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Global atmospheric variables can be physically decomposed into four components: (1) the zonal time averaged climate symmetric 
component, (2) the time averaged climate asymmetric, (3) the zonal-mean transient symmetric anomaly, and (4) the transient 
asymmetric anomaly. This study analyzes the relationships between the intra-seasonal and inter-annual variability of planetary 
scale decomposed zonal and meridional winds in the tropopause, and oscillations such as those from the El Niño-Southern Oscil-
lation (ENSO), the Arctic Oscillation (AO) and the Antarctic Oscillation (AAO). The tropical inter-annual zonal mean wind 
anomalies in the tropopause are linked with the ENSO cycle and can propagate into the subtropics, mid-latitudes, and polar front 
regions via abnormal meridional vertical cells. Similarly, tropical intra-seasonal (40–60-d) zonal wind anomalies can reach the 
subtropics and mid-latitudes. The polar intra-seasonal zonal wind anomalies in the tropopause can propagate toward 
high-latitude areas. Thus, the AO and the AAO are the result of the interaction and propagation of these planetary scale zonal 
wind anomalies. 
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The first quantitative description of the way that the 
mid-latitude atmospheric circulation can change was intro-
duced by Rossby [1]. It is known as the “westerly circula-
tion index” (or Rossby zonal index) and was defined as the 
average geostrophic zonal wind between latitudes 35°N and 
55°N. Atmospheric circulation in the middle troposphere 
around mid-latitudes often maintains a straightforward 
westerly circulation via a high phase of the Rossby zonal 
index, and at other times via a low phase condition when 
large scale circulation anomalies with meridional fluctua-
tions occur. Ten years ago, the Arctic Oscillation (AO) [2,3] 
and Antarctic Oscillation (AAO) [4] were identified. These 
two planetary scale oscillations show a see-saw like inter-
play between adjacent mean zonal wind anomalies on in-
tra-seasonal to inter-annual timescales. There are two zonal 
bands of significant positive and negative correlations that 

associate the AO (or AAO) series with the monthly zon-
al-mean sea level pressure, geopotential height, zonal wind 
at 500 hPa, and air temperature at 1000 hPa [5] in each 
hemisphere. Enhanced Ferrel and Hadley cell activity man-
ifest themselves in meridional vertical circulation anomalies 
consistent with the AO symmetric mode in both winter and 
summer seasons [6]. It can be concluded that the Rossby 
zonal index represents changes in the strength of zonal wind, 
while the AO and AAO indices characterize the opposite 
pressure changes within and without the polar areas. They 
all reflect gradient variations of zonal mean geopotential 
height (or pressure) in the mid- and high-latitudes. These 
planetary scale oscillations directly impact the weather and 
climate in East Asia and China [7–10]. 

In the tropical Pacific, the tropospheric inter-annual var-
iability of the Walker cell is linked with El Niño events 
(oceanic warming). It is directly associated with the South-
ern Oscillation (SO) [11–13], and therefore called the in-
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ter-annual El Niño-Southern Oscillation (ENSO) cycle. The 
phase lag relationship from inter-annual anomalies of the 
equatorial Pacific sea surface temperature (SST), the equa-
torial zonal wind angular momentum, and the solid Earth 
angular momentum, was established by the role of large-     
scale mountain torque and air-mass delivery through the 
Walker cell [14]. The ENSO index, which characterizes the 
phase and strength of inter-annual ENSO cycle, reflects 
changes in the equatorial Pacific SST and a sea surface 
pressure oscillation, rather like a standing-wave oscillation, 
on two fixed locations between the tropical Eastern and 
Western Hemispheres. On the other hand, the intra-seasonal 
(or 40- to 50-day) oscillation also often appears in the trop-
ical atmosphere. First reported by Madden and Julian [15,16] 
in the early 1970s, this tropical atmospheric low-frequency 
oscillation (MJO) propagates eastward. 

Although these circulation indices including the Rossby 
zonal index, the ENSO index, the AO and AAO indices, 
and even the MJO, are widely used for the analysis and pre-
diction of abnormal weather and climate, they are not well 
understood. It is commonly believed that extreme weather 
or abnormal climate events are both affected by equatorial 
El Niño (or La Niña) events, and equally, extreme events 
are closely linked with the AO, AAO, MJO and other at-
mospheric oscillations. Therefore, from both a theoretical 
and practical standpoint, further understanding of these sys-
tems is crucial. 

1  Methods and datasets 

This work used the global daily atmospheric wind data from 
NCEP/NCAR Reanalysis 1 [17]. This dataset has a geo-
graphical resolution of 2.5°×2.5° from January 1980 to May 
2011 and has 12 layers of pressure (including 1000, 925, 
850, 700, 600, 500, 400, 300, 250, 200, 150 and 100 hPa). 
The time series of the AAO index for 1979 to 2010 and the 
AO index for 1950 to 2010 have monthly resolution and 
were calculated by the empirical orthogonal function (EOF) 
mode based on the 700 hPa and 1000 hPa geopotential 
height anomalies. ERSST.V3B SST [18] anomalies in the 
Niño 3.4 region (5°N–5°S, 170°–120°W) were used to 
identify the impact of the ENSO cycle. Time series of the 
AO, AAO and ENSO indices were obtained from the U.S. 
National Oceanic and Atmospheric Administration’s web-
site (http://www.cpc.ncep.noaa.gov/). 

Global atmospheric variables can be physically decom-
posed into four components: the zonal-time averaged cli-
mate symmetric; the time averaged climate asymmetric; the 
zonal mean transient symmetric anomaly; the transient 
asymmetric anomaly [19]. The first two components are 
caused by seasonal changes of solar radiation and sea-land 
thermal distribution, and together, they constitute the regu-
lar daily climate. The third component can be regarded as a 
planetary-scale index cycle of atmospheric variables that is 

forced by the thermal contrast between polar and equatorial 
areas. The fourth component contains complex region-
al-scale transient anomalies.  

This work focuses on the third component, i.e. the plane-
tary scale zonal mean transient anomalies in the atmosphere. 
Hence, the daily climate components are removed from the 
whole variable observations. For example, the planetary 
scale transient anomaly of zonal mean zonal wind in the 
year Y and the calendar day t is [19]: 
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    (1) 

The variable ( , , )YU t   in eq. (1) is the historical or 

current meteorological observations of zonal wind in the 
calendar day t of the year Y at the position of longitude  
and latitude . 

The component [ ( )]tU   is the climate zonal-mean zon-

al wind averaged from total N years at the day t and changes 
with latitude . Its mathematical expression is as follows: 
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This climate component is determined by the seasonal cycle 
of solar radiation.  is the number of years from 1 to N; N is 
the total years with all historical data used to calculate the 
daily climate; and  is the grid longitude number from the 
first to the last (K = 144). 

2  Results 

The planetary-scale zonal-mean transient symmetrical wind 
anomalies component is calculated using eq. (1). Figure 1 
shows the vertical profile of standard deviations of daily 
zonal-mean transient zonal wind anomalies (U) and merid-
ional wind anomalies (V) over the 100 to 1000 hPa from the 
South Pole to the North Pole. A maximum center of stand-
ard deviation (0.77 m/s) of the daily zonal-mean meridional 
wind anomalies appears near the equatorial tropopause (150 
hPa), and decreases to 300 hPa at the two poles. If monthly 
mean instead of daily meridional wind anomalies were used, 
the distribution of monthly standard deviations is similar to 
Figure 1(a), but the value at the equatorial tropopause is 
only 0.45 m/s. For the daily mean zonal wind anomalies, the 
standard deviation calculated is shown in Figure 1(b). The 
maximum values at different latitudes are located near the 
tropopause, but the largest center is not located in the equa-
torial tropopause. The largest standard deviation center (5.1 
m/s) in the Southern Hemisphere is located at 60°S and at 
the 300 hPa altitude. Moreover, there are other high value 
centers near 30°S, 45°S and the South Pole. The largest 
center (6.9 m/s) in the Northern Hemisphere is near the 300  
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Figure 1  The latitude-pressure profiles of standard deviation (m/s). Zonal-mean anomalies of daily meridional wind (a) and daily zonal wind (b) based on 
the data for 1981 to 2010. The dashed line goes through the maximum standard deviations near the tropopause. 

hPa over the Arctic. Other high value centers between 30°N 
and 50°N above the tropopause are also present. The stand-
ard deviations calculated by daily and monthly planetary 
scale mean zonal wind anomalies also have a similar distri-
bution.  

Wind anomalies at three grids across 2.5°S to 2.5°N at 
150 hPa were averaged to generate a daily time series, from 
which was calculated the monthly time series. The daily and 
monthly series of meridional wind anomalies near the 
equatorial troposphere for 1981 to 2010 are shown in Figure 
2. The meridional wind anomalies have significant fluctua-
tions during 1982 to 1983 and 1997 to 1998. These appear 
to coincide with strong ENSO signals. 

Figure 1(b) shows 7 areas with high values of zonal wind 
anomalies from the south to north poles over the tropopause. 
The grid-point groups of these areas were ordered by num-
bers and with their locations are given in Table 1. The time 
series of each grid-point group were calculated using zonal 
wind anomalies (not shown). The correlation coefficients of 
these time series are given in Table 2. Negative correlations 
between two adjacent series of high-latitude regions in both 
hemispheres could reflect phase lag relationships. Similarly, 

there are also negative correlations in the same time or 
lagged positive correlations between the time series of the 
two groups in the subtropical and mid-high-latitudes, re-
flecting the meridional propagation of zonal wind anomalies. 
The two adjacent series (Ud and Ue) of zonal wind anoma-
lies in the subtropics of both hemispheres are positively 
correlated (P<0.01) with a correlation coefficient of 0.5. 

Figure 3 shows the relationship between the monthly 
meridional wind anomalies over the equatorial tropopause 
and the monthly zonal wind anomalies averaged over the 
two subtropical tropopauses. Zonal wind leads meridional 
wind anomalies by 1 and 2 months, with correlation coeffi-
cients of 0.18 and 0.19 respectively. Their correlation coef-
ficient is 0.15 simultaneously, with P<0.01 in all cases. The 
zonal and meridional wind anomalies have almost the same 
phase in the tropical tropopause, and hence might share the 
same forcing mechanism(s). Zonal wind anomalies are ob-
served when there are significant SST anomalies in the cen-
tral and eastern equatorial Pacific, so were very obvious 
during 1982 to 1983, 1986 to 1987, 1992 to 1993, 1997 to 
1998, 2004 to 2005 and 2009 to 2010. Meridional wind 
anomalies are not always as obvious as those of the zonal  
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Figure 2  The zonal mean anomalies (m/s) of daily (grey line) and monthly (black line) meridional winds near the equatorial tropopause (150 hPa). 

Table 1  Seven major centers with their serial numbers, pressure levels, 
latitudes and grids shown in Figure 1(b) 

No. Pressure level (hPa) Latitude Grids 

a 
b 
c 
d 
e 
f 
g 

300 
250–300 
200–250 
150–200 
150–200 
250–300 

300 

 85°–82.5°S 
62.5°–60°S 
42.5°–40°S 
22.5°–20°S 
 25°–27.5°N 

52.5°–55°N 
77.5°–80°N 

2 
4 
4 
4 
4 
4 
2 

 
wind, and sometimes are not observed when might be ex-
pected, e.g. 2009 to 2010. 

3  Meridional propagation of zonal wind anom-
alies 

Planetary scale transient mean zonal wind anomalies in the 
tropopause have some characteristics that might suggest 
they would propagate with latitude (Table 2). Figure 1(b) 
shows a time-latitude section, displaying such meridional 

propagation. Figure 4 shows zonal wind anomalies for the 
period 1981 to 2010. Some sources of zonal mean wind 
anomalies which were symmetric relative to the equator can 
be seen near the tropical tropopause. Concurrent with large 
ENSO events, some large amplitude zonal wind anomalies 
appeared in 1981 to 1983, 1997 to 1998, and 2009 to 2010. 
These planetary-scale zonal wind anomalies are delineated 
by the long dashed lines with arrows. In early 1981, a plane-      
tary scale zonal wind anomaly propagated from the equator 
and arrived at the subtropics and grew in early 1983. It 
reached the mid- and high-latitudes in early 1984 and early 
1985, respectively. The whole process lasted about 4–5 
years. During this period, another planetary scale zonal 
wind anomaly from the equator in the early summer of 1982, 
and quickly propagated to the high-latitudes by the fall of 
1982. In the early summer of 1986, an inter-annual 
low-frequency zonal mean wind anomaly from the equator 
and propagated in the Southern Hemisphere for about 4 
years. During the summer to fall seasons, it reached the 
subtropics, mid- and high-latitudes during 1987, 1988, and 
1989. Figure 4 also shows planetary scale zonal wind  

Table 2  Simultaneous correlation coefficients between the 7 series of zonal mean wind anomalies near the tropopause and AO, AAO, Niño3.4 SST anom-
aly indices for the period 1981 to 2010 

 AO Ug Uf Ue Niño3.4 Ud Uc Ub Ua 

AAO 
Ua 
Ub 
Uc 
Ud 
Niño3.4 
Ue 
Uf 
Ug 

0.04  
0.02  
0.03  
0.00  

0.06  
0.08  
0.36** 

0.67** 
0.22** 

0.04  
0.07  

0.04  
0.01  

0.00  
0.00  
0.06  

0.17** 
  

0.07  
0.03  

0.06  
0.03  

0.09  
0.08  
0.40** 

 
  

0.15  
0.05  

0.13* 
0.06  
0.50** 
0.63** 

 
 

  

0.22** 
0.12* 

0.20** 
0.11* 
0.55** 

 
 
 

 

0.18** 
0.08  

0.07  
0.25** 

 
 
 
 

  

0.51** 
0.21** 

0.76** 
 

 
 
 
 
  

0.87** 
0.35** 

 
 
 
 
 
 
  

0.28** 
 
 
 
 
 
 
 

 

* indicates the correlation coefficient is at the P<0.05 significance level, (|r|0.103); ** indicates the coefficient is at the P<0.01 significance level 
(|r|0.136). 
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Figure 3  The monthly zonal mean wind anomalies averaged near the subtropical tropopause (dashed line) and the monthly zonal mean meridional wind 
anomalies over the equatorial tropopause (solid line). 

anomalies of 40–60-d duration. These belong to an in-
tra-seasonal timescale. The dotted lines indicate such zonal 
wind anomalies that propagated rapidly in 1982, early 1998, 
and 1991 to 1992. 

The strongest El Niño event of the twentieth century oc-
curred during 1997 to 1998 [20]. In early 1997 a planetary 
scale inter-annual zonal wind anomaly appeared at the 
equator and then propagated through the subtropics, then 
mid- and high-latitudes in 1998, 1999 and 2000 respectively. 
The quasi-4-year scale of the ENSO cycle was understood 
as a result of inter-annual ocean-atmosphere interactions. 
The tropical intra-seasonal zonal wind anomalies are weak-
ening by the time that the inter-annual zonal wind anoma-
lies have propagated to the mid-latitudes. Differently, the 
tropical intra-seasonal zonal wind anomalies became strong 
when the inter-annual zonal wind anomalies first appeared 
along the equatorial zone such as the case in the early 1997. 
Seven relatively complete intra-seasonal zonal wind anoma-
lies appeared in the tropics in 2002, each with an average 
life of 40–60 d. The zonal wind anomalies shown in Figure 
4 are filtered using a 31-d low-pass filter [21] so that the 
high frequency fluctuations do not appear; hence seasonal 
changes (i.e. the annual cycle) are removed. Oscillations 
with a timescale of 40–60 d can be observed in the plane-
tary scale zonal mean wind anomalies that could propagate 
to subtropical and mid-latitudes. This is not the MJO, which 
only propagates in the tropics. The inter-annual planetary 
scale zonal mean wind anomalies generated in the tropics 
can propagate to high-latitudes, but do not often reach the 
poles. The intra-seasonal planetary scale zonal wind anoma-
lies generated in equatorial regions can spread to the sub-
tropics and mid-latitudes. In the polar atmosphere, in-
tra-seasonal planetary scale zonal wind anomalies also, but 
propagate from polar regions to high-latitudes, seeing the 
solid arrow in Figure 4. 

The intra-seasonal planetary scale zonal wind anomalies 
in the tropics correspond to the quasi biennial oscillation of 
the equatorial Pacific SST anomalies, could be clearly seen 
at the beginning of this century. The strongest ENSO events 
this century occurred in the equatorial Pacific in 2009 to 

2010. During this period, both inter-annual and in-
tra-seasonal planetary scale zonal wind anomalies have 
propagated from the tropics to the mid- and high-latitudes. 
The amplitudes of the two types of events can increase or 
reduce (constructive or destructive interference) when in-
ter-annual and intra-seasonal planetary scale zonal wind 
anomalies generated in the tropics arrive at the same lati-
tude simultaneously with intra-seasonal anomalies from a 
polar region.  

Figure 4 shows meridional propagations of the zonal 
mean westerly (positive) anomalies associated with the 
warm phase of the ENSO cycle (El Niño events), and the 
zonal mean easterly (negative) anomalies associated with 
the cold phase of the ENSO cycle (La Niña events). It 
should be noticed that the positive planetary scale zonal 
wind anomaly at the equatorial tropopause appeared before 
the ENSO warm events (1982 to 1983), and the negative 
zonal wind anomaly (or easterly enhanced anomaly) oc-
curred when the warm events matured (1997 to 1998), see-
ing Figure 5. The planetary scale zonal mean northerly 
anomalies at the equatorial tropopause before the Fall 1982 
became southerly anomalies in the winter 1982–1983 and in 
spring to summer 1983 when the ENSO warm event ma-
tured. The meridional wind anomalies behaved similarly 
during the 1997–1998 El Niño events. In summary: before, 
during, and after an ENSO event, westerly anomalies and 
northerly anomalies appear near the equatorial tropopause, 
corresponding to the warm SST phase in the equatorial Pa-
cific. Then westerly anomalies in the equatorial tropopause 
weaken and the southerlies enhance, warming the equatorial 
Pacific sea surface. The appearance of tropopause southerly 
anomalies indicates northward air-mass delivery across the 
equator at the high altitude or southward air-mass delivery 
at the lower troposphere, which is the signal of weakening 
of ENSO events. 

4  Causes of zonal-mean zonal wind anomalies 

To clarify the relationship between ENSO and the planetary  
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Figure 4  Variations of the zonal mean wind anomalies near the tropo-
pause between 90°S and 90°N for the period 1981 to 2010. The shaded 
areas indicate positive zonal wind (westerly) anomalies. The contour in-
terval is 2 m/s. The fine dashed-grey lines correspond to the 7 latitudes in 
Table 1. The thick dotted lines show the inter-annual and intra-seasonal 
anomalies that originated from the tropical atmosphere, the arrows indicate 
the intra-seasonal anomalies that originated from the polar atmospheres. 

 

Figure 5  As in Figure 4, but for the zonal-mean meridional wind anoma-
lies on the tropopause. (a) 1982–1983; (b) 1997–1998. The shaded areas 
indicate the positive meridional wind (southerly) anomalies and the con-
tour interval is 0.1 m/s. 

scale meridional wind anomalies, Figure 6(a) shows the 
lead-lag relationship between SST anomalies at the Niño 
3.4 region and the zonal mean meridional wind anomalies 
over the equatorial tropopause at 150 hPa. Their correlation 
coefficient is 0.09 (P<0.05) when they are simultaneous, 
and 0.24 (P<0.01) when the Niño3.4 region SST anomaly 
series are 4 months ahead of zonal-mean meridional wind 
anomalies. Figure 6(b) shows their time series, but the SST 
series are lagged by 4 months. Statistically, there are no 
significant systematic relationships among the Arctic/   
Antarctic Oscillations, the planetary-scale meridional wind 
anomalies at the equatorial tropopause, or the zonal wind 
anomalies in the subtropical tropopause. 

The simultaneous correlation coefficients between a cou-
ple series of the Niño3.4 region SST anomaly, AO and 
AAO indices, and 7 chosen zonal-mean zonal wind anoma-
lies on the tropopause for the period of 1981 to 2010 show: 

(1) The zonal mean wind anomalies near the tropopause 
at different latitudes have a significant lag correlation, 
which indicates the meridional propagation characteristics 
of zonal mean wind anomalies.  

(2) The Niño3.4 region SST anomaly and zonal-mean 
zonal wind anomalies in the subtropical tropopause are pos-
itively correlated with correlation coefficients of 0.55 and 
0.63 for Northern and Southern Hemispheres, respectively.  

(3) The AO index and zonal mean wind anomalies on the 
tropopause at high-latitudes between 52.5°N and 55°N have 
a correlation coefficient of 0.67, while the AO index and 
subtropical zonal mean wind anomalies on the tropopause 
have a negative correlation.  

(4) The AAO index and zonal mean wind anomalies at 
the tropopause from 60°S to 62.5°S has a correlation coeffi-
cient of 0.87. However the AAO index is also negatively  
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Figure 6  The lead-lag relationship between sea surface temperature 
anomalies at the Niño3.4 region and the zonal mean meridional wind 
anomalies over the equatorial tropopause at the 150 hPa level. (a) The 
lead-lag correlation coefficients with months; (b) time series of meridional 
wind anomalies (solid line) and 4-month-lagged SST anomaly series for 
the Niño 3.4 region (dashed line).  

correlated with the zonal mean wind anomalies in the high 
and mid-latitudes of the Southern Hemisphere. This correla-
tion covers the meridional mode structure of AAO over all 
pressure levels from the surface to the tropopause. The cor-
relation coefficient between the AO and AAO indices is 
0.04, which effectively means there is no correlation. 

Table 2 shows the AAO index or the AO index has sig-
nificant positive correlations with the planetary scale zonal 
mean wind anomalies in the same hemisphere near the mid- 
and high-latitude tropopause. Figure 7 shows monthly series 
of mid- and high-latitude zonal-mean wind anomalies near 
the tropopause, as well as the Arctic and Antarctic oscilla-
tion indices during 1981 to 2010. The AAO index and zonal 
wind anomalies over the tropopause in the South Hemi-
sphere are closely related with the correlation coefficient of 
0.87. The correlation coefficient between the AO index and 
zonal wind anomalies over the tropopause in the Northern 
Hemisphere is 0.67, reflecting a more complex relationship. 
The AO and AAO are not only the evidence of the low level 
zonal oscillations at mid- and high-latitudes in each hemi-
sphere, but also their maximum signals are located near the 
tropopause, reflecting intensity changes of the polar fronts. 
The planetary scale zonal wind anomalies at mid- and 
high-latitudes near the tropopause indicate the changes in 
the planetary scale westerly jet. According to thermal wind 
theory, the planetary scale zonal wind anomalies on the 
tropopause have direct linkage with changes of the meridi-
onal temperature gradient. 

 

Figure 7  The series of mid- and high-latitude zonal mean wind anoma-
lies near the tropopause (dashed line) and the Arctic/Antarctic oscillations 
(solid line). (a) Tropopause (250–300 hPa) zonal wind anomalies in the 
high-latitude Southern Hemisphere (62.5°–60°S) and the AAO index series 
(correlation=0.87); (b) zonal wind anomalies in the mid- and high-latitude 
Northern Hemisphere (52.5°–55°N) and the AO index series (correla-
tion=0.67). 

5  Conclusion 

Tropospheric wind fields have been divided into 4 parts by 
using a physical decomposition method. There are centers 
with high standard deviations of planetary scale zonal mean 
and meridional wind anomalies near the tropopause on 
timescales of day to month. A conceptual physical model of 
relationships between relevant indices was shown in Figure 
8. A large standard deviation band of zonal and meridional 
wind anomalies exists near the 150 hPa level over the 
equator. Its height decreases to 300 hPa with increasing 
latitude to the polar region. Analyses of the propagation of 
zonal mean and meridional wind anomalies on different 
latitudes close to the tropopause, and relationships among 
ENSO, AO, AAO and those zonal wind anomalies mean: 

(1) Planetary-scale zonal-mean meridional wind anoma-
lies over the equatorial tropopause and zonal wind anoma-
lies near the subtropical tropopause on both sides of the 
equator are positively correlated on the intra-seasonal (40– 
60-d) and inter-annual timescales. The inter-annual meridi-
onal wind anomalies over the equatorial tropopause and 
zonal wind anomalies over the subtropical tropopauses are 
closely linked to, or driven by, the ENSO cycle. The zonal 
mean geostrophic zonal wind angular momentum anomalies 
originating in the tropics can move to other regions via me-
ridional circulation (the Hadley and Ferrel cells) anomalies.  
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Figure 8  A conceptual physical model showed the relationship between the zonal wind anomalies (U) on the tropopause at different latitudes, abnormal 
circulation of tropical Hadley cell (H), mid-latitude Ferrel cell (F), and the polar Hadley (H) cell, abnormal subtropical jets (JT) and polar front jets (JP), the 
intra-seasonal (40-60-d) oscillation in the polar regions and the equatorial intra-seasonal and inter-annual oscillations as well as the ENSO cycle (heat 
source). UEQ(N) and UEQ(S) are zonal wind anomalies that are generated in the tropics and propagate to the mid- and high-latitudes. UP(N) and UP(S) are zonal 
wind anomalies that are generated in the polar regions and propagate to high-latitudes. 

Westerly winds increase in regions close to the subtropical 
jet (JT) and the polar front jet (JP), so that the maximum 
variation of westerly angular momentum is found at the 
tropopause. 

(2) Planetary scale zonal mean wind anomalies at 
high-latitudes of both hemispheres over tropopause also 
have intra-seasonal changes. A significant positive correla-
tion is observed between the AO index series and the zonal 
wind anomalies on the tropopause at high-latitudes in the 
Northern Hemisphere, and a higher positive correlation ex-
ists between the AAO index series and the high-latitude 
zonal wind anomalies in the Southern Hemisphere. The 
physical nature of the AO/AAO and the planetary scale 
high-latitude zonal wind anomalies on the tropopause of 
both hemispheres represents the intensity changes of the 
polar fronts. The planetary scale zonal wind anomalies 
combine with the westerly jet at high-latitudes near the 
tropopause where the polar front (JP) intensity is greatly 
changed. There are no correlations between the AO and 
AAO series, nor between those mid- and high-latitude plane-   
tary scale zonal wind anomalies from one hemisphere to 
another, because the zonal mean wind anomalies at mid- 
and high-latitudes are affected by the planetary scale zonal 
wind anomalies not only from the equator (UEQ) but also 
from the high-latitudes and polar regions (UP). 

(3) The inter-annual planetary scale zonal wind anoma-
lies can propagate along the tropopause from the tropical to 
the polar-front regions in high-latitudes. The propagation 
process lasts for about 4 years. Further analysis showed the 
intra-seasonal (40–60-d) zonal wind anomalies on the trop-
ical tropopause can spread to extra-tropical regions by a 
propagation mechanism of abnormal circulations of the 
Hadley and Ferrel cells. The intra-seasonal oscillation of the 
planetary scale tropical zonal wind is different from the 
tropical MJO, which results from tropical local air-sea in-
teraction. The MJO can be analyzed by using the regional 
scale atmospheric anomalies based on physical decomposi-
tion. 

(4) The intra-seasonal planetary scale zonal wind anoma-
lies (UP(N) and UP(S)) generated in the polar atmosphere can 
spread to high-latitudes by an anomaly of the meridional 
polar cells. Zonal wind anomalies from the polar tropopause 
and from the tropical tropopause (UEQ(N) and UEQ(S)) on the 
inter-annual and intra-seasonal timescales could meet at 
high-latitudes. The planetary-scale circulation oscillations in 
the atmosphere such as the AO, AAO and SO, and the plan-
etary scale zonal and meridional wind anomalies at the 
tropopause ultimately reflect the result of the planetary-     
scale thermal contrast variations from the tropics and polar 
regions. 

(5) The Rossby zonal index, the AO index, and the AAO 
index separately reflect the geopotential height (or pressure) 
gradients in the mid- and high-latitudes over the two hemi-
spheres. They oscillate in a see-saw fashion in the meridio-
nal direction. But actually, they result from the meridional 
propagation of planetary scale zonal wind anomalies. At the 
tropopause, the inter-annual atmospheric anomalies are 
driven by the ENSO cycle, and the intra-seasonal atmos-
pheric anomalies are driven by intra-seasonal heat perturba-
tions in the tropics and two polar regions. 
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