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Abstract. In the recent past, the evolution of stratospheric ozong Was affected by both increas-
ing ozone depleting substances (ODSs) and greenhouse (§#8€s). The impact of the single
forcings on @ is well known. Interactions between the simultaneouslyéased GHG and ODS
concentrations, however, can occur and lead to nonlinggh@nges. In this study, we investigate if
nonlinear processes have affectegdBanges between 1960 and 2000. This is done with an idealized
set of timeslice simulations with the chemistry-climatedab(CCM) EMAC. Due to nonlinearity
the past ozone loss is diminished throughout the stratesphéth a maximum reduction of 1.2 %
at 3 hPa. The total ozone column loss between 1960 and 2008 thainly attributed to the ODS
increase is mitigated in the extra-polar regions by up to%.due to nonlinear processes. A sep-
aration of the @ changes into the contribution from chemistry and transglootvs that nonlinear
interactions occur in both. In the upper stratosphere acediefficiency of the Cl@-catalysed @
loss chiefly causes the nonlineag Dcrease. An enhanced formation of halogen reservoir epeci
through the reaction with methane (@Heduces the abundance of halogen radicals significantly.
The temperature induced deceleration of the@3s reaction rate in the Chapman cycle is reduced,
which leads to a nonlinear{Qlecrease and counteracts the increase due tg.Onlinear effects

on the NQ. abundance cause hemispheric asymmetric nonlinear chahgfes O; loss. Nonlin-

ear changes in Dtransport occur in particular in the southern hemisphek (&iring the months
September to November. Here, the residual circulation ekered in the lower stratosphere, which
goes along with a reduceds@ansport from the tropics to high latitudes. Thug,d@creases in the
SH polar region, but increases in the SH midlatitudes. Thet@xce of nonlinearities implies that
future ozone change due to ODS decline slightly depends eptévailing GHG concentrations.

Therefore the future ozone evolution will not simply be aersal of the past.
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1 Introduction

During the 20th century both the emissions of ozone degettbstances (ODSs) and greenhouse
gases (GHGs) increased, which had a large effect on sti@dspzone (@) (e.g.,WMQ, 2007).
Observations show that between 1979 and 2000 the total cobmone decreased by 2-3 %/decade
at midlatitudes in the annual mean and by up to 12 %/decadeisduthern hemisphere (SH) polar
region in spring (e.gFioletov et al, 2002). This development was mainly caused by increasing co
centrations of ODSs (e.gYMO, 2007). As these compounds are relatively chemically iimettie
troposphere, they are transported into the stratosphezeavtiney are decomposed, releasing reactive
chlorine and bromine compounds at levels well above therabbackground concentrations. The
chlorine and bromine radicals can then initiate catalyg@ction cycles which destroy ozone (e.g.,
Molina and Rowland1974). In the polar regions in spring, this catalytic oztoss is especially
effective since the occurance of polar stratospheric dandvinter leads to an enhanced conversion
of halogen reservoir species to radicals (€Splomon et a).1986).

Increasing concentrations of the well-mixed GHGs carbaxide (CG), methane (Chf) and
nitrous oxide (NO) affect the ozone evolution in addition to the ODS indudeanges by different
mechanisms. They change the radiative budget of the atreos@mnd therefore cool the strato-
sphere (e.glPCC, 1996). This decelerates the Chapmanl@ss reaction, @O, and accelerates
the reaction @+O+M, which controls the partitioning of O(=0+0;), and hence increases ozone
(e.g.,Rosenfield et a1.2002;Jonsson et al.2004). At the same time, the temperatures of the tro-
posphere and of the oceans increase, which alter the giheios meridional residual circulation
(Brewer-Dobson circulation, BDC) (e.g3arny et al, 2011) and therefore the transport of ozone
and other chemical species such as chlorine source gageB{gchart and Scaife2001; Cook
and Roscog?2012). Increased emissions of G@H, and N,O lead to changes in the stratospheric
NO, (=NO+NGQ,) (e.g.,Rosenfield and Douglas$998) and HQ (=OH+HG,) abundances (e.qg.,
LeTexier et al. 1988) and also modify chemical ozone loss (e€Rgrtmann et al. 2007;Revell et
al., 2012). Furthermore, the chemical production gfvta CH, oxidation is increased in the lower
stratosphere (e.gJohnston and Podolsk&978;Nevison et al.1999), while the chemical £pro-
duction through photolysis is decreased due to the revéssdidhealing” effect (e.g.Portmann et
al., 2007).

Former studies have analysed the contributions from isingaGHG and ODS concentrations to
the past ozone change. So far, observational timeseriesh®ean too short to clearly separate the
effects using multiple linear regressiddtélarski et al. 2010). Therefore, simulations with CCMs
are used for attribution studies. Different strategiedifierattribution are discussed lcLandress
et al. (2010), ranging from the multiple linear regression analyd a single transient simulation
including all forcings (e.g®man et al.2010) to the comparison of a set of simulations with diffeere
forcings (e.g.Waugh et al.2009). Differences among the studies arise also from tph&agatory

variables that are used as proxy for the GHG effect (e.g.pégature or CQ), and the processes
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that are considered (e.g., including composition changeGHy;, and N,O increases). However,
qualitatively all studies agree and consistently showitiaeasing ODSs are the dominant driver of
past ozone loss, while the GHG increase has led to an ozoreasein the upper stratosphere (e.qg.,
Waugh et al.2009;0man et al.2010;Shepherd and Jonsso?008;Jonsson et a].2009).

Since both GHG and ODS abundances have increased simulyé@othe atmosphere, interac-
tions between the forcings may occur (e@cerone et al.1983;Yang and Brasseyf001). In most
attribution studies, however, those nonlinear interagjor buffering effects, are not considered, ei-
ther by simply assuming linearity (e.donsson et a].2009) or by using explanatory variables that
can be affected by nonlinear processes themselves (e.tertiperature or the abundance of strato-
spheric halogen radicaldpnsson et al.2009;Nevison et al.1999, respectively).

The effects of nonlinearities on ozone were analysedaigh and Pylg1982) by simultaneously
changing ODS and GHG concentrations. They used four expetswith a two-dimensional cir-
culation model: a control run with low CQOconcentrations and without chlorine chemistry, a run
with increasing levels of C©and without chlorine chemistry, a run with low G@oncentrations
and high ODS concentrations and a run with increasing lexe®0, and high ODS levels. With
this set of simulations it is possible to detect nonlinefeas$.Haigh and Pylg1982) found that the
ozone changes in the upper stratosphere caused by the d@eptarbation are not equal to the sum
of the individual changes. The ozone decrease due to theinethforcing is larger than the ozone
decrease expected from the sum of the ODS and the GHG effectofal column ozone, they re-
ported a decrease from 1960 values by 3.2 % due to an ODS $ectearedicted 2000 levels. Total
column ozone is increased by 3 % due to an increase of thecG@ent from 320 ppm to 400 ppm,
a value slightly higher than actually observed in the yed@f®0The combined forcing results in a
change of -0.6 % (compared to -0.2 % in the sum). They expdigine nonlinearity with a reduced
temperature dependency of ozone, and therefore a reduséty@effect of the GHGs if chlorine
chemistry is considered.

A detailed analysis of nonlinear buffering effects betweemeasing halogen and GHG concen-
trations is reported ilNevison et al(1999). They analysed the effect of simultaneously in@éas
concentrations of halogens, ¢tnd N,O on the NQ, HO, and halogen-catalysed ozone loss
in model simulations. They found that increasing LQidgether with the halogen concentrations
mitigates the halogen-catalysed @ss, since the reaction GHCI leads to the formation of the
reservoir species HCl and thus to a reduced @GD, ratio. Furthermore, increasing® and hence
NO, causes a buffering of the HOand halogen-catalysed;Qoss through the formation of the
reservoir species HN{) CIONO, and BrONG.

Since both GHGs and ODSs affect the temperature of the spia¢oe, nonlinear changes in the
temperature structure can have an impact on wave propagatio hence on the residual mean
circulation. This is analysed in detail McLandress et al(2010). The study is based on a set of

transient simulations with the CCM CMAM, which allows theidification of a nonlinear response
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to ODS and the radiative effect of GHG changes. The additigitested by comparing the long-
term trends from the sum of the experiments with either ODS3HGs fixed with the trends from
the simulation with both changing GHGs and ODSs. They sketethe response in the zonal mean
temperature, zonal mean zonal wind and the mass flux in SHgsprid summer is linear within the
statistical uncertainty.

For future ozone changes, the issue of additivity is briedlgrassed in the study tBubov et al.
(2013) who analysed a set of timeslice simulations with tBMCSOCOL focusing on the future
role of GHG, ODS and SST/SIC forcing. They find positive noeéir annual mean ozone changes
in the tropical upper stratosphere and the SH polar lowetagphere. However, the underlying
processes are not discussed.

In this study we want to address the question of the relevaho@nlinear processes in ozone
chemistry and transport in the recent past. We aim to clérdyone evolution was affected by non-
linear interactions between the increasing concentratiéwell-mixed GHGs and ODSs. Therefore,
we want to consider the effects of both changing temperatdehemical composition, and account
for nonlinear changes in all processes. This is realized thi¢ help of an idealized set of multi-year
equilibrium simulations with a state-of-the-art CCM folling the strategy byubov et al.(2013).
The advantage of timeslice simulations compared to trahsiperiments is the improved statistical
basis, which allows the detection of small signals. In th@sailations we detect and quantify the
contribution of nonlinearities to the ozone change betwi80 and 2000 and analyse the processes
leading to the nonlinearities.

The study is composed as follows. In section 2 the model améxperiments used in this study
are described. The results are discussed in section 3wkdldy a summary and conclusion in

section 4.

2 Model and Experimental Setup

A set of equilibrium simulations has been performed withEl@HAM/MESSy Atmospheric Chem-
istry (EMAC) CCM version 1.7 Jockel et al, 2006). The core atmospheric model is ECHAMS5 (the
5t generation European Centre Hamburg general circulatiatet{GCM); Roeckner et a] 2006).

Via the Modular Earth Submodel System (MESSy1) the core Iinedmupled to the atmospheric
chemistry module MECCAL1 (Module Efficiently CalculatingettChemistry of the Atmosphere;
Sander et al.2005) and to a standard set of submodels describing trbpaspand middle atmo-
sphere processes. Additionally, the highly resolved shvaste radiation parameterisation FUBRad
(Nissen et a].2007) is used. The model is run with horizontal resoluti@? Tcorresponding to a
guadratic Gaussian grid of approx. 2)82.8°) and 39 hybrid model layers between the surface and
0.01 hPa 4 80 km). Since this model version is not coupled to an ocean madkelsea surface

temperatures (SSTs) and sea ice concentrations (SICsyemeriped. After a spin-up period (two
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years with previous scaling of the initial concentratiofidomg-lived chemical substances), each
experiment has been integrated for 40 years.

The performance of the EMAC model in this configuration hasrbevaluated in different model
intercomparison studies (e.ghustin et al, 2010; Eyring et al, 2010) with respect to the ozone
evolution. EMAC is within the range of other CCMs, but the elv&d ozone depletion in the
Antarctic spring is not fully captured by simulations witMBC.

To analyse the additivity of the ozone response to the GHGGIDS forcing between 1960 and
2000, four timeslice simulations are required, analogoudaigh and Pyle(1982) andZubov et
al. (2013): Two simulations that represent the referencestatéhe atmosphere for the year 1960
(R1960Q and the year 200(R2000Q with observed mixing ratios of well-mixed GHGs (GOCHy,
N>O) from thelPCC (2001) and the ODSs from th&/MO (2007) for the corresponding years, and
two simulations in which just the GHGSHG200Q or the ODS ODS2000 boundary conditions
are set to present day conditions while the other is kept @0 1&vels. The RETRO (REanalysis
of the TROpospheric chemical composition) data Seh{ltz et al.2007) is used for the emissions
of tropospheric ozone precursors. The SSTs and SICs froanaiént simulation with the coupled
atmosphere ocean model ECHAM5/MPIOM (Max-Planck-IngitDcean ModelJungclaus et aJ.
2006) are prescribed as 10-year averages for the period-1965 in theR1960and ODS2000
simulations and for the period 1995-2004 for R2000and theGHG2000simulations. Therefore,
there is no variability due to ENSO in the prescribed SST&¢Simeseries. Other natural forcings
such as solar variability, the quasi biennial oscillatiQBQ), or volcanic eruptions are not included
either. In all experiments mean conditions of the 11-yekarszycle are prescribed, using the average
of the spectral solar flux between the minimum and the maxiratisolar cycle 22. Since no QBO-
nudging is applied, easterly winds prevail in the tropidedtesphere. For reference, the specific
boundary conditions used for the simulations are listechinld 1.

The response of ozone to the combined GHG and ODS forcingésrdmed by calculating the
difference between the mean states ofR2€000and theR1960simulations (total =R2000- R1960)
With the help of the simulationGHG2000andODS2000ve can separate the effects due to GHGs
(GHG =GHG2000- R196Q and due to ODSs only (ODS@DS2000 R1960Q. To test the additivity

a nonlinear contribution is calculated:

nonlinear= total— (GHG + ODS) 1)

It has to be noted that changes in tropospheric ozone dueatagels in the ozone precursors
are attributed to the GHG effect when using the describeibation method. The GHG effect is
calculated as a combined effect from £@H, and N,O changes. The attribution to specifically
CO,, CH4 or NoO changes is not possible. Thus, effects of interactionsdet the GHG induced
HO, and NO. changes, as reported for instanceNmvison et al(1999), are not detectable.

To identify the processes causing nonlinear ozone charigesannual mean ozone change is
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separated into the contributions from chemistry (chemprabuction and loss), transport and a
residual term according to the method describe@amny et al.(2011) andMeul et al.(2014). Since
the polar regions exhibit a large seasonal variability inrez chemistry and ozone transport, the
analysis must be extended to seasonal data. This meana thatattribution method the tendency
term is no longer small and has to be considered. A non-zesaeotendency over one season
means that ozone production, loss and transport are natdelebut cause a change in the local
ozone abundance. Therefore, the contribution from theetecyterm to the relative ozone change
is interpreted as the difference in the seasonal imbalaeteden chemistry and transport between
the climate states. In the following analysis, the tendeleem is not shown, but it is considered
(together with the residual term) when adding up the singteributions to the total.

To separate the chemical ozone loss into the different lpdes, the tooBtratO3Budfor details
seeMeul et al, 2014) is applied to the model output. As discussetaul et al.(2014) a lower
temporal resolution of the input data and a reduced set atiozs used irStratO3Budlead, in
some regions, to differences of the total ozone productimii@ss compared to the online integrated
terms that are used for the separation into chemistry andpiat. Therefore both loss quantities are
shown in section 3 for comparison.

The uncertainty of the nonlinear signals is calculated fthenjoint standard deviations, based on
the concept of error propagation. Significant changes o®B%/99 % confidence level are then

estimated by the exceedance of two/three times the staddsiation (2/3).

3 Results
3.1 Ozonechangeand itsdrivers

The annual mean, global mean ozone change between the @&frsaand 2000 is shown in Fig.
la. Ozone mixing ratios are reduced throughout the strawspwith a maximum change of -12 %
(=-3 %/decade) in the upper stratosphere (black line). d@higease is slightly smaller than that
described inJonsson et al2009) for the period 1975-1995. However, since the ozowrérdewas
slower before 1975, the results are comparable. Consisitinthe literature, the ozone decrease is
mainly due to the increase in ODSs (green). Rising levelstd&& (blue) lead to an ozone increase
in the middle and upper stratosphere (by up to 2.5 %) and hemageract the ODS-induced ozone
loss. The positive o0zone change below 100 hPa attributedH@<3s probably caused by increasing
concentrations of ozone precursors, but it isn’'t distispable from the GHG effect due to our
experimental setup (see Section 2). The GHG-induced ozumedse in the upper stratosphere is
related to GHG-induced radiative cooling, which decekesdhe temperature dependant ozone loss
reactions (e.gRosenfield et al2002). The negative GHG-signal in the lower stratosphehéch

is also found byJonsson et al(2009), originates from the tropics where a sligthly sttbeged

upwelling reduces the local abundance of ozone (not sholurthe lower mesosphere, the overall
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ozone loss is enhanced by the GHG effect. This is caused hycagaise of the HOmixing ratio
which is related to the higher CHemissions (e.g\Wuebbles and Hayho2002). A slightly negative
ozone change attributed to H@n the lower mesosphere is also reporteddiman et al(2010) for
the period 1960 to 1999.

The annual mean change in the total ozone column betweengk852000 is shown in Fig. 1b
for all latitudes. Total column ozone is decreased glohaiti the largest changes (-15 %) occuring
in the SH polar region. The pattern of the changes in the SHi#itgtively comparable to the
trends derived from observations (Fig. 3-22 fraMO, 2007) for the period 1980-2004. In the
tropics, however, the total ozone column change in the sitiwuls is larger than in the observations.
Furthermore, the meridional gradient of the €hange in the NH in the observations is not captured
by the model. Here, the different periods considered forcdieulation may play a role. However,
regarding the contribution from the ODSs, the ozone chasbew this meridional gradient. This
indicates that the change induced by the GHGs is too smdieitropics and too large in the northern
hemisphere (NH), which suggests a slightly stronger irséa the transport of ozone from the

tropics to the high latitudes in the timeslice simulationspared to the observations.
3.2 Nonlinear processes
3.21 Annual mean

In the atmosphere, GHG and ODS abundances have increasathsieously and nonlinear inter-
actions can occur. The difference between the sum of thdesfoeeings (grey) and the change
of simultaneously increased GHG and ODS mixing ratios ¢l& shown by the red line in Fig.
1. Throughout the stratosphere the nonlinear contributiotme annual mean global mean ozone
change is positive (Fig. 1a). The largest nonlinear effediind in the upper stratosphere, where it
is as large as 1.2 %. Here, the ozone change due to nonlinesaaibout half as large as the ozone
change induced by GHG changes. Statistically significantinear contributions are found above
100 hPa.

The vertically integrated nonlinear contribution for th&etent latitudes is shown in red in Fig.
1b. Significant positive changes are found in the extrafpelgions. At SH midlatitudes the nonlin-
ear term causes up to 1.1 % increase. Nonlinearity has dlgligggative (not significant) contribu-
tion in the SH polar region in the annual mean, but a slightlgitive contribution (not significant)
in the NH polar region. All in all, due to nonlinear interawis between changing GHG and ODS
concentrations, the resulting ozone loss in the recentipa$igthly smaller than expected from the
single forcings.

To analyse the processes that underlie the nonlinear oz@arges, the regions with significant
nonlinear changes have to be identified. In Fig. 2a, shoviageértically and latitudinally resolved

annual mean nonlinear ozone change, two stratosphericnggire found: the extra-polar upper
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stratosphere and the SH midlatitude lower stratospherth i@gions exhibit positive nonlinear con-
tributions to the overall ozone change of 1-2 %. These regadrstatistically significant nonlinear
changes are in relatively good agreement with the regioatified byZubov et al(2013) for the
future.

In the following we investigate which processes exhibitlivear interactions in the different re-
gions. For this purpose the annual mean nonlinear ozoneyelhiarseparated into the contributions
from chemical ozone loss, chemical ozone production and@#@ansport, shown in Fig. 2b-d, re-
spectively. For the interpretation, it should be noted tiwitthe changes in the processes are shown,
but the changes in ozone that are attributed to the changedgses. Since the ozone tendency is in-
versely proportional to the (positive definite) chemicadioz loss, a positive 0zone change attributed
to chemical loss implies slowed ozone loss. It is found thahe upper stratosphere, the nonlinear
ozone changes are caused by nonlinearities in the ozonasthgmwith a positive effect from ozone
loss and a smaller negative from ozone production (Fig. 2bcanin the tropical lower stratosphere
and at NH midlatitudes the significant nonlinear effectsrftazone loss and production nearly com-
pensate each other, leading to insignificant changes ineoZbhe positive nonlinear signal in the
lower stratosphere at SH midlatitudes results from therdmriton from both ozone chemistry and
ozone transport. Nonlinear processes affecting the ozansport cause an ozone increase in the
tropical and SH midlatitudinal lower stratosphere and aese in the SH polar region (Fig. 2d).
This indicates a reduced ozone transport into the SH palatosiphere. However, to identify the
involved processes it is necessary to analyse the seadwarajes in detail, since the BDC exhibits
strong seasonal variability (see Section 3.2.2).

The next step is to understand how the nonlinear interegtéoa caused and which processes
are responsible. First we analyse the reasons for the mamity of the chemical ozone loss by
separating the contributions from the different ozone tyssdes, applying the todtratO3bud For
illustration, we show the attribution of the ozone changestd ozone loss at 38 and at 60S (Fig.

3). Note that the use @tratO3budcan lead to quantitatively different results compared th Bb,
which is indicated by the additional contour line (blackhwitircles) in the top panel. In the upper
stratosphere at NH midlatitudes (Fig. 3a), the nonlineacgsses are acting in the same direction
as the increasing GHG concentrations and are reducingfibiety of the ozone loss, whereas the
increase of the halogen loading causes an ozone decreaseehlganced ozone loss. In the lower
stratosphere both the GHG and ODS increase enhance the loasnd he nonlinear contribution,
however, remains positive. At 68 (Fig. 3b) the sign of the ozone changes attributed to isanga
GHG and ODS concentrations is the same as at NH midlatitineshe ozone loss due to ODSs
is clearly larger in the lower stratosphere, which is linkedhe evolution of the ozone hole. The
nonlinear contribution to the ozone change is very smallrastaignificant between 50 and 10 hPa,
and even slightly negative at 5 hPa, but in the lower strdtesp8 % of the overall annual mean

ozone change are explained by nonlinear interactions.
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By analysing the nonlinear contributions from differenssccycles (Fig. 3c,d), we find that at
NH midlatitudes the nonlinear ozone increase is determiyezlreduced ozone loss in the catalytic
chlorine loss cycle (orange) above 70 hPa. In the uppepsihatre this increase is slightly counter-
acted by an enhanced ozone loss in the Chapman cycle (purpleg middle stratosphere nonlinear
interactions modify the NQ-catalysed @ loss, while in the lower stratosphere the Hé&nd BrQ, -
catalysed @loss are affected. In contrast to the nonlinear effect o€l and Chapman cycles in
the upper stratosphere, which varies only quantitativatynot qualitatively with latitude, the sign
of the nonlinear ozone change due to the,N®9cle depends on the geographical region. In the NH
the nonlinear ozone change related to the,N®cle is relatively small and not statistically signif-
icant. In the SH, however, ozone is significantly decreasedibto 2 % in the upper stratosphere
at midlatitudes (Fig. 3d) and increased in the middle sgattere in the polar region due to a non-
linearly modified NQ-catalysed ozone loss (not shown). This causes the hemispisgmmetries
in the nonlinear ozone change attributed to chemical logsgn 2b. In the lower stratosphere the
nonlinear ozone change due to H@ positive at all latitudes, but statistically significantreases
occur only at high latitudes. In the annual mean the totalinear decrease of the chemicaj (@ss
in the Antarctic lower stratosphere is caused by a reducegt HDO, - and BrQ,-catalysed @ loss
(Fig. 3d).

Which nonlinear processes are affecting the ozone losggycBince the loss rate of a specific
reaction is determined by the (temperature dependanttoaiicient and the concentration of the
involved species, nonlinear effects can occur either texatinonlinear temperature changes or/and
nonlinear changes of the radical and ozone abundances. Weiéihthe nonlinearity in the CIO
induced ozone loss is primarily caused by a reduced coratatrof ClO, radicals if ODSs and
GHGs are changed simultaneously, as compared to the sura sirtjle forcings (Fig. 4 a). In the
upper stratosphere the Cl@ncrease between 1960 and 2000 is about 300 %, while the ebalug
to ODSs &+350 %) and GHGs~-10 %) add up tox+340 % (not shown). This is explained by a
nonlinear effect on the partitioning of inorganic chlorjcensistent with the study kyevison et al.
(1999). From 1960 to 2000 the ratio between reactive (TEMd inorganic chlorine is reduced more
than expected from the single forcings. This is caused bintBeaction between the chlorine species
and the GHGs Clland N;O. While CGQ; is chemically quasi inert in the atmosphere and primarily
influences the radiative budget of the system,@Hd NG, a product species fromJD, can react
with chlorine compounds and form HCI and CIOMQespectively, which are the most abundant
chlorine reservoir species in the stratosphere. Thus,ahmadtion of chlorine reservoir species is
enhanced if the GHG concentrations are increased simuolteshewith the chlorine loading. This
is also valid for the BrQ-catalysed @ loss in the lower stratosphere through the formation of
BrONGs. In addition, nonlinear processes lead to a reduced abgedwert only of chlorine radicals,
but also of the total amount of inorganic chlorine in thetstsphere (not shown). This is related to a

reduced conversion of the chlorine source gases to inarganmipounds in the tropical stratosphere.
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Here, the reduced shortwave radiation reaching the lowatosiphere due to thesGncrease above
lowers the photolysis rate of organic chlorine. Furthemmairculation changes can play a role for
the chlorine release as discusseiaugh et al(2007).

The positive nonlinear effect on ozone shown here is contmthe findings ifHaigh and Pyle
(1982), who found a larger ozone decrease for the combinadgehof ODSs and CO The main
difference to the study biaigh and Pylg1982) is that not only C®concentrations are increased,
but also the CHand N,O abundances. This means that the nonlinear effect due ttunaed temper-
ature sensitivity of ozone is smaller than the nonlineahgt originates from changing atmospheric
abundances of CHand N,O and their interactions with chlorine species.

The rate limiting reaction of the Chapman loss cyclg{O) exhibits a strong temperature de-
pendency resulting in reduced ozone loss if temperatui@edse and enhanced loss if temperatures
increase. The annual mean nonlinear temperature changedre1960 and 2000 (Fig. 5) is positive
and statistically significant in the tropical upper stratosre and lower stratosphere at SH midlat-
itudes. Thus, the stratospheric cooling in the tropicalarmgtratosphere is weaker by up to 0.4 K
if ODSs and GHGs are changed simultaneously, with the careseg that the ozone loss via the
Chapman cycle is slightly increased. The temperature ahaadtern is linked to the nonlinear
ozone increase due to the Gl@ycle and the concomitant increase in ozone heating rai¢4, ib
modulated by dynamical processes, especially in the peions. The warming in the SH polar
upper stratosphere is related to a dynamically inducedatimdescent that is probably caused by
the cooling in the lower stratosphere. The cooling can paelexplained by reduced downwelling
(see Section 3.2.2 and Fig. 8d).

The hemispheric asymmetry in the nonlinear ozone chandeeitotver and middle stratosphere
is attributed to a larger nonlinear effect on the NiOss cycle in the SH that leads to a compensation
of the CIO, induced ozone increase at SH midlatitudes and to a largdinean ozone increase in
the polar region. This is mainly caused by processes in the8idg season and will be discussed
in section 3.2.2.

The significant nonlinear annual mean ozone increase dinetaical loss in the lowermost strato-
sphere at SH high latitudes (Fig. 2b) is mainly caused by aaed efficiency of HQ-catalysed @
loss (see Fig. 3d for 6@&). At this altitude, the HQ cycle is primarily determined by the reaction
of OH with Os. Although the absolute abundance of H@® increased due to nonlinear processes,
the partitioning between OH and H@s shifted in favour of HQ@ in this region (not shown). Thus,
the loss efficiency is reduced.

In addition to chemical ozone loss, chemical ozone prodoatontributes to the nonlinear ozone
signal. Figure 2c shows that ozone production is reducedefactions between increasing GHGs
and ODSs occur. It is mainly caused by a decrease of the pisiohte due to the ozone increase
in the levels above (i.e. a reversed self-healing effechle monlinear ozone increase attributed to

production changes in the NH upper troposphere, howeveyigl to be due to increased production

10
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via the reaction path H&-NO (not shown).

The processes that are responsible for the nonlinear chliarige ozone transport are analysed
in more detail from the seasonal point of view in the nextisect To investigate the seasonality
of the nonlinear ozone changes, the attribution method péiegpto seasonal means as discussed
in section 2. The largest nonlinear contributions are foiumthe September to November (SON)

season. Therefore we focus on the SON mean in the followiatyses.
3.2.2 Southern Hemisphere Spring (SON)

Figure 6 shows the nonlinear ozone change between 1960 &d@Che SH spring season (SON)
and the attributions to chemical ozone loss, productionteartsport analogous to Fig. 2. Figure 6a
shows that the nonlinear ozone increase in the extra-pplaegnstratosphere that was found for the
annual mean is a robust signal in austral spring (and in fhseasons, not shown). In the lower
stratosphere, however, the nonlinear ozone change in thens€n exhibits a clear dipole pattern in
the SH, with a positive signal at midlatitudes and a negdigeal in the polar region. Furthermore,
a statistically significant ozone increase due to nonliirgaractions is found in the NH polar lower
stratosphere.

The nonlinear ozone changes due to loss in the SON mean (Bigaré qualitatively similar
to the annual mean, but in the SH polar region the changes are pronounced. The nonlinear
contribution is positive in the upper and lower extra-pagatosphere, as in the annual mean, but
an ozone decrease is attributed to nonlinear processesmi@atitudes in the middle stratosphere
and in the polar region in the upper stratosphere and lowspsmphere. This decrease is caused by
significantly enhanced ozone loss through the,N®cle — by more than 2 % (Fig. 7b) — which
slightly exceeds the ozone increase due to reduced-Cialysed @ loss (Fig. 7a; see Sec. 3.2.1
for more details to the ClQcatalysed @ loss change). In the SH polar region, however, the non-
linear NO,-catalysed @ loss is decreased and thus ozone is increased in the midatesgthere
between 50 and 5 hPa (Fig. 7b). In the NH, no comparable reanlichange pattern is found in the
spring season (March to May; not shown).

The nonlinearity in NQ-catalysed @loss originates from a nonlinear change of the,Nfiixing
ratios in the atmosphere: it is positive at SH midlatituded aegative in the polar region (Fig. 4b).
To understand this nonlinear behavior, we first explain ffeetof the single forcings, since the NO
mixing ratios are affected by both increasing GHGs and Orsthe stratospheredO is destroyed
either by photolysis or by the reaction with an excited oxygeom G D. However, only the latter
reaction path produces NOIncreasing halogen loading leads to a reduction of stpditeisc NO,
above the 50 hPa level by diminishing the overhead ozonermolind thus increasing the photolysis
rate of N;O, which mitigates the NQproduction. Furthermore, an enhanced formation of reservo
species (CION®@, BrONO,) may also contribute to the NOreduction (not shown). In contrast,
increasing GHG concentrations cause a significantly laafpeindance of nitrogen radicals in the
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extra-polar stratosphere (not shown) which is linked teeéased NO input into the stratosphere. In
the upper stratosphere and mesosphere GHG induced stratmspooling increases the NQoss
reaction rateRRosenfield and Douglas$998) and therefore causes a N@ecrease. The combined
NO, change is dominated by the positive GHG effect in the trdpigeldle stratosphere and by the
negative ODS effect in the polar regions and lower stratesphin the upper stratosphere and lower
mesosphere the total N@hange between 1960 and 2000 is negative.

This means that in the SH, the combined change of ODSs and Gé#@s to a larger NO
decrease in the polar region than expected from the sum ditigée forcings (shown in Fig. 4b).
At midlatitudes, the N@ decrease is mitigated by nonlinear processes. Since ttiespadominates
also the annual mean change (not shown), seasonally asyimpretesses must be involved. In the
lower stratosphere the distribution of N@ determined by the release from reservoir species which
are produced from ND and transported via the residual circulation. Thus, meali NQ. changes
in the lower stratosphere can be caused by changes in thgN@uction, in the circulation, and/or
in the NO,/NO,, ratio. In the upper stratosphere the dominant form of odwgén is NQ. Due to
the chemical loss through the reaction NO+N in the uppetcgtpdnere and mesosphere, a maximum
mixing ratio of NO, occurs at 3 hPa. Thus, air masses that are transported dodvifroen the
mesosphere are characterized by lower,N@lues.

In the lower stratosphere we find qualitatively the same ineal change pattern for NCas
for NO,, with only slightly masked absolute values due to a modifiadifioning of radicals and
reservoir species. Since the release fropdNshows no significant nonlinear change in the tropics
(not shown), a possible explanation for the nonlinear,NBange is an effect of transport. In the
upper stratosphere the larger ozone abundance due to @anfirocesses can reduce the photolysis
of NO which reduces the efficiency of the N@oss reaction Rosenfield and Douglas4998).
Furthermore, the reduced cooling in the tropical uppetesghere (Fig. 5) tends to decrease the
loss. This leads to an increase of NCHowever, the dipole pattern cannot be explained by these
processes. Therefore, transport changes must be invdedcirculation changes due to nonlinear
processes are discussed later in more detalil.

The significant ozone decrease attributed to chemical toffsel SH polar upper stratosphere in
the SON mean (Fig. 6b) is caused by increasgdoSs in the Chapman and the H®ycle, which
together exceed the effect of the Gl@ecrease (not shown). The enhancgdd3s in the Chapman
cycle is explained by nonlinear warming (see Fig. 5 sinceSt®®l nonlinear temperature change is
comparable to the annual mean), while the increasetb&€s due to HQ is related to a nonlinear
increase of the HOmixing ratio in the upper stratosphere (not shown).

While the CIQ,-catalysed @ loss is significantly reduced at all latitudes and all seasorthe
upper stratosphere due to nonlinear processes, a signifioatinear ozone decrease occurs in the
SH polar region between 20 and 5 hPa in the SON mean (Fig. 7ais i§ not explained by a

nonlinear change of the ClOmixing ratio, but is probably related to the reduced ozorss lm
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the NQ, cycle that leads to more Qavailable for the catalytic ClQcycle. However, the overall
nonlinear ozone change attributed to loss in this regioroiridated by the ozone increase due to
NO,.

425 The nonlinear ozone change attributed to chemical prodin¢fig. 6¢) depends on the season-
ality of the incoming solar radiation and is therefore sliglifferent from the annual mean. The
contribution to the nonlinear ozone change, however, resnaggative.

Allin all, we find that ozone chemistry is affected by nonknehanges, but it cannot fully explain
the nonlinear ozone changes, in particular the ozone deeirahe Antarctic lower stratosphere in

430 spring. Figure 6d shows the nonlinear ozone change due teedzansport in the Antarctic spring
season. The pattern is qualitatively similar to that for @&inaual mean (Fig. 2d) which indicates
that the effect of nonlinear interactions on ozone transigdargest in the SH spring season. We
find a strong dipole signal in each hemisphere: in the SH afi&ignt decrease in ozone due to
transport in the polar stratosphere and an increase in dpé&s and midlatitudes, and vice versa

435 in the NH. Hence, the nonlinear ozone change pattern in thésShimarily determined by the
nonlinear changes in the ozone transport.

To understand why this dynamically driven nonlinearity &grated, we analyse the changes in
the residual mean mass streamfunctidi. (Figure 8a shows the change in the mass streamfunction
between 1960 and 2000 for the SON mean. The contributions @6lGs, ODSs and the nonlinear

440 term are illustrated in the panels 8b-d, respectively. Tiheohite field of the streamfunction is
positive for clockwise transport from the equator to thetingrole. The zerob-line of the 1960
reference simulation is shown in green.

The residual mean circulation is strengthened throughweitstratosphere in the NH between
1960 and 2000 in the SON mean. In the SH the circulation is megthin the upper stratosphere

445 and weakened in the lower stratosphere. This is consistiéimtine results byti et al. (2008) who
analysed simulations with a CCM and reported a weakenirtgegoddwnward motion in the Antarctic
lower stratosphere in SON for the 1960 to 2004 period and Aareement of the downwelling in
the upper stratosphere.

The change in the SH and NH upper stratosphere in the EMACIatimns can be explained by

450 the GHG and ODS forcings, respectively (Fig. 8b,c), but teakening in the SH lower stratosphere
occurs only if ODSs and GHGs are changed simultaneously. résult shows that in contrast to the
findings byMcLandress et al(2010), we detect a small, but significant nonlinear responsur
timeslice simulations. This is potentially related to th#edent approach (timeslice vs. transient
simulations) used in our study comparedvalLandress et al(2010) and also to the fact that the

455 chemical effect of increasing GHand N, O is solely included in our 'GHG only’ and not in our
'ODS only’ simulation as it is in the study ByicLandress et al2010). Thus in our study, nonlinear
effects on the dynamics arising from nonlinear ozone chaagemore likely to be detected.

Due to increasing GHG concentrations, the residual citmras enhanced in the NH upper
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stratosphere and in the lower stratosphere at low latifuaesvell as in the SH lower stratosphere
(Fig. 8b). A reduced wave dissipation in the upper tropospligeen in the reduced Eliassen-Palm
flux (EPF) convergence; supplementary Figure 1b) leads harmed wave propagation into the
lower stratosphere at midlatitudes in both hemispherethdrsH the wave dissipation is enhanced
between 100 and 10 hPa leading to a strengthening of thdatim, particularly in the lower strato-
sphere, but for the NH midlatitudes, the atmospheric stineciavours wave propagation (indicated
by the change in the refractive propertiés ét al., 2007); see supplementary Fig. S2b) into the
upper stratosphere, where the waves dissipate and drieh#mge of the mean mass streamfunction
in the upper part (suppl. Fig. 1b and Fig. 8b).

In contrast, ODS increase leads to an enhancement of theraasportin the SH and a reduction
in the NH (Fig. 8c), which is also reported ind et al.(2009). In the SH the source region
of wave energy (EPF divergence) in the UTLS betweehS3@nd 60S is shifted poleward and
intensified (see supplementary Fig. 1c). This is probalted to a slight poleward shift of the
SH subtropical jet, which is caused by the cooling trend eAlmtarctic lower stratosphere and an
increase of the latitudinal temperature gradient. The shthe SH subtropical jet is a known feature
in summer months (e.§Vilcox et al, 2012), but it already starts to develop in SON in the tinoesli
simulations. In addition, wave dissipation is reduced i lttwer stratosphere at midlatitudes, i.e.
the atmosphere is more permeable, which leads to increaBEdc&nvergence in the middle and
upper SH stratosphere (see supplementary Figure 2c andspeatively) and to a strengthening of
the SH residual circulation (Fig. 8c). The improved cormfis for wave propagation are linked to the
positive change of the zonal mean zonal wind (see supplemehigure 3c), that goes along with
a later breakdown of the polar vortex (not shown). The NH vesathg is explained byrind et al.
(2009), with an extension of the SH circulation change ihtoXH leading to reduced downwelling
at high NH latitudes.

Finally, nonlinear changes occur, for example, if changethé atmospheric conditions due to
ODSs favour or mitigate the propagation of waves, which in aire caused by increasing GHGs. In
our simulations we find that the strengthening of the redicivzulation in the SH lower stratosphere,
which arises from both GHG and ODS changes, is weaker forahwaed forcing (Fig. 8d). Here,
different processes play a role. On the one hand, the waiétadtom below is decreased due to
less reduced (= increased) wave dissipation in the tropayspfhis is linked to a weaker increase of
the zonal wind around 6@ (see supplementary Figure 1 and 3), which is associatbdawiteaker
meridional temperature gradient in the UTLS and a reduceéelwaod shift of the SH subtropical
jet (compared to the sum of the single forcings). This sHfbanduces a weakening of the EPF
divergence in the lowermost stratosphere (see supplemydfita 1d and 3d). On the other hand,
the middle stratosphere is more permeable for waves (sedéesnentary Figure 1d and 2d), which is
related to the greater persistence of the polar vortex in@idgfor the combined forcings compared

to the sum of the single forcings (not shown), meaning a lopgeod of westerly winds in spring
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(see supplementary Figure 3d). Thus, while wave dissipasioeduced in the middle stratosphere,
it is enhanced in the upper stratosphere, driving the pesiirculation change there (Fig. 8d).

In the NH the weakening of the residual circulation whichasised by ODSs and, in the polar
lower stratosphere, by GHGs, is compensated by nonlinezmaictions. The wave dissipation in the
troposphere is decreased at midlatitudes allowing moresvevpropagate into the stratosphere. As
a consequence the wave dissipation in the middle and upp¢osphere is increased, driving the
positive change of the residual circulation (supplemsritag. 1d and Fig 8).

This nonlinear behavior of the mass streamfunction is et with the changes of the ozone
transport, since reduced transport from the tropics to thlarpegions causes ozone increase at
midlatitudes and decrease at high latitudes. On the othret, leastrengthening of the mass stream-
function in the NH lower stratosphere occurs, which causeimereased transport of ozone to the
higher latitudes. Moreover, the changes of the residualiition provide a possible explanation for
the nonlinear NQ change pattern in the lower stratosphere (Fig. 4b). A slongss transport from
the tropics to the mid- and high latitudes goes along withngiéw transport time, which means that
more time is available for the chemical conversion g0\ The reduced NQvalues south of 706
are probably linked to the transport barrier at the edge@ptiiar vortex, which is more persistent if
ODSs and GHGs are increased simultaneously (not showr)elagper stratosphere, the increased

downward motion transports air with low NQo the polar region and explains the N@ecrease.

4 Conclusions

In this study we have performed an attribution of ozone ckargptween 1960 and 2000 to increas-
ing GHGs and ODSs, explicitly accounting for nonlineastié set of idealized simulations with the
CCM EMAC allows us to detect nonlinear contributions to apesiand to analyse the underlying
processes. In contrast to attribution studies using ttaastpheric halogen loading as explanatory
variable, this method includes all preceding processestansport and chemical conversion of the
halogen source gases. GHG induced changes in the procesdbigSs and the resulting ozone
changes are therefore not attributed to ODS changes, bhetadnlinear interaction term. Fur-
thermore, by attributing the ozone changes to increasingniratios of well-mixed GHGs, both
temperature and chemical modifications are consideredppssed to only temperature or O
changes. Thus, ODS induced changes in the abundance pBH®ONO, and the resulting ozone
changes are attributed to nonlinear processes.

We identified a positive nonlinear contribution to the arlnaaan global mean ozone change
throughout the stratosphere. The largest nonlinear chafiiy@ % occurs in the upper stratosphere,
where it is half as large as the GHG induced ozone change.sidnal is robust in the extra-polar
region in all seasons. The main processes that we founchdrthie nonlinear ozone changes are

summarised in the schematic overview in Fig. 9. In the egtilar upper stratosphere, the nonlinear
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ozone increase is mainly attributed to nonlinearities iaroltal ozone loss. We showed that re-
duced ozone loss is mainly caused by nonlinear processesiaf the ClQ loss cycle. Interactions
between the chlorine species and £t N.O products lead to an enhanced formation of chlorine
reservoir species, which decrease chemical ozone lossarghse 0zone abundance by up to 2.5 %.
This is consistent with the results Bevison et al(1999). The CIQ effect is counteracted by more
effective ozone loss via the Chapman cycle, which meanghleaemperature induced decrease of
the Chapman loss reaction rate is smaller if GHGs and ODSshaneged at the same time. This
is consistent with the findings ¢faigh and Pylg(1982), who showed that the sensitivity of ozone
to temperature changes decreases with increasing chloading. In the middle stratosphere, non-
linear ozone change due to the N®©ycle is slightly positive at NH midlatitudes, but largerdan
negative at SH midlatitudes, which leads to hemispheriecnasgtries in the nonlinear ozone loss
signal.

Besides the significant nonlinear ozone change in the ¢sdpeal upper stratosphere, a second
region with significant nonlinear annual mean changes istified in the lower stratosphere SH
midlatitudes. Here, reduced C]&atalysed ozone loss together with positive changes im&zo
transport are found to be the main drivers of a nonlinear eZzocrease. A nonlinear contribution
is also found in ozone production, which is significantlyueed globally except for the lower polar
stratosphere. The reduced production is related to a redoiuetolysis rate of molecular oxygen,
which is the concequence of the ozone increase above.

In the SH in spring (SON), a pronounced dipole pattern in t@inear ozone change is evident
below 10 hPa, with ozone decrease in the polar region andaserat midlatitudes. This is mainly
attributed to nonlinear processes affecting ozone tramdmat also modulated by nonlinear changes
in the ozone chemistry. Due to a nonlinearily weakened nmral mass transport from the tropics
and midlatitudes to the SH polar region, less ozone is ti@sg to the high latitudes in the lower
stratosphere. In the NH, however, nonlinear interactieasl Ito an enhanced mass transport and
hence to a positive 0zone change attributed to transpohieitnigh latitudes and a negative ozone
change at midlatitudes. Here, the reduced ozone loss inltg €cle balances the negative signal
at midlatitudes and enhances the positive signal at higludi&s. In contrast, at SH midlatitudes
the nonlinearily enhanced ozone loss in the N§ycle exceeds the positive signal from the IO
cycle in the middle stratosphere. No enhancement of thedgeaeous ozone loss due to nonlinear
processes is detected in the ozone hole area in spring,thet & (not significant) mitigation of the
chemical ozone depletion.

The integrated effect of the nonlinear processes is evidehe change of the total ozone column.
The ODS induced decrease is significantly mitigated in theexolar regions by up to 1.1 % in the
annual mean.

All'in all, we showed that in simulations with the CCM EMACnsiltaneously increased GHG

and ODS concentrations lead to nonlinear interactionstifig both ozone chemistry and ozone
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transport between 1960 and 2000. The nonlinear effect oneoismall compared to the ODS
effect, but for the recent past it is about half as large as3hks effect. It has to be noted that
these results are based on a single model stidlyuglass et al(2012) showed that differences
in the balance of loss processes between different CCMs leadifferent sensitivity of ozone to
temperature and chlorine changes in the upper stratospieralyses of the nonlinear processes
with different models are thus needed to confirm the conahssshown here.

For attribution studies with multiple linear regressioralysis, however, one has to be aware of
the fact that the basis functions may already be modified loyimear interactions. Therefore some
processes are not included in the attribution. The appearainonlinearities means that the effect
of ODS emission changes is to a small percentage depend#re prevailing GHG concentrations.
Thus the future evolution of stratospheric ozone due to #wdinke of ODSs will not simply be a

reversal of the past.
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Fig. 1. a) Vertical profile of the annual mean global mean changedanemixing ratio (in %) between 1960 and

2000 (black) and the contributions from GHGs (blue) and ORB=sen) and the nonlinear term (red). The sum
of the single forcings (GHG+ODS) is shown in grey. The barsode the 95 % confidence level of the changes.
b) Same as a), but for the latitude dependant annual meagelamotal column ozone (in %) between 1960

and 2000.
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Fig. 2. Latitude-height section of the nonlinear contributioniie annual mean ozone change (a) between 1960
and 2000 in % and the separation into the contributions fraome loss (b), ozone production (c) and ozone
transport (d). Red/blue shading indicates positive/negathanges. The contour lines indicate the regions

where the changes are larger theaPo and+30. The bold dashed line shows the mean tropopause location of

the R1960simulation for the annual mean. Note that the contributibos chemistry (b+c) and transport (d)
do not exactly add up to the total (a) because of the residual. t
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Fig. 3. Top: Vertical profile of the relative ozone change due to dicatrozone destruction (black) and its
attribution to GHGs (blue), ODSs (green) and nonlinearrattgons (red) for the annual mean at’B0D(a)

and at 60S (b). The results based on the calculation with the 8chtO3Budare shown as solid lines. For
comparison the result of the total change calculated agugydto Fig. 2b is shown as black line with circles.
Bottom: Vertical profile of the nonlinear contribution tcetloss induced ozone change (red; see top panel) and
the separation into the contributions from the differerdrazloss cycles, i.e. the,purple), HO, (blue), NO,
(green), CIQ (orange) and Br@ (magenta) loss cycles for the annual mean 40\3() and at 60S (d). The
bars denote the 95 % confidence level of the changes. Thdhmdiuns from the single loss cycles add up to

the total loss change. Note the different scales of the suitafiy
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Fig. 5. Same as Fig. 2a, but for the nonlinear annual mean tempereliange [K] between 1960 and 2000.
The contour lines indicate the regions where the changda@er thant-20 and+30.
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Fig. 9. Schematic figure of the annual mean nonlinear ozone chartgede 1960 and 2000 and the main

processes we have identified.s€)/(Os-) means positive/negative change of ozone due to the iredigaocess.
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