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Abstract. The interaction between the factors of the
quasi-biennial oscillation (QBO) and the 11-year solar
cycle is considered as an separate factor influencing the
interannual January—March variations of total ozone
over Northeastern Europe. Linear correlation analysis
and the running correlation method are used to examine
possible connections between ozone and solar activity at
simultaneous moment the QBO phase. Statistically
significant correlations between the variations of total
ozone in February and, partially, in March, and the
sunspot numbers during the different phases of QBO are
found. The running correlation method between the
ozone and the equatorial zonal wind demonstrates a
clear modulation of 11-y solar signal for February and
March. Modulation is clearer if the QBO phases are
defined at the level of 50 hPa rather than at 30 hPa. The
same statistical analyses are conducted also for possible
connections between the index of stratospheric circula-
tion C; and sunspot numbers considering the QBO
phase. Statistically significant connections are found for
February. The running correlations between the index
C; and the equatorial zonal wind show the clear
modulation of 11-y solar signal for February and
March. Based on the obtained correlations between
the interannual variations of ozone and index Cj, it may
be concluded that a connection between solar cycle —
QBO - ozone occurs through the dynamics of strato-
spheric circulation.

1 Introduction

It is well known that the quasi-biennial oscillation
(QBO) of zonal winds in the equatorial stratosphere has
an influence on the variability of many meteorological
parameters in the stratosphere and troposphere (Holton
and Tan, 1980, 1982; Labitzke, 1982; Wallace and
Chang, 1982; Tarasenko, 1988; Holton and Austin,

1991; Dunkerton and Baldwin, 1991; Fedorov et al.,
1994; Holton, 1994). However, the relation between the
equatorial QBO and the variations of meteorological
parameters, as a rule, shows only a tendency and not an
obvious connection. However, Labitzke and van Loon
(1992) have established that the northern winter strato-
spheric polar vortex is colder during the westerly (W)
phases than during the easterly (£) phases of QBO only
in 64% of winters.

Many researchers (Angell, 1988; Stolarsky et al.,
1991; Aleksandrov et al., 1992; Karol et al., 1992;
Khrgian, 1992; Bekorukov et al., 1994) have studied a
possible connection between the QBO and interannual
variations of ozone. They have showed that, on average,
at the £ phase of QBO the ozone concentration in the
polar latitudes is higher than at the W phase. According
to these authors, the influence of the QBO influences
total ozone variations by 1-2%.

Some researchers (Kondratiyev, 1990; Stolarsky et al.,
1991; Chandra and McPeters, 1994) have tried to
connect the observed interannual anomalies of ozone
with solar activity. It was found that the ozone
variations caused by the 11-y solar cycle are within the
limits of 1-3%. According to the WMO Ozone Assess-
ment (1994), the global average total ozone changes are
correlated with solar UV flux variations in the 11-y solar
cycle, changing by about 1.5% from solar maximum to
solar minimum.

Thus, considered separately, the factors of the QBO
and the 11-y solar cycle cannot explain the observed
interannual variations of ozone, because the role of each
of these factors is small. In order to explain the observed
anomalies of ozone it is necessary to account for
possible interaction between both factors. This interac-
tion may be a third factor and sometimes the role of this
factor may be great. Following this assumption, the
possibility of connection between the wintertime (Jan-
uary to March) variations of total ozone and the
sunspot numbers at simultaneous moment in the QBO
phase is investigated in the present study. This research
is based on the results of Labitzke (1987), Labitzke and
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van Loon (1988, 1992, 1993), Kodera (1991, 1993),
Kodera et al. (1991), van Loon and Labitzke (1994),
Soukharev (1997a) which were obtained by analysing a
possible connection between the meteorological param-
eters in the winter stratosphere and the sunspot numbers
when the data are grouped according to the phases of
QBO. Thus, these authors have noted that during the W
phase of QBO there is positive correlation between the
variations of temperature and geopotential heights in
the winter polar stratosphere, and the solar activities.
On the contrary, during the £ phase of QBO, there is
negative correlation. Taking into account also the
known close relation between the temperature in the
lower stratosphere and the total ozone (Angell, 1987,
1988; Bojkov, 1988; Kondratiyev, 1990; Shalamyansky
et al., 1992; Taalas and Kyro, 1992), in the present study
the connection between the ozone and the solar activity
is studied with ozone data grouped according to the
phases of QBO. In addition a correlation analysis
between the indexes of stratospheric circulation and
the sunspot numbers bearing in mind the QBO phase is
also conducted. Such an analysis allows us to suggest the
dynamical mechanism of the connection between ozone
and solar activity.

In the present research, to obtain more objective
results on possible connection between the solar cycle —
QBO - ozone, the analysis is conducted separately for
two cases: (1) for the definition of the QBO phase at
50 hPa, and (2) for the same but at 30 hPa.

The choice of Northeastern Europe for the inves-
tigation is determined by the facts that over this region,
during the winter-spring season, there is an area of
climatological minimum of total ozone, and because of
great probability of the formation of ozone mini-holes
just over this region (Bojkov et al., 1994).

2 Data

In the present investigation we used the monthly means
of total ozone, updated recently in the Central Aero-
logical Observatory, Moscow and in the Main Geo-
physical Observatory, St.-Petersburg, Russia, derived by
special techniques in months January to March between
1973-1995 on five stations in Northeastern Europe. In
all of these stations filter ozonometers (M-83 and M-
124) are used. Detailed information about the total
ozone measurements by filter ozonometers as well as
about the procedure used for the calibration of the
instruments is contained in the paper by Bojkov et al.
(1994). Data for the following ozone measuring stations
were used: Murmansk (68.6°N; 33.0°E), Pechora
(65.1°N; 57.1°E), Arkhangelsk (64.3°N; 40.3°E), St.-
Petersburg (59.6°N; 30.2°E) and Moscow (55.4°N;
37.3°E). Table 1 characterizes the quantity of available
monthly data of total ozone from these stations from
January to March. It can be seen that the smallest
amount of available data is in January where there are
monthly data only from St.-Petersburg and Moscow. In
February and March, there are large amounts of
available data from all five stations. It should be noted

Table 1. A list of monthly mean total ozone data on the five Northeastern Europe ozonemetering stations from January till March for the period 1973-1995. Each dotted line denotes

available data. Empty cells denote missing data. The last column gives percentage of available data for the station.
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that despite the lack of observations at high-latitudinal
stations in January related to difficulties in making the
ground-based ozone measurements in midwinter, nev-
ertheless because of uniformity of the ozone field inside
the coldest part of circumpolar stratospheric vortex, it is
possible to calculate the monthly ozone means for a
whole region of Northeastern Europe just from the data
for 2-3 stations. A minimum of 12 days of observation
were required for the monthly ozone mean to be
included in consideration.

As a rule, during the winter-early spring period the
coldest part of stratospheric circumpolar vortex is
situated over the region including the all studied
stations. According to Shalamyansky (1987), and
Shalamyansky et al. (1992), the ozone field inside this
sector is uniform. From Table 2 it is clear that monthly
long-term means of the total ozone for these stations are
very similar. Coefficients of correlation between ozone
data on the studied stations are high (» > 0.75 always).
This fact demonstrates that total ozone for all five
stations follows the same annual pattern which is typical
for Northern Europe (minimum of ozone is observed in
October—November, and maximum in March—April). In
addition, correlation analysis between monthly anoma-
lies (deviations from long-term 1973-1995 monthly
average) of total ozone at these stations shows that the
anomalies are synchronous and correlations are positive
(0.4 < r < 0.7). It is obvious that monthly anomalies of
total ozone over the studied stations, are caused by
atmospheric processes common over the whole region of
Northeastern Europe. The uniformity of ozone field
over this region allows the use of monthly ozone means
for the whole region.

The long-term monthly means of total ozone for the
whole Northeastern region (Table 2) were calculated by
the following way. First the data from all five stations
for particular months were averaged for each year
(available data from stations were summarized and then
divided by the number of items), allowing us to obtain
the monthly ozone mean for the whole region for the
given year. Then the obtained values were divided by
number of years for which the monthly means for the

whole region were calculated. Thus, in calculating long-
term means of total ozone for the whole region the
lengths of time series for each station were taken into
account.

For analysis of the connection between the total
ozone and the dynamics of stratospheric circulation the
monthly mean index of stratospheric circulation (C)),
offered by Wallace and Chang (1982), is used. Index C;
represents a difference in zonal-mean geopotential
height field between 40 and 70°N at the 30 hPa level.
It is a characteristic of the intensity of zonal circulation
inside the circumpolar vortex (the more Cj, the stronger
zonal transport). The use of index C; permits consider-
ation of the dynamics of the winter lower stratosphere.
The monthly mean indexes C; for the period 1958-1996
were calculated using monthly mean data of geopoten-
tial at the 30 hPa in grid points (10 x 10) for the
Northern Hemisphere. These data were received from
the Stratospheric Research Group at Berlin Free Uni-
versity.

It should be noted that there is no standard criterion
for defining the QBO phase. It is well known (Naujokat,
1986; Fedorov et al., 1994; Matveev et al., 1994) that the
opposite zonal winds are often observed on the near
isobaric levels of equatorial stratosphere (e.g. at 50 and
30 hPa). Holton and Tan (1980) took into account the
QBO phase at 50 hPa. Labitzke and van Loon
(1988, 1992) for definition of the QBO phase used the
averaged zonal wind at 50 and 40 hPa. Bugaev and Kats
(1971), and Ugryumov (1971) have defined the QBO
phase at 30 hPa. For the results to be more objective, in
the present research the QBO phases were defined
separately at 30 and 50 hPa. Because of frequent
changes of the zonal wind direction in midwinter, in
the present work the QBO phase has been defined as the
averaged zonal winds in January and February (January
plus February winds divided by two). Data of zonal
wind were also received from Stratospheric Research
Group at Berlin Free University.

Total ozone data were given by A. M. Shalamyansky
(Main Geophysical Observatory, St.-Petersburg, Rus-
sia), who is responsible for the Russian ground-based

Table 2. Long-term (1973-1995) monthly means of total ozone (in Dobson units) for the five Northeastern Europe stations from January to
March. Besides the long-term means, for the each station the following information is added: the number of years of data which are used to
calculate the means, and the standard deviation (sigma) of total ozone for the given month and station

Statistics Murmansk Pechora Arkchangelsk St.-Petersburg Moscow Whole region
JANUARY

Mean - 323 303 348 343 345
Years - 4 6 23 20 23
Sigma - 49 31 31 26 28
FEBRUARY

Mean 395 379 382 377 374 382
Years 22 22 19 23 22 23
Sigma 55 45 46 37 27 34
MARCH

Mean 402 388 394 389 391 393
Years 22 22 21 23 23 23
Sigma 41 42 36 28 28 30
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ozone network. Data for January sunspot numbers
means were received from the Solar Geophysical Data
published by Joint NOAA-USAF Space Weather Op-
erations.

3 Running correlations between the total ozone over
Northeastern Europe and the equatorial zonal wind

In the recent paper by Soukharev (1997b), where the
same ozone data as in this study were used, it was shown
that there is a linear correlation between the monthly
anomalies of total ozone over Northwestern Russia in
wintertime and the sunspot numbers when ozone data
are grouped according to the QBO phases. During the
W phases of QBO, positive correlations and during the E
phases of QBO negative correlations are observed. For
February, and partially, for March the results are
statistically significant (with 5% level of significance).
During the W phases the coefficients of correlation for
these months are » =0.63 and r = 0.57 respectively.
During the E phases the coefficients are » = —0.89 and
r = —0.49 respectively. It should be noted that these

2 1 1 1 1 1 1 1 1 1 1 1 1
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results were obtained with the QBO phases defined
according to Labitzke’s known catalogue of QBO
phases (where the equatorial zonal wind is defined as
the averaged wind at 50 and 40 hPa). However, it is
known that some authors (e.g. Teitelbaum and Bauer,
1990; Salby and Shea, 1991) doubted the statistical
reliability of connections between the atmospheric
parameters and the solar activity at the account of the
QBO phase. In the present research to reveal the
connections between the ozone and the solar activity,
two methods are used: (1) method of running correla-
tions between the ozone and the equatorial zonal wind;
(2) linear correlation between the ozone and the sunspot
numbers at /' and E phases of QBO (at the definition of
phase at 50 and 30 hPa). The running correlation
method was recently used by Kodera (1993) to illustrate
the quasi-decadal modulation of the QBO influence on
polar stratospheric temperatures. In this work, this
method is used to show how this modulation of the
QBO affects ozone over Northeastern Europe.

Figure 1 shows the January, February and March
mean total ozone (X) (Fig. la,b,c) and the January-
February mean equatorial zonal wind (U) at 50 and
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Fig. 1a—e. Time series of the a January b February and ¢ March
means of total ozone (in Dobson units) over Northeastern Europe
between 1973-1995, and the January—February mean equatorial
zonal wind at d 50 hPa and e 30 hPa for 1958-1996. All time series
have been normalized (the long-term mean subtracted and then
divided by the standard deviation). The negative linear trends from
ozone time-series have been subtracted
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30 hPa (Fig. 1d,e). According to Kodera (1993), a
change in the relationship between X and U is investi-
gated by calculating the running correlation r for year i
as follows:

i+m
A
rl — n=i—m ] , (1)

! i+m | i+m 2
(6 5 x5 vo)

n=i—m n=i—m

where M =2m + 1 is the window width and dashed
quantities are deviations from M year mean as

1 i+m
X! :Xi—M Z Xy (2)

n=i—-m

The running correlations between the zonal wind and
the total ozone for January do not show a clear 11-y
signal. However the running correlations between the
equatorial zonal wind at 50 hPa and 30 hPa, and the
total ozone for February and March respectively
(Fig. 2a,b,c,d) demonstrate that there is excellent corre-
spondence between the February variations in » (when

1.0

0.5

73 75 77 79 81 83 8 87 89 91 93 95
Years

the zonal wind is defined at 50 hPa) and the 11-y solar
cycle. The correspondence is also good in March,
especially when zonal wind is defined at 50 hPa.

A visual comparison of the Fig. 2a, 2b and Fig. 2c,
2d reveals that using the 50 hPa level for the definition
of the zonal wind, the correspondence between the
variations of coefficient of running correlations and the
sunspot numbers is much clearer than using the 30 hPa
level. This fact is in accordance with well-known vertical
distribution of ozone: most of the ozone is found in the
lower stratosphere. On Fig. 2 the running correlations
are calculated for window width of M = 3. The exper-
iments which have been made in the present investiga-
tion, showed that the changes in window width do not
affect the results, apart from the fact that the amplitude
of obtained 11-y solar signal is larger for M = 3 than for
M =5.

In this analysis, the clear 11-y signals in February and
March were obtained without any suitable grouping of
ozone data according to the QBO phases. This fact
shows that there is close connection between the
interannual variations of ozone over North-eastern
Europe in February and March and the solar cycle with
reference to the QBO phase.

1.0

Years

Fig. 2a—e. Time series of the running correlations between the a, b
February and ¢, d March means of total ozone over Northeastern
Europe and the equatorial zonal winds at 50 hPa and 30 hPa
respectively. Running correlations are calculated using 3-year
window width. e is time series of January mean sunspot numbers.
All time series have been normalized (procedure in Fig. 1 caption)
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4 Connection between the dynamics
of stratospheric circulation and the solar activity

At the present time it is difficult to explain physically,
how the transition from solar minimum to solar
maximum can change the sign of the influence of the
QBO on the geopotential, temperature and ozone fields.
Nevertheless, it is clear that the influence of the solar
activity cannot be direct, and probably, it occurs as a
result of changes in atmospheric circulation. If this is
true, then the indexes of stratospheric circulation should
reflect this influence. Table 3 shows the coefficients of
linear correlation between the total ozone monthly
means over North-eastern Europe and the sunspot
numbers as well as between the monthly mean indexes
of stratospheric circulation C; and the sunspot numbers.
It should be noted that before this analysis the
statistically significant negative linear ozone trends were
subtracted from initial time series (trends were deter-
mined used the standard least squares method). As can
be seen from Table 3, there is a positive correlation
between the wintertime ozone variations and the
January mean sunspot numbers during the W phase of
QBO, and a negative correlation during the E phase of
QBO. Correlation coefficients for February are most
statistically significant (5% significance level) during the
E phase where the QBO phase is defined at 50 hPa
(r = —0.89). For March the coefficients are less, but are
significant during the W phase of QBO (» = 0.57 and
r =0.53 when the QBO phase is defined at 50 and
30 hPa respectively). In Table 3 the 5% levels of
significance for the correlation coefficients were calcu-
lated using the (Z) method presented by R. Fisher
(Panofsky and Brier, 1972). Table 3 shows also that
there is negative correlation between the indexes C; and
the sunspot numbers during the W phases and positive
correlation during the E phases of QBO. The maximal
and statistically significant coefficients are for February.
[t is interesting that, in the same way as the correlation
between the ozone and the solar activity, the correlation
between the indexes C; and the sunspot numbers is also
revealed better when the QBO phases is defined at
50 hPa rather than at 30 hPa.

In order to demonstrate connection between strato-
spheric dynamics and solar activity the running corre-
lations method, described already was used again. In a
similar way to the running correlations between the total
ozone over Northeastern Europe and the equatorial
zonal wind, the running correlations between the index
C) and the zonal wind were calculated separately for two
cases: 1.e., for the QBO phase at 50 and 30 hPa,
respectively. Running correlations for January did not
show an 11-y solar signal. However, Fig. 3 shows that
there is a good correspondence between the running
correlations for February and March, and the sunspot
numbers. The best correspondence is observed in
February. It is easy to see that the running correlations
on Fig. 3 are the same as those on Fig. 2 but only in the
reverse sense: the running correlations between the
ozone and the zonal wind are in phase with the 11-y
solar cycle, but the running correlations between the
index C; and the zonal wind are in the directly opposite
phase with it.

A visual comparison of Figs. 2 and 3 reveals that
using the zonal wind at 50 hPa, the correspondence
between the running correlations and the sunspot
numbers is clearer than using the zonal wind at
30 hPa. An exception is observed for running correla-
tions between C; and sunspot numbers in March, when
the use of the zonal wind at 30 hPa gives better
correspondence.

5 Discussion

Both the running correlations and linear correlation
methods confirm the assumption that the joint effect of
the QBO and of the 1l-y solar cycle may be an
important factor which influences the interannual vari-
ations of total ozone over Northeastern Europe in later
winter — early spring through the changes in strato-
spheric circulation. The joint effect may be a major
factor, causing the interannual February variations of
total ozone. If the relation solar cycle — QBO — ozone
occurs through stratospheric circulation, a connection
between the variations of total ozone and index C

Table 3. Coefficients of linear correlation between the monthly means of total ozone over Northeastern Europe and the sunspot numbers, as
well as between the monthly mean indexes C; and the sunspot numbers, during the different QBO phases defined separately at 50 and
30 hPa. For the analyses the monthly ozone means for 1973-1995 with subtracted linear trend for this period and monthly means of index
C for 1958-1996 were used. In the first case, total ozone data used for the correlation analysis, were 15 for westerly and 8 for easterly phases
of QBO. In the second case, the used data for Cy, were 25 for westerly and 14 for easterly phases of QBO

Correlation between ozone and sunspots

Correlation between indexes C; and sunspots

Isobaric January February March 5% level of January February March 5% level of

levels significance significance
Westerly phase

50 hPa 0.20 0.34 0.57 0.56 -0.17 -0.44 -0.21 0.41

30 hPa 0.31 —-0.18 0.53 0.56 -0.00 -0.34 -0.07 0.41
Easterly phase

50 hPa -0.22 -0.89 -0.44 0.82 0.54 0.73 0.38 0.58

30 hPa —-0.45 -0.29 -0.17 0.82 0.14 0.33 0.03 0.58
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should exist. The calculated correlation coefficients
between the ozone over Northeastern Europe, and the
index C;, have showed that despite the fact that the
index C; is global (on hemispheric scale) and ozone
variations are considered over small region the connec-
tion between these parameters is reasonably close: the
correlation coefficients are r= —0.28; r= —0.58;
r = —0.40 for January, February and March respective-
ly. The largest and statistically significant (5% level of
significance) coefficient is for February. The connection
between changes of ozone and stratospheric dynamics
has a clear physical explanation: a weakening of zonal
flow in the lower stratosphere leads to the intensification
of ozone transport from low to high latitudes, and
therefore, to an increase of polar ozone.

Why do the running correlations between the vari-
ations of ozone and index C; from one side, and the
equatorial zonal winds from other side, demonstrate the
best modulation of 11-y solar signal just for February?
And why the connections between the interannual
changes of ozone over Northeastern Europe and the
index Cj are closest just for February too? Probably, the
reason is that in February the intensity of meridional
circulation is the highest. According to the recent
research of Pawson et al. (1995), “although temperature
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Fig. 3a—e. Time series of the running correlations between the
a, b February and ¢, d March means of index C; and the equatorial
zonal winds at 50 hPa and 30 hPa respectively. Running correla-
tions are calculated using 3-year window width. e shows the time-
series of the January mean sunspot numbers. All time series have
been normalized (see Fig. 1)

less than 192 K occurs most often in January, the
stratosphere may be colder in February, when the 185 K
contour encloses a region extending over Europe, which
is larger than the small regions near the Pole, which it
covers in January”. In addition Kane (1992) noted that
most major winter stratospheric warmings are observed
just in February.

An approximate scheme showing the association
between the solar cycle (considering the QBO phase) and
the ozone over the studied region may be the following.
The solar cycle during a certain phase of the QBO causes
correspondent changes in stratospheric circulation
(Fig. 3). Stratospheric dynamics are most closely related
to the solar cycle in February (Table 3). As the
correlations between the indexes of stratospheric circu-
lation and the variations of ozone are greatest in
February, the closest correlations between the ozone
and the solar activity are observed also in February
(Fig. 2 and Table 3).

It is obvious that the results obtained in the present
study need a physical explanation of the relation
between solar activity and stratospheric circulation. In
spite of some attempts (e.g., Kodera, 1991) to explain
this relation, the real mechanism of this relation
continues to be unclear and awaits further investiga-
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tions. Nevertheless, based on the close connection found
between the interannual variations of ozone in February
and the solar activity during the certain QBO phase, it is
possible to predict the sign of monthly anomaly of total
ozone in February over Northeastern Europe.
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