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Abstract: 
 
The atmospheric control on planetary wave propagation, and planetary wave activities 
and eddy forcing on mean flow in the troposphere and stratosphere in Northern 
Hemisphere (NH) winter, has been investigated by the new introduced analysis - 
frequency of negative refractive index squared ( ( <0)), and E-P flux and its 
divergence by using the NCEP/NCAR reanalysis data from 1958 to 2002. It was found 
that the atmospheric zonal mean zonal wind (ZMZW), vertical shear of ZMZW and 
atmospheric stability can control the planetary wave propagation. On the other hand, the 
planetary waves can also affect atmospheric circulation by wave–mean flow interactions. 
The interannual and intraseasonal anomalies of the polar and subpolar stratospheric 
circulation, which can be defined as the strong polar vortex regime (SVR) and weak polar 
vortex regime (WVR) by applying the zonal wind at 50hPa, 65

f 2
kn

oN as a diagnostic, have 
been explored. It was found that the planetary waves contribute significantly on the 
constructing and maintaining of the stratospheric polar vortex regimes. On the other 
hand, the regime itself also has effects on the planetary wave propagation. Furthermore, 
the different contributions of stationary waves and transient waves on atmospheric mean 
flow have been investigated, respectively.  
 
The violent tropical volcanic eruptions can induce impacts on climate system by injecting 
a huge amount of aerosols into the lower stratosphere, which can spread to globe and 
disturb the radiative balance. The stronger polar vertex, weaker tropical jet, tropical 
stratospheric warming and polar stratospheric cooling in NH winter can be observed after 
the violent tropical volcanic eruptions. By choosing three cases (Agung 1963 eruption, El 
Chichon 1982 eruption, and Pinatubo 1991 eruption), the impacts of volcanic eruptions 
on atmosphere and their influences on planetary wave propagation have been studied. 
The “dipole” structures of anomalies of ZMZW and zonal mean temperature were found 
in both volcanic winters and SVR. Moreover, it was found in volcanic winters, the 
stationary planetary waves can propagate more from the troposphere to the stratosphere 
and, these waves can continuously transport more eddy heat fluxes upward from the 
lower stratosphere to the middle and higher stratosphere than in other winters. 
 
The general circulation models’ (GCMs) performance on atmospheric circulation and 
planetary wave propagation has also been studied. The bias of a stronger stratospheric 
polar vortex was found in the simulation of the GCM (ECHAM5_AMIP2) possibly due 
to the low upper boundary level (10hPa). The bias can be modified in the simulation of 
the middle atmospheric GCM (MAECHAM5_AMIP2) with higher upper boundary level 
(0.01hPa), although the stratospheric polar vortex is becoming too weak. The influences 
of ocean on planetary wave propagation have also been investigated by analyzing the 
simulation of atmosphere-ocean coupled GCM (MAECHAM5_MPIOM). The 
stratospheric polar vortex is still too weak in MAECHAM5_MPIOM. In the simulations 
of all these three GCMs, the wave activities and zonal easterly momentum forcing are 
weaker for stationary waves in both the troposphere and stratosphere but stronger for 
transient waves in the troposphere compared with observations. The major differences 
between MAECHAM5_AMIP2 and MAECHAM5_MPIOM were mainly located in the 
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troposphere, which implies that the influences of ocean on planetary wave propagation 
cannot reach up to the stratosphere. 
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Chapter 1 
 
Introduction 
 
The climatological zonally asymmetric structure of geopotential surface in the northern 
stratosphere, exposing the Aleutian high over the Pacific and a low centered over the 
Scandinavian region, is generally considered as a superposition of stationary planetary-
scale waves which can propagate vertically from the troposphere to the stratosphere 
(Charney and Drazin, 1961). The planetary waves, which are generated by the 
topography and diabatic heating in the troposphere, are disturbances having zonal 
wavelengths of the scale of the Earth’s radius. The vertically propagating planetary 
waves are dynamically important in the stratosphere because they provide a large part of 
the total eddy momentum and heat fluxes, and they explain large deviations between the 
observed wintertime temperature in the northern polar stratosphere and radiative 
equilibrium temperatures. The propagation and temporal variation of planetary waves in 
the atmosphere are fundamental problems in observational and theoretical studies of 
dynamical meteorology. The main mechanism of the role of planetary waves in 
atmospheric general circulation is that the propagation of planetary waves is controlled 
by atmospheric mean flow, and the background zonal mean flow may be changed 
through deposition of zonal momentum by planetary waves.  
 
The first study on vertical planetary wave propagation was done by Charney and Drazin 
(1961), based on the linear wave theory, and it was concluded that vertical propagation of 
stationary waves happens only when the zonal winds are westerly and not exceeding the 
critical Rossby velocity. This effect of zonal wind on planetary wave propagation has 
been addressed as Charney Drazin Theorom (Andrew et al., 1987; Appendix A.1). Lin 
(1982) found that the latitudinal location of the polar night jet, and therefore the vertical 
shear of zonal wind, also has a significant influence on the wave propagation. The 
planetary wave propagation can possibly be enhanced by vertical shear of zonal wind (Hu 
and Tung, 2002), and controlled by atmospheric stability near the tropopause in the 
extratropics (Chen and Robinson, 1992).  
 
On the other hand, planetary waves also have a strong influence on the zonal mean zonal 
wind based on the wave-mean flow interaction theorem (Eliassen and Palm, 1961; 
Andrews, 1985). Planetary waves propagated upward to the stratosphere, can change 
stratospheric circulation when they break and get absorbed. When zonal mean zonal 
winds exceed the critical Rossby velocity (Charney and Drazin, 1961), planetary waves, 
which propagate upward from the troposphere to the stratosphere, will be refracted 
downward or in meridional direction (Matsuno, 1970). These refracted waves may in turn 
influence the planetary waves in the troposphere and could also induce changes in zonal 
mean flow in the troposphere. The critical Rossby velocity depends on wave number and 
latitude, implying that only ultra-long waves have the possibility to propagate from the 
troposphere to the stratosphere in middle and high latitudes (Charney and Drazin, 1961; 
Matsuno, 1970). In the Southern Hemisphere, in the polar vortex zonal winds exceed the 
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critical Rossby velocity during high winter, thus excluding planetary wave forcing for 
most of the southern winter time. 
 
As indicated above, the tropospheric and stratospheric circulations play a key role in 
controlling planetary wave propagation. In Northern Hemisphere winter, the lower to 
middle stratosphere is characterized by strong and almost zonally symmetric westerly 
flows in subpolar latitudes, whereas weaker easterly winds prevail in summer. The 
westerly flow pattern is referred to as the stratospheric polar vortex. It is mainly 
thermally driven due to the cooling of the northern polar region, which is associated with 
a substantial reduction of incoming solar radiation in winter. The vortex thus usually 
forms in early winter, whereas it normally decays in late winter to early spring when 
circulation changes back to the summer situation. However, the vortex may also be 
subject to disturbances during high winter. Such events are associated with warming of 
the polar stratosphere, i.e. with a reducation of the meridional temperature gradient, but 
do not always lead to a change towards easterly winds in the stratosphere, i.e. to a 
breakdown of the vortex. The center of the polar vortex is often observed around 65oN. 
The strength of the stratospheric polar vortex is characterized by an interannual and 
intraseasonal regime-like behavior. By examining the probability density distribution, 
Christiansen (2003) showed that the first Principal Component timeseries of winter mean 
geopotential heights in the middle and lower stratosphere – describing variations in the 
strength of the polar vortex – has a bimodal probability density distribution. This 
indicates that the strength of stratospheric polar vortex is characterized by two regimes in 
which the vortex is either primarily strong or weak. By studying zonal mean zonal wind 
at 50hPa and 65oN, Walter (2003) found that the strength of the stratospheric polar vortex 
shows 30-days persistence. This implies monthly persistence time-scale, which exceeds 
the time-scales of radiatively driven changes, implies a need for a dynamical maintenance 
mechanism. In the study of Walter (2003), all calendar months in which the monthly 
mean zonal wind at 50hPa and 65oN is stronger than 20m/s, those months are considered 
to be part of the strong polar vortex regime (SVR) and those months in which the zonal 
mean zonal wind is westerly but weaker than 10m/s are considered as a weak vortex 
regime (WVR). This threshold has also been applied in Castanheira and Graf (2003) but 
based on daily mean data. However, as addressed in Christiansen (2003), when unsorted 
monthly data are used, the probability density distributions are unimodal since the 
presence of higher frequencies can obscure the existence of bimodality (Palmer, 1993). 
 
It is well known that not only the stationary planetary waves but also the transient 
planetary waves play an important role in the wave-mean flow interaction (Andrews et 
al., 1987). By using a dynamical model, Matsuno (1971) investigated the mechanism of 
the stratospheric sudden warming phenomenon and he found that propagating transient 
planetary waves from the troposphere to the stratosphere can decelerate the polar jet and 
induce a rapid warming of the polar atmosphere. Meanwhile, Palmer (1981) and O’Neill 
and Youngblut (1982) studied the stratospheric sudden warming phenomenon by 
applying Eliassen-Palm flux (E-P flux) and its divergence as diagnostics. Afterwards, 
Salby and Garcia (1987) studied the interference of stationary and traveling (transient) 
planetary waves. Straus and Shukla (1988) also investigated the patterns of stationary 
waves and transient fluctuations, respectively. However, in these studies, although it was 
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well agreed that both stationary and transient waves play key roles in the wave-mean 
flow interaction, the different contributions to the stratospheric circulation between 
stationary and transient waves were still unclear. Only recently, Limpasuva and 
Hartmann (2000) investigated the separate effects of stationary and transient waves on 
the mean flow, respectively. They found that the high-frequency (synoptic) transient 
waves contribute most to the total eddy forcing in the Southern Hemisphere while in the 
Northern Hemisphere (NH) the stationary waves dominate the eddy momentum fluxes 
although the high-frequency transient waves still have important contributions. This 
finding sheds light on the study of the transient waves and raised the needs of further 
investigations. 
 
 
1.1 Planetary wave-mean flow interaction 
 
1.1.1 Atmospheric state control on stationary planetary wave 
propagation: refractive index 
 
The atmospheric control on planetary wave propagation can mainly be reflected by the 
analysis of the so-called refractive index, which was firstly introduced by Matsuno 
(1970). The refractive index of stationary planetary waves has been frequently applied by 
many researchers (Lin, 1982; Huang and Gambo, 1982; Hu and Tung, 2002; Mukougawa 
and Hirootka, 2004; etc.) to investigate stationary planetary wave propagation. The 
effective index of refraction of vertically propagating planetary waves of a given zonal 
wave number at a specific latitude depends primarily on the vertical structure of the 
atmosphere (Charney and Drazin, 1961; Matsuno, 1970). An important parameter is the 
vertical and meridional distribution of zonal mean zonal wind. Theoretically planetary 
waves tend to avoid regions where zonal winds are easterly or westerly and exceeding the 
critical Rossby velocity. They are attracted towards regions where the value of refractive 
index squared is the maximum. This theory provides an important paradigm for our 
thinking about the dynamic forcing of the stratosphere by the troposphere.  
 
In this study, the form of refractive index developed by Andrews et al. (1987) and 
furthermore extended by Hu and Tung (2002) is applied: 
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is the meridional gradient of the zonal mean potential vorticity (PV). 
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parameter, the Earth’s radius, the Earth’s rotation frequency and latitude respectively. 
Expansion of the third term on the right-hand side of Equation 1.1.2 yields    
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It is expected that planetary waves of zonal wave number k are able to propagate in 
regions where >0 and are refracted from regions where <0 and that the larger the 

 in a region, the easier it is for planetary waves to propagate (Matsuno 1970). 
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Equation 1.1.1, 1.1.2 and 1.1.3 show that zonal mean zonal wind, vertical shear of zonal 
mean zonal wind, and atmospheric stability have control on planetary wave propagation. 
However, in most of the studies, the buoyancy frequency, which represents the 
atmospheric stability, was treated approximately as a constant  (Matsuno, 1970; Huang 
and Gambo, 1982; Andrews et al., 1987), or a variable of altitude only (Chen and 
Robinson, 1992; Limpasuvan and Harmann, 2000; Hu and Tung, 2002). The variation of 
buoyancy frequency with latitudes was considered negligible. However, Chen and 
Robinson (1992) also found that the variation of buoyancy frequency is not as negligible 
as it has been hypothesized in other applications. They concluded that the propagation of 
planetary waves from the troposphere to the stratosphere is sensitive to the distribution of 
atmospheric stability especially near the subtropical tropopause. Therefore, a simplistic 
treatment of buoyancy frequency could induce errors in the analysis of refractive index.  
 
The refractive index is a useful diagnostic for vertical and meridional planetary wave 
propagation. However, as it is shown from the equation of the refractive index, although 
it is highly simplified, the high degree of freedom, introduced by a number of parameters 
used to compute the refractive index, still sometimes gives unsatisfying results (e.g. 
Mukougawa and Hirooka, 2004). Another problem with the traditional analysis of the 
refractive index is that it generally lacks the ability to illustrate the climatological state of 
the atmosphere for the propagation of planetary waves due to the overlapping of positive 
and negative refractive index squared. This often makes a mean refractive index squared 
hard to interpret. 
 
 
1.1.2 Planetary wave activities and eddy forcing on mean flow: 
Eliassen-Palm flux and its divergence 
 
Planetary waves can also induce forcing on the mean flow. The Eliassen-Palm flux (E-P 
flux hereafter) and its divergence (Eliassen and Palm, 1961; Andrew et al., 1987), which 
represent the wave activities and the eddy forcing, respectively, were applied to analyze 
the planetary wave propagation in many previous studies (Muench, 1965; Hirota and 
Sato, 1969; O’Neill and Taylor, 1979; Quiroz, 1979; Boville, 1986; Randel 1987; Huang 
and Zou, 1987; Chen and Robinson, 1991; Christianson, 2001; Chen and Huang, 2002, 
Chen and Graf, 2002; Hu and Tung, 2002; Hitoshi and Hirooka, 2004). 
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To study planetary wave-mean flow interaction in the troposphere and the stratosphere in 
Northern Hemisphere winter, the quasi-geostrophic version of E-P flux vector F

v
 in 

spherical geometry (Andrew et al., 1987), is an appropriate choice and shown here,  
[ ]zvfauvaF 0

''
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Then meridional and vertical components of the E-P flux are 
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Using the following approximate geostrophic formulas in spherical coordinates (Andrew 
et al., 1987): 

( ) '1'
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together with (1.1.4), gives 
[ ]2''2''

0 /,/,0 NafF z λλϕρ ΦΦΦΦ=                                                                (1.1.9) 

where  represents the departure of the climatological mean geopotential from its zonal 
mean value. (Equation 1.1.8 and 1.1.9 will not be valid near the equator where f is small.)  

'Φ

 
From Equation 1.1.5, 1.1.6, it can be seen that the meridional and vertical E-P flux 
components correspond with eddy momentum flux ( uv ′′ ) and eddy heat flux ( θ ′′v ), 
respectively. The divergence of the E-P flux (Equation 1.1.7) represents the eddy 
momentum forcing on mean flow. It should be indicated that the convergence of the E-P 
flux implies the zonal easterly forcing induced by waves on mean flow (Andrew et al., 
1987) that decelerates a westerly zonal mean flow. 
 
 
1.2 External forcing of volcanic eruptions 
 
Variations in strength of the stratospheric polar vortex are mainly caused by the 
interaction of upward propagating planetary waves from the troposphere with the mean 
flow in the stratosphere (Matsuno, 1970). However, several external forcings also have 
the potential to influence the intensity of the stratospheric polar vortex. Labitzke and van 
Loon (1988) detected a 10-12 year oscillation in the lower stratospheric temperature and 
in geopotential height. This oscillation reveals to be in phase with the 11-year solar cycle. 
Holton and Tan (1980) showed an effect of the quasi-biennial oscillation (QBO) on the 
strength of the vortex, and Labitzke (1987) reported an influence of the QBO on the 
probability for a breakdown of the vortex. For a review of the QBO and related effects 
see Baldwin et al. (2001). It has been observed that during the past 2 to 3 decades, the 
polar vortex has been significantly strengthened (Graf et al., 1995; Perlwitz and Graf, 
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1995; Kodera and Koide, 1997; Thompson and Wallace, 1998). This can at least in part 
be explained by the increasing anthropogenic emission of greenhouse gases: Sensitivity 
experiments with comprehensive climate models show that the polar vortex continuously 
intensifies with increasing concentration of greenhouse gases (Graf et al., 1995; Shindell 
et al., 1999; Dameris et al., 2005).  
 
Moreover, violent volcanic eruptions in the tropics may lead to a strengthened meridional 
temperature gradient and, thus to a stronger vortex (Labitzke and van Loon, 1996). 
Violent volcanic eruptions inject huge amounts of sulfate aerosols into the atmosphere, 
which can modulate the radiation balance (Angell, 1993; Robock, 2001). The aerosols 
injected into the stratosphere by violent volcanic eruptions result in warming of the layer 
where the aerosol resides due to absorption of solar and terrestrial radiation by volcanic 
aerosols (Lacis et al., 1992; Angell, 1993). The stratospheric tropical warming begins 1 to 
3 months after eruptions and lasts 1 to 2 years (Robock, 2001). By a nonlinear response 
through atmospheric dynamics, warmer winters over the Northern Hemisphere continents 
following a large tropical eruption are also observed. This will happen few months after 
the eruptions and last 1 to 3 years (Robock, 2001).  
 
The stratospheric warming by natural external forcing, especially violent volcanic 
eruptions, has been found by Ramaswamy et al. (2006). By applying a coupled 
atmosphere-ocean model, they studied the stratospheric temperature trend from 1979 to 
2003 and tried to demonstrate that the complex space-time pattern of the lower 
stratospheric temperature anomalies is a consequence of combined temporal changes in 
natural forcing and anthropogenic forcing. The obvious stratospheric warmings, which 
are caused by El Chichon eruption (1982) and by Pinatubo eruption (1991), were found 
for both observation and the model experiments with the natural forcing (Ramaswamy et 
al., 2006). By using a longer dataset (1958 – 1999), Cordero and Forster (2006) found 
another case of Agung eruption (1963).  
 
However, following violent tropical volcanic eruptions, especially during the Northern 
Hemisphere winter, a major stratospheric cooling around the northern polar area has also 
been observed. For the single case of Pinatubo eruption (1991), the stratospheric winter 
cooling at the Northern Hemisphere pole during the following winter (1991-1992) was 
observed (Kodera and Yamazaki, 1994). Stenchikov et al. (2004) found that the polar 
stratospheric cooling occurred for following two winters after the eruption. The cooling 
for other violent volcanic eruption cases has also been noticed by Oman et al. (2005) and 
Stenchikov et al. (2006). 
 
The lower stratospheric warming at tropical and middle latitudes during boreal winter 
after violent tropical volcanic eruptions increases the meridional temperature gradient. 
This may initiate a geostrophically driven strengthening of the polar vortex in early 
winter. The strengthened stratospheric polar vortex and stronger zonal mean zonal winds 
extend down into the troposphere (Graf et al. 1993; Graf et al. 1994; Kodera, 1994; 
Kodera and Yamazaki, 1994; Robock, 2001). This dynamic feedback mechanism 
provides a very important contribution to the resulting climate anomaly (Robock and 
Mao, 1992; Graf et al., 1993; Kirchner and Graf, 1995; Mao and Robock, 1998).  
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Based on the Charney Drazin Theorem, the anomalies of the stratosphere induced by 
violent tropical volcanic eruptions can have potential influences on planetary wave 
propagation. It will help to improve our understanding of influences of external forcing 
on the atmospheric climate system, to investigate the mechanism of dynamical feedback 
of planetary wave to external forcing of the volcanic eruptions.  
 
 
1.3 GCM simulations of planetary wave propagation 
 
Combined with observational studies, the general circulation models (GCMs) are tools, 
which help us to study the climate system. If all relevant physical processes are correctly 
represented, then a GCM should provide a faithful simulation of the three-dimensional 
circulation. There are various experiments of atmospheric general circulation models 
(AGCMs) or Atmosphere-Ocean couple general circulation models (AOGCMs) being 
performed to solve varied scientific problems. One of the main purposes to apply GCMs 
to simulate different regimes is to help to improve our understanding of the climate 
system and the mechanisms of climate change. In this study, we are interested in the 
planetary wave propagation and its influence on mean flow in the troposphere and 
stratosphere. Validated by observational analysis, it will help our understanding to 
investigate the simulations of GCMs on atmospheric circulation and planetary wave 
propagation.  
 
However, many current climate GCMs show a bias of a stronger stratospheric polar 
vortex in Northern Hemisphere winter (Pawson et al., 2000; Perlwitz, 2000) than known 
from observations. The strength of the polar vortex might be better simulated in GCMs 
with higher upper boundary levels (Shindell, 1999). The appropriate representation of the 
stratospheric polar vortex in GCMs is essential for planetary wave propagation from the 
troposphere to the stratosphere. It is crucially important for modelling studies of the 
troposphere-stratosphere dynamical coupling that, the strength of the polar vortex and 
related propagation and refraction of planetary waves are properly represented in the 
simulations of atmospheric climate system. It is interesting to study the properties of 
planetary wave propagation in the simulations of GCMs with different upper boundary 
levels since previous studies showed that the altitudes of the upper boundary in GCMs 
have influences on the simulations of the NH stratospheric polar vortex (Pawson, 2000). 
In this thesis, numerical simulations with the ECHAM5 GCM of the Max Planck Institute 
(MPI) for Meteorology (Rockner et al., 2003) and its middle atmospheric version – 
MAECHAM5 (Manzini et al., 2006) are analyzed. 
 
In GCMs, the atmospheric circulation is represented by primitive equations discretized at 
finite horizontal and vertical resolution and parameterization schemes representing 
processes which cannot be resolved. Because of limitations in the representation of the 
atmosphere in numerical models, biases in model climatologies in comparison with 
observations, which have their own uncertainties, must be expected. Many compromises 
are necessary for scientific reasons and computational efficiency reasons for modelling 
studies. Therefore, an appropriate attempt to compare the observed climate with a 
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modeled climate is to run a GCM experiment with boundary conditions as realistic as 
possible.  
 
Moreover, it has been demonstrated that the variations of polar vortex can be influenced 
by the changes of SST (van Loon and Labitzke, 1987; Hamilton 1993a; Baldwin and 
O’Sullivan, 1995; Kodera et al., 1996; Garcia-Herrera et al., 2006; Manzini et al., 2006). 
The interaction between ocean and atmosphere is of particular interest to understand the 
climate system dynamics. For this purpose coupled atmosphere-ocean general circulation 
models (AOGCMs) have been developed. In this thesis, the simulation of MAECHAM5 
coupled with MPIOM (MPI Ocean Model) (Jungclaus et al., 2006) – 
MAECHAM5_MPIOM – is also analyzed to investigate the influence of ocean on 
planetary wave propagation.    
 
 
1.4 Structure of the thesis 
 
In this thesis, there are three major chapters based on the objectives of the study.  
 
In Chapter 2, the climatology of planetary wave propagation, planetary wave activities 
and eddy forcing on mean flow, in Northern Hemisphere winter is investigated. A new 
analysis of the refractive index of planetary wave propagation, which can avoid the 
problems in traditional analysis and more clearly illustrate the atmospheric control on 
planetary wave propagation, is introduced. Furthermore, the analysis of E-P flux and its 
divergence show the major properties of planetary wave activities and eddy forcing in 
relationship to the new statistics. The stratospheric polar vortex regimes and the 
contributions of planetary waves to maintain the polar vortex regimes will also be 
analyzed. Furthermore, both stationary and transient planetary waves are investigated in 
the general Northern Hemisphere winter and under the stratospheric polar vortex regimes. 
 
In Chapter 3, the anomalies of stratospheric zonal wind and temperature in the Northern 
Hemisphere winter, induced by violent tropical volcanic eruptions, are discussed. 
Moreover, the influence of volcanic eruptions on planetary wave propagation is studied. 
 
Biases in the polar vortex and in the wave-mean flow interaction, as represented in 
GCMs, are investigated in Chapter 4, associated with the analysis of observations. This 
chapter compares two experiments with different altitudes of the model top layer, and 
two experiments with prescribed observed ocean boundary conditions and with a coupled 
OGCM, respectively.  
 
Finally, the overview of the conclusions and the outlook are given in Chapter 5.  
 
 
 
 
 
* Two papers have been produced based on this thesis. (Li et al., 2006)  
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Chapter 2  
 
Climatological analysis of planetary propagation 
in Northern Hemisphere winter  
 
2.1 Introduction 
 
Planetary waves, generated by the topography and diabatic heating in the troposphere, are 
disturbances having zonal wavelengths of the scale of the Earth’s radius. The propagation 
and temporal variation of planetary waves in the atmosphere are fundamental problems in 
observational and theoretical studies of dynamical meteorology. The propagation of 
planetary waves is controlled by the zonal wind profile and atmospheric stability, and in 
turn, the background zonal mean flow may be changed through the deposition of zonal 
momentum of planetary waves (Charney and Drazin, 1961).  
 
Charney and Drazin (1961) firstly investigated the vertical propagation of planetary 
waves based on the linear wave theory and concluded that the vertical propagation of 
stationary waves only happens when the zonal wind are westerly and not too strong by 
calculating the effective index of refraction which mainly depends on the distribution of 
zonal mean wind. This effect of zonal wind on planetary wave propagation has been 
addressed in Charney Drazin Theorom (Andrew et al., 1987; Appendix A.1). Afterwards, 
Dickinson (1968) found presence of the “polar wave guide”, created by the westerly jet 
of the winter upper stratosphere, will refract the propagating planetary waves, while the 
“equatorial wave guide”, formed by the zero wind line in tropics, will absorb rather than 
refract the planetary waves. Supposing the planetary waves in the stratosphere are 
propagating from the troposphere, Matsuno (1970) simulated the observed vertical 
structure and horizontal pattern of stationary planetary waves in the winter stratosphere 
by using a quasi-geostrophic model and he found that the results agree well with 
observation. In the discussion of the properties of planetary wave propagation, Lin (1982) 
found that the latitudinal location of the polar night jet, and therefore the vertical shear of 
zonal wind, also has a significant influence on the wave propagation. Chen and Robinson 
(1992) concluded that the key parameters controlling the vertical wave propagation 
include not only the zonal winds, the vertical shear of zonal winds, but also the vertical 
gradient of buoyancy frequency. Limpasuvan & Hartmann (2000) and Hartmann et al. 
(2000) concluded that a large positive vertical shear of zonal wind impedes the upward 
propagation of planetary wave. However, Hu and Tung (2002) found that rather than 
impeding, the large positive vertical shear of zonal wind tends to enhance wave 
propagation, which was also found in this study. The finding of Hu and Tung (2002) is 
also assumed in this thesis. 
 
Controlled mainly by the structure of zonal mean wind, as well as its vertical shear 
(Charney and Drazin, 1961; Lin, 1982; Chen and Robinso, 1992; Hu and Tung, 2002), 
planetary waves also have strong influences on mean flow based on the wave-mean flow 
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interaction theorem (Eliassen and Palm, 1961; Andrews, 1985). To be more detailed, 
planetary waves which are generated in the troposphere by the topography and diabatic 
heating will propagate upward to the stratosphere when zonal mean zonal winds are 
westerly and not exceeding the critical Rossby velocity (Charney and Drazin, 1961; 
Appendix A.1). These waves can modify the stratospheric circulation when they break 
and get absorbed. On the other hand, when the zonal winds exceed the critical Rossby 
velocity, planetary waves, which propagate upward from the troposphere to the 
stratosphere, will be refracted downward or in meridional direction (Matsuno, 1970). 
These refracted waves may in turn influence the planetary wave pattern in the 
troposphere and could also induce changes in the mean flow and the transient eddies of 
the troposphere. Boville (1984), by applying a general circulation model, showed that 
(unrealistically) large changes in the zonal mean wind distribution of the upper 
troposphere and lower stratosphere could produce dramatic alterations in the mid-
tropospheric wave field and these changes affect not only the stationary planetary wave 
structure but also the transient cyclone-scale waves as well. The critical Rossby velocity 
depends on the wave number and latitude, implying that only ultra-long waves have the 
possibility to propagate to the stratosphere in mid- and high latitudes (Charney and 
Drazin, 1961; Matsuno, 1970). 
 
After the theoretical study of Charney and Drazin (1961), the refractive index was firstly 
introduced as a diagnostic by Matsuno (1970) and has frequently been used by a number 
of researchers thereafter (Lin, 1982; Huang and Gambo, 1982; Hu and Tung, 2002; 
Mukougawa and Hirootka, 2004; etc.) to study planetary wave propagation. The effective 
index of refraction of vertically propagating planetary waves of a given zonal wave 
number at a specific latitude depends primarily on the vertical structure of the atmosphere 
(Charney and Drazin, 1961; Matsuno, 1970). An important parameter is the vertical and 
meridional distribution of the zonal mean zonal wind. Planetary waves tend to avoid 
regions where the zonal winds are easterly or are westerly but exceed a critical, wave 
number dependent velocity. They are attracted towards regions where the value of 
refractive index squared is a maximum. This theory provides an important paradigm of 
our thinking about the dynamic forcing of the stratosphere by the troposphere and is a 
useful diagnostic for vertical and meridional planetary wave propagation. However, as it 
is shown from the equations of refractive index (Matsuno, 1970; Equation 1.1, 1.2 and 
1.3), although they are highly simplified, the high degree of freedom, which is introduced 
by the number of parameters used to compute the refractive index, still sometimes gives 
unsatisfying results (e.g. Mukougawa and Hirooka, 2004). Another problem with the 
traditional analysis of refractive index is that it generally lacks the ability to illustrate the 
climatological state of atmosphere for propagation of planetary waves due to the 
overlapping of the positive and negative values of refractive index squared, which often 
makes the mean of refractive index squared hard to interpret. In order to improve this, the 
seasonal frequency distribution of days with negative refractive index squared 
( ( <0)) is introduced in this thesis. This allows estimating the probability that the 
atmospheric state permits propagation of planetary waves in specific periods at different 
latitudes and heights and avoids the overlapping problem. This new analysis may help to 
enhance our understanding about the influence of the zonal mean zonal wind on planetary 
wave vertical propagation from the troposphere to the stratosphere.  
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Another popular diagnostic to investigate the planetary wave-mean flow interaction is the 
so-called Eliassen-Palm flux and its divergence (Eliassen and Palm, 1961; Andrews et al., 
1987).  Contrasting with the refractive index, the Eliassen-Palm flux (E-P flux hereafter) 
is a measure of wave activities and its divergence shows the eddy momentum forcing on 
the zonal mean flow (Andrews et al., 1987). Moreover, it is well known that not only 
stationary planetary waves but also the transient planetary waves play a key role in wave-
mean flow interaction (Andrews et al., 1987).  
 
This chapter aims 1) to reveal the climatology of planetary wave propagation and 
refraction between the troposphere and the stratosphere; and 2) to improve our 
understanding of the dynamics of planetary wave-mean flow interaction. The following 
of this chapter is arranged such that: in section 2, the data sets and the methodology are 
introduced; in section 3, the new analysis of ( <0) is introduced, furthermore, 
combing the analysis of E-P flux and its divergence, the climatologies of stationary 
planetary wave propagation and wave activities and momentum forcing on mean flow are 
investigated; recently it was suggested that there are two different circulation regimes 
describing the Northern Hemisphere stratospheric interannual variability (Christiansen, 
2003) and, it was found that the variations of the stratospheric polar vortex have effects 
on the planetary wave propagation (Castanheira and Graf, 2003; Walter, 2003), therefore, 
in section 4, the stratospheric polar vortex regimes and their influences on planetary wave 
propagation are discussed; as another key role in wave-mean flow interaction, the 
transient planetary waves are also analyzed in section 5; finally, a brief summary is given 
in section 6. 
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2.2 Data and methods 
 
In this thesis, we have used 45 years (1958-2002) of dataset from the National Centers for 
Environmental Prediction – National Center for Atmospheric Research (NCEP/NCAR) 
reanalysis project (Kalnay et al., 1996; Kistler et al., 2001). The dataset contains daily 
averages of geopotential height, wind, and temperature on 2.5o×2.5o grid at 17 vertical 
pressure levels extending from 1000 to 10 hPa with six levels in the stratosphere (100 
hPa, 70 hPa, 50 hPa, 30 hPa, 20 hPa and 10 hPa). This thesis focuses on the climatology 
of planetary wave propagation in Northern Hemisphere winter, therefore only the daily 
average data of Northern Hemisphere extended winter season (November, December, 
January, February, March and April) were applied.  
 
It is well known that there were two major changes in the observing system, which had 
effect on the NCEP/NCAR reanalysis dataset (Kistler et al., 2001). The first happened 
from 1948 to the International Geophysical Year (IGY) in 1957, when the upper-air 
observations network was established. And the second took place in 1979 when the 
global operational use of satellite sounding was introduced. By comparing 50 hPa 
geopotential height and 100 hPa temperature of two datasets: the NCEP/NCAR 
reanalysis dataset, and an independent long-term dataset from the Free University of 
Berlin (FUB) (Pawson et al., 1993), Perlwitz (2000) concluded that the reanalyses of 
stratospheric geopotential height and temperature data in the Southern Hemisphere (SH) 
and in the Northern Hemisphere (NH) lower latitudes should not be used for long-term 
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climate change. However, after the IGY mid- and high latitude data in the boreal winter 
and high latitude data in the boreal summer are reliable for the statistical analysis of 
climate trends. She also found that stratospheric NCEP/NCAR reanalysis from the NH 
extratropics after 1958 can quite reliably be used for studying coupled interannual 
tropospheric-stratospheric variability in winter, whereas upper-level data before 1958 
should be handled with care. This finding is supported by Kistler et al. (2001) who also 
found that the reanalysis illustrates rather accurate initial conditions for forecasts in lower 
levels even before 1958 in the Northern Hemisphere. 
 
In this thesis, planetary waves are separated into stationary waves and transient waves 
based on time series analysis (Andrews et al., 1987). Firstly, the climatology is first 
calculated by time mean of 44 (1958-2002) Northern Hemisphere winter – December, 
January and February (DJF hereafter). After computing the climatological mean, 
stationary waves are defined as zonally varying anomalies from the zonal mean  
(Andrews et al., 1987) (Appendix A.2) and can be further separated into zonal Fourier 
components with different zonal wave number (ZWN hereafter) (Appendix A.3). Since 
increasing ZWN corresponds to decreasing critical Rossby velocity, at which vertically 
propagating waves are selectively reflected/refracted (Charney and Drazin, 1961), 
separate treatment of single wave fields with different ZWNs is a proper approach to 
study planetary wave propagation and to illustrate the dynamical interaction between the 
troposphere and stratosphere (Perlwitz, 2000).  
 
It is well know that the mid- latitudinal atmospheric circulation is characterized not only 
by stationary waves but also by transient eddies of varied frequencies and their 
interaction with the mean flow. In order to isolate transient eddies from different 
frequencies domains, the 21-point filters introduced by Blanckmon and Lau (1980) are 
applied here (Appendix A.4). The filtering procedures are applied to the October-to-April 
data. The months October and April are discarded afterwards to omit spurious 
fluctuations resulting from jumps in the data between two winters. Before doing the 
filtering, the annual mean, annual and semi-annual Fourier harmonics corresponding to 1 
and 0.5 years were removed from the time series of all relevant variables for all grid 
points (Straus and Shukla, 1988; Walter, 2003).  
 
It should be mentioned that as indicated before, only the ultra-long waves can propagate 
from the troposphere vertically to the stratosphere since the increasing ZWNs correspond 
to decreasing critical Rossby velocities (Charney and Drazin). Therefore, in this thesis, 
only ZWN1, 2 and 3 stationary planetary waves are studied. 
 
 
2.3 Frequency of negative refractive index squared of 
stationary planetary wave propagation 
 
As a powerful diagnostic, the quasi-geostrophic refractive index of stationary planetary 
waves was introduced by Matsuno (1970) and has been frequently applied. Matsuno 
(1970) concentrated on the hypothesis that the stationary waves in the Northern 
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Hemisphere winter stratosphere are forced from the troposphere and a linearized quasi-
geostrophic potential vorticity equation in spherical coordinates was used in his study.  In 
order to understand the wave-mean flow interaction dynamics of sudden warmings, 
Palmer (1981a, b), O’Neill and Youngblut (1982), Kanzawa (1982, 1984) also performed 
a refractive index and Eliassen-Palm (E-P hereafter) flux diagnostic during observed 
sudden stratospheric warmings. In Butchart et al. (1982) and Mukougawa and Hirooka 
(2004), the refractive index and E-P flux diagnostic were performed on the stratospheric 
sudden warming phenomenon not only for the observed regimes but also for model 
simulations. Mainly concentrating on the analysis of E-P flux, Shiotani (1986) used the 
refractive index as a subsidiary diagnostic to study the planetary wave activities in 
Northern Hemisphere winter. By using a linearized quasi-geostrophic model, Huang and 
Gambo (1982) concluded that on the meridional distribution of refractive index squared, 
there are two “wave guides” for ZWN1 stationary planetary waves in Northern 
Hemisphere winter. But in case of in Northern Hemisphere summer, Huang (1984) found 
that the locations of these “wave guides” have been changed. Lin (1982) applied a 
primitive equation linear model and he found that the role of the polar night jet in 
channeling planetary waves as they propagate vertically is very importand and the 
latitudinal location of the polar night jet has a significant influence on the wave 
propagation. By use of the refractive index and the E-P flux, Boville (1986) studied the 
wave-mean flow interactions in the General Circulation Model (GCM) of troposphere 
and stratosphere. He also concluded that a strong lower stratospheric jet tends to favor 
weak wave forcing of the jet, while a weak jet favors stronger wave forcing. Limpasuvan 
and Hartmann (2000) and Hu and Tung (2002) found that the vertical shear of zonal wind 
plays an important role in some region for channeling the waves. 
 
As it was mentioned before, based on the Charney-Drazin theorem, the effective index of 
refraction of vertically propagating planetary waves of a given zonal wave number at 
specific latitude depends primarily on the atmospheric state. An important parameter is 
the vertical distribution of the zonal mean zonal wind. Stationary planetary waves tend to 
avoid regions where the zonal winds are easterly or are westerly but exceed a critical 
wave number dependent Rossby velocity (Charney and Drazin, 1961). They are attracted 
to regions where the value of refractive index squared is a positive maximum (Matsuno, 
1970). However, as mentioned above, the traditional analysis of refractive index lacks the 
ability to illustrate the climatology of the atmospheric state supportive of vertical 
propagation of planetary waves due to the overlapping of positive and negative value of 

. Figure 2.1 shows the mean of  of 44 boreal winters (1958-2002), single winter 
(1958-1959 and 1978-1979), and single days (1959/01/01 and 1979/01/01) for ZWN1, 2 
and 3 planetary waves, respectively. It can be seen for the ZWN1 planetary wave, that 
there are differences between the means of  for 44 winters (Fig.2.1a) and for single 
winters (Fig.2.1d) for the negative value of  near the northern pole. Differences can 
also be found between the mean of 44 winters (Fig.2.1a) and single day (Fig.2.1j) not 
only at the pole but also in mid-latitudes. On the other hand, the mean of  is distributed 
differently for each single winter (Fig.2.1d, g). Clear differences can also be observed 
between single days from different winters (Fig.2.1j, m). Similar conclusions can also be 
drawn for ZWN2 and 3 waves. 
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a)                                             b)                                             c)                                                                                
 
 
 
 
 
 
 
d)                                             e)                                             f) 
 
 
 
 
 
 
 
g)                                             h)                                             i) 
 
 
 
 
 
 
 
j)                                              k)                                             l) 
 
 
 
 
 
 
 
m)                                            n)                                             o) 
 
 
 
 
 
 
 
Figure 2.1. Refractive index squared ( ) for ZWN1 (first column) ZWN2 (second 
column) and ZWN3 (third column) stationary waves (NCEP/NCAR RA, 1958-2002) for 
mean of 44 boreal winters (December, January and February)(first row), mean of 1958-
1959 DJF (second row), mean of 1978-1979 DJF (third row), 1959/01/01 (fourth row) 
and 1979/01/01 (last row). In the plot, contours range from 0 to 400 with an interval of 
100, regions with negative values are shaded.  
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a)                                      
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. ( <0) for stationary planetary waves in DJF (NCEP/NCAR RA 1958-
2002): a) ZWN1 wave; b) ZWN2 wave; c) ZWN3 wave. Unit of ( <0) is %. 
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In Fig.2.1,  shows different patterns when the time mean is calculated. The calculation 
of the time mean of  induces a reduction of information, which makes it is hard to 
interpret the results. In order to avoid the problem caused by overlapping of positive and 
negative  when the time mean is of interest, the seasonal frequency distribution of days 
with negative  ( ( <0) hereafter) is introduced in this section. 
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The ( <0) is produced from the daily mean data by counting the number of days in 
whole dataset with negative . Dividing it by the total number of days, this is done on 
the meridional plane. Thus a two-dimensional probability distribution of refraction of 
planetary waves is obtained. At places where the probability of negative  is small, 
planetary waves have a good chance to propagate, while large probabilities indicate that 
very seldom planetary waves are allowed to propagate across these places. This analysis 
does not provide any indication of the direction and total energy flux of planetary waves, 
but it turns out that it clearly provides a picture of probable wave propagation by 
‘channels’ of low probability of negative . This statistical analysis also implies the 
control of the mean flow on waves. The data for ZWN1, 2 and 3 stationary planetary 
waves in Northern Hemisphere winter in December, January and February (DJF) were 
analyzed, respectively. 
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Figure 2.2 shows the distribution of ( <0) for stationary planetary waves in Northern 
Hemisphere winter (DJF) of 1958-2002 on the meridional plane for ZWN1, 2 and 3 
waves, respectively. Since this analysis was performed based on the quasi-geostrophic 
theory, which is not appropriate near the tropics, all figures are drawn only north of 20

f 2
kn

oN. 
In order to enhance the clearness of the atmospheric state for planetary wave propagation 
in both troposphere and stratosphere, and to avoid the boundary effects of datasets, 
patterns are shown only between 700hPa and 20hPa in figures.  
 
There are common characteristics for all ZWN1, 2 and 3 waves. It is clear that the 
planetary waves have rather big chances to propagate upward in the troposphere for all 
ZWN1, 2 and 3 (Fig.2.1a, b and c). This corresponds with the general thinking that the 
ultra-long waves can propagate from the troposphere vertically to the stratosphere 
(Charney and Drazin, 1961; Matsuno, 1970). But the waves initiated from the lower 
troposphere (below 500 hPa) have less probability to propagate at higher latitudes (north 
of 50oN). This can be explained that one of the initiations of stationary planetary waves in 
troposphere is the topography which distribute ideally mostly in the extratropics (Huang 
and Gambo, 1982). However, the great potential of vertical propagation from the 
troposphere to the stratosphere does not distribute on the most part of the meridional 
plane. This opposes to the general distribution of mean refractive index squared, which 
showed positive value of  for ZWN1 on almost whole meridional plane (Huang and 
Gambo, 1982, Fig.7; Limpasuvan and Hartmann, 2000, Fig.8). It is noted that there is a 
small area above the subtropical tropopause where the value of ( <0) is rather higher 
for all ZWN1, 2 and 3 waves.  
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a)                                    
  

 
 
 
 
 
 
 
 
 
 
 
b)  
 
 
 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. a) Zonal mean zonal wind u (m/s); b) vertical shear of zonal mean zonal wind 

z
u
∂
∂ (s-1); and c) vertical shear of 

z
u
∂
∂ (m-1s-1) on meridional plane in DJF (NCEP/NCAR 

RA 1958-2002). 
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This small area is also found in Hu and Tung’s (2002, Fig.5 c and d) for ZWN1 wave. 
The location of this small area can be related to another small area above the subtropical 
jet (Fig.2.3a) where the negative vertical shear of the zonal mean zonal wind centers 
(Fig.2.3b). This corresponds to Chen and Robinson’s (1992) conclusion, that larger 
negative vertical wind shear impedes wave propagation across the tropopause. While the 

distribution of quadratic vertical shear of zonal wind 2

2

z
u

∂
∂  (Fig.2.3c) on the meridional 

plane does not show clear connection with the impeded wave propagation across the 
subtropical tropopause. This point has also been indicated by Hu and Tung (2002). 
Another common characteristic is the existence of a “channel” from the troposphere to 
the stratosphere at middle latitudes between the existence of high values of ( <0) at 
rather higher latitudes and the small area indicated above. The presence of this “channel” 
corresponds to the “wave guide” indicated by Huang and Gambo (1982, Fig.7) from the 
lower troposphere at 40
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oN to the stratosphere at high latitudes.  
 
There are also obvious differences between ZWN1, 2 and 3 waves on the distribution of 

( <0). First of all, Fig.2.2a, b and c plotting ( <0) for ZWN1, 2 and 3, 
respectively, the values of ( <0) on the whole meridional plane increase with 
increased ZWNs, which implies that the probability of wave propagation decreases with 
the increasing ZWNs. This obviously agrees well with the ZWN-depending critical 
Rossby velocity theorem (Charney and Drazin, 1961). To be more detailed, the small area 
above the subtropical tropopause with rather higher values of ( <0) strengthens with 
the increasing ZWNs, but the general location does not move. The width of narrow 
column at the north pole with higher ( <0) for ZWN1 wave (Fig.1a) increases 
strongly equatorward with increasing ZWNs (Fig.2.2b and Fig.2.2c). These two enhanced 
patterns, finally narrow the “channel” indicated above for wave propagation from the 
troposphere to the stratosphere. This represents the reduction of the probability of 
propagation of ZWN3 wave from the troposphere to the stratosphere.  
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It should be mentioned here that in this thesis in the calculation of the refractive index the 
buoyancy frequency squared  is treated as variable of both latitude and altitude 
( ) ). The buoyancy frequency represents the stability of atmosphere.  In some 
previous studies, the buoyancy frequency was treated as a constant (Matsuno, 1970; 
Huang and Gambo, 1982; Andrews et al., 1987), or as a variable of altitude only (Chen 
and Robinson, 1992; Limpasuvan, 2000; Hu and Tung, 2002). Chen and Robinson (1992) 
found the variation of  is not negligible as it has been hypothesized in other 
applications (Matsuno, 1970; Andrews et al., 1987). They found that the propagation of 
planetary waves from the troposphere to the stratosphere is sensitive to the distribution of 

 especially near the subtropical tropopause. While in this thesis the buoyancy 
frequency  is considered as a variable of not only altitude but also latitude (Fig.2.4a).  
The comparisons of  with  on different latitudes, are shown on Fig.4b. It 
is found that the values of  are not homogenously distributed with altitude and latitude 
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(Fig.2.4a). The values of  near the subtropical and extratropical tropopauses have 
fairly strong vertical and meridional gradients. This can also be found in the comparision 
of  and  (Fig.2.4b). These gradients of  have influence on distribution 
of planetary wave propagation. The distribution of ( <0), considering the  as 
variable of only latitude, is presented in Fig.2.5 for ZWN1, 2 and 3 waves, respectively. 
Comparing Fig.2.5 with Fig.2.2, it is obvious that the vertical gradient near the 
extratropical tropopause has effect on the probability of planetary wave propagation for 
all ZWN1, 2 and 3 waves at the same region. It can be concluded that the strong vertical 
gradient of  reduces the probability of waves propagation (Fig.2.5). This is consistent 
with the conclusion of Chen and Robinson (1992). On the other hand, since the 
distribution of buoyancy frequency  is not constant on meridional plane, the 
meridional distribution of  has also influence on propagation of planetary waves. 
Therefore, it is a proper way to treat the buoyancy frequency  as in real 
atmosphere instead of the simplified . This treatment will be applied in this thesis. 
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Figure 2.4. Buoyancy frequency of Northern Hemisphere winter (DJF) (NCEP RA 1958-
2002): a) on meridonal plane; b) profile (black line) and  
profiles on different latitudes. Unit of  is s
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Figure 2.5. ( <0)for stationary planetary waves in DJF (NCEP/NCAR reanalysis data 
1958-2002), considering N
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2(z): a) ZWN1 wave; b) ZWN2 wave; c) ZWN3 wave. Unit of 
( <0) is %. f 2
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As discussed above, the analysis of ( <0) only gives the information of the state of 
the atmospheric zonal mean flow for the probability of propagation of stationary 
planetary waves. The refractive index implies that it is useful in determining the influence 
of the mean flow on the waves. On the other hand, the Eliassen-Palm (E-P) flux and its 
divergence are of fundamental importance in determining the wave activities and forcing 
on the zonal mean flow. As a powerful analysis, the E-P flux (Eliassen and Palm, 1961; 
Andrew et al., 1987) was applied as a momentum flux associated with planetary wave 
activities in many studies (Muench, 1965; Shiotani, 1987; Randel 1987; Chen and 
Robinson, 1992; Chen and Graf, 2002; Hu and Tung, 2002; Hitoshi and Hirooka, 2004, 
etc).The analysis of the E-P flux and its divergence will help to understand the dynamics 
of planetary waves – mean flow interaction between the troposphere and the stratosphere. 
Based on this purpose, E-P flux and its divergence for planetary waves are also applied to 
study the climatology of planetary wave propagation in this thesis. 

f 2
kn

 
Fig.2.6 shows the cross section of E-P flux and its divergence on the meridional plane in 
Northern Hemisphere boreal winter (DJF) for ZWN1, 2, 3, ZWN1+2+3 and all ZWNs 
waves, respectively. It is observed that there are two branches of the vectors of E-P flux 
for all ZWNs stationary waves and they start in the extratropics, which corresponds to the 
“channel” showed in the frequency of negative refractive index squared ( <0) 
(Fig.2.2). One branch of the verctors starts from the lower troposphere and points upward 
across the tropopause to the lower and middle stratosphere (Fig.2.6e). This implies that in 
Northern Hemisphere winter, the eddy heat flux (baroclinic forcing, Hartmann & Lo, 
1998) dominates the wave activities between the troposphere and the lower and mid- 
stratosphere, and therefore the baroclinic energy prevails there. The branch of upward E-
P flux vectors also correspond with the “channel” showed by ( <0) (Fig.2.2). 
Another branch of vectors starts also from the lower troposphere but turns equatorward in 
the upper troposphere. This implies the importance of the eddy momentum flux 
(barotropic forcing, Hartmann & Lo, 1998) in the subtropical upper troposphere. There 
are two major regions where the divergence of E-P flux is negative, which means an 
easterly zonal momentum force exerted by planetary waves on the atmosphere. One is 
located in the extratropical upper troposphere and another in the subpolar mid- 
stratosphere. The latter one is relatively weaker.  
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Considering the contribution of different ZWNs waves, E-P flux and its divergence of 
ZWN1 wave (Fig.2.6a) show the same pattern as in the all ZWNs waves (Fig.2.6e) with 
two major branches of vectors and two major convergences. But the amplitudes are much 
smaller for ZWN1 wave. However, there is only one branch of vectors left for ZWN2 
wave and ZWN3 wave. For ZWN2 wave (Fig.2.6b) only the upward branch is left and 
the amplitudes of the vectors become smaller especially in the subpolar lower and mid- 
stratosphere compared with ZWN1 wave (Fig.2.6a). In contrast, for ZWN3 wave 
(Fig.2.6c) only the equatorward branch in troposphere still exists. About the two major 
convergent regions, same as in ZWN1 wave, they are also reduced for ZWN2 wave 
(Fig.2.6b). However the one in the subpolar lower and middle stratosphere disappears for 
ZWN3 wave (Fig.2.6c), although there is potential possibility for wave propagation 
(Fig.2.2c).  
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Figure 2.6. Cross section of E-P flux for stationary planetary waves in DJF 
(NCEP/NCAR RA 1958-2002); a) ZWN1 wave; b) ZWN2 wave; c) ZWN3 wave; d) 
ZWN1+2+3 waves; e) all ZWNs waves; f) difference between all ZWNs waves and 
ZWN1+2+3 waves. Divergence contour interval is 1 ms-1day-1, the unit of vector is kg s-2. 
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To briefly summarize, stationary planetary waves can transfer eddy heat energy 
(baroclinic forcing) from the troposphere to the stratosphere and eddy momentum energy 
(barotropic forcing) to the subtropical upper troposphere. They exert easterly zonal 
momentum forcing on the atmospheric mean flow at the extratropical upper troposphere 
and the subpolar lower and middle stratosphere. The ZWN1 wave contributes mostly on 
the wave propagation from the troposphere to the stratosphere, compared with ZWN2 
and 3 waves, which refers to the ZWN-depending critical Rossby velocity theorem 
(Charney and Drazin, 1961). 
 
Fig.2.6d shows the E-P flux and its divergence for ZWN1, 2 and 3 waves together. It is 
very similar with the patterns showed for all ZWNs waves (Fig.2.6e). To be clearer, 
Fig.2.6f gives the differences between these two (all ZWNs waves minus ZWN1+2+3) 
and it is apparent that the difference is negligible. This implies that only the ultra-long 
(ZWN1, 2 and 3) waves can propagate from the troposphere to the stratosphere (Charney 
and Drazin, 1961; Matsuno, 1970). 
 
2.4 Stratospheric polar vortex regimes 
 
In the discussion of planetary wave propagation, the wave-mean flow interaction should 
be considered with caution since the distribution of zonal mean zonal wind (Charney and 
Drazin, 1961; Matsuno, 1970) and vertical shear of zonal wind (Lin, 1982; Chen and 
Robinson, 1992; Hu and Tung, 2002) plays a key role on the planetary wave propagation 
in both the troposphere and the stratosphere. The stratospheric circulation is characterized 
by strong westerly flows at high latitudes (Fig.2.2a) in Northern Hemisphere winter. This 
so-called stratospheric polar vortex usually forms in early winter as a consequence of the 
cooling of the northern polar region due to the strong radiative cooling above the winter 
pole. It is well known that the stratospheric polar vortex undergoes annual anomalies 
(Baldwin and Dunkerton, 1999, 2001; Perlwitz and Graf, 1995, 2000, 2001a, b; 
Castanheira and Graf, 2003; Christiansen, 2003), which generally can be observed by the 
zonal wind distribution and are separated into strong polar vortex regime and weak polar 
vortex regime. In the Northern Hemisphere, the linkage between the stratosphere and 
troposphere appears most obvious when the stratospheric polar vortex undergoes 
unusually strong variation in wind strength and temperature (Limpasuvan, et al., 2005). 
 
Christiansen (2003) presented evidence that the existence of two different circulation 
regimes in the Northern Hemisphere stratospheric interannual variability. The regimes 
correspond to the strong stratospheric polar vortex and weak stratospheric polar vortex. 
By studying the PDFs of the leading PC of the geopotential height over Northern 
Hemisphere average of winter half-year (from October to March), he found that the 
existence of a bimodal probability density distribution in middle and lower Northern 
stratosphere. Similar results are found, if averages are taken over three winter months 
(December, January and February) (Christiansen, 2003). However, if monthly means are 
used, Christiansen (2003) found that the PDFs are unimodal as in Gillet et al. (2002) 
reported for daily data of temperature. As indicated by Palmer (1993), the presence of 
higher frequencies can obscure the existence of bimodality. On the other hand, in 
Perlwitz and Graf (2001a, b), the bimodality in the distribution of anomaly correlations of 
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the geopotential height (2001a) and zonal wind (2001b) at 50hPa over monthly means 
has been found. However, recently Christiansen (2005) found that the bimodality in the 
distribution of anomaly correlations is not evident for a system with multiple atmospheric 
regimes but only for a system with few degrees of freedom.   
 
By analyzing the zonal mean zonal wind at 50hPa and 65oN, Walter (2003) found that the 
strength of stratospheric polar vortex shows 30-days persistence. Then she counted all 
months in which the monthly mean zonal wind at 50hPa and 65oN is stronger than 20 m/s 
to the strong polar vortex regime and those months in which the monthly mean zonal 
wind at 50hPa and 65oN is weaker than 10 m/s were counted to the weak vortex regime. 
This threshold has been discussed in Castanheira and Graf (2003) but based on daily 
mean data. They concluded that this regime threshold is somehow arbitrary for the real 
atmosphere but it reflects critical Rossby velocity (20m/s) for ZWN 1 planetary wave 
near the polar circle for a climatological Northern Hemisphere zonal wind profile.  
 
In this thesis, in order to increase the clearness of the results and to avoid the unimodal 
problem when the monthly mean is used, the definition of strong and weak polar vortex 
regimes is based on daily means, which was also applied in Castanheira and Graf (2003). 
Considering the daily means of zonal mean zonal wind at 50 hPa and 65oN ( )65(50 Nu o  
of Northern Hemisphere winter (November to March), the strong polar vortex regime 
(SVR hereafter) consists of all days in which )65(50 Nu o > 20 m/s for at least 30 days. 
The weak polar vortex regime (WVR hereafter) is defined as the regime including all 
days in which 0< )65(50 Nu o <10 m/s and also is lasting at least 30 days. Based on this, 
the data are subdivided into the two polar vortex regimes. The strong polar vortex regime 
(SVR) and weak polar vortex regime (WVR) therefore will be discussed separately. 
 
Table 2.1 shows the periods of SVR (Table 2.1a) and WVR (Table 2.1b) in all winter 
seasons from 1958 to 2002 based on the zonal mean zonal wind data from NCEP/NCAR 
Reanalysis daily mean data. There are 11 SVR cases and 12 WVR cases. Including all 
days, SVR covers 777 days and WVR 529 days. The shortest period of SVR includes 45 
(1959-01-22 to 1959-03-07, Table 2.1a) days, which are longer than the one of WVR 33 
days (1981-02-26 to 1981-03-30, Table 2.1b). This corresponds to the general knowledge 
that the stratospheric circulation in Northern Hemisphere winter prefers to stay stronger 
westerly. It is obvious that there is no single winter in which both SVR and WVR 
happened and this corresponds to the understanding that the anomalies of stratospheric 
polar vortex in Northern Hemisphere winter should be considered as interannual 
phenomenons (Baldwin and Dunkerton, 1999, 2001; Limpasuvan and Hartmann, 2000). 
 
The distribution of zonal mean zonal wind and vertical shear for SVR and WVR is shown 
in Fig.2.7, respectively. Both zonal mean zonal wind (Fig.2.7a) and wind shear (Fig.2.7b) 
of SVR are similar with patterns in DJF (Fig.2.3a, b) except that the strength of wind at 
subpolar is much stronger in SVR. It should be indicated that there exists a positive wind 
shear at the subpolar lower stratosphere for both DJF (Fig.2.3b) and SVR (Fig.2.7b) but 
the value is bigger in SVR. On the other hand, both the strong westerly and the positive 
wind shear at the subpolar stratosphere have been reduced in WVR (Fig.2.7c, d). In order  
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a)                                                                  b) 

                                                                  
Starting dates Ending dates 
1959/01/22 1959/03/07 
1963/12/24 1964/02/28 
1967/01/03 1967/03/31 
1975/12/01 1976/03/24 
1987/11/20 1987/01/14 
1988/12/16 1989/02/17 
1989/12/17 1990/03/31 
1990/11/02 1990/12/29 
1991/11/24 1992/01/18 
1992/12/05 1993/02/11 
1994/11/26 1995/01/18 

                                       
                                              

Starting dates Ending dates 
1958/01/26 1958/03/31 
1960/11/01 1960/12/27 
1963/02/08 1963/03/13 
1965/11/12 1965/12/25 
1968/12/20 1969/01/27 
1981/02/26 1981/03/30 
1984/12/28 1985/02/13 
1987/11/24 1987/12/28 
1996/11/14 1996/12/22 
1998/12/09 1999/01/11 
2000/11/08 2000/12/22 
2001/02/04 2001/03/31 

 
 
 
 
 
 
 
 
 
 
 

 
Table 2.1. Lasting periods of polar vortex regimes; a) strong polar vortex regime (SVR) 
and b) weak polar vortex regime (WVR) (NCEP/NCAR RA 1958 to 2002). 
 
 
 
 
 
to clarify the mean flow anomalies, the difference of zonal mean zonal wind and wind 
shear between SVR and WVR is drawn in Fig.2.7e and Fig.2.7f. 
 
The ( <0) is also analyzed in SVR and WVR for ZWN1, 2 and 3 stationary planetary 
waves, respectively (Fig.2.8). Comparing with DJF, similar general patterns also exist in 
SVR and WVR except for the variation of the “channel” at middle latitudes between the 
troposphere and stratosphere with increased ZWNs. For ZWN1 wave, the “channel” 
which represents the high probability of wave propagation is narrower in SVR (Fig.2.8a) 
than in WVR (Fig.2.8b), even than in DJF (Fig.2.2a). This means that the ZWN1 
stationary planetary wave has less chance to disturb the stratospheric circulation in SVR 
than in WVR (Castanheira and Graf, 2003) and in DJF. On the other hand, the probability 
of wave propagation from the troposphere to the stratosphere in WVR is bigger. This 
point has been addressed by several other previous studies (Perlwitz and Graf, 2001a; 
Castanheira and Graf, 2003; Walter, 2003). This finding can also be observed for ZWN2 
wave (Fig.2.8c, d). However, for ZWN3 wave, the “channel” in which wave has chance 
to propagate from the troposphere to the stratosphere is almost totally “blocked” in SVR 
(Fig.2.8e). This is different with in DJF (Fig.2.2c) and in WVR (Fig.2.8f). Based on the 
analysis of ( <0), it can be concluded that the anomalies of atmospheric mean flow 
have influences on the probability of stationary planetary wave propagation, which 
corresponds to the zonal wind-dependent theorem for planetary wave propagation 
(Charney and Drazin, 1961; Matsuno, 1970). 
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a)                                                                  b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                  d)  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

e)                                                                  f)  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. Zonal mean zonal wind (m/s) (left column) and its vertical shear (s-1) (right 
column) on meridional plane for SVR (first row), WVR (second row) and difference 
between SVR and WVR (bottom row) (NCEP/NCAR RA 1958-2002). Area with 
significant level above 99% is heavily shaded. 
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a)                                                                   b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                   d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                   f) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. ( <0) for stationary planetary waves in SVR (left column and WVR (right 
column separately for ZWN 1 wave (first row), ZWN 2 wave (second row) and ZWN 3 
wave (bottom row). Unit of ( <0) is %. 
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In order to enhance our understanding of wave-mean flow interaction, the E-P flux and 
its divergence are also analyzed in SVR and WVR like in the general winter seasons 
(DJF). Fig.2.9 shows the cross section on the meridional plane for E-P flux and 
divergence in SVR and WVR, for ZWN1, 2, 3 and 1+2+3 waves. As it has been 
indicated, the difference between all ZWNs and ZWN1+2+3 stationary waves is 
negligible (Fig.2.6f), therefore in this section all ZWNs waves will not be discussed 
further. 
 
The major patterns of E-P flux and its divergence as shown in DJF (Fig.2.6) have been 
well illuminated in both SVR and WVR (Fig.2.9). For ZWN1+2+3, in both SVR and 
WVR, there exist the two major branches of vectors, as well as the two major convergent 
areas. However, there is also obvious difference between these two stratospheric polar 
vortex regimes. The convergent area in the subpolar stratosphere has been strengthened 
both on amplitude and area in WVR (Fig.2.9h). In fact, almost the whole extratropical 
and subpolar stratosphere is covered by the convergence of E-P flux in WVR, which 
means the wave-exerted easterly zonal momentum forcing on mean flow is dominating in 
stratosphere. The similar variation in WVR is shown for ZWN1 and 2 waves with less 
intensity. However, there is intensified divergence in the polar stratosphere in SVR, 
which can induce westerly momentum forcing on mean flow in the polar lower and mid- 
stratosphere. Limpasuvan and Hartmann (2000) also indicate that the baroclinic 
contribution can lead to strong westerly forcing in the high-latitude middle stratosphere. 
 
In order to clarify the potential influence of wave activities on the anomalies of mean 
flow, the differences of E-P flux and divergence between in SVR and in DJF, and 
between SVR and in WVR, are shown in Fig.2.10.  The major patterns of these two sets 
of differences are similar for ZWN1+2+3 waves (Fig.2.10g and h). The equatorward 
vectors and the divergence of E-P flux in the extratropical upper troposphere are stronger 
in SVR, while the upward vectors and divergence in the polar lower and mid- 
stratosphere are stronger in WVR (Fig.2.10h). Therefore, stationary waves prefer to 
reduce the westerly in the subtropical troposphere (Fig.2.7a) in SVR. In WVR waves also 
tend to reduce the westerlies, but in the polar stratosphere. The difference of E-P flux and 
its divergence of ZWN1 wave shows similar patterns (Fig.2.10a, b). For ZWN3 wave, 
only the stronger equatorward vectors in the extratropical upper troposphere in SVR can 
be observed. However, for ZWN2 wave, in WVR there exits stronger equatorward and 
upward vectors in the subtropical troposphere.  
 
Finally, it should be mentioned that the positive vertical zonal wind shear is also 
intensified in SVR (Fig.2.7f) in the subpolar lower stratosphere. However, a significant 
influence of this positive wind shear on stationary planetary waves is not observed 
(Fig.2.8). From the difference of ( <0) between SVR and WVR (not shown), 
although the slightly bigger chance around 65

f 2
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oN – 70oN for ZWN1 and 2 waves in SVR, 
which probably corresponds to the bigger values of the vertical shear of zonal mean zonal 
wind, can be observed, the much more possibilities of planetary wave propagation from 
the troposphere to the stratosphere at mid latitudes in WVR can also be found. This 
implies that the intensified vertical shear of ZMZW in SVR can probably enhance the 
permission of the stationary wave propagation in the lower stratosphere at high latitudes.  
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a)                                                                      b)  
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
 
e)                                                                      f)  
 
 
 
 
 
 
 
 
 
 
g)                                                                      h)  
 
 
 
 
 
 
 
 
 
Figure 2.9. Cross section of E-P flux and divergence for stationary planetary waves in 
SVR (left column) and WVR (right column) for ZWN1 wave (first row), ZWN2 wave 
(second row), ZWN3 wave (third row) and ZWN1to3 waves (bottom row). Divergence 
contour interval is 1ms-1day-1, the unit of vector is kg s-2. 
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a)                                                                      b)  
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
e)                                                                      f)                  
 
 
 
 
 
 
 
 
 
 
g)                                                                      h)  
 
 
 
 
 
 
 
 
 
Figure 2.10. Cross section of difference of E-P flux and divergence for stationary 
planetary waves between WVR and DJF (left column) and between SVR and DJF (right 
column) for ZWN1 wave (first row), ZWN2 wave (second row), ZWN3 wave (third 
row), ZWN1to3 waves (bottom row). Divergence contour interval is 1ms-1day-1, the unit 
of vector is kg s-2. 
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However, the amplitudes of the differences ( <0) between SVR and WVR (not 
shown) in the lower stratosphere at high latitudes are much smaller than those at middle 
latitudes. This implies that the enhanced vertical shear of ZMZW in the lower 
stratosphere at high latitudes probably does not play such an important role for planetary 
wave propagation. This point has also been indicated by Chen and Robinson (1992) who 
concluded that the wave propagation is sensitive to the wind shear at the subtropical 
tropopause, but not so in the stratosphere.  
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2.5 Correlations between ( <0) and E-P flux f 2
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In order to improve our understanding of the atmospheric control on propagation of 
stationary planetary waves from the troposphere to the stratosphere and wave activities, 
the correlation between the vertical component of E-P flux (  hereafter) and ( <0) 
at 70hPa, 35

zF f 2
kn

o – 80oN is analyzed in Figure 2.11 and 2.12.  
 
Fig.2.11 shows the scatters of  and ( <0) in DJF for ZWN1 (Fig.10a), ZWN2 
(Fig.2.11b) and ZWN3 (Fig.2.11c) waves, respectively. In Fig.10a, the distribution shows 
that there is an assembly of scatters with high value (up to 100000 kg s

zF f 2
kn

-2) of  and small 
value (less than 50%) of ( <0), which presents that the connection of strong vertical 
E-P flux entering the stratosphere and high chances of wave propagation at 70hPa, 35

zF
f 2

1n
o – 

80oN for ZWN1 wave. For ZWN2 wave (Fig.2.11b), this assembly has a similar shape as 
for ZWN1, but the values of  is smaller (up to 60000 kg szF -2), which indicates that 
although the ZWN2 wave still has big chance to propagate from the troposphere to the 
stratosphere, the actual wave activities are not as strong as ZWN1 wave. For ZWN3 wave 
(Fig.2.11c), the assembly at low values of ( <0) almost disappeared, and most 
scatters locate at ( <0) > 50% having values of  ~ 0, which means for ZWN3 
wave, there is rare wave activity and small chance for planetary wave to propagate from 
the troposphere to the stratosphere. In order to clarify the difference between ZWN1, 2 
and 3 waves, the average of  with fixed values of ( <0) was analyzed (Fig.2.11d). 
The average of all  at each value of ( <0) was computed and 3-point running 
mean was performed afterwards. Figure 10.d shows that, for ZWN1 and 2 waves, when 

( <0) < 50%, the values of  decrease with increased values of ( <0). The 
values of  for ZWN1 wave are relatively bigger than ZWN2 wave at specific value of 

( <0). However, when ( <0) > 50%,  are negligible for both ZWN1 and 2 
waves. For ZWN3 wave, the values of  are mostly around 0 and only small values are 
observed when ( <0) < 30%.  
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The same analysis was also performed for SVR and WVR (Fig.2.12). It can be observed 
that the scatters distribute more frequently around the area with high values of  and  zF
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a)                                            
c

70
orrelation between Fz and fnris for ZWN1 at 

hPa, 35N-80N in DJF (NCEP 1958-2002)
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c)                                             

correlation between Fz and fnris for ZWN2 at 70hPa, 35N-
80N in DJF (NCEP 1958-2002)
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correlation between Fz and fnris for ZWN3 at 
70hPa, 35N-80N in DJF (NCEP 1958-2002)
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Figure 2.11. Correlation between vertical component of E-P flux and ( <0) at 70hPa, 
35

f 2
kn

o – 80oN for stationary planetary waves in DJF (NCEP/NCAR RA 1958 to 2002) for 
ZWN 1 wave (first row), ZWN 2 wave (second row), ZWN 3 wave (third row), and the 
average of  with ( <0) for ZWN1, 2 and 3 (bottom row). zF f 2

kn

correlation between average of Fz and fnris at 
70hPa, 35N-80N in DJF (NCEP 1958-2002)
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a)                                                                      b)                                                 
 correlation between Fz and fnris for ZWN1 at 

70hPa, 35N-80N in WVR (NCEP 1958-2002)
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correlation between Fz and fnirs for ZWN1 at 
70hPa, 35N-80N in SVR (NCEP 1958-2002)
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c)                                                                      d)               
 correlation between Fz and fnris for ZWN2 at 

70hPa, 35N-80N in WVR (NCEP 1958-2002)
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correlation between Fz and fnirs for ZWN2 at 
70hPa, 35N-80N in SVR (NCEP 1958-2002)
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e)                                                                      f)          
 correlation between Fz and fnris for ZWN3 at 

70hPa, 35N-80N in WVR (NCEP 1958-2002)
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correlation between Fz and fnirs for ZWN3 at 
70hPa, 35N-80N in SVR (NCEP 1958-2002)
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Figure 2.12. Correlation between vertical component of E-P flux and ( <0) at 70hPa, 
35

f 2
kn

o – 80oN for stationary planetary waves in SVR (left column) and WVR (right column) 
(NCEP/NCAR RA 1958 to 2002) for ZWN 1 wave (first row), ZWN 2 wave (second 
row), ZWN 3 wave (third row), and the average of  with ( <0) for ZWN1, 2 and 3 
(bottom row). 
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small values of ( <0) in WVR (Fig.2.12b, d, f) than in SVR (Fig.2.12a, c, e) for all 
ZWN1, 2 and 3 waves. Therefore, it can be concluded that there is a high correlation 
between the strong wave activities and the better chance of wave propagation from the 
troposphere to the stratosphere in WVR. Based on this correlation analysis, the strong 
connection between wave activities indicated by extratropic upward E-P flux at 70hPa 
and probability of stationary planetary wave propagation represented by ( <0), is 
addressed.   
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2.6 Transient planetary waves in Northern Hemisphere 
winter 
 
It is well known that not only stationary planetary waves but also the transient planetary 
waves play a key role in wave-mean flow interaction (Andrews et al., 1987). The 
dynamical properties and transports of transient waves have been studied by a lot of 
scholars (Matsuno, 1971; O’Neill and Youngblut, 1982; Straus and Shukla, 1987; Chen 
and Robinson, 1992; Limpasuvan and Hartmann, 2000; etc.). The influence on the time-
mean flow, including the stationary waves, of transient waves has also been analyzed 
(Blackmon, 1976; Sasamori and Chen, 1982; Salby, Garcia, 1987; Walter, 2003). 
 
Theoretically, planetary waves can be divided into stationary waves and transient waves. 
The climatological mean flow patterns tend to take a wavy form in the Northern 
Hemisphere winter. These patterns can be furthermore separated into zonal mean and 
deviations from zonal mean. The zonal deviations are known as “stationary waves” and 
can be further separated into zonal Fourier components, while the time-dependent 
departures from the climatological average are often known as “transient waves” 
(Andrews et al., 1987). 
 
To be more precise, the stationary waves can be defined as the departures from the zonal 
mean, averaged over season. The seasonal averages of the eddy component were further 
averaged over the number of equivalent seasons to obtain the final seasonal mean 
stationary eddy field. Zonally averaged eddy variances and covariances are calculated 
directly from the final seasonal mean stationary eddy field (Straus and Shukla, 1988). On 
the other hand, the transient waves are computed by obtaining the seasonal time series of 
all relevant variables at all grid points, then removing the annual mean and, the annual 
and semi-annual harmonics. Furthermore, time-filtering of the time series with an 
appropriate filter is applied on the time series of the variables. Finally calculating the 
variances from both the filtered and unfiltered series for each season and averaging over 
equivalent seasons in each data set will be performed (Straus & Shukla, 1988). The 21-
point filters introduced by Blackmon and Lau (1980) are applied to isolate the 
fluctuations with low frequency (10days< period <90days) and medium (2.5days< period 
<6days), which correspond to low frequency eddies and synoptic eddies, respectively 
(Appendix A.4).  
 

  



Chapter 2 Climatological analysis of planetary wave propagation in NH winter 35 

Fig.2.13 shows the cross section of E-P flux and its divergence for transient waves in 
Northern Hemisphere winter (DJF). Fig.2.13a illustrates the distribution of E-P flux and 
its divergence for unfiltered transient waves (with all frequencies). Similar to the 
stationary waves (Fig.6e), there are also two major branches of vectors for transient 
waves – one equatorward in the subtropical upper troposphere, and one upward in the 
subpolar lower and mid- stratosphere. But only one major convergent area dominates for 
the transient waves (Fig.2.13a). Instead of the rather stronger convergence in the subpolar 
stratosphere which is observed for stationary waves (Fig.2.6e), there is a very weak 
convergent area located in the extratropical stratosphere for transient waves. The 
amplitudes of equatorward vectors of E-P flux for unfiltered transient waves are larger 
than those for stationary waves, while those of the upward vectors are rather smaller. 
Unlike the stationary waves that are excited mostly from the extratropical troposphere, 
the distribution of sources of the transient waves are generated, is fairly reaching from the 
subtropics to the subpolar latitudes. This implies that the transient waves can be exited at 
higher latitudes than stationary waves in the troposphere (Andrews et al., 1987). The 
stronger equatorward fluxes of transient waves can lead to more barotropic forcing on the 
westerlies in the subtropical troposphere. On the other hand, the weaker upward vectors 
of transient waves show their diminished ability to bring baroclinic forcing from the 
troposphere to the stratosphere in comparison to stationary waves. At the same time, the 
convergence of stationary waves E-P flux is located in the subpolar stratosphere, which 
shows an easterly zonal momentum forcing on the mean flow. This cannot be observed 
for transient wave propagation. 
 
Therefore, it can be concluded that although transient waves are generated widely and 
strongly in troposphere, they have less impact on the stratospheric mean flow compared 
with stationary waves. 
 
The low-pass filtered transient waves (Fig.2.13b) show similar propagating 
characteristics as unfiltered transient waves but with smaller amplitudes. As mentioned 
above, the low-pass filtered waves are those fluctuations with periods longer than 10 days 
but less than 90 days. On the other hand, magnitudes of E-P flux and divergence for 
band-pass filtered transient waves (Fig.2.13c) with period from 2.5 to 6 days are much 
smaller especially for the upward vectors in stratosphere. This means that the eddy 
forcing of transient waves mainly is due to the low frequency waves while the synoptic 
waves’ contribution is negligible. 
 
In order to enhance our understanding of dynamical interaction of transient waves with 
the anomalies of mean flow, the cross sections of E-P flux and its divergence of transient 
waves are also drawn in SVR and in WVR, respectively (Fig.2.14). Fig.2.14 shows the 
similarly wide source and the strong equatorward vectors of transient waves in the 
troposphere, which has been observed in DJF, in both SVR and WVR. In contrast from 
the stationary waves, stronger divergence of transient waves dominates in the polar 
stratosphere in WVR (Fig.2.14b). As indicated before, the transient wave activities also 
mainly relate to the low frequency waves in both SVR (Fig.2.14a) and WVR (Fig.2.14b). 
The differences of E-P flux and divergence for transient waves between WVR and SVR 
are shown in Fig.2.15. The stronger equatorward fluxes as shown for stationary waves in  
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a) 
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Figure 2.13. Cross section of E-P flux and divergence for transient planetary waves in 
DJF (NCEP/NCAR RA 1958-2002); a) unfiltered transient waves; b) low-pass filtered 
transient waves; c) band-pass filtered transient waves. Divergence contour interval is 
1ms-1day-1, the unit of vector is kg s-2. 
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a)                                                                      b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                      f)  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14. Cross section of E-P flux and divergence for transient planetary waves in 
SVR (left column) and WVR (right column) for unfiltered transient waves (first row), 
low-pass filtered transient waves (second row) and band-pass filtered transient waves 
(bottom row). Divergence contour interval is 1ms-1day-1, the unit of vector is kg s-2. 
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a)                                                                      b)  
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                      f)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15. Cross section of difference of E-P flux and divergence for transient planetary 
waves between WVR and DJF (left column), WVR and SVR (right column) for 
unfiltered transient waves (first row), low-pass filtered transient waves (second row) and 
band-pass filtered transient waves (bottom row). Divergence contour interval is 1ms-1day-

1, the unit of vector is kg s-2. 
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SVR compared with in WVR (Fig.2.10) are also observed for unfiltered transient waves, 
low-pass transient waves and band-pass transient waves combined (Fig.2.15). This means 
that, in the troposphere transient waves also tend to reduce the westerlies in the 
subtropical troposphere in SVR. However, unlike for stationary waves, the transient 
waves have stronger upward vectors in the subpolar stratosphere in SVR, instead of 
weaker upward vectors in the subpolar stratosphere in WVR. This implies that transient 
waves also have influences on mean flow and anomalies in stratosphere but in different 
way compared with stationary waves. 
 
 
2.6 Summary 
 
The climatology of stationary planetary wave propagation in the Northern Hemisphere 
winter is analyzed based on the NCEP/NCAR reanalysis data 1958-2002. The so-called 
frequency of negative refractive index squared ( <0) is introduced and applied to 
study the atmospheric state of planetary wave propagation from the troposphere to the 
stratosphere. This zonal wind-dependent refractive index shows the control of 
atmospheric zonal mean flow on planetary wave propagation. As it is observed, not only 
the zonal mean zonal wind but also the vertical shear of zonal wind affects the stationary 
planetary wave propagation. The zonal mean flow controls the propagation based on the 
ZWN-depended critical Rossby velocity theorem (Charney and Drazin, 1961). The vertial 
shear of zonal mean zonal wind above the subtropical tropopause also influences 
planetary wave propagation (Chen and Robinson, 1992; Hu and Tung, 2002). The effects 
of the atmospheric stability on wave propagation are also investigated by studying the 
influence of buoyancy frequency variations on ( <0). It is found that the atmospheric 
stability can partly control the stationary planetary wave propagation, especially around 
the extratropical tropopause. On the other hand, the E-P flux and its divergence (Andrews 
et al., 1987) representing wave activities and eddy momentum forcing on the mean flow, 
is also analyzed. In Northern Hemisphere winter, the better chances of stationary 
planetary wave propagation from the troposphere to the stratosphere for ZWN1 and 2 
waves, corresponds to the branch of upward E-P fluxes. In short, planetary waves are 
controlled by zonal mean zonal wind, vertical shear of zonal mean zonal wind and 
atmospheric stability. On the other hand, the planetary waves can also transfor wave 
activities and exert eddy momentum forcing on mean flow by two major branches of 
vectors and two major convergences.  
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The correlation between wave activity and probability of wave propagation is also 
analyzed at in this thesis. The strong connection between the stationary planetary wave 
activity and probability of propagation from the troposphere to the stratosphere is 
observed. Strong E-P fluxes to the NH stratosphere occur when and where the frequency 
of negative refractive index squared is smaller than 50%, for ZWN1 and 2. ZWN3 wave 
related E-P fluxes are not effective, even in the rare cases of low frequency of negative 
refractive indices squared. 
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The anomalies of mean flow in Northern Hemisphere winter can be isolated into two 
major regimes – strong polar vortex regime (SVR) and weak polar vortex regime (WVR) 
considering time series of the zonal mean zonal wind at 50hPa and 65oN ( )65(50 Nu o as a 
diagnostic. It is found that the SVR will last longer than WVR and none of them has been 
observed occurring simultaneously in a single winter yet. Variation of the polar vortex 
regimes can be related with the different propagation structures of planetary waves 
(Limpasuvan and Hartmann, 2000; Perlwitz and Graf, 2000a; Walter, 2003). The analysis 
of ( <0) shows that the anomalies of atmospheric mean flow have influences on the 
stationary planetary wave propagation. In WVR, planetary waves have more possibilities 
to propagate from the troposphere to the stratosphere than in SVR. The possibility 
decreases with the increasing ZWNs. Planetary waves have better chances to propagation 
from the troposphere to the stratosphere in WVR. In SVR, the planetary waves lead to 
strong westerly forcing in the polar stratosphere while in WVR the easterly forcing 
prevails in both the polar and sub-polar stratosphere. For planetary wave activities, the 
equatorward eddy momentum fluxes in the upper troposphere around subtropics are 
much stronger in SVR, while the eddy heat fluxes from the troposphere upward to the 
stratosphere around the northern pole are much stronger in WVR. 
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Like stationary planetary waves, transient waves also play a key role in wave-mean flow 
interaction in Northern Hemisphere winter, but with some differences. The transient 
waves propagate less from the troposphere to the stratosphere, while induced more wave 
activities to the subpolar upper troposphere, compared to stationary waves propagation. 
Propagation of transient waves especially the upward propagation mainly relates to the 
low-frequency transients. The synoptic waves are negligible. Unlike the stationary waves, 
the transient waves transport more heat fluxes upward from the troposphere to the 
subpolar stratosphere in SVR.  
 
The mean flow and its anomalies can control or influence the wave activities for both 
stationary and transient waves (Charney and Drazin, 1961). Waves, on the other hand, 
modify the mean flow by exerting eddy momentum forcing (Andrews et al., 1987). This 
two-way interaction is supported by the analysis in this chapter.  
 
Finally, it should be addressed that the influences of the external influence (e.g. super 
volcanic eruption, variation of solar radiation, and greenhouse gases etc.) on climate 
system and surely, the atmospheric circulation and planetary wave generation and 
propagation, have drawn attention recently. These potential external influences will be 
investigated further by analyzing the external forcing in Chapter 3.  
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Chapter 3  
 
Influences of anomalies of wind and temperature 
induced by violent volcanic eruptions on planetary 
wave propagation 
 
3.1 Introduction 
 
The climate system can be influenced by anthropogenic forcing such as increasing 
emission of greenhouse gas, aerosols, and CFCs, which are considered to play a key role 
on reducing the density of ozone in the stratosphere. Moreover, natural external forcing 
such as solar variability and volcanic eruption has also impacts on the climate system.  
 
It is well known that violent tropical volcanic eruptions can affect the climate system by 
injecting huge amounts of aerosols into the atmosphere spreading over the globe (Angell, 
1993; Robock, 2001). The aerosols injected into the stratosphere by volcanic eruptions 
result in warming of the layer where the aerosol resides due to absorption of solar and 
terrestrial radiation by the volcanic aerosol (Lacis et al., 1992; Angell, 1993). The 
stratospheric warming will begin in 1 – 3 months after eruptions and last 1 – 2 years after 
the volcanic eruptions (Robock, 2001). Due to nonlinear response of atmospheric 
dynamics, warmer winters over the Northern Hemisphere continents following a large 
tropical eruption are observed, starting few months after the eruptions and lasting 1 to 3 
years (Robock, 2001). Volcanic aerosols have the potential to change not only the 
radiative balance in the stratosphere inducing a dynamical feedback, but also the 
stratosphere chemistry. The most important chemical changes in the stratosphere are 
related to ozone, which has a significant effect on ultraviolet and longwave radiative 
fluxes. The chemical reactions, which produce or destroy ozone, depend on the longwave 
flux, the atmospheric temperature, and the aerosol surface available for heterogeneous 
reactions. And all these can be changed by volcanic eruptions (Crutzen, 1976; Tabazadeh 
and Turco, 1993; tie and Brasseur, 1995; Robock, 2001). 
 
The lower stratospheric warming after violent tropical volcanic eruptions was also 
observed and studied by many other scholars. By applying the general circulation model 
ECHAM2 with stratospheric aerosol effects and run in a perpetual-January mode, Graf et 
al. (1993) investigated the typical volcanic aerosol induced tropical stratospheric heating 
of the El Chichon (1982) eruption or the 1991 Mt. Pinatubo eruption and simulated 
continent varying for the first time. Afterwards, Ramachandran et al. (2000) investigated 
the total stratospheric warming due to aerosols injected by the Pinatubo (1991) eruption 
using the SKYHI GCM (from Geophysical Fluid Dynamics Laboratory) and aerosol 
spectral optical properties dataset. Another study of stratospheric warming induced by 
Pinatubo (1991) eruption has been performed by applying the NASA Goddard Institute 
for Space Studies ModelE climate model (Oman et al., 2005). Ramaswamy et al. (2006) 
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applied a coupled atmosphere-ocean model to study the stratospheric temperature trend 
from 1979 to 2003 and tried to demonstrate that the complex space-time pattern of the 
lower stratospheric temperature anomalies is a consequence of the combined temporal 
changes in natural forcing (solar irradiance and volcanic aerosols) and anthropogenic 
forcing (well-mixed greenhouse gases, stratospheric and tropospheric ozone, troposheric 
aerosols, and land use). The obvious stratospheric warmings, which were caused by the 
eruptions of El Chichon (1982) and Pinatubo (1991), were observed for both, observation 
and model experiments (Ramaswamy et al., 2006). Using a longer time dataset (1958 – 
1999), Cordero and Forster (2006) found not only the stratospheric warming induced by 
El Chichon (1982) eruption and Pinatubo (1991) eruption, they also found another case, 
Agung, which erupted in 1963.  
 
However, following the violent tropical volcanic eruptions, especially during the 
Northern Hemisphere (NH) winter, not only the stratospheric warming in the tropics and 
low latitudes, but also a major stratospheric cooling around the northern polar area has 
been observed. For the single case of the Pinatubo 1991 eruption, stratospheric cooling at 
the NH pole during the following NH winter (1991-1992) was observed (Kodera and 
Yamazaki, 1994). Stechikov et al. (2004) and Oman et al. (2005) found that the polar 
stratospheric cooling happened during the next 2 winters after the eruption (Stechikov et 
al., 2004). Moreover, the stratospheric cooling induced by a number of volcanic eruptions 
from 1958 to 2000 has also been shown by Stechikov et al. (2006). 
 
Combining the lower stratospheric warming at tropics and extratropics, with the cooling 
of the lower stratosphere at high latitudes, an increased meridional temperature gradient 
can be induced. The enhanced pole-equator meridional temperature gradient in the lower 
stratosphere could have a dynamical response with a geostrophically driven strengthened 
stratospheric polar vortex and stronger zonal mean zonal wind (ZMZW) which can 
extend down into the troposphere (Graf et al. 1993; Graf et al. 1994; Kodera, 1994; 
Kodera and Yamazaki, 1994; Robock, 2001; etc.). As discussed in Chapter 2, the 
variations of the stratospheric polar vortex have influence on propagation and refraction 
of planetary waves and based on wave-mean flow interactions theorem, these propagated 
or refracted waves transport eddy momentum, heat fluxes and zonal momentum forcing 
on mean flow. Hence, the anomalies of wind and temperature induced by violent tropical 
volcanic eruptions will also affect on the planetary wave propagation and, these 
propagated or refracted waves will consequently modify the mean flow in both the 
stratosphere and troposphere. This dynamic feedback mechanism provides a very 
important contribution to the resulting climate change (Robock and Mao, 1992; Graf et 
al., 1993; Kirchner and Graf, 1995; Mao and Robock, 1998; etc.).  
 
In this chapter, we will focus on the dynamical influence of violent tropical volcanic 
eruptions on the climate system. As indicated above, the coupling between the 
stratosphere and the troposphere by planetary wave–mean flow interaction is an 
important dynamical mechanism, which can help to improve our understanding of the 
potential impacts of volcanic eruptions on the anomalies of atmospheric circulation and 
therefore on the climate change. In short, we will investigate the influences of volcanic 
eruptions on planetary wave propagation. 

                                                                                                                                             
 



Chapter 3 Influences of violent tropical volcanic eruptions 43

3.2 Violent tropical volcanic eruptions of Agung (1963), 
El Chichon (1982) and Pinatubo (1991) 
 
In the historical record, there were a number of volcanic eruptions, which have been 
observed and investigated. Most of these eruptions caused observable impacts on the 
climate system (Robock and Mao, 1992; Graf et al., 1994; Robock and Free, 1995; 
Robock, 2000). There are three violent tropical volcanic eruptions – Agung (1963), El 
Chichon (1982) and Pinatubo (1991) and, all these three eruptions showed very strong 
influences on climate system (Robock and Free, 1995; Robock, 2002). 
 
As indicated before, the large stratospheric warming has been observed after the 3 major 
tropical volcanic eruptions of Agung (1963), El Chichon (1982) and Pinatubo (1991) 
(Angell, 1993, 1997; Robock, 2000; Ramaswamy et al., 2006; Cordero and Forster, 2006). 
With the tropical lower stratospheric warming simultaneously stratospheric cooling 
around the northern pole area during the NH winters after the eruptions was also 
observed. The simultaneous warming and cooling will enhance the northern pole-equator 
temperature gradient. At the same time, an increased polar night jet in the NH and 
stronger ZMZW extending down to the troposphere can also be observed (Graf et al., 
1993).   
 
There are several similarities between the three volcanic eruptions besides the eruption-
induced stratospheric temperature anomalies, which can benefit the study of considering 
the three cases as violent tropical volcanic eruptions and further investigation of their 
influences on climate system. These similarities are summarized in Table 3.1. Firstly, all 
these three eruptions happened in the location of tropical area. Therefore the aerosols 
injected into the atmosphere can spread over the entire globe in relatively short period 
(Oman et al., 2005). Moreover, all these three eruptions ejected great amount of aerosols 
into the lower stratosphere in similar magnitudes shown from the values of dust veil 
index (DVI, Table 3.1). It is reasonable to treat these three eruptions as a group of violent 
volcanic eruptions.  
 
 
Table 3.1 Volcanic eruptions considered in this study. DVI was taken from Robock and 
Mao (1992). 
Volcano Latitude Longitude Date of 

Eruption 
DVI (dust veil 
index) 

Agung 8oS 116oE March 17, 1963 800 
El Chichon 17oN 93oW April 3, 1982 800 
Pinatubo 15oN 120oE June 15, 1991 1000 
 
 
Therefore, in this chapter, we choose the eruptions of Agung (1963), El Chichon (1982) 
and Pinatubo (1991) as the representative cases to investigate the impacts of violent 
tropical volcanic eruptions on anomalies of atmospheric circulation and the planetary 
wave propagation.  
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3.3 Data processing 
 
As in Chapter 2, in this chapter we also used the NCEP/NCAR reanalysis data for 45 
years (1958-2002) (Kalnay et al., 1996; Kistler et al., 2001). The dataset contains daily 
averages of geopotential height, wind, and temperature on 2.5o×2.5o grid at 17 vertical 
pressure levels extending from 1000 to 10 hPa.  
 
In this study, we are interested in the wind and temperature anomalies occurring in 
winters following volcanic eruptions, only the two NH boreal winters (DJF) after the 
eruptions are analyzed. The winters of 1963-1964 and 1964-1965 are selected to for the 
Agung (1963) eruption; the winters of 1982-1983 and 1983-1984 for El Chichon (1982) 
eruption; and the winters of 1991-1992 and 1992-1993 for Pinatubo (1991) eruption. We 
name all these 6 winters as volcanic winters 
 
In order to separate the signals of volcanic eruptions from the general NH boreal winter, 
we took other 38 winters without the six volcanically affected winters (1963-1964, 1964-
1965; 1982-1983, 1983-1984; 1991-1992, 1992-1993), to represent the general Northern 
Hemisphere winters.   
 
 
3.4 Influences of volcanic eruptions on atmospheric 
circulation and on planetary wave propagation 
 
3.4.1 Northern Hemispheric winter wind and temperature 
anomalies after volcanic eruptions 
 
Fig.3.1 shows the climatological mean of zonal mean zonal wind (ZMZW), wind shear, 
and temperature and buoyancy frequency in 38 NH winters not disturbed by the three 
volcanic eruptions. As discussed in Chapter 2, the main patterns of ZMZW show the 
stratospheric polar vortex and the extratropical jet (Fig.3.1a). The center of negative 
values of vertical shear of ZMZW, which has been shown in Chapter 2 (Fig.2.3b), is also 
observed for the general winters excluding the volcanic winters (Fig.3.1b).  
 
Fig.3.2 shows the average of ZMZW, vertical shear of ZMZW, temperature and 
buoyancy frequency for the influenced winters after the three volcanic eruptions. The 
Figures of each single winter for each volcanic case are shown in the Appendix B. For 
the ZMZW, compared to the general winters (Fig.3.1a), a stronger stratospheric polar 
vortex can be observed in the volcanic winters (Fig.3.2a). Relatively bigger values of 
vertical shear in the polar and subpolar stratosphere can also be found in the volcanic 
winters (Fig.3.2b) compared with the general winters (Fig.3.1b). As indicated in Chapter 
2, the vertical shear of ZMZW can probably contribute to the more chance for planetary 
wave propagation in lower stratosphere at high latitudes in the strong polar vortex regime 
(SVR). However, it is found that the influences of vertical shear of ZMZW on planetary 
wave propagation in the polar and subpolar lower stratosphere is not significant 
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a)                                                                      b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
e) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Zonal mean zonal wind (m/s) (a), vertical wind shear (s-1) (b), zonal mean 
temperature (K) (c),  on meridional plane (d), and profile (black line) and 

 profiles on different latitudes (e) in DJF excluding volcanic winters 
(NCEP/NCAR RA, 1958-2002). Unit of  is s
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a)                                                                      b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
e) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Zonal mean zonal wind (m/s) (a), vertical wind shear (s-1) (b), zonal mean 
temperature (K) (c),  on meridional plane (d), and profile (black line) and 

 profiles on different latitudes (e) in mean of DJF of volcanic winters 
(NCEP/NCAR RA, 1958-2002). Unit of  is s

),(2 zN φ )(2 zN
),(2 zN φ

2N -2. 
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compared to the influences at middle latitudes. At the same time, it is found that the 
stratosphere over the NH pole is colder in volcanic winters (Fig.3.2c) than in general 
winters (Fig.3.1c). The major patterns of buoyancy frequency (Fig.3.2d) and its 
distribution with latitudes (Fig.3.2e) for volcanic winters are similar to the general 
winters (Fig.3.1d and Fig.3.1e).  
 
In order to clearly investigate the influences of violent tropical volcanic eruptions on the 
NH atmosphere, the differences of ZMZW, vertical shear of ZMZW, temperature and 
buoyancy frequency between the volcanic winters and the general winters are also 
analyzed (Fig.3.3). The figures of the differences between each single volcanic winter 
and general winters are also reproduced in the Appendix B. 
 
In Fig.3.3a, the stronger polar vortex during the winters after volcanic eruptions, which 
extends into the troposphere as indicated by other scholars (Graf et al., 1993; Graf et al., 
1994; Kodera, 1994; etc.), can be observed. Not only a stronger polar vortex, but also 
relatively weak westerlies can be observed in the tropical and extratropical troposphere 
(Fig.3.3a). This indicates that the tropical jet is reduced during the winters after volcanic 
eruptions. Furthermore, it is found that the distribution of the strengthened and extended 
polar vortex and the weakened tropical jet can compose a “dipole” structure on the 
meridional plane for wind anomalies. This “dipole” structure has also been indicated in 
previous studies (Kodera, 1994).   
 
In Fig.3.3b, the differences of vertical shear of ZMZW between the winters after the 
volcanic eruptions and the general winters show that a stronger wind shear can be found 
in the lower stratosphere (250hPa to 50hPa) at mid and high latitudes (60oN – 80oN) in 
the winters after volcanic eruptions, which can help planetary waves propagating from 
the troposphere to stratosphere.  
 
The differences of zonal mean temperature between volcanic winters and general winters 
are also analyzed (Fig.3.3c). As ZMZW, clear differences of temperature can also be 
observed. There are two major centers occur in the lower stratosphere. One is a stronger 
cooling, which locates in the polar lower stratosphere. The other is a relatively weaker 
warming, which locates in the tropical and extratropical lower stratosphere. The 
amplitudes of the tropical and extratropical stratospheric warming are smaller than the 
polar stratospheric cooling. These two centers can also compose a “dipole” structure on 
the meridional plane of zonal mean temperature. In this study, we will focus on the 
distribution of the anomalies on the meridional plane since by the dynamics mechanisms, 
the induced increased meridional temperature gradient can cause the strengthened 
stratospheric polar vortex extending down into the troposphere (Graf et al., 1993; Graf et 
al., 1994; Kodera, 1994; Kodera and Yamazaki, 1994; Robock, 2001; etc.). The 
dynamical response can be reflected by the properties of planetary wave propagation and 
refraction between the stratosphere and troposphere as analyzed in Chapter 2. On the 
other hand, the strong cooling in the polar lower stratosphere can reduce the atmospheric 
stability in the northern pole. The local convection in NH pole is expected to be reduced 
during the volcanic winters. 
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a)                                                                      b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                      
 
 
 
 
 
c)                                                                      d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. The difference of zonal mean zonal wind (m/s) (a), vertical wind shear (s-1) 
(b), zonal mean temperature (K) (c),  on meridional plane (d), and profile 
(black line) and  profiles on different latitudes (e) in between the mean of DJF 
of volcanic winters and the DJFs excluding volcanic winters (NCEP/NCAR RA, 1958-
2002). Unit of  is s

),(2 zN φ )(2 zN
),(2 zN φ

2N -2. Area with significant level above 90% is lightly shaded, above 
95% is medium shaded and above 99% is heavily shaded. 
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The differences of buoyancy frequency between volcanic winters and general winters are 
shown in Fig.3.3d. The reduced atmospheric stability in the northern pole, which 
mentioned above can be found. Furthermore, there are two other major differences with 
positive values, which represent the enhanced atmospheric stability, are located in the 
polar stratosphere (above 50hPa) and around the tropical tropopause (~ 100hPa). The 
obvious negative values of differences of buoyancy frequency between volcanic winters 
and general winter around polar tropopause can also be found (Fig.3.3d).   
 
As discussed in Chapter 2, a stronger stratospheric polar vortex occurs in the strong polar 
vortex regime (SVR) too. Similar analysis as for SVR is also performed in volcanic 
winters. All SVR regimes have been listed in Table 2.1. In order to illustrate the 
difference between volcanic winters and SVR, in this chapter, the volcanic winters have 
been removed from the SVR regimes. Therefore, there are only 8 strong polar vortex 
regimes left. A similar analysis as in Fig.3.1 (general winters) and Fig.3.2 (volcanic 
winters) are also done for SVR (Fig.3.4). Fig.3.4a shows clearly the much stronger 
stratospheric polar vortex and the relatively weaker tropical jet. The latter cannot be 
found obviously weaker in volcanic winters (Fig.3.2a) compared with general winter 
(Fig.3.1a). Similarly, relatively bigger values of vertical shear of ZMZW can also be 
found in SVR (Fig.3.2b) compared with general winters (Fig.3.1b). The stratospheric 
cooling, which has also been observed in volcanic winters (Fig.3.2c, central contour with 
205K), can also be shown in SVR even cooler (Fig.3.4c, central contour with 200K). 
However, the buoyancy frequency on meridional plane (Fig.3.4d) and distribution with 
latitudes (Fig.3.4e) do not show much difference in SVR compared with general winter 
(Fig.3.1d, e).  
 
The differences of ZMZW, vertical shear of ZMZW, temperature and buoyancy 
frequency between SVR and general winters, as between volcanic winters and general 
winters (Fig.3.3), are also shown in Fig.3.5. The “dipole” structure of anomalies of 
ZMZW, composed by a center with the positive values located in the polar stratosphere 
and the other with negative values located in the extratropical troposphere, can also be 
found (Fig.3.5a). However, the amplitudes of the “dipole” structure in SVR (Fig.3.3a) are 
much bigger than in volcanic winters (Fig.3.5a). The biggest values of vertical shear of 
ZMZW can be found in SVR (Fig.3.5b) with bigger amplitudes than those for volcanic 
winters (Fig.3.3b). The “dipole” structure of zonal mean temperature in SVR is also 
shown in Fig.3.5c. Similar as the wind, the magnitudes of the polar stratospheric cooling 
are also stronger in SVR than in volcanic winters (Fig.3.3c). However, the tropical and 
extratropical stratospheric warming is of the same amplitudes. Fig.3.5d shows that the 
great negative values of differences of buoyancy frequency around the polar tropopause 
between SVR and general winter, which represent the greatly reduced atmospheric 
stability around this area in SVR. Similar pattern has also been found in the for volcanic 
winters with relatively smaller amplitudes (Fig.3.3d).  
 
In short, the anomalies of wind and temperature are similar in SVR and in volcanic 
winters. The “dipole” structures of ZMZW and zonal mean temperature can be observed 
for both SVR and volcanic winters, but the amplitudes of the anomalies in volcanic 
winters are smaller than in SVR.  
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a)                                                                      b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d) 
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Figure 3.4. Zonal mean zonal wind (m/s) (a), vertical wind shear (s-1) (b), zonal mean 
temperature (K) (c),  on meridional plane (d), and profile (black line) and 

 profiles on different latitudes (e) in SVR excluding volcanic winters 
(NCEP/NCAR RA, 1958-2002). Unit of  is s

),(2 zN φ )(2 zN
),(2 zN φ

2N -2. 
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a)                                                                      b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                      
 
 
 
 
 
c)                                                                      d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. The difference of zonal mean zonal wind (m/s) (a), vertical wind shear (s-1) 
(b), zonal mean temperature (K) (c),  on meridional plane (d), and profile 
(black line) and  profiles on different latitudes (e) between in SVR excluding 
volcanic winters and the DJFs excluding volcanic winters (NCEP/NCAR RA, 1958-
2002). Unit of  is s

),(2 zN φ )(2 zN
),(2 zN φ

2N -2. Area with significant level above 90% is lightly shaded, above 
95% is medium shaded and above 99% is heavily shaded. 
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3.4.2 Potential influences on planetary wave propagation 
 
3.4.2.1 Control of the atmospheric circulation on planetary wave 
propagation - analysis of ( <0) f 2

kn
 
Fig.3.6 shows the frequency of negative refractive index squared ( ( <0)) for the 
general winters excluding the volcanic winters for zonal wave number (ZWN) 1, 2 and 3 
waves, respectively. The patterns are similar as for all winters including the winters after 
volcanic eruptions shown in Chapter 2 (Fig.2.2). The “channel”, which presents the high 
possibility of planetary wave propagation from the troposphere to the stratosphere, is 
reduced to a shallower one when the ZWN of stationary planetary waves increased, 
implying that only ultra-long stationary planetary waves have more chance to propagate 
from the troposphere to the stratosphere.  On the other hand, the small area with high 
values of ( <0) located above the tropopause around 35

f 2
kn

f 2
kn o-40oN, which is 

corresponding with the center of negative values of vertical shear of ZMZW around the 
same place (Fig.3.1b), can also be found in general winter excluding volcanic winters 
(Fig.3.6).  
 
In order to investigate clearly the effects of violent tropical volcanic eruptions on 
planetary wave propagation, the ( <0) is also analyzed for the winters after volcanic 
eruptions (Fig.3.7, left column) for ZWN1, 2 and 3 waves, respectively. The general 
patterns remain same as in all winters including volcanic winters (Fig.2.2) but some 
differences still can be found. Although the “channel” representing big chance for 
planetary wave propagation from the troposphere to stratosphere still can be observed in 
volcanic winters, for ZWN1 in volcanic winters, the “channel” is wider (Fig. 3.7a), 
compared with in general winters (Fig.3.6a). This indicates that the ZWN1 wave has 
more chance to propagate from the troposphere to the stratosphere in the winters after the 
volcanic eruptions. The “channel” is also more widely open for ZWN2 wave in the 
winters after volcanic eruptions (Fig. 3.7b). However, it is found that ZWN3 planetary 
wave has relatively less chance to propagate from the troposphere to the stratosphere in 
the volcanic winters (Fig.3.7c). In general winters ZWN3 wave still has slight possibility 
to propagate from the troposphere to the stratosphere although the “channel” is quite 
shallow (Fig.3.6c) compared with ZWN1 (Fig.3.6a) and ZWN 2 (Fig.3.6b) waves. This 
shallow “channel” is even more shallow and almost blocked in the volcanic winters 
(Fig.3.7c).  

f 2
kn

 
The differences of ( <0) are also drawn between the volcanic winters and general 
winters (Fig.3.7, right column) for ZWN1, 2 and 3 waves, respectively. The similar 
conclusion as indicated above can also be drawn. However, it can be found that for 
ZWN1 and 2, the planetary waves have better chance to propagate from the troposphere 
to the stratosphere but at high latitudes (65

f 2
kn

o – 75oN), where less energy is available. This 
implies that although atmosphere shows better chance for ZWN1 and 2 waves to 
propagate from the troposphere to the stratosphere, there is no actual energy arriving in 
the stratosphere through planetary wave propagation. 
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Figure 3.6. ( <0) for stationary planetary waves in DJF (1958-2002) without violent 
volcanic eruptions (Agung, 1963-1965; El Chichon, 1982-1984; Pinatubo, 1991-1993) 
(NCEP/NCAR RA) for ZWN1 wave (a), ZWN2 wave (b) and ZWN3 wave (c). Unit of 

( <0) is %. 
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a)                                                                      b) 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)           
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Figure 3.7. ( <0) for stationary planetary waves in DJF (1958-2002) in volcanic 
winters (left column) and the difference between volcanic winters and the general winter 
excluding volcanic winters (NCEP/NCAR RA) for ZWN1 wave (first row), ZWN2 wave 
(second row) and ZWN3 wave (third row). Unit of ( <0) is %. 
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a)                                                                      b) 
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Figure 3.8. ( <0) for stationary planetary waves in DJF (1958-2002) in SVR 
excluding volcanic winters (left column) and the difference between SVR and the general 
winter excluding volcanic winters (NCEP/NCAR RA) for ZWN1 wave (first row), 
ZWN2 wave (second row) and ZWN3 wave (third row). Unit of ( <0) is %. 
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Similar analysis of ( <0) is also performed for SVR (Fig.3.8). For ZWN1 and 2, as in 
volcanic winters (Fig.3.7b and d), planetary waves also have more chances to propagate 
from the troposphere to the stratosphere at high latitudes in SVR (Fig.3.8a, b, c and d) 
than in general winters (Fig.3.6a, b). However, atmosphere shows even more less 
possibility for ZWN3 wave in SVR (Fig.3.8e, f) than in volcanic winters (Fig.3.7e, f).          

f 2
kn

 
To summarize shortly, in the winters after the violent volcanic eruptions, the atmosphere 
provides better chance at high latitudes (65o – 75oN) for ZWN1 and 2 waves to propagate 
from the troposphere to the stratosphere, but less chance for ZWN3 wave. The more 
possibilities for ZWN1 and 2 waves can also be found in SVR. Although the stronger 
polar vortex, observed in both volcanic winters and SVR, can help to prevent the 
propagation of planetary waves into the stratosphere as concluded in Chapter 2, the 
stronger vertical shear of ZMZW in stratosphere at high latitudes probably plays a role 
for the stronger potential of planetary wave propagation in the polar and subpolar lower 
stratosphere. However, as indicated in Chapter 2, the enhancement of positive values of 
vertical shear of ZMZW in the lower stratosphere at high latitudes is not significant 
compared with the impedance of negative values at midlatitudes. Also, there is less 
energy available at high latitudes, which can propagate into the stratosphere, although the 
better chance is shown by the atmospheric state.   
 
 
3.4.2.2 Contribution of planetary waves to the anomalies – analysis of  
E-P flux and its divergence 
 
Previous studies discussed the potential roles of planetary waves on the anomalies of 
ZMZW and temperature in the winters after volcanic eruptions (Graf et al., 1993; Graf et 
al., 1994; Kodera, 1994; Kodera and Yamazaki, 1994). This leads to the conclusion that 
the stronger winds prevent planetary waves to propagate into the stratosphere, leading to 
the colder atmosphere in high latitudes and then, in a potential dynamical feedback, 
strengthening of the polar vortex. In this chapter, the cross sections of E-P flux and its 
divergence, which present the planetary wave activities and wave momentum forcing on 
mean flow, are analyzed to study the influences of volcanic eruptions.  
 
Fig.3.9 shows the E-P flux and its divergence of stationary planetary waves for general 
winters excluding the winters after volcanic eruptions for ZWN1, 2, 3 and 1+2+3 waves, 
respectively. Two branches of vectors (momentum flux into the subtropical higher 
troposphere and heat flux into the subpolar stratosphere) and two major convergence 
areas (one located in the extratropical troposphere and the other located in the subpolar 
stratosphere) can be found for ZWN1+2+3 wave.  
 
Similar figures of E-P flux and its divergence are also drawn for volcanic winters 
(Fig.3.10). The major patterns of the two branches of vectors and two major 
convergences still can be observed, while with some differences. It is found that the 
upward vectors are stronger for ZWN1 wave in the subpolar stratosphere in volcanic 
winters (Fig.3.10a) than in general winters (Fig.3.9a). The convergence in the 
extratropical troposphere shows bigger values (Fig.3.10g) while the convergence in the  
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a)                                                                      
 
 
 
 
 
 
 
 
 
b)                                                                      
 
 
 
 
 
 
 
 
 
c)                                                                      
 
 
 
 
 
 
 
 
 
d)                                                                      
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9. E-P flux and divergence for stationary planetary waves in DJF (1958-2002) 
without violent volcanic eruptions (NCEP/NCAR RA) for ZWN1 wave (a), ZWN2 wave 
(b), ZWN3 wave (c) and ZWN1+2+3 wave (d). Divergence contour interval is 1ms-1day-1, 
the unit of vector is kg s-2. 
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a)                                                                      b)         
 
 
 
 
 
 
 
 
c)                                                                      d) 
 
 
 
 
 
 
 
 
 
e)                                                                      f) 
 
 
 
 
 
 
 
 
 
g)                                                                      h) 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. E-P flux and divergence for stationary planetary waves in DJF of volcanic 
winters (left column) and the difference between volcanic winters and the general winter 
excluding volcanic winters (right column) (NCEP/NCAR RA) for ZWN1 wave (first 
row), ZWN2 wave (second row), ZWN3 wave (third row) and ZWN1+2+3 wave (bottom 
row). Divergence contour interval is 1ms-1day-1 and 0.5ms-1day-1 for difference, the unit 
of vector is kg s-2. 
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subpolar stratosphere extends to the polar stratosphere around 20hPa. The contributions 
of stationary planetary waves to the anomalies can be shown more clearly in the 
difference of E-P flux and its divergence between volcanic winters and general winters 
(Fig.3.10, right column). Clearly ZWN1 wave transports both stronger eddy momentum 
flux to the tropical troposphere and stronger eddy heat flux to the subpolar stratosphere. 
At the same time, stronger divergence appears in the subpolar stratosphere, which 
represents more zonal westerly forcing on mean flow. The major differences of ZWN2 
and 3 waves between in volcanic winter and in general winters mostly are located in the 
troposphere. For ZWN1+2+3 waves, the stronger convergences, which represent more 
zonal easterly forcing on mean flow, can be found both in the extratropical troposphere 
and in the polar stratosphere, while the stronger divergence occurs in the subpolar 
stratosphere. Considering the observation of more heat flux and less easterly momentum 
forcing induced by stationary planetary waves in the subpolar stratosphere, these results 
suggest that the stationary wave can propagate into the stratosphere, but these waves do 
not break and get absorbed in lower stratosphere during the winters after volcanic 
eruptions. Instead of getting absorbed, these waves probably can propagate even higher 
upward into the upper stratosphere. These results contrast with some conclusions from 
previous studies (Graf et al.1993, 1994; Kodera, 1994; Kodera and Yamazaki, 1994).  
 
Similarly, the difference of E-P flux and its divergence between SVR and general winters 
can be shown in Fig.3.11. The much weaker eddy heat fluxes can be found both in the 
troposphere and the stratosphere in SVR (Fig.3.11). At the same time, the stronger 
divergence occurs also in both the extratropical troposphere and the polar and subpolar 
stratosphere. Although the stronger polar vortex is observed in both of SVR and volcanic 
winters, the planetary wave propagation is different in these two regimes. These findings 
confirm the suggestion above that the planetary waves can propagate more from the 
troposphere to the stratosphere in volcanic winters, but the waves can propagate higher to 
the upper stratosphere.  
 
This suggestion can be also supported by the analysis of the vertical component of E-P 
flux - Fz  on the levels of 200hPa and 20hPa, respectively. Fig.3.12 shows the 
comparisons of Fz of ZWN1+2+3 stationary planetary waves on 200hPa in volcanic 
winters, in general winters, and in SVR regimes. It is found that in all three kinds of 
winters, planetary waves can transport a certain amount of eddy heat fluxes from the 
troposphere to the stratosphere at mid latitude (40o – 60oN) at 200hPa (Fig.3.12a).  The 
biggest amplitudes of Fz  with top value 179000kg/s-2, is contributed by the waves in 
general winters. The values of Fz  are smaller in SVR (maximum ~ 128000kg/s-2) and 
but bigger values can be observed in volcanic winters (maximum ~ 199000kg/s-2). The 
standard deviation of in SVR is negligible (maximum 20000kg/sFz -2) compared with the 
values of Fz in SVR. Similar, Fz at 20hPa is also draw for volcanic winters, general 
winters and SVR in Fig.3.12b. It is found that the planetary waves still have chances to 
propagate higher up in all volcanic winters, general winters and SVR. However, the 
amplitudes of Fz are changed. In general winters, Fz  can transport at most around 
52100kg/s-2 eddy heat fluxes upward, which is about 29% of the part propagated from the 
troposphere to the stratosphere at 200hPa. In SVR, the biggest value of Fz is around 
amplitude of 32400kg/s-2 at 20hPa, which is about 25% of those at 200hPa. However, in  

                                                                                                                                             
 



Chapter 3 Influences of violent tropical volcanic eruptions 60

a)                                                                      b)         
 
 
 
 
 
 
 
 
c)                                                                      d) 
 
 
 
 
 
 
 
 
 
e)                                                                      f) 
 
 
 
 
 
 
 
 
 
g)                                                                      h) 
 
 
 
 
 
 
 
 
 
 
Figure 3.11. E-P flux and divergence for stationary planetary waves in SVR excluding 
volcanic winters (left column) and the difference between SVR and the general winter 
excluding volcanic winters (right column) (NCEP/NCAR RA) for ZWN1 wave (first 
row), ZWN2 wave (second row), ZWN3 wave (third row) and ZWN1+2+3 wave (bottom 
row). Divergence contour interval is 1ms-1day-1 and 0.5ms-1day-1 for difference, the unit 
of vector is kg s-2. 
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Fz for ZWN1to3 on 200hPa (NCEP/NCAR RA 1958-2002)
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Fz for ZWN1to3 on 20hPa (NCEP/NCAR RA 1958-2002)
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Figure 3.12. Vertical component of E-P flux - Fz  for ZWN1+2+3 stationary planetary 
waves on 200hPa in DJF, general winters (red profile) excluding volcanic winters, in 
SVR (green profile) excluding volcanic winters, the mean of on 20hPa in volcanic 
DJFs (blue profile), and the standard deviation for SVR (purple profile) excluding 
volcanic winters. a) at 200hPa from 20N to 80N. b): at 20hPa. The unit of  is kg s

Fz

Fz -2.  
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volcanic winters, the maximum of Fz is around 63600kg/s-2 at 20hPa, which is about 
32% of the one at 200hPa. Based on these observations, it can be concluded that the 
planetary waves can induce more eddy heat fluxes into the stratosphere in volcanic 
winters than in other winters. Also, these waves can continuously propagate more upward 
to the upper stratosphere than in other winters. Hence, in volcanic winters planetary 
waves transport more eddy heat fluxes from the troposphere to the stratosphere and 
therefore to the upper stratosphere than in other winters. 
 
Compared with the stationary waves, the transient waves show different behavior. After 
filtering (Blackmon and Lau, 1980), E-P flux and its divergence of the transient waves 
with all frequencies (Fig.3.13a), low frequency transient waves (Fig.3.13b) and synoptic 
transient waves (Fig.3.13c) in the general winters are investigated. The low frequency 
transient waves dominate the propagation of transient planetary waves (Fig.3.14, left 
column). There is a wider distribution of heat fluxes and stronger convergences in the 
lower troposphere, weaker heat fluxes in the subpolar stratosphere. These patterns can 
also be observed in the volcanic winters (Fig.3.14). Figures of each single volcanic winter 
are produced in the Appendix B. The stronger divergence in the polar or subpolar 
stratosphere appears in volcanic winters. This strengthened divergence in the polar 
stratosphere can be also clearly observed in the difference of E-P flux and divergence of 
transient waves between in volcanic winters and in general winters (Fig.3.14b and d). An 
area of negative values of difference of divergence, which represents more zonal easterly 
forcing on the mean flow, is found in the subpolar stratosphere in the difference figures 
(Fig.3.14b) especially for low frequency transient waves (Fig.3.14d). These observations 
imply that the transient waves induce less zonal easterly forcing on mean flow in the 
polar stratosphere and more easterly forcing in the subpolar stratosphere in volcanic 
winters. This finding is opposite to the results shown by the stationary waves (Fig.3.10). 
For stationary waves, stronger convergence in the polar stratosphere and the stronger 
divergence in the subpolar stratosphere are observed in volcanic winters (Fig.3.10h). 
Another difference between stationary and transient waves is that the eddy momentum 
fluxes from the extratropical lower troposphere to the tropical upper troposphere are 
stronger for stationary waves (Fig.3.10h) but weaker for transient waves (Fig.3.14b) in 
volcanic winters compared with general winters. However, the stronger eddy heat fluxes 
can be found for both stationary waves (Fig.3.10h) and transient waves (Fig.3.14b) in the 
subpolar stratosphere in volcanic winters.  
 
Fig.3.15 shows the E-P flux and its divergence for transient waves in SVR and their 
differences between SVR and general winters. Similar as in volcanic winters, a stronger 
convergence in the subpolar stratosphere is found. However, unlike in volcanic winters, 
stronger eddy momentum flux from the extratropical lower troposphere to the tropical 
upper troposphere, and weaker eddy heat flux in the subpolar stratosphere can be 
observed. Based on these results, it can be concluded that in volcanic winters, the 
stationary waves and transient waves have different feedbacks to the impacts of volcanic 
eruptions in the troposphere and stratosphere, respectively. Although the anomalies of 
zonal mean zonal wind and temperature show “dipole” structures for both SVR and 
volcanic winters, planetary wave propagation has different aspects in SVR and in 
volcanic winters. 
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b)                                                                      
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Figure 3.13. E-P flux and divergence for transient planetary waves in DJF (1958-2002) 
without violent volcanic eruptions (NCEP/NCAR RA) for unfiltered wave (a), low-pass 
filtered wave (b) and band-pass filtered wave (c). Divergence contour interval is 1 ms-

1day-1, the unit of vector is kg s-2. 
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c)                                                                      d)                    
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                      f)                        
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14. E-P flux and divergence for transient planetary waves in DJF of volcanic 
winters (left column) and difference between volcanic winters and general winters 
excluding volcanic winters (right column) (NCEP/NCAR RA) for unfiltered wave (first 
row), low-pass filtered wave (second row) and band-pass filtered wave (third row). 
Divergence contour interval is 1ms-1day-1 and 0.5ms-1day-1 for difference, the unit of 
vector is kg s-2. 
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c)                                                                      d)                     
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                      f)                       
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15. E-P flux and divergence for transient planetary waves in SVR excluding 
volcanic winters (left column) and difference between SVR and general winters 
excluding volcanic winters (right column) (NCEP/NCAR RA) for unfiltered wave (first 
row), low-pass filtered wave (second row) and band-pass filtered wave (third row). 
Divergence contour interval is 1ms-1day-1 and 0.5ms-1day-1 for difference, the unit of 
vector is kg s-2. 
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3.5 Summary 
 
In this chapter, the anomalies of ZMZW and zonal temperature in NH winter induced by 
violent tropical volcanic eruptions and their influences on planetary wave propagation 
have been investigated. Three volcanic eruptions, which all injected huge amounts of 
aerosols into the lower stratosphere - Agung (1963), El Chichon (1982) and Pinatubo 
(1991) eruptions, are analyzed. Since the impacts of volcanic eruptions on the climate 
system can last 1-3 years (Robock, 2001), the two winters after these three volcanic 
eruptions are studied. The “dipole” structures for the anomalies of both of ZMZW and 
temperature in NH winter are observed - the “dipole” structure of anomalies of ZMZW 
composed by a stronger stratospheric polar vortex and a weaker tropical jet, and the 
“dipole” structure of anomalies of temperature composed by the cooling in the polar 
stratosphere and the warming in the tropical stratosphere. The similar “dipole” structures 
can also be observed in strong polar vortex regimes (SVR) excluding the volcanic winters. 
 
Not only the ZMZW and temperature, but also the anomalies of vertical shear of ZMZW 
and buoyancy frequency in the volcanic winters are found. The relatively smaller values 
of buoyancy frequency around the polar tropopause in volcanic winters are shown. 
Therefore it is expected that the atmosphere is more instable around the polar tropopause 
in the winters after volcanic eruptions.  
 
By analyzing the frequency of negative refractive index squared ( ( <0)), it is 
concluded that the atmosphere shows more possibilities for ZWN1 and 2 but less 
possibility for ZWN3 stationary planetary waves to propagate from the troposphere to the 
stratosphere at high latitudes (65

f 2
kn

o – 75oN). Similar results can also be drawn in SVR. 
These better chances for ZWN1 and 2 waves probably correspond with the stronger 
vertical shear of ZMZW in stratosphere at mid and high latitudes in both volcanic winters 
and SVR. However, there is very less wave energy available at high latitudes, although 
the better chance for wave propagation is shown by the atmospheric state. 
 
Moreover, the analysis of E-P flux and its divergence indicate that the stationary waves 
can propagate easily from the troposphere to the stratosphere in the volcanic winters. 
Furthermore, these waves can continually propagate higher up to the middle and upper 
stratosphere and probably induce wave forcing on the upper stratospheric circulation. 
This can help us understand the mechanism of more planetary waves propagated from the 
troposphere to the stratosphere and stronger stratospheric polar vortex appearing at the 
same time in the Northern Hemisphere winters after violent volcanic eruptions. Unlike 
the stationary waves, the propagation of transient waves shows different aspects in both 
volcanic winters and SVR.  
 
Finally, it should be indicated that the available observed violent tropical volcanic 
eruptions are limited although the impacts of the volcanic eruptions on climate system are 
very strong and significant. It is very important to understand the mechanism of the 
dynamical mechanism of the influences of the volcanic eruption on atmosphere. The 
general circulation models (GCMs) considering the forcing of volcanic eruptions can be a 
very useful tool to investigate the contribution of volcanoes on climate change.  

                                                                                                                                             
 



Chapter 4 Model performance 67

Chapter 4  
 
Climatology of planetary wave propagation in 
Northern Hemisphere winter: GCM performance 
 
4.1 Introduction 
 
General circulation models (GCMs) are always used to improve our understanding of 
climate system and the mechanism of climate change. If all relevant physical processes 
are correctly represented, a GCM should provide a faithful simulation of the three-
dimensional circulation. Moreover, externally specified parameters (e.g., orography) can 
be altered to provide “controlled” experiments that cannot be done on the real atmosphere. 
Potential feedback of climate system to natural external forcing (e.g., solar cycle, sea 
surface temperature and sea ice variations, and volcanic eruptions), and anthropogenic 
forcing (e.g., greenhouse gases, CFCs) can also be investigated by simulations of GCMs.  
 
However, in the modelling of the general circulation, many compromises are necessary 
for scientific reasons and computational efficiency reasons. Therefore, focusing on one of 
the physical processes, it is an appropriate attempt to analyze experiments of GCMs 
under specified conditions. The models are not perfect and we want to know if they 
produce reasonable results for the right reasons.   
 
As discussed in earlier chapters, the mechanism of planetary wave propagation and 
planetary wave-mean flow interaction is one of the major current research topics. In order 
to illuminate the dynamical coupling between the stratosphere and the troposphere, we 
need to understand planetary wave propagation and refraction and its influences on mean 
flow. Associated with observational studies, one of the appropriate methods is to 
investigate the GCM’s performance on planetary wave propagation, especially in 
Northern Hemisphere winter.   
 
In this chapter, numerical simulations carried out with the latest version of the 
comprehensive GCM from Max Planck Institute for Meteorology – ECHAM5 (Rockner, 
et al., 2003) is analyzed to investigate the climatology of planetary wave propagation 
from the troposphere to the stratosphere in Northern Hemisphere boreal winter (DJF). As 
indicated in Kodera et al. (1990), the anomalies of the zonal mean zonal wind which are 
created initially in the upper stratosphere or even in the mesosphere, can propagate 
downward into the lower stratosphere and the troposphere by wave-mean flow interaction 
and thereby modify the stratospheric and tropospheric circulation. The potential feedback 
and influences from the stratosphere on the troposphere were also demonstrated by a few 
observational studies (Baldwin and Dunkerton, 1999; etc.). Previous GCM studies 
(Giorgetta et al., 2002) indicated that the middle atmospheric GCM – ECHAM5 
(MAECHAM5) with extending upper levels, including most part of the stratosphere (up 
to 0.01hPa) could properly simulate the quasi-biennial oscillation (QBO). In this chapter, 
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we will address the importance of considering of the stratosphere-troposphere dynamical 
coupling in climate system. Associated with the observational analysis, it will help to 
improve our understanding of climate system by investigating the planetary wave 
propagation in simulations of both ECHAM5 and MAECHAM5. One of the efforts is to 
check if the planetary wave propagation is properly represented in these GCMs. 
 
It has been demonstrated that variations of the NH stratospheric polar vortex can be 
influenced by fluctuations of sea surface temperature (SST) (van Loon and Labitzke, 
1987; Hamilton 1993a; Baldwin and O’Sullivan, 1995; Kodera et al., 1996). The 
potential feedback of ocean to atmosphere has been paid considerable attention. With 
increasing computer efficiency, it becomes possible to perform the complex model 
systems, e.g., the atmosphere-ocean coupled general circulation models (AOGCMs). In 
this chapter, the simulation of AOGCM from the Max Planck Institute for Meteorology – 
MAECHAM5 coupled with MPIOM (MPI Ocean Model) (Jungclaus et al., 2006) – is 
also analyzed to investigate the influences of ocean on atmospheric circulation and 
planetary wave propagation. 
 
4.2 GCMs experiments and datasets 
 
A series of experiments of ECHAM5, MAECHAM5, and MAECHAM5 coupled with 
MPIOM (MAECHAM5_MPIOM hereafter) are analyzed in this chapter, respectively. As 
indicated in Table 4.1, the horizontal resolution for all three models is T63. The vertical 
resolution of ECHAM5 is L31 with 10hPa as top boundary. The experiments of 
MAECHAM5 have vertical resolution L47 with 0.01hPa as top boundary. While vertical 
resolution (or levels) from surface to 10hPa is distribute in same way for all three models. 
The detailed descriptions of ECHAM5 have been given in Rockner et al. (2003, 2006). 
As the middle-atmosphere configuration of the ECHAM5 model, the implementation of 
MAECHAM5 was described in Manzini et al. (2006) and Giorgetta et al. (2006). In both 
experiments of the AGCMs, the lower boundary condition is specified by the monthly 
climatology of SST and sea ice concentration from the Atmospheric Model 
Intercomparison Project 2 (AMIP2) datasets (Taylor et al., 2000). The details of the 
coupled atmosphere - ocean model MAECHAM5_MPIOM was illustrated in Jungclaus 
et al. (2006). The ocean passes the information of not only SST, sea ice concentration, 
but also sea ice thickness, snow depth, and the ocean surface velocities to the atmosphere. 
The technical details of the ocean model MPIOM can be found in Marsland et al. (2003).  
 
The daily mean data of geopotential, wind and temperature of 20 NH winters (DJF of 
1979-1999) for all three experiments are analyzed to study the climatology of planetary 
wave propagation in Models. The NCEP/NCAR reanalysis daily data (Kalnay et al., 1996; 
Kistler et al., 2001) with same time period (DJF of 1979-1999) are used as observational 
reference in this chapter. The details of NCEP/NCAR reanalysis data have been given in 
Chapter 2.  
  
Some details of the datasets of GCMs are given in Table 4.1 beneath. 
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Table 4.1 Description of datasets of GCMs 
 
Model Horizontal 

resolution 
Vertical 
resolution 

Vertical 
extent 

Period taken 

ECHAM5_AMIP T63 L31 10hPa DJF of 1979-1999 
MAECHAM5_AMIP T63 L47 0.01hPa DJF of 1979-1999 
MAECHAM5_MPIOM T63 L47 0.01hPa DJF of 1979-1999 
 
 
4.3 GCMs performance on atmospheric circulation and 
planetary wave propagation in Northern Hemisphere 
winter 
 
4.3.1 NCEP/NCAR Reanalysis vs. ECHAM5_AMIP2 
 
Fig.4.1 shows the zonal mean zonal wind (ZMZW) and vertical shear of ZMZW on 
meridional plane in NH boreal winter for NCEP/NCAR reanalysis data and simulation of 
model ECHAM5_AMIP2, respectively. The simulation of model shows good agreements 
with the observations. The strength and the position of both the tropospheric subtropical 
jet and the stratospheric polar vortex are well shown in ECHAM5_AMIP2 (Fig.4.1b). 
The model also indicates properly the distribution of vertical shear of ZMZW (Fig.4.1d). 
However, the differences between observation and model can still be observed. 
Comparing Fig.4.1a and Fig.4.1b, it can be found that the polar vortex is relatively wider 
and higher in the model. On the other hand, the vertical shear of ZMZW in the subpolar 
stratosphere is stronger in the model (Fig.4.1d). The differences between the observation 
and the model mainly distribute in the polar and subpolar stratosphere. By an 
intercomparison of different GCMs, Pawson et al. (2000) has addressed the “bias” of 
GCMs on the stratospheric polar vortex. They attributed the “bias” to the some effects 
including the behavior of the upper levels, the dynamical forcing in the lower 
stratosphere by medium-scale waves propagating from the troposphere and the impacts of 
the parameterization of subgrid-scale diffusion. While in this chapter, the vertical 
resolutions (L31, L47) of GCMs have been increased, compared to those in Pawson et al 
(2000, Table 4). Therefore, the “bias” of the polar vortex in ECHAM5 analyzed in this 
chapter is expected to be relatively smaller than those in Pawson et al. (2000, Fig.3). 
However, it is obvious that the polar vortex extends more highly above 10hPa, therefore, 
the altitude of the top boundary level of ECHAM5 (10hPa) probably is not good enough 
to simulate the stratospheric polar vortex in the NH winter. This problem is somewhat 
expected to be avoided by applying the middle atmospheric GCM – MAGCM. The 
potential benefits of higher top boundary in GCM and the consequent influence on 
planetary wave propagation will be discussed in next section.  
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a)                                                                      b)  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
  
 
 
 
 
 
 
 
 
 
 
                                                                       
 
 
 
 
 
Figure 4.1. Zonal mean zonal wind (m/s) (first row) and vertical shear of zonal mean 
zonal wind (s-1 ) (second row) in DJF for 1979-1999 for NCEP/NCAR RA 1979-1999 
(left column) and  experiment of ECHAM5_AMIP2_T63L31 (right column). 
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Figure 4.2. Distributions of frequencies of values of zonal mean zonal wind (ZMZW) on 
20hPa, 65N of DJF for data sets: NCEP RA 1958-2002; ECHAM5_AMIP2_T63L31 
1979-1999. Unit of ZMZW is m/s. Unit of frequency is %. 
 
 
 
 
 
 
 
 
As mentioned above, the differences between observation and model are mainly 
distributed in the polar and subpolar stratosphere. In order to clarify the differences, the 
frequency distribution of the daily ZMZW on 20hPa, 65oN, which is able to represent the 
polar vortex, in DJF from 1979 to 1999 for both NCEP/NCAR reanalysis data and 
simulation of ECHAM5_AMIP2 are analyzed (Fig.4.2). It can be observed that the 
distributions of the frequencies of ZMZW in simulation of ECHAM5_AMIP2 are 
concentrating in a shallower area than those of the observations. The values of the higher 
frequencies mainly distributed near the high values of ZMZW from 30m/s to 40m/s are 
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much bigger in ECHAM5_AMIP than in NCEP/NCAR reanalysis data (Fig.4.2). This 
can also be shown in Table 4.2. Table 4.2 shows that the value of median of frequency of 
ZMZW (Umedian) on 20hPa, 65oN for model is 31m/s, which is bigger than observation 
(28m/s). Although the biggest value of ZMZW (Umax) on 20hPa, 65oN is relatively 
smaller in ECHAM5_AMIP2 (54m/s) than in observation (65m/s), the smallest value of 
ZMZW (Umin) in ECHAM5_AMIP2 (0m/s) is much bigger than the one in observation (-
20m/s). Moreover, the value of the mean of ZMZW (U ) for 20 NH boreal winters on 
20hPa, 65oN is also bigger in ECHAM5_AMIP2 (31.3m/s) than in observation (18.1m/s). 
These results imply that the NH stratospheric polar vortex in ECHAM5_AMIP2 is 
relatively stronger than in observation.  
 
 
 
Table 4.2 Zonal mean zonal wind on 20hPa, 65oN for different datasets. 
 
Dataset  U (m/s) σ (m/s) minU (m/s) maxU (m/s) medianU (m/s) 
NCEP/NCAR  
RA 20 DJFs 

29.5 14.73 -20 65 28 

ECHAM5_AMIP2 
(T63L31) 20 DJFs 

31.3 9.04 0 54 31 

MAECHAM5_AMIP2 
(T63L47) 20 DJFs 

18.1 11.33 -22 49 18 

MAECHAM5_MPIOM 
(T63L47) 20 DJFs 

20.3 12.44 -15 54 21 

 
 
 
Furthermore, the climatology of atmospheric temperature and stability in DJF is also 
analyzed for both NCEP/NCAR reanalysis data and the experiment of ECHAM5_AMIP2 
(Fig.4.3), respectively. For the temperature, it can be found that in ECHAM5_AMIP2, 
the polar and subpolar stratosphere is colder than in observation (Fig4.3a and b). 
Corresponding to the results of the analysis of ZMZW (Fig.4.2), it can be concluded that 
the model tends to simulate a stronger and cold NH stratospheric polar vortex. About the 
buoyancy frequency, it shows ECHAM5_AMIP2 simulated well compared to the 
observation (Fig.4.3c, d). This finding can also be observed in the mean of  on 
meridional plane and its distribution on different latitudes (Fig.4.3e, f). 

),(2 zyN

 
The frequency of negative refractive index squared ( <0) in DJF of 1979-1999 is also 
analyzed for both observation and model (Fig.4.4) for ZWN1, 2 and 3 waves, 
respectively. The similar distributions of ( <0) on meridional plane can be observed 
for both observation and model (Fig.4.4). The “channel”, which implies the high 
possibility of planetary wave propagation from the troposphere to the stratosphere, can 
also be observed in analysis of simulation of the ECHAM5_AMIP2.  The small area with 
high value of ( <0) above the subtropical tropopause, which corresponds to the  
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a)                                                                      b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
  
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                      f)                                                     
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Zonal mean of temperature (K) (first row),   (s),(2 zyN -2 ) on meridiona plane 
(second row) and on different latitude (third row) in DJF for 1979-1999 for 
NCEP/NCAR RA 1979-1999 (left column) and  experiment of 
ECHAM5_AMIP2_T63L31 (right column).  

),(2 zyN
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center of the negative values of vertical shear of ZMZW observed in both observation 
(Fig.4.1c) and model (Fig.4.1d), is also shown for model. However, the differences 
between model and observation still can be found. The simulation of ECHAM5_AMIP2 
shows that the “channel” for ZWN1 and 2 waves (Fig.4.4b, d) are relatively shallower in 
model. For ZWN3 wave, it is found that the possibility less than 50% for planetary wave 
propagation from the troposphere to the stratosphere model (Fig.4.4f). However, in 
observation, it can be observed that the ZWN3 wave still has more than 50% chance to 
propagate from the troposphere to the stratosphere by the “channel” indicated above. In 
short, ECHAM5_AMIP2 shows less chance for planetary wave propagation from the 
troposphere to the stratosphere than in observation. 
 
Similarly, E-P flux and its divergence are also analyzed for both of observation and 
simulation of ECHAM5_AMIP2 in Fig.4.5 for ZWN1, 2, 3 and 1+2+3 waves, 
respectively. It can be concluded that the simulation of model shows good agreement 
with observation, although for all ZWN waves both of the vectors of E-P flux and its 
divergence in model (Fig.4.5h) are relatively weaker than in observation (Fig.4.5g). 
Comparing Fig.4.5g and Fig.4.5h, the two major branches of vectors and the two major 
convergences, which are observed in observation, can still be found in model. However, 
the amplitudes for both the vectors and the convergences are relatively smaller in model. 
For the two branches of vectors, the one located in the extratropical stratosphere, which 
represent the eddy heat flux from the troposphere to the stratosphere (Fig.4.5g), are much 
weaker in the model (Fig.4.5h). Another branch of vectors located in the subtropical 
troposphere, which can induce eddy momentum flux from the extratropical troposphere 
to the tropical troposphere, are also relatively weaker in the model (Fig.4.5h). About the 
two major convergences, although the value of the central contour of the one appeared in 
the troposphere is -6ms-1day-1 in both the observation (Fig.4.5g) and the model (Fig.4.5h); 
the area is greatly reduced in the model. This can also be confirmed by the latitudinal 
distribution of the contour line with value of 3ms-1day-1. The contour line covers 
relatively smaller area (40oN – 65oN) in simulation of model than in observation (35oN – 
75oN). However, for another convergence located in the subpolar stratosphere, not only 
the area is smaller, but also the amplitudes are also much smaller in the model (Fig.4.5h). 
The value of the central contour of the convergence in the subpolar stratosphere is -4ms-

1day-1 for the observation (Fig.4.5g) but -2ms-1day-1 for the model (Fig.4.5h). Since the 
convergence of E-P flux represents the zonal easterly momentum forcing on zonal mean 
flow, it can be concluded that planetary waves induce less easterly momentum forcing on 
the mean flow in the stratosphere in the simulation of model. This finding can correspond 
to the observed stronger stratospheric polar vortex in the ECHAM5_AMIP2 (Fig.4.1b) 
since in Chatper 2 it has been concluded that the planetary wave induce less wave activity 
and eddy forcing under the strong polar vortex regime (SVR). Associated with the 
analysis of ( <0), it can be concluded that in the simulation of model 
ECHAM5_AMIP2, the stationary planetary waves show relatively weaker wave activities 
and zonal easterly forcing on mean flow in both the troposphere and stratosphere. The 
stronger stratospheric polar vortex (Fig.4.1b, Table 4.2) can correspond to the weaker 
planetary wave propagation from the troposphere to the stratosphere in model (Fig.4.5h). 
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a)                                                                      b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f)  
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. ( <0) for stationary planetary waves for ZWN1 (first row), ZWN2 
(second row) and ZWN3 (third row) wave in DJF for 1979-1999 for NCEP/NCAR RA 
1979-1999 (left column) and experiment of ECHAM5_AMIP2_T63L31 (right column). 
Unit of ( <0) is %. 
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a)                                                                     b)  
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
e)                                                                     f)  
 
 
 
 
 
 
 
 
 
g)                                                                     h)  
 
 
 
 
 
 
 
 
 
 
Figure 4.5. E-P flux and divergence for stationary planetary waves for ZWN1 (first row), 
ZWN2 (second row), ZWN3 (third row) and ZWN1+2+3 (bottom row) wave in DJF for 
1979-1999 for NCEP/NCAR RA 1979-1999 (left column) and experiment of 
ECHAM5_AMIP2_T63L31 (right column). Divergence contour interval is 1ms-1day-1, 
the unit of vector is kg s-2. 
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a)                                                                     b)  
  
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
  
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f)  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. E-P flux and divergence for transient planetary waves for unfiltered wave 
(first row), low-pass filtered wave (second row) and band-pass filtered wave (third row) 
in DJF for 1979-1999 for NCEP/NCAR RA 1979-1999 (left column) and experiment of 
ECHAM5_AMIP2_T63L31 (right column). Divergence contour interval is 1ms-1day-1, 
the unit of vector is kg s-2. 
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Not only the stationary planetary waves, but also the climatology of transient planetary 
waves is also analyzed for both observation and model (Fig.4.6). Similar with the 
observation (Fig.4.6a, c and e), model also shows that the low frequency transient waves 
dominate the transient wave propagation (Fig.4.6d). However, unlike the stationary 
waves, transient wave in ECHAM5_AMIP2 shows stronger wave activities and easterly 
momentum forcing (Fig.4.6b, d) on mean flow, especially in the troposphere. The vectors 
in the troposphere are stronger in the model (Fig.4.6b) than in the observation (Fig.4.6a). 
The value of the central contour line of the convergence in the troposphere at mid 
latitudes is -7ms-1day-1 for transient wave of all frequencies in observation (Fig.4.6a) but 
is -9ms-1day-1 in the simulation of ECHAM5_AMIP2 (Fig.4.6b). In the stratosphere, 
instead of the weak divergence in the subpolar stratosphere observed for observation 
(Fig.4.6a), a very weak convergence (-1 ms-1day-1) can be found for the model (Fig.4.6b). 
On the other hand, as indicated before, the weaker convergence in the subpolar 
stratosphere is also observed for stationary waves in model (Fig.4.5). This finding implies 
that in the simulation of ECHAM5_AMIP2, unlike the stationary waves, the transient 
planetary waves do not show much contribution to the construction of the stronger 
stratospheric polar vortex in the model.  
 
On the other hand, the differences of both stationary and transient waves between the 
observation and the model can be observed not only in the stratosphere but also in the 
troposphere. As mentioned before, in the experiment of ECHAM5_AMIP2 from 1979-
1999, the lower boundary conditions are adopted from the AMIP2 SST and sea ice 
concentration conditions. It should be indicated that although the AMIP2 boundary 
condition was preformed based on the monthly of observation of SST and sea ice 
concentration. Some other feedbacks from the ocean such as sea ice thickness, snow 
depth, and the ocean surface velocities to the atmosphere have not been considered yet in 
AMIP2 (Taylor et al. 2000). This approximation of boundary condition may produce 
some bias of the planetary wave propagation in the troposphere in the model (Fig.4.5, 
Fig.4.6). Therefore, in next sections, not only the effects of upper boundary level, but also 
the influences of the lower boundary condition on the planetary wave propagation in 
simulations of GCMs, will be further investigated in the GCMs.  
 
As discussed above, the analysis of differences between observation and model has 
already addressed the different performance of planetary wave–mean flow interaction in 
model. In next sections, it will mainly focus on the model itself. The detailed results of 
observation will not be indicated repeatedly.   
 
4.3.2 Influence of upper boundary level – ECHAM5_AMIP2 vs. 
MAECHAM5_AMIP2 
 
It has been discussed that the importance of upper boundary for simulation of GCMs on 
atmospheric circulation especially on the stratospheric polar vortex (Giorgetta et al., 
2002). Therefore, in this section, the similar analysis as for the simulation of 
ECHAM5_AMIP2 is also performed for the simulation of upper boundary level extended 
GCM - MAECHAM5_AMIP2. As mentioned in section 4.2, these two models have same 
horizontal resolutions. The vertical resolutions are also same for both models from the 
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surface up to 10hPa. However, as shown in Table 4.1, there are 16 additional levels 
above 10hPa up to 0.01hPa in the middle atmospheric model MAECHAM5_AMIP2. The 
low boundary conditions are adopted from AMIP2 for both models.  
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Figure 4.7. Distribution of frequencies of values of zonal mean zonal wind (ZMZW) on 
20hPa, 65N of DJF for data sets: NCEP RA 1958-2002; ECHAM5_AMIP2_T63L31 
1979-1999; and MAECHAM5_AMIP2_T63L47 1979-1999Unit of ZMZW is m/s. Unit 
of frequency is %. 
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First of all, the distribution of frequencies of ZMZW on 20hPa, 65oN in DJF from 1979-
1999 is also shown in Fig.4.7 for simulations of ECHAM5_AMIP2, 
MAECHAM5_AMIP2 and with the observations reference NCEP/NCAR reanalysis 
dataset. It can be observed that similar as NCEP/NCAR reanalysis data, the distribution 
of the frequency of ZMZW for simulation of MAECHAM5_AMIP2 is relatively wider 
than ECHAM5_AMIP2, although the shift to lower value happened for 
MAECHAM5_AMIP2. Instead of the high frequencies of high values of ZMZW (30m/s 
– 40m/s) in ECHAM5_AMIP2, the higher frequencies of ZMZW mostly distribute 
around relatively smaller values of ZMZW (15/ms – 25m/s) in MAECHAM5_AMIP2 
(Fig.4.7). In spite of the shift of the distribution of the frequencies to lower values of 
ZMZW, this analysis shows that the climatology of stratospheric polar vortex has been 
more properly illustrated in MAECHAM5_AMIP2. Similar conclusion can also be drawn 
from Table 4.2. In Table 4.2, U on 20hPa, 65oN of DJF from 1979-1999 for 
MAECHAM5_AMIP2 is much smaller (18.1m/s) than the one for ECHAM5_AMIP2 
(31.3m/s). However, this value is also much smaller than the one for NCEP/NCAR 
reanalysis data (29.5m/s). These results imply that the bias of stronger stratospheric polar 
vortex in the model with lower upper boundary level (10hPa) - ECHAM5_AMIP2, can 
be improved in the model with higher upper boundary level  (0.01hPa) – 
MAECHAM5_AMIP2, although the polar vortex is relatively weaker in the middle 
atmosphere model compared with observation. 
 
The finding drawn above can also be shown by the distribution of ZMZW and its vertical 
shear on meridional plane. Fig.4.8 shows the ZMZW and vertical shear of ZMZW for 
MAECHAM5_AMIP2. The differences between ECHAM5_AMIP2 and 
MAECHAM5_AMIP2 can be observed in Fig.4.8c and Fig.4.8d for ZMZW and its 
vertical shear, respectively. As indicated before, the polar vortex in 
MAECHAM5_AMIP2 (Fig.4.8a) is much weaker than in ECHAM5_AMIP2 (Fig.4.1b) 
and observation (Fig.4.1a). The values of vertical shear of ZMZW in the stratosphere are 
also relatively smaller in MAECHAM5_AMIP2 (Fig.4.8b) compared with 
ECHAM5_AMIP2 (Fig.4.8d) and observation (Fig.4.8c). On the other hand, Fig.4.8c and 
Fig.4.8d show that the significant differences between ECHAM5_AMIP2 and 
MAECHAM5_AMIP2 are mainly observed in the stratosphere at middle and high 
latitudes. This finding implies that the major influences of the altitude of the upper 
boundary level in models on the atmospheric mean flow mainly locate in the middle and 
high latitudinal stratosphere .  
 
Not only the change of the polar vortex, the distribution of temperature (Fig.4.9a) and the 
difference of temperature between ECHAM5_AMIP and MAECHAM5_AMIP2 
(Fig.4.9c) show that but also the colder bias in the polar stratosphere can be modified 
with the improved upper boundary. On the other hand, it should be mentioned that the 
significant differences between ECHAM5_AMIP2 and MAECHAM5_AMIP2 can also 
be observed in the stratosphere (Fig.4.9c and Fig.4.9d) like the analysis of zonal wind 
(Fig.4.8c) and wind shear (Fig.4.8d). However, unlike the wind and wind shear, the 
differences of the temperature and buoyancy frequency mainly located at high latitudes. 
For buoyancy frequency, significant difference even extends to the polar troposphere.  
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a)                                                                      b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
 
                                                                      
 
 
 
 
 
 
 
Figure 4.8. Zonal mean zonal wind (m/s) (left column) and vertical shear of zonal mean 
zonal wind (s-1) (right row) in DJF of 1979-1999 for experiment 
MAECHAM5_AMIP2_T63L47 (first row), and differences with experiment 
ECHAM5_AMIP2_T63L31 (second row). Area with significant level above 95% is 
lightly shaded and with significant level above 99% is heavily shaded. 
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a)                                                                      b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                     
 
 
 
 
Figure 4.9. Zonal mean of temperature (K) (left column) and buoyancy frequency  (s-2 ) 
(right column) in DJF of 1979-1999 for experiment MAECHAM5_AMIP2_T63L47 (first 
row), and differences with experiment ECHAM5_AMIP2_T63L31 (second row). Area 
with significant level above 95% is lightly shaded and with significant level above 99% is 
heavily shaded. 
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The influences of higher upper boundary level in model can also be observed for the 
analysis of the atmospheric controlling on stationary planetary wave propagation from 
the troposphere to the stratosphere. Fig.4.10 shows the frequency of negative refractive 
index squared ( <0) for simulation of MAECHAM5_AMIP2 in DJF from 1979-1999 
and the difference of ( <0) between simulations of ECHAM5_AMIP2 and 
MAECHAM5_AMIP2. The relatively bigger chance for ZWN1 and 2 waves propagated 
from the troposphere to the stratosphere for ECHAM5_AMIP2 compared with 
MAECHAM5_AMIP2 can be observed in Fig.4.10b and c, respectively. However, 
similar with ECHAM5_AMIP2, the ZWN3 wave still has less chance to propagate from 
the troposphere to the stratosphere in MAECHAM5_AMIP2 (Fig.4.10e).  
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Fig.4.11 shows the E-P flux and divergence for simulation of MAECHAM5_AMIP2 and 
the differences between ECHAM5_AMIP2 and MAECHAM5_AMIP2. Similar with 
ECHAM5_AMIP2, although the main patterns of two major branches of vectors and two 
major convergences can still be observed as shown in the observation (Fig.4.5, left 
column), the amplitudes of vectors and divergences are still fairly weaker in 
MAECHAM5_AMIP2 (Fig.4.11, left column). It should be noted that the differences 
between two models indicate that the wave activities are even weaker in 
MAECHAM5_AMIP2 than in ECHAM5_AMIP2 (Fig.4.11). The differences of 
divergence of E-P flux show that in MAECHAM5_AMIP2, planetary waves induce 
much less easterly momentum forcing in both the subpolar troposphere and the subpolar 
stratosphere than in the observation (Fig.4.5 left column) and in the simulation of 
ECHAM5_AMIP2. The stronger divergences in the simulation of ECHAM5_AMIP2 can 
be found around 150hPa to 70hPa at high latitudes (Fig.4.11h). These findings mean that 
although the higher upper boundary level can help to modified the bias of stronger polar 
vortex in the model with relatively lower upper boundary level, the problem of weaker 
stationary planetary wave propagation in the model still exists.  
 
Similarly, about the transient planetary waves, the stronger vectors and convergence of E-
P flux can also be observed in the troposphere for the simulation of 
MAECHAM5_AMIP2 (Fig.4.12a, c). It is found that instead of the stronger convergence 
in the subpolar stratosphere in ECHAM5_AMIP2 (Fig.4.6a, c), the weaker convergence 
is observed in the simulation of MAECHAM5_AMIP2 (Fig.4.12a, c). This finding can be 
confirmed by the differences of the E-P flux and divergence between ECHAM5_AMIP2 
and MAECHAM5_AMIP2 (Fig.4.12b, d). Similarly, the domination of low frequency 
transient waves is also simulated well by MAECHAM5_AMIP2 (Fig.4.12 left column). 
 
To shortly summarize, the bias of the stronger stratospheric polar vortex in 
ECHAM5_AMIP2 can be partly modified in MAECHAM5_AMIP2. This implies that 
the improvement can be induced by extending upper levels of GCMs. However, the 
weaker stationary wave propagation from the troposphere to the stratosphere, stronger 
transient wave activities in the troposphere can be observed in the simulations of both 
ECHAM5_AMIP2 and MAECHAM5_AMIP2. On the other hand, the weaker wave 
activities for stationary waves and also, stronger wave activities for transient waves, 
probably are caused by the lower boundary condition adopted from AMIP2, which only  
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c)                                                                      d)  
 
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f)  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10. ( <0) for stationary planetary waves or ZWN1 wave (first row), ZWN2 
wave (second row) and ZWN3 wave (bottom row) in DJF of 1979-1999 for experiment 
MAECHAM5_AMIP2_T63L47 (left column), and differences with experiment 
ECHAM5_AMIP2_T63L31 (right column). Unit of ( <0) is %. 
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a)                                                                     b)  
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
e)                                                                     f)  
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Figure 4.11. E-P flux and divergence for stationary planetary waves for ZWN1 wave 
(first row), ZWN2 wave (second row), ZWN3 wave (third row) and ZWN1+2+3 wave 
(bottom row) in DJF of 1979-1999 for experiment MAECHAM5_AMIP2_T63L47 (left 
column), and differences with experiment ECHAM5_AMIP2_T63L31 (right column). 
Divergence contour interval is 1ms-1day-1 and 0.3m-1day-1 for difference, the unit of 
vector is kg s-2. 
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a)                                                                     b)  
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f)  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12. E-P flux and divergence for transient planetary waves for unfiltered wave 
(first row), low-pass filtered wave (second row), and band-pass filtered wave (third row) 
in DJF of 1979-1999 for experiment MAECHAM5_AMIP2_T63L47 (left column), and 
differences with experiment ECHAM5_AMIP2_T63L31 (right column). Divergence 
contour interval is 1ms-1day-1 and 0.3m-1day-1 for difference, the unit of vector is kg s-2. 
 



Chapter 4 Model performance 87

considered SST and SIC. The other important feedbacks from ocean such as sea ice 
thickness, snow depth, and the ocean surface velocities, have not been considered yet 
(Taylor et al. 2000). In next section, the impacts of feedback from ocean on the 
simulation of climatology of atmospheric circulation and planetary wave propagation in 
the model will be investigated further.   
 
 
4.3.3 Feedback from ocean – MAECHAM5_AMIP2 vs. 
MAECHAM5_MPIOM 
 
In order to study the influences of boundary condition especially the influences from 
ocean on atmospheric circulation and planetary wave propagation in models, the 
simulation of the middle atmospheric model coupled with ocean general circulation 
model MAECHAM5_MPIOM is investigated in this section.  
 
From the analysis of the distribution of frequencies of ZMZW on 20hPa, 65oN, it is found 
that the frequencies of ZMZW in MAECHAM5_MPIOM still distribute around lower 
values of ZMZW than those in NCEP/NCAR reanalysis data. This implies that the 
stratospheric polar vortex is also weaker in the simulation of this model than in 
observation. However, the frequencies of higher values of ZMZW (>30m/s) are bigger 
and of lower values of ZMZW (<19m/s) are smaller in MAECHAM5_MPIOM than in 
MAECHAM5_AMIP2. From Table 4.2, it is found that Umax and Umin on 20hPa, 65oN in 
NH boreal winter from 1979 to 1999 in MAECHAM5_MPIOM are 54m/s and –15m/s, 
respectively. Both of them are bigger than those in MAECHAM5_AMIP2 (Umax=49/ms, 
Umin=-22m/s), although Umax and Umin in simulations of MAECHAM5_MPIOM and 
MAECHAM5_AMIP2 are smaller than in NCEP/NCAR reanalysis data. Similar 
conclusion can also be drawn for the mean value of ZMZW (U ), and the median value 
of ZMZW for the frequency distribution (Umedian).  
 
It can be found that the stratospheric polar vortex is relatively weaker in simulation of 
MAECHAM5_MPIOM (Fig.4.14a) in observation (Fig.4.1a). Similarly, the amplitudes 
of vertical shear of ZMZW in the subpolar lower stratosphere are also smaller in 
MAECHAM5_MPIOM (Fig.4.14c) than in observation (Fig.4.1c). However, compared 
with MAECHAM5_AMIP2, the differences of ZMZW between these two models 
indicate the stratospheric polar vortex in MAECHAM5_MPIOM is stronger than in 
MAECHAM5_AMIP2 (Fig.4.14b). The same conclusion can also be drawn for the 
vertical shear of ZMZW in the subpolar lower stratosphere. On the other hand, Fig.4.15a 
shows that the polar stratosphere is slightly warmer in MAECHAM5_MPIOM than in 
observation (Fig.3a). However, the differences of zonal mean temperature between 
MAECHAM5_AMIP2 and MAECHAM5_MPIOM show that the polar stratosphere is 
colder in latter. There is no significant difference of buoyancy frequency between the 
simulation of MAECHAM5_MPIOM (Fig.4.15c) and observation (Fig.4.3c), neither 
between MAECHAM5_MPIOM and MAECHAM5_AMIP2 (Fig.4.15d) can be found. 
This implies that the models are able to simulate well the climatology of atmospheric 
stability in Northern Hemisphere winter. 
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Figure 4.13. Distribution of frequencies of values of zonal mean zonal wind (ZMZW) on 
20hPa, 65N of DJF for data sets: NCEP RA 1958-2002; MAECHAM5_AMIP2_T63L47 
1979-1999; and MAECHAM5_MPIOM_T63L47 1979-1999Unit of ZMZW is m/s. Unit 
of frequency is %. 
 
 
 
 
 
 
 
 



Chapter 4 Model performance 89

a)                                                                      b)                                                                    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14. Left column: zonal mean zonal wind (m/s) (first row) and vertical shear of 
zonal mean zonal wind (s-1) (second row) in DJF of 1979-1999 for experiment 
MAECHAM5_MPIOM_T63L47. Right column: differences between experiments 
MAECHAM5_AMIP2_T63L47 and MAECHAM5_MPIOM_T63L47. Area with 
significant level above 75% is lightly shaded, above 90% is medium shaded and above 
95% is heavily shaded. 
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a)                                                                      b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15. Left column: zonal mean of temperature (K) (first row) and buoyancy 
frequency on meridional plane (s-2) (second row) in DJF of 1979-1999 for experiment 
MAECHAM5_MPIOM_T63L47. Right column: differences between experiments 
MAECHAM5_AMIP2_T63L47 and MAECHAM5_MPIOM_T63L47. Area with 
significant level above 95% is lightly shaded, and with significant level above 99% is 
heavily shaded. 
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The analysis of ( <0) shows that the atmosphere shows less chance for stationary 
waves to propagate from the troposphere to the stratosphere in simulation of 
MAECHAM5_MPIOM for ZWN1, 2 and 3 (Fig.4.16, left column), compared to 
observation (Fig.4.4, left column). However, there is no significant difference of ( <0) 
between the simulations of MAECHAM5_MPIOM and MAECHAM5_AMIP2 (Fig.4.16, 
right column). The values of the differences are smaller (-4% to 4%). This finding 
implies that the influences of ocean on atmospheric state for possibility of stationary 
wave propagation from the troposphere to the stratosphere can not be observed here.  
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Fig.4.17 shows E-P flux and its divergence in MAECHAM5_MPIOM and the difference 
between MAECHAM5_AMIP2 and MAECHAM5_MPIOM. It can be found that the 
wave activities and eddy forcing on mean flow are weaker in both the troposphere and 
stratosphere for stationary ZWN1, 2, 3 and 1+2+3 waves in MAECHAM5_MPIOM 
(Fig.4.17, left column) than in observation (Fig.4.5, left column). On the other hand, the 
main differences between these two GCMs are located in the troposphere (Fig.4.17, right 
column). For ZWN1 wave, planetary waves have slightly more eddy heat flux in the 
troposphere at middle and high latitudes in MAECHAM5_MPIOM (Fig.4.17a). However, 
for ZWN2 and 3 waves, the stationary waves show stronger eddy heat flux from lower to 
upper troposphere and more convergence in the troposphere in MAECHAM5_AMIP2 
(Fig.4.17d, f). No big difference between these two models can be found in the 
stratosphere except for a slightly stronger convergence in the polar stratosphere in 
MAECHAM5_AMIP2 (Fig.4.17h). This relatively stronger convergence, which 
represents zonal easterly forcing induced by planetary waves on mean flow, can 
correspond to the weaker stratospheric polar vortex in MAECHAM5_AMIP2 (Fig.4.14b). 
On the other hand, as indicated before, the main differences between the approaches of 
the simulations of two GCMs, are the adopted lower boundary conditions. In 
MAECHAM5_AMIP2, the boundary conditions are adopted from AMIP2 monthly mean 
observational SST and sea ice concentration. However, in the simulation of 
MAECHAM5_MPIOM the lower boundary conditions are supplied by the coupled ocean 
model – MPIOM. The different lower boundary conditions can contribute to the observed 
major differences of stationary wave activities and eddy forcing in the troposphere.  
 
Moreover, the analysis of E-P flux and its divergence of transient waves also show the 
major difference in the troposphere between the simulations of MAECHAM5_AMIP2 
and MAECHAM5_MPIOM (Fig.4.18, right column). Similar as the stationary waves, the 
stronger convergence of transient waves in the subpolar and polar stratosphere for 
transient waves with all frequency (Fig.4.18b), which corresponds with the stronger zonal 
easterly forcing on mean flow therefore the weaker stratospheric polar vortex, can also be 
found in MAECHAM5_AMIP2. It should be indicated that the wave activities and eddy 
forcing in the troposphere are also stronger for transient waves with all frequency 
(Fig.4.18a), with lower frequency (Fig.4.18c) and with high frequency (Fig.4.18e) in 
MAECHAM5_MPIOM, than in both observation (Fig.4.6, left column) and 
MAECHAM5_AMIP2 (Fig.4.12, left column).  
 
Combining the analyses E-P flux for stationary and transient waves in the experiments of 
MAECHAM5_AMIP2 and MAECHAM5_MPIOM, it can be found that the major 
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a)                                                                      b) 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d) 
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Figure 4.16. Left column: ( <0) for stationary planetary waves in DJF of 1979-1999 
for experiment of MAECHAM5_MPIOM for ZWN1 wave (first row), ZWN2 wave 
(second row), and ZWN3 wave (third row). Right column: differences between 
experiments of MAECHAM5_AMIP2_T63L47 and MAECHAM5_MPIOM_T63L47. 
Unit of ( <0) is %. 
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e)                                                                     f)  
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Figure 4.17. Left column: E-P flux and divergence for stationary planetary waves in DJF 
of 1979-1999 for experiment of MAECHAM5_MPIOM for ZWN1 wave (first row), 
ZWN2 wave (second row), ZWN3 wave (third row) and ZWN1+2+3 wave (bottom row). 
Right column: differences between experiments MAECHAM5_AMIP2_T63L47 and 
MAECHAM5_MPIOM_T63L47. Divergence contour interval is 1ms-1day-1 and 0.2m-

1day-1 for difference, the unit of vector is kg s-2. 
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a)                                                                      b) 
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e)                                                                      f)      
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18. Left column: E-P flux and divergence for transient planetary waves in DJF 
of 1979-1999 for experiment of MAECHAM5_MPIOM for unfiltered wave (first row), 
low-pass filtered wave (second row), and band-pass filtered wave (third row). Right 
column: differences between experiments MAECHAM5_AMIP2_T63L47 and 
MAECHAM5_MPIOM_T63L47. Divergence contour interval is 1 ms-1day-1 and 0.m-

1day-1 for difference, the unit of vector is kg s-2.   
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differences between these two models mainly locate in the troposphere, although there is 
a relatively stronger convergence in the subpolar and polar stratosphere observed in 
simulation of MAECHAM5_AMIP2, which corresponds to the slightly weaker polar 
vortex in this model. These differences in the troposphere probably correspond to the 
different lower boundary conditions adopted in these two models. The influences of 
ocean on atmospheric circulation and planetary wave propagation are mainly shown in 
the troposphere.  
 
4.4 Summary 
 
In this chapter, the performance of three GCMs on atmospheric circulation and planetary 
wave propagation in Northern Hemisphere winter has been investigated. We analyzed the 
simulations of ECHAM5_AMIP2, the middle atmospheric GCM – 
MAECHAM5_AMIP2, and the atmosphere-ocean coupled GCM – 
MAECHAM5_MPIOM. It should be indicated that the GCMs are not perfect and the 
experiments were run without considering a number of external facings such as violent 
volcanic eruptions, anthropogenic greenhouse gas etc. As discussed in Chapter 3, the 
violent volcanic eruptions can induce a stronger polar vortex in Northern Hemisphere 
winter. Therefore, it is expected to find the relatively weaker polar vortex in such GCM 
simulations. 
 
Compared with NCEP/NCAR reanalysis data as the observational reference, the major 
aspects of these three GCMs experiments on the stratospheric polar vortex, planetary 
wave propagation, and wave activities and eddy forcing have been illustrated in Table 4.3.  
 
It is found that the simulation of ECHAM5_AMIP2 has fair agreement with observations 
of the climatology of zonal mean zonal wind and temperature, although some bias still 
can be observed. It has been found that the model tends to produce a stronger and colder 
stratospheric polar vortex in Northern Hemisphere winter. The analysis of ( <0) 
reveals that the atmosphere in the model shows less probability for stationary planetary 
wave propagation from the troposphere to the stratosphere than in observation. On the 
other hand, by analysis of E-P flux and its divergence, it is found that the wave activities 
and eddy zonal easterly forcing are weaker for stationary waves in both, the troposphere 
and stratosphere, but stronger for transient waves in the troposphere for 
ECHAM5_AMIP2. An explanation of the stronger transient wave activities and easterly 
forcing in the model is that the simulation of this model is performed with lower 
boundary conditions adopted from AMIP2, which only includes the monthly mean SST 
and sea ice concentration without considering other feedbacks from ocean such as sea ice 
thickness, snow depth, and the ocean surface velocities.  

f 2
kn

 
With higher upper boundary level (0.01hPa), the middle atmospheric GCM 
MAECHAM5_AMIP2 is also analyzed to study the influences of upper boundary on the 
atmospheric mean flow and planetary wave propagation. It is found that the bias of the 
stronger and colder stratospheric polar vortex observed in ECHAM5_AMIP2 is modified 
in MAECHAM5_AMIP2, but the polar vortex is now becoming too weak. The stationary 
wave activities and zonal easterly forcing are even weaker than in ECHAM5_AMIP2. 
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The stronger transient wave activities and zonal easterly forcing in the troposphere are 
still found in simulation of MAECHAM5_AMIP2. 
 
 
Table 4.3 Aspects of stratospheric wind, temperature, and planetary wave propagation for 
different GCMs experiments compared with NCEP/NCAR Reanalysis data in DJF from 
1979-1999. 

GCMs experiments ECHAM5_AMIP2  MAECHAM5_AMIP2  MAECHAM5_MIPOM  
Strength of 
stratospheric polar 
vortex 

Stronger Weaker Slightly weaker 

Stratospheric polar 
temperature 

Colder Warmer Slightly warmer 

Possibility of 
stationary planetary 
wave propagation 
from Trop. to Strat. 

Less  Much less  Much less 

Stationary planetary 
wave activity and 
eddy forcing in the 
troposphere 

Weaker Much weaker The weakest 

Stationary planetary 
wave activity and 
eddy forcing in the 
stratosphere 

Weaker  Much weaker Much weaker 

Transient planetary 
wave activity and 
eddy forcing in the 
troposphere 

Stronger Stronger  The strongest 

Transient planetary 
wave activity and 
eddy forcing in the 
stratosphere 

No big difference Slightly weaker Slightly weaker 

 
 
 
In order to investigate the influences of ocean on atmospheric circulation and planetary 
wave propagation, the simulation of an atmosphere-ocean coupled model – 
MAECHAM5_MPIOM is also analyzed. The stratospheric polar vortex, which was 
observed too weak in MAECHAM5_AMIP2, is now slightly strengthened in 
MAECHAM5_MPIOM, though the polar vortex is still weaker than in observation. 
Differences of wave activities for both stationary and transient waves between 
MAECHAM5_AMIP2 and MAECHAM5_MPIOM are found mainly in the troposphere. 
This implies influences of ocean on planetary wave propagation mainly distribute in the 
troposphere. It can be concluded that the influences of ocean on atmosphere have very 
less chance to reach up to the stratosphere by planetary wave propagation.  
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Chapter 5  
 
Conclusions and outlook 
 
5.1 Conclusions 
 
The major objective of this thesis is to improve our understanding of the dynamical 
coupling between the troposphere and stratosphere especially the properties of planetary 
wave propagation, wave activity and eddy forcing on atmospheric mean flow. The 
atmospheric state controls planetary wave propagation based on the Charney Drazin 
Theorem (Charney and Drazin, 1961; Andrews, et al., 1987), and conversely, planetary 
waves also change atmospheric mean flow through deposition of zonal momentum and 
heat of waves (Eliassen and Palm, 1961; Andrews, et al., 1985). The different 
contributions of stationary and transient planetary waves have been analyzed in this 
study. We found the dynamical links between the stratospheric polar vortex regimes and 
planetary wave propagation in Northern Hemisphere winter. The anomalies of zonal wind 
and temperature in the stratosphere induced by the external forcing of violent tropical 
volcanic eruptions, and their influences on planetary wave propagation, have also been 
discussed. By analyzing simulations of series of ECHAM5, it showed that this GCM 
tends to simulate a stronger polar vortex than observed and it can be improved by 
increasing the height of the upper boundary level. Moreover, the influences of oceanic 
forcing on planetary wave propagation have been studied in simulation of AOGCM.      
 
 
5.1.1 Climatology of planetary wave propagation 
 
A new analysis was introduced in this thesis and applied to study the potential influence 
of the atmospheric mean flow on planetary wave propagation. This new analysis is based 
on the frequency of negative refractive index squared ( <0) and it avoids several 
problems in the traditional analysis. Based our analysis, we concluded that not only the 
zonal mean zonal wind (ZMZW) but also the vertical shear of zonal wind affects the 
possibility of stationary planetary wave propagation. It is shown that the possibility of 
upward wave propagation decreases with increased zonal wave number (ZWN). Only 
ultra-long waves (ZWN1, 2 and 3 waves) have chances to propagate from the troposphere 
to the stratosphere. In this study, the buoyancy frequency  was treated as a variable of 
both altitude and latitude on a meridional plane rather than keeping it constant or only 
altitude-dependent variable as in previous studies. This helps to improve our 
understanding of influences of atmospheric stability on planetary wave propagation, 
especially near the extratropical tropopause. 
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Analysis of the E-P flux and its divergence showed that the stationary planetary waves 
can transport eddy heat and momentum from the troposphere to the stratosphere in 
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association with ZWN 1 and 2 waves. Moreover, it has been found that the zonal easterly 
momentum forcing on mean flow is induced by stationary planetary waves in the 
extratropical troposphere and in the subpolar stratosphere. The latter corresponds with the 
stratospheric polar vortex with stronger westerly in the polar stratosphere.  
 
The E-P flux and its divergence of transient waves were also analyzed in this study. After 
removing the annual mean, annual and semi-annual harmonics, then after time filtering, 
the transient waves with all frequencies, low frequency (10days to 90days) and high 
frequency (2.5days to 6days) were isolated. We found that in Northern Hemisphere, the 
low frequency transient planetary waves dominate the propagation of transient energy, 
which disagree with the results by Limpasuvan and Hartmann (2000). Rather than 
transferring much eddy heat flux to the stratosphere as stationary waves, the transient 
waves have more eddy momentum fluxes propagated from the extratopical lower 
troposphere to the subtropical upper troposphere and less eddy heat flux to the 
stratosphere.   
 
The variations of the stratospheric polar vortex are characterized by regime-like 
properties. We identified two stratospheric polar vortex regimes – 11 strong polar vortex 
regimes (SVR) and 12 weak polar vortex regimes (WVR) during 1958-2002 based on the 
zonal wind at 50hPa and 65oN from daily NCEP/NCAR reanalysis data. SVR generally 
last longer than WVR and they have never been observed occurring both in a single 
winter. Planetary waves have more possibilities to propagate from the troposphere to the 
stratosphere in WVR than in SVR. These possibilities also decrease with the increasing 
ZWNs. Moreover, planetary waves also show stronger propagation in WVR from the 
troposphere to the stratosphere. The analysis of E-P flux and its divergence showed that, 
in SVR, the planetary waves lead to strong westerly momentum forcing in the polar 
stratosphere while in WVR the easterly forcing prevails in both the polar and sub-polar 
stratosphere. For planetary wave activities, the equatorward eddy momentum fluxes in 
the upper troposphere around the subtropics are much stronger in SVR, while the eddy 
heat fluxes from the troposphere to the stratosphere around the northern pole are much 
stronger in WVR. The stronger propagations of stationary planetary waves to the polar 
stratosphere in WVR contribute to weaken the polar vortex.  
 
Like stationary planetary waves, transient waves can also contribute to the maintenance 
of stratospheric polar vortex regimes, but in a different way. The transient waves 
propagate less eddy heat flux from the troposphere to the subpolar stratosphere in WVR 
than in SVR. The more propagation of transient planetary waves to the subpolar 
stratosphere in SVR can break and get absorbed by the mean flow at subpolar latitudes 
(55oN – 60oN), strengthening the temperature gradient between the subpolar stratosphere 
and the subpolar stratosphere, and therefore dynamically strengthening the polar. The 
stronger stratospheric polar vortex located at 65oN can be found in SVR.    
 
The stationary planetary wave activities and the probability of its propagation are not 
isolated but highly correlated. Strong upward E-P fluxes from the troposphere to the 
stratosphere occur when and where the frequency of negative refractive index squared is 
smaller than 50%, for ZWN1 and 2 waves.  
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5.1.2 Influence of violent volcanic eruptions on planetary waves 
 
It has been observed that tropical violent volcanic eruptions can induce anomalies of 
zonal mean zonal wind and temperature in Northern Hemisphere winter.  By analyzing 
three violent tropical volcanic eruptions (Agung 1963, El Chichon 1982 and Pinatubo 
1991), the anomalies of wind and temperature and their influences on planetary wave 
propagation, have been investigated in this thesis.  
 
Since the impacts of volcanic eruptions on the climate system can last 1-3 years (Robock, 
2001), the two winters after these three volcanic eruptions (volcanic winters) were 
studied. The “dipole” structures for the anomalies of both, zonal mean zonal wind and 
temperature in Northern Hemisphere winter, were observed - the “dipole” structure of 
anomalies of zonal mean zonal wind is composed of a stronger stratospheric polar vortex 
and a weaker tropical jet, and the “dipole” structure of anomalies of temperature is 
composed of the cooling in the polar stratosphere and the warming in the tropical 
stratosphere. On the other hand, the similar “dipole” structures but with stronger 
amplitudes, were also observed in the anomalies of zonal mean zonal wind and 
temperature in stronger polar vortex regime (SVR) excluding the volcanic winters. 
 
By analyzing the frequency of negative refractive index squared ( ( <0)), it was 
concluded that the atmosphere shows slightly more possibilities for ZWN1 and 2 but less 
possibility for ZWN3 stationary planetary waves to propagate from the troposphere to the 
stratosphere at high latitudes (65
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o – 75oN) in volcanic winters compared with the general 
winters. Similarly, more possibilities at high latitude were also found in SVR. These 
better chances for ZWN1 and 2 waves probably correspond with the relatively stronger 
positive vertical shear of the zonal mean zonal wind in the stratosphere at high latitudes 
in volcanic winters and SVR. However, there is less wave energy available to propagate 
from the troposphere to the stratosphere at the polar and subpolar area.  
 
Moreover, the analysis of E-P flux and its divergence indicated that although more 
stationary planetary waves can propagate more from the troposphere to the stratosphere 
in volcanic winters, instead of breaking and getting absorbed, part (32%) of these waves 
can continually propagate higher up to the middle and upper stratosphere. This finding 
can help to improve our understanding of the mechanism by which more planetary wave 
propagation from the troposphere to the stratosphere and a stronger stratospheric polar 
vortex were observed at the same time in the Northern Hemisphere winters following 
violent tropical volcanic eruptions. Unlike the stationary waves, the propagation of 
transient planetary waves showed different aspects in volcanic winters and SVR.  
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5.1.3 GCMs performance 
 
Most of current climate general circulation models (GCMs) show the bias of a too strong 
stratospheric polar vortex. Based on the previous findings of this thesis, this bias can 
probably have influences on the simulation of planetary wave propagation in GCMs. In 
this study, the performance of GCMs on the climatology of planetary wave propagation 
in Northern Hemisphere winter has been investigated by analyzing the simulations of 
ECHAM5_AMIP2, its middle atmospheric version MAECHAM5_AMIP2, and the 
coupled ocean model version MAECHAM5_MPIOM. The NCEP/NCAR reanalysis data 
with same time period (1979-1999) were considered as observational reference.  
 
The comparison between simulations of ECHAM5_AMIP2 and NCEP/NCAR reanalysis 
data shows that the simulation of ECHAM5_AMIP2 has a fair agreement with 
observations concerning the climatology of zonal mean zonal wind and temperature. On 
the other hand, a bias is still observed in the model. It has been found that the 
ECHAM5_AMIP2 prefers to produce a relatively stronger and colder stratospheric polar 
vortex. As supposed in previous studies, the bias of stronger polar vortex can be induced 
by using the lower upper boundary level (10hPa) in model. The analysis of ( <0) 
revealed that in the model atmosphere shows less permission for stationary planetary 
wave propagation from the troposphere to the stratosphere. At the same time, by analysis 
of E-P flux and its divergence, it was found that in ECHAM5_AMIP2 simulation, the 
wave activities and zonal easterly momentum forcing are relatively weaker for stationary 
waves in both the troposphere and stratosphere, but stronger for transient waves in the 
troposphere. One of the possible reasons of improperly represented wave activities in the 
troposphere in ECHAM5_AMIP2 is that the simulation is performed with lower 
boundary conditions adopted from AMIP2, which only considers the monthly mean of 
the sea surface temperature and sea ice concentration. In AMIP2, other feedbacks from 
the ocean such as sea ice thickness, snow depth, and the ocean surface velocities, have 
not been considered yet.  

f 2
kn

 
With enhanced higher upper boundary level (0.01hPa), the simulation of the middle 
atmosphere GCM – MAECHAM5_AMIP2 was also analyzed. It was found that the bias 
of the stronger and colder stratospheric polar vortex observed in ECHAM5_AMIP2 was 
modified in MAECHAM5_AMIP2, although the polar vortex is shown too weak in 
MAECHAM5_AMIP2. However, stationary wave activities and zonal easterly forcing 
are still too weak in MAECHAM5_AMIP2 as in ECHAM5_AMIP2. The stronger 
transient wave activities and zonal easterly forcing in the troposphere can still be 
observed in MAECHAM5_AMIP2.  
 
Therefore, in order to understand the importance of proper simulation of feedbacks from 
the ocean, the simulations of the atmosphere-ocean coupled model – 
MAECHAM5_MPIOM with the same horizontal and vertical resolution as 
MAECHAM5_AMIP2 was also analyzed. The too weak stratospheric polar vortex in 
MAECHAM5_AMIP2 was getting stronger in the atmosphere-ocean coupled GCM, 
although it is still somewhat weaker than in the observations. Remarkable differences in 
wave activities for both stationary and transient waves between MAECHAM5_AMIP2 
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and MAECHAM5_MPIOM were found mainly in the troposphere. This implies that the 
influences of the lower boundary conditions can only reach up to the troposphere. 
However, the bias of weaker stationary wave activities and weaker zonal easterly forcing 
in the troposphere and stratosphere, and stronger transient wave activities and stronger 
zonal easterly forcing in the troposphere, which has been observed in both 
ECHAM5_AMIP2 and MAECHAM5_AMIP2 simulations, was still observed in 
MAECHAM5_MPIOM simulation.   
 
Finally, it should be indicated that in all these three simulations of GCMs, the external 
forcing of violent volcanic eruptions has not been considered yet. As concluded in 
Chapter 3, the violent volcanic eruptions can induce stronger polar vortex in Northern 
Hemisphere winter. Therefore, the simulated relatively weaker polar vortex in the two 
MAECHAM5 models possibly are expected to be strengthened when the volcanic forcing 
is considered in the GCMs. Surely, it needs more studies of GCMs and considering 
complete external forcing to verify this mechanism. 
 
 
5.2 Outlook 
 
In this thesis, the climatology of planetary wave propagation was investigated in 
Northern Hemisphere winter. The behavior of stationary planetary waves in the Southern 
Hemisphere was generally considered rather negligible compared with those in the 
Northern Hemisphere. The stratospheric polar vortex in the Southern Hemisphere is 
strong and highly stable and there is no regime-like pattern observed yet. However, 
stratospheric sudden warming events, which are thought mainly connected with the 
transient planetary wave propagation from the troposphere to the stratosphere (Andrews, 
et al., 1987), have been observed in both hemispheres. For example, the Antarctic 
stratospheric sudden warming event in 2002 has drawn much attention recently. In the 
future work, it is worth investigating the role of the transient waves during such extreme 
events not only in the Northern Hemisphere but also in the Southern Hemisphere.  
 
The influences on the stratospheric circulation and therefore on planetary wave 
propagation can be caused by external forcing including not only the violent tropical 
volcanic eruptions but also some others, e.g. the 10-12 year oscillation in lower 
stratospheric temperature and geopotential height is considered in phase with the 11-year 
solar cycle (Labitzke and van Loon, 1988). Studies of the potential influences of solar 
cycle on planetary wave propagation will help improve our understanding on the role of 
stratosphere-troposphere dynamical coupling in the climate system. Moreover, the 
strengthened polar vortex in past decades is believed partly due to increasing 
anthropogenic emission of greenhouse gases (Graf, et al., 1995). It is also attractive to 
study the role of the anthropogenic forcing (emission of greenhouse gases) in climate 
change especially atmospheric dynamic process.  
 
Considering the external forcing of volcanic eruptions, the available observational cases 
are limited, although it was found that the influences of eruptions on the climate system 
are significant. The simulations of GCMs with proper consideration of external forcing of 
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volcanic eruptions can help to improve understanding of mechanism of planetary wave 
propagation after violent volcanic eruptions. The stronger polar vortex in simulation of 
GCMs with lower upper boundary levels shifts to a weaker polar vortex in simulations of 
MAGCM. This “overdone” shift has been slightly improved in the MAGCM couple with 
ocean model but it is lack of explanation. Moreover, propagation of the stationary 
planetary waves from the troposphere to the stratosphere is weaker in simulations of all 
versions of GCMs. The complete understanding of the mechanism of planetary wave 
propagation and its influence on mean flow in GCMs is still missing. Regarding this 
problem, one of the suggestions is to analyze the sensitivity experiments focusing on the 
dynamical mechanism of constructing and maintaining of the stratospheric polar vortex 
in GCMs.  
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Appendix A 
 
A.1 Charney – Drazin Theorem 
 
Charney and Drazin (1961) found that planetary waves can propagate vertically when 
their phase speeds  are westward relative to the zonal mean flow c u : 
 

( ) ( )[ 1222
0

22 40 −
++≡<−< NHflkucu c β ] ,                                               (A.1.1) 

 
with ϕβ cos2Ω=  and ϕsin20 Ω=f . H ,  and  are the scale height, the buoyancy 
frequency and the zonal wind, respectively. 

N u
Ω =7.292×10-5s-1 is the Earth’s rotation rate. 

The zonal and meridional wave lengths are defined by  and , respectively. 12 −kπ 12 −lπ cu  
is called the critical Rossby velocity. Equation 1.1.1 reveals that cu  decreases with 
increasing horizontal wave numbers. The waves having the largest amplitudes are 
stationary with respect to the ground, i.e. c=0. Hence, there is cuu <<0 .  
 
Andrews et al. (1987) illustrated that for a typical stratospheric stability 
( ), and choosing 242 105 −−×= sN )000,10/( kml π= , cu  at 60oN is given by:  

( ) 12 3/110 −+≈ mssuc ,                                                                                   (A.1.2) 
where the integer φcoskas =  is the spherical zonal wave number (ZWN). Using this 
simple model, the critical Rossby velocities for the ZWN 1 and 2 amounts to 28ms-1 and 
16ms-1, respectively. 
 
The Charney-Drazin Theorem (Equation 1.1.1) gives a theoretical explanation for 
numerous observational phenomena. The permission of the zonal mean flow for the 
propagation of tropospheric disturbances becomes less when the zonal wave number s 
increases. Consequently, the stratosphere and the upper troposphere has a strong filter 
effect on tropospheric disturbances since zonal west wind normally increases with height. 
Only ultra-long planetary waves generated by diabatic heating and orography can 
propagate into the stratosphere.Radiatively caused, the stratospheric zonal mean flow 
alternates between easterlies in the summer hemisphere and westerlies in the winter 
hemisphere. This fact is an essential condition for whether a dynamical coupling between 
both atmospheric layers exists. Only in the winter hemisphere can ultra-long planetary 
waves propagate into the stratosphere and interact with the mean stratospheric flow. 
During the summer season (u <0), the dynamical coupling between troposphere and 
stratosphere is strongly reduced because the waves are trapped in the troposphere. 
 
 
A.2 Theoretical definition of stationary planetary waves 
 
Averaging observational data in various ways is a standard approach for handling the 
complexity of global scale atmospheric flow. Straightforward average over a set of points 
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fixed in space or time are known as Eulerian average. Given any particular average, one 
can define the deviations or departure of each atmospheric variable from its mean value. 
These disturbances are often known as wave quantities. Averaging not only allows 
compressing of the volume of information but improves the statistical reliability. A 
suitable framework for the diagnosis and interpretation of atmospheric quantities has also 
been developed that separates mean state and wave parts. Owing to the nonlinearity of 
the equations of motion, there is, in general, a mutual coupling between waves and mean 
state. Thus, the configuration of the mean flow can strongly influence the propagation of 
waves, for example through the refraction of the wave, while the disturbances themselves 
can bring about significant mean flow changes through rectified nonlinear effects (e.g. by 
breaking of waves). 
The theoretical framework providing qualitative physical insight into the two-way 
process of wave-mean flow interaction has most satisfactorily been constructed for zonal 
mean average. It is introduced the (Eulerian) zonal average of any quantity for example 
the geopotential field ),,,( tzφλΦ , denoted by an overbar: 
 

∫ Φ=Φ − π
λϕλπϕ

2

0

1 ),,,()2(),,( dtztz ,                                                            (A.2.1) 

 
and the departure from the average, denoted by a prime: 
 

Φ−Φ=Φ′ ),,,( tzϕλ .                                                                                    (A.2.2) 
 

z,,φλ  and t  are longitude, latitude, height and time, respectively. 
 
 
A.3 Statistical approach of stationary planetary waves – 
single wave analysis 
 
The climatological monthly mean flow patterns tend to take a wavy form in the Northern 
Hemisphere winter: these patterns can, if desired, be separated into zonal mean parts and 
zonally varying parts. Their zonally varying parts are know as “stationary waves” and can 
be further separated into zonal Fourier components. The time-dependent departures from 
the climatological average are often known as “transient eddies”. Space-time spectral 
analysis of these transient components sometimes reveals the presence of large-scale, 
coherent, zonally propagating “traveling waves”. (Andrews et al., 1987) 
 
In order to illustrate the stationary waves, the climatology is first calculated by time mean 
of 44 years (1958-2002) Northern Hemisphere winter – December, January and February 
(DJF hereafter) (Andrews et al., 1987), e.g. the mean geopotential field <Φ> (here only 
the geopotential is used as an example, wind and temperature fields are analyzed in the 
same way). This climatological mean geopotential field can be furthermore expanded 
with equation 1.1:  
 

( ) ( zzz ,,,),,( ϕλϕϕλ Φ′+Φ=Φ )                                                                    (A.3.1) 
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As and αs represent the amplitude and phase of each harmonics respectively, A0 
corresponding to the zonal mean, and λ, φ and z are longitude, latitude and height, 
respectively, s refers to zonal wave number (ZWN) representing the limit of resolution of 
the data (Andrews et al., 1987).  Since increasing ZWN corresponds to decreasing critical 
Rossby velocity, at which vertically propagating waves are selectively reflected/refracted 
(Charney and Drazin, 1961), separate treatment of single wave fields with different 
ZWNs is a proper approach to study planetary wave propagation and to illustrate the 
dynamical interaction between troposphere and stratosphere (Perlwitz, 2000). 
 
At a specific latitude, the decomposition of the longitudinal geopotential height fields 

)(λz  in their Fourier harmonics s=1, …, S is given as follows: 
 

∑
=

+=Φ′
S

s
ss ss

1
cossin)( λβλαλ .                                                                  (A.3.2) 

 
in which S represents the limit of data resolution. The amplitude  and the phase sA sΨ  of 

waves of ZWNs are given by 22
sssA βα +=  and )/arctan( sss βα=Ψ . The phase is 

defined as the longitude of the first maximum eastward of the Greenwich meridian. The 
recomposed geopotential height field ),,( tzs φλ  of a single planetary wave with ZWNs is 
give as 
 

λϕβλϕαϕλ ststt sss sin),(cos),(),,( +=Φ′ ,                                                (A.3.3) 
 
in which the total field is received by ∑ =

Φ′=Φ′
S

s s tt
1

),,(),,( ϕλϕλ . 
The Charney-Drazin Theorem implies that vertical propagating waves are selectively 
reflected at levels of critical Rossby velocity, which decreases with increasing ZWN. 
Clearly, ultra-long planetary waves are primarily involved. 
 
 
A.4 Time filtering of transient planetary waves 
 
The transient waves are computed by obtaining the seasonal time series of all relevant 
variables at all grid point, then removing the annual mean and annual and semi-annual 
harmonics. Furthermore, time-filtering the time series with an appropriate filter is applied 
on the time series of the variables. Finally calculating the variances from both the filtered 
and unfiltered series for each season and averaging over equivalent seasons in each data 
set will be performed (Straus & Shukla, 1988). The 21-point filters introduced by 
Blackmon and Lau (1980) were applied to isolate fluctuations with low frequency 
(10days< period <90days) and medium frequency (2.5days< period <6days), which 
correspond with low frequency eddies and synoptic transient waves, respectively. 
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In order to isolate eddies from different frequency domains, the 21-point filters 
introduced by Blanckmon and Lau (1980) is applied in this thesis. The filtering 
procedures were applied to the October-to-April data. In order to omit spurious 
fluctuations resulting from jumps in the data between two winters, the months October 
and April were discarded afterwards.  
 
Two so-called 21-point filters introduced by Blackmon and Lau (1980) to isolate the 
fluctuations from different frequency are defined as: 
1. A band pass filter leaving fluctuations with periods of 2.5 to 6 days (synoptic eddies);  
2. A low pass filter leaving fluctuations with periods from 10 to 90 days (low frequency 
eddies). 
 
It should be mentioned that the filters do not capture fluctuations with periods between 6 
and 10 days. This is based on the intention of distinctly separating synoptic and low 
frequency eddies (Blackmon, 1976; Blackmon and Lau, 1980). Therefore, in this thesis, 
the low frequency transient waves and the synoptic transient waves are clearly 
investigated, respectively. 
 
With the 21-point filters, each member of the filtered timeseries of a variable X at a 
certain grid point is calculated from 21 members of the unfiltered timeseries: 
 

[∑
=

−+ ++=
10

1
0 )()()()(~

p
pipipii tXtXatXatX ],                                                  (A.4.1) 

 
Where )(~ tX is the filtered timeseries, and the unfiltered timeseries. The timestep of 
the timeseries is 24 hours, corresponding to the use of NCEP/NCAR reanalysis daily 
mean data. The filter weights are listed in Blackmon and Lau (1980). Values of the 
coefficients for the low-pass and band-pass 21-point filters are list: 

)(tX

pa

 
Filtering coefficients Low-pass filter Band-pass filter 

0a 0.2119623984 0.4522054510 

1a 0.1974416342 -0.0728693709 

2a  0.1576890490 -0.2885051308 

3a 0.1028784073 0.0973270826 

4a 0.0462514755 0.0395130908 

5a  0.0 0.0283273699 

6a  -0.0281981813 0.0331625327 

7a  -0.0368362395 -0.0708879974 

8a  -0.0300256308 -0.0022652475 

9a  -0.0151817136 0.0030189695 

10a  0.0 0.0070759754 
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Appendix B 
 
Additional Figures for Chapter 3  
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a)                                                                     b)                                              
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                     d)                                              
 
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Figure B.1. Zonal mean zonal wind (m/s) in first DJF (left column) and second DJF (right 
column) after Mt. Agung 1963 eruption (first row), after Mt. El Chichon 1982 eruption 
(second row) and after Mt. Pinatubo 1991 eruption (third row) (NCEP/NCAR RA). 
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a)                                                                     b)                                              
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                     d)                                              
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.2. Difference of zonal mean zonal wind (m/s): the first three rows, the 
difference between first DJF (left column) and second DJF (right column) after Mt. 
Agung 1963 eruption (first row), after Mt. El Chichon 1982 eruption (second row), and 
after Mt. Pinatubo 1991 eruption (third row) with DJFs (1958-2002) without violent 
volcanic eruptions; the bottom row, the average of the differences for all volcanic winters 
(NCEP/NCAR RA). 



Appendix B 110

a)                                                                     b)                                              
 
 
 
 
 
 
 
 
 
 
 

  

 
 
c)                                                                     d)                                              
 
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.3. Vertical shear of zonal mean zonal wind (s-1) in first DJF (left column) and 
second DJF (right column) after Mt. Agung 1963 eruption (first row), after Mt. El 
Chichon 1982 eruption (second row) and after Mt. Pinatubo 1991 eruption (third row) 
(NCEP/NCAR RA). 
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a)                                                                     b)                                              
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                     d)                                              
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.4. Difference of vertical shear of zonal mean zonal wind (s-1): the first three 
rows, the difference between first DJF (left column) and second DJF (right column) after 
Mt. Agung 1963 eruption (first row), after Mt. El Chichon 1982 eruption (second row), 
and after Mt. Pinatubo 1991 eruption (third row) with DJFs (1958-2002) without violent 
volcanic eruptions; the bottom row, the average of the differences for all volcanic winters 
(NCEP/NCAR RA).  
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a)                                                                     b)                                              
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                     d)                                              
 
 
 
 
 
 
 
 
 
 
 
 

  

 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
 
 
 

  

 
 
Figure B.5. Zonal mean temperature (K) in first DJF (left column) and second DJF (right 
column) after Mt. Agung 1963 eruption (first row), after Mt. El Chichon 1982 eruption 
(second row) and after Mt. Pinatubo 1991 eruption (third row) (NCEP/NCAR RA). 
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a)                                                                     b)                                              
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                     d)                                              
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.6. Difference of zonal mean temperature (K): the first three rows, the difference 
between first DJF (left column) and second DJF (right column) after Mt. Agung 1963 
eruption (first row), after Mt. El Chichon 1982 eruption (second row), and after Mt. 
Pinatubo 1991 eruption (third row) with DJFs (1958-2002) without violent volcanic 
eruptions; the bottom row, the average of the differences for all volcanic winters 
(NCEP/NCAR RA). 
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a)                                                                     b)                                              
 
 
 
 
 
 
 
 
 
 
 
 

  

 
c)                                                                     d)                                              
 
 
 
 
 
 
 
 
 
 
 
 

  

 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
 
 
 

  

 
 
Figure B.7. (s),(2 zN φ -2) in first DJF (left column) and second DJF (right column) after 
Mt. Agung 1963 eruption (first row), after Mt. El Chichon 1982 eruption (second row) 
and after Mt. Pinatubo 1991 eruption (third row) (NCEP/NCAR RA). 
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a)                                                                     b)                                              
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                     d)                                              
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.8. Difference of (s),(2 zN φ -2): the first three rows, the difference between first 
DJF (left column) and second DJF (right column) after Mt. Agung 1963 eruption (first 
row), after Mt. El Chichon 1982 eruption (second row), and after Mt. Pinatubo 1991 
eruption (third row) with DJFs (1958-2002) without violent volcanic eruptions; the 
bottom row, the average of the differences for all volcanic winters (NCEP/NCAR RA). 
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a)                                                                     b)                                                                                              
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                     d)                                             
 
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f)                                             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.9. ( <0) for stationary planetary waves in DJF of 1963-1964 (left column), 
and1964-1965 (right column) (NCEP/NCAR RA) for ZWN 1 wave (first row), ZWN 2 
wave (second row) and ZWN 3 wave (bottom row). Unit of ( <0) is %. 
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a)                                                                     b)                                               
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                     d)                                               
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f)                                              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.10. Difference of ( <0) for stationary planetary waves between 1963-1964 
DJF (left column), and 1964-1965 DJF (right column) with DJF (1958-2002) without 
violent volcanic eruptions (Agung, 1963-1965; El Chichon, 1982-1984; Pinatubo, 1991-
1993) (NCEP/NCAR RA) for ZWN 1 wave (first row), ZWN 2 wave (second row) and 
ZWN 3 wave (bottom row). Unit of ( <0) is %. 

f 2
kn

f 2
kn



Appendix B 118

a)                                                                     b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                       f)         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.11. ( <0) for stationary planetary waves in DJF of 1982-1983 (left column) 
and 1983-1984 (right column) (NCEP/NCAR RA) for ZWN 1 wave (first row), ZWN 2 
wave (second row) and ZWN 3 wave (bottom row). Unit of ( <0) is %. 
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a)                                                                     b) 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                     d) 
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.12. Difference of ( <0) for stationary planetary waves between 1982-1983 
DJF (left column) and 1983-1984 DJF (right column) with DJF (1958-2002) without 
violent volcanic eruptions (Agung, 1963-1966; El Chichon, 1982-1984; Pinatubo, 1991-
1993) (NCEP/NCAR RA) for ZWN 1 wave (first row), ZWN 2 wave (second row) and 
ZWN 3 wave (bottom row). Unit of ( <0) is %. 
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a)                                                                     b)  
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                      d)  
 
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                       f)         
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.13. ( <0) for stationary planetary waves in DJF of 1991-1992 (left column) 
and 1992-1993 (right column) (NCEP/NCAR RA) for ZWN 1 wave (first row), ZWN 2 
wave (second row) and ZWN 3 wave (bottom row). Unit of ( <0) is %. 
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a)                                                                     b) 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                                     d) 
 
 
 
 
 
 
 
 
 
 
 
 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.14. Difference of ( <0) for stationary planetary waves between 1991-1992 
DJF (left column) and 1992-1993 DJF (right column) with DJF (1958-2002) without 
violent volcanic eruptions (Agung, 1963-1966; El Chichon, 1982-1984; Pinatubo, 1991-
1993) (NCEP/NCAR RA) for ZWN 1 wave (first row), ZWN 2 wave (second row) and 
ZWN 3 wave (bottom row). Unit of ( <0) is %. 
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a)                                                                     b)                                              
 
 
 
 
 
 
 
 
 
c)                                                                     d)                                              
 
 
 
 
 
 
 
 
 
e)                                                                     f)                                             
 
 
 
 
 
 
 
 
 
g)                                                                     h)                                             
 
 
 
 
 
 
 
 
 
 
 
Figure B.15. E-P flux and divergence for stationary planetary waves in DJF of 1963-1964 
(left column), and1964-1965 (right column) (NCEP/NCAR RA) for ZWN 1 wave (first 
row), ZWN 2 wave (second row), ZWN 3 wave (third row) and ZWN1+2+3 wave 
(bottom row). Divergence contour interval is 1 ms-1day-1, the unit of vector is kg s-2. 
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a)                                                                     b)                                               
 
 
 
 
 
 
 
 
 
c)                                                                     d)                                               
 
 
 
 
 
 
 
 
 
e)                                                                     f)                                              
 
 
 
 
 
 
 
 
 
 
g)                                                                     h)                                               
 
 
 
 
 
 
 
 
 
Figure B.16. Difference of E-P flux and divergence for stationary planetary waves 
between 1963-1964 DJF (left column), and 1964-1965 DJF (right column with DJF 
(1958-2002) without violent volcanic eruptions NCEP/NCAR RA) for ZWN 1 wave 
(first row), ZWN 2 wave (second row), ZWN 3 wave (third row) and ZWN1+2+3 wave 
(bottom row). Divergence contour interval is 1 ms-1day-1, the unit of vector is kg s-2. 
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a)                                                                    b)             
 
 
 
 
 
 
 
 
 
c)                                                                     d)            
 
 
 
 
 
 
 
 
 
e)                                                                     f)     
 
 
 
 
 
 
 
 
 
 
g)                                                                     h)   
 
 
 
 
 
 
 
 
 
 
Figure B.17. E-P flux and divergence for stationary planetary waves in DJF of 1982-1983 
(left column) and 1983-1984 (right column) (NCEP/NCAR RA) for ZWN 1 wave (first 
row), ZWN 2 wave (second row), ZWN 3 wave (third row) and ZWN1+2+3 wave 
(bottom row). Divergence contour interval is 1 ms-1day-1, the unit of vector is kg s-2. 
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a)                                                                     b) 
 
 
 
 
 
 
 
 
 
c)                                                                     d) 
 
 
 
 
 
 
 
 
 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
g)                                                                     h) 
 
 
 
 
 
 
 
 
 
 
Figure B.18. Difference of E-P flux and divergence for stationary planetary waves 
between 1982-1983 DJF (left column) and 1983-1984 DJF (right column) with DJF 
(1958-2002) without violent volcanic (NCEP/NCAR RA) for ZWN 1 wave (first row), 
ZWN 2 wave (second row), ZWN 3 wave (third row) and ZWN1+2+3 wave (bottom 
row). 



Appendix B 126

a)                                                                    b)             
 
 
 
 
 
 
 
 
 
 
c)                                                                     d)            
 
 
 
 
 
 
 
 
e)                                                                     f)     
 
 
 
 
 
 
 
 
 
 
g)                                                                     h)   
 
 
 
 
 
 
 
 
 
 
Figure B.19. E-P flux and divergence for stationary planetary waves in DJF of 1991-1992 
(left column) and 1992-1993 (right column) (NCEP/NCAR RA) for ZWN 1 wave (first 
row), ZWN 2 wave (second row), ZWN 3 wave (third row) and ZWN1+2+3 wave 
(bottom row). Divergence contour interval is 1 ms-1day-1, the unit of vector is kg s-2. 
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a)                                                                     b) 
 
 
 
 
 
 
 
 
 
c)                                                                     d) 
 
 
 
 
 
 
 
 
 
e)                                                                     f) 
 
 
 
 
 
 
 
 
 
g)                                                                     h) 
 
 
 
 
 
 
 
 
 
 
Figure B.20. Difference of E-P flux and divergence for stationary planetary waves 
between 1991-1992 DJF (left column) and 1992-1993 DJF (right column) with DJF 
(1958-2002) without violent volcanic (NCEP/NCAR RA) for ZWN 1 wave (first row), 
ZWN 2 wave (second row), ZWN 3 wave (third row) and ZWN1+2+3 wave (bottom 
row). Divergence contour interval is 1 ms-1day-1, the unit of vector is kg s-2. 
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a)                                                                     b)                                               
 
 
 
 
 
 
 
 
 
c)                                                                     d)                                               
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g)                                                                     h)                                               
 
 
 
 
 
 
 
 
 
Figure B.21. Difference of E-P flux and divergence for stationary planetary waves 
between 1963-1964 DJF (left column), and 1964-1965 DJF (right column with DJF 
(1958-2002) without violent volcanic eruptions NCEP/NCAR RA) for ZWN 1 wave 
(first row), ZWN 2 wave (second row), ZWN 3 wave (third row) and ZWN1+2+3 wave 
(bottom row). Divergence contour interval is 1 ms-1day-1, the unit of vector is kg s-2. 
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Figure B.22. Difference of E-P flux and divergence for transient planetary waves between 
1963-1964 DJF (left column), and 1964-1965 DJF (right column with DJF (1958-2002) 
without violent volcanic eruptions (Agung, 1963-1965; El Chichon, 1982-1984; 
Pinatubo, 1991-1993) (NCEP/NCAR RA) for unfiltered wave (first row), low-pass 
filtered wave (second row) and band-pass filtered wave (third row). Divergence contour 
interval is 1 ms-1day-1, the unit of vector is kg s-2. 
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g)                                                                     h) 
 
 
 
 
 
 
 
 
 
Figure B.23. Difference of E-P flux and divergence for stationary planetary waves 
between 1982-1983 DJF (left column) and 1983-1984 DJF (right column) with DJF 
(1958-2002) without violent volcanic (NCEP/NCAR RA) for ZWN 1 wave (first row), 
ZWN 2 wave (second row), ZWN 3 wave (third row) and ZWN1+2+3 wave (bottom 
row). 
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Figure B.24. Difference of E-P flux and divergence for transient planetary waves between 
1982-1983 DJF (left column) and 1983-1984 DJF (right column) with DJF (1958-2002) 
without violent volcanic eruptions (Agung, 1963-1966; El Chichon, 1982-1984; 
Pinatubo, 1991-1993) (NCEP/NCAR RA) for unfiltered wave (first row), low-pass 
filtered wave (second row) and band-pass filtered wave (third row). Divergence contour 
interval is 1 ms-1day-1, the unit of vector is kg s-2. 
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Figure B.25. Difference of E-P flux and divergence for stationary planetary waves 
between 1991-1992 DJF (left column) and 1992-1993 DJF (right column) with DJF 
(1958-2002) without violent volcanic (NCEP/NCAR RA) for ZWN 1 wave (first row), 
ZWN 2 wave (second row), ZWN 3 wave (third row) and ZWN1+2+3 wave (bottom 
row). Divergence contour interval is 1 ms-1day-1, the unit of vector is kg s-2. 
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Figure B.26. Difference of E-P flux and divergence for transient planetary waves between 
1991-1992 DJF (left column) and 1992-1993 DJF (right column) with DJF (1958-2002) 
without violent volcanic eruptions (NCEP/NCAR RA) for unfiltered wave (first row), 
low-pass filtered wave (second row) and band-pass filtered wave (third row). Divergence 
contour interval is 1 ms-1day-1, the unit of vector is kg s-2. 
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