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Abstract. The EU CANDIDOZ project investigated the ozone loss better than a simple linear trend. Furthermore,
chemical and dynamical influences on decadal ozone trendall individual analyses point to changes in dynamical drivers,
focusing on the Northern Hemisphere. High quality long- such as the residual circulation (responsible for the merid-
term ozone data sets, satellite-based as well as ground-basednal transport of ozone into middle and high latitudes) play-
and the long-term meteorological reanalyses from ECMWFing a key role in the observed turnaround. The changes in
and NCEP are used together with advanced multiple re-0zone transport are associated with variations in polar chem-
gression models and atmospheric models to assess the rétal ozone loss via heterogeneous ozone chemistry on PSCs
ative roles of chemistry and transport in stratospheric ozongpolar stratospheric clouds). Synoptic scale processes as rep-
changes. This overall synthesis of the individual analyses irresented by the new equivalent latitude proxy, by conven-
CANDIDOZ shows clearly one common feature in the NH tional tropopause altitude or by 250 hPa geopotential height
mid latitudes and in the Arctic: an almost monotonic negativehave also been successfully linked to the recent ozone in-
trend from the late 1970s to the mid 1990s followed by an in-creases in the lowermost stratosphere. These show signifi-
crease. In most trend studies, the Equivalent Effective Stratoeant regional variation with a large impact over Europe and
spheric Chlorine (EESC) which peaked in 1997 as a conseseem to be linked to changes in tropospheric climate patterns
quence of the Montreal Protocol was observed to describesuch as the North Atlantic Oscillation. Some influence in
recent ozone increases was also attributed to the rise in so-
Correspondence td\. R. P. Harris lar cycle number 23. Changes from the late 1970s to the mid
(neil.harris@ozone-sec.ch.cam.ac.uk) 1990s were found in a number of characteristics of the Arctic
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2500 late 1980s decreasing ozone amounts were observed at po-
lar and middle latitudes (Farman et al., 1985; Rowland et

2000 al., 1988) which were related to the release of man-made
Ozone Depleting Substances (ODS) such as chlorofluoro-

1500 carbons and Halons. Meanwhile, in response to the threat

of ozone destruction, the Vienna Convention was signed in
1985. The Montreal Protocol which limits the emissions
of ODS was signed in 1987 and has subsequently been re-
vised on six occasions. The implementation of the Montreal
Protocol, its adjustments and amendments has successfully

1000

Production (ktonnes)

500

4000 resulted in reduced global production of ODS (and, with a
3500 small delay, emissions) from the end of the 1980s (Fig. 1,
3000 top panel). In turn, this has led to a more recent decline of

the effective stratospheric chlorine loading (EESC) by about
6% since its peak in the late 1990s (Fig. 1, middle panel). In
the Arctic and Antarctic, the turnaround is later (1998—2000)

2500

PPt)

< 2000

EESC

1500 and the rate of decrease slower (Newman et al., 2006).

1000 The world’s longest total ozone series (Arosa, Switzer-

500 land) shows the typical features of ozone in the Northern
o mid-latitudes (Fig. 1, bottom panel). The total ozone de-

e creased from the early 1970s until the mid-1990s. After the

record low ozone values in the early 1990s (related to the
eruption of Mt. Pinatubo in 1991 (e.g. Harris et al., 1997))
total ozone at northern mid-latitudes has increased for more
than a decade. The decline up to the mid-1990s has been
commonly attributed to chemical ozone depletion caused by
the increasing concentrations of ODS. Now that the peak
in EESC has passed, it is important to know for both sci-
275 entific and political reasons whether the implementation of
e e e T e e the Montreal Protocol is effective in terms of stratospheric
ozone. However, the attribution of ozone trends to changes
Fig. 1. Top: Global production of ODS. Middle: Ability of ODS  in ODS emission is a difficult task because many factors con-

to deplete stratospheric ozone (Equivalent Effective Stratospherigripute to ozone variability and trends, in particular at mid-
Chlorine — EESC) (solid) in comparison with a linear trend starting |5titudes. They include:

in 1970 (dashed). EESC is an overall measure of chemical ozone
depletion taking into account the lifetimes and the chemical ozone  _ | arge volcanic eruptions;
depleting potentials of the individual chemical species. Bottom:

Total Ozone (DU)
w w
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w
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o

Annual mean values of the total ozone series of Arosa (Switzer- _ Arctic ozone depletion;
land) and relevant processes influencing total ozone at Northern
mid-latitudes. — Long-term climate variability;

— Changes in the stratospheric circulation; and
vortex. However, only one trend was found when more re-

cent years are also considered, namely the tendency for cold — Eleven year solar cycle.
winters to become colder.

Analysing the existing measurement record in order to quan-
tify how the Montreal Protocol and its amendments have af-
Yected the ozone layer is thus hard and requires great care.
An improved understanding of these factors is needed to pro-
vide reliable predictions of stratospheric ozone. In particu-
lar, quantification of dynamical influences on stratospheric
1 Introduction ozone changes was highlighted as an outstanding issue in

ozone research, for which the level of scientific understand-
The possible depletion of the ozone layer was raised in théng was quoted as medium/medium-low in WMO 2002 (Ta-
early 1970s (Crutzen, 1971; Johnston, 1971; Molina andble 4.5 in Chipperfield and Randel, 2003). This uncertainty
Rowland, 1974; Stolarski and Cicerone, 1974). In the mid tostrongly limits the interpretation of the past evolution of the

Keywords. Atmospheric composition and structure (Mid-
dle atmosphere — composition and chemistry) — Meteorolog
and atmospheric dynamics (Middle atmosphere dynamics)
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ozone layer and limits our confidence in predictions of its
future evolution.

The EU CANDIDOZ project (Chemical And Dynamical
Influences on Decadal Ozone Change) from 2002—-2005 ad-
dressed these issues. The major objective was to separate
and quantify the individual factors contributing to past ozone
variability and trends in the Northern Hemisphere. Here we
synthesize the main findings of this project with respect to
the policy-related questions outlined above. We do not at-
tempt to describe all the work performed during the project
which is described in the CANDIDOZ final report (available
from fmiarc.fmi.fi/projects/candido}/and in published pa-
pers, although a brief summary is given in Sect. 2 to show the
importance of this “underpinning” work to the main results
presented here. Section 3 presents the results most relevant
to identifying and understanding of the effect of the Montreal
Protocol on the ozone layer and Sect. 4 contains a discussion
and summary. For the most part we make reference to the
2002 WMO-UNEP Ozone Assessment, and particularly to
the chapter on global ozone (Chipperfield and Randel, 2003), —
as that represented the scientific understanding at the start of
CANDIDOZ. The 2006 Assessment was written during the
preparation of this paper and is only referred to for specific
points.

2 Approach

We adopted a multi-faceted approach with different research
groups involved in the:

— production and re-evaluation of ozone data sets;

— investigation of long-term stratospheric changes using
ERA-40 re-analyses;

— development and use of process-based statistical ap-
proaches to describe past ozone changes; 2.2

— use of atmospheric models.

1209

In CANDIDOZ groups worked on the following topics.

Re-evaluation of the long-term total ozone series at (i)
Tromsg, Norway (70N, 19 E), 1935-1972 based on
measurements from a Fery spectrograph and from a
Dobson spectrophotometer (Hansen and Svenoe, 2005);
(i) Svalbard, Spitzbergen, Norway (78, 12°E),
1950-1962 based on measurements of a Dobson instru-
ment (Vogler et al., 2006); and (iii) Hradec &owe,
Czech Republic (50N, 16 E), 1962—-2003, based on
careful comparison of measurements of Dobson and
Brewer spectrophotometers (Vanicek et al., 2003; Van-
icek, 2006).

— Re-evaluation of the ESA GOME total ozone record

from 1996 to 2003 using ozone measurements produced
by the new WFDOAS retrieval algorithm (Weighting
Function DOAS) (Coldewey-Egbers et al., 2004, 2005;
Weber et al., 2005).

Re-evaluation of Arctic ozone sonde records from 8
Arctic stations in Europe and Canada {680° N) from
1989 to 2003 (Kivi et al., 2007).

Comparison between satellite and ground-based total
ozone measurements (Vanicek, 2006; Weber et al.,
2005).

Production of the CANDIDOZ Assimilated Three-
dimensional Ozone data set (CATO) with complete
global coverage and daily resolution from 1979 to 2004
based on the NIWA combined TOMS/GOME/SBUV
satellite total ozone measurements and ERA-40 mete-
orology. CATO is a unique data set with internally con-
sistent fields for the total column and the vertical distri-
bution of ozone (Brunner et al., 2006a).

Long-term stratospheric changes using ERA-40 re-
analyses

The reanalysis of global meteorological data (ERA-40) by

2.1 Ozone data sets

the European Centre for Medium Range Weather Forecasts

(ECMWEF) was completed shortly after CANDIDOZ started

The available knowledge concerning the long-term evolu-(Uppala et al., 2005). The availability of these reanalyses,
tion of the ozone layer comes from ground-based measurepith their reasonably high degree of internal consistency,
ments based on the Dobson and Brewer instruments coordillowed us to investigate dynamic influences on decadal
nated in the WMO's Global Atmospheric Watch programme timescales. A particular focus was on the dynamical influ-
and from measurements by satellite instruments. The neaknces on the Arctic stratosphere (Karpetchko et al., 2005)
global coverage provided by the satellite instruments starteind the relation between Northern Hemisphere total ozone
in 1979 and complements the longer-term information fromfields and meteorological patterns such as the North At-
the ground-based measurements. The two systems providantic Oscillation (Orsolini and Doblas-Reyes, 2003; Or-
essential quality control for each other and so are at moskolini, 2004).
guasi-independent. Constant vigilance is required to assess The ERA-40 data were also used to run CTMs for more
and improve the quality of the ozone data sets in the light ofthan 40 years. This period covers a decade of the chemically
new knowledge and instrumental understanding. undisturbed stratosphere, the period of increasing chemi-
cal ozone depletion and the last decade in which ozone in
northern mid-latitude increased. Long numerical simulations

www.ann-geophys.net/26/1207/2008/ Ann. Geophys., 26, 127P3-2008
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have the potential to quantify the importance of the different not simply linearly depend on EESC, but also on other
chemical and dynamical processes affecting the ozone layer.  factors such as aerosol surface area and PSC existence.
While good technical progress was made in using ERA-40

with a number of CTMs, less progress was made in usindnthefirst two cases, the trend term represents that part of the
models to understand past ozone trends than was originallpzone tendency which cannot be explained by other (natural)
hoped. Nevertheless long-term simulations with both sim-factors, and which is therefore interpreted as being due to
plified and full chemical descriptions were made and initial @nthropogenic activity. In the third case the expected anthro-

interpretations have been performed (Hadjinicolaou et al.pogenic influence lies in the rate of change of the EESC term
2005). which, after solving the coefficient of EESC term, directly

gives the modeled anthropogenic part of the rate of change
2.3 Process-based statistical approaches to describe pastozone.
ozone changes This type of multiple linear regression has been the most
common approach used to determine trends in ozone mea-
In the standard linear multiple regression approach usedyrements (Chipperfield and Randel, 2003; Chipperfield and
in ozone trend analyses (e.g. WMO, 2003), the measuregtioletoy, 2007, and references therein). Up until a few

(monthly mean) ozone valueg (¢)) are modelled using years ago, the underlying assumption was that any long-
Vi) — b N X term change was linear and caused by chemical ozone de-
() =a(®) +b(t) -1+ Zj:l cj(t) - Xj(t) +e) pletion resulting from the then steadily increasing concentra-

tions of ODS. Two factors have caused a revision in this ap-
proach. First, ODS concentrations stopped increasing. Sec-
ond, the influence of dynamic influences on ozone on decadal
riimescales became more apparent (e.g. Hood et al., 1997;
Steinbrecht et al., 1998). However, while correlations be-
tween ozone and a number of meteorological quantities (such
1. Single linear trend vs. time (*hockey stick”): This ap- as tropopause height) were statistically significant, it was im-
proach was commonly used in earlier ozone assesspossible to link these unambiguously to particular physical
ments and the determined trends were usually attributeghrocesses (Chipperfield and Randel, 2003).
to anthropogenic ozone depletion. This description is A real effort has been made to produce process-based in-
still useful to characterize the long-term changes, butdicators of dynamic and chemical influences which can be
this concept cannot describe the influence of the timeused in statistical models (as new or additioXalr) in the
evolution of ODS after the middle of the 1990s when above formulation) in order to aid the attribution of past
EESC started to deviate from the almost linear increaseyzone changes. The availability of the ERA-40 analyses was
(Fig. 1). (N.B. The term “hockey stick” is used because of great benefit as long, internally consistent time series of
the original analyses of ground-based data which startedhese dynamic quantities are required for the statistical anal-
before 1970 looked for a change in ozone after 1970yses (Wohltmann et al., 2005). Three particular proxies were
compared to the undisturbed (i.e. low EESC) behaviourroutinely used in the analyses described in the next section.
before 1970.) First, the volume of polar stratospheric clouds (PSC) cor-
relates closely with the accumulated chemical ozone loss in
the Arctic vortex in each winter (Rex et al., 2004, 2006). This
guantity shows large interannual variability depending on the
specific conditions in the polar vortex each winter. Over the
: : : last decades the potential for chemical ozone depletion has
point) to describe the influence of the Montreal Proto changed significantly (Fig. 1) and so the PSC volume was

col. The second slope term includes information on (i) . . . .
whether the second linear slope significantly deviatesfscaled by the EESC in order to investigate the multi-decadal

from the first one and (ii) whether the second period ?élcl)J?encg ofhozone deplet;]qn mlthe Arc;'i vortﬁx (Tv'tﬁt a}l']gl
shows a significant upward trend. However, this ap- )- Such an approach is also used to estimate the infiu-

proach is rather empirical and the series to fit the seconf"ce of polar depletlon_at mid-latitudes. .
linear trend is short Second, total ozone is locally affected by vertical and hor-

izontal displacements (e.g. Hood et al., 1997, Steinbrecht et
3. The ozone time series can be fitted to EESC instead o#l., 1998; Weiss et al., 2001), but it has proven hard to de-
the linear trend terms (“EESC model”). This approach velop meaningful proxies which uniquely refer to particu-
is based on a physical quantity and the fit of explana-lar physical processes (Chipperfield and Randel, 2003). This
tory variables is based on the entire series. Howeverwas an important aim for us, and a new proxy was devel-
the shape of the EESC curve may not be wholly appro-oped to describe these synoptic scale variations by using an
priate as chemical ozone loss resulting from ODS doesozone profile climatology in equivalent latitude (horizontal)

Here a(r) is a constant,c; are coefficients for terms
describing natural variability using explanatory variables,
X j(t);autocorrelations in the residual§)are calculated to
determine realistic confidence intervals. For the descriptio
of trends b(¢),the following options are used:

2. Two linear trends (“double hockey stick”): The first lin-
ear downward trend starts at the beginning of the se
ries (or at the beginning of the 1970s), and an additional
linear trend is introduced (starting from the inflection

Ann. Geophys., 26, 1207-22Q 2008 www.ann-geophys.net/26/1207/2008/
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and isentropic (vertical) coordinates that is fit to total col- of recovery might first be observed, particularly at high alti-
umn measurements using the equivalent latitudes and potertudes and in polar regions (e.g. Hofmann and Pyle, 1999).
tial temperatures derived daily at each location (Wohltmann From a political perspective it makes sense to consider re-
et al., 2005, 2007). covery in terms of ozone recovery from anthropogenic in-
Third, the strength of the stratospheric mean meridionalfluences. In this light, the first stages of recovery, namely
circulation, i.e. the relatively slow movement of air from the reductions in ODS emissions and the subsequent turnaround
tropics to higher latitudes, determines how much ozone isand decrease in EESC are already in the past. The next stages
present above mid- and high latitudes in each late winter and- the slowing of the ozone decline and the reducing chemi-
spring, and so is a strong influence on the interannual varical impact of ODS (often called “turnaround”) — have been
ability in ozone (Fusco and Salby, 1999; Randel et al., 2002)strongly debated. Our scientific understanding tells us that
and polar ozone chemistry (Weber et al., 2003). Time seriesve must be passing through these stages around now, but we
of the measure of this circulation, the Eliassen-Palm (EP)need to demonstrate it unequivocally. The final stage, the
flux, were calculated from ERA-40 and NCEP data and usedfull” recovery of ozone, is clearly in the future. The main
in a number of studies. points of current discussions are what the state of the atmo-
Finally, a neural network approach was used for trendsphere will be in the coming decades and what level of EESC
analysis of seven European stations with long total ozonewill provide “full” recovery of ozone. The commonly used
records. This new technique was to our knowledge not apthreshold is 2000 pptv (Cl equivalent), but this is an arbitrary
plied in ozone trend analysis before (Metelka et al., 2005). choice which coincides with the start of the modern satellite
record and our scientific understanding tells us that ozone de-
pletion must have occurred at lower EESC levels. In the fol-
3 What have we learnt about long-term ozone trends?  |owing sections, we concentrate on whether the influence of
the reduced ODS emissions can be seen in the observational
There are three main issues relating to long term changegzone record. The issue of recovery is discussed in more
in Northern Hemisphere ozone which are of interest to thegetail in the 2006 WMO-UNEP Ozone Assessment (WMO,
public and to policy-makers: 2007). The contrasting behaviour of the ozone evolution at
— The causes of past ozone changes at northern midr-T.]id and high latitudes in the tyvo hemispheres is not con-
latitudes: sidered furt_her here, glthough it does provide vaIuapIe con-
' straints on interpretations of the ozone record, particularly
_ Long-term changes in the Arctic stratosphere; and Wh_ere dynamic factors_ are cor_merned (e.g. Krizan and Las-
tovicka, 2006; Stolarski and Frith, 2006).
— The implications for future ozone.
3.1 The causes of past ozone changes at northern mid-
Here we attempt to synthesise the results from a number of latitudes
studies performed within CANDIDOZ in the context of all
research in this area. The first two issues are addressed ifthe CANDIDOZ ozone trend studies use a variety of mea-
this section, and the implications, including the impact of the surement data sets and statistical models. However, their re-
Montreal Protocol to date, are discussed in Sect. 4. Howevessults are broadly consistent and the major findings are sum-
before doing so, the concept of ozone recovery is discussedmarised below. Figure 2, based on the CANDIDOZ As-
The term “recovery” has been used in a number of dif- similated Three-dimensional Ozone (CATO — Brunner et al.,
ferent ways (Hofmann and Pyle, 1999; Weatherhead et al.2006a, b), shows the major influences on the total ozone
2000; Reinsel et al., 2002) and there is on-going disagreetrends over northern mid-latitudes. (Note that the influence
ment and/or confusion about what is its most suitable defini-of the QBO is not shown here as it affects the short-term
tion, even among specialists. Should it be defined accordingariability rather than the longer-term behaviour. Similarly
to halocarbons, ozone or UV radiation? Should it be definedthe annual cycle is not discussed.) In the following, we dis-
as a return of any or all of these to pre-1980 ozone levelsZuss first the well-documented ozone decline, then the recent
Should it be defined as a clear reversal of past trends? Or asiacrease and whether it constitutes recovery resulting from
clear reduction in the magnitude of past trends? Does it matEESC changes, and finally the link between ozone and tro-
ter what the cause of any change in the trend of ozone or U\pospheric climate patterns.
radiation is? Should it be linked to the actions taken under
the Montreal Protocol? Does it matter that the atmosphere i8.1.1 Ozone evolution prior to mid-1990s
unlikely to return to its pre-1980 condition? To complicate
matters further, recovery (particularly for ozone and UV ra- For this period, the CANDIDOZ studies have mainly im-
diation) may occur in some regions or at some times of yearproved the statistical attribution of the trends to the different
and not at others. For example, much of the early work oncauses. The major cause of the ozone decline over northern
recovery focused on the regions and seasons where the signsd-latitudes (36-6C°> N) from 1979 to the mid-1990s was

www.ann-geophys.net/26/1207/2008/ Ann. Geophys., 26, 127P3-2008
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Fig. 2. Annual and seasonal evolution of northern mid-latitude®{®8° N equivalent latitude) total ozone anomalies from 1979 to 2003

calculated by a multiple regression analysis of the CATO data set (Brunner et al., 2006a, b). U.Strat is calculated directly from SBUV

version 8 profile data above 10 hPa (Bhartia et al., 2004) as ozone at these altitudes is not reconstructed in CATO. The contributions attributed
to non-polar ozone loss in the lower stratosphere (EESC (L.Strat)), upper stratospheric ozone loss (U.Strat), polar loss (VPSC, but actually
VPSC*EESC) and volcanic eruptions (Volc.) are shown as coloured areas stacked on top of each other. The contributions from EP flux and
solar cycle are shown as orange and yellow lines, respectively. All anomalies are scaled to the 1979-1980 mean. The observed anomalie

and the fit of the statistical model are shown in black and red lines, respectively.
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the increase in EESC (Fig. 2). The biggest signal found heresions of WMO 2006, as well as the more recent work of Hud-
is the effect assumed to depend linearly on EESC which wason et al. (2006) who argue that dynamically-induced ozone
responsible for an annually averaged decrease of about 2.5%hanges of-35% (1979-1991; less for longer periods) are
in the column over this period. Losses in the upper strato-caused by the northward shift of ozone regimes defined by
sphere (resulting solely from homogeneous chemistry) conthe sub-tropical and polar fronts.
tributed a further 1% to the column loss, and those related to
polar ozone depletion contributed up to a further 2%, though3.1.2 Ozone evolution since the mid-1990s
with considerable inter-annual variability. The total maxi-
mum effect of ODS (i.e. EESC (L.Strat) + U.Strat + VPSC in Figure 2 shows that the trend change in the Northern Hemi-
Fig. 2) was about 5% in 1995, 1996 and 2000, all years withsphere is primarily related to processes other than the small
large Arctic ozone losses. In an analysis of Arosa Umkehrdecrease which has occurred since the EESC peaked in
data from 1956—2004, Zanis et al. (2006) find statistically 1997. This conclusion is supported by a number of CAN-
significant negative ozone trends from 1970 to 1995 in theDIDOZ and other studies and is also reached in the 2006
upper stratosphere (above 32.6 km) throughout the course VMO/UNEP Ozone Assessment (Chipperfield and Fiole-
the year as well as in the lower stratosphere (below 23.5 kmjov, 2007). For example, our more detailed analyses of to-
mainly during winter to spring. The latter are partially at- tal ozone measurements by satellites (Dhomse et al., 2006;
tributed to dynamical changes. The overall picture of theBrunner et al., 2006b) show that (i) the chemical turn-around
trends at northern mid-latitudes is now well-established.  in gas-phase chemistry is not the dominant contribution when
The Mt. Pinatubo eruption in 1991 had a significant in- dynamical processes are properly accounted, and (ii) changes
fluence on total ozone over northern mid-latitudes from latein 0zone transport, polar chemistry and the solar cycle are
1992 to 1994, and the few years following the Mt. Pinatubo together responsible for nearly all the observed total ozone
eruption exhibited the lowest ozone values observed oveincreases in northern mid-latitudes.
northern mid-latitudes. This effect was larger than that of One of the main conclusions of Dhomse et al. (2006) is
the El Chichon eruption in 1982. However, these influencesthat increased wave-driving (leading to a faster stratospheric
are diminished after 1996 and are not relevant to more recergirculation) has caused much of the increase in total ozone
ozone depletion. over northern mid-latitudes since the mid-1990s. The ris-
The other major natural influence on ozone is the solar cying solar cycle after 1996 is also important. Identical good-
cle. Figure 2 shows the solar cycle to have an effect o ness of fits are found for the period 1979-2003 whether us-
on ozone as it goes from minimum to maximum. This ef- ing monthly linear trend terms or the EESC term underlining
fect is smaller than found in other studies (see Brunner et al.that the difficulty in distinguishing the effect of ODS on the
2006b, and discussion in Chipperfield and Fioletov, 2007).0zone record to date. Brunner et al. (2006b) examine this
This difference is not important in terms of the longer-term issue further using the approaches put forward by Weather-
ozone depletion, but it is important when considering thehead et al. (2000), Newchurch et al. (2003) and Reinsel et
ozone increase since the mid-1990s. Interestingly Dhomsal. (2005), and they conclude that (a) EESC is a better ex-
et al. (2006; see Fig. 10) calculate a slightly smaller solarplanatory variable of recent ozone changes than a single lin-
cycle coefficient when using EESC rather than linear trendsear trend and (b) it is not the major contributor to the recent
Understanding and quantifying the impact of the solar cycleincrease in ozone as also seen in Fig. 2.
on stratospheric ozone remains a puzzle. The conclusions of these statistical analyses of observa-
Dynamical changes seem to have affected ozone trendsons are supported by a SLIMCAT modelling study which
over Europe more than other parts of the northern mid-compared total ozone observations with total ozone for a
latitudes (Appenzeller et al., 2000; Staehelin et al., 2001;simulation driven by ERA-40 winds and temperatures, but
Chipperfield and Randel, 2003), and so these were of imwithout chemical ozone depletion from ODS (Fig. 3, up-
mediate interest to the EU CANDIDOZ project. Analysis dated from Hadjinicolaou et al., 2005). The ozone trends
of the long-term total ozone records at 8 European Dobsorat northern mid-latitudes prior to the mid-1990s were found
stations shows that the influence of dynamic processes coultb be ~30% caused by dynamical changes, leavirig0%
account for perhaps 30% of the total trends calculated forcaused by ODS chemistry. The dynamic influence on the
the period 1970-2002 (Fig. 3 in Wohltmann et al., 2005). trend during this first period does not seem to be due to a ra-
The regional behaviour is confirmed in the expanded studydiative feedback resulting from the chemical ozone loss itself
of 49 stations globally (Wohltmann et al., 2007) and consis-(Braesicke and Pyle, 2003). Since the mid-1990s effectively
tent with the analysis of Orsolini and Doblas-Reyes (2003 —all the increase can be explained by dynamic changes. The
see below) who estimated that this contribution was as highcompanion simulation with full chemistry (red line in Fig. 3)
as 70% over southwestern Europe (for 1979—-2000), but morehows no evidence for significant chemical recovery due to
like 30% for the entire European sector. The finding thatthe turnaround in ODS. These results are consistent with the
changing dynamics has been an important influence on ozoneonclusions of a separate simulation of full chemistry with
trends in the 1980s and 1990s is consistent with the concluSLIMCAT (Feng et al., 2006) and with 2-D and 3-D GCM
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: : : : : : Fig. 4. Vertical distribution of year round ozone trend estimates
1980 1985 1990 1995 2000 2005 in %/decade deduced from Umkehr measurements at Arosa using
Year the double trend model. The pre-turnaround trend estimates are in
red, the change in trend estimates are in blue and those after the
Fig. 3. Monthly mean column anomalies of SLIMCAT ozone (sim- turnaround are in pink. The statistical model includes QBO, so-
ple gas-phase, blue; full chemistry, red) and merged TOMS andar cycle and the equivalent latitude proxy as explanatory variables.
SBUV observations (black) between 3%0° N. The anomalies  The equivalent latitude proxy accounts for dynamics related ozone
have been smoothed with a 24-month running mean to average botariability. The error bars denote 2-sigma standard errors. The layer
over the annual cycle and the QBO (Updated from Hadjinicolaou et3 represents the sum of layers L2 and L3 while the layer 8 repre-
al., 2005). sents the sum of layers L8, L9, and L10 (adapted from Zanis et al.,
2007).
model simulations (e.g. Andersen et al., 2006; Chipperfield
and Randel, 2003; Weatherhead and Andersen, 2006) which
show little anticipated effect of the decreasing EESC to date. In the lower stratosphere, Zanis et al. (2006) found that
Thus both the modeling and the statistical studies concluddhe year-round trends over Arosa also become positive and,
that the magnitude of the observed increase in total ozone i# particular, are more positive during the winter to spring pe-
too large for it to have been caused by the small decrease ifiod (Fig. 4). This change in trend is observed over Canada
EESC since the mid-1990s. (Tarasick et al., 2005) and in the entire northern extra-tropical
Different levels in the vertical distribution of ozone are lower stratosphere (Yang et al., 2006; Terao and Logan,
affected to Varying degrees by dynamics and Chemistry_ |r2007) Yang etal. (2006) found that the half of the increase in
the upper stratosphere ozone trends are expected to be |e&4al ozone is due to changed dynamics below 18 km, while
influenced by changes in dynamics and therefore more dithe timing and magnitude of the observed changes in ozone
rectly affected by ODS. Newchurch et al. (2003) anaIysedabOVe 18 km altitude are consistent with the EESC evolution.
satellite and ground_based measurements of upper Strata:heir estimate of the contribution from EESC to the Change
Spheric ozone and found Statistica”y Significant Change inin total ozone is somewhat greater than those made in the var-
ozone trends consistent with a slow-down in upper stratodous CANDIDOZ studies, but it is hard to know how signifi-
spheric HCI. Zanis et al. (2006) used similar techniquescant this difference is without a more rigorous comparison of
in their analysis of the revised Umkehr record from Arosa (i) the altitude ranges and time periods considered, and (i)
and found changes in upper stratospheric ozone trends aftéhe details of the statistical models.
1996. These are not, however, 95% statistically significant The timing of the change in the lower stratosphere ozone
after the aerosol correction has been applied to the retrievettend coincides with a change in the trend in the frequency of
data (Fig. 4). This lack of a significant change in trend dur-laminae occurrence (Krizan and Lastovicka, 2005; Tarasick
ing the recent period in the upper stratosphere is regionallyet al., 2005). Laminae occur principally at altitudes below
coherent with recent results derived from upper stratospheri@0 km, and changes in their frequency are likely to be caused
ozone data recorded by lidars, microwave radiometers an®y changes in lower stratospheric dynamics in the Northern
satellite instruments over Europe (Steinbrecht et al., 2006)Hemisphere. No such change is observed in the Southern
Zanis et al. (2006) conclude that it is too early to say whetherHemisphere (Krizan and Lastovicka, 2006).
a “chemical” turnaround in upper stratospheric ozone has oc-
curred although the results are clearly consistent with the de3.1.3  Links to climate patterns
creasing EESC. It is possible that the lack of significance in
these results is due to the greater variability inherent in at has long been recognised that low-frequency tropospheric
record (albeit a long one) at a single site as globally upperdynamics contributes to ozone column variability in the
stratospheric trends do seem to have reversed (Newchurch &lorthern Hemisphere, with most early studies focusing on
al., 2003; Steinbrecht et al., 2006). the impact of the North Atlantic Oscillation or the Arctic
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Oscillation. More recent studies, based on both ground- SPRING O3 (MAR-APR) : WESTERN EUROPE
based ozone time series analysis (Appenzeller et al., 2000 420
Bronnimann et al., 2000; Hansen and Svenoe, 2005; Stein- 400
brechtetal., 2001; Wohltmann et al., 2007) and TOMS satel- _ 380 =X
lite observations (Orsolini and Doblas-Reyes, 2003) have @ 34
shown that a variety of climate patterns and teleconnections it
leads to strong regional signatures over the Euro-Atlantic
sector. 32079 81 83 8 87 89 91 93 95 97 99
Orsolini and Doblas-Reyes (2003) demonstrated that up year
to 70% of the local ozone negative trends over Europe in
spring were related to changes in four leading climate patFig. 5. Spring ozone over Western Europe {48-60° N, 15° W-
terns. Inclusion of these four leading patterns captured theéS® E) from TOMS data (thick blue line) for 1979 to 2000; recon-
springtime decrease in ozone over Western Europe (definegfructed spring ozone with anomalies from the four leading Euro-
as 40 N-6C° N, 15 W-15E) in 1979-1997, and the in- Atlantic patterns successively added to the climatological mean: i.e.

crease in the late nineties, following the absolute minimumincluding the NAO (black), plus the Scandinavian pattern (red), plus

in spring 1997, which was caused by an anomalous Eas the East-Atlantic pattern (green) and the European blocking pattern

. . . (thick blue dashed). The combined curve (thick blue dashed) best
Atlantlc pattern (.Fl,g' 5). Jrrar et al. (_2006) derived the tracks the observed ozone variations (thick blue line), albeit the last
spatial characteristics of Northern Hemisphere total 0Z0N&)attern brings little change over that region (adapted from Orsolini

from a SLIMCAT run driven by ERA-15 reanalyses. Use and Doblas-Reyes, 2003).

of the corresponding principal components in a trend anal-

ysis revealed the importance of the polar night jet and, sec-

ondly, the Scandinavian pattern in dynamically driven trends 2. The duration and extent of PSCs each winter; and
at middle latitudes in winter and spring. In addition, Or-
solini (2004) and Bronnimann et al. (2004) showed the re-
mote influence of meteorological phenomena over the NorthThe variation in these factors since 1965 is shown Fig. 6a—
Pacific, such as fluctuations in the Aleutian Low or ERbli  ¢. The chemical ozone loss has been calculated for nearly
episodes, upon ozone variability in the Euro-Atlantic sec-every winter since 1991 (Fig. 6d). A remarkably tight, lin-
tor. The former study showed that inter-annual ozone vari-ear relation is found between the chemical ozone loss and
ations between the North Pacific and Northern Europe werdghe volume of PSCs present that winter (Rex et al., 2004,
associated with an Aleutian-Icelandic seesaw-like variabil-2006). For each cooling of 1K, an additional 15 Dobson
ity, and were considerably larger in February than those asUnits of depletion in the ozone column is anticipated. This
sociated with the Arctic Oscillation. How these findings effect was three times larger than calculated in atmospheric
link to the proposed movement of the sub-tropical and po-models at that time (Rex et al., 2004): model improvements
lar jets (Hudson et al., 2006) remains to be seen. For examhave since resulted in much better agreement (Newman and
ple, the Aleutian-Icelandic seesaw influences strongly the jeRex, 2007). Further long term cooling in the Arctic winter
streams, and the storm tracks (Honda et al., 2001; Orsolinistratosphere had resulted in a three-fold increase in PSCs, so
2004) over both oceans, but also has a strong signature otihat the stratospheric climate conditions had become signif-

3. The longevity of the polar vortex into spring.

ozone columns over the North Atlantic. icantly more favourable for ozone loss since the 1960s, an
. ) effect which considerably amplified the influence of the in-
3.2 Long-term changes in the Arctic stratosphere creasing halogen loading of the stratosphere. If these tem-

erature trends continue into the future, Arctic ozone losses

The knowledge about Arctic ozone loss has increased enoﬁlould increase until 2010-2015 and decrease only slowly af-
mously over the last decade or so as a result of several Iarg%rwards (Knudsen et al., 2004). However, the cooling does
field measurement campaigns (e.g. Newman et al., 2001) and appear to be happening in all years — rather a pattern is

;chrlo ug_hhlmproved rgonltor(;ng |n”'_[he A(;Ct'c re_glonlparnc_u- emerging wherein the cold years get colder, but the warm
arly wit ozonesondes an satellites. Ozone in polarregions,q ars are not changing (Rex et al., 2006). In other words, the
can be rapidly destroyed by heterogeneous reactions occuf:

. . otential for severe losses in the Arctic seems to be increas-
ring on polar stratospheric clouds (PSCs). These process

. ) i ﬁg, but only in the 20% or so of coldest winters.
take place in the polar vortex, which forms every winter over Decadal variations in the polar vortex have been anal-

the poles and thg extent of the ozone loss is determined by fsed using ERA-40 reanalysis data from 1957 to 2002 (Kar-
number of chemical and dynamical factors. Today we knowpetchko et al., 2005). In general, the large interannual

that the strong interannual variability of Arctic ozone deple- variability is the dominant feature, obscuring any long-term

tion depends on the following factors: changes. However, some features can be distinguished. For
1. The temperature of the polar vortex and formation (if example, the average PSC existence in the Arctic increased
cold enough) of PSCs; from 1959 to 2002, but no statistically significant trends
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Coeb e b e e e in size, temperature and duration were found for 1979-
80 (a) 2002. Statistically significant increases (95% error proba-
] ;JD:;:J;;E“ bility) were found in vortex duration, vortex size and PSC
607 OFebruary area in the lower stratosphere for March for 1979-1997 but
not for 1979-2002. The lack of an overall trend in PSC ex-

_ H ‘ ‘ H‘ ‘ istence is consistent with the analysis of Rex et al. (2006)
)1 .|‘|. |H ||||| “I |||||‘|| ‘I. H‘

B March

Frequency [%)]

who argue that, while there is no trend in most winters, more
PSCs are now formed in the extremely cold winters.

Identification of long-term changes in the Arctic winter
stratosphere is tricky due to multi-annual climate variabil-
ity, and a strong dependence on the length of the record be-
ing considered is again found in analyses of the re-evaluated
Arctic ozonesonde record. Statistically significant decreases
in stratospheric ozone occurred over 1989-1997, but not for
the period from 1989—-2003 as lower stratospheric ozone in-
creased significantly from the mid-1900s (Kivi et al., 2007).
The ozone decreases and increases are strongly correlated
] with the tropopause height and this dynamical influence is
1209 (©) the largest influence on the variance of stratospheric ozone in
1004 the Arctic winter/spring (Kivi et al., 2007). Tropopause vari-

] ations may not, however, explain the long term changes in
] ozone in the absence of a trend in tropopause height. Other
60 explanatory variables are then needed (see also Tarasick et
al., 2005). Kivi et al. (2007) also found a significant correla-
N — tion with the measures for chemical polar ozone depletion
: H NUH' N : (accounting for up to 50% of ozone variability in March)

Vg [10° km']

Vortex break up date
[ day of the year ]

L1
no data
(d) and the strength of the stratospheric circulation. In the Arc-
tic troposphere a statistically significant increase of 12% is
i observed from 1989 to 2003, with the largest changes in
. January—April.

-100] The strong correlation between the ozonesonde measure-
ments and tropopause height is probably another manifesta-
tion of the influence of the low frequency tropospheric pat-
Ll terns found in total ozone data (Orsolini and Doblas-Reyes,
(e) 2003). These patterns (e.g. the North Atlantic Oscillation)
are associated with anomalies in the tropopause height and
-104 so contribute significantly to the ozone variability. Again,
decadal trends in the occurrence of the NAO and in ozone are
] found over the first part of record (up to the mid-1990s), but
-20 they become insignificant when recent years are included.
- Ozone loss in the Arctic vortex can contribute to reduced
- o ozone amounts over mid-latitu_des Whe_n ozone-depleted _air
is transported from high to middle latitudes. The magni-
] ) ] ) _ tude of this has been estimated in several trend studies de-
Fig. 6. The evolution of vortex properties underlying chemical g e in Sect. 3.1 and in modelling studies (Hadjinicolaou

ozone loss are shown in the the top three pan(@lsinferred PSC . .
existence at 50 hPa in the winter months derived from temperatureand Pyle, 2004). Figure 6e shows estimates based on the

measurements made by radiosondes at SodanRitland:(b) in- ar?alysis in Wohltmann_ etal. (2007), and the inte_rannual vari-
ferred volume of PSCs derived from ECMWF (solid) for 1979— &tion is clearly a dominant feature (see also Fig. 2). How-

2006 and FU Berlin (dashed) for 1066-2001 as in Rex et al. (2004)€Ver, it is hard to develop a reliable process-based indica-
and (c) vortex break-up dates (updated from Karpetchko et al.,tor which takes into account all the chemical and dynamical

2005). The interannual variation of ozone loss is shown in the lowerfactors involved. In CANDIDOZ, this has also been investi-
two panels{d) the chemical ozone loss in the vortex estimated from gated in a series of case studies of individual winters which
observations of ozone using the vortex average approach (Rex et agoncluded that dilution can explain 29% of the overall trend
2004); ande) the estimated impact on mid-latitude ozone columns gyer mid-latitudes in total ozone from 1979-1997 (Ander-
in May using the approach of Wohltmann et al. (2007). sen and Knudsen, 2006). It should be noted that this fraction

Vortex ozone loss [DU]

Polar contribution to
mid-latitude ozone [DU]

— T T T T T 1 T T T T T T 17T
1970 1980 1990
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depends quite strongly on the period being considered beresulting from changes in EESC to have flattened in the late
cause Arctic ozone loss varies substantially from year to yearl990s, and there is some evidence in the observational record
For example, Fioletov and Shepherd (2005) estimate a 15%hat this has occurred.
contribution for the period 1979-2003. Within the consider-  Similar considerations apply in the Arctic. Here, the ozone
able uncertainties, these estimates are consistent with thosess in any winter is principally determined by the tempera-
found in the statistical studies using a VPSC*EESC proxy. ture in the Arctic vortex and by how many PSCs form. Su-
perimposed on these large year-to-year variations is the much
slower decline in EESC. In the absence of any trend in the
4 Discussion and conclusions physical nature of the vortex, a slow reduction in average
Arctic ozone loss would be expected. To date, no trend has
The large dynamical influence on decadal changes in 0zongeen found in characteristics such as vortex strength, size or
over the last 25 years means that any meaningful discussiopersistence. However, the cold winters are growing colder
of recovery has to be carried out with reference to the ef-and the ozone losses in those years are getting larger. Until
fects of the Montreal Protocol. While, the importance of dy- the mechanism for this trend is understood, it is impossible
namical influences on ozone trends has been recognised fap say what the future implications are.
some time, the difficulties in quantifying the impact has led The total ozone column is sensitive to changes in the
to past trends being generally attributed to halogen chemistryarge-scale stratospheric circulation which is driven by tropo-
with an implicit assumption that any uncertainties resulting spheric forcing. If, as some models suggest, the speed of this
from interannual changes in dynamics are adequately repregirculation increases (Schnadt and Dameris, 2003; Braesicke
sented in the error bars associated with the trend estimategt al., 2006), then there will be enhanced ozone columns at
This assumption holds as long as the underlying dynamicamid and high latitudes and reduced chemical ozone loss in
behaviour (and variability) does not change over the periocthe (warmer) Arctic stratosphere. However, predicting the
under consideration. However, if changes are occurring oreffect of changed tropospheric forcing is not simple, and
decadal timescales, then this no longer holds true. it causes much of the disagreement between models (An-
The observational record shows unambiguously that to-dersen et al., 2006). A cooler lower stratosphere resulting
tal ozone over northern mid-latitudes decreased from 198Grom increased levels of greenhouse gases could lead to a re-
to the mid-1990s. Since then it has increased significantlyduced circulation. Either way, the resulting impact on the
Statistical and modeling studies carried out in CANDIDOZ ozone column could be several percent and be similar to the
show that the main cause of this change in ozone trends rechanges that have occurred as a result of ODS outside the
sults from changed dynamical behaviour. Unambiguouslyregions of severe polar loss.
ascribing part of these decadal ozone changes to a certain Analyses of past meteorological records show that the
dynamical driver is hard because dynamical processes argopopause height has increased since the 1950s and that
physically coupled in the atmosphere in a complex way thatthere has been an acceleration since the 1970s. While some
is hard to represent in simple statistical models (e.§d®  of this is related to the decrease in lower stratospheric ozone,
et al., 2007). Further, chemical ozone depletion and dy-much is attributable to the radiative effect of €@nd other
namical changes are not always independent: the strength ¢éng-lived greenhouse gases (Santer et al., 2003). This ef-
the Brewer-Dobson circulation, for example, is closely con-fect is larger at higher latitudes and is likely to continue as
nected with polar ozone depletion through its influence ongreenhouse gas levels rise. The ozone column is sensitive
polar vortex temperatures. Separating the effects of EP fluxto tropopause height and a rising tropopause will lead to re-
changes from the interannual variability of polar ozone de-duced ozone levels. If the average tropopause height does
pletion is therefore difficult (Dhomse et al., 2006; Brunner et not change, then to first order regional changes will lead to
al., 2007; Wohltmann et al., 2007). Further, quantification of a redistribution of ozone. If on average the tropopause be-
the effect of EP flux on total ozone at mid-latitudes dependscomes higher, the stratosphere will be smaller and there will
quite sensitively on the period over which the EP flux is in- likely be reduced ozone amounts (and higher UV). Regional
tegrated: those studies which integrate over the whole windifferences in this behaviour can be expected to continue.
ter, i.e. from October or November (Brunner et al., 2006b; In summary, the Montreal Protocol has already reduced
Wohltmann et al., 2007) find smaller changes in EP flux prioremissions of ODS and caused their atmospheric concentra-
to the mid-1990s than those which integrate from January ontions to start to fall. CANDIDOZ and other recent studies of
ward (Randel et al., 2002; Dhomse et al., 2006). ozone trends are starting to show that the Montreal Protocol
The amount of halogen in the stratosphere (as measured kg starting to have a discernible effect on stratospheric ozone,
EESC) peaked in 1997 and by 2004 had fallen by about 6%hough more years of measurements and analyses will be re-
as a result of the application of the Montreal Protocol. Onquired before that can be shown unambiguously from ozone
current understanding this change is not sufficient to explairobservations. Overall it can be confidently expected that the
all (or even most) of the changed trend in total ozone overeffects of ODS on ozone and UV will decline over the com-
the last 10 years. We would expect the chemical ozone trenithg decades. However, changes in stratospheric circulation
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will continue to have a major impact on ozone and UV in  Atmos. Chem. Phys., 6, 4985-5008, 2006b,

the future, the importance of which will depend on the link  http://www.atmos-chem-phys.net/6/4985/2006/
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