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ABSTRACT
The satellite ozone data comprising The New Zealand National Institute of Water and Atmospheric Research
(NIWA) total ozone database version 2.7, total ozone by the Ozone Monitoring Instrument (OMI)
spectrophotometer on the Aura platform, and the ozone mixing ratios by SBUV/2 measurements on The
National Oceanic and Atmospheric Administration (NOAA) platforms are analysed for ozone variability over
the sunlit part of the Northern Hemisphere polar region. An extended area, with unusually low ozone values, is
observed in a two-month period beginning in mid February 2011. The total area with extremely depleted total
ozone reached the maximum at the end of March 2011, equal to ~11 x 10° km?. The area is even larger in the
lower/mid stratosphere. A multiple regression model is proposed to attribute the polar total ozone variability
to various chemical and dynamical ozone forcings. The model reproduces the ozone loss in early 2011 and the
overall picture of the ozone long-term changes. The extreme ozone decline in 2011 could be attributed to the
long-lasting period with low stratospheric temperature ( <195 K), weaker than the normal Brewer-Dobson
circulation, and the Arctic Oscillation in a strong positive phase. A deficit of total ozone in the following
summer months (June—July—August), after the total ozone decline in March, was predicted and supported by
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later OMI observations.
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1. Introduction

The discovery of the Antarctic ozone hole in the mid-1980s
(Chubachi, 1984; Farman et al., 1985) alarmed the scientific
community and the public. This discovery indicated that
anthropogenic changes were occurring in the ozone layer,
shielding the Earth from the harmful solar Ultraviolet (UV)
radiation. As the result of this threat, the treaty, called the
Montreal Protocol, was signed in 1987 to limit production
of ozone-depleting substances (ODS) — man-made chemi-
cals mostly containing chlorine (e.g. freons) and bromine
atoms (e.g. halons). Ozone is especially vulnerable to
destruction by man-made halogens in the stratosphere,
where the strong UV radiation breaks up the ODS
molecules, releasing chlorine (or bromine) atoms. One
chlorine atom can degrade over 100 000 ozone molecules
before it is removed finally from the stratosphere. Bromine
is about 60 times more effective in destruction of ozone than
chlorine (Yung et al., 1980; WMO, 2010).
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Ozone losses intensify over the polar regions when
temperature drops below 195K and polar stratospheric
clouds (PSCs) form. Heterogeneous reactions on PSC
surfaces convert the chlorine reservoir species to reactive
chlorine (Solomon et al., 1986), which can then catalytically
destroy ozone, especially over the sunlit areas. The strato-
sphere in the Southern Hemisphere (SH) over the polar
region is colder than that over the Northern Hemisphere
(NH), especially in winter (WMO, 2010). Consequently,
PSCs are more frequent over Antarctica, causing a stronger
ozone destruction over a large area in late winter/spring.
The total ozone amount is found to be lower than 220 DU
(1 DU =2.69 x 10'® molecules cm ~2) inside the Antarctic
polar vortex, the value commonly used as the threshold for
the appearance of the so-called Antarctic ozone hole. Since
the beginning of the 1980s, the ozone hole over Antarctica
appears every year in late August/early September and fills
in by December.

The stratospheric chlorine burden over the polar region
reached the maximum value in late 1990s and early 2000 and
has begun to slightly decrease since then (Newman et al.,
2007a; WMO, 2010). During the period of the ODS increase,
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the springtime SH polar ozone values exhibited a declining
tendency. A stabilisation of the ozone layer occurred later
with trendless year-to-year variations of various character-
istics of the ozone hole (such as area, mass deficit and ozone
minimum, Newman et al., 2007b). Ozone could not be
lowered further because it has been practically removed
from the lower stratospheric region of the hole (Douglass
et al., 2011). For the Arctic, it was found that only for the
coldest Arctic winters, the volume of air cold enough for
PSC formation has increased significantly since the late
1960s (Rex et al. 2004; Douglass et al., 2011). The Arctic-
spring ozone in the last decade was reported to be lower than
that in the 1980s, and also proved to be highly variable from
year to year, depending on the strength of the Arctic polar
vortex (e.g., Tilmes et al., 2004; Miiller et al., 2008; Douglass
et al., 2011). The chemical ozone destruction over Arctic in
the early 2011 was, for the first time, comparable to that over
the Antarctic ozone hole due to unusually long-lasting
period, with temperature below the threshold for the
potential existence of PSCs (Manney et al., 2011).

This article discusses changes in the area with the
extremely low total ozone content in late winter/early
spring over the NH high latitudes (poleward of 60°N)
since 1979, focusing on the ozone behaviour in 2011. The
time series of the area-weighted, high-latitudinal total
ozone in late winter/early spring is analysed for an
attribution of the ozone trend and its variability in early
2011 to various chemical and dynamical drivers. A predic-
tion of the summer mean of the polar total ozone, which is
based on its preceding value in March, is also examined.

2. Data

2.1. Ozone data

The data used here is the version 2.7 of the NIWA combined
total column ozone over the sunlit area of the globe,
obtained from various satellite measurements for the period
1 January 1979-3 April 2011. NIWA database over 1°
(latitude) x 1.25° (longitude) grid comprises the satellite-
based ozone measurements from four Total Ozone Map-
ping Spectrophotometer (TOMS) instruments, three differ-
ent retrievals from Global Ozone Monitoring Experiment
(GOME) and data from four Solar Backscatter Ultraviolet
(SBUYV) instruments. The data homogenisation and valida-
tion procedures were described in Bodeker et al. (2005).
No temporal or spatial interpolation was performed on
these data.

The database was widely used in various studies of global
ozone behaviour (e.g., Newman et al., 2007b; Miiller et al.,
2008; Douglass et al., 2011). Bias and standard deviation of
the differences between the ground-based and the corre-
sponding NIWA total ozone data were found equal

to ~1% and ~3%, respectively, in the NH mid- and
high latitudes (Bodeker et al., 2005).

The NIWA data are extended to the end of August 2011
using the daily total column ozone data obtained from the
Ozone Monitoring Instrument (OMI) measurements on-
board the NASA’s Aura platform. The bias between OMI
overpasses and ground-based measurements was less than
1% (McPeters et al., 2008). Therefore, the original OMI
data over 1° x 1° grid, available from ftp://toms.gsfc.nasa.
gov/pub/omi/data/Level3e/ozone/, are attached to the
NIWA data to build the updated ozone database for the
period 1 January 1979-31 August 2011. The total ozone
data are available for almost all days in the year excluding
polar nights.

Figure 1 shows that the ozone data for grid points,
located north of 60°N, are available for a region with an
area smaller than the corresponding sunlit area. The
difference between the database area and the sunlit area
is especially large in the period November—February.

The long-term monthly averages for the period 1979-—
2010 are calculated using the daily total ozone values. The
total ozone reference values for each calendar day are
obtained from a standard linear interpolation between the
long-term monthly means that represent the daily refer-
ences corresponding to the mid-month days, (i.e., the
January monthly mean represents the daily reference for
15th January, the February mean represents 14th Febru-
ary, and so on). Further in the text, the threshold of total
ozone, which is 30% below the daily reference, is used to
identify extremely low ozone cases over the NH high
latitudes. The threshold corresponds to that introduced
by Bodeker et al. (2005) when discussing the Antarctic
ozone hole area. Their other thresholds of O3 <150 DU,
03 <220 DU or Ojs less than 50% of the reference value
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Fig. 1.
of 60°N and corresponding area of the region with non-zero
total ozone values in the version 2.7 NIWA database.

Seasonal changes of the total sunlit area poleward
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were not applicable for the Arctic, as such low total ozone
values are very rare in this region.

Ozone mixing ratios (OMRs) at selected stratospheric
levels (50, 30, 10 and 1 hPa) for the period 2005-2011 are
analysed from the daily measurements by the SBUV
Radiometer-2 (SBUV/2) onboard the NOAA satellite No.
17. The area weighted daily mean OMRs (ppmv) are
calculated over the sunlit latitudes poleward of 60°N using
the 3-D daily global ozone database, Stratosphere Mon-
itoring Ozone-Blended Analysis (SMOBA), with the
2.5 x2.5 latitude—longitude grid. The output includes
OMRs for 24 level ranges, from 0.2 to 1000 hPa. The
data are stored as 10-d rotating files at FTP site:
ftp.cpc.ncep.noaa.gov/SMOBA/. The ozone profile daily
reference values for calculating total area with OMR below
the 30% deficit threshold are calculated in the same way as
those for the total ozone references. The profile data for
2010 and 2011 are not used for the reference value

calculations, because of the extreme behaviour of the NH
ozone in 2010 (Steinbrecht et al., 2011; Weber et al., 2011)
and in 2011 (Manney et al., 2011).

2.2. Explanatory variables

A multiple regression model is proposed for the attribution
of the year-to-year variability of high-latitude total ozone
to various chemical and dynamical forcings. The following
proxies are selected:

e Equivalent effective stratospheric chlorine (EESC)
time series parameterising the ozone destruction due
to man-made halogens (Fig. 2a), further in the text
it is denoted as EESC(¢), t =1979, ..., 2011.

e Total number of days from 1 December to 15 April
of the next year with the minimum temperature in
the region being 50-90°N at 50 hPa lower than 195 K
(Fig. 2b), that is, temperature allowing the existence

(a) Stratospheric Halogen (EESC) (b) Number of Days with T, < 195K
2000 100
1750 L 757
i : N
- € i
g 5 A 1
=z
1500 50'1 \/ \)
1250 25 -
B (01T s e e e e e B B B B B e B B B B O T T T T T T T T T T T T T T I T T T T T T T T T T T T T T T T 17T
1979 1983 1987 1991 1995 1999 2003 2007 2011 1979 1983 1987 1991 1995 1999 2003 2007 2011
Year Year
(c) Eddy Heat Flux at 50 hPa (d) Arctic Oscillation Index
30 4
28 34
26 2
. AP '] ] NN N /
" b o
g 22 \/ v v o \ Eo0 a ¥
N i S
SNVAVAY: VN
Jed 4
18 -2
16 -3
14 -4
12IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII rTrrrrrrrrrrrrrrrrrr T T T T rrTr T T r T TroTrTT
1979 1983 1987 1991 1995 1999 2003 2007 2011 1979 1983 1987 1991 1995 1999 2003 2007 2011
Year Year

Fig. 2.

Proxies used in the statistical modelling of year-to-year total ozone variability: (a) Effective Equivalent Stratospheric Chlorine-

EESC, (b) total number of days with the minimum temperature in the 50-90°N region <195 K (the threshold for the potential existence of
PSCs), (c) eddy heat flux at 50 hPa averaged over 45-75°N region in the period 1 December—15 April of the next year, (d) the Arctic
Oscillation Index. The horizontal lines show the 1979-2011 mean values.
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of PSCs. This proxy, denoted as Proxypsc(t), is an
estimation of the ozone loss due to heterogeneous
reactions on the particle surface of the PSCs.

e The mean heat flux at 50 hPa between 45 and 75°N
over the period 1 December—15 April of the next
year. It is linked to the dynamically driven ozone
variability, forced by the Brewer-Dobson circula-
tion (BDC), which redistributes ozone between
tropical and polar latitudes (e.g. Weber et al.,
2011). This time series (1979-2011), denoted as
Proxygpc(?), is shown in Fig. 2c.

e The mean Arctic Oscillation (AO) Index for the
period February—April. A significant part of the
total ozone variability could be attributed to changes
of hemispherical atmospheric circulation associated
with the AO (e.g. Appenzeller et al., 2000; Thomp-
son et al.,, 2000). This time series (1979-2011),
denoted as Proxyao(t), is shown in Fig. 2d.

The FEESC(r) time series is according WMO EESC
A1 2010A scenario in which fractional releases of the
ozone-depleting chemicals are according to Newman et al.
(2007a) available from http://acdb-ext.gsfc.nasa.gov/Data_
services/automailer. The following parameters are assumed;
mean age of air —3.0 yr, width of age of air spectrum —1.5
yr. EESC(t) time series has been frequently used to describe
long-term ozone fluctuations (e.g., Newman et al., 2007b;
Vyushin et al., 2007; Douglass et al., 2011; Krzyscin, 2012).
Other time series are used for parameterisation of shorter
time scale (year-to-year) ozone variations. Proxypsc(?),
Proxyppc(t) are calculated from the annual The National
Centers for Environmental Prediction (NCEP) database
(http://acdb-ext.gsfc.nasa.gov/Data_services/met/ann_data.
html)a. AO index is taken from the NOAA’s Climate
Prediction Center data: (http://www.cpc.ncep.noaa.gov/
products/precip/CWlink/daily_ao_index/ao_index.html).
The overall mean (1979-2011) of Proxypsc(?), denoted as
< Proxypsc(t) >, is 54+26 (1c). The maximum of 104 is
found in 2011, which is twice as large as the overall mean
value. Proxygpc(2011) =20.5 Km s™', thus it is well below
the overall mean, < Proxygpc > =23.3Kms ~142.73Km
s ' (10). AOindexin the early 2011 (Proxyao(2011) = 1.67)
was in its positive phase, < Proxyao> = 0.01+1.00 (15).

3. Results

3.1. Total ozone deficit area

Figure 3a shows the area poleward of 60°N, with total
ozone below the 30% deficit threshold in the period 1
January 2011-31 May 2011. The area used for the total
ozone averaging in 2011 was lower than the sunlit area,
especially in late autumn and early winter (Fig. 1), but such

a discrepancy is typical for the NIWA database. There were
only few days in early 2011 with larger area gaps. It seems
possible that the area, over which the total ozone was
averaged, could vary in previous years as the database
comprises the ozone observations collected by different
satellite instruments in the period 1979-2011. Thus, for
homogenisation of the time series of the total ozone deficit
area, we propose the following multiplicative correction
factor, MCF(t), to account for the year-to-year variability
of the NIWA sampling area for latitudes > 60°N:

MCF(t) = Areayax(t)/Area(t) (1

where Area(t) is the area poleward of 60°N with the total
ozone values in the NIWA database for day ¢, Areayax(?)
is the corresponding reference value for that day — the
maximum area found in the NIWA database in the whole
(1979-2011) data period (see Fig. 1). Assuming that the
ratio between the ozone deficit area and the whole area
with non-zero ozone values will be the same when Area(t) is
hypothetically extended to Areayax(t), we calculate the
corrected size of the 30% total ozone deficit area for day ¢,
Area_Corminus3ov (1), as follows:

Area—corminus30%(t) = MCF(t) * Areaminus}()%(l) (2)

where Aredminuszoo,(f) is the actual area in day ¢ with the
ozone deficit larger than 30%. The corrected area values
are used to draw Fig. 3b, d that correspond to Fig. 3a, c,
respectively.

Figure 3a, b show the area poleward of 60°N with total
ozone below the 30% deficit threshold in the period 1
January 2011-31 May 2011. Such low ozone values appear
almost throughout the whole period since mid-February up
to mid-April 2011, with the maximum area of 10.7 x 10°
km? (Fig. 3a) and 11.03 x 10°® km? (Fig. 3b) on March 28
that corresponds to about 30% of the high latitude region
(latitudes > 60°N). Fig. 3c, d illustrate that the maximum
size in 2011 was the largest in the period 1979-2011. There
is no trend in the yearly time series of the maximum size of
30% deficit area from 15 February—15 April, for the period
1979-2011. However, the statistically significant positive
trend appears only when years with high deficit areas
(>3.5%10° km?) are used for linear regression. The
remaining subset of the data is trendless for the period
1979-2011. The results are almost identical for the
corrected and for the non-corrected total ozone deficit
areas, which supports the robustness of this finding.

Figure 4 illustrates that the extreme low ozone values in
2011 are because of the ozone deficit in the middle
stratosphere (Fig. 4a, b). The maximum sunlit area over
NH high latitudes with the OMR values below the 30%
deficit threshold is ~15 x 10® km® at 50 hPa, and 30 hPa,
that is, ~40% larger than the corresponding area for
total ozone.
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Fig. 3. The area of the polar (¢ > 60°N) region with the total ozone deficit exceeding 30% of the 1979-2010 daily mean values in the

period 1 January 2011-31 May 2011 from the original (Fig. 3a) and corrected (Fig. 3b) area data. The time series of the yearly maximum of
the deficit area in the 1979-2011 period based on original (Fig. 3c) and corrected (Fig. 3d) area data. Straight lines (Fig. 3c, d) show an
ordinary least-squares linear fit to the data subset for years with the large maximum deficit area (>3.5 x 10° km?) and to the remaining

data for years with the low maximum of the deficit area.

3.2. The regression model

In section 2.2, we selected the proxies of total ozone to be
used in a regression model. The proxies correspond to well
known sources (halogen and PSC chemistry, atmospheric
dynamics) of ozone variability over the NH high latitudes.
A standard least-squares multiple linear fit to the ozone
data yields the following regression formula:

O4(r) = 379.88 — 0.0406 - (EESC (1)
— EESC(1979)) — 0.4139-Proxypgc (1)
+ 3.1454-Proxyppc(t) — 6.1838-Proxy (1)

3)

where 1 =1979, ..., 2011, Ox(¢) is the area weighted average
of total ozone values in the extended NIWA database over
sunlit latitudes poleward of 60°N for the period 15

February—15 April in ¢ year. All the regression constants
are statistically significant at the confidence level > 95%.

The regression model reproduces the polar ozone
variability in the period 1979-2011. R?, the percent of the
explained variance of the analysed ozone series, equals
~74%. The model performance is shown in Fig. 5. The
year-to-year variations are reproduced by the model. The
outliers from the diagonal 1-1 line (Fig. 5a) are the highest
in 1992 and 1993, that is, in the period when the polar
ozone could be affected by volcanic aerosols after the
Pinatubo eruption in June 1991.

The high concentration of the stratospheric aerosols
resulted in the additional chemical loss of ~35 DU and
~55 DU inside the entire polar vortex in late winter/early
spring of 1992 and 1993, respectively (Tilmes et al., 2008).
Our model supports the known effect of the significant



J. W. KRZYSCIN

16 16 16
b
1 50 hPa @f 30 hPa ®) ¢
147 14 7 14
12 F12 1 r12
o 10 10 1 F10
E ] L
3
S 8- 81 [ 8
e
> 7 b -
3 6 61 L 6
< A 1 L
4 4 F 4
2 2 -
0 d 0 r o
T T T T T T T T T T T T T T
2004 2005 2006 2007 2008 2009 2010 2011 20122004 2005 2006 2007 2008 2009 2010 2011 2012
16 16 16
C d
| 10 hPa L 1hPa @
14 14 14
12 12 12
o 10 F10 4 I
£10] >1o 10
E J L
© 81 8 -8
~ - L
3 6 6 -6
2
£ Lo L
41 Faq -4
27 M2 Fo2
0 oo 1| L o
T T T T T T T T T T T T T T
2004 2005 2006 2007 2008 2009 2010 2011 20122004 2005 2006 2007 2008 2009 2010 2011 2012
Fig.4.  Size of the polar (¢ > 60°N) region with extremely low ozone mixing ratios, i.e., with the deficit larger than 30% of the long-term

mean, from measurements by the Solar Backscatter Ultraviolet Radiometer-2 (SBUV/2) onboard of the NOAA satellites in the period

2005-2011 at various levels: (a) 50 hPa, (b) 30 hPa, (c) 10 hPa, and

polar ozone loss, following strong volcanic eruptions (Rex
et al., 2004; Tilmes et al., 2004). However, lower values of
the additional ozone loss, that is, ~25 DU and 30 DU in
1992 and 1993, respectively, are estimated as the distance of
the outliers in 1992 and 1993 below the one-to-one line in
Fig. 5a. The quantitative comparison with the previous
results is not possible because our calculations are for the
sunlit latitudes poleward of 60°N.

The extreme value of Proxypsc in 2011 implies intensive
ozone destruction due to heterogeneous reactions on the
particle surface of the PSCs in late winter/early spring
of 2011. The extra reduction of polar total ozone due to the
PSC effect in the period 15 February 201115 April 2011,
relative to the mean polar ozone destruction (for the
period 1979-2011), could be estimated using the
output of Model (3), that is, —0.4139-(Proxypsc(t =2011)
— < Proxypsc >) ~ —20.7 DU. The weaker than normal
BDC could lead to an additional ozone depletion of
3.1454-(Proxygpc(t =2011)— < Proxygpc >) ~ —8.8 DU.
Further, the ozone reduction of 10.4 DU is attributed to

(d) 1 hPa.

the AO positive phase, Proxyao(t=2011) =1.675. The
observed ozone in early 2011 is the third smallest value in
the whole 1979-2011 time series, that is, lower by about
12% than the long-term mean value (410 DU) for the
period 1979-2010.

The model reproduces the overall pattern of the long-
term variability of the high latitudinal total ozone in late
winter/early spring, with decreasing tendency up to the
mid-1990s, which is replaced by a slight increase afterwards
(Fig. 5b). The modelled long-term trend underestimates
only slightly the observed one in the 2000s.

Figure 6 shows that the polar ozone deficit appearing in
March implies low total O3 in the following summer. The
positive correlation between late winter/early spring total
ozone and corresponding subsequent summer values over
the polar NH has been previously discussed by Krzyscin
et al. (2001), Fioletov and Shepherd (2003) and Weber et al.
(2011). There are no mechanisms for significant changes in
the high latitudinal ozone after the end of the ozone build-
up period (spring) because of the disappearance of the
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Performance of the statistical model: (a) observed

PSCs and a weakening of BDC in NH in later months.
Taking into account the regression line shown in Fig. 6, the
mean polar ozone of ~312 DU could be anticipated in
the summer (June—July—August) of 2011. The record low
summer mean ozone value of ~309 DU is found in 2011,
that is, close to the predicted value from the regression line
shown in Fig. 6. The summer mean in 1993 was even lower
(~295 DU), but there were many missing days in June and
early July in that year. Moreover, total ozone in 1993 was
also influenced by Pinatubo. The summer mean of total
polar ozone in 2011 is ~3.6% lower than the overall
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Fig. 6. Summer means (1 June—31 August) of the area weighted

polar (¢ > 60°N) total ozone versus the preceding March total
ozone mean.

summer mean for the period 1979-2010. Such a change in
total ozone would increase the erythemally weighted solar
irradiance of ~4% in cloud-free days in the summer of
2011, that is, in the period of naturally high solar UV
irradiation at the Earth’s surface.

4. Summary and conclusions

We focus on the ozone data over the polar sunlit latitudes
to reveal a potentially excessive solar UV radiation due to
low ozone in this region. Massive ozone destruction
occurred also inside the polar vortex ozone, especially in
early 2011 (Manney et al., 2011), in a dark region, but it
had no immediate impact on the solar UV radiation there.
In March and April 2011, substantially elevated UV indices
were found for some Arctic and sub-Arctic sites (Bernhard
et al., 2011).

In late March 2011, the area poleward of 60°N, with the
extremely low daily total ozone, that is, below 30% of the
overall long-term daily mean, reaches the maximum value
of ~ 11 x 10° km? over the whole period (1979-2011) of
the total ozone observations by satellite spectrophot-
ometers. Almost continuously for two months (mid-
February up to mid-April 2011), highly depleted total
ozone values are found poleward of 60°N. The total area,
with the ozone mixing ratio deficit greater than 30% mean,
appears to be even larger, ~15x10° km? at the 50 hPa
and 30 hPa levels.
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The yearly means of the area-weighted polar total ozone
in late winter/early spring (15 February—15 April) are
calculated for the period 1979-2011 by averaging the daily
total ozone values for latitudes > 60°N. The ozone data are
taken from the NIWA database comprising the satellite
measurements over the polar sunlit area. Thus, the UV
overexposure threat over the polar region could be
estimated based on the NIWA polar total ozone data.

The late winter/early spring polar ozone in 2011, which is
smaller than the overall long-term (1979-2010) mean by
~12%, appears to be the third smallest mean for the whole
period (1979-2011). The average total ozone value in
March 2011 sets a new record-low value, 342 DU, for all
Marches in the period 1979-2011. Moreover, the summer
mean in 2011 based on daily ozone values in the period
June—July—August of 309 DU is the smallest in the whole
record of the summer means in the period 1979-2011, if the
total ozone mean for summer 1993 is excluded from the
record because of limited number of satellite observations
in that season.

We propose the regression model to attribute the polar-
ozone variability in late winter/early spring to various
chemical and dynamical ozone forcings. The model ac-
counts for the ozone chemical destruction by man-made
halogens and heterogeneous reactions on the particle
surface of the PSCs, and the dynamical ozone forcing due
to year-to-year changes in the hemispherical atmospheric
circulation patterns (BDC and AO). The modelled polar
ozone in 2011 almost perfectly matches the observed one.
The ozone reduction in 2011 is found to be the result of
extreme weather conditions allowing more PSCs, weaker
BDC and AO in a strong positive phase.

It seems that the ozone loss in the early 2011 is in
accordance with the hypothesis of continuation of more
severe ozone extremes in the series of ‘cold’ Arctic winters
(Rex et al. 2004; Douglass et al., 2011). The ozone recovery
over the Arctic is expected in the next decades because of
the reversed trend in the ODS concentration in the strato-
sphere since the late 1990s, after few decades of intense
increase. This reversed trend could be linked with the ODS
production limits set by regulations of the Montreal
Protocol 1987 and its amendments and adjustments
(Méder et al., 2010; WMO, 2010). Moreover, there is an
expectation of intensification of BDC, which is inferred
from 3-D chemical-chemistry models (Li et al., 2009;
Waugh et al., 2009), causing an enhanced ozone transport
to the NH polar latitudes in winter/early spring.
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