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Abstract. Statistical analyses have been applied to the grid-variability of the trend pattern. A rigorous statistical test has
ded monthly means of total ozone from combined TOMS andshown the statistically significant turnaround for some grid
SBUV measurements (version 8 of the data) for the periodpoints over the extratropical region and a deepening of the
1978-2003. We focus on the detection of a change in theozone negative trend has not been found for any grid point.

trend pattern by searching fo_r a turn_around in the prev'qus}éeywords. Atmospheric composition and structure (Middle
downward trend. The ozone time series have been examine,

separately for each grid point and season, taking into accourﬁtmosphere—composmon and chemistry) — Meteorology and

the various descriptions of the trend term: double-linear, pro_atmospherlc dynamics (Climatology; Middle atmosphere

portional to the index of the overall chlorine content in the dynamics)
stratosphere, and a smooth curve without an a priori defined
shape (the output of the regression model). Standard ex-

planatory variables representing physical and chemical pro4 |ntroduction

cesses known to influence the ozone distribution have been

considered: Mg Il index, QBO wind at 10 and 30 hPa, zonalimplementation of international controls on ozone deplet-
wind anomalies at 50 hPa along the°®@rth or 60 south  ing substances (ODS) stimulated by the Montreal protocol
circle, the index of the stratospheric aerosols loading in the1987) and subsequent amendments resulted in a slower rate
NH or SH, and the tropopause pressure. The multivariatesf increase in the stratosphere contamination by ODS ob-
adaptive regression splines methodology is used to find agerved in the beginning of the 1990s (WMO, World Mete-
optimal set of the explanatory variables and shape of therological Organization, 1999) and the appearance of a de-
trend curve. The statistical errors of the models’ estimateslining tendency in the total chlorine abundance at the end
have been calculated using block bootstrapping of the modof the 1990s (WMO, 2003). The question arises — when are

els’ residuals. The results appear to be consistent amonge able to disclose the first sign of the ozone layer returning
models using different formulations of the trend pattern. Thepack to its undisturbed (pre-1970) level?

due to the parameterized dynamical/chemical forcing on thqnewchurch, et al., 2003; Cunnold et al., 2004), and total
ozone is still below the long-term (1978-2003) mean levelcolumn amount of ozone (Reinsel et al., 2005, Dhomse et al.,
over the extratropical regions. The deficit#2-5% in the  2005) showed that the strong declining trend observed in the
NH and much larger in the SH and exhibits clear seasonah 9gos and the early 1990s has not continued and the very first
variability, ~15% in autumn~10% in winter, and~-5%in  peginning of a slow return back to the 1970 level has been
spring and summer. The present total ozone level is highektarted in the mid 1990s. In the upper stratosphere chemi-
beyond the tropics than that in the mid 1990s but it is t00 | reactions between chlorine and ozone mostly determine
early to announce a beginning of the ozone recovery thergne ozone content there. However, in the lower stratosphere,
because of the trend uncertainties, due to errors of the reynhere 80-90% of the stratospheric ozone resides, both chem-
gression estimates for individual grid points and longitudinaljcg| and dynamical factors can affect the ozone level. Al-
though chemical causes of the ozone depletion are relatively
Correspondence tal. W. Krzyscin well known, the dynamical factors controlling the long-term
(jkrzys@igf.edu.pl) behaviour of the stratospheric ozone are not fully understood;
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494 J. W. Krz¥scin: Change in ozone depletion rates

this is manifested by the difference found between the ob-at http://code916.gsfc.nasa.gov/Datarvices/merged The

served and modeled trends (Chipperfield, 2003; Rosenfielgridded data (10x30° latitudexlongitude) will constitute

et al., 2005). It is difficult to separate the chemical and an input to various trend models, as described in Sect. 3.

dynamical processes responsible for the ozone variations iThe TOMS/SBUV V8 data corresponds to other global to-

the lower stratosphere. For example, changes in the thermahl ozone data from satellite observations (GOME, SBUV

structure of the stratosphere induced by greenhouse gases af8, Dhomse et al., 2005) and ground-based Dobson network

fect the wind field, which controls the ozone transport and(Harris et al., 2003).

other long-lived chemicals important for the ozone chem- The monthly mean of total ozone in running month

istry. The atmospheric chemistry and transport are stronglyOs(z), has been converted to the fractional deviation, i.e. de-

coupled and the level of coupling is not well understood pre-viation relative to the long-term (1978—2003) monthly mean

cluding a precise estimation of the anthropogenic componenéxpressed in % of the long-term meaxQs(#)=(Oz(t)— 03

of the total ozone long-term changes. Moreover, uncertain{month, t))/O3(month, t)*100%, where Q(t) denotes the

ties in predicting and determining the peak abundances ofmonthly mean of total ozone for a selected grid point in

ODS complicate the timing of ozone recovery. Thus, manyrunning monthz, t=1 at the beginningi=7 at the end of

factors interfere by adding a considerable uncertainty to dethe time series, and Jpmonth, t) represents the long-term

termining a possible turnaround in the ozone trends. monthly mean for calendar month, regarding the running
Almost all previous estimates of the long-term ozone montht.

changes employed a multiple regression technique, thereby

extracting a trend from the analyzed time series. Some past

trend studies estimated the rate of ozone decline as a slop%-:- Trend models

of a straight line calculated in a regression model WhIChThe interannual fluctuations in the atmospheric ozone are

also accounts for the ozone variations related (linearly) toa superposition of the effects due to changes in the anthro-

;he f:hanges én J.[Ee atrt'ncisplhsgrg: cgcultattlon dantd g.x ternal Scl)liigogenic ozone depleting substances, solar flux, and changes
orcing (e.g. Bojkov etal., ). Past trend studies reveale n the stratospheric circulation patterns (yielding a redistribu-

atrend depende_nce onthe t|m_e interval ove_rwhlch twas Cal'tion of ozone rather than steady changes in the global ozone
culated, supporting a suggestion of a nonlinear shape of th

trend (Fiolet tal. 2002 Classical itin| . Battern). To determine long-term changes in ozone it is desir-
rend ( loletov et al., )- assical mulliple regression o ¢ separate influences of various dynamical and chemi-
models with an a priori selected functional form of ozone

| ¢ it “hockev stick” patt I cal processes. A multiple regression technique has been fre-
ong-term pattern (e.g. “*hockey stick” pattern), as well as aquently used to extract a trend pattern from the analyzed time

linear response _Of the ozone to Fhe forcing _factors, aPPEALLies. The trend means a continuing and smooth change
not be to well suited when searching for the first steps of theover a given period with also a stable and persistent cause

ozone restoranon. i i L .. (sometimes difficult to identify). The rate of ozone decline
In this study, we first rewew_stanstlcal models which in- has been taken as a slope of the smooth curve fitted to the
corporate a possible change in the trend, and apply themy, oo (ime series after filtering out variations induced by

to the /anaIyS|s of tr:jedgrldded satellllte toltalh ozone dart]afluctuations in the atmospheric circulation and external solar
(TOM.S SBUV merged data), to revea zonal changes in t ,eforcing. The regression models used have the general form:
declining rate of total ozone. A comparison of the models

results allows specific insight into the recovery processes ofAOz(t)=const-Trendt)+OscillationgX (1), . .., Xn(t))
the atmospheric ozone. +Noiset), t=1,...,T, (1)

where Trend t) represents a trend term, i.e. a slowly vary-
2 Satellite ozone data ing component of the ozone time series that is thought to

be driven by anthropogenic long-term changes in the at-
The satellite data set, Version 8 TOMS/SBUV, was pre-mospheric chemistry and as yet unexplained long-term dy-
pared at NASA/Goddard Space Flight Center by mergingnamical processes in the atmospheric dynamics. Oscillation
data from the total ozone mapping spectrometer (TOMS)(X1(t),..., X, (z)) represents the part of the ozone variations
and solar backscatter ultraviolet (SBUV) instruments. Mea-linked to specific variations in the atmospheric dynamics
surements from different instruments were calibrated to(e.g. the Brewer-Dobson circulation pattern) and also is re-
the 1996-1999 level of the TOMS instrument on boardlated to intermittent chemical processes affecting the ozone
of the Earth Probe (EP) satellite to make the time se-layer usually after large volcanic eruptior’§;_)(r) denotes
ries internally homogeneous. In constructing the mergeda proxy (model’s regressor) for the ozone changes driven by
data, Frith et al. (2004) used inter-instrument differencesa specific process in the atmospheric dynamics and/or short-
for the overlapped periods to determine offsets used furterm chemistry;n gives the total number of such proxies;
ther for other instruments’ adjustments to the EP ozoneNoise() represents the noise term that can be partially linked
The time series and additional documentation are availabléo the presently unknown short-term forcing yielding some
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autocorrelations in the noise term (usually with 1-month lag); 5500
const is a normalization constant providing a zero value for
the overall mean of the fractional deviations. 82507 T
Knowledge of different sources for total ozone variations, 3000 [ 3000
especially a reduction in halogen emissions in the late 1990sz27s0 : - 2750
(WMO, 2003), suggests that the trend term can no longer ;50 -
be modeled in a linear fashion. Recently, various nonlinear ,,. |
forms for the trend term have been examined to describe the
expected lessening of the ozone decline since the mid 1990s.
Focusing on the detection of a turning point in the linear trend **°|
behaviour Reinsel et al. (2002) proposed the piecewise linear5 | 1500
trend term, 1250 year | 12

T T T T T T T 1000
1979 1983 1987 1991 1995 1999 2003

3500

I 3250

[ 2500
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- 2250
00 | i + 2000

1750

Trendjouble-linear(t) = a1 X  + a2 X (t — o) 4 , ) 1000
where (t—1g) =t —to when t-tg and 0 otherwiseg; gives
the rate of ozone change since the beginning of the time serig. 1. The EESC time series as proposed by the European Envi-
ries up to turning pointp, andao represents a change in the ronment Agency.
rate of ozone change since the turning point, providing an
overall rate of change+a, afterry. The piecewise linear
trend concept has been incorporated in recent trend analysdgrnaround. To provide more freedom in the description of
(e.g. Reinsel et al., 2005). In the text below this model isthe trend variability Harris et al. (2001) proposed a flexible
called the double-linear trend model. trend model,

The linear trend term was traditionally linked with the gas
phase chemical ozone destruction, as expected, from a steady€"diexible (1)=Smooth Curver), )

increase in the stratospheric chlorine loading lasting up to th?x_‘/vhere Smooth Curve(t) is not an a priori defined function
early 1990s. In recent years, when the atmosphere contamis js extracted from the ozone time series by a two-step re-
nation by ODS tends to be lower it seems to be still meaning-yession procedure, also taking into account regression terms
ful to describe an anthropogenic ozone trend as being propofrgponsile for the ozone variations driven by changes in the
tional to the ovgrall_content of the_se ;_ubstances in t.he stratostmospheric dynamics. Harris et al. (2003) used the flexi-
sphere. Thus, in this way the variability of the rate in 0zone e (rend model in the determination of the long-term varia-
decline can be parameterized and the turnaround time is dgjons in total 0zone from global ground-based and satellite

fined as the moment of the peak of EESC (Equivalent Ef-gpservations. Krzcin (2004) and Krzscin et al. (2005)
fective Stratospheric Chlorine). This quantity combines theproposed models which allow for even more freedom when

destructive power of all the chlorine and bromine Comai”i”gsearching for the trend component in the ozone time series.
species that are weighted with their individual ozone deplet-gjaiek (2006) used the flexible trend model for searching for
ing potentials. EESC has peaked in 1997 and started a slowhanges in the ozone distribution shape by examination the
decline afterwards, as displayed in Fig. 1. The EESC tim&jme series of various statistical characteristics of ground-

series looks to be a very promising proxy for the descriptionpased ozone data (median, standard deviation, the maximum,
of changes in the ozone trend pattern, and the minimum).

Trendchiorine=B x EESC (1), €))

where theEESC(t)pattern is derived from chemical-physical )
model simulations. Data used in the paper were ob-4 The ozone explanatory variables

tained from the European Environment Agency web site -
www.eea.eu.int. The EESC trend model has been wideI)Jn statistical models the ozone responses to known processes,

used in recent statistical analyses of the atmospheric ozon&cting on short- and long-term time scales, have been usually

(e.g. Newman et al., 2004; Yang et al., 2005; and Dhomsé)’arameterized as a linear function of the ozone proxies (ex-

et al., 2005). Below this model is called the chlorine trend planatory variables),
model. , Oscillation X1(7), . . ., X, (0)=y1X1(t) + . . . + ya Xu (t) .(5)

The assumption that the long-term total ozone changes
follow the EESC pattern or have the piecewise linear formThe proxiesX; most commonly used in recent trend model-
is not necessarily valid. Moreover, the double-linear trending (Steinbrecht et al., 2003; Dhomse et al., 2005) and also
model needs a priori defined timing of the turnaround in thein this paper are: solar activity index (10.7 cm solar radio
trend pattern and the EECS trend model sets exactly the raflux or Mg Il index, giving a solar irradiance variability in
tio between the declining and increasing tendency after thehe UV range), QBO index (zonal component of the wind
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have been examined here and we decided to use the latter be-
cause of its higher percentage of the explained variance.

In recent trend models various proxies were proposed to
010 describe the impact of short-term meteorological variability
on total ozone: temperature at various levels in the tropo-
sphere and stratosphere (Harris et al., 2003; Steinbrecht et.
r 0.00 al., 2003; Krzcin et al., 2005), potential vorticity (PV) at
350-K level (Hood and Souharev, 2005), and the tropopause
height (Krzyscin et al., 1998; Steinbrecht et al., 1998; Varot-
-0.10 sos et al., 2005). These proxies resolve much of the varia-
0151 J tions of the ozone time series but the resulting trends should

A( Zonal Wind at 60°N and 50 hPa) be treated with caution in the case of the application of non-
-0.20 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ -0.20 detrended local meteorological proxies. Such proxies can
S S S generate spurious lessening (or amplification) of the ozone

0.15 March + April +May (a)

(10° kgs™?)

0.10

0.05 7

o
o
o

|

o
&
A(EP flux Proxy)

-0.10

LA September + October + November () | 030 trend. Regression constants pertaining to local dynamics
02512 . L 025 proxies are derived from the statistical relationship which is

0204% L 020 valid for shorter time scales, and using them in parameteriza-
0151 B L 045 tion processes describing much longer time scales may lead
0101 2 - 0.10 to an erroneous description of the ozone trend. Here the de-
0057 % - 005 trended time series of PV at 350-K level and the tropopause
000 = - 0.00 pressure (both from the NCEP/NOAA reanalysis data base,
-0.05 % - -0.05 Kistler et al., 2001) have been examined as possible short-
-0.10 1 -0.10 term dynamical proxies. Finally, we selected the tropopause
-0.15 1 . ¢ . . -0.15 pressure as the proxy which is better correlated with total

-0.20] A(Zonal Wind at 60°S and 50 hPa) (51| % ozone. It should be noted that the tropopause proxy is some-

50 0 10 0 1 0 what correlated with the index of the North Atlantic Oscil-

lations (or Arctic Oscillations) which was frequently used in
recent studies of the long-term ozone fluctuations (e.g. Ap-
Fig. 2. Comparison of the proxies for the Brewer-Dobson circula- penzeller et al., 2000; Reinsel et al., 2005). The tropopause
tion effects on total ozone. EP flux proxy versus zo_nal wind along aproxy is probably also correlated with zonal wind af 60
60° circle at 50 hPa(a) Northern Hemisphere in sprinfn) South- There were a limited number of models examining the
ern Hemisphere in autumn. possibility of the nonlinear dependence of the ozone response
to the forcing factors. Krzscin et al. (2005) showed that total
ozone variations from the European ground-based network
over the tropics at 30 hPa and 10 hPa), index of the aerosolgould be effectively resolved assuming a linear response to
loading in the stratosphere being a response to volcanic erughe examined proxies, and interactions between the proxies
tions (aerosol optical thickness at 550 nm provided by NASAhelped only a little to resolve variability of the ozone time
Goddard Institute of Space Studies). series. However, the examination of the individual stations
Recently, it has been established that the strength of théata (Krzyscin, 2004) showed that by taking into account the
Brewer-Dobson circulation, which controls the winter ozone model’'s simplicity and effectiveness, it was better to use an
buildup at high latitudes and subsequent ozone transport tadditive formula in the parameterization of the regressors’
the mid-latitudes during the migration of the polar vortex and effects on ozone,
its final breakup, is an essential ozone explanatory variableO
(Randel et al., 2002; Hood and Souharev, 2005). Cumulative
eddy heat flux at 100 hPa, averaged over the extratropical re-zpl(yplﬁ*(xl(l) = Xo.p)++p1 - * (X1()=Xop1)- ) ... + ...
ion, is used as a proxy for describing the changes in the
grewer-Dobson circﬂlatizn pattern andgstrength ofgthe polarZP" (Yot # (Xnlt) = Xopn) + ¥Vpn—  Kn(t) = Xo,pu)_)(6)
vortex (e.g. Reinsel et al., 2005; Dhomse et al., 2005). Steinwhere “(...)." denotes the positive part (i.e.
brecht et al. (2003) introduced the zonal wind anomalies afy—yg)+=y—yo if y>yo and 0 otherwise) and “(...)
50 hPa along the 6Gorth and 60south circle as the proxy means the negative part (i.ey~<yo)_=yo—y if y<yp and
for both the magnitude of the meridional transport in the 0 otherwise),y pm +, ypm—, and Xopm, (the p-th specific
Brewer-Dobson circulation and the polar vortex strength invalue of the regressoy,,, so-called knot) are the regression
the NH and SH, respectively. We have found that the cumu-constants pertaining to the prox¥,,, m=1,..., n, to be
lative eddy heat flux, as defined by Dhomse et al. (2005), anctalculated by the penalized least-squares method, using a
the zonal wind proxy are correlated (see Fig. 2). Both proxiesmultivariate adaptive regression splines (MARS) technique

scillation (X1, ..., X,)=

Ann. Geophys., 24, 49302 2006 www.ann-geophys.net/24/493/2006/



J. W. Krzyscin: Change in ozone depletion rates

(see Krzcin et al., 2005 for more detail description of this
methodology).

Here we use parameterization Eq. (6) for all examined
trend models. Initially the potential proxies are set: Mg Il
solar index, QBO wind at 10 and 30 hPa, solar, index of
aerosols loading, detrended zonal wind anomaly aloigNGO
(or 60° S), and detrended tropopause pressure. Not all prox-
ies and their knots are finally used in the regression. MARS
contains a trimming procedure to remove terms of Eqg. (6),
thereby only slightly affecting the model outcome or being

cross correlated (Friedman, 1991). Number of the regressorsg .

used (including proxies and the knots) is the largest (10-15)

for the case of the mid-latitudinal spring ozone which is quite

small compared to the number of data points useti0Q of

the monthly means of total ozone for each selected season).
A detailed description of the proxies’ signal in the total

ozone data is outside the objective of this paper. Many such

statistical analyses have appeared in recent years; see, for
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example, Steinbrecht et al., 2003; Reinsel et al., 2005; and
Dhomse et al., 2005. Here we focus on the trend variability

assuming the same set of proxies for various trend models as
described in Sect. 3, to disclose how the different descrip-

tions of the trend pattern affect the ozone restoration rate

since the mid 1990s.

Departure from the 1978

T
o> b NVoNb O ©

[45°s, 15°E ] F

5 Results 1978 19‘80 198219841986 1988 19‘90 1952 1994 19‘96 1958 2000 2062 2004
Model (1) is run separately for each grid point and sea-Fig. 3. Modelled and observed monthly means of total ozone in
son. The data have been divided into the winter (compris-the spring seasons of 1979-200&) (45° N, 15° E) grid point,(b)
ing monthly total 0zone means in December, January and45° S, 15 E) grid point.
February), spring (March, April, and May), summer (June,
July, and August), and the autumn subset (September, Octo-
ber, and November). Thus, all the regression constants magls in the neighboring months are correlated. Thus, at first
exhibit seasonal dependence. In total, the analyzed data cothe classical bootstrap requires an additional autoregressive
sists of 4 (seasongR16 (2-D grid with resolution 10« 30°) model to extract random noise from the residuals and the
time series. We will discuss changes in the shape of the trenéiext step is bootstrapping of the random part of Najse(
pattern (net long-term change) rather than the calculate trendhe seasonal blocks drawn from the noise term are weakly
slopes (usually expressed in DU or % per decade) and comdependent for consecutive years because interannual oscilla-
pare the value of the trend term in 1995 and 2003 separatel{ions in the data are mostly accounted for by the Oscillation
for each season. (X1,...,X%,) term of model (1). Thus, the precondition for ap-
The statistical errors of the trend estimates are calculate®!ying BB is fulfilled, i.e. independence between the blocks
using the block bootstrap (BB) methodology (e.girtéch,  of data. BB is much faster (at least 3 times fewer random
1989; and Politis and Ramano, 1994). The hypothetical timedrawings). The autoregressive structure of the noise term
series of the ozone observations is constructed by a randorg automatically preserved and the extraction of the random
drawing of the 3-month nonoverlapping subsets (blocks)term from the residuals is not necessary.
from the noise term — residuals of model (1) — and adding The variance explained by the model is practically inde-
them to the estimated trend and oscillatory part of model (1) pendent of the examined trend pattern (Table 1) and exceeds
Thus, separately for each season we draw (with replacemen#0% for most of the grid points. The lowest explained vari-
a number of the block being equivalent to one year from theance ¢60%) is found for the NH high latitudes in summer
data beginning. In this way we also select three consecutiveand NH mid latitudes in autumn. It should be noted that re-
monthly residuals, pertaining to the chosen year. A classicabults for winter (summer) and autumn (spring) for the NH
bootstrap generates monthly representatives of the model'§6SH) high latitudes are not shown because of the astronom-
residuals and a random drawing should be accomplishedtal limitations (polar night), and an increasing uncertainty
from a set of the monthly residuals. Frequently the residu-in the observations taken under a high solar zenith angles’

www.ann-geophys.net/24/493/2006/ Ann. Geophys., 24, 8093-2006
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Table 1. The percent of the total variance explained by the regression models for NH High-Latitudé$é-@&® N), NH Mid-Latitudes
(65° N—3(° N), Tropics (30 N-3(° S), SH Mid-Latitudes (30S—65 S), and SH High-Latitudes (8%—9C S). Standard errors (in the
parentheses) provide the variability of the explained variance in these regions.

NH High- NH Mid- . SH Mid- SH High-
Trend Model Latitudes Latitudes Tropics Latitudes Latitudes
Winter (December + January + February)
Double-linear - 71 (10) 79 (9) 85 (4) 79 (7)
Chlorine-EESC - 69 (9) 79 (9) 85(5) 79 (7)
Flexible Curve - 71 (9) 81 (4) 88 (4) 82 (6)
Spring (March + April + May)
Double-linear 71(8) 74 (8) 74 (9) 71 (13) -
Chlorine-EESC 66 (13) 72 (9) 74 (8) 69 (13) -
Flexible Curve 68 (10) 77 (8) 76 (9) 74 (12) -
Summer (June + July + August)
Double-linear 56 (12) 67 (11) 85 (5) 71(7) -
Chlorine-EESC 66 (21) 76 (9) 88 (6) 78 (9) -
Flexible Curve 63 (15) 73 (10) 85 (6) 71(7) -
Autumn (September + October + November)
Double-linear - 59 (13) 74 (10) 85(7) 88 (3)
Chlorine-EESC - 60 (13) 72 (12) 84 (6) 87 (4)
Flexible Curve - 62 (13) 77 (10) 85(7) 88 (4)

regime of the observations. Small differences between thenodels are shown in Figs. 6a and b, respectively, for the
variances explained by various trend models are an indicaspring total ozone over the (45!, 15° E) grid point. It can
tion of an equivalence of the models’ performance and doede inferred that the ozone decline at two moments, spring
not help to select the best model. Figure 3 illustrates that allL995 and spring 2003, is calculated with abott2%6 uncer-
trend models are able to reproduce the long-term variationgainty corresponding to the 95% confidence interval. Thus,
in the total ozone data. Figure 4 supports that a correspornthe ozone pattern shows statistically significant negative de-
dence between the modeled and measured values also exigtartures at these moments but an ozone restoration beginning
for the unsmoothed data (monthly means). in the mid 1990s is not apparent after visual inspection of
Figure 5 shows the smoothed profile of a spring subset oboth trend patterns. There is the possibility of the trend lev-
the data for grid points (43N, 15° E), and (68N, 15° E)and  eling off or even continuing to decline but with a smaller rate
superimposed are various trend time series from model (1)than that before spring 1995 (lower boundary of the trend
The trend curves are translated to 0 at the beginning of th&onfidence curve at the end of the time series will be above
time series for easier comparison between the trend patterng. hypothetical straight line drawn up to spring 2003 with a
The flexible trend model yields a turnaround in the trend Pre-1995 slope).
around 1996/1997 exactly corresponding to that assumed a A statistical test has been applied to examine the differ-
priori by the other two models. It should be noted that the ences between values of the flexible trend curve in 2003 and
minimum in the ozone time series happened earlier, around 995. Namely, we calculate the difference for each bootstrap
1994, probably due to the strong stratospheric aerosol forcingealization for each grid point. The total number of the differ-
of the ozone layer after the Mt. Pinatubo eruption in Juneences is 1000. Next, the differences are ranked in ascending
1991 and the subsequent cleaning of the atmosphere. order. Finally, we draw values at position 25 and 975, setting
It should be emphasized that the statistical uncertaintiedboundaries of the 95% confidence interval for the difference.
of the shape of the trend pattern preclude any detailed disFigure 7 illustrates the histogram of the differences for the
cussion of the differences between the trends. Figure §65° N, 15°E) grid point. The 95% interval for the 2003—
shows the mean trend line together with a 95% confidencel995 difference is [0.2%, 6.8%] for this grid point, which
range. The confidence range is calculated by the bootstrapsupports an appearance of the turnaround in the trend pat-
ping. The sample of 1000 BB simulations of the trend curvetern since the mid 1990s. Reinsel et al. (2005) discussed
value for each month have been considered. The upper anithe possibility of a more pronounced positive tendency in
lower dashed curves in Fig. 6 represent the hypothetical trenthe trend pattern over high northern latitudes since the mid
patterns built using the ranked point 975 and the point 25,1990s. However, the 2003—-1995 difference is somewhere
respectively. The results by the flexible and chlorine trendin the [-3%, 2%)] interval for the (49N, 15° E) grid point.

Ann. Geophys., 24, 49302 2006 www.ann-geophys.net/24/493/2006/



J. W. Krzyscin: Change in ozone depletion rates

499

[
o

15 (%) (@f1s -
[45°N, 15°E] T -
2
§ Fo4
10 1 - 10 § L,
2
& o
_ § 2
5 ’% r 5 g -4
§ 3 -6
0 0 107 45N, 15% | |10
197819801982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004
51e L 5 ) —_— doublg-llneartrend
.(‘/0 _ 8 (%) "chlorine" trend (b) F 8
o ° S —— "flexible" trend |
‘.. L 6 —— smoothed measurements 6
o
° o Measurement (%) g 4
‘ ‘ ‘ ‘ ‘ s L,
-5 0 5 10 15 > |
b= 0
‘ ‘ ‘ ‘ ‘ =
15 {(%) (b)} 15 g 2
[45°S, 15°F] $ |
b= r -6
79 3 L
107 ® 27 .10 a — -8
./// A 107 650N, 15% | -0
_ o * ///// 1978‘19‘80‘19‘82‘19‘84‘19‘86‘19‘88‘19;30‘19‘92‘19‘94‘19‘96‘19‘98‘20‘00‘20‘02‘2004
519 00, o° 3/ 4 - 5
ge] o o .7.7 . . .
=} :. {. ° 3‘//‘ Fig. 5. Smoothed time series (black curve) of the monthly mean
= ° ° ."0}‘,’.4 total ozone for the spring seasons in the 1979-2003 period and the
i ° ° i superimposed trend pattern by various trend models (double-linear—
0 8, JEmee O biue curve, proportional to EESC- d a flexibl -
o8, g7 o , proportional to green curve, and a flexible curve
;;.’ ,"o. ° red curve). The trend patterns are translated to zero at the beginning
4 .‘""‘ . of the time series for better cross comparis¢a; (45° N, 15° E)
5 *"% o °° - 5 grid point, (b) (65° N, 15° E) grid point.
o ¢ 9 °
° [}
% .
| Measurement ( ‘) For each zone, the ozone change is calculated as an average
5 0 5 10 15 value over grid points along the parallel. Thus, standard de-

viations shown in Fig. 8 give an idea of the longitudinal vari-

Fig. 4. The scatter plot of the modeled monthly means of total ozone@bility of the departures. Comparison bEtWeen the various
versus the measured values in the spring seasons of the 1979-20t@nd models leads to the following conclusions:

period. Results by the double-linear trend model — blue circles,

proportional to EESC — green circles, and by the flexible curve — _

red circles. The dashed curves represent the smoothed data (by the
LOWESS filter); (a) (45° N, 15° E) grid point, (b) (45° S, 15 E)
grid point.

Thus, here it is too early to announce a turnaround in the Eu-
ropean total ozone, which is in agreement with the Kciy

et al. (2005) finding on recent trend changes in European to-
tal ozone.

The zonal (with 10 resolution) distribution of the ozone -

change in the 1979-1995 and 1979-2003 period, due to the
trend component of Eq. (1), is shown in Fig. 8 for all seasons.

www.ann-geophys.net/24/493/2006/

the 2003 total ozone is still below the averaged (1979—-
2003) level over the extratropical regions, ie2—5%

in NH. The ozone deficit in the SH is much larger and
exhibits a much clear seasonal variabilityl5% in au-
tumn, ~10% in winter, and~5% in spring and sum-
mer),

the 2003 total ozone level is not lower than that in the
mid 1990s,

the ozone decline pattern in winter and autumn 2003

shows a similar zonal structure as in the mid of 1990s
(greater decline in the SH over mid- and high latitudes),

Ann. Geophys., 24, 893-2006
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Fig. 7. Histogram of the differences (total ozone in spring 2003
minus that in spring 1995 in % of the long-term means) induced by
a trend in the 1995-2003 period for the (8%, 15° E) grid point.

6 Conclusions

In a press release by the International Ozone Commis-
sion (IOC) summarizing the Quadrennial Ozone Sym-
posium held in Kos, Greece, June 2004 (presently
available at web addresshttp://ioc.atmos.uiuc.edu/press/
WMO-release-20040916.pdthe following stages of the
ozone recovery are defined: 1 — significant slowing in the
Fig. 6. The trend pattern determined by the flexi# and chlo- ~ downward trend of the ozone, 2 — significant upward trend
rine (b) trend models applied to spring total ozone data for the in the ozone time series which remains after the removal of
(45° N,15° E) grid point together with the 95% confidence limits. ~ the “natural” factors affecting the ozone layer, 3 — returning
to pre-1980 ozone levels in the stratosphere. Whether or not
stage 1 (or 2) has been reached remains a subject of vari-
— akind of flattening of the zonal differences in spring and OUS recent analyses. Here we examine statistical trend mod-

summer can be observed over the NH and SH in 2003€ls capable of detecting the expected turnaround in the total

beyond the tropics after 1995. This is supported by thetal 0zone time series by combining the satellite observations
results of the flexible and double-linear trend model, ~ On various space platforms.

Our analyses supports stage 1 of the ozone recovery pro-

— the 2003 ozone level, according to the chlorine model, isCess (lessening of the ozone downward trend). Independent

lower than that supported by other models but the 199501‘ the trend model used we have found that the 2003 level
levels agree with each other much better of total ozone, which remains after the removal of the fluc-

tuations due to dynamical/chemical processes, is not lower
, L o i , than that in the mid of 1990s. This finding is rather a re-

— high Iong|tud|pal Va”","b'“ty of thg ozone declmg eXIStS g it of a consistent zonal pattern of the ozone change since
over extratropical regions especially during spring (NH) 1995 which was found for all seasons and models (values
and autumn (SH). at the end of the time series are always higher than that in
1995), than a rigorous statistical test applied to the differ-

It should be emphasized that the longitudinal differences ofences. However, stage 2 of the recovery has been identi-
the ozone decline are quite large precluding a determinatioriied for selected grid points using the Monte-Carlo statisti-
of the models’ difference at a high level of statistical con- cal test (based on MARS and BB methodology). Moreover,
fidence. For selected grid points (e.g. spring data for thethere were no grid points found with a statistically significant
(65° N, 15° E) grid point presented in Fig. 7), the statistically deepening of the ozone negative trend. For many grid points
significant trend turnaround has been found but the analysethe data were still too noisy to make a conclusive statement
for neighboring grid points often yielded no statistically sig- of the direction of the ozone changes, thus it is too early to

nificant results. announce stage 2.

Departures from 1979-2003 level
© ® 4 &S & A N A~ O

iy
o
I

1978198019821984 1986 1988 19901992 1994 1996 1998 2000 2002 2004
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Fig. 8. Zonal distribution of the net changes of total ozone due to trends in the 1979-1995 (triangles) and in the 1979-2003 (circles) period
by various trend models (double-linear—blue , proportional to EESC—green, and a flexible curve —red symbols) in % of the long-term
(1978-2003) zonal means. Error bar represents the standard deviations derived from the individual grid point values along the corresponding
parallel;(a) winter, (b) spring,(c) summer, andd) autumn (see different scale for Y axis).

It is difficult to select the best trend model. The models’ cause of the observed changes in the trend pattern. Compar-
performances, characterized by the percent of the explainedon of models with various trend terms will help to quantify
variance and correspondence between the modeled and ohew changes in overall chlorine loading in the stratosphere
served long-term pattern of total ozone, are similar. Theaffect the trend variability in the various regions of the Earth.
double-linear model provides changes, which are too sharp
Ir? trgnd pattern (as also dlisc.:ussed by Remsel etal., 200.S/lcknowledgementsThe study has been partially founded by the
yleIQ|ng a deeper ozone minima and leading to an overeStI'Polish Committee for Scientific Research, grant No. 2 P04D06728.
mation O_f the rate of ozone increase afterwards._ It s_eems thaIthe author would like to thank two reviewers for their efforts to
the chlorine model does not account for all possible increasegyyrove the paper.
since the ozone minimum. It shows a supposed slight 0zone ' Topical Editor U.-P. Hoppe thanks two referees for their help in
increase following a small decreasing rate in the EESC afevaluating this paper.
ter the peak. The results of the flexible trend model depend
on an assumed level of smoothing when extracting the trend
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