9 9 g §h|s improvement is likely to be most beneficial. In dis-

amounts relative to 1980 values. Black dots indicate observe . - o .
changes from the NIWA combined and patched ozone columnCUSSINg these improvements, it is assumed that by improv-

dataset. The grey solid line shows the multi-model, multi-scenarioi"d CCMs, model uncertainty will be reduced, whilst sce-
mean. Coloured wedges indicate the cumulative uncertainty in thi1ario uncertainty will remain constant, since scenario uncer-
projection associated with one standard-deviation estimates of intainty is primarily related to future global development paths.
ternal variability (orange), model uncertainty (blue) and scenarioUnder this assumption, results for both the SRES and RCP
uncertainty (green). The top panel shows calculations of scenarigcenario cases suggest that it should be possible to narrow
uncertainty using four model simulations run with SRES scenarios.uncertainty in ozone projections throughout the 21st century
The bottom panel shows calculations of scenario uncertainty usingyy reducing model uncertainty. Projections of the increase
three integrations of CAM3.5 run with RCP scenarios. in global column ozone amounts above 1980 values by the
end of the 21st century are more dependent upon the con-
centrations of GHGs at this time. In general, scenarios with
the models themselves, it could be larger than the estimatgilrger emissions of GHGs (SRESA2, RCP8.5) tend to pro-

shown here if the models under-represent tropospheric angyce larger amounts of ozone at the end of the 21st century.
stratospheric internal variability, but given the limited obser-

vational record (black dots in Fig. 2) it is difficult to assess 4.2 Uncertainty in ozone projections in different
the magnitude of the internal variability. Additionally, if pro- geographical regions
jections of annual mean global mean ozone were considered,
(rather than projections of decadal mean global mean ozone) similar quantification of uncertainty can be performed for
internal variability would be a larger contributor to the to- total column ozone projections for various geographical re-
tal uncertainty in ozone projections (increasing by around agions and seasons to highlight the different behaviour of
factor of 2). ozone and the importance of different physical processes in
From the middle of the 21st century, scenario uncertaintydetermining future ozone behaviour. In this analysis we con-
begins to play a bigger role in determining the total uncer-sider similar regions to WMO assessments of future ozone
tainty, as expected, since the input GHG concentrations onlyisted in Table 2.
start to significantly diverge in the second half of the 21st Uncertainty in the three different components, along with
century. By the end of the 21st century, when GHG concen-the total uncertainty is displayed in units of one standard de-
trations in the various scenarios have significantly divergedyiation in Fig. 3. Broadly, the same behaviour as identified
their impacts on stratospheric temperatures, and hence on the the global ozone concentrations is seen, with total uncer-
rates of gas-phase ozone loss cycles and changes in strat@inty (black lines) roughly constant throughout the 21st cen-
spheric circulation can be clearly seen by the growth of thetury when SRES simulations are used to assign scenario un-
scenario uncertainty component. Despite this growth in scecertainty. In general, there is also good agreement in both
nario uncertainty in the SRES simulations, model uncertaintythe estimated magnitude and temporal evolution of scenario

20

Global Mean Total Ozone / DU

RCP Scenario Uncertainty
20 T T T T

Global Mean Total Ozone / DU
\
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Table 2. Geographical regions considered in the analysis. Global 90 to -90 Annual 25 to -25

3.0

4
Region Area Season 2 3 Z'S/V_/
Global Mean 99S-90N  Annual §° ‘ 5 2ol ]
Tropics 25S-25%N  Annual 3 H
NH Mid-latitudes 33N-60°N  Annual s 2 =M
SH Mid-latitudes 60S-35%S  Annual £ £
(2] 4]

10f ]
7/

0.5~ ]
‘ ‘ ‘ ‘ 0.0 ‘ ‘ ‘ ‘

2000 2020 2040 2060 2080 2000 2020 2040 2060 2080

NH Polar Cap (Arctic) 60N-9C° N March
SH Polar Cap (Antarctic) 905-60S  October

Year Year

uncertainty between 2000 and 2050 for the two independent Annual 6010 35 Annual 35 to -60
estimates derived from the SRES (solid green lines) and RCP / )
(dashed green lines) scenarios. After 205, in the global mean,

NH mid-latitudes and Arctic regions, scenario uncertainty in i ]

the RCP scenarios increases more rapidly than in the SRES

Standard deviation / DU
Standard deviation / DU

scenarios. Note that scenario uncertainty for both the SRES < 4t PPt

and RCP estimates is close to but not equal to zero in the

year 2000. At this time in both the SRES and RCP scenarios ® 2[ =~

there is almost no difference in GHG concentrations, sug- 0/\7” o o -
gesting that the small offset here is related to uncertainties in 2000 2020 2040 2060 2080 2000 2020 2040 2060 2080
the estimation of thé ()2 term. vear vear

: , . Mar 90 to 60 Oct -60 to -90
In most regions, when SRES scenarios are considered, e Sl ALS

model uncertainty remains the dominant term in the uncer- 5[
tainty budget throughout the 21st century. When scenario 3
uncertainty is calculated from the RCP scenarios, in some s
regions (Global mean, SH mid-latitudes) total uncertainty
undergoes a transition from model dominated uncertainty to
scenario dominated uncertainty at some time in the last third
of the century. However, there are significant differences to 5t
this behaviour in different regions. NV 0/ e

In the tropics, model uncertainty remains a large contribu- 2000 2020 2040 2060 2080 2000 2020 2040 2060 2080
tor to the uncertainty throughout the 21st century and grows vear Year
slightly from 2000 to 2100. SRES and RCP scenario uncer
tainty remains small throughout the 21st century. The evoluyeative to 1980 values, estimated for different geographic regions
tion of tropical column ozone is determined by the balancegjopal, annual mean — top left, tropical annual mean — top right, NH
between increases in upper stratospheric 0zone due to stratgrid-latitudes, annual — middle let, SH mid-latitudes, annual — mid-
spheric cooling and decreases in lower stratospheric ozonéle right, NH polar cap, March — bottom left, SH polar cap bottom
due to increases in the strength of the Brewer-Dobson circuright). Uncertainty is expressed as the one standard deviation esti-
lation. Comparison of vertically resolved o0zone changes (nomate for interannual variability (orange), model uncertainty (blue)
shown) indicate that a robust feature in the GHG sensitiv-and scenario uncertainty (green) and the total (black). Solid green
ity simulations is that, in the tropical upper stratosphere, theines ghow calcqlations of scenario uncertainty using four model in-
lower GHG scenarios generally result in lower ozone (due tol€9rations run with SRES scenarios. Dashed green lines show calcu-
smaller GHG-induced ozone increases), whereas in the IowelPtlon.S of scenario ur_wcertalnty using three integrations of CAM3.5

. o run with RCP scenarios.
stratosphere the lower GHG scenarios result in higher ozone
(due to less tropical upwelling that advects ozone-poor air
from the troposphere).

All CCMs also consistently predict an increase of tropical cal upwelling mass flux also tend to exhibit larger trends in
upwelling with increasing GHGs, but the significant varia- mass flux over the 21st century (Chapter 4, SPARC CCM-
tion in Brewer-Dobson circulation strength that was found Val, 2010)). Consequently, uncertainty in projections of trop-
amongst the CCMVal2 models (Chapter 4, SPARC CCM-ical ozone is likely to significantly benefit from improve-
Val, 2010, see also Fig. 7 of Eyring et al., 2010) plays aments in CCMs transport schemes as well as improvements
significant role in determining the large model uncertainty in the underlying dynamics of the General Circulation Mod-
and its growth with time (since models with larger tropi- els (GCMs).

251
201
10r
151

10p

Standard deviation
Standard deviation / DU

ig. 3. Uncertainty in the predicted total-column ozone amounts,
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Over the polar regions, while internal variability plays a tant properties of the ozone projections, such as the signal-
larger role than in the other geographical regions, model unto-noise ratio (S/N),
certainty remains the dominant term in the total uncertainty

for most of the 21st century. The role of internal variabil- _ Mmulti —model mean ozone change

ity is most prominent over the Arctic, where it is larger than total uncertainty '

scenario uncertainty till around 2050 for both scenario un- ) )
certainty estimates. Where S/N exceeds one, there is a detectable change in ozone

Model uncertainty over the Antarctic reduces markedly Predicted by the multi-model ensemble. For near-surface
over the first half of the 21st century and reaches a minimund€mperature, Hawkins and Sutton (2009) used S/N to quan-
in 2050 before increasing toward the end of the century. Ondify Periods in which the potential information content of
hypothesis for this behaviour is that most of the model uncerProjéctions was greatest. In the case of stratospheric ozone
tainty in the first half of the 21st century is related to the rep- Projections, we consider the change in total column ozone
resentation of heterogeneous chemical ozone depletion aniio™ 2000, the year chosen as the start of our projection pe-

becomes smaller as ODS concentrations decrease. The ifiod and close to the minimum in ozone column amounts.
crease in model uncertainty in the Antarctic from 2050 to WWhere S/N is greater than one, this suggests that the model

the end of the century is similar to the consistent increaseNsemble predicts a detectable change from 2000 values.
in model uncertainty in the Arctic throughout the 21st cen- Figure 4 shows estimates of S/N for three of the geographi-
tury. One hypothesis for this growth of model uncertainty is cal regions descnbeq above, vylth SRES scenario uncertainty
that because the response to GHG changes has a wide spre!id). RCP scenario uncertainty (dotted) and without sce-
between models, model uncertainty increases linearly witfa1i0 uncertainty (dashed) included. The S/N is estimated
time as the spread in the changes becomes larger (but thaith an(_j Wltho_ut scenario uncertainty to allow a more direct
response to GHG changes evolves consistently within eacfomparison with many previous studies and assessments of
model). Further, process-based studies would be required t§!turé 0zone amounts which have tended to focus on a single
test these hypotheses. GHG scenario.

While scenario uncertainty for both SRES and RCP sce- Itis clear from Fig. 4 that, in all three regions, including
narios grows over the 21st century for both polar cap regionither SRES or RCP scenario uncertainty significantly de-
there is a larger difference between the estimation of this ungrades the ability of the model ensemble to predict changes
certainty from the SRES and RCP scenarios over the Arctidh column ozone amounts, as expected. The date at which
than over the Antarctic. For the Antarctic, scenario uncer-Projections in all regions have S/N greater than one, and
tainty is broadly similar for the SRES and RCP scenario setshence predict a detectable change in column ozone, is de-
and has similar size to model and internal variability from l2yed by around 5 years in the global mean and 10 years for
around 2050. For the Arctic, RCP scenario uncertainty growghe Antarctic and tropical cases. In the global mean case,
much more strongly than SRES scenario uncertainty over thdf the RCP scenario uncertainty is used instead of the SRES
21st century, but is smaller than model uncertainty in bothScenario uncertainty, S/N remains approximately constant af-
cases. For regions like the Arctic where model uncertainty iste 2050, as scenario uncertainty becomes larger than model
large, scenario uncertainty estimates likely have larger erropncertainty. When scenario uncertainty is not considered, the
bars because they rely on runs of a small number of CCMsignal-to-noise ratio continues to grow, indicating increased
which may have different responses to GHG changes. ponf|dence in projections. Thisis an.alternatlve' Way.of s'how-

Over the polar caps, these results suggests that there al&d that CCM improvements would Ilkely benefit projections
very different potential benefits to improving CCMs. Over of column ozone by the largest amount in the early part of the
the Avrctic, reducing model uncertainty could have a signifi- 215t century, up to the date of ozone return to 1980 values.
cant impact on the total uncertainty throughout the 21st cen- OVer the Antarctic, although the signal of ozone increases
tury, since this term is large and increases substantially fronfrom 2000 values is larger than the global mean signal, the
2000 to 2100. Over the Antarctic, the reduction in model Signal to noise ratio is smaller because of the greater total
uncertainty and the growth of scenario uncertainty meand!ncertainty. The difference between the estimates of S/N us-
that the impact of a reduction in model uncertainty would i SRES and RCP scenario uncertainty estimates are very
be largest for the first two-thirds of the 21st century. TheSmall.

Antarctic also has a minimum in total uncertainty around In the tropical region, the evolution of S/N is somewhat
2050, similar to that seen in projections of global mean anadifferent, with a noticeable peak in mid-century (where the

regional surface temperature (Hawkins and Sutton, 2009). difference between current and future column amounts is
greatest) before a decline in the second half of the century.

4.3 Signal-to-noise ratio of ozone projections The difference between S/N with and without scenario un-

certainty is less pronounced for the tropics, with only a small
As in Hawkins and Sutton (2009, 2010), the uncertainty es-reduction in S/N when either SRES or RCP scenario uncer-
timates shown above can be used to determine other impotainty is included. It should also be noted, however, that the
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size of S/N in the tropics is smaller than for either the global5 Conclusions
mean or the Antarctic.
In this study, an attempt to quantify the uncertainty in fu-
4.4 Uncertainty in ozone return date ture projections of total ozone column amounts has been
made. In particular, a method introduced and tested for the
Finally, we consider how different sources of uncertainty in- cpMIP3 models has been adapted and developed for models
fluence the calculation of the return date for total-columnyn a5 part of the Chemistry-Climate Model Validation ac-
ozone to its 1980 value. To do this, a different calculationtivity (CCMVal2). Projection uncertainty has been divided
procedure is required. into three components representing model uncertainty, sce-
It is assumed that the calculation of return date will be nario uncertainty and uncertainty due to internal variability
post-hoc (i.e. based on the transition afraoothestimate of  f the system. Scenario uncertainty has been estimated using
the long-term trend in 0zone across the zero line). Itis thereyyg different methods which used scenario simulations from
fore simple to estimate the uncertainty in return date due thoth SRES and RCP future emission scenarios.
model uncertainty (by calculating the variance of return dates \yhen considering scenario uncertainty in the SRES sce-
across the model ensemble) and due to scenario uncertainfygrios. total uncertainty in ozone projections is roughly con-
(by calculating the variance of return dates across the REFgignt throughout the 21st century and is dominated by model
B2 and pseudo multi-model mean estimates for each scenarigncertainty. Although scenario uncertainty in the SRES sce-
using method 1 and across the RCP ensemble using methqghyio simulations grows throughout the 21st century, for

certainty in return date, a Monte-Carlo approach is adoptedihan model uncertainty.

For each model, the residuals from the smooth model trend \yhen considering scenario uncertainty in the RCP scenar-
are randomly permuted and added back to the model trenghs total uncertainty grows slightly throughout the 21st cen-
to give an alternative evolution of column ozone. By fitting tury, due to a larger growth in scenario uncertainty than for
a smooth trend to this new synthetic data and estimating thene SRES simulations. There is an important transition be-
return date, and then repeating this procedure 10 000 timesyeen model uncertainty and scenario uncertainty for some
an estimate of the uncertainty in return date due to internalegions (notably the global mean ozone and ozone in the SH
variability in each model can be made. The mean of the in-mjq.atitudes) with scenario uncertainty dominating projec-
ternal variability uncertainty for the 13 models in the REF- tjons py the last third of the 21st century. This has important
B2 ensemble is used to estimate the overall uncertainty dugonsequences for the ability of models to predict significant

to internal variability. Note that this estimate may be slightly changes to 0zone column amounts, which is degraded by sce-
smaller than the real contribution of internal variability to the narig uncertainty during this period.

uncertainty in return date, since we neglect to preserve the | general, the consistency of the two independent esti-
decadal variability present in the noise term when we pertes of scenario uncertainty for most diagnostics lends con-
mute the residuals using this method. _ fidence in these estimates. However, the application of the
Fractional standard deviation in return date for Arctic, scenario uncertainty should proceed with some caution. The
Antarctic and global ozone is shown in Fig. 5 as .ba}rs wWhichgHG scenarios used by the models are designed to provide
add up to 1 (or 100% of the total standard deviation). AS 4 estimate of the potential range of future emissions based
in previous calculations, it is clear that a substantial part ofy, vastly different global economic and technological devel-
the uncertainty in return date is associated with model UNopment. The scenarios are not equally likely, do not take
certainty. This conclusion is not dependent upon the sourC&yio account all possible futures and should not be taken to
of the scenario uncertainty estimate, although scenario Unygicate an upper bound on the range of potential future emis-
certainty in return date is greater for the SRES simulationssjons. The newer RCP scenarios have alarger spread in emis-
over the Antarctic and greater for the RCP simulations overgjons of GHGs compared to the SRES scenarios used, partly
the Arctic. Over these three key averaging regions, theyye o the inclusion of the very low GHG emission scenario
maximum contribution to the fractional standard deviation (RCP2.6) which represents a future scenario with peak ra-

in ozone return date is around 45% for the Antarctic usinggiative forcing around 2050. This scenario does not have an
SRES scenario uncertainty and the minimum contribution isgyious equivalent in the SRES scenarios considered.

around 10% for the Antarctic using RCP scenario uncertainty  an, additional source of uncertainty in projections of 0zone

estimates. There is therefore strong potential to improve esich we did not consider in this study are the mean state bi-

timates of the return date for ozone in these regions by conxqag petween CCMs. In all cases, CCM time series of ozone

tinued CCM development. were corrected to their 1980 values as is customary in the
CCM community. As shown in, for example, Chapter 9 of
the CCMVal report, in many regions models have large basic
state biases in the total ozone column. If these uncertainties
were taken into account they would likely further increase
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Global Annual Mean SH Cap October Tropics Annual Mean
5 T T T T T T

Signal to Noise Ratio
Signal to Noise Ratio
-

Signal to Noise Ratio

0 0
2000 2020 2040 2060 2080 2000 2020 2040 2060 2080 2000 2020 2040 2060 2080

Fig. 4. Estimated signal-to-noise ratio (S/N, see text for details) of the change in total-ozone column amounts relative to the multi-model
mean amount in 2000. Solid lines show estimates which include model uncertainty, internal variability and scenario uncertainty from
four model integrations run with SRES scenarios. Dotted lines show estimates which include model uncertainty, internal variability and
scenario uncertainty from three model integrations of CAM3.5 run with RCP scenarios. Dashed lines show estimates which exclude scenario
uncertainty. Different coloured lines indicate averages over different geographical regions and seasons. Black lines show the global and
annual average, red lines show the springtime SH polar cap (8;3Dctober) and the green lines show the tropical regiof {225 S),

annual average). Grey shading highlights the region with S/N less than 1.

the relative contribution of model uncertainty to the total un-
certainty estimates we have derived.

The quantification of uncertainty derived in our study also
provides some insight into the ability of the Chemistry-
Climate modelling community to refine projections of future
ozone amounts by the continued development and improve-
ment of CCMs. The results of our analysis suggest that this
work would be beneficial for projections of ozone amounts in
the first half of the 21st century in most regions and particu-
larly in the determination of dates of return of ozone amounts
to pre-1980 values (a key metric for ozone defined by the o2
2006 WMO/UNEP ozone assessment). In future, similar
methods could be used to quantify the uncertainty in pro-
jections of other parameters of the stratospheric climate sys- NH Cap SH Cap Global
tem in order to attribute the scenario uncertainty to differ-
ent physical processes. It is also important to note, howeverFig. 5. Estimates of the fractional uncertainty in the date of return to
that the relationship between spread and skill for geophysicajr980 values of total-column ozone amounts due to different sources
models is far from trivial. While it is reasonable to wish to of uncertainty, for thr_ee .different geog_raphical re.gior_ls and seasons.
reduce overall uncertainty in projections of future ozone, itThe coloured areas indicate the fractional contribution of that type

. . . ._of uncertainty to overall uncertainty in the date of ozone return date
does not necessarily follow that narrowing the uncertainty in . - .
. : . . . (orange — internal variability, blue — model uncertainty, green — sce-
these projections will also improve their skKill.

nario uncertainty). Bars are shown for the northern polar cap during
The quantification of uncertainty in ozone projections in spring (60-96 N, March) for the southern polar cap during spring

this study is far from ideal and is sensitive to the assumptiong60-90 S, October) and for the global and annual. Left-side bars

and models used, particularly in constructing estimates okhow calculations of scenario uncertainty using four model integra-

scenario uncertainty. It is hoped that the results will providetions run with SRES scenarios. Right-side bars shows calculations

guidance to the chemistry-climate community on the benefitsf scenario uncertainty using three integrations of CAM3.5 run with

that running large multi-scenario ensembles of CCMs wouldRCP scenarios.

provide. It is clear from our initial analysis that the benefits

'f?ofrl:]ll?/uﬂlrj]ﬁg'z'glg_zggnez;?;oerrget;gIgr;ﬁfjtl'gt?ol:]gc\zs'gl%_here would require a large ensemble of models to all run at

. . ; ) least three different GHG scenarios.

stantially between different geographical regions, seasons

and time-periods. We re-iterate that an ideal ensemble of

simulations for the quantification of uncertainty introduced

0.8

0.6

0.4

Fractional Standard Deviation
L e N e s s
P SR R (S SR R R
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