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Abstract. The trends and variability of ozone are assessed
over a northern mid-latitude station, Haute-Provence Ob-
servatory (OHP: 43.93◦ N, 5.71◦ E), using total column
ozone observations from the Dobson and Système d’Analyse
par Observation Zénithale spectrometers, and stratospheric
ozone profile measurements from light detection and ranging
(lidar), ozonesondes, Stratospheric Aerosol and Gas Experi-
ment (SAGE) II, Halogen Occultation Experiment (HALOE)
and Aura Microwave Limb Sounder (MLS). A multivariate
regression model with quasi-biennial oscillation (QBO), so-
lar flux, aerosol optical thickness, heat flux, North Atlantic
Oscillation (NAO) and a piecewise linear trend (PWLT) or
equivalent effective stratospheric chlorine (EESC) functions
is applied to the ozone anomalies. The maximum variabil-
ity of ozone in winter/spring is explained by QBO and heat
flux in the ranges 15–45 km and 15–24 km, respectively.
The NAO shows maximum influence in the lower strato-
sphere during winter, while the solar flux influence is largest
in the lower and middle stratosphere in summer. The total
column ozone trends estimated from the PWLT and EESC
functions are of−1.47±0.27 and−1.40±0.25 DUyr−1, re-
spectively, over the period 1984–1996 and about 0.55±0.30
and 0.42±0.08 DUyr−1, respectively, over the period 1997–
2010. The ozone profiles yield similar and significant EESC-
based and PWLT trends for 1984–1996, and are about−0.5
and−0.8 %yr−1 in the lower and upper stratosphere, respec-
tively. For 1997–2010, the EESC-based and PWLT estimates

are of the order of 0.3 and 0.1 %yr−1, respectively, in the
18–28 km range, and at 40–45 km, EESC provides significant
ozone trends larger than the insignificant PWLT results. Fur-
thermore, very similar vertical trends for the respective time
periods are also deduced from another long-term satellite-
based data set (GOZCARDS–Global OZone Chemistry And
Related trace gas Data records for the Stratosphere) sam-
pled at northern mid-latitudes. Therefore, this analysis un-
veils ozone recovery signals from total column ozone and
profile measurements at OHP, and hence in the northern mid-
latitudes.

1 Introduction

After two decades of regulated emissions, the level of strato-
spheric ozone depleting substances (ODSs) has been re-
duced, and some of its components have been phased out
(WMO, 2007). The analyses show that total column ozone
measurements in the mid-latitudes are stabilised from the
mid-1990s onwards (Newchurch et al., 2003; Reinsel et al.,
2005; Vyushin et al., 2007). Similarly, a significant change
in trend is found in the upper stratosphere at mid-latitudes
(Steinbrecht et al., 2006; Jones et al., 2009). Thus, strato-
spheric ozone showed a slowing of decline attributable to
ODS decrease at mid-latitudes (WMO, 2011).
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Since 1990, several studies have focused on the inter-
annual variability of ozone in connection with the sea-
sonal cycle, quasi-biennial oscillation (QBO), solar flux and
aerosol optical thickness (Bojkov et al., 1990; Reinsel et al.,
1994; Staehelin et al., 1998). In the recent decade the dy-
namical variations using heat flux, a proxy describing the
planetary wave drive, are discussed to investigate changes
in ozone distributions related to the residual circulation
(Dhomse et al., 2006; Weber et al., 2011). The teleconnection
patterns such as North Atlantic Oscillation (NAO) and Arc-
tic Oscillation (AO) also have significant influence on ozone,
particularly in the middle stratosphere (Weiss et al., 2001).
The long-term trend in ozone has been estimated using vari-
ous methods including piecewise linear trend (PWLT) (Rein-
sel et al., 2002, 2005; Zanis et al., 2006; Vyushin et al.,
2007, 2010; Kuttippurath et al., 2013) and equivalent ef-
fective stratospheric chlorine (EESC) functions and EESC-
dependent functions (Yang et al., 2006; Brunner et al., 2006;
Wohltmann et al., 2007; Kiesewetter et al., 2010; Salby et al.,
2011).

This study analyses the trends and variability in total
column ozone and stratospheric ozone profiles at Haute-
Provence Observatory (OHP: 43.93◦ N, 5.71◦ E). A regres-
sion model with various explanatory parameters such as
QBO, solar flux, aerosol optical thickness, heat flux, NAO
and EESC or PWLT functions is applied to the data. Total
column ozone observations from the Dobson and Système
d’Analyse par Observation Zénithale (SAOZ) spectrome-
ters and ozone profile measurements from the light detec-
tion and ranging (lidar), ozonesondes, Stratospheric Aerosol
and Gas Experiment (SAGE) II, Halogen Occultation Exper-
iment (HALOE) and Aura Microwave Limb Sounder (MLS)
are used for the study. We have tested the regression method
and trend estimates with another long-term merged ozone
data set, GOZCARDS (Global OZone Chemistry And Re-
lated trace gas Data records for the Stratosphere). This data
set was accessed from the Goddard Earth Sciences Data
and Information Services Center (GES DISC) athttp://disc.
sci.gsfc.nasa.gov. The reference and digital object identifier
(DOI) for this particular GOZCARDS product are provided
by Wang et al.(2013).

This article is organised as follows: the descriptions of to-
tal column ozone, ozone vertical profiles, explanatory vari-
ables and the regression model are given in Sect.2. Section3
discusses the regression analyses, variability and trends de-
rived from both total column and vertically resolved ozone
profiles. Finally, Sect.4 concludes with the main findings.

2 Data and methods

2.1 Total column ozone observations

The measurement principle of Dobson spectrometer is based
on the differential absorption of solar light by ozone (Dob-

son, 1957, 1968). It performs ozone observations by mea-
suring the relative intensities of ultraviolet (UV) wave-
lengths emanating from the Sun, Moon or zenith sky.
At OHP, Dobson column data are derived from the di-
rect sun and zenith sky observations, in which 83 % are
from the direct sun observations. The precision and accu-
racy of direct sun observations are∼ 1 % and∼ 3 %, re-
spectively, while the zenith observations are less precise
(Basher et al.(1982) and http://www.esrl.noaa.gov/gmd/
ozwv/dobson/papers/report13/report13.html). We use Dob-
son total column ozone measurements for the 1984–2010 pe-
riod (http://woudc.org/data/citation_e.html).

SAOZ observes sunlight scattered from the zenith sky
in the 300–600 nm spectral range during sunrise and sun-
set (Pommereau and Goutail, 1988). Ozone measurements
are carried out in the Chappuis band (450–650 nm) and are
retrieved using differential optical absorption spectroscopy
method. The SAOZ version (v) 2 data for 1992–2010 are
used here. The measurement uncertainty is of the order of
3 % (Hendrick et al., 2011).

2.2 Ozone profile measurements

The lidar instrument at OHP uses the differential absorption
lidar technique for measuring ozone with the ozone-absorbed
wavelength at 308 nm and the non-absorbed wavelength at
355 nm. The uncertainty of the measurements is∼ 5 % be-
low 20 km, 3 % at 20–45 km and 10 % above 45 km. The im-
portant features of the OHP ozone lidar measurements are
described inGodin-Beekmann et al.(2003) andNair et al.
(2011, 2012). Lidar ozone measurements during the period
1985–2010 are used for the study.

At OHP, electrochemical concentration cell (ECC)
ozonesondes (Komhyr, 1969) with 1 % buffered potassium
iodide cathode sensor solution have been used since 1991.
We follow the approach described inNair et al. (2012) for
analysing the ozonesonde data. The vertical resolution of the
sonde measurements is∼ 0.2 km and the uncertainty is±5–
10 % up to∼ 32 km (Smit et al., 2007). The ECC ozonesonde
profiles over the 1991–2010 period are utilised for the analy-
sis.

SAGE II, on the Earth Radiation Budget Satellite, uses
the solar occultation technique for measuring ozone. These
ozone measurements have a vertical resolution of∼ 1 km
with an uncertainty of∼ 5 % at 20–45 km and 5–10 % at 15–
20 km (Wang et al., 2006). The ozone number density pro-
files processed by the v7.0 algorithm for the period 1984–
2005 are considered here.

HALOE, on the Upper Atmosphere Research Satellite
(UARS), used the solar occultation technique for measuring
ozone from the limb transmittances of the 9.6 µm ozone band
(Russell et al., 1993). The vertical resolution of ozone pro-
files is ∼ 2.5 km with an uncertainty of 10 % at 30–64 km
and∼ 30 % at 15 km (Brühl et al., 1996). The ozone volume
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mixing ratio (VMR) profiles v19 for 1991–2005 are used for
the analysis.

Aura MLS measures thermal emissions from the rotational
lines of the measured species through the limb of the atmo-
sphere. Ozone measurements have a vertical resolution of
2.5–3 km in the stratosphere and an uncertainty of 5–10 %
between 16 and 60 km (Froidevaux et al., 2008). The ozone
VMRs from Aura MLS v3.3 for 2004–2010, screened as sug-
gested in the v3.3 validation report (Livesey et al., 2011), are
used here. Table1 summarises the important characteristics
of different instruments used for the study. These include the
periods considered for the analysis and the measurement fre-
quency of various data sets, vertical resolution and vertical
range of the profile measurements, and the latitude and lon-
gitude bands chosen for the satellite data sets to find closest
profiles at the station location.

2.3 Explanatory variables

Several proxies are used to diagnose, for instance, the
changes in ozone associated with the natural and anthro-
pogenic variations. The QBO (http://www.geo.fu-berlin.de/
en/met/ag/strat/produkte/) is a quasi-periodic oscillation of
the equatorial zonal wind (Andrews et al., 1987). Since the
QBO is of equatorial origin, its effect on ozone is in differ-
ent phases at various latitudes (Bojkov et al., 1990). In our
study, we use Singapore zonal winds at 10 and 30 hPa (here-
after QBO 10 and QBO 30, respectively), which are out of
phase by∼ π

2 (Steinbrecht et al., 2003). Monthly mean so-
lar flux observations (ftp://ftp.ngdc.noaa.gov/STP/SOLAR_
DATA/SOLAR_RADIO/FLUX/) at a wavelength of 10.7 cm
made at Ottawa and Pentiction are used for investigating
the impact of 11 yr solar-cycle-related variations of UV ir-
radiance on ozone. The effect of volcanic aerosols (http:
//data.giss.nasa.gov/modelforce/strataer/) on ozone is studied
using the aerosol optical thickness measured at 550 nm (Sato
et al., 1993).

To account for the effect of Brewer–Dobson circula-
tion, planetary wave activity from the troposphere to strato-
sphere is analysed using the heat flux data averaged over
the range 45–75◦ N at 100 hPa, as described inKuttippurath
and Nikulin (2012). The cumulative heat flux is calculated
for a given month by integrating the heat flux from the pre-
ceding October to the month concerned, keeping the data
for October as such (e.g.Dhomse et al., 2006). The NAO
(http://www.cru.uea.ac.uk/cru/data/) is another proxy affect-
ing the Northern Hemisphere climate (Hurrell et al., 2003).
It is measured as the difference between the normalised sea
level pressure over Gibraltar and southwest Iceland (e.g.Ap-
penzeller et al., 2000). To account for the influence of ODS
abundances, EESC (http://fmiarc.fmi.fi/candidoz/) is used as
a proxy. The EESC trends are estimated to be about 0.05 and
−0.02 ppbyr−1 before and after the EESC peak year (1997
in the mid-latitudes), respectively (Vyushin et al., 2010).

2.4 Multiple regression model

The long-term evolution of monthly mean ozone is analysed
using a regression model, which is similar to those of Rein-
sel et al. (1994), Staehelin et al. (1998) and Kuttippurath et
al (2013). Our analysis adopts two different methodologies to
assess the trend. First, the PWLT function is used for estimat-
ing ozone trends before and after 1997, and is referred to as
the PWLT model (Reinsel et al., 2002). Secondly, the EESC
function is used instead of the PWLT terms in the model and
is called the EESC-based model (Brunner et al., 2006). In this
study, PWLTs are estimated using the turn-around year of
1997 as EESC peaks in 1997 at mid-latitudes (WMO, 2011).
The selection of the turn-around year is very important as it
affects largely the PWLT results.

The regression model is fitted to ozone time series of each
month (January, February, . . . , December) over the period.
Variations in ozone (Y ) due to the natural and anthropogenic
changes can be expressed as

Y (t) =

12∑
m=1

CX
mX(t) + ε(t),

whereCX
m is the regression coefficient of the proxy (X) time

series for each monthm (January, February, . . . , December),
t corresponds to the months in the time series andε is the
residual.

In the regression, monthly mean QBO, solar flux, aerosols
and NAO and deseasonalised heat flux are used. The error of
regression coefficient is calculated as (Press et al., 1989)

σ 2
c = (AT A)−1

×

∑
t

(
Y (t) −

12∑
m=1

CX
mX(t)

)2

Z − P
×

1+ φ

1− φ

whereA is the matrix of the proxies,Z is the number of
data points,P is the number of fitted parameters andφ is the
autocorrelation of the residuals.

3 Results and discussion

3.1 Regression analysis of column ozone

The temporal evolution of the total column ozone measure-
ments from the Dobson and SAOZ spectrometers is dis-
played in Fig.1a. Both data sets follow a similar pattern of
ozone evolution. Ozone values are relatively lower after the
early 1990s and level off after the early 2000s. A maximum
ozone value of about 420 DU is observed in 2010 as found
by the Dobson spectrometer. The deseasonalised (monthly
mean ozone – monthly climatology over the period) total col-
umn ozone measurements are used for the regression analy-
sis. There are slight differences between the two data sets
in June and July. These seasonal differences are removed by
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Table 1.The different instruments used for the analysis along with the analysis period, frequency of ozone measurements, vertical resolution
(Ver. Res.), measurement range and the latitude and longitude bands (Lat., Long.) chosen for the satellite instruments to find the profiles near
OHP (43.93◦ N, 5.71◦ E).

Measurement Instruments Analysis Measurement Ver. Res. Measurement Lat., Long.
Type Period Frequency (km) Range (km) (◦N; ◦E)

Column Dobson 1984–2010 20 month−1 - - -
SAOZ 1992–2010 30 month−1 - - -

Ozonesondes 1991–2010 5 month−1 0.2 0–32 -
LIDAR 1985–2010 15 month−1 0.5–2 (<31 km) 26–43 (<1994) -

Profile 2–4.5 (31–45 km) 12–45 (>1993)
SAGE II 1984–2005 30 day−1 1.0 5–70 ±5; ±10
HALOE 1991–2005 30 day−1 2.5 10–90 ±5; ±10
Aura MLS 2004–2010 3500 day−1 2.5–3 10–75 ±2.5;±5
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Fig. 1. (a)Time series of the total column ozone measurements from
the Dobson and SAOZ spectrometers;(b) monthly mean deseason-
alised ozone, the EESC-based model and the residual;(c) ozone-
fitted signals of proxies QBO and NAO;(d) solar flux (SFX) and
heat flux (HFX); and(e)aerosols (AER) along with the EESC fit.

deseasonalising the data. The deseasonalised data from both
instruments are averaged during the overlapping period, as
listed in Table1, to obtain a single data set from 1984 to
2010. The comparison between Dobson and SAOZ column
measurements shows a drift of about−0.12 %yr−1, while the
combined long-term data show much smaller drift of about
0.05 %yr−1. This analysis suggests that the combined data
from Dobson and SAOZ observations provide relatively sta-
ble long-term data compared to the individual Dobson or
SAOZ measurements, and a stable data set is a prerequisite

Table 2.The regression coefficients of QBO 10, QBO 30, solar flux
(SFX), NAO, heat flux (HFX) and volcanic aerosols estimated from
the total column ozone measurements, shown for April, November
and the average of all months. The QBO 10 and QBO 30 are ex-
pressed in DU (ms−1)−1, solar flux in DU (100 solar flux unit)−1,
heat flux in DU (K ms−1)−1, aerosol and NAO are given in DU.
Twice the standard deviation of the regression coefficient is also
given.

Proxy Apr Nov Average

QBO 10 −0.09± 0.25 −0.07± 0.14 −0.07± 0.05
QBO 30 −0.17± 0.29 +0.03± 0.18 −0.06± 0.06
SFX +1.44± 9.50 −2.15± 5.59 +1.42± 1.97
NAO +1.49± 3.17 −1.76± 1.73 −0.47± 0.65
HFX +5.52± 5.62 +0.59± 1.96 +2.49± 1.32
Aerosol −148.68± 159.51 −39.47± 116.91 −67.52± 36.17

for accurate trend estimations. This data set is smoothed us-
ing a 5-month running mean, and then the multiple regres-
sion analysis is performed. The deseasonalised ozone, the
fitted regression model and residuals are shown in Fig.1b.
The regression model explains about 65 % of the variance in
the total column ozone, as estimated from the R2 statistics
(Storch and Zwiers, 1999), and the autocorrelation is∼ 0.12
for 1 yr lag. Table2 provides the regression coefficients of
all explanatory variables estimated for the months of April
and November, when the ozone trend estimates show maxi-
mum and minimum values, respectively, and the average of
all months.

The explanatory parameters fitted to the data are displayed
in Fig. 1c–e. Generally QBO, solar flux, heat flux and NAO
together explain most of the ozone variations. For instance,
the easterly phase of QBO and negative NAO index con-
tribute to the large ozone values in 1986 and 1987. The ozone
decrease in 1990 and 2002 is well captured by the model,
and is largely influenced by the westerly phase of QBO, pos-
itive NAO index and small heat flux, even if solar maxi-
mum should increase the ozone amount. The aerosol terms
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Fig. 2.The influence of individual explanatory variables on the vari-
ability of combined Dobson and SAOZ total column ozone data
analysed using the EESC-based model. The Q30 and Q10 represent
QBO 30 and QBO 10, respectively.

associated with the Mount Pinatubo eruption contributed to
about 25 DU decrease in total ozone in 1993.

The large ozone values in 2010 are well explained by the
model with large QBO (12 DU), heat flux (9 DU) and NAO
(6 DU). A recent study bySteinbrecht et al.(2011) reported
that the easterly phase of QBO and a large negative AO in-
dex resulted in the large value of ozone observed at the Me-
teorological Observatory Hohenpeissenberg, another north-
ern mid-latitude station near OHP. Our study confirms their
findings, but it also points out that the large planetary wave
activity during the period also contributed to this anoma-
lous ozone value. Similarly, large ozone values in 2009 can
be explained by the coincidence of easterly phase of QBO
(∼ 12 DU) and large heat flux (∼ 9 DU).

The influence of proxies on the inter-annual variability of
ozone is presented in Fig.2. It is estimated asCX

m × 2σ(X)

with σ as the standard deviation of the proxy time series
(Steinbrecht et al., 2003). The positive values show correla-
tion between the proxy and ozone data, while negative values
exhibit anticorrelation. A proxy term is considered to be sig-
nificant if the regression coefficient of a proxy is greater than
twice the standard deviation of the respective proxy.

In Fig. 2, Q10 and Q30 are the individual contributions
of QBO 10 and QBO 30, respectively. In general, QBO 10
and QBO 30 exhibit an anticorrelation with ozone in the pe-
riod November–May and provide significant contribution of
about 12 and 8 DU, respectively, to the ozone variability. The
aerosol proxy data show an anticorrelation with ozone in all
months and explain about 10 DU of the ozone variability.
The solar flux correlates with ozone and shows a significant
variability of about 5 DU in summer. Similarly, NAO shows
a correlation in spring and anticorrelation in other seasons,
with a maximum variability of about 6 DU in November. The
heat flux shows positive correlation, and is significant in win-
ter, contributing about 8 DU to the ozone variability.
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Fig. 3. The monthly ozone trends derived from the combined Dob-
son and SAOZ total column ozone measurements. The black and red
curves represent the PWLTs and EESC-based ozone trends, respec-
tively. The solid and dashed lines denote ozone trends over the pe-
riods 1984–1996 and 1997–2010, respectively. The error bars cor-
respond to the 95 % confidence intervals.

3.1.1 Trends in total column ozone

Figure3 presents the seasonal evolution of ozone trends es-
timated from the PWLT and EESC-based models before and
after 1997. The ozone trends estimated before 1997 based
on the PWLT and EESC fits are negative and similar. The
EESC-based ozone trends calculated after 1997 are signifi-
cantly positive in all months. Similarly, the PWLT estimates
are significant in all months except for July and August. It
is reported that the increase of ozone after the EESC-peak
year is largely influenced by the dynamics (WMO, 2011).
Therefore, the negative PWLTs estimated for July–August
can be attributed to the lower planetary wave drive during
the summer compared to that in winter and spring seasons.
In addition, a clear seasonality is observed in both trends,
with the maximum in winter/spring. For 1984–1996, maxi-
mum PWLT and EESC-based ozone trend is found in April
and minimum in November. For 1997–2010, the maximum
PWLT is computed in March and minimum in August, while
the EESC-based ozone trend is maximum in April and min-
imum in November. Please note that 2-σ error bars are pro-
vided elsewhere in the text.

Table3 lists the year-round total column ozone trends es-
timated from the PWLT and EESC-based regression mod-
els. The PWLT fits provide significant year-round trend of
−1.47± 0.27 DUyr−1 over the period of 1984–1996 and
0.55± 0.30 DUyr−1 over that of 1997–2010. The ozone
trends using EESC fits are−1.40± 0.25 DUyr−1 over the
1984–1996 period and 0.42± 0.08 DUyr−1 between 1997
and 2010. It should be noted that the PWLT prior to 1997 co-
incides with the trend estimated using EESC function, while
the PWLT after 1997 is larger than the trend computed us-
ing the EESC fit. It suggests that in the considered latitude
regimes, the decrease in total ozone before 1997 is attributed
to the increased ODS abundances, while the increase in total
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Fig. 4.Time series of ozone anomalies at OHP estimated from lidar,
ozonesondes, SAGE II, HALOE and Aura MLS ozone measure-
ments at specific altitude bands. The data are resolved on a 1 km
vertical grid.

ozone after the turn-around year can partly be explained by
the decreased amount of ODSs, consistent with the previous
studies (WMO, 2011). This suggests the influence of known
or unknown parameters (including dynamics) along with the
ODS decrease for the significant positive trends in the 1997–
2010 period. Note that a detailed discussion of most known
proxies that have significant influence on the mid-latitude
ozone is presented inMäder et al.(2007). A similar result is
shown byVyushin et al.(2007) from the Total Ozone Map-
ping Spectrometer and Solar Backscatter UltraViolet zonal
average data analysed using both PWLT and EESC fits in the
northern mid-latitudes.

We have also tested the regression method using some ad-
ditional proxies. For instance, an analysis performed with
QBO 30 and QBO 50 (QBO at 50 hPa) yields trend values
within 2 % of the standard scenario presented above. Since
QBO 50 is mainly used for studying near-tropopause varia-
tions, we applied QBO 10 instead of QBO 50 in the regres-
sion procedure. In addition, we have also tried the El Niño–
Southern Oscillation (ENSO) and NAO together in the re-

Table 3.The year-round total column ozone trends in DUyr−1 with
95 % confidence intervals estimated from both PWLT and EESC
fits.

Method 1984–1996 1997–2010

PWLT −1.47± 0.27 0.55± 0.30
EESC −1.40± 0.25 0.42± 0.08

gression analysis. The resulting trend values stayed within
3 % and well within the uncertainties of the standard pro-
cedure given in Table3. As ENSO and NAO have a cross-
coherency (and correlation) due to the influence of ENSO on
NAO (e.g.Huang et al., 1998), we did not use both proxies
together in the standard regression analyses presented in this
study.

3.2 Regression analysis of ozone profiles

The ozone profile measuring instruments such as lidar,
ozonesondes, SAGE II, HALOE and Aura MLS are used for
finding the evolution of stratospheric ozone between 1984
and 2010. The SAGE II and HALOE ozone measurements
are taken within±5◦ latitude and±10◦ longitude bands with
respect to the location of OHP, while Aura MLS ozone obser-
vations within±2.5◦ latitude and±5◦ longitude box around
the station are used. The other screening criteria mentioned
in Nair et al.(2011, 2012) are also applied here for various
measurements. Since these data sets have different vertical
resolution, they are interpolated into a 1 km vertical grid.

Figure 4 shows the monthly ozone anomaly in per-
cent [100× (monthly mean ozone− monthly climatol-
ogy)/monthly climatology] of each measurement technique
at the altitude bands of 16–20, 19–23, 23–27, 28–32, 33–37
and 38–42 km. All measurement techniques exhibit similar
ozone anomalies and are within±10 % generally, except at
16–20 km. Similarly, ozone anomalies are slightly higher at
38–42 km before the mid-1990s. In 2010, all available data
sets show positive anomalies at 16–20 km, which implies
that a major part of the total column ozone in 2010, noted
in Sect.3.1, arises from the lower stratosphere.

The estimated ozone anomalies in 1 km grid are used for
the multiple regression analysis from 15 to 45 km. The ozone
anomalies in the running month during the overlapping peri-
ods of various instruments are averaged to form a single pro-
file in a month. These combined data show insignificant drifts
of less than± 0.3 %yr−1 at 15–45 km. It should be noted that
a detailed analysis of the drifts of individual data sets is given
in our previous publications (Nair et al., 2011, 2012). These
merged data are smoothed using a 5-month running mean
and then regressed. The same regression models and proxies
used for the analysis of total column ozone measurements are
used here. However, the aerosol proxy data are applied only
up to 30 km as they are not important above 30 km due to the
decrease in surface area density.
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Fig. 5. Seasonal variations of the vertical distribution of R2 esti-
mates computed for the average of the stratospheric ozone anoma-
lies at OHP from different observations.

In order to find how well the model explains the observed
variability of the ozone, R2 is calculated in each month for
the EESC-based model, and is shown in Fig.5. The 5-month
smoothing generally increases the correlation between ozone
anomaly and the model because smoothing reduces the dis-
continuity of ozone anomaly time series and suppresses un-
reasonable peaks. The model shows a good agreement in the
20–40 km region in all months except around 25 km in the
summer and autumn months. The best agreement is found
in the winter/spring months, with R2 values greater than 0.6
above 20 km, and reaching about 0.85 at 22 km in March and
April. On the other hand, the model explains only 20–50 % of
the variability over the range 16–18 km over all months, indi-
cating that the considered proxies are not sufficient to explain
the observed variability at these altitudes.

Figure6 displays the vertical distribution of the temporal
evolution of average ozone anomaly (top panel), the EESC-
based model (middle panel) and the residual (bottom panel).
The observed features in the ozone anomaly are reproduced
quite well in the regressed data between 20 and 40 km, and
the corresponding residuals are nearly zero. Large positive
ozone anomalies are found in the whole stratosphere in 1986
and negative ones for 1995–1997. These features are more
or less replicated by the model with wave activity, QBO
and NAO. Low-ozone anomalies are estimated in the lower
stratosphere in 1989, 1993, 1995 and 2002, and can be ex-
plained in part due to large positive NAO indices in those
years. Additionally, an about 15 % reduction in ozone in
1993 is associated with aerosols from the Mount Pinatubo
volcanic eruption.

Large positive ozone anomalies are observed in the lower
stratosphere in 1987, 1999, 2009 and 2010. The regression
model could explain a part of these large ozone anomalies in
1987 and 2009, which is caused by the easterly phase of QBO
and large negative NAO index. The model reproduces well
the large ozone anomaly in the lower stratosphere in 2010,
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Fig. 6. Temporal evolution of the vertical distribution of average
ozone anomaly (top panel), regression model (middle panel) and
residual (bottom panel) at OHP over the period 1984–2010.

which is contributed by the large planetary wave activity, the
easterly phase of QBO, and the negative NAO index, as dis-
cussed for the total column ozone. In contrast, the considered
proxies could not explain very high ozone found in the lower
stratosphere in 1999. This is due to the fact that the Arctic
winter of 1999 was characterised by an unusually warm po-
lar vortex, and the vortex filaments were elongated down to
southern Europe (e.g.Heese et al., 2001; Godin et al., 2002).

3.2.1 Link between ozone profile and total column

To find the altitude range from which the explanatory vari-
ables contribute the most to total column ozone, a regres-
sion analysis is performed to the ozone vertical profiles in
DU km−1. The estimated variabilities of the proxies are in-
tegrated in 1 km widths, and are shown in Fig.7. Therefore,
this figure can be compared to the variability of proxies con-
tributing to the total ozone variability (i.e. Fig.2).

The contribution of various proxies is distinct at differ-
ent altitude ranges. For instance, both QBO 30 and QBO 10
show negative and positive correlations with total ozone from
November to April and from May to October, respectively
(see Fig.2). In comparison to Fig.7, it is found that maxi-
mum contribution (∼ 3–8 DU) of QBO 30 to the total ozone
comes from the lower stratosphere (15–24 km), whereas the
maximum contribution (3–13 DU) of QBO 10 comes from
15 to 35 km. The analysis on ozone profiles and total col-
umn ozone observations shows a maximum contribution of
QBO 30 in May.

Aerosols show a significant negative correlation with
ozone below 22 km and positive correlation above around
22 km. The increase in ozone over the 23–30 km range can
be due to the lower concentration of NOx resulting from the
heterogeneous reactions occurring on the surfaces of aerosols
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(e.g.Brunner et al., 2006). The aerosols show maximum cor-
relation with total column and ozone profiles in March. The
main contribution of solar flux to total ozone (2–3 DU) arises
from the 20–34 km range. A maximum contribution of about
4 DU comes from the 15–34 km range in June–September
and from 15–24 km over the period October–May. The max-
imum variability of total column ozone and profile measure-
ments due to solar flux is found in August.

The NAO provides a contribution of about 5 DU to the to-
tal ozone from 15 to 24 km in January–May and in Decem-
ber. In the winter months, NAO index is anticorrelated with
ozone as reported inZanis et al.(2006). The NAO shows
its maximum correlation with ozone profiles and total col-
umn ozone in the months of December and January. The sig-
nificant contribution of heat flux to the ozone variability of
about 5–8 DU originates from the 15–24 km altitude range.
The maximum ozone variability due to heat flux is found
in March–April for both total column and profile measure-
ments.

3.2.2 Trends in stratospheric ozone profiles

Figure8 (a) represents the vertical distribution of year-round
ozone trends estimated from the PWLT and EESC fits for
1984–1996 (solid line) and 1997–2010 (dashed line) for av-
erage ozone anomaly time series at OHP. For 1984–1996,
both trends show similar and significant values of the or-
der of −0.65 %yr−1 at 16 km,−0.4 to −0.5 %yr−1 at 34–
37 km and about−0.8 %yr−1 at 38–45 km. In the 17–24 km
region, EESC-based and PWLT trends vary slightly and are
about−0.5 and−0.4 %yr−1, respectively. The largest nega-
tive trends are computed in the 38–45 km region, similar to
those estimated inSteinbrecht et al.(2009) andJones et al.
(2009). In the 1997–2010 period, significant ozone trend of
0.3 %yr−1 is computed using the PWLT model in the 18–
28 km range and of 0.1 %yr−1 by the EESC-based model
in that of 15–30 km. In the 31–39 km region both regres-
sions yield a similar and significant trend of 0.15 %yr−1.
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Fig. 8. (a) Vertical structure of the year-round PWLT (black) and
EESC-based (red) ozone trends over the range 15–45 km estimated
from average ozone anomalies from the OHP-related data sets.
(b) The PWLT (black) and EESC-based (red) ozone trends esti-
mated on an altitude grid in 1 km spacing and PWLT (blue) and
EESC-based (green) trends calculated on GOZCARDS pressure
grid from the GOZCARDS monthly ozone anomalies for 40–50◦ N.
The solid and dashed lines represent ozone trends over the periods
1984–1996 and 1997–2010, respectively. The dotted lines represent
−0.5, 0 and 0.5 %yr−1. The error bars denote twice the standard
deviation.

Above 39 km, EESC-based trends are significant and are
about 0.25 %yr−1, while PWLT estimates are smaller and
insignificant. These results match well with those reported in
WMO (2011) and byVigouroux et al.(2008), who deduced
a partial column ozone trend of 0.3 %yr−1 at 18–27 and
27–42 km using Fourier transform infrared measurements
at Jungfraujoch, another northern mid-latitude station near
OHP, for the 1995–2004 period. To check the consistency be-
tween the ozone trends estimated from the total column and
profile measurements, the ozone trends in DU km−1yr−1 are
averaged between 10 and 50 km. The resulting EESC-based
and PWLT estimates are about−1.0 and−1.1 DUyr−1, re-
spectively, over the period 1984–1996. For 1997–2010 they
are of the order of 0.3 and 0.55 DUyr−1, respectively. These
results are nearly same as those found for the total column
ozone observations.

We have seen a clear signature of ozone recovery from
the analysis of profile measurements. Therefore, in order
to check the robustness of the method and estimated ver-
tical trends, we have also used an additional data set,
GOZCARDS, constructed from various satellite observa-
tions. Further details about this recently released (and pub-
licly available) GOZCARDS data set (for ozone and other
species) can be found inFroidevaux et al.(2013). In brief,
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these merged monthly mean time series adjust zonal mean
ozone data sets to the SAGE II data set (as a reference),
using data from HALOE and Aura MLS, as well as from
the UARS MLS and the Atmospheric Chemistry Experi-
ment Fourier transform spectrometer (ACE-FTS) in addi-
tion to SAGE II data. The data set is available as VMRs on
a pressure grid. For the analysis, this is converted to num-
ber density using GOZCARDS temperature data. The GOZ-
CARDS temperature data set was constructed from monthly
zonal means based on Modern-Era Retrospective analysis
for Research and Applications (MERRA).Rienecker et al.
(2011) provide more information about MERRA (see also
http://gmao.gsfc.nasa.gov/merra). Pressure–altitude conver-
sion is made using data from HALOE and Aura MLS and a
mean altitude is computed for 1991–2010. The regression is
done using monthly ozone anomalies on a vertical grid with
1 km spacing.

Ozone trends derived from this zonal mean data set av-
eraged over the latitude bands 40–50◦ N using both PWLT
(black) and EESC (red) regressions over the periods 1984–
1996 and 1997–2010 are shown in Fig.8 (b). The analysis
exhibits similar and significant negative trends by the PWLT
and EESC regressions for the 1984–1996 period, and signifi-
cant positive EESC-based trends at 15–45 km and PWLTs at
34–45 km over the period 1997–2010. A clear structural sim-
ilarity in the trends from both data sets (the OHP and GOZ-
CARDS) is visible for both periods, although some differ-
ences in the PWLTs are found in the middle and lower strato-
sphere after 1997. This could be due to the differences in the
two data sets as the GOZCARDS data are zonally and latitu-
dinally (over 10◦, as available) averaged as compared to the
OHP data set (average ozone at the OHP latitude) or a result
of unknown issues at this time, which are worthy of further
investigation in the future. However, the structure of vertical
distribution of ozone trends derived from both data sets and
the trend values from EESC in the whole stratosphere and
that of PWLT in the upper stratosphere corroborate that the
ozone recovery signal in the northern mid-latitudes and the
regression method are robust.

In order to test the sensitivity in selecting the vertical levels
(pressure or geometric altitude), we have also done an anal-
ysis using ozone anomalies in percent (without converting
ozone VMR to number density) based on the GOZCARDS
pressure grid (with six levels per decade change in pressure)
and the results are shown in Figure8 (b). The PWLT (blue)
and EESC-based (green) trends are very similar to the corre-
sponding trends estimated, on a vertical grid in km, between
1984 and 1996 as well as 1997 and 2010. However, there are
slight differences in the lowermost stratosphere and in the
upper stratosphere, which could be due to the difference in
the altitude–pressure conversion.

As found from the total column ozone, the ozone profile
measurements also show similar trends for the PWLT and
EESC-based analyses before 1997, showing the influence
of ODSs in decreasing ozone during that period. For 1997–

2010, the ozone trends derived from the EESC-based model
are smaller than those from PWLT model below 30 km, sug-
gesting the impact of other factors in addition to the decrease
of ODSs for the increase in ozone. Above 40 km, the sig-
nificant positive trends can be attributed to EESC only. It
reflects the impact of ODSs on the evolution of ozone in
the upper stratosphere, where the amount of ozone is mainly
determined by the processes linked to homogeneous chem-
istry. Therefore, this study shows signals of ozone recovery
in the lower, middle and upper stratosphere at northern mid-
latitudes.

4 Conclusions

This study analyses the long-term evolution of monthly mean
ozone at a northern mid-latitude station. The analysis uses to-
tal column ozone data from the Dobson and SAOZ spectrom-
eters and stratospheric ozone profiles from lidar, ozoneson-
des, SAGE II, HALOE and Aura MLS. The variations in
ozone are studied using a multiple linear regression model in-
cluding QBO, solar flux, aerosol optical thickness, heat flux,
NAO and PWLT or EESC terms. The regression model can
explain about 65 % of the observed variance of the total col-
umn ozone and about 60–70 % of the ozone variability in the
20–40 km altitude range during winter/spring, and about 20–
40 % below 20 and above 40 km.

The explanatory parameters exhibit clear seasonality and
vertical differences in their contributions to the observed
ozone variability. The QBO explains ozone variability in the
whole stratosphere during winter/spring, while a significant
response of ozone to solar flux is observed mostly in the
middle stratosphere and a small part in the lower and upper
stratosphere in summer. The heat flux and NAO contributions
are maximum in the lower stratosphere during winter/spring
and winter, respectively.

The PWLT and EESC fits yield similar and significant
column ozone trends of about−1.47± 0.27 and−1.40±

0.25 DUyr−1 prior to 1997. The column ozone trends from
both regressions show significant positive values for 1997–
2010, but slightly higher ozone trends are derived from
PWLT model. Stratospheric ozone profiles at OHP also yield
similar and significant EESC-based and PWLT trends of
about−0.5 %yr−1 at 34–37 km and about−0.8 %yr−1 at
38–45 km over the period 1984–1996. The ozone trends
based on PWLT and EESC regressions are significant, and
are of order 0.3 and 0.1 %yr−1, respectively, at 18–28 km
over the period 1997–2010. In the 40–45 km range, EESC
provides significant ozone trends of about 0.25 %yr−1, and
these are larger than the insignificant PWLTs. Analyses with
the GOZCARDS zonal mean ozone data averaged over the
latitude bands of 40–50◦N also provide matching vertical
trend values (on either an altitude or pressure grid) by two
regressions for the period 1984–1996, by EESC regression in
the whole stratosphere and by PWLT regression above 33 km
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over the period 1997–2010. Continued work on the ozone re-
covery signal from various methods and data sets is recom-
mended, especially in the lower stratosphere.

This analysis indicates that the decline of total column and
stratospheric ozone before 1997 is mainly attributed to the
positive ODS trends, consistent with previous studies. How-
ever, the significant increase in ozone after the mid-1990s
is partly caused by the decrease in ODSs below 30 km, and
suggests the influence of other parameters than the reduced
ODS level there. In contrast, the influence of ODS still domi-
nates above 40 km, inducing a noteworthy increase in ozone.
Therefore, this study suggests that stratospheric ozone is re-
covering not only in the upper stratosphere, as shown by
Steinbrecht et al.(2006), but also in the whole stratosphere
at northern mid-latitudes.
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