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Abstract. In this paper, we describe a method for 

calculating low-frequency zonal-mean zonal wind varia-

tions, which we call torsional oscillations. We compare 

the torsional oscillations calculated from the 

NCEP/NCAR reanalysis I, MERRA-2, ECWMF ERA-

40, and ERA-Interim projects, using different methods 

of processing the original data. We estimate the degree 

of consistency of torsional oscillations, obtained from 

different reanalysis projects, and discuss the use of tor-

sional oscillations to study circulation dynamics of the 

atmosphere. 

Keywords: general atmospheric circulation, torsion-

al oscillations, troposphere, stratosphere, sudden strato-

spheric warming. 
 

 

 

 

INTRODUCTION 

Low-frequency variability of meteorological character-

istics includes oscillations in the time range longer than the 

synoptic one, i.e. more than 7–10 days. The low-frequency 

oscillations have a spatial scale from thousands to several 

tens of thousands of kilometers or have a global scale, and 

their energy exceeds the energy in the synoptic range 

[Perevedentsev, 1984; Barnston, Livezey, 1987; Blackmon 

et al., 1977; Branstator, 1992]. The low-frequency variabil-

ity can be driven by external excitation due to ocean tem-

perature anomalies or moisture content in the soil; vacilla-

tion; possible existence of two or more circulation regimes; 

isolated vortices, solitons; wave-wave interactions; vortici-

ty fluxes due to fluctuations having short time scales – 

cyclones and anticyclones [Wallace, Blackmon, 1988]. 

Fundamentally different approaches are used to study the 

low-frequency variability in tropical and extratropical lati-

tudes [Roger, Chorley, 2003; Lejenäs, Madden, 2000; 

Madden, 2007]. In midlatitudes, low-frequency (and large-

scale) anomalies are generally geostrophic. This greatly 

simplifies the analysis (not understanding) of the dynam-

ics, structure, and sources of low-frequency disturbances. 

In the tropics, the geostrophic condition is worse fulfilled, 

and instabilities, caused by vertical temperature gradients 

and considerable latent heat fluxes, generate specific diver-

gent and convergent dynamics with high vertical velocities. 
The fact that the low-frequency variability has large 

spatial scales can be used to improve long-term weather 

forecasts and short-term climate forecasts, especially in 

the extratropical zone characterized by a high synoptic 

noise level. Information about behavior and features of 

low-frequency oscillations can be useful for studying 

the troposphere–stratosphere coupling, for example, 

when identifying predictors of sudden stratospheric 

warmings (SSW). 
Of particular interest in the low-frequency range are 

variations in indices of Arctic and Antarctic oscillations, 

teleconnections [Blackmon et al., 1984a, b; Thompson, 

Wallace, 2000; Namias, 1981; Simmons et al., 1983], 

variations in the global atmospheric angular momentum 

[Egger, Weickmann, 2007; Egger et al., 2007], for-

mation and decay of blocking anticyclones [Tung, Li-

dzen, 1979]. 
A special feature of the low-frequency variability is 

variations in zonally averaged meteorological values. 

Feldstein [1998] and Lee et al., [2007] have analyzed 

zonal-mean zonal wind variations on time scales T~60–

100 days. Meridional drifts were determined using the 

regression analysis of wind velocity variations along 

different latitudes (22.58°, 45.08°, and 66.58° N, 22.58°, 

45.08°, and 66.58° S). According to the results, at all 

latitudes a slow poleward drift prevails, which, in the 

authors’ opinion, can be explained by the eddy momen-

tum flux convergence under meridional nonadiabatic 

heating gradient. The mechanism proposed in [Feld-

stein, 1998] has been confirmed by model calculations 

[Lee et al., 2007].  
The 10–40 day zonal-mean zonal wind variations 

differ from 60–100 day ones [Feldstein, 1998], for ex-

ample, the variations we found in the 15–20 day range 

[Mordvinov et al., 2009a, b]. We call this phenomenon 

torsional oscillation. In this paper, we describe a method 

for calculating torsional oscillations, compare different 

ways of filtering initial data and torsional oscillations 

obtained from several reanalysis projects. Of particular 

interest is the calculation of torsional oscillations from 

ECMWF ERA and MERRA-2 data at heights exceeding 

the uppermost level of the NCEP/NCAR reanalysis.  
 

DATA AND METHODS 

The method for calculating torsional oscillations is 
quite simple and involve several stages. First, the daily 
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zonal wind is averaged along different latitudes. Then 
the low-frequency fluctuations are isolated by means of 
the band-pass filters. In previous studies [Mordvinov, 
2009a; Mordvinov, 2009b], we used the simple Bartlett 
filter, assuming that the results are not sensitive to the 
details of the filter shape. To test this assumption, we 
employ several linear smoothing filters with different 
impulse responses [Rozhkov, 2002]: 

 Bartlett filter 
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where T is the smoothing band-pass size.  
Time series of the zonal-mean zonal wind have been 

processed twice – with T=tmin and T=tmax. Then, we 

subtracted the second time series from the first one. 

With this processing method the resulting time series 

primarily included the variations with periods between 

tmin and tmax; high-frequency and seasonal variations 

were excluded. Figure 1, a exemplifies filtering of the 

zonal-mean zonal wind at 10 hPa in 2012–2013 in the 

70°–80° N latitude range, using the Bartlett, Hannah, 

Hamming, and Parzen filters. Obviously there are no 

significant differences in the results. Figure 1, b plots 

the zonal-mean zonal wind variations which were fil-

tered by the Bartlett filter at 17 pressure levels of the 

NCEP/NCAR reanalysis project in 2012–2013. Zonal-

mean zonal wind variations occur at all levels from the 

troposphere to the stratosphere; however, if in summer 

the velocity variations in the troposphere are quickly 

damped when propagating into the stratosphere, in win-

ter in the stratosphere they increase, with amplitude 

several times as great as the amplitude of the zonal-

mean zonal wind variations in the lower troposphere. 
To analyze the connection of the zonal-mean zonal 

wind variations at different latitudes, we eliminate the 

latitude dependence of their amplitude. 
 

 

Figure 1. Zonal-mean zonal wind at 10 hPa in the latitude range from 70 to 80° N in 2012–2013 as derived from NCEP/ NCAR data 

(black curve) and results of their processing (blue curves) with the Bartlett, Hannah, Hamming, and Parzen filters, tmin=8 days, tmax=30 

days (a). Plots of unfiltered zonal-mean zonal wind variations and filtered values are vertically shifted for convenience of comparison. In 

the X-axis are numbers of days from July 1, 2012 to July 1, 2013. Changes of zonal-mean zonal wind variations from 1000 hPa to 10 

hPa in the 70–80° N latitude range, filtered by the Bartlett filter in 8 and 30-day band-pass (b) 
 

To do this, we normalize the zonal-mean zonal wind to 

the difference between maximum and minimum values 

of time series at different latitudes  

   n min max min/ .f f f f f     

Where f, fn are nonnormalized and normalized series of 

daily zonal-mean zonal wind. The normalized zonal-

mean zonal wind at each latitude ranged from 0 to 1. 
The proposed method of processing time series has 

been applied to NCEP/NCAR, ECMWF ERA-40, and 

ERA-Interim data [Kalnay et al., 1996; Uppala et al,. 

2005; Dee et al., 2011] with a spatial resolution of 

2.5°×2.5° and to MERRA-2 data [Rienecker et al., 

2011] with a resolution of 5.625°×5°. 
Figure 2 illustrates the result of the application of 

this technique, using the Bartlett filter. Figure 2, 

right, presents time–latitude cross-sections of tor-

sional oscillations. Figure 2, left, presents unfiltered 

and unnormalized zonal-mean zonal wind variations 

from July 1, 2012 to July 1, 2013 at 500, 150, 10 hPa. 

It is seen that in the troposphere zonal-mean zonal 

wind variations slowly drift poleward on time scales 

a b 
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of ~100 days [Feldstein, 1998]. They have a com-

pletely different appearance after filtering and nor-

malization (right panels in Figure 2) and represent 

oblique strips crossing the equator from north to 

south and from south to north. 
The time–latitude cross-sections for the stratosphere 

(Figure 2, bottom panels) are more complex than those 

for the troposphere. All the cross-sections show pro-

nounced seasonal variations there. The eastward wind in 

the low-latitude stratosphere is more intense than in the 

troposphere, and covers a wider range of latitudes. In 

summer, it propagates to high latitudes, thus leading to 

reduction or even disappearance of torsional oscilla-

tions. The thick line indicates the zonal mean tempera-

ture at 65° N. We can see a close relationship between 

the torsional oscillations and the temperature variations. 

The temperature begins to rise when a torsional oscillation 

reaches the boundary of the stratospheric polar vortex. 

TORSIONAL OSCILLATIONS 
IN DIFFERENT WAYS 
OF FILTERING 

Figure 3 presents time–latitude cross-sections of tor-

sional oscillations at 10 hPa for the 2012–2013 winter, 

calculated from ERA data, using different filters in the 

5–20-day range. We can see that the torsional oscilla-

tions have quite similar variance patterns. Their main 

feature is the short-duration variation in the middle of 

winter, propagating from low latitudes toward the North 

Pole. A plot of mean temperature variations at 65° N 

shows that this variation resulted in an abrupt tempera-

ture increase (SSW) [Kochetkova et al., 2014]. This 

example illustrates not only a weak dependence of tor-

sional oscillations on the choice of a filter, but also the 

possibility of their use for predictions SSW [Kochetko-

va et al., 2014]. 

 

Figure 2. Zonal-mean zonal wind variations from July 1, 2012 to July 1, 2013 at 500, 150, 10 hPa: unfiltered (left); filtered in 

the 5–20-day range and normalized to the difference Umax–Umin during the period of interest (right). The 0.1–0.5 contours are 

shown by light blue lines; the 0.6–1 range, by blue ones. The black solid curve indicates the zonal mean temperature at latitude of 

65° (NCEP/NCAR data) 

 

Figure 3. Time–latitude cross-sections of torsional oscillations calculated using the Bartlett (a), Hannah (b), Hamming (c), 

and Parzen (d) filters from October 20, 2012 to March 10, 2013. The black line is the zonal mean temperature at 65° N at 10 hPa 

(NCEP/NCAR data) 
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To quantify the dependence of torsional oscillations 

on the choice of a filter, we have calculated correlation 

coefficients between torsional oscillations obtained us-

ing the Bartlett, Hann, Hamming, and Parzen filters for 

five winter periods from 2012 to 2017. The correlation 

coefficients were averaged over heights from 1000 to 1 

hPa. The calculation results are shown in Figure 4. 
We can see that the correlation coefficients range 

from 0.7 to 0.95. Assess the reliability of the estimated 

correlation coefficients. If we consider the distribution 

of sample values as normal (which is quite acceptable 

for a large number of measurements), the standard devi-

ation of sample correlation coefficient s will depend on 

the correlation coefficient ρ and the number of degrees 

of freedom n and will be calculated from the formula 

 21 /s n   [Korn, Korn, 1984]. If we assume that 

amplitudes of zonal-mean zonal wind variations at dif-

ferent times are statistically independent, then for ρ=0.1 

and n=140 s=0.04. If we assume that the realizations 

consist of separate oscillation trains with random phases 

lasting ~10 days, the number of degrees of freedom de-

creases approximately 10 times. In this case, s=0.13. 

Given that the sample correlation coefficients range, on 

average, from 0.7 to 0.9, we can assume that for this s 

value their estimates are sufficiently reliable. 

The high correlation coefficients of the time series ob-

tained using different smoothing filters mean that it does 

not really matter what filter is used for the analysis of 

torsional oscillations. We will therefore use the simplest 

Bartlett filter in further calculations. 

 

TORSIONAL OSCILLATIONS 
FROM DIFFERENT REANALYSIS 

DATA 
In this paper, we use data from NCEP/NCAR for 

1950–2017, ECWMF ERA-40 for 1957–2002, ERA-

Interim for 1979–2017, and MERRA-2 for 1980–2017. 

The Reanalysis data differ in time and height 

(NCEP/NCAR, up to 10 hPa; ERA-Interim, up to 1 hPa; 

MERRA-2, up to 0.1 hPa). Reanalysis projects use dif-

ferent assimilation systems and different amount of ob-

servations. 

 

Figure 4. Correlation coefficients of torsional oscillations 

obtained using the Bartlett filter, and torsional oscillations 

identified using the Parzen, Hamming, and Hannah filters 

(ERA-Interim data) 

Figure 5 shows the correlation coefficients between 

ECMWF ERA-40 and NCEP/NCAR torsional oscilla-

tions in the 5–20-day range in the middle troposphere 

(500 hPa), upper troposphere (150 hPa), and strato-

sphere (10 hPa).  
It is evident that the 10 hPa plot differs significantly 

from the others. If the correlations coefficients for lower 

levels of the atmosphere are fairly complete, for the 

stratosphere a high values are observed only after the 

1980s. For the 1970–80s, the correlation coefficients 

rarely exceed 0.5. Since we have used long time series 

(n=140), the estimated correlation coefficients are quite 

reliable. The high correlation coefficients in recent dec-

ades enable us to complement the calculations of tor-

sional oscillations from one reanalysis project’s data by 

the calculations from another virtually at all levels of 

the atmosphere. For the 1960–70s, the calculations for 

the stratosphere are less reliable, and they should be 

treated with great caution. 
To analyze the dependence of correlation coeffi-

cients on spatial coordinates, we have constructed 

height–latitude cross-sections of correlation coefficients 

between NCEP/NCAR and ERA-Interim data (Figure 6, a) 

and ERA-Interim and MERRA-2 data (Figure 6, b) 

averaged over five winter periods from 2012 to 2017. We 

compared unfiltered data, i.e. the zonal-mean zonal wind 

calculated using data from two reanalysis projects, and 

torsional oscillations obtained after normalizing and filter-

ing data with the Bartlett filter in the 5–20-day range. 
It can be seen that the torsional oscillations and dis-

tributions of zonal-mean zonal wind correlate well be-

tween NCEP/NCAR and ERA-Interim data and notice-

ably worse between ERA-Interim and MERRA-2 data, 

although the correlation coefficients are quite high (0.7–

0.9) for the Northern Hemisphere. The greatest discrep-

ancies between data from different reanalysis projects 

are observed in the equatorial zone above the tropo-

pause (Figure 6, a, b). In Figure 6, b, there are also low 

correlation coefficients in the Southern Hemisphere. 

Unlike the zonal-mean zonal wind (Figure 6, a, right 

panel), torsional oscillations (Figure 6, a, left panel) 

according to ERA-Interim and NCEP/NCAR data corre-

late worse at equatorial latitudes and in the Southern 

Hemisphere. The comparison between MERRA-2 and 

ERA-Interim data (Figure 6, b) shows that filtering also 

reduces the correlation coefficients for the Southern 

Hemisphere, but increases them for the upper atmos-

pheric layers of the Northern Hemisphere. 

 

Figure 5. Correlation coefficients between torsional oscil-

lations calculated from NCEP/NCAR and ERA-40 data 
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Figure 6. Correlation coefficients between zonal-mean zonal wind variations calculated from NCEP/NCAR and ERA-Interim 

data  (a) and from MERRA-2 and ERA-Interim data (b) 
 

To search for the reasons of the differences between the 

reanalysis projects is beyond the scope of this work. In 

general, we have found that torsional oscillations are not 

sensitive to the details of the filter shape, so they are a real-

ly existing and quite noticeable phenomenon in the dynam-

ics of the general atmospheric circulation. To study tor-

sional oscillations, we can use various reanalysis data, 

which are largely interchangeable. The use of the reanaly-

sis data for the equatorial region and MERRA-2 for the 

Southern Hemisphere requires a somewhat greater care. 
 

TORSIONAL OSCILLATIONS 
IN DIFFERENT BAND-PASS 
RANGES 

Natural processes, in particular meteorological, are 

rarely “narrowband”. A change in the band-pass range 

can therefore cause a change in the pattern of the phe-

nomenon, which often consists of small-scale and large-

scale features whose dynamics may differ, despite their 

being a part of one phenomenon. To reduce the depend-

ence of the analysis results on the selected band-pass 

range, we made the filtering in three overlapping band-

pass ranges 5–15, 10–20, and 15–25 days, and then mul-

tiplied the resulting time series. As a result, instead of 

three different time–latitude cross-sections we obtained 

one complex cross-section, which displayed features of 

torsional oscillations common to all the three band-pass 

ranges. Figure 7 gives an example of the construction of 

the complex time–latitude cross-section for 2000–2001. 

In the upper three panels there are time–latitude cross-

sections of torsional oscillations, constructed in 5–15, 

10–20, and 15–25-day band-pass ranges. The bottom 

panel shows a time–latitude cross-section obtained by 

multiplying three top time–latitude cross-sections. It is 

seen that the complex time–latitude cross-section is 

simpler than those constructed for each band-pass range. 

Furthermore, since we normalized the time series in the 

range from 0 to 1, negative anomalies were suppressed. 

This allowed us to simplify the pattern of torsional os-

cillations by reducing redundant information provided 

by negative velocity anomalies comprising a part of the 

train of torsional oscillations. 

Figure 8 presents time–latitude cross-sections in three 

overlapping band-pass ranges and a complex time–latitude 

cross-section of torsional oscillations in the stratosphere 

(10 hPa). Unlike the troposphere (Figure 7), in the strato-

sphere the pattern of torsional oscillations remains virtually 

unchanged: all time series exhibit well-defined anomalies 

propagating from low latitudes and preceding SSW. 

 

RESULTS AND DISCUSSION 
The question about mechanism and generation 

sources of torsional oscillations is still open. Character-

istic oscillations in the 5–25-day periods in different 

meteorological parameters occur in almost all seasons 

and at all heights of the atmosphere. 
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Figure 7. Time–latitude cross-sections of torsional oscillations in 2000–2001 at 500 hPa constructed using the Bartlett filter 

with 5–15, 10–20, 15–25-day band-pass, and a complex time–latitude cross-section (Era-Interim data) 

 

Figure 8. Time–latitude cross-sections of torsional oscillations in 2001–2002 at 10 hPa, constructed using the Bartlett filter 

with 5–15, 10–20, 15–25 day band-pass, and a complex time–latitude cross-section (Era-interim data) 
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This suggests that this phenomenon is global. A re-

markable feature of these oscillations is that they can be 

connected with such phenomena as Arctic and Antarctic 

oscillations; and in the upper atmosphere, with sudden 

stratospheric warmings. Kochetkova et al. [2014], 

studying SSW in the middle stratosphere, have shown 

that propagation of torsional oscillations from adjacent 

latitudes is one of the factors contributing to SSW. This 

means that torsional oscillations can be a tool for study-

ing dynamics of the winter stratosphere. 
 

CONCLUSION 

In this paper, we have described in detail the method 

for calculating torsional oscillations – zonal-mean zonal 

wind variations in the 5–25-day periods. We have com-

pared different methods of data filtering (Bartlett, Par-

zen, Hamming, and Hannah filters). With these filters 

there was good agreement between results, therefore in 

further studies we employed the simplest of them – the 

Bartlett filter. This filter was used to calculate torsional 

oscillations from NCEP/NCAR Reanalysis I, MERRA-2, 

ECWMF ERA-40, and ERA-Interim data. The compari-

son showed a close correlation between torsional oscil-

lations according to NCEP and ERA data in the tropo-

sphere from 1980 (correlation coefficients 0.8–0.9). 
For the stratosphere, the correlation is worse for the 

1960–70s, but after 1980 the correlation coefficients also 

reached quite high values (0.65–0.7). The comparison of 

torsional oscillations for the current period, made for ERA 

and NCEP, ERA and MERRA-2, has shown that torsional 

oscillations and distributions of zonal-mean zonal wind 

correlate well between NCEP/NCAR and ERA data (0.9–

0.95) and somewhat worse between ERA and MERRA-2 

data, although the correlation coefficients for the Northern 

Hemisphere are also quite high (0.7–0.9). Significant dis-

crepancies between data from different reanalysis projects 

are observed in the equatorial zone above the tropopause. 

Despite the fact that the use of the reanalysis projects for 

the equatorial region and MERRA-2 for the Southern 

Hemisphere requires some caution, all the reanalysis pro-

jects are largely interchangeable. The dependence of tor-

sional oscillations on the filtering range is mainly eliminat-

ed when using complex time–latitude cross-sections. 
We thank Kandieva Kanykei Kubanychevna, a gradu-

ate student at the Russian State Hydrometeorological Uni-

versity (St. Petersburg), for her assistance in preparing 
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