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ABSTRACT
Total ozone (TO3) and ozone vertical profile (by the Umkehr method) have been measured at Belsk (51.84°N,
20.78°E), Poland, since March 1963. The monthly mean data are analysed for the long-term changes in the
period 1975-1996 and 1997-2012, that is, in the increasing and decreasing phases of the ozone-depleting
substances (ODS) concentration in the mid-altitude stratosphere over the NH mid-latitudes. Standard
explanatory variables are selected for the ozone variability attribution to chemical and dynamical processes.
A triad of regression models with various formulae for the trend term is examined to get a synergetic effect.
The trend term could be: (1) proportional to ODS, (2) piecewise linear (with the turning points in 1975 — the
trend onset and in 1997 — the trend overturning), (3) represented by any smooth curve fitted to the ozone time
series having ‘natural variations’ removed. Confirming the results from previous studies on the midlatitudinal
ozone, the analyses show a weakening of the TO; trend and the statistically significant positive trend in the
upper stratospheric region (33—43 km) since 1997. The TO; depletion in summer and autumn for the period
1997-2012 is found in the Umkehr data due to the ozone decrease in the lower and mid-stratosphere. A novel
statistical-simulation-based test is proposed. It uses the bootstrap sample of the smooth trend pattern to
calculate statistical significance of hypotheses for the trend variability. The test corroborates the results of the
regression models and shows strengthening of the ozone negative trend in summer and autumn, disclosed in the

Institute of Geophysics, Polish Academy of Sciences, 01-452 Warsaw, Poland

Umkehr data, since about 2005.
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1. Introduction

The ozone issue has been an important research topic since
the early 1970s findings of a threat to the ozone layer by
man-made substances (Johnston, 1971; Crutzen, 1973;
Molina and Rowland, 1974). The discovery of the ozone
hole over the Antarctica (Chubachi, 1984; Farman et al.,
1985) and significant downward trend over the northern
mid-latitudes revealed by the Ozone Trend Panel (WMO,
1989) alarmed scientists and the public of possible increase
of the surface ultraviolet (UV) radiation, which has a
harmful impact on humans and ecosystems. It has triggered
unprecedented international cooperation between politics,
scientists and industrialists to save the ozone layer. Finally,
due to joint efforts of the United Nations countries,
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the Montreal Protocol (MP) on the protection of the ozone
layer was agreed on 16 September 1987 and came into
effect on 1 January 1989.

Ozone-depleting substances (ODS) contain bromine,
chlorine, fluorine, carbon and hydrogen in varying propor-
tions. The combined ozone-destructive potential of these
chemicals is expressed by the equivalent effective strato-
spheric chlorine (EESC) concentration (e.g. Newman et al.,
2007). The EESC changes with time are used to monitor
anthropogenic forcing on the ozone layer and to find out
the effectiveness of the MP regulations on ODS production
limits.

MP underwent several amendments in subsequent years
and appeared to be very effective in reducing the ODS
level. Now, more than 20 yr later, the effectiveness of the
MP for the protection of the layer is still a discussed issue.
The statistical analyses of the observed (satellite- and
ground-based) ozone data and the ozone modelling by
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global chemical transport models have been used to find
the anthropogenic component of the ozone trend (WMO,
2011).

Recent WMO reports on the state of ozone layer (WMO,
2007, 2011) pointed out that the increase of ODS level was
mostly responsible for the ozone depletion in the extra-
tropics in the 1980s and early 1990s. The ODS level in the
stratosphere has begun to decline since the mid-1990s.
This triggered searching for the corresponding changes in
the long-term ozone pattern. WMO (2007) has defined the
following stages of the ozone recovery: (1) a slowing in the
downward trend; (2) onset of the statistically significant
positive trend in the ozone data having ‘natural’ variations
removed and (3) reaching the pre-1980 ozone levels in the
stratosphere.

Multi-decadal homogeneous ground-based observations
of total ozone (TOj3) and the ozone vertical profile by the
ozone soundings or the Umkehr measurements are basic
sources to delineate ozone variability with different time
scales ranging from the intra-day oscillations up to
decadal trends. There are only a few stations in Europe
with the continuous ozone observations for an approxi-
mately 50-yr period or longer. These are Arosa,
Belsk, Hradec Kralove, Lerwick, Lisbon, Potsdam and
Reykjavik. TO3; and the ozone vertical profiles by the
Umkehr measurements have been carried out continuously
up to now only at Arosa and Belsk. This article focuses on
the analysis of the Belsk’s ozone data to estimate trends
in two consecutive periods, that is, in the period of the
ODS increase (1975-1996) and decrease (1997-2012), for
the detection to what extent the stratospheric ozone
recovers over the site.

2. Ozone data

Observations of the atmospheric ozone, column ozone
and the ozone vertical profile by the Umkehr method
have been carried out at Central Geophysical Observa-
tory Institute of Geophysics Polish Academy of Sciences,
Belsk (51.84°N, 20.78°E), since 23 March 1963 until
now by the same instrument Dobson spectrophotometer
No. 84.

The quality of the Belsk’s ozone time series has been
tested during frequent international intercomparison cam-
paigns (e.g. Belsk 1974, Potsdam 1979, Arosa 1986 and
1990) with the world standard instrument No. 83 (e.g.
WMO, 1996). Subsequent campaigns (2001, 2005, 2009)
took place at the regional Dobson calibration centre
established in 2000 at the Meteorological Observatory
Hohenpeissenberg, Germany. The centre provides the
European sub-standard (the Dobson instrument No. 64)
and closely cooperates with World Dobson Ozone Calibra-
tion Center at NOAA, Boulder, USA, and the Solar and

Ozone Observatory at Hradec Kralove, Czech Republic.
The new calibration constants, the so-called R-N tables,
were retrieved and applied to the previous and current
ozone observations if a large bias was found relative to the
standard instrument measurements. The instrument quality
control was also assured by comparisons with the collo-
cated Brewer spectrophotometer measurements (since
1992) and with the satellite data taken during the Belsk’s
station overpasses (Rajewska-Wiech et al., 2006). The
Belsk’s TO and the Umkehr ozone profiles were used in
various trend analyses starting from the paper of Degdrska
et al. (1989) showing negative trend in the Belsk’s TOj3 in
winter.

2.1. Total ozone

The TO; values are calculated using both the fundamental
direct sun and the less precise zenith blue or zenith cloud
measurements of spectral irradiance for the wavelength
pair, one with strong and another with weak absorption
of the solar UV radiation (Dobson, 1957). The measure-
ments are performed a few times per hour during the
day with special focus on the direct sun observations near
local noon because of their highest accuracy. The data
quality procedures of the Dobson measurements were
introduced in the mid-1970s and the data quality of
earlier measurements, 1963—-1974, that is, up to the year
of the first international intercomparison at Belsk, it might
be lower (Dziewulska-Losiowa et al., 1983; Degorska
and Rajewska-Wigch, 1991; Degorska et al., 1995).
Figure 1 shows TOj; monthly means calculated from
the daily mean values obtained in the period 23 March
1963-31 December 2012. The smoothed series by locally
weighted scatterplot smoothing (LOWES, Cleveland,
1979) reveals the following stages of the long-term
variability of the Belsk’s TOj3: a constant level period up
to the early 1980s, the next decline stopped around mid-
1990s, since then an oscillation with the maximum around
2005 and the minimum, which is comparable to that in
1996, in the end of the time series. The recent behaviour
of the Belsk’s ozone is quite surprising as the second stage
of the ozone recovery is rather expected from the recent
ODS decrease than the oscillation around the mid-1990s
level. The rate of ozone increase since the mid-1990s up to
the early 2000s suggested that the ozone recovery would
occur around 2030 at Belsk. However, a slight TO5 decline
since 2005 up to the end of the ozone series disallows to
make such a simple estimation of the recovery time.
Comparison between the long-term TO; monthly means
calculated from the monthly TOj; values taken at the first
(1963-1977) and last (1998-2012) 15-yr period of the
Belsk’s measurements (Fig. 2) shows that the ozone loss
at Belsk is seasonally dependent with the maximum
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Fig. 1.

Total ozone monthly means from the Dobson spectrophotometer measurements at Belsk in the period March 1963 — December

2012. The solid line shows the long-term variability in the data by the LOWES smoother. Two dashed lines, horizontal line showing the
pre-1980 ozone level and the sloped line, are shown for an estimation of the recovery time based on the ozone increase rate in the period

1997-2005.

depletion in December and January of ~8% and the
minimum depletion in September of ~2% relative to the
TOj; level in the first period.

Figure 3 illustrates the TO; variability within each
season of the year. The deviations of TO;3 from its the
long-term 1963-2012 monthly means for the four seasons

of the year show a common feature, that is, a decline
from the end of 1970s to the mid-1990s, and a kind of
stabilisation afterwards. This stabilisation means an ap-
pearance of a long-term oscillation with the maximum
around 2005 in the winter/spring TO5 or a continuation of
a slight ozone depletion in summer and autumn.
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Fig. 2.

The long-term total ozone monthly means for the first (1963—1977) and last (1998-2012) 15-yr period of the ozone observations

at Belsk and the relative monthly differences between these means as a percent of the means in the former period.
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winter — DJF; (b) spring — MAM; (c) summer — JJA and (d) autumn — SON.

2.2. Vertical ozone profile

Monitoring of the ozone vertical profiles by the Umkehr
observations is possible for cloudless weather conditions
for a few hours after sunrise or before sunset. The ratio
of measured zenith-sky radiance at a UV wavelength
pair, one strongly and other weakly absorbing, is obtained
from the Umkehr observations by the ground-based
spectrophotometers. The wavelength pair radiances are
measured from zenith sky under cloudless conditions for
a set of discrete solar zenith angles (SZAs) changing
from 60 to 90° (for previous Umkehr retrieval algo-
rithm proposed, see Mateer and DeLuisi, 1992) or start-
ing from any SZA in the range 60-80° and ending at
90° (for recently proposed UMKO4 retrieval algorithm,
see Petropavlovskikh et al., 2005). In this article, the
Umkehr profiles are based on UMKO04 retrieval algorithm
using C-wavelength pair (311.5 and 332.4nm) with the
lowest SZA of 70°.

The Umkehr retrieval partitions column ozone into 10
Umkehr layers that are divided into equal log-pressure

vertical intervals, starting at the surface (~ 1013 hPa) and
extending to layer 10 (from ~1hPa level up to the top of
the atmosphere). The ozone content above ~10km is
reported in ~S5km thick layers. Although the Umkehr
retrieval provides the ozone content in 10 layers, because
of broad and strongly overlapping weighting functions,
as well as finite measurement errors, the retrieval contains
only a few independent pieces of information. Thus, in
the article we analyse the ozone content in the consecu-
tive Umkehr layers: 2+3+4 (10.3-23.5km, lower strato-
sphere), 5+ 6 (23.5-32.8 km, middle stratosphere) and 748
(32.8-42.6 km, upper-stratosphere).

Measurement errors, smoothing errors, forward-model
errors and inverse model errors for the Umkehr retrieval
were discussed in the SPARC (1998) report. Fioletov et al.
(2006) showed that the measurement uncertainties for the
Umkehr observations depend on altitude, that is, ~8%
for 0-20km integrated ozone and ~5% for 20-32km.
Petropavlovskikh et al. (2008) analysed multiple compar-
isons between the Umkehr profiles by the Dobson
instruments and they found the bias in the measured
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Fig. 4.

Examples of the Umkehr ozone profiles superposed on the long-term (1963—2012) monthly mean profiles: (a) with a positive

decline in the lower stratosphere — 7 March 2012 and (b) with a negative decline in the lower stratosphere — 30 April 2012.

Umkehr profiles by various Dobson instruments and
multiple retrievals that could not be easily explained.
Thus, it seems that the trend analyses of the Umkehr data
should be treated with care.

The Umkehr algorithm is able to retrieve the ozone
profile starting from a priori profiles. Figure 4 shows

examples of the Umkehr ozone profiles for 2d with a
large positive and negative departure from the long-term
(1963-2012) mean profile in the lowermost Umkehr layers
up to the mid-stratosphere. The Umkehr profiles are
taken at Belsk only during clear-sky conditions. The mean
number of Umkehr observations per month is the lowest
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in December (1d) and the highest in May (6d). Thus,
it seems possible that the monthly mean Umkehr profile
averaging only a few daily profiles is not representative
for the whole month.

Figure 5 presents the long-term TOj; variability in the
four seasons of the year based on the TO; data taken
during days when weather permitted the Umkehr obser-
vations. Comparison of Fig. 3a and Fig. 5a shows that
the long-term TO; pattern for winter, which is calculated
using only the Umkehr days, does not match with that
derived from all-sky standard TO; measurements by
the Dobson spectrophotometer. Therefore, the winter and
the year-round Umkehr trends are not presented in this
article.

The long-term variability of the ozone content in selected
layers of the atmosphere is shown in Fig. 6 for the lower-,
mid- and upper-stratosphere in spring and summer. The
ozone depletion at Belsk before 1997 appears in the lower
(only in spring) and the upper stratosphere. Since then, the
apparent upward ozone tendency is found only in the upper
stratosphere. The mid-stratosphere ozone appears to be
relatively constant for the whole period of the Belsk’s
observations.
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3. Trend analyses

3.1. Trend model definition

Considering our previous studies (Krzyscin and
Rajewska-Wiech, 2009; Krzyscin, 2012), a triad of the
trend models is used to find the long-term ozone change in
the periods 1975-1996 (increasing the ODS level) and
1997-2012 (decreasing the ODS level forced by regulations
of the MP and its subsequent amendments). It is assumed
that fluctuations in the atmospheric ozone are due to long-
term changes in the atmospheric chemistry (mostly related
to changes in ODS) and due to various dynamical pro-
cesses affecting the ozone transport. Thus, the ozone vari-
ability is modelled as the sum of chemical and dynamical
components described as follows:

AO;(t) = Trend(t) + Dynamics(t) + Noise(t), (1)

where: AOj3(7) is the ozone fractional deviation in running
month ¢,

AO;(1) = (05(1) — O5(M))/O5(M) x 100%  (2)

t =(year—1963) x 12+ M, year ={1963, ..., 2012}, O;(?) is
TOj3 (or ozone content in the Umkehr layer) monthly mean
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The same as Fig. 3 but for the subset of the total ozone values taken only in days with the Umkehr observations.
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The monthly differences of ozone content in the combined Umkehr layers in the period 1963-2012 relative to the long-term

means for that period as a percent of the long-term means: spring (left-hand side), summer (right-hand side).

in month ¢, O3(M) is the long-term (1963-2012) monthly
mean for calendar month M corresponding to running
month ¢, Trend(t) represents a slowly varying component
(trend) of the ozone time series, Dynamics(t) is a linear
combination of the proxies, X(f), chosen by the standard
stepwise regression procedure, which allows to select a subset
of the proxies that significantly affects model (1) outcome,

Dynamics(t) = ¢, + Z,0; x X,(t), 3)

where constants ¢; are calculated by a multi-linear statistical
analysis. Standard stepwise regression is used to eliminate

redundant variables from a set of potential proxies. Noise(r)
represents the noise term that can be partially linked to a
short-term dynamical forcing causing some autocorrelations
in the noise term (usually with the I-month lag).

3.2. Ozone regressors

The common approach in analyses of the ozone varia-
bility is searching for variables that could be used for an
attribution of the long-term and/or short-term ozone
variability. Following recent studies (e.g. Krzyscin et al.,
2005; Maéder et al., 2007; Vyushin et al., 2007; Wohltmann
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et al., 2007; Harris et al., 2008; Yang et al., 2009; Rieder
et al., 2011; Nair, 2012; Rieder et al., 2013), we examine
the number of proxies parameterising chemical and dyna-
mical processes potentially responsible for the ozone
variability over a midlatitudinal NH station. These are:
(1) EESC for the attribution of the stratospheric ODS
influence on ozone, (2) the zonal component of wind at
30 and 50hPa averaged over the tropics for the Quasi
Biennial Oscillation (QBO) attribution, (3) the Arctic
Oscillation (AO) Index, (4) Penticton/Ottawa 2800 MHz
solar flux to search for the 11-yr solar cycle effects, (5) the
El Nino/Southern Oscillation (ENSO) index, which is
based on sea-surface temperature (SST) anomaly in the
Nifio-3.4 region, used to account for the global atmosphere
disturbances induced by quasi-periodical SST fluctuations
in the equatorial Pacific, (6) stratospheric aerosol optical
depth at 550nm to describe the amount of stratospheric
aerosols leading to the ozone depletion through a series of
catalytic chemical reactions after strong volcanic eruption,
(7) detrended meteorological variables over the Belsk’s
station comprising a temperature of 50and 10hPa level,
and the tropopause pressure to account for the month-
to-month ozone variations due to local dynamical pro-
cesses. Table 1 shows the web addresses for the proxies
used.

3.3. Triad of the regression models

Model (1) is run separately for the winter (DJF), spring
(MAM), summer (JJA) and autumn (SON) subset of
the year data, and for the year-round (J ... D) data.

Table 1. The explanatory variables used in the study

The following formulae are selected for a description of
the trend term:

e EESC model

Trend(f) = 0, 1963 << 1975,

Trend(t) = a x (EESC(1) — EESC(1,)), 1 > 1975, @

where EESC(7) is time series of the ODSs concentration
in the stratosphere, 1; =1975 denotes onset of the ozone
trend, the regression constant, o, depends on season of
the year,

o Piccewise linear trend (PWLT) model

Trend(1) = 0, 1963 <1 < 1975
Trend(t) = B X €975 () X (£ —1975) + 9 X &1997. ()  (5)
x (1 —1997), ¢ >1975.

Trend(t) is a broken line beginning in 1963 with zero
slope up to 1975 (i.e. up to the assumed onset of the
anthropogenic trend and beginning of the Belsk’s
Dobson calibration procedure with the standard Dobson
spectrophotometer) and afterwards the trend shape is
described by two lines with the turning point in 1997
(i.e. the supposed year of the ozone recovery onset in
the midlatitudinal stratosphere), &975:(1) =1 if ¢ >1975
and 0 otherwise, €9972(f) =1 if £ >1997 and 0 otherwise.
Regression coefficients, ff, and y, are seasonally depen-
dent, § and p+y represent the rate of ozone change

Data

Source

QBO at 30hPa and 50 hPa

NOAA National Weather Service Climate Prediction Center

http://www.cpc.noaa.gov/data/indices/qbo.u30.index

AO Index

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao|_index/

ao_index.html

ENSO index

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/en|sostuff/

detrend.nino34.ascii.txt

EESC based on WMO Scenario A1_2010 mid-latitudes: mean NASA Goddard Institute for Space Studies http://acdb-|ext.gsfc.nasa.gov/

age of air 3 yr., age of air-spectrum width 1.5 yr

Penticton 2800 Hz Solar Flux

Data_services/automailer/

NOAA National Geophysical Data Center

ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_RADIO/|FLUX/
Penticton_Adjusted/monthly/ MONTHLY .ADJ

Stratospheric aerosol optical depth at 550 nm — zonal mean
for ~50°N latitude

http://data.giss.nasa.gov/modelforce/strataer/

Temperature at 50 hPa and 10 hPa levels, and the tropopause CDAS-NCEP/NCAR Reanalyses 4x daily 1948—2012 | Annual

pressure interpolated from the gridded data

Meteorological Statistics: http://nomad3.ncep.noaa.gov/cgi-bin/pdisp_

6p_rl.sh



http://www.cpc.noaa.gov/data/indices/qbo.u30.index
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao|_index/ao_index.html
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao|_index/ao_index.html
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao|_index/ao_index.html
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/en|sostuff/detrend.nino34.ascii.txt
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/en|sostuff/detrend.nino34.ascii.txt
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/en|sostuff/detrend.nino34.ascii.txt
http://acdb-|ext.gsfc.nasa.gov/Data_services/automailer/
http://acdb-|ext.gsfc.nasa.gov/Data_services/automailer/
http://acdb-|ext.gsfc.nasa.gov/Data_services/automailer/
http://ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_RADIO/|FLUX/Penticton_Adjusted/monthly/MONTHLY.ADJ
http://ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_RADIO/|FLUX/Penticton_Adjusted/monthly/MONTHLY.ADJ
http://ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_RADIO/|FLUX/Penticton_Adjusted/monthly/MONTHLY.ADJ
http://data.giss.nasa.gov/modelforce/strataer/
http://nomad3.ncep.noaa.gov/cgi-bin/pdisp_6p_r1.sh
http://nomad3.ncep.noaa.gov/cgi-bin/pdisp_6p_r1.sh
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(% per decade) in the periods 1975-1996 and 1997-2012,
respectively.

o Flexible (FLEX) model

Trend(t) = Smooth(t), t >1963, 6)

where Smooth(t) is a trend curve, that is smooth function
that is filtered out from the residual time series of model
(1), Resid(t), which remains after subtracting dynamically
driven variations by EESC or PWLT model from the
original series A O;(?),

Resid(t) = AO,(1) — Z,00, x X;(t)

= Smooth(t) + Noise* (1) M

This model is called flexible trend model as the trend
curve is not a priori defined but it is extracted from the time
series of residuals. The level of smoothing of Resid(t) time
series by LOWES smoother (Cleveland, 1979) to extract
the smooth component, Smooth(t), is chosen to filter out
the short-term oscillations with periodicities up to about
decade.

The EESC model is well suited for searching anthro-
pogenic components of the long-term oscillations related
to the ODS changes in the stratosphere. Since 1987,
ODS variability has been controlled by regulations of the
MP (and its further amendments) to protect the ozone
layer. It seems that the EESC model could be used to
find the effectiveness of this international treaty. However,
EESC trend describes the stratospheric chlorine and
bromine effects on ozone layer due to gas-phase chemistry.
Heterogeneous chemistry on polar stratospheric clouds
also has an impact on the midlatitudinal ozone due to the
Arctic air mass intrusion to this region after the polar low
break (Fioletov and Shepard, 2005).

Moreover, the EESC pattern is not unique as it could
be defined in dependence on air-age and air-spectrum width
(see Table 1). The relationship between ozone and EESC is
based on the data collected in the period of large changes in
these variables (late 1980s and early 1990s). The trend
component due to ODS changes is difficult to extract by
other trend models in a period of small EESC change (e.g.
1997-2012). Trends by PWLT and FLEX model may be
a superposition of chemical and dynamical components
due to unknown yet forcing on the ozone layer. Thus,
the trends estimated by these models cannot be linked only
to the effect of man-made chemicals being included in the
EESC calculations.

The basic advantage of FLEX model is an extraction of
the long-term pattern from the data having the ‘natural’
variations removed. The trend estimation by FLEX model
is not constrained by any initial assumption of the trend

curve shape. The replica of the ODS time series (with
opposite sign) and the PWLT are chosen for EESC and
PWLT models, respectively. Therefore, FLEX has the
largest freedom in description of the trend shape but it
needs a priori defined smoothness level. Moreover, calcula-
tion of the trend uncertainty is time consuming and
requires an application of a resampling technique.

The trend models examined here have been extensively
used in previous estimates of the long-term ozone changes:
EESC model (e.g. WMO, 2007; Harris et al., 2008), PWLT
(e.g. Reinsel et al., 2005; Yang et al., 2009) and FLEX (e.g.
2001; Krzyscin and Rajewska-Wigch, 2009).
Figure 7 shows examples of the trend pattern by all

Harris et al.,

the models for the winter and the summer subset of the
monthly data. The trend pattern by EESC follows the
shape of ODS time series of opposite sign. The value of
regression coefficient, o , is a result of the TO;—ODS anti-
correlation in the period of substantial ODS increase
and ozone decrease (1975-1996). Thus, it leads to the
ozone recovery in the declining phase of ODS level in the

(a)

1 1
zero line I

Ozone Deviations [%]

N EF

1960 1 965 1970 1975 1980 1985 1990 1995 2000 2005 20102015

zero line

Ozone Deviations [%]

-7 -7

8t e e e -8
T T T T T T T
1960 1 965 1970 1975 1980 1985 1990 1995 2000 2005 201 02015

Fig. 7. The trend curves used in the examined models of the
ozone variability (dashed — EESC, dotted — PWLT, solid —
FLEX): (a) winter (DJF) total ozone, (b) summer (JJA) total
ozone.
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stratosphere. PWLT and FLEX model do not support
the ozone increase in summer during the declining ODS
phase. For example, PWLT model shows continuously
declining TO; tendency since 1975. FLEX trend shows a
more complicated picture of the long-term ozone pattern
with a local maximum around 2005.

The trend values in % per decade are analysed for
the periods 1975-1996 and 1997-2012. These values are
directly provided by the PWLT model as the regression
coefficient f and f§ +7, respectively. Whereas for EESC and
FLEX models, the linear trend equivalent is calculated.
First, the differences between the trend curve values
in 1975, 1996 and 2012 are obtained. The trend curves
are defined as o« x (EESC(7)-EESC(#;)) and Smooth(t) for
EESC and FLEX model, respectively. Next, the differences
are divided by the time span to have linear trend equivalent
values for the periods 1975-1996 and 1997-2012.

The trend errors by EESC and PWLT model are
calculated in a standard way taking into account the
I-month autocorrelation in Noise(f) term (Weatherhead
et al., 1998; Storch and Zwiers, 1999), Errors for the trend
values by FLEX model are from the block bootstrap
technique using N =10000 samples of hypothetical
Smooth*,(t) time series derived by the LOWES smoothing
of bootstrapped Resid(t) time series, Resid*,(t),

Resid*,(t) = Smooth(t) + Noise*, (1),

(3)
., 10000; ¢ >1963,

n=1, ..

where Noise*, () is the n-th hypothetical representative of
Noise*(t) term [see eq. (7)] that is composed from con-
secutive 3-month seasonal blocks randomly drawn from
Noise*(t) term. The methodology for calculating trend
error based on bootstrap samples is described in more
detail in our previous paper (Krzyscin, 2006).

3.4. Test of trend sign

Usually the long-term ozone changes are discussed based
on trend values and their errors for selected periods. Here,
we also examine another possibility focusing on the trend
sign (positive or negative) and not on its estimated value.
A novel statistical-simulation-based test is proposed. It
consists of a calculation of probability of appearance of
predefined trend sign in selected period or appearance of
trend pair with predefined signs in consecutive two periods.
For example, the linear trend equivalents for trend pair
(for the ODS increasing and decreasing phases) are derived
for each Smooth*,(t) time series, n=1, ..., 10000. The
verification of the hypothesis of weakening of the ozone
depletion rate since 1997 requires the calculation of
probability of appearance of a less negative trend (or the
positive trend) in the period 1997-2012 compared to that in

1975-1996. If the probability exceeds the threshold value
of 95% (or it is less than 5%), we could say that the
hypothesis of weakening of the negative TOj; trend since
1997 is true (or false). This test will be used for examination
of the ozone behaviour in the period 1997-2012 to disclose
an oscillation in the trend pattern with the maximum
around 2005.

4. Results

Figure 8 shows a relationship between modelled (by
PWLT) and observed TO; monthly means. The scatter
plots are for the season with the best (in winter) and the
worst (in summer) model performance. Both modelled
and observed TOj5 values in summer are much less variable
than those in winter due to seasonal differences of the
dynamical forcing on the ozone layer, for example, strong
planetary wave activity and the Brewer—Dobson circu-
lation in winter. The percent of the variance explained by
the PWLT model, that is, the so-called R* value (squared
the correlation coefficient between the modelled and
observed series), equals 79% in winter and 62% in summer.
The model-observation agreement, as expressed by R>
value, is almost the same for all considered trend models.
R? values match those obtained in other trend studies,
for example Nair (2012) found R*=65% for the regres-
sion model applied to the year-round monthly TO;
data taken by the Dobson spectrophotometer at Haute—
Provence Observatory for the period 1984-2010.

A zero trend line in the period 1963-1974 is assumed
in the trend formula by EESC and PWLT models [eq. (4)
and (5)] as the early ozone observations might be of lower
accuracy. The first data validation of the Belsk’s ozone
was carried in summer 1974 during the international
calibration campaign at Belsk. The FLEX trends in the
early data appear statistically significant in winter and
summer (Table 2). It cannot be excluded that such trends
are due to instrument’s calibration problems and should be
treated with care. It seems that the long-term pattern of
ozone changes in the early data has only a slight influence
on the trends in subsequent years as the trend values
are almost the same in the period 1975-1996 by all the
considered trend models regardless of the assumed trend
pattern in the early data.

Table 2 shows the trend values by the examined models
for the period 1975-1996 and 1997-2012. The ozone trend
in the former period is of about 2-3% per decade in the
year-round data, 3-4% per decade in winter/spring sea-
sons, and about 1.5-2% per decade in summer/autumn
seasons. There are larger differences between the model
results in the latter period. EESC model yields the posi-
tive trends in all seasons as a consequence of decreasing
ODS concentration. PWLT model provides a statistically
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Fig. 8.  The modelled monthly deviations of total ozone relative

to the long-term (1963—-2012) means as a percent of the long-term
mean versus those from the observations. (a) winter (DJF), (b)
summer (JJA). The straight line shows the standard least squares
fit to the data.

significant negative trend in summer (1.4% per decade) in
the whole 1975-2012 period.

PWLT trends in the period 1975-1996 and 1997-2012
are the same for summer as the stepwise regression deleted
the second term of the PWLT trend [i.e. y =0 in eq. (5)].
A number of months with positive fractional TO;

deviations appeared around 1980 in summer and the
straight line fit for the whole period 1976-2012 is better
than that by two joint lines with the turning point in 1997.
The trend by FLEX model in the period 1997-2012 is not
sensitive to the ozone values around 1980 and insignificant
FLEX trend for that period suggests that statistically
significant negative PWLT trend in the period 1997-2012
should be treated with care.

The FLEX trends in the period 1997-2012 are not
statistically significant. All of the trends calculated by the
considered models are within the range of about +1.5%
per decade. This means that there is no deepening of the
ozone loss in the 1997-2012 period when compared to
the ozone behaviour during the ODS increasing period in
the stratosphere.

The spring trends in the Umkehr layers (Table 3) show
the ozone depletion in the former period for the whole
ozone column, for the lower (layer 243 +4) and the upper
(layer 7+ 8) stratospheric ozone. The trends calculated by
EESC and FLEX models provide the trend overturning in
these stratospheric regions, that is, the statistically signifi-
cant (at 20 level) positive trends since 1997 appearing after
the negative ones before. In the former period for summer
and autumn, the negative trends (by FLEX model) are
found for TO3 and ozone content in the upper stratosphere.
In the later period for summer and autumn, the statistically
significant negative trends are revealed by FLEX model
in all considered layers except the upper stratosphere. The
trend overturning is found for all seasons in the upper
stratosphere and in the lower stratosphere only for the
spring data. EESC and PWLT models sometimes show
insignificant trends in the ozone profile, especially in
summer and autumn (see NA values in Table 3). In these
cases, the trend terms were excluded from the statistical
model by the stepwise regression used to eliminate redun-
dant regression terms.

The results of the statistical-simulation-based test con-
cerning the trend overturning in 1997 and 2005 are shown
in Table 4 (for TO3) and Table 5 (for the ozone content in
the Umkehr layers). The weakening of the TO; negative
trend since 1997 is corroborated by the test results, with the
exception of the autumn trends (but in this case 93.6%
bootstrap simulations support the hypothesis, i.e. close to
the 95% threshold). This hypothesis is also true for the
column amount of ozone in the Umkehr days for spring.
Surprisingly, it appears that the hypothesis of more
negative TOj; trend in the latter period comparing to that
in the former period is true for the layer 546 (in summer)
and for the layer 24344 (in autumn). It is worth
mentioning that the trends are based on the monthly
means averaging limited number of the ozone daily
profiles. Thus, such a monthly mean profile could differ
from a hypothetical one based on all daily data in a month.
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Table 2. The trends by the examined trend models for the four seasons of the year and the year-round monthly total ozone values

Trend (% per decade)

1963-1974 1975-1996 1997-2012
Data set FLEX EESC PWLT FLEX EESC PWLT FLEX
Winter —4.7 (2.6) —4.2(0.9) —4.0 (L.1) —3.1(0.8) 1.4 (0.3) 0.8 (2.0) —1.0 (1.6)
Spring —0.4 (2.4) —32(0.8) —3.1 (1.0) —2.9(0.7) 1.3 (0.3) 0.1 (1.6) 0.5 (1.5)
Summer 1.8 (1.4) —2.0 (0.8) —1.4(0.5) —1.8(0.5) 0.7 (0.3) —1.4(0.5) —0.5 (0.9)
Autumn 1.7 (1.8) —1.7 (0.6) —1.5(0.7) —1.5(0.5) 0.6 (0.2) —0.0 (1.2) —0.3(1.2)
Year 0.5 (1.7) —2.7(0.5) —2.5(0.5) —2.2(0.5) 0.9 (0.2) 0.1 (1.4) —0.3 (1.0)

The trend errors at 2¢ level are in the parentheses. The statistically significant results are in bold font.

The decline of TO5 from the observations in the Umkehr
days is disclosed in the latter period in summer and autumn.
The probability of positive TOj; trend in the period 1997-
2012 is only 1.5% and 0.7% for summer and autumn,
respectively (Table 5). The TO; decrease in the period 1997—
2012 is due to the corresponding ozone decline in the lower
stratosphere (layer 243 +4, the probability of increasing
ozone is 4.3% and 3.5%
respectively) and in the mid-stratosphere (layer 546,
the probability of increasing ozone is 0.9% and 1.8%
for summer and autumn, respectively). The TO3 decrease
in summer since 1997 is also supported by the test
applied to the TOj; data collected during standard all-sky
TO; measurements. Only 5.9% bootstrap simulations
for summer show (Table 4) the TO; increase in the
period 1997-2012. The summer/autumn decrease of TO;
and the ozone amount in the lower and middle stratos-
phere in the latter period are mostly due to the ozone decline

for summer and autumn,

in the period 2005-2012 as the probabilities below the
5% threshold do not appear in the period 1997-2005
(Table 5).

5. Discussion and conclusion

All of the examined models show statistically significant
negative TOj; trends in the period 1975-1996 for the four
seasons of the year and for the whole year with the stronger
depletion in the winter/spring season comparing to that in
the summer/autumn season. A slowing of the downward
trend is the common feature of the trend pattern by the
analysed models for the period 1997-2012. Thus, according
to the WMO classification (WMO, 2007), the first step
of the ozone recovery could be announced. EESC model
shows statistically significant upward trend in the latter
period related to the ODS decreasing trend. Thus, the next
stage of the ozone recovery could be announced, but it is

Table 3. The same as Table 2 by the trends are for the ozone content in the selected combined Umkehr layers and for sum of the ozone

content in all 10 layers (total ozone)

Trend 1975-1996 (% per decade)

Trend 1997-2012 (% per decade)

Umkehr layer EESC PWLT FLEX EESC PWLT FLEX
Spring

All —2.9 (1.0) —3.1(1.2) —2.6 (0.8) 1.0 (0.4) 1.5 (2.0) 1.0 (1.8)
2+3+4 —3.6 (1.8) —4.2 (2.1) —3.2(1.6) 1.3 (0.6) 3.0 (3.6) 2.8 (2.6)
546 NA NA —0.2 (0.7) NA NA —1.0 (1.4)
748 —3.7 (2.0) —4.5(2.4) —3.5(1.2) 1.3 (0.7) 3.7 (3.9) 3.5 (2.5)
Summer

All —0.6 (0.7) —0.5(0.4) —0.7 (0.5) 0.2 (0.2) —0.5(0.4) —1.1 (1.0)
24+3+4 NA NA —0.6 (1.0) NA NA —1.8 (1.7)
5+6 NA NA —0.1 (0.6) NA —1.2(1.3) —1.9 (1.2)
748 NA NA —2.5(1.2) NA NA 2.6 (2.5)
Autumn

All NA —0.5(0.5) —0.7 (0.5) NA —0.5(0.5) —1.2 (0.9)
2+3+4 NA NA 0.3 (0.8) NA NA —1.4(1.2)
546 NA NA —0.1 (0.6) NA NA —1.2 (1.1)
748 —1.5(1.7) —23(2.1) —2.6 (0.6) 0.6 (0.6) 3.0 (3.3) 1.9 (1.1)




LONG-TERM VARIABILITY OF ATMOSPHERIC OZONE 13

Table 4. The probability of appearance of the total ozone trend
in the period 1997-2012 higher than that in the period 1975-1996
(Try5 96 <Trg7_12), the positive trends in the period 1997-2012
(Trg7 12 >0), 1997-2005 (Tr97 95 >0) and 2005-2012 (Trys 1, >0)

Data set Trys_96 <Trg7_12 Tro7_1o >0 Trg7_95>0 Tros_1» >0

Winter 97.9 18.6 81.8 4.4
Spring 99.8 76.7 86.4 52.5
Summer 95.0 5.9 29.2 10.0
Autumn 93.6 35.7 354 43.8
Year 99.5 34.0 66.0 25.7

The probabilities are retrieved from 10000 bootstrap simulations
for the four seasons of the year and for the year-round data.
Statistically significant results are in bold font.

not corroborated by results of PWLT and FLEX models.
The trend components by these models are not only
exclusively linked to ODS changes but could also contain
a signal due to other unknown, yet long-term forcing on the
ozone layer.

Analysis of the long-term ozone variability by the
triad trend model has been proposed by Krzyscin and
Rajewska-Wigch (2009). Their analyses of the Belsk’s TO5
data based on the Dobson measurements for the period
1963-2008 showed a similar picture of the ozone changes
and the differences between the models. All models
disclosed the first stage of the ozone recovery. The second
stage was supported only by EESC model. Nevertheless,
the updated TOj; series does not show a convincing signal
of the positive ozone trend since the TO; minimum in the

Table 5. The same as Table 4 but results are for the Umkehr
total ozone and the ozone content in the joint neighbour-
ing Umkehr layers: 243 +4 — the lower stratosphere, 546 — the
middle stratosphere, and 748 — the upper stratosphere

Data set TI‘75,96 <T1‘97,]2 Trg7,|2 >0 TI'97,05 >0 TrOS*]Z >0

Umkehr layers 1+ ... +10 (total ozone)

Spring 99.8 86.3 83.4 69.0
Summer 25.6 1.5 62.1 1.2
Autumn 15.0 0.7 45.4 0.7
Umkehr layers 2+3+4

Spring 99.8 96.3 90.4 84.8
Summer 17.1 4.3 81.2 1.3
Autumn 4.1 3.5 27.4 5.3
Umkehr layers 5+6

Spring 20.8 9.1 83.4 2.7
Summer 4.8 0.9 65.8 0.5
Autumn 5.6 1.8 79.2 0.6
Umkehr layers 748

Spring 100.0 99.7 66.4 99.5
Summer 99.9 97.7 69.0 96.2
Autumn 100.0 99.8 83.7 99.6

mid-1990s. Krzyscin (2012) analysing the global ground-
based TO; data by the triad trend model found such signal
in the zonal TO; means for the 50°S—50°N region (in
summer and in the entire year) and for the whole globe (in
spring) in the period 1996-2008.

The Umkehr observations are carried out in cloudless
periods a few hours after sunrise or before sunset. The
profile trend analyses by EESC and FLEX model reveal
the second stage of the recovery during spring for the
lower stratosphere (Umkehr layer 2+3+4) and for the
upper stratosphere (Umkehr layer 7+8). In addition,
FLEX model also provides the second stage of the re-
covery for the upper stratospheric ozone in summer and
autumn.

The trend analyses of the summer and autumn Umkehr
profiles (Table 3) show statistically significant negative
trends (by FLEX model) in the whole column and for the
lower and mid-stratosphere region in the period 1997—
2012. Tests concerning sign of the trend values reveal
that this decline is mostly due to the ozone decline since
about 2005 (Table 5). Such a trend behaviour could have a
serious health consequence as the ozone decline appears in
summer during fine weather conditions allowing the
Umkehr observations, that is, in days when the natural
UV level is high and outdoor activity is more frequent.

Recent studies have been focused on the analyses of the
long-term ozone variability and its dependence on the man-
made changes in the ODS level in the mid-altitude strato-
sphere. Determination of the stage of the stratospheric
ozone recovery was the key point of these studies (e.g.
Steinbrecht et al., 2004; Zanis et al., 2006; Fioletov, 2008;
Vigouroux et al., 2008; Angell and Free, 2009; Krzyscin,
2012, Nair, 2012). There is no doubt that a weakening of
the negative ozone trend appeared since the mid-1990s, that
is, the first stage of the ozone recovery could be announced
in the extratropical regions (e.g. Miller et al., 2006; Méader
et al.,, 2010; WMO, 2011). This finding also provides
evidence for the effectiveness of MP for the protection of
the ozone layer. The second stage of the recovery (the trend
overturning) has been documented for the zonally averaged
TO; data for Antarctica (Salby et al., 2011; Kuttippurath
et al., 2013), NH regions up to 50°N (see Fig. 2.3 of WMO,
2011), 50°S—50°N region, and the whole globe (Krzyscin,
2012).

Recent trend analyses of the individual station data
were not conclusive about the recovery stage of the NH
ozone. For example, there were no statistically significant
trends over the Jungfraujoch (47°N) in the period 1995—
2009 over the low-, mid- and upper stratosphere and in TO;
(WMO, 2011, see Table 2—1 updated from Vigouroux
et al., 2008). Whereas the statistically significant trend was
found over Harestua (60°N); negative in the lower strato-
sphere, positive in the mid- and upper stratosphere, but not
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statistically significant TO; trend. Recent trend analysis
of total and profile ozone and for Haute-Provence Ob-
servatory (44°N) supports the second stage of ozone
recovery based on positive trend values in TOj, in the
ozone content in the lower and upper stratosphere in the
period 1997-2010, Nair (2012). Umkehr data for Arosa
show that the negative trends in the period 1970-1995 and
the positive trend appeared during 1996-2004 only above
33km (Zanis et al., 2006).

The Belsk’s ozone profiles show that the second stage of
recovery could be claimed for the upper stratospheric level
(Umkehr layer 7+8) in spring/summer/autumn data and
for the lower stratosphere (Umkehr layer 2+3+4) only in
spring. Surprisingly, continuation of the TOj; depletion
is found in the Belsk’s Umkehr data (by FLEX model)
for summer and autumn in the period 1997-2012. Such
a decline is due to the ozone decrease both in the lower
stratosphere and mid-stratosphere found during clear-sky
conditions (the Umkehr days).

The TO; decreasing tendency could also be revealed
at the Belsk’s neighbouring station, Hradec Kralove
(49°N), during fine weather conditions in the period 1994—
2010 (Vanicek et al., 2012, see their Table 2). Based on
the reconstructed TO;3 data (since 1950), Krzyscin and
Borkowski (2008) found that the negative trends were also
possible over small areas in Europe before the period of
significant man-made impact on the ozone layer. The long-
term analysis should be applied both to the monthly means
and various subsets of the ozone monthly data. Such an
approach has also been suggested in a recent paper by Rieder
et al. (2011, 2013) focusing on the distribution of the ozone
monthly extrema (minima and maxima) and their relation-
ship with the known dynamical regressors.

A slight positive trend in the NH midlatitudinal ozone
is expected from the mid-1990s due to the ODS level
decrease. Results of FLEX model suggest that it seems
possible that unknown processes have already started to
influence the ozone variability at Belsk in recent years.
Moreover, the current trend models only use the linear
combination of the dynamical proxies (e.g. Méder et al.,
2007) to explain the dynamical part of the ozone variability
but nonlinear dynamical effects and interactions between
the dynamical and chemical processes may be important
for the trend detection. Evidently, there is a need for
further monitoring and analyses of the ozone variability.
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