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Abstract. Chemistry-climate models (CCMs) project an ear- destruction rates of ozone by the N@ycle in the Northern

lier return of northern mid-latitude total column ozone to Hemisphere lower stratosphere linked to effects of dynamics
1980 values compared to the southern mid-latitudes. Theand temperature on NQ@oncentrations, and (iii) an increas-
chemical and dynamical drivers of this hemispheric differ- ing efficiency of heterogeneous ozone destruction RyicCl
ence are investigated in this study. The hemispheric asymthe Southern Hemisphere mid-latitudes as a result of decreas-
metry in return dates is a robust result across different CCMsng lower stratospheric temperatures.

and is qualitatively independent of the method used to esti-

mate return dates. However, the differences in dates of re-

turn to 1980 levels between the southern and northern mid-

latitudes can vary between 0 and 30yr across the range of Introduction

CCM projections analyzed. Positive linear trends in ozone

lead to an earlier return of ozone than expected from thein support of the WMO/UNEP (World Meteorological Orga-
return of C|, to 1980 levels. This forward shift is stronger nization/United Nations Environmental Programme) ozone
in the Northern than in the Southern Hemisphere becausassessment 201@MMO, 2011), the SPARC (Stratospheric

(i) trends have a larger effect on return dates if the sensitivityProcesses And their Role in Climate) CCMVal-2 activity
of ozone to G} is lower and (ii) the trends in the Northern coordinated simulations of the future evolution of atmo-
Hemisphere are stronger than in the Southern Hemispherepheric 0zone using about a dozen chemistry-climate models
An attribution analysis performed with two CCMs shows that (CCMs). These simulations have been extensively analyzed
chemically-induced changes in ozone are the major driver otand evaluated§PARC-CCMVa) 2010. As a result of the

the earlier return of ozone to 1980 levels in northern mid-success of the Montreal Protocol and its amendments and
latitudes; therefore transport changes are of minor impor-adjustments, tropospheric concentrations of ozone depleting
tance. This conclusion is supported by the fact that the spreadubstances (ODSs) are decreasMgrftzka et al, 1999 and

in the simulated hemispheric difference in return dates acrosare expected to continue to decrease over the next century.
an ensemble of twelve models is only weakly related to theln mid-latitudes, stratospheric {is projected by CCMs to
spread in the simulated hemispheric asymmetry of trends imreturn to 1980 levels by the middle of the 21st century. To-
the strength of the Brewer—Dobson circulation. The causesal column ozone (TOZ), on the other hand, is projected by
for chemically-induced asymmetric ozone trends relevant fortCCMs to return to 1980 values earlier: by the early 2020s
the total column ozone return date differences are found to b@ver northern mid-latitudes and by the mid-2030s over south-
(i) stronger increases in ozone production due to enhancedrn mid-latitudes Austin et al, 201Q Eyring et al, 2010.

NOx concentrations in the Northern Hemisphere lowermostUnlike Cl, where the return to 1980 values is hemispher-
stratosphere and troposphere, (ii) stronger decreases in theally symmetric Austin et al, 2010, the return of TOZ
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to 1980 values is hemispherically asymmetric. Anstin evaluating the height dependence of the hemispheric differ-

et al. (2010 andOman et al(2010 it was shown that this ences and testing their connections to changes in the BDC.

hemispheric asymmetry results from changes in lower stratoBased on two of the CCMs, an attribution is performed, al-

spheric ozone, specifically ozone below 20 hPa. lowing an explicit separation of the effects of chemistry and
In addition to being influenced by ozone depleting sub-transport (Sect5). The chemically-induced ozone changes

stances (ODSs), ozone concentrations are also affected tand their drivers are analyzed in more detail in Séctn-

changes in greenhouse gas (GHG) concentrations. Whileertainties and the relevance of the processes found are dis-

ODS concentrations increased strongly in the second half oEussed in Sec¥. Conclusions are presented in Séxt.

the 20th century, and are expected to decline again in the 21st

century, GHG concentrations are projected to keep rising ) )

monotonically.Eyring et al.(2010 used a multi-model set 2 Chemistry-climate models

of sens_mwty simulations, in which either ODS or GHQ con- Within CCMVal-2 (SPARC-CCMVaJ 2010 a set of simu-
centrations were held constant, to show that the hem|spher|F : ; o
ations was performed with a number of CCMs aiming at

difference in mid-latitude ozone evolution is due to astrongerinvesti ating the stratospheric ozone laver. Our analvsis re-
response of Northern Hemisphere (NH) ozone to increasin gating b yer. Y

GHG concentrations compared to its Southern Hemisphe g%quires seamless simulations from the past to the future, and

(SH) counterpart the necessary output of these simulations was available from
A numberF:)f .rocesses determine the response of mid—lz CCMs. The individual models are not identified as this is
. P! i >P not required for the analyses that aim to explore the spread
latitude ozone to increasing GHG concentrations. In the up- . : o
) : . in the simulations rather than the performance of individ
per stratosphere, increasing GHG concentrations cause tenﬂl'al models. A description of models and the simulation se-
peratures to decrease which slows the- O3 — 20, re- )

. . tups can be found iMorgenstern et al(2010. For 10 of
action such that ozone increasé(tmann and Solomon the models, REF-B2 simulations are analyzed. The REF-B2
2007. Increases in the concentrations ofNand CH, el- ' yzed.

evate the concentrations of the ozone precursors, KO simulations are designated to consistently simulate past and
NO -+ NO,) and HQ, (= H-+ OH+ HO,) I—?owever tie re- future climate, extending from 1960 to 2100, and include an-
sponse 02% ozone 1o c_han es | (Narﬁd. CH de énds on thropogenic forcing by GHG and ODS emissions. The GHG
P ges 12 P . missions follow the Special Report on Emissions Scenarios
a number of coupled processes. For example, the ratio o SRES) A1B scenario. The SCN-B2d simulation, used for
NOy to N>O is temperature-dependent, such that decreas; L ; . i .
ing temperatures lower the yield of NGrom NO (Plum- the remaining two models, differs from REF-B2 in that it in
mgr et:fl 201Q Revell et al 2y012l) The s eedzand ath of cludes natural variability, i.e., the solar cycle and the QBO
: ’ i ' e ap (quasi-biennial-oscillation) (seeyring et al, 2008. How-
air parcels through the Brewer-Dobson Circulation (BDC) ever, for the purposes of this study, the two simulations are
also affects N@Q concentrations by determining the time equi;/alent ’
Since CCMs consistenty project a srengthening of the BDC, T COMS that ae equipped with the necessary diagnos-
1y proj 9 9 tics are used more extensively for the attribution analysis and
(Butchart et al.2010), this will also reduce the yield of NO are described in areater detail below
from N2O (Cook and Roscqe012). 9 '
In previous studies, the hemispheric asymmetry inthe re» 1 NjWA-SOCOL
sponse of ozone to increasing GHG concentrations was at-

tributed to hemispheric asymmetries in changes in transportrhe NIWA-SOCOL (National Institute of Water and At-
the strength of the BDC is projected to increase more in themospheric Research — SOlar Climate Ozone Links) CCM
NH compared to the SHYMO, 2011 Eyring et al, 2010 js a modified version of the CCM SOCOL_v2.8dhraner
Austin et al, 2010. However, little evidence has been pre- et al, 2008 in which stratospheric ozone is simulated, in-
sented to support this hypothesis. In this study, the role ofjuding a budget analysis of ozone production, loss from
changes in transport on the hemispheric asymmetry of returgjifferent catalytic cycles and transport. SOCOL comprises
dates of mid-latitude ozone to 1980 levels is reassessed. Twghe MAECHAM4 global climate model and a modified ver-
complementary approaches are followed: first, a multi-modekjon of the chemistry transport model MEZORgorova
ensemble of CCMVal-2 models is used to investigate the roet al, 2003. MAECHAM4 is configured with a T30 spec-
bustness of projections of the temporal evolution of ozonetral horizontal resolution with 39 vertical levels between
and then two CCMs (described in Seg}.that incorporate  Earth's surface and 0.01 hPa 80km). A hybrid transport
the necessary diagnostics are used to conduct a detailed attdcheme is employed to advect the chemical constituents. The
bution of the drivers of mid-latitude ozone changes throughchemical solver algorithm uses a Newton—Raphson iterative
the 21st century. These diagnostics, along with other methmethod, taking into account 41 chemical species, 140 gas-

ods used in the analysis, are described in S2dh Sect4,  phase reactions, 46 photolysis reactions and 16 heteroge-
the multi-model analysis is presented, testing the consistencyeous reactions.

of the hemispheric asymmetry in return dates across models,
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The output used in this study originates from a NIWA- terization for the bromine chemistry was included. The pa-
SOCOL REF-B2 simulation. This simulation is an updated rameterization is based on the photolysis of@J and de-
version of the one performed for the SPARC CCMVal-2 scribed in detail inStenke et al(2009. Boundary condi-
activity in that the sea surfaces temperatures (SSTs) simutions for the two families Gl (= HCI+ CIONO,+ ClOy) and
lated by ECHAMS5-MPI-OM are used. Otherwise the bound- NOy (= NOx+HNOg) are prescribed at the uppermost model
ary conditions are as describedMorgenstern et a2010 level (10 hPa) to account for chemical processes above the
and are consistent with the CCMVal-2 specifications. In themodel top. For a more detailed description of E39CA, see
NIWA-SOCOL simulation, a minor error was made in the Stenke et al(2009. The SCN-B2d simulation performed
prescription of the NQ boundary condition, i.e., aircraft with E39CA, as submitted to the CCMVal-2 archives, is
NOy emissions were inadvertently doubled. However, sinceused here. The simulation extends from 1960 to 2049, and
NIWA-SOCOL is used to study ozone changes mostly abovethe boundary conditions including anthropogenic and natu-
100 hPa, this error is not expected to impact the results. ral forcings are described Barny et al(2009.

A diagnostic implemented within the model tracks the As in NIWA-SOCOL, ozone production and destruction
change in the ozone concentration within each model gridrates from a prescribed set of chemical reaction cycles are
cell, at each time step, resulting from net chemical pro-calculated from the rate-limiting reaction steps, and are saved
duction and net transport into the cell. The change in netas part of the model output. The total chemical tendencies of
chemical production is calculated explicitly, and can be fur- ozone are then calculated off-line from the sum of the tenden-
ther attributed to different catalytic cycles. Further attribu- cies of the chemical cycles. The transport tendencies are cal-
tion of odd oxygen (Gr O3) production, via the Chapman culated by subtracting the ozone chemical tendencies from
cycles, and destruction by the HONO, and C| cycles, the total ozone tendencies. Thus, transport tendencies are cal-
across 15 different catalytic cycles, was performed withinculated as residuals in both models: in NIWA-SOCOL online
the model chemistry scheme using the rate limiting stepsduring the simulation and in E39CA off-line after the simula-
of the corresponding reaction cycles. This diagnostic, alongion was performed. Therefore, transport tendencies include
with the detailed list of reaction cycles, is describedRigv- in both models any spurious contributions to ozone tenden-
ell et al. (2012. In this paper, destruction by bromine- cies resulting from numerical artifacts within the model. Ex-
containing species is included in theyQlestruction term.  cessive diffusion due to the numerical representation of ad-
The change in ozone due to transport is defined as the residrection is thus also part of the transport tendency, as it should
ual of the net chemical production subtracted from the totalbe since it is part of ozone transport in the models.
ozone change. Both terms are recorded and accumulated into Chemical reaction cycles are grouped, as in NIWA-
monthly means for each grid cell. Since transport is deter-SOCOL, into production by the Chapman cycle, and destruc-
mined as a residual, any numerical computation residual antion by the HQ, NOy and CJ, cycles. As mentioned above,
renormalization of the ozone concentrations are folded intoany bromine-related ozone destruction is included in the Cl

the transport term. loss term. Additionally, in E39CA the rate-limiting reaction
rates of two of the main tropospheric ozone production cy-
2.2 E39CA cles are saved as output. These rate-limiting reactions are

(1) HO; + NO — OH+ NO; (in the following referenced as
The CCM ECHAM4.L39(DLR)/CHEM/ATTILA (E39CA)  “PHN") and (2) CHO2 + NO — CH30 + NO, (referenced
is an updated version of ECHAMA4.L39(DLR)/CHEM as “PCN"). Dry deposition at the surface is also considered
(E39C) Hein et al, 2001, Dameris et al.20095 with the for the budget calculation.
former semi-Lagrangian advection scheme replaced by the
fully Lagrangian advection scheme ATTILAREithmeier
and Sausen2002 Stenke et a).2009. E39C is based on 3 Methods
the spectral general circulation model ECHAMA4.L39(DLR)
(Land et al, 2002 and the chemistry-module CHENS{eil In this study, return dates of ozone to historical values are
et al, 1998. The model is run with a spectral horizon- estimated using a linear regression approach, as described in
tal resolution of T30, corresponding t0 3.75° x 3.75° on the following in Sect.3.1 Apart from providing a smooth
a transformed latitude—longitude grid. The model consiststime series that is needed for the return date calculation, the
of 39 layers in the vertical, extending from the surface toregression model is used for the statistical separation be-
the uppermost layer centered at 10 hPa. The chemistry modween that part of each time series that is congruent with the
ule CHEM is based on a generalized family concept and in-evolution of C|, and that part that is congruent with a linear
cludes homogeneous and stratospheric heterogeneous ozotmend. The linear trend is responsible for driving ozone return
chemistry and the most relevant chemical processes for dedates away from the return dates of, ClVe argue that the
scribing tropospheric background chemistry. Ozone depleirends are responsible for the hemispheric asymmetric return
tion cycles involving bromine were originally not imple- dates (see Sect.1). The physical processes responsible for
mented in the CHEM module, but subsequently a paramethe trends are further analyzed in SéctA method is used
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that attributes ozone changes to changes in chemistry anthe linear trend term is then used to estimate return dates to
transport (described in Se&.2). Thus, the ozone trends can 1980 values. As shown in Appendi, this method of cal-
be separated into chemically-induced and transport-inducedulating return dates gives similar results to other methods;

ozone trends. thus the overall results are independent of the method used
o for the return date estimation.
3.1 Estimation of return dates Dates of return of TOZ to 1980 values in the mid-latitudes

. (45-60) of both hemispheres for twelve different CCMs are
To estimate dates of return of ozone to 1980 levels, ey, in Fig.1. Compared to earlier estimatesustin et al
time series need to be smoothed to remove the effects 01 gyring et al, 2010, the multi-model mean return dates
unforced (internal) Va”a_b'“ty that WQUId other_mse mal_<e derived here are slightly earlier in both hemispheres. This
the return date evaluation susceptible to climate no'semight result from a different choice of the geographical re-

For the analysis in support of the 2010 Ozone ASSesSyinn (50 to 45 N as opposed to 33V), for reasons explained
ment WMO, 2017, a time-series adaptive model analy- ;
' ' P Y~ later, or from a different subset of CCMs used here. How-

sis (TSAM) method cinocca et al.2010 was used. ThiS  gyer the 10 to 15yr earlier return of northern mid-latitude

method separates the time series into a smooth signal angly7 14 1980 values compared to southern mid-latitude TOZ

superimposed noise, based on a statistical non-parametrig i ¢jose agreement with estimates Aystin et al.(2010
fit. An alternative approach is to iteratively smooth the time andEyring et al.(2010).

series by applying a 12: 1 filter many times. A compari-
son of the TSAM method with the iterative: 2: 1 smooth- 3.2  Ozone attribution method
ing can be found in the supplement to Chapter 9 of the
SPARC CCMVal-2 report PARC-CCMVa) 2010. This  Ozone changes are attributed to sources and sinks (chemi-
comparison shows that the multi-model mean estimate otal production and loss and transport of ozone) as described
mid-latitude ozone return dates is independent of the methoéh Garny et al.(2011). A short summary of the method is
used. For individual models, on the other hand, the choice ofjiven in the following. The required model output are the
the method can lead to large differences in the return dates.chemical ozone tendencies (the total ozone production and
A conceptually different approach to separating the signalthe total ozone destruction). [Barny et al(2011), changes
from the noise is to apply a linear least squares regressioin ozone between two time periods were attributed to changes
model with given geophysical predictors, i.e., using a prioriin chemical production, destruction and transport. It was as-
information on the known drivers of the long-term changessumed that the annual mean ozone tendencies, averaged over
in ozone. In practice, these predictors are the burdenpf Clthe period of interest, were close to zero. Here, this method
(known to be the cause of large depletion of ozone) and a linis extended so that it can be applied to time series of ozone,
ear trend, which is assumed to approximately represent thee., the method attributes year-to-year changes to changes in
response to changes in GHG concentrations and other emishe sink and source terms.
sions that increase monotonically (e.g., Nénissions at the The ozone budget equation for the annual mean change in
surface). Thus, the regression model is of the form ozone for two periodgl andp? is the following (see Eq. 4

of Garny et al.2011J):
O3(t) =apg+ay x Cly(t) +az x t + R(t),

P
whereag, a1 anday are the offset, the Gland the trend [88—03} =[P]Pt — [DO3]Pt +[T]"*
regression coefficients, respectively, aRds the residual. ! s

More_detans can be .found in .Appendtx. While _thls re- 0[3_03} —[P]?2 — [DO3]"2 +[T]">. Q)
gression approach might be criticized for assuming ozone to| ¢

be driven only by GJ or some linear process, it has the ad- ) . . . )
vantage of permitting a separation between these two terms! N€ intégration denoted bjy] is the integral over the time
In particular, if the goal is to understand the deviation of PET0dsp1 and p2, respectively. @is the ozone mixing ra-
ozone return dates from Cleturn dates, the regression per- {0 Within some model grid cellP is the ozone production
formed in this way separates the secular evolution of ozondVithin the grid cell, andD is the fraction of the ozone de-

into a component that is congruent with the, @volution stroyed in that time step within the grid ceff. is the net
(i.e., returns to 1980 values whenyQ@loes) and a compo- amount of ozone transported into or lout of the grid cell. In
nent that drives deviations away from the, @éturn dates. ~ contrast tdGarny etal(2011), the term["a—cﬁ] is not assumed
This physical interpretation of the regression model attribu-to be zero, allowing periods to be a single year.

tion between its two basis functions requires a sufficiently

long time series so that the Cand linear trend basis func-

tions are approximately orthogonal. This is achieved by con-

sidering the 1960 to 2049 period. The fitted time series from

this regression model that attributes ozone changes;tar@

Atmos. Chem. Phys., 13, 727%30Q 2013 www.atmos-chem-phys.net/13/7279/2013/
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Fig. 1. Return dates to 1980 values of mid-latitude total column ozone for twelve different CCMs using a simple regression (black, with
uncertainties), using advanced regression (red, with uncertainties) and smoothing (blue) together with §0reRanCllates (green).
Triangles on the right are the multi-model mean. Left panel: NH mid-latitudes (23¥60niddle: SH mid-latitudes (45—-6() and right:

SH—-NH.

For [ DOgs] ~ [ D][ O3], the equations above can be trans- sink, i.e., the first to fourth terms. The nonlinear terms con-
formed to describe the relative change in ozone as

[0s]2—[0g) _ [D}t ~[D)”?
O~ oz

relative ozone change Destruction-induced ©change

[P]PZ_[P]PI [T]PZ_[T]Pl
(P17 + 717 —[A] " [P+ [T]7 — [A]

Production-induced ©change Transport-induced ©change

_l.

[A]71 — [A]”
[P+ (177 —[A]"

Imbalance term

4+ 8D x6P
——

Nonlinear, chemistry

+6D x (6T +68A).
| —

Nonlinear, mixed

()

sist of the changes in the destruction rates applied to all other
terms (production, transport and the imbalance term). For ex-
ample, if there is more ozone production from some chem-
ical cycle during a time step, but it is accompanied by an
enhanced destruction rate from a different cycle during the
same time step, the elevated ozone is immediately subjected
to the enhanced destruction, reducing the effect of the ad-
ditional production. Similarly, stronger transport of ozone
into a grid cell might also be mitigated by local changes
in the ozone destruction rate, as described by the nonlinear
term. The nonlinear terms are one order of magnitude smaller
than the other change terms, so as long as changes are small
(< 0.1), this term is one order of magnitude smaller, and thus
not important.

In the analysis presented below, transport and chemically-
induced ozone changes are separated. The changes due to
transport are diagnosed from the third term in E2). The
changes due to chemistry are the sum of the production, de-

The first three terms on the right-hand side of the equation arétruction and the first nonlinear term (i.e., the first, second
the contributions to ozone changes due to changes in destru@nd fifth terms in Eq2). Hereafter, when referring to the
tion, production and transport, respectively.is the ozone

90

tendency| =

] averaged over the respective periods, and the!

fourth term is therefore the contribution to ozone changesd
due to a difference in the total gain or loss of ozone over
one period compared to the other. Hereafter this is referrede
to as “imbalance” term. The last two terms in the equation

describe the nonlinear contributions, where dttenotes the

change in ozone due to changes in the respective source

www.atmos-chem-phys.net/13/7279/2013/

nonlinear term, only the mixed transport—chemistry term (6th
erm in EqQ.2) is meant.

In Fig. 2, an example of the application of the method is
emonstrated for lower stratospheric, partial column, zonal
mean ozone at 45 from 1960 to 2049. Ozone changes in
ach year £ py) are calculated relative to the mean over
1960-1969 £ p1), and are reasonably well reproduced by
gr1e sum of the terms on the right-hand side of Ex). The

Atmos. Chem. Phys., 13, 727384 2013
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Fig. 2. Demonstration of ozone attribution method: time series of zonal mean lower stratospheric partial column 0Zb8eelediGe to the
mean 1960-1969 (black solid line) as simulated by E39CA, together with changes induced by transport (red), changes induced by chemistry
(blue), the imbalance term (yellow), the nonlinear term (green) and the sum of these four terms (control line, grey).

individual components of these terms are shown, indicatingagainst using different methods for the return date calcula-
the extent to which changes in the respective quantity contion (see Appendi®). However, there is a large spread in the
tribute to the relative change in ozone in a particular year.hemispheric differences among the individual models, rang-
For example, the red line indicates how much ozone woulding from O to close to 30 yr.
have changed as a result of changes in transport alone. The To evaluate the relative contributions of different altitude
largest contributions to ozone changes are from changes iregions to the hemispheric differences in return dates, partial
chemistry and transport. The imbalance-ter fas aminor  ozone columns were calculated for (i) the surface to 10 hPa,
contribution to interannual variability and none to the long- (ii) the tropopause to 10 hPa and (iii) the region from 100 to
term decrease in ozone over this period at this location. Thel0 hPa. Thus, the altitude domain of regarded ozone columns
nonlinear term has a negligible contribution in this case. is stepwise reduced, excluding first the upper stratosphere,
further the troposphere and in a third step also the lower-
most stratosphere (i.e., region between the tropopause and

4 Multi-model analysis 100 hPa). The upper boundary of the lower stratosphere at
10 hPa was chosen to separate the region where both dynam-
4.1 Height dependence of hemispheric difference in ics and chemistry control ozone from the region where ozone
return dates is controlled purely by chemistry (as will be shown for ozone

trends in Fig.10). As shown in Fig.3, excluding the region

The dates of return of mid-latitude TOZ to 1980 levels are ghove 10 hPa slightly amplifies the hemispheric asymmetry
found to be hemispherically asymmetric in the multi-model in return dates. As ozone above 10 hPa is primar”y chem-
mean shown iWMO (2011). Here, we use twelve of the jcally controlled and ozone changes tend to be correlated
CCMs that were used in the WMO/UNEP ozone assessmenjith temperature changes which are generally hemispheri-
to investigate inter-model differences in the asymmetry of theca||y symmetric, including the region above 10 hPa obscures
return dates and which altitude regions are primarily responsome of the hemispheric asymmetry. Additionally excluding
sible for the asymmetry. the tropospheric ozone column also has a small effect, in this

Mid-latitude ozone is defined as the area weighted avercase slightly reducing the hemispheric asymmetry in return
age over the latitude band 45 to°60f either hemisphere. dates. As shown by pane| fin F|@, the hemispheric asym-
This is narrower compared to the WMO (2011) definition metry induced by tropospheric ozone shows a large spread
of mid-latitude ozone (35 to 6). As shown in Sect5.2,  petween models that even show differences in sign. Given
strengthening of the BDC tends to induce negative 0zonghat tropospheric chemistry is treated quite differently, and
trends over low latitudes and pOSitive ozone trends at mldd|Qn many cases rather S|mp||st|ca||y in the CCMs, the |arge
to high latitudes. Because the zero trend in ozone is usuallgpread is not surprising. The contribution of the lowermost
around 48 N/S, this is used as the equatorward boundary ofstratosphere (LMSTR; hereafter defined as the layer between
the mid-latitudes to minimize any reduction in the diagnosedthe tropopause and 100 hPa), on the other hand, accounts for
effects of transport on ozone trends. about half of the hemispheric difference in return dates (the

The hemiSpheriC differences in return dates of mid'latitUdEexact contribution depending on the method used to deter-
TOZ for the twelve models are shown in the leftmost panel Ofmine the return date)_ In all but two models, exc|uding the
Fig. 3, calculated from the regression model fit as described MSTR causes the hemispheric differences in return dates
in Sect.3.1 The multi-model mean ozone returns to 1980 to decrease. One might suspect that the time evolution of tro-

levels about 13yr earlier in the NH compared to the SH, pospheric and lowermost stratospheric partial ozone columns
in agreement withVYMO (2011), and this results is robust

Atmos. Chem. Phys., 13, 7279%30Q 2013 www.atmos-chem-phys.net/13/7279/2013/
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Fig. 3. Hemispheric difference ((45 to 8@)— (45° to 6(° N)) in return dates of ozone to 1980 values for twelve different models (back
crosses with uncertainty bars) and the multi-model mean (triangléxftotal column ozone, and partial column ozdgbgfrom the surface

to 10 hPa(c) from the tropopause to 10 hPa aftfj 100 hPa to 10 hPa. Furthermore the impact on hemispheric differences in return dates
from the upper stratosphere<£ a—b), from the tropopauséd & b—c) and from the lowermost stratosphege=t c—d) is shown. Multi-model
means are also shown for the two additional methods described in App&ndigthod 2 (red) and 3 (blue). The green markers indicate the
hemispheric difference in return dates that would result if the linear trend in the NH was the same than in the SH.

are affected by trends in the height of the tropopause. Howirend is shown in Fig4. The models agree well in the cli-
ever, when calculating the partial ozone columns with a fixedmatological profile (upper left panel of Fig). The Cl, re-
tropopause at its mean 1960s value, the results on return datgession coefficients derived for each of the twelve CCMs
differences are unaffected in the multi-model mean. Thus(middle panel) also agree relatively well, with a negative re-
trends in the tropopause height cannot be made responssponse of ozone to ¢maximizing at 50 hPa. The response
ble for introducing hemispheric asymmetries in ozone returnof mid-latitude ozone to Glis stronger in the SH than in the
dates, probably because tropopause trends themselves do mdH, which is well known §olomon 1999. The linear trend
have a strong hemispheric asymmetry. Ozone evolution inupper right panel) shows significant inter-model differences
the lower stratosphere (LSTR; 100 to 10 hPa) accounts nexin both amplitude and vertical structure. Most models show
to the LMSTR for the other half of the hemispheric differ- a positive trend in the troposphere; in the multi-model mean
ence in the return dates. A large spread between the modetbe trend is stronger in the NH than in the SH. The multi-
is found in the LSTR, and in about half the models the hemi-model mean trends show a local maximum~at50 hPa.
spheric difference is only marginally significant when con- Above this level, trends in both hemispheres decrease with
sidering the uncertainty resulting from the different methodsaltitude up to~ 70 hPa. In the SH, about half of the models
used to calculate 1980 return dates. These results suggest tHave a negative ozone trend between 70 and 50 hPa. Another
itis the LMSTR and LSTR that make the largest contribution local maximum, with positive trends in both hemispheres, is
to the hemispheric asymmetry in TOZ return dates, in agreefound at 30 hPa. Above 30 hPa, trends decrease towards zero
ment withOman et al(2010 andAustin et al.(2010. How- and become hemispherically symmetric in the multi-model
ever, large model-to-model differences and uncertainties irmean. The structure of the trends agrees well with the differ-
return date estimates exist. ences in cumulative ozone columns from the mid-20th to the
The contributions of ozone at each level to TOZ (i.e., theend of the 21st century shown Byummer et al(2010. They
partial column of ozone over the model layer centered atused sensitivity simulations to attribute these trends almost
the respective level) and its response t9 &@hd the linear fully to changes in GHG concentrations, thus validating our
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Fig. 4. Profiles of annual mean contribution to TOZ at each level in DU (1-BRI69 x 108 molecules cm?; the sum of the values over all
pressure levels equals TOZ. The climatology (left), @igression coefficient (middle) and trend coefficient (right) over the period 1960 to
2049 are shown for the multi-model mean of the NH (red) and the SH (blue) mid-latitudes. Individual models are shown in green for the NH
and gray for the SH. The lower panels repeat the multi-model mean from above, and highlight the models NIWA-SOCOL and E39CA (see
legend).

method of separating the effects of ODSs and GHGs througlas illustrated in Fig5, the amount by which the return date is
linear regression. shifted depends on the sensitivity of ozone tp.Therefore,
How do the linear trends in ozone translate to ozone returreven if linear trends in ozone are the same in the NH and SH,
dates? If there is no linear trend, ozone returns to 1980 valuethe return dates to 1980 values can be different. Larger linear
just when C} does. Further, if the return dates of, @Glre the  trends in the NH than in the SH, as found for most models
same in both hemispheres, ozone in the NH and SH wouldsee Fig4), cause even larger differences in the ozone return
also return to its 1980 values at the same time, independerdates between the NH and SH (illustrated in the middle panel
of its sensitivity to CJ. As shown in Figl, the multi-model  in Fig. 5). The dependence of the return date on the combi-
mean C} returns to 1980 levels at the same time in eachnation of the GJ and the trend regression coefficient can be
hemisphere, and the hemispheric asymmetry in ozone returaxpressed in the following way: the ozone anomaly relative
dates can in none of the models be fully explained Qyr€i to 1980 is described by O3(r) = a1 x Cly(¢) + a2 x ¢, and
turn date differences. If ozone is subject to a positive linearthus ozone returns when= —ay/a» x Cly(r). Thus, the ra-
trend, the return date of ozone is shifted forward. However.tio of the Cl, to the trend regression coefficient determines
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Fig. 5. Schematic of the effect of trends on return dates of ozone to 1980 values. Red and blue lines show ozone time series with different
sensitivity to CJ, representing the NH and SH mid-latitudes. Top: return dates with an identical positive trend in both hemispheres (dotted
lines). Middle: return dates with a twice as strong trend in the NH than in the SH. Bottom left: return dates in dependencg eétisitiity

and the trend. Bottom right: differences in return dates of the NH and SH as a function of their trends, assuming a sensitivity of gzone to Cl

of 1 DU ppb 1 in the NH and 2 DU ppb? in the SH.

the shift of the return dates (see lower left in F&y. As il- spheric differences in the trends are causing the hemispheric
lustrated in the lower right panel in Fi§, given a stronger differences in ozone return dates. Therefore, itis important to
Cly sensitivity in the SH than in the NH (assuming 2 and understand the origin of these linear trends in ozone in both
1 DU ppb 1, respectively), the linear trend in the NH would hemispheres. In Sedi.the physical drivers of trends will be
need to be smaller than in the SH by the same ratio (i.e., heravestigated in detail.

1/2) to result in identical return dates. However, the CCMs

simulate a stronger positive trend in NH ozone. Thus, over-4.2 Relation of hemispheric differences in the BDC to

all both the stronger sensitivity of SH ozone tg, @hd the ozone return dates

stronger positive trend in NH ozone lead to earlier ozone

return dates in the NH. The relative role of these effects isThe annual mean downward mass flux in each hemisphere,
guantified by calculating ozone return dates for the NH as-calculated from the residual circulation stream-function, is
suming that they would be subject to the same (weaker) trendised as a measure of the strength of the BDC. The sum
as ozone in the SH. The resulting hemispheric differences irof the two hemispheric values is the total downward mass
return dates are indicated in Figas green markers. These flux, equaling, in absolute value, the total upward mass flux,
show that the hemispheric differences in ozone return datesr tropical up-welling, which is often used to quantify the
would be about half as strong if trends were the same in bottstrength of the BDC. The total downward mass flux in each
hemispheres. Thus, both the different effect of positive trendshemisphere equals the meridional mass flux, which is respon-
on return dates in the two hemispheres as well as the hemiible for transporting ozone from the tropics to mid-latitudes.
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shown in Fig 6 (left) as a function of pressure. The trends are 4 03 return date [a]

calculated using the same linear regression m(_)del as us_el—dlg. 7. Top: hemispheric differences (NFSH) in the strength of
to calculgte the ozong trends. The ma;s flux ',ncreases 'Hends in the residual circulation mass flux at 70 hPa plotted against
both hemispheres and in all models, consistent with the BDChemispheric differences (SHNH mid-latitudes) in lower strato-

strengthening, as shown Butchart et al(2010. The multi-  spheric return dates for twelve different models (crosses) and their
model mean trend in the NH is stronger than in the SH beAinear fit (line). Bottom: same as above but hemispheric differences
tween 90 and 30hPa (see Fig.right panel). At 100hPa, in 100 hPa residual circulation mass flux trends against lowermost
however, the trend is slightly stronger in the SH than in thestratospheric return date differences. The model marked with a cir-
NH. cle is NIWA-SOCOL; the model marked with a star is E39CA.

If the hemispheric differences in the strengthening of
the BDC were the cause of the hemispheric differences in
ozone return dates, it would be expected that in models withL00 hPa in the lower panel of Fig. In the LMSTR a sig-
a stronger hemispheric difference in the strengthening of thenificant positive correlation at the 80 % significance level is
BDC, the hemispheric return dates would show greater sepafound. While the statistical significance is still rather weak, it
ration. The relation between hemispheric differences in theprovides evidence for some influence of hemispheric asym-
strengthening of the BDC and hemispheric differences inmetry in BDC changes being responsible for the hemispheric
ozone return dates is shown for the set of twelve CCMs inasymmetry in ozone return dates. Half of the models have
Fig. 7. The LSTR return date differences are plotted againsta negative residual mass flux trend difference, i.e., the SH
the 70 hPa hemispheric differences in the mass flux trendsnass flux increases more than its NH counterpart (see also
(i.e., the 70 hPa values shown in F&(left); 70 hPa is cho-  right panel of Fig.6). The return date differences for five of
sen since the hemispheric difference maximizes there). Ndhese models are, however, positive, i.e., return dates in the
statistically significant relationship between hemispheric dif-NH are earlier than in the SH. This might seem contradic-
ferences in changes of the BDC and hemispheric differencetory, however, according to the arguments presented around
in return dates are found (tHetest value is B, where sig-  Fig. 5, a smaller trend in the NH can still have a larger ef-
nificance at the 80 % level is obtained &t= 1.36 for this  fect on ozone return dates due to its smallgrg&insitivity as
sample size). Even when excluding the outlier seen on th&eompared to the SH. Since generally stronger ozone trends
lower right of the upper panel of Fi@.(with stronger circu-  can lead to larger hemispheric differences due to their dif-
lation changes in the SH than NH), the correlation is not sig-ferent effects in NH and SH (see Fig. lower panels), one
nificant. The LMSTR return date differences are comparedmight suspect that the trends in the BDC itself, rather than
with the hemispheric differences in the mass flux trends atits hemispheric differences, might correlate better with the
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ozone return date differences. However, this is neither the 100 Orone

case in the LSTR or the LMSTR. Overall, these results sug- 45-60N H{ ( Gpansport

gest that other processes than BDC changes play a significant 150 ¢ Non-Lingar
role. //

250 3

5 The role of transport and chemistry in driving ozone
changes 500 |

pressure [hPa]

The results presented in the previous section suggest that
hemispheric differences in the strengthening of the BDC 1000 e, . . .
are unlikely to completely explain the hemispheric differ- 2 15 4 05 0 05 1 15 2
ences in ozone return dates, as has been previously thought Rel. ozone trend [%/year]
(WMO, 2011. In this section, two CCMs, E39CA and 100 :
NIWA-SOCOL, each of which incorporate a diagnostic to 45-60S
separate between chemical- and transport-induced changes 150
in ozone (see Sec3.2), are used to investigate the processes
leading to hemispheric asymmetric ozone trends.

Ozone ——
Transport ——
N Chemistry ——
A E\ Non-Linear

)

\\ Ctrl

A

250 [
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5.1 Lowermost stratosphere and troposphere

pressure [hPa]

The E39CA model is suitable for examining the ozone sor

changes in the LMSTR since (i) the model behaves in a simi-
lar fashion to the multi-model mean in this region (see Fgs.

ande) and (ii) all relevant reaction cycles for this region are 1000 e s o o5 1 15 2
saved as output. Unfortunately, the tropospheric reaction cy- Rel. ozone trend [%/year]
cles are not diagnosed in NIWA-SOCOL; hence only E39CA 100

" Ozone ——

is used here. NH-SH Transport ——

The regression model including ay@ind linear trend term 150 | Neneristry

Ctrl

is applied to the time series of relative deviations of ozone
from the 1960s (as shown exemplarily in Fijfor the time 250 |
series at 45S). In Fig.8, the trend coefficient of the regres-

sion model applied to mid-latitude ozone (averaged over 45 \
500
///

pressure [hPa]

to 6C) is shown as a function of height. The resulting units

of the trends are percentage change in ozone per year.
Ozone increases linearly in the LMSTR and troposphere

and the trend is stronger in the NH. The chemistry—transport

diagnostic allows these trends to be attributed to trends in 1000 o5 0 Py ) 5

chemistry (blue lines) and trends in transport (red lines), as Rel. ozone trend [%/year]

calculated using Eq.2J. The nonlinear term (6th term in

Eq. 2) is also shown in Fig8 and it can be seen that this Fig. 8. Profile of relative trends in ozone (in units of % per year)

term becomes relevant only for large values of the chemistryTo™ E39CA over the period 1960 to 2049 (black). Chemically-

and transport changes, e.g., around 250 hPa. The sum of ﬂﬂgd Fransport-lr?duced trends in ozone are shown in plue and“red,"the

nonlinear term in green and the sum of these three in grey (“Ctrl”).

chemistry, transport and nonlinear term is shown as the Con"rhe black dashed horizontal lines indicate the mean tropopause

trol trace (grey line). If this control line deviates from the net .oy in the 1960s (lower line) and 2040s (upper line). Top panel:
ozone trend, the imbalance term becomes important, and thgs 1o 6 N. middle: 45 to 60 S, bottom: NH-SH.

results can no longer be easily interpreted. This occurs when
the variability in the time series is large.

As shown in Fig.8, in both hemispheres, between
about 100 and 150hPa, the positive trends in ozone reezone trends. The compensation of chemical effects by
sult from positive trends in both transport- and chemically- transport can be understood as follows: in the mean over
induced changes in ozone. Below 150 hPa, changes in chenthe 1960s, at 250 hPa, production (of 0.32 DUmofjh
istry drive a positive trend in ozone which maximizes is balanced by transport (0£0.20 DUmonth!) and by
at around 250 hPa. However, the chemically-induced posdestruction (of—0.12 DUmonth!). Production increases
itive trend is largely offset by transport-induced negativeto 0.53DUmonth! in the 2040s, and this increase in
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production is mainly balanced by increased transport 0.15 Ozone
away from the source region (i.e., transport decreases Sﬁae',‘;i';?r'y‘
to —0.37 DUmonthl), with the remainder balanced by Non-Linge!

destruction (decreasing te0.16 DUmonthl). Thus, en- o

hanced production leads to more ozone being available at
any time step, and therefore more ozone can be transported
away from this region leading to a negative effect on ozone
values by transport. This effect becomes even more evident
when employing an ozone origin diagnostic, as presented for =X =
E39CA inGarny et al(201]) (see their Fig. 10). / HIXAA

The strong chemically-induced trends in ozone occur close 005 L |
to the tropopause, which moves upward from the 1960s to the N
2040s. One might suspect that the trend in the tropopause
height is in some way responsible for the ozone trends. 1T 60 a0 20 o 20 40 e 80
We calculated the trends in ozone profiles in vertical coor- latitude
dl_nates relat_lve _to the. f[ropopause height (not shown). Thef:ig. 9. Trend regression coefficients as a function of latitude for
slight reduction in positive trends in ozone at and above they\wa-socoL of lower stratospheric partial column ozone (black),
tropopause in both the NH and SH seen in Fgianishes  transport-induced ozone trends (red) and chemically-induced ozone
when calculating the trends relative to the tropopause, as cafiends (blue). The green line line is the nonlinear contribution to
be expected from an upward shift of the tropopause. Otherezone trends, and the grey line is the control line (sum of chem-
wise, the results are unaffected, and we can conclude that thietry, transport and nonlinear term). Light grey bars indicate the
chemically-induced positive ozone trend around 250 hPa ignid-latitude averaging region used in this study.
not the result of a vertical shift of the tropospheric regime.

Below 500 hPa in the NH and around 300 hPa in the SH,
the transport term becomes positive, reinforcing the positive First, the latitudinal structure of trends in the LSTR par-
ozone trend. This suggests that ozone transport into this retial ozone column from NIWA-SOCOL is shown in Fi§.
gion dominates transport out of this region, resulting from Ozone trends are negative in the tropics, and positive at
the stronger local production of ozone. It is most likely that it middle to high latitudes. Extratropical ozone trends are
is ozone produced above these levels, and transported dowstightly stronger in the NH compared to the SH, consis-
ward, possibly together with horizontal transport, that leadstent with earlier ozone return dates in the NH. The attribu-
to the overall positive contribution to ozone changes. Closetion of ozone trends shows that transport-induced changes
to the surface, particularly in the NH, the increase in ozonelead to a decrease in ozone in the tropics and increases
due to chemistry again dominates. Again, transport changem the extratropics. The transport-induced trends change
offset the chemically-induced positive trend. sign at about 45N/S, motivating the choice of that lati-

The hemispheric differences are highlighted in the lower-tude as equatorward boundary for our definition of mid-
most panel in Fig8, showing that ozone trends are stronger latitudes. The transport-induced ozone trends are consis-
in the NH compared to the SH, in particular in the upper tent with an enhanced strength of the BDC (see [Big.
troposphere. The stronger increase in ozone in the NH catlowever, the stronger northern mid-latitude trends com-
be attributed to stronger chemically-induced ozone trendspared to southern mid-latitudes in NIWA-SOCOL cannot
The contribution from changes in transport largely offsets thebe explained by differences in transport. Rather, transport
contribution from changes in chemistry, but does not itselfchanges induce stronger positive ozone trends in the south-
lead to asymmetric ozone trends in the LMSTR and tropo-ern mid-latitudes compared to the northern mid-latitudes.
sphere. The induced asymmetry by chemistry is due to ozon&he transport-induced trends in the SH are, partially, com-
production by NQ, which increases more strongly in the pensated by strong negative trends induced by chemistry

0.05 [T.

=

Rel. ozone trend [%/year]
I

NH, as will be shown in Sec6.1 changes.
To elucidate this point further, profiles of mid-latitude (45—
5.2 Lower stratosphere 60° N/S) ozone trends, attributed to changes in chemistry and

transport within NIWA-SOCOL, are shown in Fij0. Ozone

Causes of ozone trends in the LSTR are investigated in moré&ends at 100 hPa are positive in both hemispheres, decreas-
detail using the NIWA-SOCOL model. The ozone trends ining with height up to 70 hPa, where the trend in the SH is
this model behave similarly to the multi-model mean in the slightly negative. Above 70 hPa trends increase with height
LSTR (see Figs4 and6). E39CA, on the other hand, does and are positive throughout the LSTR.

not simulate the earlier return of NH ozone in the LSTR to  Ozone trends induced by transport are positive at all levels
1980 levels, and the ozone trend profile is very different toin the LSTR in both hemispheres, but maximize at 100 hPa
most other models. and are close to zero above 20 hPa. Ozone trends due to
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10 il L Ll
45-60N

Orona Fig. 6). However, transport of ozone is determined not only
Transport

Chomiiry by the strength of the mass fluxes, but also by the avail-
Non-Linear able background ozone, which is influenced by chemistry.
The negative chemically-induced ozone trends below 30 to
40 hPa lead to less ozone being available for transport. Thus,
0y the stronger negative chemically-induced trend in the SH
than in the NH above 80hPa might be the cause for the
stronger positive transport-induced trend. Below 50 hPa, the
sum of the attribution terms deviates from the actual ozone
trend differences, making the attribution less reliable. As dis-
L B ‘ cussed in SecftZ, the dominant role of chemically-induced
-0.2 -0.1 0 0.1 0.2 . . .. .
Rel. ozone trend [%/year] changes is robust against the uncertainties introduced by the
method.
Tra?;ggﬁ Integrated over the lower stratospheric column, transport-
Nonemistry induced trends are positive in both hemispheres, but stronger
ctr in the SH. Chemistry-induced trends, on the other hand, are
positive in the NH but negative in the SH, and these large
hemispheric differences lead to the overall stronger trend in
the NH (see Fig9). These different trends are then reflected
in the return dates, as summarized in Ri§. The causes for
asymmetric ozone trends induced by chemistry in the lower
stratosphere are investigated in Séc2.
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6 Hemispheric differences in chemically-induced
ozone trends

10

Ozone
Transport
Chemistry
Non-Linear

Crrl 6.1 Lowermost stratosphere and troposphere:
enhancement in production by NG

NH-SH

or In the LMSTR and upper troposphere, strong positive trends

in ozone are induced by changes in chemistry. Chemically-
induced trends are stronger in the NH than in the SH. The
contributions of individual reaction cycles to the chemically-
induced increase in ozone are averaged between 300 and
YY) o 002 o008 250 hPa and are shown in Fiyl. The primary contributor to
Rel. ozone trend [%/year] ozone trends in this region, and the primary cause of hemi-
spheric differences in ozone trends, is an increase in the pro-
Fig. 10. As in Fig. 8 but for lower stratospheric ozone trends in q,ction of ozone by NQ in particular via the H9+ NO
NIWA-SOCOL. cycle (the bars labeled “PHN” in Fid.1), which is signifi-
cantly stronger in the NH than in the SH. N@oncentrations
increase in the troposphere due to stronger emissions, and the
changes in chemistry are negative to around 40 to 30 hPancrease is stronger in the NH, affecting tropospheric ozone
and dominate the positive ozone trend above 20 hPa in botliLelieveld and Dentene000. Comparisons of NQtrends
hemispheres. The positive trend induced by transport is agaim the troposphere and LMSTR between different CCMs
consistent with a strengthened BDC, and the decrease of thehowed clear discrepancies between individual models (not
effect with height is expected from the decreasing lifetime of shown), most likely as a result of differences in the pre-
ozone with height. scribed emissions (or concentrations) and differences in the
The hemispheric differences in ozone trends, as showmway that tropospheric chemistry is simulated in the CCMs.
in the lower panel of Figl0, are positive throughout the In E39CA, NQ, trends~ 200 hPa are stronger compared to
LSTR, maximizing at 50 hPa. Changes in transport are theother models. Therefore, the effect of enhanced production
main cause of relatively stronger NH trends below 80 hPafrom the NQ, cycles on ozone trends, as shown here, might
and are slightly negative below. The hemispheric differencede overestimated. Consistently, ozone trends below 150 hPa
in transport-induced trends appear contradictory to the hemiare stronger in E39CA compared to the multi-model mean
spheric differences in trends in the residual mass fluxes (seésee Fig4). However, four of the models show tropospheric

pressure [hPa]
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70

e —
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tropospheric chemistry), thus biasing the multi-model mean 8
to lower values. In general, tropospheric chemistry is often % 5ot
treated in a simplified manner in CCMs, introducing uncer-
tainty on the results shown here, as will be further discussed nor
in Sect.7. 100 . ; . .
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6.2 Lower stratospheric chemistry Rel. ozone trend [%/year]

Changes in chemistry were shown to be the primary Contrib_Fig. 12. As in Fig. 10 but showing the contribgtions_of different

. o . reaction cycles (see legend) to the total chemically-induced ozone
utor to hemispheric differences in LSTR ozone trends. The, g (blue).
chemically-induced trend profiles from Fi@0 are further
divided into individual reaction cycles in Fig2.

Below 30 to 40 hPa, ozone trends induced by changes in

chemistry are negative, caused primarily by changes in rates Changes in the rates of ozone destruction by thg  NO
of ozone destruction by the H@ycles. The destruction rates cycles cause an increase in ozone throughout the lower
of the HQ, cycle are affected by increasing @ldoncentra-  stratosphere, dominating the total chemically-induced ozone
tions, with CH, being the primary source of stratospheric trends above around 40 hPa. Changes in rates of ozone de-
HOx (Wuebbles and Hayh92002. Stratospheric water va- struction by the NQ cycles were analyzed in detail, based
por is projected to increase in a future clima@eftelman  on the same NIWA-SOCOL simulation as used her&by-
et al, 2010, leading to enhanced ozone destructiitefke  ell et al. (20120. They showed that the decrease in ozone
and Grewe2005, consistent with the negative ozone trends destruction by N, despite an increase in,®, is caused

induced by HQ in Fig. 12. by a decrease in the ratio of N@o N.O and a reduction
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Niwa-Socol NH-SH in the NH, whereas trends in the SH are close to zero. Above
10 - ¥ - (T — RN 30 hPa, trends are positive in both hemispheres and increase
SH — with height. Despite this increase in NOn both hemi-

spheres above 30 hPa, ozone loss by the bi@le decreases
in this region. As explained bRRevell et al.(20121), this re-
sults from a decrease in the availability of atomic oxygen,

£ which in turn is due to decreasing temperatures and to com-
g 30 ' T 1 petition with other ozone destruction cycles, in particular the
g HO cycles.

[}

The difference in the NQ trends between the hemi-
spheres, shown in the right panel, closely matches the dif-
ference in the N@-destruction-induced ozone trends shown
in Fig. 12; the stronger increase in NH ozone compared to the
100 ) ) ) ) ) SH at 50 hPa is consistent with a slight decrease of KO

-0.001 0 0.002 0.004 0.006 0.008 -0.002 0 0.002 the NH and close to zero trend in N@ the SH. At 20 hPa,
Trend coefficient [ppb/year] Diff [ppb/year] the sign of the hemispheric difference in N@ends is re-
versed (but uncertainties are large and trends are not statisti-
over 45to 60 N (red) and 45 to 60S (blue) as a function of height. cally d,iﬁe,rent)’ Whi(_:h is reflected i,n a §Iightly negative hemi-
The error bars are the omeuncertainties in the fit coefficients. The  SPheric difference in N@destruction-induced ozone trends
right panel shows the NHSH difference. (as shown in Fig12). At 10 hPa the N@trend in the SH is
significantly stronger compared to the NH. This hemispheric
difference in NQ trends increases further up to 5hPa (not
in the available atomic oxygen, both in turn largely due to shown). The stronger positive ozone trend, due to reduced
GHG-induced stratospheric cooling. NOy-induced ozone destruction changes in the NH compared

The largest hemispheric differences in chemically-inducedto the SH at 10 hPa (see FifR), can again be explained by
ozone trends occur at 50 hPa, and are primarily due to ozon#he asymmetric NQtrends. Overall, the hemispheric differ-
destruction by the (i) NQ cycles and (i) G} cycles (see  €nces in the trends in ozone destruction rates by thg NO
lower panel in Fig12). Ozone destruction by the HQy- cycle are consistent with hemispheric differences inyNO
cles leads to stronger negative ozone trends around 100 hftEeNds.
in the NH. Overall, HQ chemistry counteracts the effects
of the NQ, and C|, cycles in the lower stratosphere (see 6.2.2 Changes in Gl destruction rates
Fig. 16) and plays a minor role for hemispheric asymmetries
in ozone trends. The H@nduced trends are thus not fur- In the LSTR, the efficiency of homogenousyGizone de-
ther discussed here. The increase in ozone caused by reducgfuction cycles is expected to decrease with decreasing tem-
ozone destruction by Ngs stronger in the NH compared to Peratures Rosenfield et al.2002. As shown in Fig.12,
the SH. The hemispheric differences in ozone trends due t@zone trends due to changes in destruction rates by the Cl
changes in the Gldestruction cycles maximize at 70 hPa. cycles are slightly positive throughout the lower stratosphere
While the changes caused by thg @kstruction cycles are I the NH, consistent with decreasing temperatures. In the
slightly positive in the NH, they are negative in the SH at SH, on the other hand, a reduction in ozone resulting from
70hPa. The drivers of the trends in the destruction rates oftn increase in the Gldestruction rates is found at 70 hPa.

50 [HHHH

70 |

Fig. 13. Trend coefficients from NIWA-SOCOL of Npaveraged

the Cl, and NQ cycles are investigated below. The increase in ozone destruction rates cannot be due to
changes in the abundance of,(3ince any changes in ozone
6.2.1 Changes in NQ destruction rates congruent with GJ changes are included in the,Gkegres-

sion coefficient. Therefore, the trend in ozone destruction

As discussed abovdievell et al.(20128 showed that the rates must be caused by changes in the efficiency of a given
effectiveness of PO in depleting ozone is determined by amount of G to destroy ozone. The efficiency is determined
NOy concentrations and by the availability in atomic oxygen. by temperature, with lower temperatures slowing homoge-
The former is strongly influenced by cooling of the strato- neous reaction cycles. However, at very low temperatures,
sphere Rosenfield and Douglas$998 and by changes in as those occurring in the Antarctic vortex, ozone can be de-
the strength of the BDOJQook and Roscqe2012). pleted efficiently by heterogeneous chemistry. Hence, any

In Fig. 13, the vertical profile of linear trends in mid- expansion in space or time of the region where the conditions
latitude NG over the period 1960 to 2049 are shown, calcu- for heterogeneous chemistry occur can cause an increase in
lated in the same manner as the ozone trends, i.e., using a rehe efficiency of the Glozone destruction cycles.
gression model taking an offset,Gdnd a linear trend into Trends in the rates of ozone destruction rates by the Cl
account. Below 30 hPa, NOnixing ratios decrease slightly cycles in southern mid-latitudes at 70 hPa are shown as a
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Fig. 14.Trend coefficients from NIWA-SOCOL of the destruction
rates by the G cycles averaged over 45 to 8 at 70 hPa of the
sum of all reaction cycles (black line) and individual cycles (in 180

color, as indicated by the legend). Temperature trend [K/year]

-0.04 -0.02 0 0.02 0.04

function of month in Fig14. Destruction rates increase (i.e.,
larger negative values) in midwinter, and the trend maximizes

in July. When disaggregating the destruction rates into indi-rig. 15 Trends (1960 to 2049) in temperatures at 70 hPa in July
vidual reaction cycles, it can be seen that the largest confrom NIWA-SOCOL. The outer margin lies at 25, and 60S is
tributor to the destruction rate increase in midwinter is the marked as inner black circle.

ClO-dimer reaction cycle. Therefore, it is mostly heteroge-

neous chemistry that is responsible for the increased effi-

ciency of ozone destruction. In midwinter, the polar night fied in E39CA and NIWA-SOCOL to be of similar impor-

prohibits heterogeneous ozone depletion south of@fér  tance in other CCMs. To answer this question, the attribution

varying periods since sunlight is required for the photochem-analysis would have to be applied to other models as well,

ical reactions. Figurel5 shows the trend in temperatures which requires knowledge of the chemical loss and produc-

over the southern middle to high latitudes at 70 hPa in Julytion rates. However, the comparison of NIWA-SOCOL and

where the increase in heterogeneous ozone depletion maxE39CA to the ensemble analysis of CCMs presented in the

mizes. Temperature trends are negative over the polar regiofirst half of the paper and to earlier studies allows us some

and maximize~ 60° S and 150W. The pattern is sugges- estimations.

tive of an intensification and shift of the polar vortex cen-

ter away from the pole. Through this process, polar vortex7.1 What is the role of transport for hemispheric

air with low temperatures reaches latitudes equatorward of asymmetric ozone trends?

60° S, where sunlight is available in midwinter, allowing for

heterogeneous ozone depletion. This process can explain tfBoth the analysis of the relation of hemispheric differences

negative trend in ozone at southern mid-latitudes at 70 hPa iin mid-latitude ozone return dates to asymmetric trends in

NIWA-SOCOL. the strength of the BDC and the attribution analysis to chem-
ical and transport changes showed evidence that changes in
transport of ozone plays a smaller role in explaining hemi-

7 Discussion spherically asymmetric return dates than previously thought.

In the lower stratosphere, no significant correlation of

The implications of and uncertainties in the results presenteezone return date differences to asymmetric trends in the

in the last sections will be discussed in the following. The BDC strength is found across a set of twelve models. The at-

results obtained with the attribution analysis (Ses@nd6) tribution of ozone trends to transport and chemistry changes

are subject to two kinds of uncertainties: (1) uncertaintiesapplied to NIWA-SOCOL showed that transport changes in-

in the attribution method itself, and (2) uncertainties in the duce stronger positive ozone trends in the NH than SH at

model used for the attribution analysis. The latter refers tolevels around 100 hPa. However, above 80 hPa, transport-

the question of whether we can expect the processes identinduced ozone trends are stronger in the SH than in the NH.
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Fig. 16.Summary of the results: hemispheric differences in mid-latitude return dates to 1980 values are about 13 yr in the multi-model mean
(MMM) for TOZ. Upper stratospheric ozone contributed negatively to this difference, while return dates of lower stratospheric ozone (100
to 10 hPa) alone have a hemispheric difference of about 10yr, and ozone below 100 hPa contributes another 5yr. In the LSTR, in NIWA-
SOCOL changes in chemistry only would lead to an earlier return in the NH of close to 20yr, and changes in transport of ozone offset the
chemical effects. Attribution of chemically-induced trends in the LSTR show that the earlier return of NH ozone is due to changes in the
NOy and C{, cycles. In the lowermost stratosphere and troposphere, hemispheric differences modeled in E39CA, somewhat above-average,
are attributed to changes in chemistry, and transport offsets the chemically-induced changes. Enhanced production of ozone in the NH by the
NOxy cycles is found to account for the stronger positive trend there.

Figure 16 shows how the lower stratospheric ozone trendswe increase the hemispheric differences in transport-induced
translate to return dates. The positive transport-inducedrends so that the estimated and actual ozone trends match.
trends shift return dates forward in both hemispheres, bufThen, the overall effect of transport changes on hemispheric
more so in the SH. The positive chemically-induced trenddifferences in ozone trends in the lower stratospheric col-
in the NH shifts the return date even further forward, while umn would be slightly positive instead of negative. However,
the chemically-induced trend is negative in the SH, leadingchemically-induced asymmetry in return dates in the lower
to a later return date here. Thus, overall, chemically-inducedstratospheric column would still dominate over the transport-
trends are the major cause of the hemispheric differences ilmduced asymmetry by a factor of 10. Thus, the conclusion
ozone return dates. that chemistry is the dominant factor in driving hemispheric
However, to obtain meaningful results with the attribution asymmetries in lower stratospheric ozone trends is insensi-
method, the changes in annual mean ozone tendencies neetilge to the uncertainties in the attribution method.
to be small (i.e., the “imbalance” term negligible), so that Concerning uncertainties stemming from the choice of the
the chemically- and transport-induced changes together wittmodel, NIWA-SOCOL simulates increases in the strength of
the nonlinear contribution equal the total change in ozonethe mass fluxes that are above average (6jgThe hemi-
As seen in Figl0, this is not the case below 50 hPa in the spheric differences in the 70hPa mass fluxes are slightly
Southern Hemisphere, resulting in a discrepancy also in théarger compared to most models (Fif. Thus, if transport
hemispheric difference. These are the levels where transporiwvere to play an important role in driving asymmetric ozone
induced trends are of major importance; thus could we undertrends, it should be apparent in the NIWA-SOCOL model.
estimate transport effects due to problems with the method In general, current CCMs are run with a rather coarse res-
in exactly the regions where transport seems to matter most@lution due to restrictions in computational costs. Transport
Let us assume that the difference between the estimated amdight be dependent on the model resolution and the chosen
actual ozone changes (i.e., the grey and black solid line iradvection scheme, and in particular the role of smaller-scaled
Fig. 10) would be entirely due to transport changes. Thus,transport processes in the tropopause region might not be
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captured properly. How strongly transport of ozone is scalerelevant in other CCMs. In addition, despite E39CA having
dependent, and whether this has any implications for the simbeen used to examine variability in tropospheric ozone, the
ulated trends, is an open question future studies will have tanodel incorporates only background tropospheric chemistry,
address. which limits the capabilities to accurately simulate trends

In the lowermost stratosphere, we found a weak cor-(Grewe 2007). The increase in the tropospheric ozone bur-
relation between the hemispheric differences in the BDCden from 2000 to 2030 of around 10 % in E39CA compares
changes at 100 hPa and the differences in return dates faeasonably well with the estimates of an ensemble of models
the ensemble of twelve CCMs. A closer investigation with focused on tropospheric chemistry of 6 to 15 %, depending
E39CA showed that the positive trends in this region areon the scenario, as given [8tevenson et a(2006. How-
in large part caused by chemically-induced changes, whichever, more recent results indicate that tropospheric ozone is
are stronger in the NH and thus introduces hemispheric dif-more likely to decrease until 2030 under a moderate emission
ferences. The attribution method works reasonably well inscenario Young et al, 2013. Observations also indicate that
this region for E39CA, as seen from the approximate agreethe positive trends, in particular in NH tropospheric ozone
ment of the ozone changes and control line (black dashedfom 1970 to about 1990, flattened or even reversed over the
in Fig. 8. The model E39CA simulates stronger than av- last 10-15 yr Qltmans et al.2013. Thus, the positive ozone
erage strengthening of the downward mass flux at 100 hP&ends in the troposphere simulated by most CCMs used in
(Fig. 6), but hemispheric differences here are small (F)g.  this study over the period 1960 to 2049 might be unrealistic.
A group of four models simulate stronger hemispheric dif- Tropospheric ozone trends are found to be strongly coupled
ferences in the mass flux trends and larger asymmetries ito trends in NQ also in models with more sophisticated tro-
the return dates. Thus, for this group of models, transporipospheric chemistry schemeéo(ng et al, 2013. It remains
changes might play a larger role. Another group of five mod-unclear how much tropospheric ozone trends in CCMs are af-
els simulates two to five years earlier return dates of LM-fected by the prescribed N@missions (or concentrations),
STR ozone in the NH, but stronger mass flux increases in ther by simplified tropospheric chemistry schemes. Projections
SH than to the NH. For this group of models, the correlationwith CCMs with improved tropospheric chemistry schemes
between return date difference and asymmetric circulatiorwill need to be analyzed to conclude with more certainty on
changes apparently breaks down. Thus, it appears likely thahe role tropospheric ozone trends play for return dates in
at least in this group of models, chemically-induced changegotal column ozone.
play the leading role in introducing the hemispheric differ-
ences. 7.2.2 Lower stratosphere: NG destruction cycles

Overall the results suggest that the hemispheric differ-
ences in ozone trends, and thus return dates in the lowermodthe hemispheric differences in the decrease of ozone de-
stratosphere are caused by a combination of (i) enhancestruction by the NQ cycles are found to be controlled by
ozone production by increasing N@oncentrations, which hemispheric differences in the trends in fNéncentrations.
is stronger in the NH, and (ii) hemispheric different transport The detailed analysis of the causes for the hemispheric dif-
changes due to the hemispheric asymmetric BDC trends. Théerences in N trends are beyond the scope of this study.
relative importance of the mechanisms probably varies fromFrom previous studies, it is known that trends in stratospheric

model to model. NOx concentrations are influenced by the speed of the BDC
(Plummer et al.201Q Cook and Roscqe2012. Thus, one
7.2 Whatis the relevance of the identified chemical possible explanation of the hemispheric differences intkNO
processes? trends could be a feedback of changes in the circulation on
the efficiency of the production of NOAs shown byCook
7.2.1 Lowermost stratosphere and troposphere: and Rosco€2012 in a simplified model approach, an in-
NOy-related production crease in the BDC causes a decrease in the formation @f NO

(since the time available for photolysis decreases, and this ef-
In the lowermost stratosphere and upper troposphere, analfect dominates over the enhanced influx of the tropospheric
sis of the E39CA model reveals an important contribution tosource gas D). Climatologically, the BDC is stronger in
positive ozone trends from ozone production by the - the NH compared to the SH, and in agreement with the work
duction cycles. Due to stronger increases inyNOncentra-  of Cook and Rosco€2012), climatological NQ concen-
tions in the NH, the production increase is larger there com-rations in NIWA-SOCOL are higher in the SH than in the
pared to the SH, and thus leads to asymmetric ozone trend®&H (not shown). A stronger increase in the strength of the
Even though the absolute amount of N€eems to be sim- BDC in the middle stratosphere of the NH could thus explain
ulated well in E39CA (as indicated by a brief comparison weaker positive N@trends in the NH compared to the SH.
to a tropospheric chemistry model and to observations, not Compared to other models, trends in N€ncentrations
shown), the trends are larger compared to other CCMs. Thusat 10 hPa in NIWA-SOCOL are of similar magnitude. In ad-
the effect of NQ-related ozone production might be less dition, most models show a stronger N@end in the SH
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than in the NH (not shown), indicating that the hemispheric Antarctic vortex, simulated in each individual model. Thus,
asymmetric changes in N@oncentrations can be a relevant the variety of the simulated changes in the polar vortex likely
factor in determining the hemispheric different ozone trendsaccounts at least in part for the spread in the ozone trends and
and thus return dates. thus ozone return dates simulated by the different models.
As opposed to most other models, E39CA simulates
a slightly earlier return of lower stratospheric ozone in the
SH than in the NH (see Figl), and ozone trends are neg- 8 Conclusions
ative above 30hPa in contrast to the remaining group of
CCMs analyzed here (see Fid). The attribution analysis The detailed investigation of mid-latitude return dates of
in the lower stratosphere for E39CA (not shown) revealsTOZ to 1980 values from an ensemble of twelve CCMVal
that the chemically-induced ozone trend, and in particularmodels, with particular focus on the hemispheric differences,
the NG, destruction cycles, are responsible for the decreaseonfirmed recent studies (e /MO, 2011 in that the ear-
in ozone above 30hPa in E39CA. Positive trends inkNO lier return date in the northern mid-latitudes compared to the
in the lower stratosphere are about 4 times stronger thasouthern mid-latitudes is a robust result. However, we found
in NIWA-SOCOL, explaining the strong ozone decrease in-that there are large differences between individual models,
duced by the NQdestruction cycles. Furthermore, the NO with hemispheric return date differences ranging from about
trends are identical in the two hemispheres in E39CA, andd to 30yr for TOZ. The method used to estimate the return
consequently also the hemispheric differences in chemicallydates can cause deviations of the results for the hemispheric
induced ozone trends are much smaller compared to NIWA<difference in return dates of up to 5 to 10yr for individual
SOCOL. Since in E39CA, N{(= NOx+HNOs) concentra-  models. Although results for individual models slightly de-
tions are prescribed at the upper level at 10 hPa, and concempend on the applied method, the multi-model mean is barely
trations are assumed to increase at the same rate@sady  affected by the method used.
influence of changes in temperature and dynamics op NO Return dates in both hemispheres occur earlier than would
production is not accounted for. Thus, the impact of dynam-be expected from the return of Clo 1980 levels. The for-
ical and temperature changes on Néncentrations can be ward shift is caused by positive linear trends in ozone. This
concluded to be crucial for both the response of ozone® N  forward shift is larger in the NH than in the SH because (i) the

changes, in agreement with earlier studifki(nmer et aJ.  effect of a certain linear trend on the return date depends on
201Q Revell et al, 20121, and the hemispheric asymmetry the sensitivity of ozone to ¢| and (i) the trend in ozone is
of ozone trends, as the results of this study suggest. stronger in the NH than in the SH.

As summarized in Figl6, the hemispheric differences in
7.2.3 Lower stratosphere: C| destruction cycles total column return dates are due to differences in the evolu-

tion of ozone in the lower stratosphere and lowermost strato-
Changes in the efficiency of {lo deplete ozone is found sphere/troposphere. Based on the models NIWA-SOCOL
to be one of the causes for hemispheric asymmetries irand E39CA, processes driving hemispheric differences in
ozone trends. Enhanced efficiencies are found in the SHreturn dates are identified. The key result of this study is
where an expansion or shift of the polar vortex provides thethat changes in chemical production and loss play the ma-
conditions for heterogeneous ozone depletion in midwinterjor role in driving hemispheric differences in ozone return
north of 60 S. This effect was noted earlier for southern dates. The statement WMO (2011) that the “more pro-
polar ozone, for example bRPlummer et al. (2010, who nounced strengthening of the poleward transport of ozone”
found a nonlinearity of the response of ozone to ODSs inis the cause of the earlier return of ozone in the NH could not
the Antarctic lower stratosphere under changing GHG con-be confirmed in the present study. The chemically-induced
centrations. SimilarlyRevell et al.(2012g reported an in-  changes identified in the lower stratosphere are, however,
crease of Antarctic lower stratospheric ozone in a scenaridikely indirectly influenced by asymmetric BDC changes,
with lower GHG concentration increases as compared to thevhich influence transport of ozone precursors — the rate at
standard REF-B2 simulation. The results presented here sugvhich these are produced by photolysis and temperatures
gest that the effect of GHG-induced cooling on homogenoughat affect reaction rates. In particular, the main chemical
ozone depletion is of importance in particular for the evolu- processes identified here are the relatively less efficient de-
tion of ozone in the mid-latitudes. struction of ozone by N@chemistry in the NH, caused by

The trend analysis of the ensemble of CCMs reveals neglikely dynamical influences on NOconcentrations, and the

ative trends in SH mid-latitude ozone around 70 to 50 hParelatively more efficient destruction of ozone by, @h the
in about half of the models, indicating that the effect of SH due to an expansion of the polar vortex into mid-latitudes
an increasing efficiency of destruction byyGlhemistry is  in midwinter.
of importance not only in NIWA-SOCOL. The strength of  Furthermore, ozone trends in the lowermost stratosphere
this effect will depend strongly on the pattern of dynami- and troposphere are found to contribute significantly to
cal changes, in particular in the location and timing of the the hemispheric asymmetry in TOZ return dates. Enhanced
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production of ozone due to increasing N@®missions are residuals (original data minus fit). Then, a set of 10000 per-
identified to introduce the hemispheric asymmetries in ozondurbed time series are constructed by adding noise to the re-
trends. Since tropospheric chemistry is treated in a simplifiedgression fit. The added noise is generated by randomly se-
manner in the CCMs used here, studies with improved repilecting, with replacement, from the residuals. The regression
resentations of tropospheric chemistry will be necessary tanodel is fitted to each of the 10 000 time series, and for each
validate this result. Overall it can be concluded that the un-the return date is estimated. The error bars shown inFig.
certainties introduced by the treatment of tropospheric chemare then one standard deviation over these 10 000 return date
istry and ozone precursor emissions are not negligible for theestimates.
correct simulation of the temporal development of TOZ. Differences in estimated multi-model mean return dates
between the three methods are significantly smaller than the
return date differences between models (Hig.The sim-

Appendix A ple regression (method 1) yields a multi-model mean return
o date in the NH- 3yr earlier than the other two methods,
Methods of return date estimation but otherwise the agreement is good. For each individual

To test th itivity of turn dates to th h odel, however, the differences in return dates can be 5 to
0 gsf tﬁ s_;ens[{_lw 3; 0 ot?]one (;_eﬁurn ta esthod € me to 0yr, depending on the method used. Our results and those of
used for tneir estimation, three diterent methods are INter-gparc-ccmval2010 (see their Fig. 9, p. 49) suggest that

compared: using different methods for deriving return dates will not bias
1. Simple regression model the multi-model results, but only return date estimates for in-
A linear least squares regression of the form dividual models. This suggests that the differences in the es-
timates from various methods are caused by the large amount
Os(t) = ag+a1 x Cly(t) +az x t + R(t) of variability in the individual model time series, adding am-

biguity to the retrieval of the signal.
is applied to the annual mean ozone time series from
t = 1960 to 2049. Gl mixing ratios at 50 hPa and at
the same latitude as the ozone time series are used ascknowledgementsiVe acknowledge the modeling groups for
the basis functiorug, a; anda; are the offset, the ¢l making their simulations available for this analysis, the Chemistry-
and the trend regression coefficients, respectively, andClimate Model Validation (CCMVal) Activity for WCRP's (World
R is the residual. The uncertainties on the regressiorClimate Research Programme) SPARC (Stratospheric Processes

coefficients are calculated taking auto-correlation into and their Role in Climate) project for organizing and coordinating
account. the model data analysis activity, and the British Atmospheric

Data Center (BADC) for collecting and archiving the CCMVal
2. Regression model with quadratic terms model output. This study was funded by the Deutsche Forschungs-
Again a linear regression model is used, but including gemeinschaft (DFG) through the DFG-research group SHARP

Cly and trend terms that are quadratic i, @hd: (Stratospheric Change An_d its Role for climat_e Prediction) and by
the New Zealand Foundation for Research Science and Technology

and the Ministry of Science and Innovation. We would also like to
thank G. Zeng for making UCAM tropospheric model data freely

Th dditi It I f d ff available for discussions and advice, and R. Deckert and L. Revell
ese additonal terms allow Tor more degrees o ree-for comments on the manuscript.

dom in the fitted time series, but a physical interpre-
tation of the attributed variance is no longer straight- ggited by: H. Wernli
forward.

O3(t) = ag+a1 xCly(t)+az xCly(t)2+a3xt+a4xt2+R(t).

3. Smoothing witha 12: 1 filter
A 1:2:1filter is applied iteratively to the ozone time
Sene.s 20. times. The number (.)f iterations OT applylrjg Austin, J., Scinocca, J., Plummer, D., Oman, L., Waugh, D.,
the filter is chosen as to obtain a smooth time series . i i . 4
f hich iability in the i | d dal Akiyoshi, H., Bekki, S., Braesicke, P., Butchart, N., Chipper-
rom which variability in the interannual to decada field, M., Cugnet, D., Dameris, M., Dhomse, S., Eyring, V.,

time scale is removed but the long-term signal is main- gt 5. Garcia, R., Garny, H., Gettelman, A., Hardiman, S. C.
tained. Kinnison, D., Lamarque, J., Mancini, E., Marchand, M.,

F hods 1 and 2 . h d Michou, M., Morgenstern, O., Nakamura, T., Pawson, S.,
or methods 1 and 2, uncertainties on the return dates are Pitari, G., Pyle, J., Rozanov, E., Shepherd, T., Shibata, K., Sto-

calculated based on the uncertainty on the regression fit. The |5.cki R., Teyssedre, H., Wilson, R., and Yamashita, Y.: The

regression model uncertainties are estimated using a boot- gecline and recovery of total column ozone using a multi-

strap procedure: first, the regression model is run on the orig- model time series analysis, J. Geophys. Res., 115, DOOM10,
inal time series, obtaining the smooth regression fit and the doi:10.1029/2010JD013852010.
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