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Abstract

Stratospheric winds can be affected by many factors like tropospheric North Atlantic

Oscillation (NAO), stratospheric Quasi-biennial Oscillation (QBO) or Sudden Stratospheric
Warming (SSW) and solar activity. The behaviour and trends of total horizontal wind, and of
its meridional component, is analysed based on the NCEP/NCAR reanalysis data. The
influence of NAO on trend in total horizontal wind is significant in the lower stratosphere
(100 hPa) in Atlantic sector; the trend is also affected by QBO, whereas influence of SSW is
rather minor and observable only in the middle stratosphere (10 hPa). The most important
result of this study seems to be the longitudinal distribution of the meridional wind
component. We identify in winter (January) a well-developed two-core structure of strong but
opposite winds, one at each hemisphere at 10 hPa, and a less-pronounced four-core structure
at 100 hPa. The two-core structure at 10 hPa is practically identical in three different
reanalyses, NCEP/NCAR, ERA-Interim and MERRA. This structure is not associated with
tides. However, the two core structure at the 10 hPa level appears to be related to the well-
pronounced Aleutian pressure high at 10 hPa. The well-developed two-core structure
illustrates limitations of application of zonal mean concept in studying stratospheric
circulation.

Keywords: Stratospheric dynamics, meridional wind, long-term trend, longitudinal

distribution, solar activity
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1. Introduction

Stratospheric winds play a main role in stratospheric chemistry through transporting long-
lived species, but they also could create transport barriers which could isolate the polar vortex
in winter (Shepherd, 2007, 2008). Simultaneously with chemical processes, trace gas
distribution moderates the radiative forcing in stratospheric region. The changes of
stratospheric wind (strengthening of westerly polar vortex and its poleward shift) are coupled
with ozone depletion and temperature changes (Scaife et al., 2012). For example, the
unprecedented ozone loss in the Arctic in 2011 was caused by extreme meteorology

(e.g., Pommereau et al., 2013). The Antarctic ozone hole intensification over the 1980-2001
period is not solely related to the trend in chemical losses, but more specifically to the balance
between the trends in chemical losses and ozone transport (Monier and Weare, 2011a). One of
the most studied circulation structures in the stratosphere is the Brewer-Dobson circulation.
The detail description of this circulation can be found in Butchart (2014). Many model
studies reveal an acceleration of the residual mean circulation and Brewer-Dobson circulation
due to increasing greenhouse gas (GHG) concentration (Oberlander et al., 2013, Lin and Fu,
2013, Oman et al., 2009). However, age of air data does not confirm a simple pattern of
reduction of age of air as a consequence of the Brewer-Dobson circulation intensification
(Engel et al., 2009; Stiller et al., 2012). Monier and Weare (2011b) found some weakening of
northern winter Brewer-Dobson circulation in polar region in reanalysis ERA-40 and R-2.
The changes of stratospheric wind (strengthening of westerly polar vortex and its poleward
shift, changes in the Brewer-Dobson circulation) are coupled with ozone depletion and also
temperature changes. Possible interactions between changes in the stratosphere dynamics and

climate changes in the troposphere have been described by Hartmann et al. (2000), Scaife et
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al. (2012) and Deckert and Dameris (2008). The stratospheric Quasi-biennial Oscillation
(QBO) and downward feedback from the stratospheric vortex to tropospheric weather systems
have been reported to be relevant both in the context of weather prediction and climate
(Baldwin and Dunkerton, 1999; Baldwin et al., 2003; Sigmond et al., 2008; Marshall and
Scaife, 2009; Wang and Chen, 2010). Moreover, stratospheric wind affects vertically
propagating atmospheric waves which control the transport circulation in the stratosphere and
mesosphere (Holton and Alexander, 2000). The stratosphere is influenced also by solar
activity (e.g., Gray et al., 2010 and references herein). Therefore it is important to study the
stratospheric circulation and the impact of climate change on this circulation.

Ozone concentration in the northern middle latitudes changed its trend in the mid-
1990s (e.g., Harris et al., 2008). Since ozone is the main heater of the stratosphere via
absorption of solar radiation, this turnaround of ozone trend had to affect more or less also
behaviour of other stratospheric parameters, and it affects even the mesosphere and lower
thermosphere (e.g., Lastovicka et al., 2012). Since ozone trends changed in the mid-1990s, we
analyse some trends separately for time periods before and after the mid-1990s.

The Northern Hemisphere has pronounced distribution of continents, mountain
regions and oceans, which reflects in the troposphere and also in the stratosphere. Some
phenomena introduce longitudinal differences into wind pattern, for example ENSO (e.g.,
Weare, 2010). The total ozone in the winter higher middle latitudes has a strong longitudinal
dependence, the maximum-minimum difference being more than 100 D.U. (e.g., Mlch, 1994).
Some phenomena even disappear when we study zonal mean values (e.g., Lastovicka, 2003).
On the other hand, to our best knowledge the longitudinal differences of meridional wind in
the stratospheric climatology have not yet been studied. Therefore we investigate longitudinal
distribution of meridional component of stratospheric winds at middle latitudes. A strong

effect has been found at the 10 hPa level.
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The paper focuses on two topics: (1) Connection of stratospheric total horizontal wind
to other phenomena like Quasi-biennial Oscillation (QBO), Sudden Stratospheric Warming
(SSW) or North Atlantic Oscillation (NAO). (2) Longitudinal distribution of meridional wind
component at different pressure levels without zonal averaging (zonal averaging is usual for
this type of analysis) and possible reason for its behaviour; as far as we know, such an
analysis have not yet been done. The meridional wind is very important; the Brewer-Dobson
circulation, which transports ozone from tropics to polar region, is meridional circulation.

The structure of the paper is as follows. In Section 2 the data and methods are
described. Then, in Section 3 the results of analysis are shown and in Section 4 they are

briefly discussed. Section 5 summarizes conclusions.

2. Data and methods

Stratospheric winds have been measured from the ground using active and passive techniques
(Hildebrand et al., 2012; Rufenacht et al., 2012) and from space by the High Resolution
Doppler Imager (HRDI) on UARS covering 10-35 km and 60°S-60°N, using the molecular
oxygen A- and B-bands (Ortland et al., 1996). However, direct wind measurements do not
provide sufficiently long and homogeneous global data series, therefore we use in the paper
reanalysis data, namely NCEP/NCAR-1 reanalysis (further on NCEP/NCAR). The
NCEP/NCAR reanalysis was described in detail by Kistler et al. (2001). This reanalysis
provides data from 1948 onwards, but data is more reliable from 1957 onwards, when the first
upper-air observations were established, and from 1979 onwards, due to the beginning of
satellite date assimilation. Data is available on the 2.5° to 2.5°grid at 00, 06, 12 and 18 UTC.
Vertical resolution is 28 levels with the top of the model at 2.7 hPa. The NCEP/NCAR
analysis system efficiently assimilates upper-air observations but it is only marginally

influenced by surface observations because model orography differs from reality (Kistler et
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al., 2001). According to Kozubek et al. (2014) stratospheric winds from the NCEP/NCAR
reanalysis are slightly better than those from ERA-40 and ERA-Interim reanalysis. Moreover,
neither ERA-40, nor ERA-Interim separately covers the whole period 1970-2012. On the
other hand, general pattern and long-term changes of stratospheric winds in all three
reanalyses (except for the last four years of ERA-40) are very close each other since about
1970 (Kozubek et al., 2014), therefore it is sufficient to use only one of these three reanalysis.

The 10.7cm solar radio flux (from http://www.esrl.noaa.gov/psd/data/correlation/solar.data) is

used for the solar cycle analysis (solar max and solar min). The QBO data at 50 hPa is taken

from http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/gbo/, NAO is taken from

ftp://ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/nao_index.tim.
When studying longitudinal distribution of meridional winds, we use the
NCEP/NCAR reanalysis and for confirmation of results also MERRA (downloaded from

http://disc.sci.gsfc.nasa.gov) and ERA Interim (Dee et al., 2011) reanalyses. The results are

similar even though not quite identical.

The analysis is focused on middle latitudes (50°, 52.5°, 55°N) at two pressure levels
100 and 10 hPa. These two pressure levels represent the dynamics and conditions in the lower
(100 hPa) and middle (10 hPa) stratosphere at middle latitudes. The three selected latitudes
represent middle latitude band from 49°N to 56°N. Its advantage is that it consists mainly of
land, not ocean, i.e. geographic data coverage even before satellite era seems to be relatively
good, better than in majority of other latitudinal bands. We analyzed these three latitudes
separately to show the detail changes in each of the three latitudes but usually the results are
quite similar, therefore we present them predominantly only for one latitude. We mostly use
daily data from 00 UTC but for one analysis we have to choose also 06 and 12 UTC (analysis
of diurnal and semidiurnal tidal effects). The selected latitudes are separated into four sectors
(0°E-90°E — European sector, 90°E-180°E — Asian sector, 180°W-300°W — Pacific-American

sector, and 300°E-360°E — Atlantic sector). The wind speed is calculated from gridded u and


http://www.esrl.noaa.gov/psd/data/correlation/solar.data
http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/
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v components. In analyses we have used either total horizontal wind, or u (zonal) and v
(meridional) components separately. As for trend/correlation analysis, we also present some
results for 42.5 and 62.5°N to broaden latitudinal range studied. The longitudinal distribution
of meridional wind is investigated for the 20-60°N latitude band.

We look for time development in each sector at both pressure levels. The statistical
significance threshold of trends has been set on 95% level (using standard MATLAB routine),
which is the standard significance level for analyses in meteorology (wind, temperature, etc.).
We compare behaviour of wind speed in different sectors. Then we divide data of the whole
period into several groups according to QBO, NAO or solar cycle influence. We again
compute trends separately for all these groups with significance threshold 95%. These
analyses have been done for total horizontal wind speed or for meridional component,
respectively. The significance has been also calculated at the 99% level in some cases. For
investigation of longitudinal distribution of meridional wind we have computed averages
through the whole period (1970-2012) for every grid point from 20°N to 60°N and for every
month. Comparison of wind speed distribution in 100 and 10 hPa at 00 UTC or wind speed
distribution at 00, 06 and 12 UTC (06 and 12 for analysis of diurnal and semidiurnal tides)

separately for meridional components has been done.

3. Results
3.1. Long-term trends in total horizontal winds

In this section we would like to show the influence of different stratospheric/
tropospheric phenomena on the long-term evolution of the stratospheric total horizontal wind
speed. Figure 1 shows time development of winter averages (October-March) of total

horizontal wind speed for different geographical sectors of 52.5°N. We have done analysis
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also for two other latitudes (50°N and 55°N) and the results were very similar (not shown
here). The top panel presents results for 100 hPa. The behaviour of Atlantic sector (300°W-
360°W) is different from other sectors (Pacific-American, Asian and European). There is
significant positive trend (95% level) since 1970 till 1996 and negative trend after 1996 in the
Atlantic sector. The peak value of wind speed and turnaround of trend in 1996 coincide with
the total ozone trend turnaround in northern middle latitudes (e.g., Harris et al., 2008). The
trends in other three sectors are insignificant, if any. Generally stronger winds occur in
Atlantic sector, especially after 1985. At pressure level 10 hPa no significant trend can be
found. The behaviour is rather chaotic and qualitatively similar for all four sectors. There are
stronger winds in Atlantic (300°W-360°W) and European (0°E-90°E) sectors, in some years
the wind is two times stronger in Atlantic than Asian sector (42 m/s and 17 m/s, respectively
for 1998). To have broader latitudinal coverage, the analysis shown in Fig. 1 is repeated for
latitudes 42.5°N and 62.5°N for Atlantic sector in Fig. 2. It reveals a similar behaviour of
wind speed at 10 hPa as in Fig. 1 (no significant trend if any). At 100 hPa we also cannot see
any significant trend contrary to Fig. 1. Thus a clear long-term change/trend in total horizontal
wind seems to be confined to the Atlantic sector and higher middle latitudes (49°N-56°N).

Therefore further on we focus on higher midlatitudes and the Atlantic sector.

Time series of total horizontal wind speed for the Atlantic sector and higher middle
latitudes and of NAO index are compared in Fig. 3. NAO is selected because it influences the
winds in the Atlantic sector and above selected range of latitudes in the troposphere and its
effect is expected to be observed also in the lowermost stratosphere (100 hPa). Figure 3 shows
that trends in winds and NAO for three different periods (1958-1970, 1971-1995 and 1996-
2009) are similar in tendency, a negative tendency before 1970, a positive tendency for 1970-
1995, and a negative tendency after 1995. While the trends of winds are significant, the trends
of NAO are insignificant (except for the last period where we can find significant negative

trend) mainly due to large scatter of data. Thus the different trend behaviour of total
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horizontal wind at 100 hPa in the Atlantic sector compared to other sectors is influenced by

NAO, which is tropospheric phenomenon located in the North Atlantic Ocean region.

Now we show winter (December-February only) trends for two periods (1970-1995
and 1995-2012). This analysis will show us the influence of different stratospheric
phenomena (QBO or SSW) on the stratospheric winds (dynamics). We have to start at 1970
because before this year the reliability of NCEP/NCAR reanalysis data is lower (Kozubek et
al., 2014). We use daily data for two periods 1970-1995 and 1996-2012, as in about 1995 the
trend in the northern midlatitude total ozone was changed (e.g. Harris et al., 2008) and we
want to test possible impact of this change on stratospheric winds. The results are presented in
Table 1. We divide data into several groups. The first two groups show results for winters
when either major SSW occurs or does not occur (the standard WMO definition is used for
SSW). This analysis should reveal the influence of major SSW on dynamics in different
sectors of middle latitudes. The statistically significant trends (95% level) at 100 hPa for all
three analysed latitudes are found mainly in the Atlantic sector. Generally positive trend is
seen in 1970-1995 and negative one in 1995-2012 which agree with previous studies (Lorenz
and DeWeaver, 2007, Lastovicka et al., 2010, Reinsel et al., 2005). At 10 hPa there are no
statistically significant trends for group with major SSWs but again a positive tendency in
1970-1995 and a negative tendency in the second period are observed. The second group
without major SSWs reveals again positive tendency in the first period and negative one in the
second. However, contrary to group with major SSWs, we can find several significant trends
in both periods, even though weaker than corresponding trends at 100 hPa. These results
indicate that major SSWs at 10 hPa support a tendency to absence of significant trends. No
substantial impact of major SSWs on trends in winds is found for 100 hPa; trends with and

without major SSWs are very similar.



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

The third and fourth groups in Table 1 show trends for years when the east or west
phase of QBO occur, respectively. At 100 hPa we can found significant trend mainly for
period 1970-1995 in Atlantic and European sectors. Again we can found change from positive
(in the first period) to negative (in the second period) trends, which is well pronounced for the
west phase of QBO, whereas there is no systematic change for the east phase of QBO. There
IS no typical behaviour at 100 hPa for the east or west phase of QBO. At 10 hPa the tendency
to change from positive (1970-1995) to negative (1995-2012) trends can be seen for both
phases of QBO but again it is more pronounced for the west phase of QBO. There are almost
no differences between trends in the east and west QBO phases for positive trends in 1970-
1995 but negative trends in 1995-2010 in European and Atlantic sectors are much more
negative for the west phase of QBO. Thus the results show that for both pressure levels trends
and their change in the mid-1990s are evidently better pronounced for the west than east
phase of QBO. We have done similar analysis separately for each month; the results are
similar to the whole winter results (December-February). We calculated the statistical
significance of all trends in Table 1 also on the 99% level. However, only four trends (out of
192) are significant at this level, probably due to limited length of data sets.

It should be mentioned that Monier and Weare (2011b) found some strengthening of
northern polar jet in October-December and weakening in January-March. However, our
analysis of total horizontal wind at northern higher middle latitudes reveals similar trends for

October-December and January-March.

3.2. Impact of solar cycle on total horizontal winds

Another analysis, which has been done, is comparison between years in the solar cycle
maximum and minimum in different QBO phases. This analysis will show the connection

between solar cycle and stratospheric dynamics (QBO and wind speed). Stratospheric
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dynamics and chemistry is influenced by solar activity especially at higher levels. We show

winter (October-March) differences for different groups.

The results for total horizontal wind speed are shown on the first two panels of Table
2. At 10 hPa we can observe a positive difference (by 2-5 m/s) between solar minimum and
maximum for the west QBO in all studied sectors. The differences are significant mainly in
Atlantic sector. The east QBO does not reveal a systematic or significant difference; moreover
sometimes wind in solar maximum is stronger than in solar minimum. We can observe
negative differences between QBO east and QBO west phase in solar minimum (up to 4 m/s)
in all studied sectors. These differences are mainly significant in European and Atlantic
sector. Differences between QBO east and QBO west phase in solar maximum are mainly

positive but insignificant.

The differences are generally smaller at 100 than at 10 hPa. We cannot find a
systematic structure for differences between QBO east and QBO west phase for solar
maximum or minimum. The results for differences between solar minimum or solar maximum
are mainly positive (except two insignificant cases) for QBO east or west phase. Again the

significant values can be observed mainly in Atlantic or European sectors.

The two bottom panels show the same analysis as top ones but for v (meridional) wind
component. An analysis for zonal wind component may be found in many studies but we have
not found in literature such an analysis for meridional component. The differences are slightly
smaller than for total horizontal wind. At 10 hPa we cannot find any specific features for all
four groups. We can see only a few significant values in different sectors. At 100 hPa we can
find significant differences for all four groups mainly in Pacific-American and Atlantic sector.
This analysis was done also for each month or different period (i.e. October- December or
January- March) and the biggest differences have been found in December and January.

These results confirm that solar activity influence the total horizontal wind (i.e. essentially
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zonal wind) mainly in higher part of the stratosphere (10 hPa) and predominately in European
and Atlantic sectors. The meridional wind is influenced mainly at lower part of the

stratosphere (100 hPa).

3.3 Longitudinal distribution of stratospheric meridional winds

Because we have found different signs in different sectors during the previous analysis
of meridional wind component (see Tab. 2, bottom panels), we have computed the whole
possible period averages of this component for each grid point from 60°N to 20°N for January
at 10 hPa. For comparison we have computed these averages for three reanalyses (MERRA
for period 1979-2012, ERA Interim for 1979-2012 and NCEP/NCAR for 1958-2012). The
results are shown in Fig. 4. The top panel show results for NCEP/NCAR, middle for ERA
Interim and bottom for MERRA reanalysis. The behaviour of different reanalyses is similar in
major features; the results for NCEP/NCAR slightly differ due to much longer averaging
period. Figure 4 reveals at 10 hPa for January a core of strong poleward wind on the east
hemisphere of the middle and higher latitudes for. This poleward wind changes into
equatorward wind core on the west hemisphere at 10 hPa (similar amplitude as on the east
hemisphere). Both the poleward and equatorward peaks (centres of the cores taken as 100°E-
150°E and 130°W-80°W at 10 hPa) are statistically significant at 99% level (in fact at even
higher level) for NCEP/NCAR reanalysis. The results of similar analysis for 100 hPa are
shown in Fig. 5. Generally winds are stronger at 10 hPa (up to 20 m/s) than at 100 hPa (up to
10 m/s). At 100 hPa there are two cores with negative (equatorward) and two cores with
positive (poleward) values; the four-core structure is less pronounced than the two core
structure at 10 hPa. The same analysis, but for July, is shown in Fig. 6. This analysis reveals
that the observed two-core structure at 10 hPa occurs only in winter. The winds are weaker

than in January and the distribution is much less compact compared with January, especially
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at 10 hPa. At 100 hPa there is again a tendency to four-core patterns but at lower latitudes
than in January. We have done the same analysis for higher pressure level of 5 hPa and the
differences between east and west hemisphere have been growing with increasing height.
Figure 7 show averages over the period 1957-2012 for January at 10 hPa pressure
level but we compare data from 00 UTC (top panel), 06 UTC (middle panel) and 12 UTC
(bottom panel). There are almost no differences in main features. Therefore we can conclude
that the two-core structure with opposite meridional winds is not caused by diurnal or
semidiurnal tides. The other possibility for this structure could be dynamical reasons which

are discussed in the next paragraph.

Wind field is closely associated with distribution of geopotencial height because of
dynamics reason. Figure 8 shows a distribution of geopotential height at 10 and 100 hPa. The
Aleutian pressure high centred at about 40°-55°N, 180°E is well developed at 10 hPa. This
height can block the zonal winter eastward winds. This results in poleward meridional flow on
front side and in equatorward meridional flow on the backside as a consequence of flow along
the massive anticyclone. This coincides with the observed two-core structure at 10 hPa with
the poleward meridional component of wind on the eastern hemisphere and the equatorward
meridional component on the western hemisphere. The behaviour of zonal wind at 10 hPa,
shown in Fig. 9 for all three reanalyses, confirms substantial weakening of zonal wind in the
region of Aleutian pressure height; together with strengthening of meridional component it
results in non-zonal, oblique wind flow. In some points like 60°N, 135°E both wind
components are approximately equal. In summer there is no well pronounced Aleutian
pressure high in the geopotential height field and, therefore, no two-core structure in
meridional wind is observed. At 100 hPa at least on the western hemisphere (not at eastern
one) the distribution of geopotential height (high or low pressure centres on Fig. 8) resembles
the four-core structure in winds in Fig. 5 but again this structure is less pronounced than that

at 10 hPa. The summertime distribution of geopotential heights at 10 hPa does not display any
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well-pronounced structure and, therefore, no pronounced structure is developed in meridional

wind (Fig. 6).

4. Discussion

The results concerning long-term trends in the total horizontal wind are mainly
focused on the Atlantic sector of higher middle latitudes (49°N-56°N) because other analysed
latitudes (42.5°N and 62.5°N) do not reveal any significant trend. Pronounced trends at higher
middle latitudes are confined to Atlantic sector and 100 hPa level (not 10 hPa), which
suggests some role of NAO. The results coincide with the result of Scaife et al. (2005) that
NAO as a tropospheric phenomenon affects zonal winds in the lower stratosphere (and vice
versa); we added to that finding that contrary to the lower stratosphere, trends in total
horizontal winds in the middle stratosphere (10 hPa) are not influenced significantly by NAO.
Figure 3 shows that both changes of trends in stratospheric wind at 100 hPa in Atlantic sector
around 1995 and 1970 are coincident with changes of trends in NAO. Our results also show
that QBO as a stratospheric phenomenon, which influences the stratosphere at all heights,
affects trends (95% level) at both the 100 and 10 hPa levels, whereas major sudden
stratospheric warming (SSW), which is substantially better developed at 10 hPa than at 100
hPa, affect trends measurably only at 10 hPa. The influence of QBO and SSWs and their
combination on the stratosphere has been discussed in many papers, e.g. recently by Watson
and Gray (2014). The influence of QBO on global stratospheric circulation, so called Holton-
Tan effect, has first been observed by Holton and Tan (1980); our results are qualitatively
consistent with Holton-Tan rule. Mechanisms of influence of the above individual factors on

trends in stratospheric winds remain a challenge for future investigations.
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The analysis was done separately for periods before and after the mid-1990s, when the
ozone trend at northern middle latitudes reversed. This analysis confirms also reversal of
trends in the lower stratospheric wind (100 hPa). However, ozone serves here as indicator
rather than cause of the trend change. Statistical and modelling studies carried out in the
European FP5 project CANDIDOZ show that the main cause of this change in ozone trends
results from changed dynamical behaviour (Harris et al., 2008). This is the reason why we
focused on dynamical factors which could be behind the change of trends of both ozone and
wind. Moreover, whereas ozone trend occurs more or less everywhere at higher middle
latitudes, the lower stratospheric wind trend appears to be basically confined to the Atlantic
sector, which points to dynamical factor NAO. In this context it might be of some interest that
the primary explanatory variable of behaviour of ozone laminae (lower stratosphere
phenomenon) observed at Payerne in Switzerland is NAO (Lastovicka et al., 2014).

Perhaps the most important result offers the analysis of geographic distribution of
meridional component of stratospheric wind in the form of the well-pronounced two-core
structure at 10 hPa in winter. This two-core structure is provided by NCEP/NCAR, ERA-
Interim and MERRA reanalyses in a very similar form despite different time periods used
(Fig. 4). We have not found in literature any analysis of meridional wind geographic
distribution without zonal mean averaging. The wintertime longitudinal distribution at 10 hPa
can be explained neither by diurnal, nor by semidiurnal tides, because there are no differences
between the longitudinal distribution of meridional winds at 00, 06 and 12 UTC (Fig. 7).
However, the geopotential height analysis reveals probable reason for this longitudinal
distribution. The well-developed large Aleutian high at 10 hPa in Fig. 8 can block the zonal
flow (see Fig. 9) and pushes the winter eastward winds to flow with substantial poleward
component on the western side of the Aleutian pressure high and back equatorward on its
eastern side. This is in qualitative agreement with the behaviour of meridional wind in Fig. 4.

This feature can probably explain the longitudinal distribution of meridional winds at 10 hPa.
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Such pronounced longitudinal distribution of meridional wind documents limitations of
application of zonal means in examining stratospheric circulation.

We also identify statistically significant trends (99% level) in peaks of both cores at
10 hPa (Table 3). These trends are negative in period 1970-1995 and positive in 1996-2012
for both cores independent of the phase of QBO or occurrence of major SSW. Table 1 shows
for 10 hPa a tendency to slight strengthening of the total horizontal wind in 1970-1995, which
is consistent with weakening of cores of meridional wind — both features can be caused by
some weakening of the blocking Aleutian pressure high at 10 hPa. Opposite trends/tendencies
in 1996-2012 are consistent with some strengthening of the blocking Aleutian pressure high.
This is confirmed by trends in central part of the blocking Aleutian pressure high; -34.6
m/year for 1970-1995 and + 38.3 m/year for 1996-2012, both being significant at the 95%
level.

As for 100 hPa, the distribution of geopotential heights at the western hemisphere
perhaps seems to support the observed four-core longitudinal distribution of winds but such
effect is largely absent at the eastern hemisphere. Further investigations of origin of the two-
core and four-core longitudinal structure of stratospheric winds will be done in near future but
even these basic results show that we have to be careful when zonal mean averages are used
for analyses, because in such a way we can miss important information. The problem with

zonal averages is well known but they are still used too often.

5. Conclusions

Analysis of northern wintertime NCEP/NCAR reanalysis data at 100 and 10 hPa
levels in higher middle latitudes (49-56°N) reveals influence of stratospheric (QBO) and
particularly tropospheric (NAO) phenomena on the trends in total horizontal winds in the
stratosphere. It also exhibits a reversal of trends in winds in the mid-1990s in accord with

change of trend in ozone, which is however probably caused by dynamical factors, which
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affect both win and ozone. Stronger trends in total horizontal wind observed at 100 hPa (not at
10 hPa) in Atlantic sector are related to trends in NAO. Even though NAO is a tropospheric
phenomenon, it can affect the dynamics at least in the lower stratosphere. The other analyzed
latitudes (42.5°N and 62.5°N) do not show any significant trend so we can conclude that this
effect appears to be confined to higher midlatitudes. The effect of QBO, which means much
more pronounced trend and its change in the west phase of QBO than in the east phase, is
evident in both pressure levels. Major sudden stratospheric warmings (SSWs) support
tendency to absence of significant trends in total horizontal winds at 10 hPa; they have no
detectable impact on trends in winds at 100 hPa. Mechanisms to explain these observations

remain to be a challenge for future investigations.

The stratospheric total horizontal winds in the winter northern middle latitudes were
examined also separately for years of the solar cycle minimum and maximum under different
QBO conditions. These results (Table 2) confirm that solar activity influences the total
horizontal wind mainly at higher part of the stratosphere (10 hPa) and predominately in
European and Atlantic sectors. The meridional wind is influenced mainly at lower part of the

stratosphere (100 hPa).

The geographic distribution of meridional component of stratospheric wind in winter
(January) is shown in Fig. 4 and 5 for 20-60°N. It reveals well pronounced longitudinal
distribution of winds at latitudes above 30°-35°N with two cores of strong but opposite
meridional winds, one at each hemisphere (eastern and western) at 10 hPa, and a less
pronounced four-core structure at 100 hPa. Reanalyses NCEP/NCAR, ERA-Interim and
MERRA provide the same pattern. In summer such a well-pronounced core structure is absent
(Fig. 6). The two-core structure at 10 hPa is not caused by tides as it is demonstrated by Fig.
7. We have identified the strong and well-developed large Aleutian pressure high at 10 hPa

(Fig. 8), which is capable to explain gqualitatively the two-core structure in the longitudinal
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distribution of meridional wind. The longitudinal distribution of zonal wind at 10 hPa (Fig. 9),
trends in the total horizontal wind in Fig. 3, strength of two cores in Table 3, and strength of

the blocking Aleutian high provide a pattern consistent with the two core structure of

longitudinal variation of meridional wind at 10 hPa and its interpretation through the blocking

Aleutian high. This illustrates limitations of approach via zonal mean values when studying

circulation.
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Table 1: Winter (December-February only) trends (m/s per year) of total horizontal wind

speed for two periods (1970-1995 and 1996-2012). Major SSW- only years when the major

SSW (according to WMO definition) occur, no SSW — years when no SSW occurs, east

QBO- only years when the east phase of QBO occurs, west QBO- only years when the west

phase of QBO occurs. Top panel 100 hPa, bottom panel 10 hPa. 70-95 means 1970-1995 and

95-12 means 1995-2012. Significant trends on 95% level are highlighted by bold numbers.
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Table 2: Winter (October-March) differences of wind speed (m/s) for different latitudes and

sectors. Top half shows total horizontal wind speed for two pressure level, bottom half v

(meridional) wind component for two pressure levels. Min-east: years under solar minimum

and the east phase of QBO conditions; min-west: years under solar minimum and the west

phase of QBO, the same for solar maximum conditions. Significant trends on 95% level are
highlighted by bold numbers.
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Table 3: Winter (December-February only) trends (m/s per year) of meridional wind speed
for two periods (1970-1995 and 1996-2012). Major SSW- only years when the major SSW
(according to WMO definition) occur, no SSW — years when no SSW occurs, east QBO- only



560  years when the east phase of QBO occurs, west QBO- only years when the west phase of
561  QBO occurs. Pressure level10 hPa. 70-95 means 1970-1995 and 95-12 means 1995-2012.
562  Significant trends on 99% level are highlighted by bold numbers; the remaining one is
563  significant at the 95% level.
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300°E-360°E NCEP/NCAR reanalysis and NAO index (dashed line) for three different
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Figure 4 Plot of average meridional wind speed (m/s) component for January, 20-60°N,
180°E-180°W, 10 hPa. Top panel NCEP/NCAR (1958-2012), middle ERA Interim (1979-
2012), and bottom MERRA (1979-2012). Positive values (poleward wind - red), negative
values (equatorward wind - blue).
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values (poleward wind - red), negative values (equatorward wind - blue).
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589
590 Figure 6: The same as Fig. 5 but for July. Positive values (poleward wind -red), negative
591  values (equatorward wind - blue).
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592
593  Figure 7: Plot of average meridional wind speed (m/s) component at 10 hPa for January,

594  1958-2012, 20-60°N, 180°E-180°W. Top panel 00 UTC, middle 06 UTC, and bottom 12
595  UTC. Positive values (poleward wind - red), negative values (equatorward wind - blue).
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Figure 8: Plot of average geopotential height (km) for January, 1958-2012, 20-60°N, 180°E-
180°W. Top panel 10 hPa, bottom 100 hPa.
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Figure 9 Plot of average zonal wind speed (m/s) component for January, 20-60°N, 180°E-
180°W, 10 hPa. Top panel NCEP/NCAR (1958-2012), middle ERA Interim (1979-2012), and
bottom MERRA (1979-2012). Positive values (eastward wind - red), negative values

(westward wind - blue).



