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ABSTRACT

This thesis presents an observational study of a 

wave-mean flow interaction during a stratospheric sudden 

warming in the southern hemisphere with the aid of the 

new diagnostic concepts: The transformed Eulerian-mean 

equations and the Eliassen-Palm flux.

The waves are presented in the form of Eliassen-Palm 

flux cross sections and a. good correlation during the 

forcing period is found between the flux convergence and 

the zonal mean wind deceleration; a deceleration of the 

zonal mean zonal wind is observed in the upper 

stratosphere and subtropical latitudes, with an 

acceleration south of that. In spite of the 

quantitative agreement of the flux convergence and the 

zonal mean wind deceleration with that found in a 

typical observed stratospheric major warming in the 

northern hemisphere, the reversal of the westerlies did 

not take place.

Although the warming is characterised by wavenumber 

one, the maximum deceleration is caused by a dominant 

wavenumber two forcing in middle and upper stratosphere.

The northward component of residual circulation is 

calculated by two independent methods; one by the 

transformed Eulerian-mean momentum equation, and the
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other by an Omega equation. Both methods show good 

qualitative agreement, with a dominant southward flow.

The method of Matsuno's refractive index is used as a 

diagnostic tool to give insight into the direction of 

the Eliassen-Palm flux. The channelling of the flux 

from the lower stratosphere to the deceleration region 

in the upper stratosphere seems consistent with the 

regions of positive refractive index squared.



CHAPTER 1 

INTRODUCTION AND CURRENT OBSERVATIONAL UNDERSTANDING

1.1 THE SCOPE OF THIS THESIS

Studies of stratospheric sudden warming phenomena . 

have almost entirely been carried out for the northern 

hemisphere, partly for the reason that more complete 

coverage of data sets exist than for the southern 

hemisphere, and partly because the major sudden warmings 

of the north provide particularly spectacular examples 

of wave-mean flow interaction. Nonetheless the southern 

hemisphere stratosphere may be expected to show 

interesting variations from the northern pattern, 

providing a rather different climate in which the new 

concepts of the appropriate theories may be tested.

Using the data from the Selective Chopper Radiometer 

(hereafter SCR) carried by Nimbus 5^, it has been 

possible to study a wave-mean flow interaction in the 

southern hemisphere during the upper stratospheric 

sudden warming of July 1974. The aims of this thesis, 

therefore, were (i) to investigate the dynamical 

processes which took place during the warming of 1974. 

by using the transformed Eulerian-mean equations and the 

Eliassen and Palm (hereafter E-P) flux as diagnostic 

tools, (ii) to use the property of Matsuno's refractive 

index to indicate the expected features of planetary 

wave propagation. by computing refractive indices
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(assuming the validity of the approximate theory) at the 

onset of the warming period, relating them to the 

observed field of E-P flux at that time, (iii) to 

compare the behaviour of the southern hemisphere 

stratospheric warming of 1974 with the results of 

previous warming studies in the northern hemisphere, 

thereby, supporting or otherwise their fairly consistent 

findings, and perhaps providing new information on the 

less certain characteristics of warmings in the southern 

hemisphere.

Chapter 2 is divided into two parts; the first part 

gives a review to the theory of vertical wave 

propagation and its relation to the zonal mean flow in 

light of the analytical studies of wave propagation by 

Charney and Drazin (1961) and Dickinson (1968a.b) and 

modelling studies of Matsuno (1970, 1971) and Simmons 

(1974). One important aspect of this thesis is to find 

to what extent the observations support or casf doubt 

upon the theoretical predictions concerning the 

behaviour of the stratosphere during a sudden warming in 

the southern hemisphere.

The new ideas of the transformed Eulerian-mean 

equations and the E-P flux cros s - sections brought by 

Andrews and Mclntyre (1976, 1978) and Edmon et 

al.(19BO), have increased our understanding of the 

dynamics of the winter stratosphere by directing our



attention to the most important features of sudden 

warming events. A review of these ideas J. given in 

the second part of chapter 2, together with examples of 

using the transformed Eulerian-mean equations and E-P 

flux as diagnostic tools to examine the wave-mean flow 

interaction in the northern hemisphere stratospheric 

warmings. An important part of this study was. 

therefore, to apply these new theoretical ideas to the 

southern hemisphere stratospheric warming of 1974.

In chapter 3 we discuss the sources of data. We 

briefly describe the basic theory of remote sensing. We 

show how temperatures can be inferred from the SCR 

radiances and how meaningful temperature profiles are 

thus obtained. The first part of the chapter gives a 

general description of SCR data; this reflects the 

relative size and importance of the SCR data set, 

together with the vast amount of computation necessary 

to reduce the set. Having obtained uniform data sets, 

the method of zonal harmonic analysis is considered for 

further data reduction.

In chapter 4, we have the first of our chapters 

containing results. The computation involved in the 

preparation of these results was by far the greatest, 

and the diagrams presented in this thesis represent only 

a small fraction of the maps that were produced. The 

main purpose of this part of the chapter is to provide a
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fairly detailed insight into the vertical structure of 

the stratospheric temperature and height fields during 

the period of the sudden warming. At the end of the 

chapter, the evolution of zonal mean zonal wind fields 

are described for the sake of the main emphasis in later 

chapters.

The results of the study based on the ideas presented 

in chapter 2 are given in chapters 5 and 6. In chapter 

5 the E-P flux cros s sections of total wavenumbers 1-3 

and the individual wave numbers during the event are 

described. A number of studies on sudden warmings in 

the northern hemisphere have dealt with the question of 

which wavenumber is more dominant during the forcing of 

the zonal mean flow by the eddies. This topic is 

. The residual meridional circulation of the 

upper stratosphere during the strong wave activity 

period was examined by two different methods. Chapter 6 

deals with the application of Matsuno's refractive index 

during this event, and an insight into the vertical wave 

propagation behaviour is given.

Chapter 7 contains the summary, final conclusions and 

further suggestions regarding possible future research.

1.2 DIFFERENCES IN THE STRATOSPHERE BETWEEN THE HEMISPHERES

The basic wind flow in the stratosphere is largely 

dependent on heat sources and sinks in the stratosphere
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itself. During winter a cold pole exists, around which 

flow westerly winds. Easterly winds flow around a warm 

summer pole and during the equinoxes the winds are 

generally weak westerly.

The advent of satellite measurements of the 

stratosphere has led many workers to study the southern 

hemisphere stratospheric circulations and to the 

discovery of inter-hemispheric differences in thermal 

fields, zonal mean winds and planetary waves. These 

studies can be found in the literature, e.g. Labitzke 

and Van Loon (1972), Labitzke and Barnett (1973), 

Labitzke (1974), Barnett (1974),Adler (1975a), Harwood 

(1975), Leovy and Webster (1976), Hirota (1976), 

Hartmann (1976a,b and 1977), Barnett (1977), McGregor 

and Chapman (1979), Labitzke (1980, 1981a), Mechoso and 

Hartmann (1982), Hirota et al.(1983), Hartmann et 

al.(1984), and Shiotani and Hirota (1984). All these 

studies show notable differences between the two 

hemispheres. In particular, the zonal mean temperature 

of the middle and upper stratosphere in the polar region 

shows a seasonal cycle with maximum around the summer 

solstice, the amplitude being larger in the southern 

hemisphere. This could be linked with the variation in 

incident radiation brought about by the ellipticity of 

the earth's orbit around the sun (Barnett, 1974). 

causing colder winters and warmer summers in the south 

than the north, and due to the variation of temperature
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in the northern hemisphere winters as a result of larger 

stratospheric warmings. Examples of the differences in 

temperature between the two hemispheres in winter and 

summer can be seen in Figure 1 . 1 taken from Murgatroyd 

(1982). Another feature associated with the difference 

of temperature structure between the two hemispheres, is 

the considerably larger winter westerlies in the 

mid-latitude middle and upper stratosphere of the 

southern hemisphere. An example of that can be seen in 

Figure 1.2 taken from Murgatroyd.

The general inter-hemispheric differences in zonal 

mean temperatures and winds behaviour are both 

consequences of and controlling factors for the 

inter-hemispheric differences in wave activity: In 

particular, the smaller amplitudes in the winter 

southern hemisphere of quasi-stationary planetary waves 

and their reduced westward slopes with height allowing 

for insufficient poleward transport of eddy heat flux. 

In the northern hemisphere, amplitudes of both wave 

number 1 and 2 are significant, while only wavenumber 1 

has the largest amplitude in the southern hemisphere. 

There is no doubt that for the most part these 

inter-hemispheric differences must be attributed to 

differences in surface topographical features and 

land-sea temperature differences.
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Figure 1 . 1 Representative zonal mean temperature 

(°K) cross-sections from pole to pole in

January (a). and July (b). 

Murgatroyd. 1982).
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Figure 1.2 Zonal mean geostrophic wind (ms ) in 

January (a), and July (b). (From

Murgatroyd, 1982).
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One of the most important phenomena occurring in the 

stratosphere is that of the "sudden stratospheric 

warming".

The sudden warming is a stratospheric phenomenon, 

discovered by Sherhag in 1952, who observed for the 

first time a sudden increase in the radiosonde 

temperature data at 10mb over Berlin, Germany, on 

January 30, 1952. This phenomenon was later observed by 

Lowenthal (1957), Teweles (1958), and Craig and Hering 

(1959), when the American radiosonde network recorded a 

strong mid-winter warming in 1957 in the middle 

latitudes over North America. Although each of these 

warmings and subsequent events were studied as closely 

as the data allowed, it was only with the advent of 

satellites that really extensive data sets became 

available during warming events. Quiroz (1971), 

Labitzke and Barnett (1973), Barnett (1974), Quiroz 

(1974, 1975), Quiroz et al.(1975), Kanzawa (1980), 

Labitzke (1981b), Palmer (1981a,b), O'Neill and 

Youngblut (1982). and Kanzawa (1982) all used satellite 

data to observe northern hemisphere warmings.

The detailed data sets available from satellites have 

led many workers to create idiosyncratic classification 

systems for stratospheric warmings, which differ from 

those of other authors. Therefore standard definitions
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of warmings have been set by the World Meteorological 

Organization (WHO). The newly defined criteria were 

used for the first time during the 1974/1975 northern 

hemisphere winter. In this thesis, however, we will 

refer to the definitions during the description of the 

1973 and 1974 northern hemisphere warming phenomena, 

they were taken from Watson (1976) and are as follows:-

( 1 ) A warming is called MINOR if there is a 

temperature increase of at least 25 deg. in a week or 

less, observed by balloon-sondes or rocketsondes , or 

inferred by radiances measured from satellites, at any 

stratospheric level in any area of the winter 

hemisphere. Warmings which do not meet this criterion 

may be said to be local warmings.

(2) A stratospheric warming is said to be MAJOR if at

10 mb or below the latitudinal mean temperature

o increases polewards from 60 N and an associated

circulation reversal is observed (i.e. net mean easterly 

winds are established north of 60 N).

As a result, the following observational 

characteristics of the sudden warmings in the northern 

hemisphere have been established:-

(i) The warming takes place when there is a migration, 

in the course of 1-2 weeks of the hot centre of the 

stratospheric thermal system from middle to polar 

latitudes.



(ii) The maximum warming occurs significantly earlier in 

the upper stratosphere at high latitudes, and downward 

propagation of warming is observed into lower layers, 

(iii) In the northern hemisphere midwinter major 

warming, there is typically a rapid reversal of the 

zonal mean wind from westerly to easterly through the 

entire polar stratosphere. in association with an 

induced reversal of the meridional temperature gradient. 

These reversals evolve over a period of a week or less; 

they affect the entire stratospheric and mesospheric 

circulation (Holton, 1975), and - on at least one event 

- have been known to extend into the lower troposphere 

(O'Neill and Taylor, 1979).

A large amount of work in the field of stratospheric 

warmings in the northern hemisphere has been done since 

1950, but very little information is known about 

southern hemisphere warmings, the reason being that 

there was so little radiosonde and rocketsonde data 

available for the southern hemisphere, but despite this 

Phillpot (1969) had managed to make a useful analysis of 

warmings in the antarctic stratosphere using data from 

the southern hemisphere upper-air stations. Thereafter, 

preliminary documentation of these events based on 

satellite infrared measurements was first accomplished 

from TIROS 7 data (Shen et a1.,1968), but thorough 

documentation was not possible until after the existence 

of multi-channel radiometers such as the Satellite



Infrared Spectrometer instrument in 1969 and the 

Selective Chopper Radiometer in 197C. By using raw 

radiance data the warming in the southern stratosphere 

was studied by several authors e.g. Fritz (1970). Fritz 

and Soules (1970), Miller et al. (1970), Labitzke and 

Van Loon (1972), Quiroz (1974), and Barnett (1975).

Schoeberl (1978) and Mclnturff (1978) provided 

major reviews of stratospheric warmings in both 

hemispheres. Schoeberl's statistical presentation 

showed that major warmings apparently occur only in the 

northern hemisphere, and minor warmings, for which there 

is not a circulation reversal, fairly commonly in both 

hemispheres.

The midwinter stratospheric sudden warmings of the 

southern hemisphere, in contrast to the north, are found 

to be confined to the middle and upper stratosphere and 

do not lead to a reversal of the stratospheric jet, 

despite the occurrence of local (i.e. not zonally 

averaged) temperature increase of similar magnitude to 

those reported in the north (Labitzke and Van loon, 

1972; Barnett , 1975 ) .

An explanation of the cause of sudden warming is that 

the increased eddy heat and momentum fluxes on the zonal 

mean temperature and wind fields lire opposed by an 

induced mean meridional circulation, where normally
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there is a balance between the forcing by the eddies on 

the mean flow and the action of the mean meridional 

circulation, but instead, the balance is perturbed 

resulting in net polar latitude warming and deceleration 

of the westerly flow. More detailed description of the 

theory of sudden warmings and wave-mean flow interaction 

is given in the next chapter.
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CHAPTER 2 

CURRENT THEORETICAL UNDERSTANDING

2.1 PLANETARY WAVE PROPAGATION AND THE ZONAL MEAN FLOW

The relation between the vertical propagation of 

planetary waves and zonal mean flow have been 

investigated in analytic studies (e.g. Charney and 

Drazin, 1961; Dickinson, 1968a,b ) and modelling studies 

(e.g. Matsuno, 1970; Simmons, 1974)

Charney and Drazin (1961) were the first to discuss 

in detail the vertical propagation of planetary waves. 

They considered a zonal flow which was a function of 

height only and found that the refractive index for the 

planetary waves, which governs the vertical propagation 

energy, depends primarily on the zonal mean wind 

distribution with height. They concluded that waves are 

reflected (energy trapped) in regions where the zonal 

winds are easterly or large westerly. Vertical 

propagation is greater for larger wavelengths. It was 

later shown by several workers (e.g. Andrews and 

Mclntyre, 1976) that in steady state conditions; steady 

waves , and zonally travelling waves with constant 

amplitude do not produce a mean transport of eddy 

potential vorticity and hence do not change the mean 

potential vorticity or the mean zonal wind. This 

" non-acceleration" or Charney-Drazin theorem shows that 

time varying wave-amplitudes (transience) or dissipation
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(including the effects of critical level i.e. at which 

the zonal mean wind velocity is zero ) are required to 

change the mean wind field. This concept is fundamental 

to many studies. e.g. theories of sudden warmings 

(Matsuno. 1971), which will be discussed in more detail 

in the next section .

Oickinson (19S8a) derived an approximate linearized 

analytic model on a spherical geometry for further 

development of the conclusion of Charney and Drazin. 

Dickinson found that in an atmosphere with zonal wind 

velocities of the order of the maximum winds observed in 

the mid-winter stratospheric jet there will always be 

two or more planetary wave modes that can propagate 

vertically.

In the analysis discussed above the latitudinal 

variation of the zonal wind had been neglected. 

Oickinson (1968b) extended the above study by using an 

adiabatic linear model in order to investigate the role 

of horizontal wind shears in the vertical propagation of 

stationary planetary waves. He showed that the zonal 

wind variation was of significant importance. Wave 

guides are discussed which are formed by regions of weak 

westerly winds. Two types of wave guide were proposed; 

a "polar wave guide" formed by the trapping of waves 

between strong westerly (i.e. westerly jet) and the 

poles (Figure 2.1), and a "tropical wave guide" formed
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POU

Figure 2.1 Schematic picture of the distribution of 

barriers (shaded) and the resultant wave 

propagation showing the situation in 

"polar wave guide". (After Dickinson,

1968b).
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by the trapping of waves between strong westerly wind 

and the zero wind line ( critical level ). In a further 

work (Oickinson, 1969) it is shown that diabatic damping 

due to cooling (treated linearly) results in large 

attenuation of planetary waves propagating in weak 

westerly flows; this explains the absence of large 

vertical wave propagation into the stratosphere and 

mesosphere predicted by Charney and Drazin at the 

equinoxes .

More research into the vertical propagation of 

stationary planetary waves has been carried out by 

Matsuno (1970). In his analysis he is concerned with 

stationary waves forced from the troposphere in the 

northern hemisphere winter. Matsuno obtained a 

numerical solution to the linearized equation, assuming 

a realistic profile of zonal winds as the basic state 

and imposing observed monthly mean heights on the 500mb 

surface as a forcing boundary. In contrast to Dickinson 

(1968b), he found tendency for waves to propagate in 

strong westerlies. Using a steady-state,

quasi-geostrophic model, Matsuno showed wave propagation

2 
to be influenced by the quantity R , analogous to

K

refractive index squared and defined by (see Appendix 1 

for the notations)

R 2 = ad[q]/[uia* - k 2 /cos 2 4> - f^a 2 /4N 2 H 2 (2.1)
K
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with d[q]/64> = {2(Q + [>]) - O ].. + 3tan*Cw].
99 9

- (fa/NH) 2 (p[u] ) /p} cos* (2.2)n n

and [w] = [u] / acos4>

The subscripts (t> and n represent differentiation with 

respect to that variable. dCq]/d+ is the latitudinal

gradient of mean potential vorticity, ^M].. tne 

curvature of the zonal mean wind profile in the

latitudinal direction, and respectively Cuj], and Cu»]
9 n

are the horizontal and vertical shear of the zonal mean 

wind. Equation (2.1) represents the effect of the zonal 

mean wind on the wave propagation in which the eddy 

field is Fourier analysed into components by zonal

wavenumber (k) and each component propagates separately

2 as determined by the quantity R . Wave propagation is
K

2 favoured where R is large and positive and inhibited
K

2 where R is negative, the latter will be the case when:
K

a) 3[q]/d* is small or negative, b) 4> is large, or c) k 

is large.

In Matsuno's model a mid-latitudes region of small 

d[q]/34> gave a low refractive index and wave energy was 

reflected away from mid-latitudes into the zonal jet 

(Figure 2.2).
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Figure 2.2 Schematic picture of the distribution of 

barriers (shaded) and the resultant wave

propagation. (After Matsuno, 1970).



Simmons (1974) considered models of steady planetary 

scale disturbances forced in the winter stratosphere. 

He also showed that the use of a zonal wind profile 

dependent on the latitudinal gradient of potential 

vorticity leads to strong westerly wind wave guides. 

Simmons confirmed Matsuno's findings that in regions of 

strong westerlies, the term Cuj],. in equation (2.2) has
99

an important effect in determining the vertical 

propagation. The disagreement between Oickinson's 

results and those of both Matsuno and Simmons depends on 

their approximations of the latitudinal gradient of 

potential vorticity (equation (2.2)). Dickinson omitted

the terms involving Cu»], and [w].. . He therefore
9 99

2 obtained low values of R where [u] was high and waves
K

were refracted away from regions of strong zonal mean 

wind .

Later workers have shown that Matsuno's refractive 

index for stationary waves can be used to predict the 

vertical propagation of planetary waves, particularly 

for waves with smallest wavenumbers, if the WKB 

approximations are valid, that is, if the mean basic 

state is steady or slowly varying in the vertical and 

meridional directions as well as in time, and the 

wavelength of the wave is small. For stratospheric 

sudden warmings the assumptions are not met. However, 

the applications of Matsuno's refractive index to the



problem of sudden stratospheric warmings have greatly 

aided recent attempts (e.g. Palmer, 1981b; O'Neill and 

Youngblut, 1982; Butchart et.al. 1982; Kanzawa, 1982) to 

understand more fully the wave behaviour during the 

warmings. some examples of the use of the refractive 

index to diagnose the wave propagation during the build 

up of a northern hemisphere stratospheric warming will 

be given in section 2.4 .

The ideas of this section will be used in chapter 6 

to study the propagations of planetary waves in zonal 

mean flow which is sheared in both the vertical and 

meridional directions for the southern hemisphere 

stratospheric warming of 1974.

2.2 NUMERICAL SIMULATION MODELS OF SUDDEN WARMINGS

The purpose of this section is to present a very 

brief review of several models used in simulating the 

stratospheric warming phenomenon in the northern 

hemisphere.

The dynamical mechanism underlying the phenomenon of 

a sudden stratospheric warming was first suggested by 

Matsuno (1971). The hypothesis is that a sudden 

increase in planetary scale wave forcing would generate 

a large amplitude wave in the stratosphere, which then 

interacts with the mean flow to produce a warming. 

Matsuno showed that when the waves are in their



amplifying stage they can cause a deceleration of the 

zonal mean wind and an increase of the zonal mean 

temperature poleward of the latitude where the height 

wave amplitude is maximum and a decrease on the 

equatorward side (Figure 2.3). Matsuno indicated that 

the magnitude of the deceleration should increase with 

height, because wave amplitude increases with the 

decrease of air density. As a result the mean flow may 

become easterly at high levels in the stratosphere, thus 

forming a critical level, where according to linear wave 

theory further vertical propagation of the waves is 

prohibited (Charney and Drazin, 1961). Matsuno tested 

his proposed mechanism of interaction with the aid of a 

numerical model. Several authors (Geisler, 1974; 

Holton, 1976; Schoeberl and Strobel, 1980) confirmed the 

main results of Matsuno by simulating sudden 

stratospheric warmings in similar models. Their models 

had only one wave as forcing at the lower boundary and 

did not allow for nonlinear wave-wave interaction. 

Observations, however, have shown that there is more 

than one planetary wave involved in many sudden warming 

events (Koermer and Kao, 1980; Labitzke, 1981a; Palmer, 

1981a; Smith et al., 1984). In modelling studies. Lordi 

et al.(19BO), Hsu (1981), Palmer and Hsu (1983). and 

Austin and Palmer (1984) showed simulation results of 

wave-wave interaction. Hsu concluded that the presence 

of interaction of wavenumber 1 and 2 results in a 

stronger wave propagation, more intense warming, and a
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Figure 2.3 The changes of zonal mean fields caused 

by planetary waves incident on a critical 

level (Z ) as shown in the meridional 

plane. (a) time change of isobaric 

heights (solid lines, m/day), and that of 

zonal winds (dashed lines, m/s.day). (b) 

time change of temperature ( c/day). 

(From Matsuno, 1971).
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more rapid deceleration of the zonal mean wind.

In this section we have pointed out that simulated 

studies have shown that the mechanism of wave-mean flow 

interaction is responsible for the phenomenon of a 

sudden stratospheric warming. In the next section, the 

detailed relationships between the waves, and the mean 

flow will be illustrated.

2.3 THE ELIASSEN AND PALM FLUX

The classical study of vertical wave propagation in 

the zonal mean atmosphere by Eliassen and Palm (1960) 

investigated the possibility that the energy of 

planetary-scale disturbances of the troposphere can 

propagate into the stratosphere. They showed that 

poleward eddy momentum flux implies equatorward flux of 

geopotential (energy) and poleward eddy heat flux, 

upward flux of geopotential when the zonal mean wind is 

westerly. Based on similar ideas, Andrews and Mclntyre 

(1976, 1978) have introduced the so-called generalized 

Eliassen-Palm (E-P) relation for accelerations of zonal 

mean flows, which is an extension of the 

non-acceleration theorem (see Charney and Drazin, 1961). 

A review of these theoretical advances is given by 

Holton (1960). These theoretical advances laid the 

ground work for later workers (e.g. Edmon et al.,1980) 

to emphasize the virtue of the so-called Eliassen-Palm 

(E-P) flux as a diagnostic tool for the interaction of
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waves with the mean flow.

Theoretical advances have led to the development and 

use of improved diagnostic tools for use with observed 

and model data with specific application to 

stratospheric sudden warmings. These diagnostic tools 

include the "transformed Eulerian-mean circulation" and 

the "E-P flux vector and its divergence". These 

diagnostics arise out of the zonal mean momentum and 

thermodynamic equations, which for frictionless and 

quasi-geostrophic approximations reduce to the following 

form (e.g. Palmer,1981 a) in log-pressure coordinates, 

using notation as detailed in Appendix 1:

u] t -f[v*] = (V.F) (p Q /pacos4») (2.3)

C83 t = -C01 Cw*] + [Q] (2.4)

* * . 
[v ] and [w ] are the residual zonal-mean meridional

circulation defined by

[v*] = [v] - (pCv 0 3/C0] ) /p (2.5)

Cw ] = [wj + ( 1/acos*) (cos+Cv 0 ]/C6] K (2.6)

Under quasi-geostrophic scaling the E-P flux F in 4>. 

coordinates is given by
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F = {F ( + r F (n) } (2 - 7)

= - (P/P Q )acos4>[v u ] (2.8)

F (n) = (P/P Q )afcos4>( [v 0 ]/C0] ) (2.9)

and the divergence of F is

V.F = ( 1/acos+) (cos*(F, . . ) ) . + (F. .) (2.10)(<M <t> (n) n

The subscripts t, and the non bracketed 4> and n 

represent differentiation with respect to that variable. 

The star (*) denotes residual, and the square bracket ([ 

] ) and the prime ( ' ) denote the zonal mean and the 

departure therefrom, respectively.

The physical meaning of equation (2.3) is that the 

change of angular momentum of zonal mean motion [u]

could be due to the Coriolis torque acting on the

* 
residual mean meridional flow (fCv ]) as well as due to

the divergence of F. Therefore, F can be interpreted as 

a wave angular-momentum flux, where the F. -component 

of F (equation (2.8)) is the horizontal eddy flux of 

angular momentum and F. -component of F (equation 

(2.9)) the vertical eddy flux of angular momentum.

In order to interpret the zonal-mean effect of waves 

on temporal variations in the zonal mean wind. a
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quantity which we will call the "eddy forcing term" (EF) 

is defined as

EF = (V.F)(p /pacos4>) (2.11)

and equation (2.3) is rewritten as

[u] t - f [v ] = EF (2.12)

EF is the sole forcing of the zonal mean wind by the 

eddies (Andrews and Mclntyre, 1976, 1978)

The advantages of using the transformed Eulerian-mean 

equations, together with the E-P flux and its 

divergence, have been discussed in detail by Edmon et 

al.,(1980). Ounkerton et al.,(1981), Palmer (1982). and 

O'Neill and Youngblut (1982). But brief summary is 

given for completeness.

(1) The transformed Eulerian mean equations have the 

virtue that the direct effect of the eddy momentum and 

heat fluxes on the mean flow is collected into one term 

the eddy forcing term (divergence of the E-P flux) , 

suggesting that the E-P flux divergence is a most 

appropriate diagnostic for wave-mean flow interaction 

(see Andrews and Mclntyre, 1976, 1978).
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(2) 7.F for all eddies can be shown to be 

proportional to the northward flux of quasi-geostrophic 

potential vorticity [v q ] (see Edmon et al.,1980; 

Palmer, 1982) which supports the hypothesis that it is a 

discerning measure of wave- mean flow interaction.

C3) F is non-divergent under adiabatic frictionless
A 

s
conditions.

(4) F also provides information on the magnitude and 

direction of eddy heat and momentum fluxes; for example, 

a typical planetary wave which has poleward fluxes, F 

points upward and equatorward.

(5) F can be considered a conservative measure of the 

wave density propagation from one region of the 

meridional plane to another (see e.g. the discussion in 

Mclntyre, 1982 ) .

(6) For planetary waves on a slowly-varying zonal 

wind, such that WKB theory is valid, F is parallel to 

the projection of the group velocity onto the 

vertical-meridional plane (Palmer, 1982; Karoly and 

Hoskins, 1982)

The basic theory of E-P cross sections, which are 

latitude-height sections showing the E-P flux by arrows
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and its divergence by contours, is discussed by Edmon et 

al.(l9BO). These E-P cross sections have been used as a 

standard diagnostic of the northern hemisphere 

stratospheric sudden warming disturbances by showing the 

E-P flux by vectors and the torque (EF in equation 

(2.12)) on zonal mean flow by contours in model and 

observed data (examples of the use of E-P cross sections 

in the northern hemisphere stratospheric sudden warming 

will be given in the next section).

The graphical representation of the E-P cross 

sections used in this study follows that used by 

Dunkerton et al.,(19B1). By considering the zonal mean 

angular momentum, the form used for 7.F in the (<t>, q) 

plane is

A = <2iracos«MF ( ^ ) ) ) + ( 2ira 2 cos*( F ) ) (2.13)

Similarly, if arrows are drawn whose horizontal and 

vertical components are the differentiated quantities in 

(2.13)

' F ( n )>

then the arrows will appear non-divergent if V.F = 0 

To calculate the horizontal and vertical arrow
A A.

components, the numerical values of F . . and F. . are 

multiplied by the distances occupied by a unit of
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latitude and a unit of log pressure on the diagram. 

This determines the directions and relative magnitudes 

of the arrows uniquely. The arrow lengths are 

determined by a single constant which is chosen for 

graphical convenience.

The reason for choosing log-pressure in this study as 

a vertical coordinate is because E-P cross sections 

using pressure as the vertical coordinate are adequate 

for the troposphere or any region extending over a small 

number of scale heights only but they are not suitable 

for regions extending over many scale heights, such as 

the stratosphere and mesosphere. The difficulties 

concerning arrow scales for E-P cross sections extending 

over many scale heights are discussed in Edmon et 

al.(198Q). They concluded that the most practical 

vertical coordinate for such diagrams is log-pressure.

2.4 THE USE OF THE E-P FLUX AND REFRACTIVE INDEX TO DIAGNOSE 

NORTHERN HEMISPHERE STRATOSPHERIC SUDDEN WARMINGS

In this section we give a brief review of some of the 

more relevant papers on the use of E-P cross sections 

and Matsuno's (1970) refractive index to study the 

dynamics of sudden stratospheric warmings in the 

northern hemisphere in observations and models.

Before examining the papers which are directly 

related to the topic of interest, we should explain the
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relation between the E-P flux and refractive index. For 

steady conservative linear wave motion, the E-P flux F 

satisfies the 'generalized Eliassen-Palm relation 1 (see 

e.g. Edmon et al.{1980), and references therein)

(G)+V.F=0 (2.15)

For quasi-geostrophic waves, this is essentially the 

equation of conservation of potential enstrophy, where

G = (1/2) a [q 2 ] / [q]^ (2.16)

To the order of approximation used in equation (2.15), 

[q]. is time dependent, so from (2.15) and (2.16), it 

can be shown that F is convergent in regions of positive

[q]. for growing conservative linear waves (Palmer,

2 
1981b). Since R depends on Cq]. as shown in section

2
2.1, the associated diagnostics Cql. and R, appear to<t> k

be a useful check on the E-P flux divergence. Such an 

argument, however, relates mean flow diagnostics ([q].) 

to the E-P flux divergence rather than its size and 

direction. For changes in the zonal mean flow. 

Matsuno's (1970) "refractive index" may be a suitable 

diagnostic with which to study changes in the size and 

direction of the E-P flux. Palmer showed that E-P flux 

propagation is not possible in regions of negative 

refractive index squared. Palmer (1982) has discussed 

the E-P flux in spherical coordinates and its close
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relation to the group velocity of planetary waves and 

refractive index. He demonstrated that for 

quasi-geostrophic motions the direction of the group 

velocity is the same direction as the E-P flux, and that 

the group velocity is refracted towards larger values of

Matsuno's index of refraction squared divided by sine

"" 2 2 2 squared of latitude R = R / sin <t>. Karoly and
K K

Hoskins (1982) computed ray paths for several different

stratospheric wind structures. They related the rays to

2 
refractive indices which differ from R by

K

latitude-dependent geometric factors and showed that the 

waves were refracted towards large refractive index. 

Although the size of meridional gradient of refractive 

index varies depending on the geometric factors included 

in the definition, the directions of the gradients are 

similar in each case (see Palmer, 1982 for a discussion 

of the various definitions of refractive index).

In summary, the above studies related the E-P flux to 

the distribution of refractive index, and the following 

qualitative features are observed in accordance with 

theory; (a) little or no E-P flux into regions with 

negative refractive index, (b) E-P flux vectors are 

refracted up the gradient of refractive index i.e.

r, 2
towards the direction of maximum increase in R^ and

2 
away from the direction of decreasing R. .



Although the relationship between the refractive 

index and the E-P flux is only strictly valid for 

conservative, linear, steady WKB waves, the diagnostics 

presented below by O'Neill and Youngblut (1982), Palmer 

(1981b). and Butchart et al., (1982) show that the 

relationship holds qualitatively, for the case of a 

stratospheric warming.

O'Neill and Youngblut (1982) studied the 

stratospheric warmings of December and January 1976-77. 

They calculated the E-P flux and residual circulation 

for the observed wavenumber one warmings. They found 

that during the warming the E-P flux turned poleward, 

and it produced an E-P flux convergence and thereby 

wave-induced deceleration of the zonal mean flow in high 

latitudes (Figure 2.4). In addition, they calculated 

Matsuno's refractive index and ray paths and they 

suggested that the polar focussing of the E-P flux 

vectors could be due to the refraction of upward 

propagating planetary waves by a mean flow which is 

changing rapidly with time. Zonal mean wind changes 

occurring early in the warming or in a preceding minor 

warming produce a wind distribution for which ray paths 

are directed poleward. They concluded that the 

occurrence of such a wind distribution together with 

sufficient upward planetary wave flux from the 

troposphere leads to a final major warming stage. This
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(a)

(b)
80°N 60°N 30 e N

80°N 60° N 30° N

Figure 2.4 Distributions on 5 January 1977 of (a) 

EF and (b) [u] Units: 10~ 5 ms~ 2 . 

(From O'Neill and Youngblut, 1982).



- 38 -

conclusion is supported by the numerical experiments of 

Bridger and Stevens (1982). They found that the 

intensity of simulated warmings is very sensitive to the 

initial wind distribution. The zonal mean wind 

distribution which Bridger and Stevens found to be 

characteristic of a major warming corresponds fairly 

well with the initial pre-warming wind profile for which 

O'Neill and . Youngblut found E-P flux vectors were 

turning poleward. This mean wind distribution has a 

polar night jet which is not so strong at a relatively 

high latitudes, and relatively strong westerly winds 

below the jet core.

Palmer (1981a) investigated an observed wavenumber 

two warming (February, 1979). He showed that the E-P 

flux vectors are directed towards high latitudes and 

found that the deceleration of the zonal mean wind was 

closely associated with E-P flux convergence in those 

regions (Figure 2.5). Dunkerton et al.(1981) used a 

simulated model to calculate the E-P flux and the 

residual mean circulation of the same warming. They 

conclude that the poleward turning of the vectors was 

due at least in part to the development of a zero wind 

line in low latitudes. They also conclude that when the 

residual mean circulation is considered, the polar 

warming and tropical cooling which are associated with 

stratospheric wind reversals can be taken as the 

adiabatic response to a wave-induced torque (easterly)
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1000
80 70 60 50 40 30 20 

Latitude (degrees north)

Figure 2.5 Contours of EF for 21 February 1979 in

-4 - 2 
units of 10 ms with some integral

curves of E-P flux.

1 98 1 a ) .

(From Palmer ,



about the earth's axis. As the waves removs westerly 

momentum from the stratosphere, a poleward mean 

meridional circulation velocity develops with rising air 

motion in low latitudes and sinking near the pole.

The speculation that the zonal mean wind in Palmer's 

study may have caused the observed polar focussing of 

E-P flux was verified by Butchart et. al.(1982) in a 

series of numerical experiments using a 

three-dimensional primitive equation model of the 

stratosphere and mesosphere. Butchart et. al. showed

2 that refractive index, R defined by Palmer above, was
K

strongly influenced by the evolution of the zonal mean 

wind in their model. For an initial state given by a 

zonally averaged mid-winter climatology, in which the 

gradient of R is directed equatorward (Figure 2.6) ,
r\

they found that wavenumber-two flux which was upward 

propagating at the lower boundary (tropopause) , had 

curved towards the equator in the mid- and upper-model 

stratosphere. On the other hand, for an initial state 

given by the zonally averaged wind taken from Palmer's

study (Figure 2.7) , where the wind distribution gives
~ 2 

rise to a poleward directed gradient in R in
K

mid-latitudes (Figure 2.8), they found that upward 

propagating wavenumber two flux was initially directed 

towards higher latitudes in the model, causing a 

deceleration there. Further, Butchart et. al. found 

that by introducing a progressive phase ipeed into
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Matsuno's refractive index, then equation (2.1) becomes

R 2 = a3[q]/ ( [ u ]-aocos* ) B4> - k 2 /cos 2 4> - f 2 a 2 /4N 2 H 2
K

where a is the wave progressive speed. The values of 

refractive index were increased and a critical line (at 

which the wave phase velocity equals the zonal mean wind 

velocity) was positioned in a neighbourhood of the wind 

maximum. Mclntyre (1982) has argued that this critical 

line was crucial in accounting for the persistence of 

E-P flux focussing into high latitudes. The mechanisms 

for such focussing remains to be elucidated with 

confidence.

The above studies in the northern hemisphere have 

shown that the divergence of the E-P flux can act as a 

torque on the zonal mean flow representing the total 

mean effect of the waves. The transformed Eulerian-mean 

equations presented by Andrews and Mclntyre (1976, 1978) 

(in previous section) provide the clearest expression of 

this useful fact and form the basis of this thesis. 

Examination of the distribution of refractive index 

during the warmings is also shown to be useful in 

diagnosing stratospheric sudden warming.

In later chapters the ideas put forward in this 

section, together with the theories and computational 

procedures described in earlier sections. will be



adopted for an investigation of the wave activity in the 

stratospheric sudden warming of 1974 in the southern 

hemisphere.



CHAPTER 3 

DATA AND METHOD OF ANALYSIS

3.1 DATA AND METHOD OF REDUCTION

The basic data for this thesis are radiance data 

observed by the SCR instrument on the Nimbus 5 

satellite. Further details of the instrument are to be 

found in Ellis et al. (19731 and Barnett et al.(1975). 

The daily-mean radiance analyses are provided on a 

regular 4°x10° latitude-longitude grid. The analysis 

was carried out by the Department of Atmospheric Physics 

at Oxford University. In addition daily analyses of the 

height of the 200 mb surface have been provided by the 

Commonwealth Bureau of Meteorology at Melbourne. 

Australia. The Australian data set contains daily 47x47 

grid point data. The analysis method used is described 

in Seaman et al.(1977). The data are then translated 

onto a Nimbus-type grid.

A brief description of the principles of satellite 

measurement and retrieval of temperature profiles from 

SCR data are presented in sections 3.1.1 and 3.1.2 

respectively.

3.1.1 THE THEORY OF REMOTE SENSING

In this section we introduce the basic principles of 

remote sensing. This has been covered by other workers 

and the brief description given in this section is based
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on their works. For full information, the reader is 

referred to Kaplan (1959), Houghton and Smith (1970). 

Houghton and Taylor (1973), Houghton (1977). and 

Houghton et al. ( 1984) .

Kirchoff's law states that a body which absorbs some 

fraction of the radiation incident upon it will emit 

that same fraction of radiation which would be emitted 

by a black body at the same temperature. So by 

measuring the amount of radiation emitted by the body, 

an estimate to the temperature of that body can be made, 

providing the emissivity is known. For example, we can 

obtain estimates of atmospheric temperature from a 

satellite by measuring the amount of radiation emitted 

by a given atmospheric constituent (e.g. 0 CO ) over 

a certain frequency in the infra-red region of the 

spectrum.

The earth's atmosphere absorbs radiation at some 

wavelengths and transmits at others. Radiation at 

wavelengths where the absorption coefficients is high 

will only be emitted to space from high in the 

atmosphere, since radiation at these wavelengths 

originating from lower in the atmosphere will be 

re-absorbed by the atmosphere at higher levels. If 

these wavelengths can be selected by a satellite 

instrument, then it makes possible to estimate the 

vertical temperature profile of the atmosphere below the
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satellite.

One important condition for a particular set of 

wavelengths or absorption bands to be useful for 

temperature sounding is that the constituent emitting 

the radiation should be uniformly mixed in the 

atmosphere, so that the emitted radiation can be 

considered a function of the temperature distribution 

alone. Carbon dioxide satisfies this condition. It is 

uniformly distributed to within 1 or 27.. (Bishoff and 

Bolin, 1966; Georgii and Jost, 1969) up to at least 80 

km altitude. In particular it has strong absorption 

band at 15 pm in the infrared region of the spectrum. 

It is this region which is used by the SCR instrument 

flown on the satellite.

Let us now consider a horizontally stratified 

infinitely deep atmosphere. Then, from Kirchoff's law, 

the emitted intensity of radiation in the vertical by a 

thin horizontal slice at temperature T, density Q and 

vertical thickness dz will be

k y B y (T) Q dz

where k is the absorption coefficient and B (T) the v v

Plank function at frequency v and temperature T. Due to 

atmospheric absorption above this slice, only a fraction 

T of this radiation will reach the top of the



atmosphere (z=0), where

= exp( - J_ z ° k v Q dz) (3.1)

The total intensity at the top of the atmosphere is 

then obtained by integrating over all slices

I = J T k B (T) Q dz
V ** -«x> V V V

= J n 1 B (T) dT (3.2) 
0 v v

Writing this equation in terms of an altitude dependent 

variable Y = -1 njfcj/y?), where p is the pressure in the 

atmosphere. We have

I v = J 0 B v (T) (dTy / dY) dY (3.3)

I is then the weighted average of B (T) and the 

weighting function is given by K = dT / dY.

3.1.2 THE RETRIEVAL OF TEMPERATURE PROFILES FROM

SCR DATA

The weighting functions defined above enable various 

regions in the atmosphere to be selected for 

examination. In this thesis, the weighting functions of 

the radiometer channels B12, B34, A2 , and A3 (Figure 

3.1) with peaks at 1.5, 6.7, 74, and 300 mb respectively 

are used. The radiances at each grid point (see section 

3.1) are converted to temperature at 33 levels in the



-n H
-

UD C ^ (D u>

0) < (D a 0
) D a o ft 3- 0) (D
 

H
 

0) <
 

ft) 3
 

ft n 3 (D
 

H

ft 3"
 

(D O (D
 

3
 

ft
 

*1
 

ft) ft) (V C 3 a <o H 3 O 3 O -*>

ft J H
 

in ft C a 3"
 

0> ft) n n> rt
 

ft a H
- 

(O C ^ a>

O 3"
 

a»
 

3
 

3
 

(D
 

H ft 3"
 

(D O
 

73 O 3 3 CT C O
1 C (A (D a

3"
 

(D <D
 

P
- 

ID
 

3
 

ft
 

H
' 

3
 

(O C
 

3
 

O
 

ft
 

H
 

O
 

3

P
R

E
S

S
U

R
E

 
(M

B
)

rt
 

3" (D

i O
o I

A
P

P
R

O
X

IM
A

T
E

 
H

E
IG

H
T

 (
k
m

)

f
t
 

0)
3-

 
 -!

(D
 

(D

-H o
O C



vertical spaced at values of 0.2 in log pressure.

In this section, we will briefly discuss the theory 

and nature of the inversion problem (i.e. how to obtain 

the temperature from radiance data) and mention the 

methods of solution. For relevant literature the reader 

is referred to Westwater and Strand (1968), and Rodgers 

(1970, 1976). We will also refer to papers where 

comparisons have been made between conventionally 

obtained data and retrieved SCR data.

Rewriting equation (3.3), the radiation reaching the 

top of the atmosphere can be written as

I = B (T(X ))T (X ) + J B (T(X))(dT (X)/dX)dX (3.4)
V V O V O XO V V

Where I is the spectral radiance, X is an independent 

variable and can be a single valued function of 

pressure, and T (X) is the fractional transmittance of 

the atmosphere above X. o refers to the surface.

If we have radiance measurements at various 

frequencies v and wish to obtain temperatures, we must 

solve equation (3.4). This is often referred to as the 

inverse problem of radiative transfer'. The 

relationship between B, v, and T is given by the Plank 

f u n c t i i. n

B V = C^v 3 / (exptC v/T)-1 )



where C and C are constants.

We can now rewrite equation (3.4) using numerical 

integration as:-

I Bv (T(X z M (dTy (X 2 )/dX) AX z + B y (T(X o )) TV (XQ ) (3.5)

where the z's are a fixed set of levels and AXz is the

difference in the independent variable X between

different levels. This equation can be linearized by

expanding in terms of { B (T(X )) - B (T(X ))} .wherevo o vo z

B is some mean atmosphere, and v is a wavenumber in the 

centre of the region of the observations. This produces 

an equation

I K iz (B 2 - B Z ) + 0{ (B z - z )} (3.6)

where I. is the observation in the spectral interval i,

B = B (T<X )) is the Plank function at the z th levelz vo z

and K. the weighting function. For the 15u band of 

carbon dioxide the higher order terms are found by 

numerical experiment to be negligible compared with 

experimental error. £ is the observation that would be 

obtained from such a mean atmosphere.

The retrieval problem arises from the fact that the 

direct measurements do not represent the profile itself, 

but are based on a set of layer-mean radiances, with a
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covariance matrix of instrumental error (E). and the 

relation J. = KJ3 which can be obtained by rewriting 

equation (3.6) in matrix-vectorial form, where K is the 

weighting function matrix.

It is clear that with a small number of spectral 

regions (i = 1 .... .n) , it is not possible to obtain a 

unique solution for a larger number of pressure levels 

(z = 1 .... .m, where m»n) . Therefore some kind of 

constraint or extra information must be included.

Rodgers (197B) formed a solution to the one-to-one 

relationship between I and B by combining the direct 

satellite measurements (I) with pre-determined 

constraints about the climatological profile to be 

expected. Such constraints could be a guessed, forecast 

or climatological profile. The guess profile and the 

direct measurements are combined by weighting each with 

its inverse covariance. Hence the best estimate in a 

purely statistical sense of any vector .X with two 

measurements X and .X 2   w i tn error covariances S, and S- 

is given by

x = is' 1 , x, * s-' 2 x 2 )(s- 1 , * s - 2 )

The most probable estimate of jJ. with guess profile .B
y

(where the subscript g refers to guess values) and 

atmospheric covariance matrix R, can be obtained from



the statistical relation in the above equation to be

B = (R~ 1 + K T EK)" 1 (R~'B
~~ 9

where T refers to transpose of a matrix. This solution 

can be simplified by using matrix algebra to obtain the 

form

Si = B. + RK T (KRK T + E)" 1 (J. - 1 ) (3.7)g 9

where I = KB~g ~g

Two methods of solution are covered by Rodgers (1970, 

1976), these are maximum probability and minimum 

information (or minimum variance).

Let us first deal with the maximum probability 

method. The approach used by this method is to choose 

from infinite number of possible solutions, consistent 

with the observation, the one which is the most 

probable.

If the observed radiances are presented by _£, with

guess profile J_ , then the retrieved radiances are given
y

by J3, with guess profile B. . Rewriting equation (3.7)
w

in the form

JB - JB_ - D(l - I ) (3.8)



where D = RK T (KRK T + E)~ 1

The regression problem is then one of finding a 

solution for equation (3.8). The solution of this 

equation is known as the 'maximum probability'. This 

involves the maximising the probability density function 

P(.B_|_L) of the solution Q. given the observation J_. and 

can be shown by

P(JL)

Assuming a Gaussian distribution of B , we can write~

P(B) « exp(-0.5(B - B ) T R~ 1 (B - B _  - _ _g _ _g

where R is the covariance of the guess profile j3. . And
y

similar to that, if we assume the instrument error has a 

Gaussian distribution, then

exp(-0.5(J. - K.B) T E~ 1 (1 - KB))

To maximise we set

d P(B.|_I)/a.B = d (P(llB.) P(l))/dB. = 0

The solution depends on a priori knowledge of the two 

covariance matrices R and E. The most likely 

atmospheric profile is a vector of linear combinations



of the observations, and the form of the linear 

combinations can be precomputed. Rodgers (1970) 

obtained good comparisons between the original and 

derived profiles for synthetic retrievals based on 

weighting functions similar to those used on the SCR on 

the Nimbus 4 satellite. Figure 3.2 shows a typical 

retrieval taken from Rodgers' paper (1970), together 

with used weighting functions. Discrepancies become 

important above 1 mb where the weighting functions are 

not particularly well represented.

The method known as 'minimum information' is a 

special case of the above and it results from a 

simplification of the covariance matrix R. Only the 

diagonal terms of this matrix (based on a large sample 

of rocket-and radiosonde-data) are retained. The

elements of JJ - B in equation (3.8) are uncorrelated
9

2 2
and the variance is a constant of o . , that is, R = o .b b

A where A is the MxM identity matrix. Similarly for n M
2the elements of E, E = o A., where A., is the NxNe N N

identity matrix.

Barnett et al.(1975) compared temperatures gained 

from the application of Plank's equation to radiances 

from Nimbus 5 SCR with radio and rocket sonde 

observations. They found that for comparison with 

radiosondes in the upper troposphere and lower 

stratosphere, the differences in temperature were less
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lOOO

-(•00

ooo

(b)

Figure 3.2 a) Synthetic retrieval for a clear 

tropical atmosphere Cape Kennedy, 25th.

January 1965. 1600 Z., and the

weighting functions used to calculate the

profile. (From Rodgers, 1970).
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than 1 K, and for rocket sondes in the middle and upper 

stratosphere, the differences were slightly higher yet 

less than 2 K. Barnett et al. related the discrepancies 

in higher altitudes to the combined error of rocket and 

satellite observations.

Goddard and Hunt (1974) compared the temperature 

profiles deduced from radiance data using the maximum 

probability method and the minimum information method. 

They showed that the difference between the two methods 

was only slight and that both methods gave reasonable 

temperature profiles.

A modification to the minimum information method is

applied in this thesis based on the idea that the

diagonal elements of the constraint covariance matrix

(R) uses no information on the correlation between

different levels. Crane (1977) and Miles and Chapman

(personal communication) (1984) showed that a better

estimate of retrieved profiles is to choose a Gaussian

covariance matrix which is considered to give reasonably

smooth profiles and good correlation between closely

spaced levels. In this thesis the off-diagonal terms

were constructed by assuming a Gaussian distribution of

correlation coefficient, falling to a value of 0.5 in

distance of two scale heights.

'^:"T<1,'' fAj,ff • :.,. ,., %. vr;:* J..J,.... »,, v».t .-.^ , .* ,> ^^. +_ > - .-

The atmospheric covariance matrix (R), temperature

guess profile (B ) , and covariance matrix of the
y

instrumental error (E) used in this study are listed a t;T" 

the end of this chapter (Table 2).



Using the retrieved temperatures along with the 

Australian analyses as base maps, heights and winds have 

been computed for other levels using the hydrostatic and 

geostrophic relationships.

A comparison was made of the wind velocities computed 

geostrophically from the satellite-derived height 

analyses with the rocketsonde velocities recorded at 

Molodezhnaya station (67°40'S, 45°51'E). The only 

rocket wind observations available for the period of 

this study are the observations on 17 and 24 July. 

Table 1 shows the rocket wind velocities, together with 

the velocities obtained from the satellite at 3 pressure 

levels on the 17th and 5 pressure levels on the 24th. 

In the upper stratosphere, the geostrophic winds are 

slightly higher than the rocket winds on the 17th, while 

there is quite good agreement in the whole stratosphere 

on the 24th. Although the two measurements (rocket and 

satellite) should not be identical, partly because of 

the derived geostrophic quantities, but mainly because 

of the errors in the rocket wind observations which are 

estimated to be 6-10 ms~ in the upper stratosphere and 

also because of the errors arising from the retrieval 

method used. Hartmann (1976a) found 10-20 ms~ 

difference between the geostrophic winds obtained from 

the use of minimum information retrieval method and 1 1 

days of rocket wind observations. In general the
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Table 1

Date

17.7.74

24.7.74

Rocket wind observations

at Moledezhanja

pressure (mb)

(67°40 S, 45°51 E) 

Wind (ms" 1 >

Satellite-derived 

geostrophic winds,

Wind (ms~ 1 )

1

3

10

30

100

1

3

10

30

100

76

67

57

Hissing Info.

  H

124

100

73

50

27

92

78

63

__

119

85

61

39

20



agreement in this comparison is substantially good, 

adding a credit to the retrieval method used, although a 

longer period of comparison would be desirable.

3.2 METHOD OF ANALYSIS

3.2.1 THEORY OF AVERAGING TECHNIQUES FOR THE REDUCTION

OF METEOROLOGICAL DATA

Due to the importance of the Coriolis force in the

earth's atmosphere and the latitudinal variation in

temperature, most motion is parallel to the circles of

latitude, and if we examine maps for summer hemisphere

stratospheres, we find that the contours of geopotential

and temperature are almost circular and centred about

the poles. In winter a very different situation exists,

here we find that the contours are no longer circular

and the temperature and geopotential fields show

deviations around a circle of constant latitude. For

these reasons, meteorologists often describe

geopotential fields, say, in terms of zonal mean and

eddy components. The zonal components are found by

simply averaging around a circle of latitude and the

eddy components, which represent the deviation. are

found by differencing the measured value and the zonal

mean. This analysis can be taken a stage further and

the eddy components can themselves be split up into

their constituent parts, i.e. wavenumbers. It is

possible, because of the cyclic nature of a latitude
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belt to fairly easily examine the geopotential field by 

the method of zonal harmonic analysis. This method does 

indeed split the field up in terms of the amplitudes of 

various wavenumbers. The lower wavenumbers are often 

referred to as planetary scale waves.

In the next section Fourier harmonic analysis and its 

application to the work in this thesis will be 

presented.

3.2.2 FOURIER ANALYSIS

In this thesis, we are, in general, interested in the 

zonal mean temperature and geopotential fields, together 

with the perturbation or eddies of these fields.

Let us suppose that a periodic function f (x) is the 

sum of a trigonometrical series and given by

A 12 + E (A. coskx + B. sinkx) (3.9) 0 tsi k k

where A Q = 1/TT J Q 2lT f(x)dx (3.10)

and A = 1 /TT f 2ir f(x)coskxdx (3.11)
K LJ

and B = 1/TT J f(x)sinkxdx (3.12)

where A and 8 are constants, and A / 2 represents the 

mean value of the function. The deviations about the
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mean are represented by harmonic components where the 

amplitude C O f the k harmonic is given by

In meteorology, we have data at various grid points 

and therefore the integrals of equations (3.10)-(3.12 ) 

must be replaced by summations.

The zonal harmonic analysis (Fourier) was carried out 

on the resulting daily height and temperature 

distributions at equally-spaced intervals of longitudes 

(see section 3.1.2) where the daily height and 

temperature of zonal wave coefficients (AH , BH , AT. ,
K K K

BT ) as a function of latitude, pressure, and wavenumber 

are calculated. As discussed in Appendix 2, geostrophic 

winds and- hence the zonal mean eddy meridional flux of
• * it

temperature [V .T 3 and zonal momentum [V. U ] with
FN K K K

the total eddy fluxes through the summation over 'k' 

waves are obtained. The zonal mean zonal geostrophic 

wind, temperature, and potential temperature (see 

Appendix 1 for the notations) can be evaluated from k=0 

coefficients as

[u] = -(g/af) d(AH Q /2)/a«>

[T] = AT Q

and



where

[03 =

= 0.286

All derivatives are calculated using centred finite 

differences with A* = 4 and An = 0.2, where * is the 

latitude and n the vertical coordinate defined by 

ln(p /p). Due to the breakdown of qua si-geostrophic 

theory near the equator, results north of 12°S are 

therefore excluded from the Figures presented.

*•'* 'V .,i;. sa
?.
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CHAPTER 4 

A SYNOPTIC EVOLUTION OF THE JULY 1974 SUDDEN WARMING

4.1 INTRODUCTION

The warming during late July 1974 was first reported 

by Barnett (1975) to be the largest hitherto observed 

stratospheric sudden warming in the southern hemisphere, 

and showed an associated significant cooling occurred 

in the tropics and the northern hemisphere. Barnett 

gave a brief account of the development of this warming 

using channel B23 equivalent temperature (the weighting 

function of this channel has a peak near 4 mb) of the 

Nimbus 5 SCR, we shall give a full description of this 

and other observable features of the event in this 

chapter. Section 4.2 describes the synoptic radiances 

for the warming of July 1974, so as to indicate the 

occurrence and whereabouts of warming during this 

period. One more section based on the retrieved 

temperature is included to support the synoptic 

descriptions. In section 4.4 a harmonic analysis 

(Fourier) was carried out on the resulting retrieved 

temperatures to reveal the changes in zonal mean 

temperature and planetary wave activity throughout the 

period under study and in the final section a height 

wave analysis was carried out to gain more information 

on the nature of this phenomenon.



4.2 RADIANCE MAPS OF THE WARMING

In terms of synoptic map fields, the question of 

whether the development of warmings in the southern 

hemisphere differs from the processes noted for the 

northern hemisphere is the main emphasis in this 

section. Quiroz (1974) gave a brief description of the 

sudden warmings in the southern hemisphere during the 

period of 1969-73 using satellite radiance data, where 

he quoted some differences between the two hemispheric 

warmings. One notable difference is the limited 

poleward migration of high radiance centres for channels 

with maximum weighting function in the lower and middle 

stratosphere of the southern hemisphere. Another 

difference is the indication of weak lower altitude 

radiance maxima.

The evolution of the 1974 warming will be described 

and a thorough investigation of this event will be made. 

The discussion will refer largely to radiance patterns 

given by the three channels B12, B34, A2 of the Nimbus 5 

SCR (see section 3.1.2). These channels correspond 

roughly to the upper, middle, and lower stratosphere, 

respectively. There are two reasons for the direct use 

of the radiation data themselves; first, to avoid the 

uncertainties that might be involved in temperature 

retrievals, second, to simplify the comparison with 

other satellite channels used to study warming events.



The movement of high-and low-radiance systems was 

basically similar in the top two channels, although 

differences in amplitude and the geographical location 

of their centres may indicate significant differences in 

the altitude of the maximum temperature change and in 

the slope with height of the associated thermal systems. 

An agreement has been found with the above two features 

discovered by Quiroz.

The synoptic development of the circulation of the 

upper stratosphere during the period of our study is 

shown in Figures 4.1 and 4.2. Figure 4.1 shows the 

radiance observed on channel B12 for a period of two 

weeks around 26 July 1974. The situation on 17 July 

(Figure 4.1a) is typical of the period before the major 

wave development. There is a disturbance which can be 

categorised as a mixture of zonal wave number 1 and 2. 

A warm ridge developed and intensified to be later 

centred near Argentina by 22 July (Figure 4.1b). By the 

26th July (Figure 4.1c) a great change has occurred; the 

amplified wavenumber 2 pattern having been replaced by a 

wavenumber 1 pattern. The low values are not much lower 

than 9 days previously, but an apparent new feature is 

the hot area south of Africa. The analysis for the 30th 

July (Figure 4.1d) shows an equally dramatic variation 

in radiance with the virtual collapse of the wavenumber 

1 hot sector leaving a predominance of smaller-scale 

trough-ridge features of relatively weak magnitude.
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Figure 4.1 Maps of radiance observed on channel B12 

for (a) 17 July, (b) 22 July. The

contour increment is 2 radiance units
_2 -1 -1-1 

(r.u) 1 r.u. = 1 mWm ster (cm )
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Figure 4 . 1 (c) and (d) as (a) but for 26 and 30

July, respectively.
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To illustrate further the marked geographical 

variation in radiance, the difference between the 26th 

and 21th July maps is presented in Figure 4.2. A 

maximum temperature increase of 40K is observed in

southern temperate latitudes near 0 E, whilst cooling

o has roughly occurred from 35 S to the equator.

The B12 maps for the 22 and 26 July shown in Figure 

4.1 also show a similar pattern to that observed in the 

northern hemisphere major warming of January 1973 for 

the same channel (compare respectively 22 and 26 July 

with 24 and 28 January in Figure 4.3 from Barnett, 

1973 ) .

The radiance maps of lower stratospheric channels 

(B34 and A2 ) also have been inspected for every day 

during the study, and here we only show them (Figure 

4.4) at the peak of the warming. Figure 4.4 shows that 

the warming is less pronounced at the level of B34 and 

nothing very dramatic occurs at A2 level.

At this stage a conclusion can be made from the above 

results; we can indicate that neither a reversal in the 

meridional temperature gradient nor a significant rise 

in the overall temperature occurs at the lower 

stratosphere, in contrast to northern hemisphere 

warmings. In the upper regions of the stratosphere, the 

situation is quite different, and a reversal of
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Figure 4 . 2 Change in radiance observed by channel 

B12 between 21 and 26 July. The contour 

increment is 2 r.u for negative values

(dashed lines) and 4. r.u for positive 
values (solid lines).
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I50»

120°

Figure 4.3 Equivalent radiative temperature (k) 

measured by channel B12 for the Northern 

Hemisphere on (a) January 24, 1973, and 

(b) January 28, 1974. (From Barnett, 

1973 ) .
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Figure 4.4 Maps of radiance observed by channel (a) 

634 and (b) A2 -For 26 July. The contour

increment is 2 r.u.



meridional temperature gradient is achieved at high 

latitudes but not at the pole which is still cold, in 

opposite to a typical northern hemisphere event.

Another feature appearing during this period is the

eastward-moving high radiance system which then

o amplified and migrated poleward reaching latitude 63 S

on 27 July and weakened after that. Figure 4.5 shows 

the trajectory of the channel B12 radiance centre over a 

period of several days. The warm centre near latitude 

40 S moved east and poleward.A Similar pattern was 

observed in the major warming of January 1973 in the 

northern hemisphere (Quiroz et al., 1975), in which the 

warm centre moving poleward caused a circulation 

reversal in the polar region. Unlike the northern 

hemisphere, the southern hemisphere polar vortex appears 

to maintain its strength even during the most vigorous 

periods of winter time eddy activity (Hartmann, 1975). 

Figure 4.6 shows the height field at 10 mb and 1 mb 

prior to the growth of the warming period (20 July) and 

at its maximum amplitude (26 July). The magnitude of 

our height fields are broadly similar to the analysis 

presented by Hartmann (1975) (compare respectively, 23 

and 26 July with 10 and 15 August in Figure 4.7 from 

Hartmann) lending credibility to our retrieval and 

analysis technique.
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.••*

Figure 4.5 Trajectories of high radiance centres 

(channel B12).
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Figure 4.7 Synoptic maps of height (dm) on 10 

August 1973 at 10 and 1 mb (a), and 15 

August 1973 at 10 and 1 mb (b). (From 

Hartmann, 1975)
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We have shown the occurrence and location of warming 

during this period. In the next section, more synoptic 

descriptions based on the retrieved temperatures are 

given, and in the remainder of this chapter temperature 

and height wave analyses have been carried out to 

investigate the periodicities of the waves, mainly wave 

number 1 and 2 during this event.

4.3 DAILY HEIGHT-LONGITUDE TEMPERATURE CROSS-SECTIONS

In this section, daily height-longitude 

cross-sections of temperature are presented. Although 

cross-sections were produced for every single day during 

the warming period at 60 S (the latitude chosen was 

close to the regions of highest temperature), only 

certain of these have been selected to show the 

evolution of the temperature fields during the warming.

Figure 4.8 shows height-longitude cross- sections for 

19, 23, 26, and 29 July. On 19 July the stratosphere 

between 200 mb and 10 mb is almost isothermal (in 

comparison with the upper stratosphere temperature) in 

all regions in the horizontal. Figure 4.8b shows that 

the temperature rise is observed throughout the upper 

regions of the stratosphere. In the lower stratosphere, 

however, very little change is observed. The largest 

changes in temperature have occurred near the 1 mb 

level. A cool region at 340 E and 100 mb slopes
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westward with height and at about 2 mb the centre of 

this cool air is at 190°E. Another cool region at 120°E 

also slopes westward with height and at 20 mb is 

situated at 80°E. The cross-section for 26 July in 

Figure 4.8c shows that the cool regions in the lower 

stratosphere of 23 July have merged into a single cool 

region centred over the Greenwich meridian, and a warm 

region with temperature of 285K exists directly above it 

at around 1 mb. The warm region moves eastward and 

penetrates low down into the stratosphere and at 20 E 

and 5 mb the temperature is 265K whereas at similar 

heights but at 270°E the temperature is only 208K. The 

pattern for 29 July is shown in Figure 4 . 8d , here we 

find that the strong gradient has almost completely 

broken down. A decrease in the zonal mean temperature 

has been recorded in the upper stratosphere whilst that 

in the lower stratosphere remains almost unchanged, we 

shall observe this behaviour in the next section.

4.4 TEMPERATURE WAVE AMPLITUDES

Figure 4.9 shows the plots of zonal mean temperature

o and the amplitude of wavenumbers one and two at 60 S.

We find that the zonal mean temperature (Figure 4.9a) in 

the upper stratosphere begins to slowly fall from the 

18th until the 21st of July; after this period a 

dramatic increase in temperature occurs in the upper 

stratosphere^ in the lower stratosphere however at 100 

mb a slight fall in temperature is recorded. The
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cross-section for wavenumber 1 amplitude (Figure 4.9b) 

shows that the amplitude in the upper stratosphere 

begins to rise quite dramatically, and on 27 July the 

amplitude of wavenumber 1 is greater than 30K at about 2 

mb, by July 30, however, this has fallen to less than 

15K. This increase in amplitude occurs at the same time 

as the rises in zonal mean temperature. This very high 

amplitude wave seems to be unique to the southern 

hemisphere as discussed by Barnett (1975). The plot for 

wavenumber 2 (Figure 4.9c) shows that a fairly high 

level of wave activity is maintained throughout most of 

the period of analysis. The most noticeable feature of 

the plot is the high amplitude recorded on 24 July at 

about the 6 mb surface, the amplitude here is about 12K.

Therefore the zonal mean temperature is found first 

to rise followed by a peak in wavenumber 2 activity and 

the peak in wavenumber 1.

Figure 4.10 shows the cross-sections for the 

amplitudes of wavenumber 3 and 4. We find that the 

general level of wave activity is very small in these 

high wavenumbers. The amplitude of wavenumber 3 (Figure 

4.10a) has a maximum of 5K and wavenumber 4 (Figure 

4.10b) never shows amplitudes in excess of 1.5K. 

Therefore these higher wavenumbers are excluded for the 

rest of this chapter.
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The analysis carried out at neighbouring latitudes 

shows similar distributions to that at latitude 60 S.

In summary the changes in zonal mean temperature in 

the middle stratosphere have been found to be less 

pronounced than the changes which occur at similar times 

to these in the upper stratosphere, and a cooling has 

been observed in the lower stratosphere in contrast to 

the rising temperature in the upper stratosphere. In 

general the changes in zonal mean temperature and 

planetary wave number 1 and 2 activity are much smaller 

in the lower stratosphere.

In subsequent subsections we investigate slightly 

different aspects of this phenomenon, namely the height 

wave amplitudes and the zonal mean zonal wind, and more 

information will be gained on its nature.

4.5 VERTICAL AND HORIZONTAL STRUCTURE OF THE PLANETARY 

HEIGHT WAVES AND ZONAL MEAN WIND

The study of planetary-scale disturbances and zonal 

mean wind in the southern hemisphere stratosphere using 

geopotential heights retrieved from satellite radiance 

data was performed in a number of studies (e.g. 

Labitzke and Van loon, 1972; Harwood, 1975; Leovy and 

Webster, 1976; Hartmann, 1976a; McGregor and Chapman,



- 83 -

1979; Hirota et al., 1983; Hartmann et al., 1984) In the 

present section, the behaviour of geopotential 

amplitudes of wave number 1 and 2 and the zonal mean 

zonal wind will be studied to give answers to the 

following questions:- did the wind reverse from westerly 

to easterly flow ?, if there was a deceleration of wind, 

which zonal wavenumber became intense ? , how do the 

zonal wavenumbers and zonal mean wind behave during the 

study period ?.

In the previous section, the warming peak has been 

shown to coincide with peaks of the temperature 

amplitudes of wavenumber 1 at about 2 mb and wavenumber 

2 at about the 6 mb level. In the upper stratosphere, 

the warming concurs first with the peak of height 

wavenumber 2 at about 53 S around 24 July, and then with 

the peak of wavenumber 1 few degrees poleward around 27 

July. This will be shown in the next section.

4.5.1 HEIGHT WAVE AMPLITUDES

For selected days, meridional cross-sections of the 

amplitudes of height wave number 1 and 2 are shown in 

Figure 4.11, and a close examination of the waves in the 

upper stratosphere is shown in Figure 4.12. This gives 

insight into the vertical structure of the waves over 

the hemisphere, and into the question of interaction 

with respect to the zonal mean flow which will be 

highlighted in the next section.



On 15 July, representative of the pre-warming period, 

both waves (Figure 4.11a,b) are approximately equal 

amplitude in the stratosphere. On 24 July, during the 

growth of the warming, wavenumber 1 (Figure 4.11c) 

magnitude is intensified with its maximum being near the 

stratopause level and about 53 S. Wavenumber 2 (Figure 

4.11d), in another hand, had shown a remarkable 

intensification during this period, which formed a 

maximum amplitude at about the same latitude of 

wavenumber 1 maximum and 1 mb. Three days later, 

wavenumber 1 (Figure 4.11e) reached its maximum 

amplitude stage in the upper stratosphere, with a slight 

poleward shift than its previous position. This strong 

peak in wavenumber 1 concurs with the peak of zonal mean 

temperature (Figure 4.9a), while wavenumber 2 (Figure 

4.11f) became very weak in the stratosphere.

The disturbances of zonal wavenumbers higher than 2 

in the stratosphere had small amplitudes as expected 

(Holton, 1975) and are not shown.

Figure 4.12 shows time-latitude cross-sections of 

wave number 1 and 2 at 1 mb, which is representative of 

the upper stratosphere.

Figure 4.12a shows that wavenumber 1 has two maxima,

o the first being around 20 July and 45 S, and the second

around 27 July and about 10 further south. Figure
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Figure 4.11 Meridional cros s- sections of height 

amplitude (dm) (a) wavenumber 1, and (b)

wavenumber 2 for 15 July.
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Figure 4.11 (c) and (d) as (a) and (b)

respectively, but for 24 July.
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Figure 4.11 (e) and (f) as (a) and (b)

respectively, but for 27 July.
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Figure 4.12 Time-latitude cross-sections of height 

amplitude (dm) of (a) wavenumber 1 , and

(b) wavenumber 2 at 1 mb.
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4.l2b shows a build up of wavenumber 2 in the middle

latitudes from the 21st July and remained intense

reaching its maximum around 24 July at about 53 S.

There is a marked negative correlation between the 

behaviour of height wave number 1 and 2, which shows 

that whenever wavenumber 1 has its largest amplitudes, 

the amplitude of wavenumber 2 is small. Such a 

behaviour suggests a wave-wave interaction and has been 

observed to be a possible cause for the major warming of 

1979 in northern hemisphere (Smith, 1983).

4.5.2 ZONAL MEAN WIND AND DFCELERATION

In this section, the meridional cross-sections of 

geostrophic wind before, during, and after the warming 

period is given in Figure 4.13, and a very marked 

change in the zonal mean wind in the upper stratosphere 

is shown in Figure 4.14, here the connection between the 

height wave amplitudes and the zonal mean wind will be 

examined. The zonal mean wind acceleration on 23 July 

is shown in Figure 4.15.

Figure 4.13a shows the zonal mean wind on 15 July 

representative of the pre-warming period. The strongest 

windspeeds in the Figure are attained at 0.5 mb level in

the lower mesosphere. A narrow jet core with windspeeds

-1 o in excess of 120 ms is situated near 38 S. Such

intense zonal winds have been reported previously for
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other southern winters (e.g. Hartmann, 1976a; Leevy and 

Webster, 1976; McGregor and Chapman, 1979; Hirota et 

al., 1983; Hartmann et al., 1984; Shiotani and Hirota, 

1984). On 26 July (Figure 4.13b), around the peak of 

the warming, the subtropical lower mesosphere jet 

maximum has drifted downwards and polewards to be at 

58 S and 2.5 mb. The downward movement occurs in 

association with the development of the warm region at 

the middle latitudes in the mid-upper stratosphere (see 

sections 4.2-4.4). Consistent with the thermal wind 

relationship, the zonal mean westerlies are decreasing 

with height. By July 30 (Figure 4.13c), which 

represents the time after the warming period, the jet 

has recovered its strength with maximum windspeeds of 

more than 120 ms at 2 mb with an apparent northward 

shift of the jet core.

Figure 4.14 shows a time-latitude cross-section of 

the zonal mean wind at the 1 mb level. There is a 

little change in the zonal mean wind in very low 

latitudes, but the region of strongest windspeeds 

undergoes a rapid poleward shift (centred on 23 July) 

from near 40 S on 15 July to 58 S on 26 July, so as to 

give mid-latitude decelerations and high-latitude 

accelerations .

The possibility of wave-mean flow interaction in the 

upper stratosphere can be examined by comparing the



JULY

Figure 4.14 Time-latitude cross- section of the 

zonal mean wind (ms~ 1 ) at 1 mb. Positive 

values solid lines, and negative values 

dashed lines.
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zonal mean flow (Figure 4.14) with height amplitudes of 

wave number 1 and 2 in Figure 4.12. The build up of the 

maximum of height wavenumber 1 in middle and high 

latitudes between 17 and 21 July concurs with the strong 

reduction of zonal mean wind in middle latitudes between 

21 and 24 July. Such a behaviour is also' observed at 

the 10 mb level in the major warming of 1979 in the 

northern hemisphere (Labitzke, 1981b). This 

deceleration of the wind (i.e. the poleward displacement 

of the stratospheric jet) may be a direct consequence of 

the inter-action of wavenumber 1 and the mean flow. 

This changed zonal mean flow favours the amplification 

of height wavenumber 2, between 21 and 24 July. Similar 

behaviour is also observed in northern hemisphere major 

warming events (e.g Kanzawa, 1980; Palmer, 1981a). 

During this period the height of wavenumber 2 reached 

its peak and exceeded wavenumber 1 in amplitude, which 

may suggest that the role of wavenumber 2 was important 

in the deceleration of the zonal mean wind in its stage. 

This hypothesis is supported by Dunkerton et al.(1981) 

who simulated a northern hemisphere sudden warming 

event. He found evidence of a zonal mean flow 

interaction with the amplification of height wavenumber 

1 caused a poleward displacement of the stratospheric 

jet and this could be a requirement for the 

involvement of height wavenumber 2 in a major warming.



Corresponding to the warming, the zonal mean wind 

profile had changed dramatically between 15 and 26 July, 

and the principal deceleration of the zonal mean flow is 

observed to have taken place between 32 S and 52 S above 

6 mb, but the stratospheric westerly was not replaced by 

easterly flows as found in the northern hemisphere 

stratospheric major warmings (e.g. Kanzawa, 1980; 

Palmer, 1 98 1 a ; O'Neill and Youngblut, 1982).

Figure 4.15 shows the la titude-height distribution of 

the zonal mean acceleration on 23 July (obtained by 

differencing the wind fields of 24th and 22nd). The 

main deceleration is in the upper stratosphere and 

latitude 44 S, while near latitude 65 S there has been 

an acceleration at upper levels. This again emphasises 

the difference between this southern hemisphere event 

and the northern hemisphere warming cases, in that the 

deceleration is at higher levels and lower latitudes 

than in the northern hemisphere warming events. 

Furthermore the northern hemisphere major warmings do 

not normally have high latitude accelerations.

Accordingly in the next chapter, we shall investigate 

the E-P flux and its divergence around the time and 

place of the zonal mean deceleration.
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CHAPTER 5 

ELIASSEN-PALM FLUX DIAGNOSTICS

5.1 INTRODUCTION

The E-P flux diagrams which are height-latitude cross 

sections of E-P flux vectors and contours of its 

divergence expressed as the wave-induced zonal force per 

unit mass (EF) based on the ideas in sections 2.3 and 

2.4 (chapter 2) are now presented.

The E-P cross sections of the first 3 zonal 

wavenumbers and their total were produced on a day by 

day basis over the period 15-30 July. The cross 

sections were then averaged to form three different 

periods: the period prior to the main interaction event 

(16-19 July), the main-wave forcing period (21-24 July) 

and the later period of the event (25-28 July) 

containing the peak temperatures. This averaging has 

the advantage not only of summarizing the results, but 

also of reducing the effects of any reversible 

transients which may complicate the zonally-averaged 

Eulerian description as wave amplitudes fluctuate (see 

section 4 of Mclntyre, 1982). The data used in the 

analysis have been filtered, only the first three waves 

in the Fourier decomposition being retained. The 

contribution to the fluxes from the other wave numbers 

are found to be negligible (see also Holton, 1975).
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The three periods are presented by the E-P cross 

sections for the total zonal wavenumbers (1-3) in 

section 5.2. In section 5.3, we discuss the reliability 

of the 200 mb base heights for the E-P flux and its 

divergence. To see the role of each wavenumber in the 

dynamics of this event, we discuss wave number 1 and 2 

separately in section 5.4. Wavenumber 3 E-P flux is 

mainly confined to the upper troposphere and lower 

stratosphere, and the flux divergence is much smaller 

than wavenumbers 1 and 2, therefore they are less 

important and not shown. The residual circulation is 

discussed in section 5.5, and the conclusions of this 

chapter are found in section 5.6.

5.2 TOTAL E-P CROSS SECTIONS

The E-P cross section for the period 16-19 July is 

shown in Figure 5.1a. E-P flux enters the lower 

stratosphere from temperate latitudes. At these 

latitudes, there are two main streams of wave activity, 

one being directed equatorwards at lower levels, the 

other being directed upwards and equatorwards at middle 

levels producing weak wave flux convergence, represented

by negative values of EF in equation (2.12), at high

o levels around latitude 36 S.

The main wave-forcing period is in Figure 5.1b. This

has the largest flux out of the troposphere which now

o 
extends over a wider latitude band between 45-68 S.
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Figure 5.1 Time-averaged E-P flux for waves 1-3 (arrows) and EF in units

-5 -2 
of 10 ms (contours) for (a) 16-19 July, (b) 21-24

July, and (c) 25-28 July. Solid lines, positive EF; dashed

lines, negative EF. The horizontal arrow scale for F

14 4-2 
in units of 2.45x10 m s is indicated at the right

below the Figure. A vertical arrow of the same length
\

(n)represents F, . in 14x10 U rn4 s~ 2
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Additionally the tendency to refract towards the equator 

is much reduced. In particular th-ere is a strong nearly 

vertical flux around 20 mb and it is clear that there is 

now a great deal more wave activity reaching the upper 

stratosphere and mesosphere, giving rise to the 

convergence over a broad latitude belt encompassing the 

entire extra tropics. This large convergence is produced 

by wave number 1 and 2 with wave 2 predominating. This 

is discussed in section 5.4. This dominance of wave 2 

is, perhaps, surprising, since wave 1 has been shown in 

chapter 4 to have the largest temperature amplitude at 

the peak of the warming, also it appears that the large 

vertical E-P flux at the lower stratosphere is 

contributed almost entirely by wavenumber 1 which will 

be shown in the next chapter.

The later period of the event is showing in Figure 

5.1c. The magnitudes of E-P flux in middle and upper 

stratosphere are reduced but not greatly changed in 

direction above 7 mb, nor is the location of the 

divergence and convergence greatly changed, but their 

magnitudes are lowered. Below that height a marked 

change has occurred; the E-P flux from the lower 

stratosphere no longer appears to be feeding into the 

upper stratosphere to the same extent as previously. 

Instead the flux is beginning to revert back to the 

usual pattern of equatorward refraction as in the first 

period. The vertical component of the flux at 135 mb
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(the lowest level in the Figure) and near 48°s is much 

reduced and the source region near that latitude has 

disappeared altogether, while near 40°S there is some 

evidence that the flux is directed back into the 

troposphere. This suggests that it is the disappearance 

of the flux through the middle stratosphere which 

prevents the occurrence of a wind reversal at high 

levels (see section 4.5.2); the flux into the high 

stratosphere did not persist sufficiently long. 

Inspection of the daily values confirms this conclusion. 

This is shown by the time variation of the total E-P 

flux into the upper stratosphere through 22 mb in Figure 

5.2. The arrows on this latitude-time cross-section are 

plotted with the same scale a. s ..those in the above 

Figures. Figure 5.2 shows that the strongest pulse of 

wave activity into the stratosphere takes place on 22 

July when the fluxes are upward and poleward. The large 

fluxes persist until the 24th but are reducing by the 

26th. By the 28th the fluxes have fallen even further, 

but a sign of recovery appears by the 30th. As the 

reduction of wave activity into the upper stratosphere 

is suggested to be crucial to the failure of the flow 

reversal, in the next chapter we investigate the 

propagation characteristics of the stratosphere.

In section 5.4, a more complete description to the 

role of wave number 1 and 2 in the dynamics of this 

event, will be given.
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Figure 5.2 Latitude-time section of E-P flux for

waves 1-3 at 22 mb. The scale of the

flux vectors corresponds to that in

Figure 5.1.
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5.3 THE RELIABILITY OF THE 200 MB HEIGHTS FOR THE ANALYSIS

There is some indication that the 200 mb heights used 

as the base map for the analysis might not always be 

reliable for good results in the lower stratosphere. 

The reliability of the Australian heights of the same 

data-set used in this thesis has been investigated by 

Trenberth (1980) in his analysis of 6-year means of 500 

mb geopotential height for January and July in the 

southern hemisphere. He commented "Although wave 1 

explains much of these features, the wavelength is 

clearly less than that of wave 1, and it seems that 

waves 1, 2 and 3 are all required to adequately describe 

the shape. For this reason, relatively small changes in 

shape can contribute to large changes in individual 

wavenumber amplitudes and phase, and owing to the 1-arge 

data-free areas over the Southern Oceans, the quirks of 

an individual analyst can adversely exaggerate changes 

in single waves from day to day" . His reaction to this 

problem is to refrain from looking at individual 

wavenumbers but only to consider total wavenumber 

contribution. Unfortunately, the same difficulty was 

found in this study in the lower stratosphere, while in 

the middle and upper stratosphere and lower mesosphere 

the situation is not restricted. We found that the 

Fourier analysis of retrieved E-P fluxes and their 

divergences at and above 25 mb are insensitive to the 

values of the 200 mb height. As they are almost 

unchanged compared with the results achieved by
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replacing the actual values of the 200 mb height with 

their zonal mean. Examples are given in Figures 5.3 and 

5.4 for wave number 1 and 2 respectively. Figure 5.3a 

shows an E-P flux cross section of wavenumber 1 which 

uses the values of the 200 mb height, while Figure 5.3b 

shows the use of the zonal mean height alone. Similarly 

Figures 5.4a and 5.4b show the same cases respectively 

but for wavenumber 2. The insensitivity is a 

consequence of the increase in the amplitude of 

temperature waves with height. Moreover, the 

temperature and momentum fluxes in the middle and upper 

stratosphere are dominated by the contributions from 

thicknesses obtained from the satellite data.

With the above limitations in mind, the E-P cross 

sections are presented at and above 22 mb for wave 

number 1 and 2 in the next section.

5.4 WAVE NUMBER 1 AND 2 E-P CROSS SECTIONS

In this section, we present, individually, wave 

number 1 and 2 E-P flux and divergence for the three 

stages of the event. Throughout the period, we find 

that the greatest accelerations and decelerations 

implied by EF in the upper stratosphere are produced 

mainly by wave number 1 and 2 which are shown in 

sections 5.4.1 and 5.4.2 respectively.
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5.4.1 WAVENUMBER 1 E-P CROSS SECTIONS

Figure 5.5 shows wavenumber 1 E-P flux and the 

associated divergence. There is a change of character 

in the pattern of the flux during the period. In the 

first part of the period up to 19 July (Figure 5.5a) a 

vertical appearance of the E-P flux took place between 

36 S and 52 S in the middle stratosphere, switching 

equatorwards in the upper levels, and causing the 

maximum convergence around latitude 34 S. By the middle 

period (Figure 5.5b) the magnitude of the flux is found 

to increase and now directed upward and equatorward away 

from the middle stratosphere between 44 S and 68 S. The

convergence region is wider and the maximum is now found

o around latitude 40 S. In the final stage of the event

(Figure 5.5c) the wave, activity is still found at the 

same latitudes, but the intensity of the E-P flux is 

increased and directed more equatorward between 22 mb 

and 8 mb, whilst above this region the vertical 

component is more dominant reaching the upper levels and 

causing the strong convergence to occur poleward of its 

position in the previous stages. By comparing with 

Figure 5.1c, it can be seen that the magnitude and 

pattern of E-P flux divergence are very similar to the 

divergence by wavenumber 1 alone.

Examination of the temporal behaviour of wave 1 

geopotential amplitude (Figure 4.12a in chapter 4) at 

the 1 mb level reveals that the wave was growing,
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Figure 5.5 Time-averaged E-P flux (arrows) and EF 

(contours) of wave 1 for (a) 16-19 July, 

(b) 21-24 July, and (c) 25-28 July. The 

conventions are as in Figure 5.1 except

the contour interval is 5.
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reaching its maximum around latitude 55 s. The "non- 

acceleration" theory discussed in section 2.1 predicts 

that the E-P flux convergence (EF < 0) is caused by 

transience or dissipation of the wave. The occurrence 

of the maximum E-P flux convergence throughout this 

region suggests that transience is the main cause of the 

convergence during this period.

5.4.2 WAVENUMBER 2 E-P CROSS SECTIONS

We have shown that wavenumber 1 has the largest 

temperature amplitude during the event (see chapter 4). 

But in terms of zonal-mean flow forcing. during the 

period 21-24 July, however, wavenumber 2 is found to be 

predominating in decelerating the westerly flow in the 

upper stratosphere. It may be significant that we found 

wave 2 to be divergent in the lower stratosphere, during 

the present period, implying wave activity sources such 

as wave-wave interaction. This might suggest that even 

without wavenumber 2 forcing from the troposphere, the 

in situ development due to wave-wave interaction process 

in the lower stratosphere can lead to deceleration in 

the upper stratosphere. While there is some doubt about 

how much reliance can be placed on the partitioning of 

fluxes by wavenumber in this region, similar patterns 

have been observed in the northern hemisphere 

stratospheric warming of 1979 (Smith, 1983; Smith et 

al. , 1984) , so observational errors should not be too 

readily assumed.
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Illustrations similar to those for wave 1 , as

presented in the previous section, are given for wave 2

o in Figure 5.6. Northward of 60 S the wave tends to turn

towards the equator before entering the upper 

stratosphere (Figure 5.6a) causing no major convergence 

there. During the forcing period (Figure 5.6b), the 

wave E-P flux and divergence exhibit major differences 

from wave 1 (Figure 5.5b), especially in the middle and 

upper stratosphere between 44 S and 56 S. In this 

region, the wave 2 E-P flux is directed upward and 

poleward in the lowest part of the middle stratosphere, 

bending equatorward with height and pointing nearly

equatorward in the upper stratosphere, leading to strong

o convergence around latitude 48 S. By comparing with

Figure 5.1b, it can be seen that the magnitude and 

pattern of the decelerations of the flow by all waves 

are very similar to that by wave 2 alone, in fact it is 

about double that by wavenumber 1.

Wave 2 geopotential amplitude (Figure 4.12b) at the 1 

mb level during the period 21-24 July shows an 

amplification around latitude 53 S, which is about the 

latitude of maximum E-P flux convergence in the upper 

stratosphere. These results are similar to those found 

for wave 1 in the previous section. This suggests that 

this strong deceleration is caused by the transience of 

the wave. This mechanism has been generally thought, 

since Matsuno (1971), to be one of the major causes of
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Figure 5.6 Time-averaged E-P flux (arrows) and EF 

(contours) of wave 2 for (a) 16-19 July, 

(b) 21-24 July, and (c) 25-28 July. The

conventions are as in Figure 5.5.
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sudden warming in the stratosphere (see section 2.2). 

In agreement, Palmer (1981 a) also related the cause of 

the strong convergence in the major warming of 1979 

(Figure 2.5) to the amplification of height wavenumber 

2.

Figure 5.6c shows that wave 2 is negligible during 

the period 25-28 July, while wave 1 is dominating as 

shown in the previous section.

5.5 RESIDUAL CIRCULATION

The zonal mean wind decelerates where the wave flux 

convergence is large during the forcing period (21-24 

July). To examine this correlation in depth, the 

magnitude of each term in the transformed Eulerian mean 

momentum equation (equation (2.12)) is evaluated.

Figure 5.7 shows the total E-P flux and divergence 

for the 23rd July, which represents the middle of the 

period. The forcing term (EF) shows maximum 

deceleration and acceleration at the high levels, 

respectively at middle and high latitudes. By comparing 

with Figure 4.15 (in chapter 4), it is clear that the 

distributions of EF agree well with the zonal mean 

acceleration. Although a perfect agreement between the 

forcing by the waves and the observed acceleration 

should not be expected, mainly because of the residual 

circulation induced, but also because of the possibility
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Figure 5.7 E-P flux (arrows) and EF (contours) of 

waves 1-3 for 23 July. The conventions 

are as in Figure 5.1.
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Figure 5.8 Northward component of residual 

circulation (ms ) deduced from the 

momentum budget for 23 July.
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of observational and analysis errors, yet, there is a 

very good correlation between the forcing and the

acceleration at high levels. This implies an upper
* 

level residual circulation, Iv ], directed away from the

pole at high latitudes and towards the pole in middle
* 

latitudes. This can be seen in Figure 5.8. The Lv ]

was shown in the Figure for the 23rd July, and 

calculated as a residual of the other terms in equation

(2.12). The poleward residual circulation is
* 

represented by the negative values of Lv ] , and the

maximum occurs around 1 mb at middle latitudes. This 

poleward flow is to be expected from theory (Matsuno and 

Nakamura, 1979) and is discussed explicitly by Mclntyre 

(1982): as the E-P flux convergence decelerates the 

zonal mean flow, a poleward meridional residual velocity 

is needed to maintain the thermal wind balance.

In summary, the momentum budget at the 1 mb level 

(near the level of maximum deceleration of EF and Lu] )
I*

during the periods 16-19, 21-24, and 25-28 July are 

illustrated in the latitudinal distribution of the terms

of the zonal mean momentum equation in Figure 5.9. The
* 

term f[v ] was calculated as the residual of the other

terms.

Figure 5.9a shows the period 16-19 July. The forcing

of the zonal mean flow by the eddies is very small
o * 

poleward of 48 S and the residual circulation ([v J)
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Figure 5.9 Terms in the transformed Eulerian mean 

momentum equation averaged for (a) 16-19 

July, (b) 21-24 July, and (c) 25-28 July.
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which can be deduced from the Figure shows an 

equatorward flow. Between 48°S and 28°S the waves 

exerted little force on the flow, causing it to 

decelerate. During the period 21-24 July (Figure 5.9b), 

the situation is vastly different, a broad region of 

large convergence between 32°S and 56°S causing the 

maximum deceleration of the zonal mean flow around 

latitude 44 s. Figure 5.9c shows a practically complete

balance between the eddy forcing (EF) and the Coriolis
* 

accelerations (f[v ]), where the changes in zonal mean

wind are almost zero.

As mentioned earlier in this section, the residual
* 

circulation [v ] was constructed from the other terms in

the momentum equation. In this thesis, a useful check
* 

on the sign of [v ] is made by an independent

calculation to the mean meridional residual circulation 

during the period 21-24 July. The method (kindly worked 

out by Dr. R. S. Harwood) was based on the 

2-dimensional circulation model formulation of Harwood 

and Pyle (1975), which essentially solves an 

"Omega-equation". The method as described briefly in

Al-A jmi .. ( 1 984 ) /^uses the observation that the zonal mean
ct til- (Qpptndix 3) 

wind and temperature fields are always in approximate

thermal wind balance: the eddy fluxes of heat and 

momentum would destroy this balance. which must 

therefore be maintained by the mean meridional 

circulation. The stream function. 4> . of mean meridional
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...^circulation can be..found by solving ...,£,.,jV second -order ;-

I
artial differential equsffirSn (equation 2.17 of HarwaocfV 

* .' • ''' "I ''.'. '• O '. . " f i * • • yji,/.'?

and Pyle, 1975) which is of the form:-

L(Lu], [03; \\>) = B^m) + B (h)

L is a second-order partial differential operator on vl>, 

whose coefficients depend on the zonal mean wind (LuD) 

and potential temperature (C0J). B , B , and B are
1 b J

operators involving spatial derivatives and m, h, and d 

represent respectively the convergence of eddy momentum 

fluxes, the convergence of eddy heat fluxes and the 

zonal mean diabatic heating. The latter was estimated 

as in Harwood and Pyle (1980). The retrieved zonal mean

winds, temperatures, and fluxes between 4 S and 80 S are
•*£

supplied from the SCR observations; elsewhere the values

derived by the global circulation model of Harwood and 

Pyle (1980) are assumed. The fluxes in the summer 

hemisphere, however, are very small. The mean 

meridional residual circulation is then found directly 

from its definition in equations (2.5) and (2.6), and 

the discussions below refer to the residual circulation 

in the southern hemisphere only.

Figure 5.10 shows the mean meridional residual 

circulation for the 23rd July and for the averaged 

period 21-24 July. Figure 5.10a shows the vertical 

component of the residual circulation is in qualitative 

agreement with the requirements of the heat budget at

i.. -• .... i'..... , . „.•,.• fc •*.•:: -« .• . . . t^. f • - •'••>. -.
r th# Omega equation calculations, th* author supplied 

the following information; CT] and Cu] as calculated in 
suctions 4.4 and 4.5.2 respectively, and the total eddy

•; momentum Cv'u'l, and heat Cv'l'l fluxes as calculated in
•'"' section 5.1 for the period 21-24 July 1374.
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the levels of warming in the stratosphere (see sections 

4.2-4.4, and Al-Ajmi et al., 1984), with rising motion 

northward of 20 S producing the cooling in this region 

and sinking motion poleward of about 40 S in agreement 

with the maximum of zonal mean temperature rise. The 

horizontal component in Figure 5.10a shows a strong 

poleward flow in the upper stratosphere (around the 1 mb 

level). But an apparent equatorward flow takes place 

between 50 S and 70°S at about 1.5 mb, this is perhaps

surprising feature, but it has been also observed in the
* 

calculation of Lv ] (Figure 5.8) in the momentum

equation.

* 
The discrepancy in the results between [v J produced

by the Omega equation and that produced straight from 

the momentum equation arises from differences in the 

approximations used in the equations, some from errors 

in the calculations and some from finite difference 

errors as the two methods used different grid 

resolutions. In spite of this, there is a qualitative 

agreement between the two fields. In general, both have 

southwards flow above 10 mb, and both have a region of 

northward flow at high levels and latitudes around 60 S.

In summary, Figure 5.10b shows the residual 

circulation produced by the Omega equation for the

period 21-24 July. Again the horizontal component at
* 

about 1 mb is in agreement with the Lv ] calculated from
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the momentum equation for this period which can be 

deduced from Figure 5.9b. Both Figures show a poleward 

flow at this level.

5.6 CONCLUSIONS

The E-P flux is obviously a fairly difficult quantity 

to calculate from any observational data-set, requiring 

many differentiations of the basic data. Nevertheless 

there are reasons for feeling confidence about the above 

results. Firstly, when the total E-P fluxes for each 

day are examined, they exhibit a smooth temporal 

variation; despite the complexities of the actual 

day-to-day changes, the pattern evolves in a consistent 

manner. Secondly, throughout the period up to and 

including the 25th there is a good qualitative 

correlation between the sign of the E-P flux divergence 

and the observed change in the zonal mean wind. From 

the 26th to the 28th, after the peak of the warming the 

temporal continuity of the E-P flux and especially of 

its divergence is reduced at great heights and high 

latitudes while the magnitude falls rapidly. The 

fluctuations appear to be associated with variations in 

the sign of the momentum flux which are too rapid to be 

resolved by our analysis technique. This problem is 

also noted by Crane (1977) in his study of the northern 

hemisphere warming of 1973. A synoptic mapping of the 

asynoptic data (e.g. Salby, 1982) might overcome this 

difficulty. Thirdly, the eddy forcing of the mean flow
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has been observed in the upper stratosphere to exhibit a 

"dipole structure" with acceleration (deceleration) 

poleward (equatorward) of the stratospheric jet core. 

Similar behaviour was observed by Hartmann et al.(1984), 

and Shiotani and Hirota (1984) in their analyses of 

southern hemisphere winters. Hartmann et al attributed 

the acceleration at high levels and polar latitudes to a 

barotropic instability.

The maximum convergence of the E-P flux in the middle 

latitudes and upper stratosphere during the period 21-24

July caused a maximum deceleration of the zonal mean
* 

wind, and at the same time the residual circulation Lv ]

shows a poleward flow in this region.

The mean meridional residual circulation in the 

middle and upper southern hemisphere stratosphere shows 

a sinking motion in middle latitudes and a rising motion 

in the tropics, consistent with the observed changes in 

zonal mean temperature.

The explanations of the pulse of wave activity (in 

all the E-P flux cross sections presented in this 

chapter) reaching into the upper stratosphere and also 

the conditions responsible for its passage to high 

levels where the convergence is produced, can not be 

fully understood, because part of the explanation must 

involve forcing in the troposphere, which is beyond the
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scope of this thesis, but some insight into the 

stratospheric propagation can be obtained from linear 

theory. This will be discussed in the following 

chapter.
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CHAPTER 6 

REFRACTIVE INDEX DIAGNOSTICS

6.1 INTRODUCTION

This chapter was prompted by the need for a simple 

technique to aid in the understanding of wave 

propagation during this event. The linear theory using 

the ideas of group velocity and ray-tracing discussed in 

section 2.1 (chapter 2) provides such a technique. In 

this theory the eddy field is Fourier analysed into 

components by zonal wavenumber (k in equation (2.1)),

and each component propagates separately as determined

2 by Matsuno's refractive index (R ). In the rest of
K

this chapter, we adopt the refractive index approach 

(equation (2.1)) to examine the effect of the 

two-dimensional basic state refractive index, related to 

the zonal mean zonal wind fields (discussed in chapter 

4), on the vertical-meridional propagation of stationary 

wavenumber 1 planetary zonal wave disturbances. 

Wavenumber 2 was a travelling wave during this event 

(Chapman and McGregor, 1978). and when this is taken 

into account the refractive index of wave 2 has a

pattern very like that of wave 1 , reflecting the fact

2 that R is more sensitive in the stratosphere to
r\

changes in Cu] through the term Cu»],. in equation (2.2)9<P

(except near a zero wind line) than to changes in Cu]

itself (see the discussion in section 2.1). O'Neill and

Youngblut (1982), and Kanzawa (1982) have also noted the
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importance of the term Cui].. in their calculations of
99

the refractive index squared for the stratospheric major 

warmings in the northern hemisphere.

Same averaging procedures carried out in chapter 5

are applied in this chapter, and the refractive index

2(R ), which is represented by contours are then

compared with the total E-P flux propagation in section 

6.3 and with wave 1 E-P flux in section 6.4. The 

conclusions are drawn in section 6.5.

6.2 FINITE DIFFERENCE APPROXIMATIONS

The derivatives which appear in the equation defining 

refractive index are subject to truncation errors when 

evaluated using finite differences. In general these 

truncation errors arise from the higher derivatives. To 

test the sensitivity of the refractive index analysis to 

the finite difference approximations, 3 point and 5 

point finite differences formula were used to calculate 

indices which are shown by Figures 6.1a and 6.1b 

respectively (the zero wind line is marked in the 

Figures by a dotted line at low latitudes, which gives 

infinite refractive indices in equation (2.1)). The 

Figures show no great discrepancies between the two 

methods which supports our belief in the accuracy of the 

observational data. In the rest of this chapter, the 5 

point formula is used to calculate the refractive 

indices .
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(a)

100_

(b)
56 52 48 44 -<0 36

100_

44 ^0 ^6 ^2 28 ^4 do 

LRT1TUDE ! S )
16

Figure 6.1 Wavenumber 1 refractive index squared 

for 21 July from (a) 3 point, and (b) 5 

point finite differences formula. Solid 

lines, positive values; dashed lines, 

negative values. The dotted line shows 

the position of the zero wind line.
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The finite differences used in calculating the E-P 

flux divergence in chapter 5 has raised an important

issue about the sensitivity of the term ( cos* ( F . . . ) ) L in
( 4>) 4>

equation (2.10) at higher latitudes to the evaluation of 

the finite method chosen. Two evaluations were examined 

to express the term (cos*(F )) in 3 point formula:-

(a) (cos(3)F - cos ( 1 )F ) /2A4-

<b) cos(2) (F (3) -F ( 1 } )/2A4> + F (2} (- sin(2

Figure 6.2 shows the total E-P flux cross section for 

the 23rd July based on evaluation (a). By comparing 

with Figure 5.1 which is based on evaluation (b). it can 

be seen that a disagreement between the E-P flux

divergence based on these two evaluations is found at

* 
higher latitudes. However, the calculation of [v ] in

section 5.5. when the latter evaluation was used, is

* 
found to be in good agreement with [v ] obtained from

the Omega equation, which leads us to believe that the 

latter evaluation was better for calculating E-P flux 

divergence. Therefore care must be taken when using 

finite difference techniques to calculate such a 

quantity at higher latitudes.

6.3 UAVENUMBERS 1-3 E-P FLUX AND REFRACTIVE INDEX OF

WAVE 1 CROSS SECTIONS

Latitude-height cross sections of the total E-P flux

2 
and contours of non-dimensional quantity of R are
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Figure 6.2 Is the same as Figure 5.7, but is based 

on evaluation (a). See the text for 

explanation.
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shown in Figure 6.3. The most important points to note

2 2 concerning R field are the regions of negative R

which the E-P flux vectors should have difficulty

penetrating according to the theory, and the large

2positive R .

Figure 6.3a shows two main negative regions. One is 

at latitude 36 s and 20 mb, and the other is at 

stratopause levels in polar latitudes. The latter moves 

equatorward to be at latitude 50°S by the later part of 

the event (25-28 July). The two regions are initially 

separated by a positive region, but by Figure 6.3c, they 

have apparently merged. The zero wind line is marked in 

the Figure by series of dotted lines close together at 

low latitudes, which give infinite refractive indices in 

equation (2.1). The length of the E-P vectors are small 

in the vicinity of these lines and inspection of the 

individual daily values of divergence shows little 

divergence of E-P flux associated with it.

The E-P fluxes show a general tendency to avoid the

2 negative R regions and to be ref.racted towards the

large values of positive refractive index squared, as 

would be expected from the theory. In particular the

direction of flux is directed along the ridge of

2 positive R, (Figure 6.3b) between the mid-latitude and

2 polar regions of negative R and into the upper

stratosphere where it tunnels through the mid-latitude
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Figure 6.3 Time-averaged E-P flux for waves 1-3 (arrows) and R
1

(contours), where R. = refractive index of wave 1 for 

(a) 16-19 July, (b) 21-24 July, and (c) 25-28 July. The 

scale of the arrows corresponds to that in Figure 5.1. 

Solid lines, positive R I ; dashed lines, negative R 2. The 

dotted lines show the positions of the zero wind line 

within the period.
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negative region and turns equatorward. Close agreement

2 is also apparent between R and the corresponding

vectors in Figure 6.3c, with the diffluence of the

fluxes into two direction, one is confined in the lower

2stratosphere following the positive R values and

2refracted from the negative R back toward lower levels

and the other is directed upwards tunnelling through the

2 mid-latitude negative region to the positive R region

o at latitude 30 S and 1 mb.

The theoretical expectation that the E-P fluxes 

should avoid regions of negative refractive index 

squared is not apparent in the earlier period (Figure

6.3a), where there is a large flux directed into the

2 2 negative R (and also in R cros s-section) region at

15 mb and 36°S. In the next section we shall 

investigate the stationary wavenumber 1 E-P flux and 

refractive index during this period and the following 

periods.

6.4 WAVENUMBER 1 E-P FLUX AND REFRACTIVE INDEX CROSS

SECTIONS

Figure 6.4 shows the cross sections of wavenumber 1 

E-P flux and refractive index squared alone. As pointed 

above, the flux in Figure 6.3a is in wave number 2 and 

3. This can be deduced by comparison with Figure 6.4a.

The Figure shows the E-P flux refracted away from the

2 mid-latitude negative R region and tend to turn up the
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2 positive gradient of R I .

Figure 6.4b shows that distribution of E-P flux is

2 indeed in a tendency to avoid negative regions of R

and to follow the ridge of positive refractive index 

squared and substantially in agreement with the 

predicted theory. As mentioned in section 5.2 in the 

previous chapter that during this period (21-24 July) 

the large vertical total E-P flux at the lower 

stratosphere is dominated by wavenumber 1. By comparing 

the present Figure with Figure 5.1b. it can be seen that 

wave 1 appears to have the greatest trans-tropopause

flux. Again there is a close agreement between the E-P

2 flux and R field in the later part of the event

(Figure 6.4c).

6.5 CONCLUSIONS

We have shown for the first time, to our knowledge, 

diagnostic results of a stratospheric sudden warming in 

the southern hemisphere based on Matsuno's refractive 

index squared.

The refractive indices appear to offer some insight 

into the deceleration of EF (EF < 0). In particular the 

general distribution of positive values seems to focus 

the fluxes with an effect like a vertical wave guide 

into the convergent region. The merging of the polar 

mesospheric negative region with the stratospheric 

subtropical region in association with the E-P flux
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reduction through the middle stratosphere also provides 

a potential explanation of why a complete reversal of 

the zonal mean wind die/ no-t ensue . The explanation is 

only partial however; it gives no reason for the 

location of maximum convergence in the upper 

stratosphere and middle latitudes, neither can explain 

the existence of the divergent region at the high 

latitude polar stratopause.
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CHAPTER 7 

SUMMARY AND FINAL CONCLUSIONS

In this work a detailed study has been presented of 

the dynamics of a stratospheric sudden warming in the 

southern hemisphere with the aid of the Eliassen-Palm 

flux and wave propagation theories, using data from the 

SCR on the Nimbus 5 satellite and the Australian 200 mb 

heights.

In the following paragraphs, we summarize the main 

conclusions in this thesis and indicate further 

extensions of the work.

The SCR radiances reported in chapter four show the 

synoptic development of this event. The warming was 

located in the middle latitudes upper stratosphere with 

no temperature changes in the lower stratosphere in 

agreement with other workers. It would seem, therefore, 

that this is the characteristic of stratospheric 

warmings in the southern hemisphere, although more 

warmings need to be analysed before firm conclusions can 

be drawn. In the zonal mean sense, coolings in 

equatorial regions and as far as latitude 40 in the 

summer hemisphere have been observed by Barnett (1975) 

to accompany this warming.



The daily variation of zonal mean temperature and 

wave number one and two analysed in chapter four reveal 

the variations in temperature: zonal wavenumber one, 

experiences maximum values at the peak of zonal mean 

temperature, while wavenumber two amplitudes are about 

half those found for wave one and reached their peak 

about three days prior to the peak of zonal mean 

temperature. The height wave amplitudes of wave number 

one and two and the zonal mean zonal wind are also 

calculated in this chapter, and they show a picture 

which could be interpreted as a prediction of a 

wave-mean flow interaction, although this interpretation 

is incomplete because the new concept of interaction 

depends on the knowledge of eddy heat and momentum 

fluxes which is the main emphasis in this thesis. The 

height amplitudes also show an apparent wave-wave 

interaction in the sense that they are out of phase.

The analyses of the E-P flux and Matsuno's refractive 

index squared presented in chapters five and six are 

believed to be the first detailed accounts given for a 

stratospheric sudden warming in the southern hemisphere. 

The results reveal a number of differences from observed 

typical sudden warmings in the northern hemisphere. In 

particular, the E-P flux convergence and therefore the 

deceleration of the zonal mean flow are situated at 

greater heights and lower latitudes than in typical 

northern hemisphere deceleration events. The rates of
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change of the zonal mean westerlies were in quite good

agreement with magnitude of those observed in northern
tie 

hemisphere events, but in spite of that the winds did

not reverse as Athe case in major warmings in northern
is

hemisphere. The windspeeds prior to the forcing by the 

eddies are found to be considerably larger than in the 

northern hemisphere case, which is part of the reason 

for the reversal not to occur.

The E-P fluxes and the eddy forcing (EF) are mainly 

in wavenumbers one and two above the middle stratosphere 

with only small contributions from higher wavenumbers. 

The short lived of the strong fluxes due to these waves 

could be a possible cause for preventing the reversal of 

westerlies from taking place.

The northward component of the residual circulation 

calculated from the momentum budget exhibits an 

agreement with the theory and a poleward flow 

accompanies the strong deceleration in the upper 

stratosphere. The residual circulation was also found 

using an "Omega-equation" method, and good agreement has 

been found between the horizontal component of the 

residual circulation calculated from the transformed 

Eulerian-mean momentum equation and that obtained from 

the latter method. Both methods show a small region of 

equatorward flow near the E-P flux divergence in high 

latitudes and great heights and strong poleward flow



- 136 -

else where.

An important diagnostic which is often used in 

northern hemisphere warmings to give insight into the 

direction of E-P flux is the "refractive index squared". 

The linearity and scaling approximation on which the 

theory is based are still questionable. Nonetheless, 

the channelling of the E-P flux to the deceleration 

region seems consistent with the regions of positive 

refractive index squared, especially in the case of 

wavenumber one. Moreover the reduction of the E-P flux 

through the middle stratosphere towards the end of the 

event occurs in association with the occurrence of the 

negative refractive index squared in that region.

In conclusion the analyses indicate that general 

agreement with observations by other researchers has 

been obtained and more detailed observations using the 

new concepts of the appropriate theories have been 

presented for as yet poorly covered southern hemispheric 

sudden warming. The analyses also prompt at least one 

question concerning the cause of maximum E-P flux 

convergence; is it caused by the transience of the wave 

or is it due to dissipation?, it is to be hoped that an 

answer to this question will be forthcoming in the near 

future.
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APPENDIX 1

	Symbols

f Coriolis parameter

F E-P flux vector

V.F E-P flux divergence

H atmospheric scale height (here, H = 6500m)

k zonal wavenumber

2N Brunt-Vaisala frequency

p pressure

q potential vorticity

Q diabatic heating

R refractive index of wave k (k=1,2,...,n)
f\

a radius of the earth

t time

u zonal velocity

v meridional velocity

w vertical velocity

w angular velocity

H log pressure (= In(p /p))

6 potential temperature

<fr latitude

R earth's angular rotation rate

C ] denotes zonal mean

denotes deviation from the zonal mean

( ) denotes value at p = 1000mb o



- 133 -

APPENDIX 2

Zonal Harmonic Representation of Eddv Heat and Momentum

Fluxes

The geopotential height with respect to longitude, A, 

can be expressed in zonal harmonic form as:

H kA< * = AH k *coskX + BH k*sinkA

where k denotes zonal wavenumber and the Fourier 

coefficients are

AH * r (1/n)E~H cos(lTki/n)
K i«o J.

A 2n-' 
BH, = ( 1 /n)E H. sin(TTki/n)

K X«* *•

The meridional geostrophic wind component

v A> * = (gk/afcos«H (BH *coskA - AH *sinkX)
w\ \\ w\

The zonal geostrophic wind component

coskX

OIJ -- . , v . ~ BH k JsinkA)

where A* is the latitudinal interval.

The zonal mean eddy momentum flux at latitude

' <t> ? <fr 4>Cv, u. ] = (g/afp(k/4A*cos*)(AH. (BH v
K K K K

The total eddy momentum flux
'

[v u r = £ Cv u
Kal k k
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The zonal harmonic expansion for temperature is

and the Fourier coefficients are

AT./ = ( 1/n)E T.cos(lTki/n)
K l=o 1

BT * = ( 1 /n)f*T. sin(ITki/n)
K l t » J.

The zonal mean eddy heat flux at latitude 4» 

Cv T']* = (gk/2afcos*)

The total eddy heat flux

T r = r [v. T.
Krf k k
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APPENDIX 3

PUBLICATION

"A sudden warming in the middle atmosphere of the 

southern hemisphere." By Al-Ajmi, D.N., Harwood. R.S., 

and Miles, T. Submitted to Quart. J. R. Met. Soc.



ABSTRACT

This paper presents a case study of a wave-mean flow interaction, 

or minor warming, near the southern hemisphere stratopause for 

15-30 July 1974. The analysis is based mainly on data from the 

Selective Chopper Radiometer carried by Nimbus 5.

A sudden warming in the middle atmosphere of the

southern hemisphere

bv AI-Aimi. P.M.. Harwood. R.S.. and Miles. T.

Department o-F Meteorology

University of Edinburgh

A deceleration of the zonal mean wind of 70 ms from 20th to 

25th July is observed in middle latitudes at 0.5 mbar. with an 

acceleration further south. The polar vortex is not disrupted 

however.

Eliassen-Palm cross-sections are presented for the event and a 

good correlation found between the E-P flux convergence and the 

deceleration. The channelling of the E-P fluxes from the tropopause 

to the convergent region is in broad agreement with the distribution 

of refractive index but there is a region of E-P flux divergence" at 

high levels in polar latitudes implying a wave activity source there.

The residual circulation is calculated both from the momentum 

budget and from an Omega equation, both methods diagnosing a 

region of modest equatorward flow near the region of E-P flux 

divergence embedded in the stronger poleward flow elsewhere.

Maps of potential vorticity on the isentropic surface of 0 = 

16'»OK are presented and the evolving pattern related to the zonal 

mean and isobaric descriptions. The event is shown to be associated 

with an incursion of low latitude air into middle latitudes with a



corresponding irreversible mixing of potential vorticity reminiscent of

the mixing in northern hemisphere events reported by Mclntyre and

Palmer (1984). but of much smaller amplitude.

1. Introduction 

(a) Motivation

There has been a considerable improvement in recent years in our 

understanding of stratospheric dynamics. mainly through the 

introduction of several interrelated concepts. notably the 

'Eliassen-Palm 1 flux (eg Edmon et at I960). theories of wave 

propagation in the meridional plane, (eg Matsuno 1970, Palmer 1982, 

Karoly and Hoskins 1982), the Lagrangian average and 'residual' 

circulations (Andrews 8, Mclntyre 1976 and 1978. Dunkerton 1980) and 

planetary wave breaking (Mclntyre 1982). These latter concepts shed 

considerable light on the nature of wave-mean flow interaction and 

the phenomenon of the sudden warming. Several observational and 

modelling investigations have fruitfully exploited these ideas (eg 

Dunkerton et al 1981, Palmer 1981. Butchart et al 1982. O'Neill and 

Youngblut 1982, Kanzawa 1982 and Mclntyre and Palmer 1983, 1984).

Studies of the sudden warming phenomenon have almost entirely 

been carried out for the northern hemisphere, partly for the reason 

that more complete synoptic data sets exist than for the southern 

hemisphere, and partly because the major sudden warmings of the 

northern hemisphere provide particularly spectacular examples of 

wave-mean flow interaction, unparalleled in the south. Nonetheless 

the southern hemisphere may be expected to show interesting 

variations from the northern pattern, providing a rather different 

regime in which the new theoretical ideas may be tested.



Several inter-hemispheric differences are already well known. In a

northern hemisphere midwinter major warming, there is typically a

rapid reversal of the zonal mean zonal wind from westerly to

easterly through virtually the entire polar stratosphere, in association

with an adiabatically induced reversal of the meridional temperature

gradient. These reversals evolve over a period of a week or less;

they affect the entire stratospheric and mesospheric circulation

(Holton 1975), and - on at least one occasion - have been known to

extend into the lower troposphere (O'Neill and Taylor 1979). The

midwinter sudden warmings of the southern hemisphere, in contrast,

are confined to the middle and upper stratosphere and do not lead

to a reversal of the polar night jet, despite the occurrence of local

(i.e. not zonally averaged) temperature increases of similar magnitude

to those reported in the north (Labitzke and Van Loon 1972, Barnett

1975a).

The general inter-hemispheric difference in the behaviour of zonal 

mean temperature and wind is both a consequence of and a 

controlling factor for the inter-hemispheric difference in wave 

activity: noteworthy features are the smaller amplitudes in the winter 

southern hemisphere of quasi-stationary planetary waves and more 

importantly their reduced slope with height giving an almost-zero 

associated poleward heat-flux. As the poleward heat-flux is of the 

same sign as the vertical wave activity -flux, it is clear that the 

southern hemisphere wave activity and vertical propagation is 

dominated by transient and travelling waves, in contrast to the north 

(Van Loon and Jenne 1972, Adler 1975, Harwood 1975, Hartmann 1976 

a,b, 1977 Hirota 1976, Leovy and Webster 1976, Van Loon 1979,

Murgatroyd and O'Neill 1980, Trenberth 1980, Mechoso and Hartmann 

1982. Oort 1983. Hartmann et al.1984). For the most part these 

inter-hemispheric differences must ultimately depend on differences 

in the nature of the underlying surfaces in the two hemispheres and 

hence in the way waves are forced in the troposphere and propagate 

into the stratosphere. As consequences of these differences or at 

least intimately connected with them are differences in stratospheric 

zonal mean wind and temperature structure between hemispheres and 

the differences in distribution of total ozone (Dutsch 1971) which 

point to different Lagrangian mean circulations. A secondary but not 

negligible cause of inter-hemispheric differences is the variation in 

incident radiation brought about by the ellipticity of the Earth's 

orbit around the sun (Barnett 1974).

With these things in mind we have studied wave-growth and 

wave-mean flow interaction in the southern hemisphere for an 

unusually large warming event which occurred near 26 July 1974. This 

event has been discussed briefly by Barnett (1975a).

Section 2 below gives a synoptic description of the waves and the 

evolution of the zonal mean radiances and winds. The third section 

shows that the deceleration is quite well correlated with the 

Eliassen-Palm (hereafter, E-P) flux divergence and attempts to relate 

the E-P fluxes to the refractive index. Section 4 gives some 

estimates of the Eulerian mean and 'residual' circulations and in 

section 5 the changes in the distribution of Ertel potential vorticity 

on isentropic surfaces are discussed.



(b) The Data

The basic data for this study are radiance measurements from the 

Selective Chopper Radiometer (hereafter SCR) on the Nimbus 5 

satellite. 'Fully gridded' data were used in which all data from one 

day are treated, after removal of day-night differences, as 

pertaining to the same map-time and interpolated onto a regular K 

x 10 ) latitude-longitude grid. Further details of instrument 

performance are given by Ellis et al (1973) and Barnett, Harwood et 

at (1975), and details of the analysis method by Oxford University 

(1976). In addition daily analyses of the height of the 200 mbar 

surface have been provided to us by the Commonwealth Bureau of 

Meteorology in Melbourne. The analysis method used is described in 

Seaman et al (1977). Figure I shows the weighting function of the 

radiometer channels and the position of the base maps. The radiances 

at each grid point are converted to temperatures at 33 levels 

spaced at values of 0.2 in log pressure by a method similar to 

Rodgers (1970), except that synthetic off-diagonal values of the 

atmospheric covariance matrix have been used, for the reasons given 

by Crane (1977) (who worked however with Fourier coefficients) and 

by Miles and Chapman (1984) from whom our values of instrumental 

noise are also taken. The diagonal terms of this matrix (the 

observational variances at each height) are based on a large sample of 

rocket- and radiosonde-data, while the off-diagonal terms are 

constructed by assuming a Gaussian distribution of correlation 

coefficient, falling to a value of 0.5 in a distance of two scale 

heights. Four radiometer channels are used in the retrieval process, 

3 peaking above the base map (B12, B34, A2 with peaks at 1.5, 6.7,

74 mbar respectively) and one a little way below (A3, peak at 300 

mbar). Declouded A channels are used. Using Melbourne analyses as 

base maps, heights and winds have been computed for other levels 

using the hydrostatic and geostrophic relationships.



2. Synoptic Description

(a) Radiance Maps

The synoptic development of the circulation of the upper 

stratosphere during the period of our study is shown in figures 2 

and 3. Figure 2 shows the radiance observed on channel B12 for a 

period of two weeks around 26 July 1974. The situation on 17 July 

is typical of the period before the major wave development. There 

is a disturbance which can be categorised as a mixture of zonal wave 

number 1 and 2 with the latter shown by a daily sequence to be 

travelling towards the East. The warm ridge near the dateline on 

17th moves east and intensifies to be centred near Argentina by 22 

July. By the 26th July a great change has occurred; the amplified 

wavenumber 2 pattern having been replaced by a wavenumber 1 

pattern. The minimum temperatures are not much lower than 9 days 

previously but a prominent new feature is the hot area south of 

Af?-ica. To illustrate further the marked geographical variation in 

radiance, the difference between the 26th .and 21st July maps is 

presented in Figure 3. A maximum temperature increase of 40 K is 

observed in southern temperate latitudes near 0 E, whilst cooling has 

generally occurred from 35 S to the north pole. The analysis for the 

30th July shows an equally dramatic variation in radiance with the 

virtual collapse of the wavenumber 1 hot sector leaving a 

predominance of somewhat smaller-scale trough-ridge features of 

relatively weak magnitude. The above synoptic description accords 

with the findings of Chapman and McGregor (1978) based on a 

spectral analysis designed to distinguish the travelling and stationary
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waves during this warming period.

The B12 difference map shown in figure 3 also indicates the 

presence of zonally asymmetric wave disturbances in the 'cooling' 

region north of 35°S. The wave activity appears to stretch from 

35°S to the equator and even beyond, although the amplitudes are 

small in the tropics. Figure 4, shows the B12 eddy radiance field on 

26th July, constructed by subtracting off the zonal mean radiance at 

each latitude from BO N to 80 S. This figure displays more clearly 

the (zonal) wave activity at the equator and in the summer 

hemisphere. Features with zonal peak-to-peak amplitudes of 6-7 

radiance units can be seen in the summer hemisphere which is well 

above the expected noise level in this analysis. In the longitudinal 

sector centred near 150° W the extratropical features extend across 

the equator with only slightly reduced amplitude. The existence of 

northern hemisphere features in figure 4 is no proof that they are 

connected with southern hemisphere events of course, but the 

evolution seen in the full sequence of daily maps of which only part 

is shown in figure 2 suggests there is indeed a connection. Hirota 

(1976, 1979) has performed an analysis of SCR radiance wave activity 

including transient waves for 1973 and 1974, which therefore included 

the period of our present investigation. Westward propagating 

wavenumber 1 disturbances were identified both in the mid-latitude 

summer hemisphere and in equatorial regions during July 1974. 

Barnett (1975ta) has discussed cross-equatorial wave-guide effects 

using a similar data set but his analysis was for the quasi-stationary 

waves which remain after filtering out time variations shorter than 

about 30 days. These authors concluded that the meridional

9



propagation of wave activity into the opposite hemisphere in the 

upper stratosphere is most marked at the equinoxes when the zonal 

mean wind is westerly. It should be noted that the waves in the 

cited studies were identified by filtering techniques which complicates 

their identification with the features in figure 4.
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(b) Zonal mean radiances

The existence of dynamically induced changes in the summer 

hemisphere is well known from studies of the zonal mean 

temperatures during northern hemisphere warmings (Fritz & Soules 

1970). These take the form of reductions in zonal mean 

temperatures at low latitudes southward of some nodal latitude, 

typically 45°N, simultaneously with warmings at the North Pole. A 

similar phenomenon occurs in this southern hemisphere case but with 

a different meridional structure. In figure 5a we show the change in 

zonal mean radiance from 20 to 26 July. The radiances south of 

50°S have increased by the equivalent of about 10 K. North of the 

nodal point at 35°S there has been a decrease of a few radiance 

units. Table 1 lists the two day change from 22 to 24 July observed 

in three channels. In all cases the maximum warming is at 56 S with 

small changes in the subtropics and cooling at low latitudes. The 

lower stratosphere is little changed. The main difference from a 

typical northern hemisphere event is that the maximum warming is in 

temperate latitudes rather than at the pole. The nodal point is 

correspondingly a few degrees equatorwards.

The explanation for equatorial coolings is complicated in an Eulerian 

framework by a partial cancellation between the effects of the 

horizontal eddy heat fluxes and of advections by the zonal mean 

vertical velocity. Mclntyre (1980) has pointed out however, that they 

are readily understood using Lagrangian ideas, because to the extent

11



that the changes are rapid - and hence adiabatic - the isentroplc

surfaces behave like material surfaces and the total mass above a

given surface must remain constant. Hence increases in pressure on

an isentropic surface in high latitudes, as implied by the (Eulerian)

polar warming, must be associated with reduction elsewhere. The

migration of the isentropic surfaces to lower pressures is

interpretted in the Eulerian framework as a cooling. The validity of

these ideas has been demonstrated by Dunkerton et al (1981) in a

computer simulation of a northern hemisphere warming. Observational

evidence for their validity in this southern hemisphere case is given

in figure 5b, which shows the zonal mean pressure for 20 and 26

July on the 16*0 K isentropic surface which is situated a little below

the 1 mbar level (c.f. figure 13). The correlations between the

radiance changes in figure 5a and the pressure changes in figure 5b

are obvious, while the global mean pressure is strikingly constant

having changed by less than half a percent. Departure from complete

constancy can be attributed to diabatic processes as well as to

errors in observation, in retrieval, and in extrapolation to the poles.

(c) Zonal mean wind and deceleration

The change in the zonal mean wind associated with these 

temperature changes is shown in figure 6. Figure 6a shows the zonal 

mean westerly wind on 15 July 1974 representative of the 

pre-warmmij period. IN«.>tf ttmt the highest level at which thermal 

winds can be reliably determined is the 0.5 mbar level, about 5 km 

above the peak of the B12 weighting function.] The greatest 

windspeeds in the figure are attained at the 0.5 mbar level in the

1?.

lower mesosphere. A narrow jet core with speeds of 120 ms is 

situated near 38° S. Such intense zonal winds have been reported 

previously for other southern winters (e.g. Hartmann 1976a, Leovy and 

Webster 1976, McGregdr and Chapman 1979. Hirota et al 1983, 

Hartmann et al 1984, Shiotani and Hirota 1984), but are less common 

In northern 'quiet' winter periods, e.g. December, mainly reflecting 

the inter-hemispheric differences in seasonal wave-mean flow 

interaction in the extratropical middle atmosphere (e.g. CIRA 1972, 

Ouiroz 1981, Hamilton 1982. Geller et al 1903. Smith 1983, Miles and 

Chapman 1984). Ten days later (figure 6b) the subtropical lower 

mesospheric jet maximum has drifted downwards and polewards to be 

at 56°S and 2.5 mbar.

Figure 6c shows a time-latitude cross-section of the zonal mean 

wind at 0.5 mbar for sixteen days beginning on 15 July 1974. There 

is little change in very low latitudes, but the region of strongest 

windspeeds undergoes a rapid poleward shift centered on 23rd July, 

so as to give mid-latitude decelerations and high-latitude 

accelerations.

The latitude-height distribution of the zonal mean acceleration on 

23 July (obtained by differencing the wind fields of 24th and 22nd) 

is shown in figure 6d. The main deceleration is at high levels and 

latitude 44 S. while near latitude 65 S there has been an acceleration 

at high levels. This again emphasise? the contrast between this 

southern hemisphere event and the typical major warming in the 

northern hemisphere, in that the deceleration is at higher levels and 

lower latitudes than in the northern hemisphere case. Furthermore

13



the northern hemisphere major warmings do not normally have high 

latitude accelerations. The event studied here has some similarities to 

a northern hemisphere 'preconditioning event' (Palmer & Hsu 1983), 

but the height range involved is higher for our case.

In the next section these accelerations will be compared with 

those implied by the E-P flux divergence.

3. Etiassen-Palm Fluxes

3(a) E-P flux and divergence

Several authors (e.g. Andrews and Mclntyre 1976, Edmon et al 

1980), have summarised the main advantages of studying wave-mean 

flow interactions in terms of the Eliassen-Palm flux, namely that (1) 

the E-P flux is a convenient measure of the propagation of wave 

activity, being proportional to the group velocity when the concept 

applies, (2) it is non-divergent under steady adiabatic frictionless 

conditions and (3) the divergence of the flux represents the only 

forcing by eddies (including finite amplitudes) of the zonal-mean zonal 

wind (at least when quasi-geostrophic scaling is appropriate).

Under quasi-geostrophic scaling the E-P flux F in y, n, coordinates 

is given by

F = a cos* (p/p ) (-tu*v*], f Iv*0*]/l0 ]) o n

where f is the Coriolis parameter; n ' s ' n <P /p). p is pressure; p =o o

1000 mbar; the square bracket and asterisk denote respectively the 

zonal mean and departures therefrom; a = radius of earth; u, v are 

eastwards and northwards wind components; <fr is latitude; 0 is 

potential temperature and subscript n denotes differentiation with 

respect to r\.
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Figure 7 shows the E-P flux for 23rd July. The arrows represent

F x cos* (c.f. Dunkerton et al 1981 equation 2.7). Figure 7 also

shows div F scaled to give the acceleration of the zonal mean wind

implied by the divergence alone, namely (div F)(p /apcos*) (c.f.

equation after 2.5 in Palmer 1982). The data used in figure 7 have

been filtered, only the first 3 waves in the zonal Fourier

decomposition being retained. The contribution to the fluxes from

the other wave numbers are found to be negligible however (see also

Holton 1975).

The forcing term shows maximum deceleration and acceleration at 

the highest levels, respectively at mid and polar latitudes. The 

corresponding observed acceleration of the zonal mean wind is in 

figure 6d.

Of course, a perfect agreement between the forcing and the 

observed acceleration should not be expected, mainly because of the 

residual circulation induced, but also because the quasigeostrophic 

approximation may be inappropriate and observational and analysis 

errors may be present. Nonetheless there is a very strong 

correlation at high levels between the forcing (figure 7) and the 

acceleration, the former being two or three times larger than the 

observed accelerations. This implies an upper level residual circulation 

away from the pole at high latitudes and towards the pole in middle 

latitudes consistent with the displacements of the isentropic surfaces 

shown in fig. 5b, and as discussed further in section 4.
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The E-P flux divergence is obviously a fairly difficult quantity to 

obtain from any observational data-set, requiring many differentiations 

of the basic data. Nevertheless there are grounds for believing that 

fig. 7 is at least qualitatively correct. Firstly when the E-P fluxes 

for each day are inspected, they exhibit a smooth temporal variation; 

there are quite large day-to-day changes but the pattern evolves in 

a consistent manner suggesting propagation of wave activity at speeds 

of a few km/day vertically and a few 1000 km/day meridionally. 

Secondly, throughout the period up to and including the 25th there 

is a good qualitative correlation between the sign of the E-P flux 

divergence and the observed change in the zonal mean wind. From 

the 26th to the 28th, at and after the peak of the warming the 

temporal continuity of the E-P flux and especially of its divergence 

is reduced at great heights and high latitudes while the magnitude 

falls rapidly. The fluctuations appear to be associated with variations 

in the sign of the momentum flux which are too rapid to be fully 

resolved by our analysis technique. Such variations were noted also in 

a northern hemisphere warming by Crane (1977) and are illuminatedly 

commented on by Clough et al (1984). A superior time analysis scheme 

(eg Salby 1982) might alleviate the problem but it is difficult to see 

how any observations made with a single satellite could be entirely 

free from these difficulties. Thirdly, the divergence of the E-P flux 

in the upper stratosphere exhibits a "dipole structure" with 

acceleration poleward of the stratospheric jet core and deceleration 

on the equatorward side. Similar behaviour was observed by Hartmann 

et al (1984) and Shiotani and Hirota (1984) in their analyses of 

southern hemisphere winters.

17



Rather than show the Eliassen-Palm flux for every day of this

period, we have, in figure 8, grouped the days together according to

several characteristic stages of the event as advocated by Mclntyre

(1982). This has the merit (in addition to reducing the amount of

material to be presented) of diminishing the effects of any reversible

transients. These could produce confusions of interpretation over and

above the time resolution problems discussed above. Figure 8a shows

the E-P flux in wavenumbers 1-3 and the corresponding divergence

averaged for 16-19 July which can be taken to be typical of the

period prior to the main interaction event. E-P flux enters the

stratosphere from the troposphere in temperate latitudes. There are

two main streams of activity, one being directed equatorwards at

lower levels, the other being directed upwards and equatorwards at

middle levels producing weak convergence at high levels around

latitude 36°S.

The main wave-forcing phase is in figure 8b. The flux out of the 

troposphere is now much stronger and occupies a wider latitude band 

south of 45 S. Additionally the tendency to refract towards the 

equator is much reduced. In particular there is now a strong nearly 

vertical flux around 20 mbar and it is clear that there is a great 

deal more wave activity reaching the middle stratosphere giving rise 

to the convergence in the upper stratosphere and mesosphere.

The later part of the event, including the peak temperatures is 

in figure 8c. Above 7 mbar the E-P flux is reduced in magnitude 

but not greatly changed in direction, nor are the locations of the 

divergence and convergence greatly changed but their magnitude is
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reduced. Associated with this, the E-P flux from the lower 

stratosphere no longer appears to be feeding into the upper 

atmosphere to the same extent as previously. Instead the flux is 

beginning to revert back to the usual pattern of equatorward 

refraction. The vertical component of the flux at 135 mbar is much 

reduced and the source region near 48°S has disappeared altogether, 

while around 40°S there is some evidence that the flux is directed 

back into the troposphere. This suggests that it is the disappearance 

of the flux through the middle stratosphere which prevents the 

occurrence of a wind reversal at high levels; the flux into the high 

stratosphere did not persist sufficiently long. Inspection of the daily 

values supports this conclusion, as may be seen from figure 9, which 

shows the time variation of the flux into the upper stratosphere 

through 22 mbar. The arrows on this latitude-time cross-section are 

of E-P flux, plotted with the same vertical/horizontal aspect ratio as 

those in figure 8.

The strongest pulse of wave activity into the upper stratosphere 

takes place on 22 July when the fluxes are nearly vertical. The large 

fluxes persist until the 24th but are reducing by the 26th. By the 

28th the fluxes are tiny and they do not recover by 30th. As the 

cessation of flux into the upper stratosphere seems to be crucial to 

the failure of the flow to reverse, we now seek to investigate 

further the background to the cessation by considering the 

propagation characteristics of the stratosphere.
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3(b) Wave propagation and refractive index

The theoretical treatment of the sudden warming phenomenon has

relied heavily on linear theories in which a zonal Fourier decomposition

is a convenient technique for handling aspects of behaviour which

depend on the scale of the phenomena, especially wave propagation.

There has been some interest therefore in studying real cases by

Fourier decomposition although the amplitudes involved indicate

definite limitations to whether the approach is illuminating at the

peak of the warming (a manifestation of this limitation in other

studies is the prevalence of large values of wave-wave interaction

terms (eg Smith et al 1984)).

In view of this interest we have performed an extensive Fourier 

analysis of the E-P flux and its divergence which we summarise in the 

remainder of this section. There is some indication however that the 

200 mbar heights are not always adequately known for reliable results 

in the lower stratosphere. Trenberth (1980) writing of the 500 mbar 

monthly mean anomaly maps based on a counterpart of this same 

data-set comments "Although wave 1 explains much of these features, 

the wavelength is clearly less than that of wave 1, and it seems that 

waves 1, 2 and 3 are all required to adequately describe the shape. 

For this reason, relatively small changes in shape can contribute to 

large changes in individual wavenumber amplitudes and phase, and 

owing to the large data-free areas over the Southern Oceans, the 

quirks of an individual [analysis] can adversely exaggerate changes in 

single waves from day to day" His response to this difficulty is to 

refrain from looking at individual wavenumbers but only to consider
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wave bands comprising groups of waves. We adopt the same practice 

in the lower stratosphere (except fig lid below). Fortunately the 

situation in the middle stratosphere and above is not so restricted. 

We find that the Fourier analysis of retrieved E-P fluxes and their 

divergences at and above 25 mbar are insensitive to the assumed 

values of 200 mbar height; they are almost unchanged by replacing 

the 200 mbar heights by their zonal mean values for instance. This is 

a consequence of the increase in the amplitude of height waves with 

height; the temperature and momentum fluxes in the upper levels are 

dominated by the contributions from thicknesses obtained from the 

more complete satellite information.

Throughout the period we find that the greatest accelerations and 

decelerations are produced by wave numbers 1 and 2 with 

wavenumber 2 predominating from 21st to 24th. This dominance of 

wave 2 is, perhaps, surprising, since wave 1 has the largest 

temperature amplitude by 26th and appears to have the greatest 

trans-tropopause flux (not shown). Fig 10 shows the E-P flux split 

into wavenumbers one, two and three for 23 July. The relative 

magnitudes of the acceleration are typical of the period from 21 to 

24 July inclusive. Before that the effects of waves one and two are 

comparable, whereas wave 1 is dominant on 25th and afterwards, 

though the divergences are then reducing in magnitude.

We would obviously like to be able to explain the pulse of wave 

activity (fig 9) coming into the upper stratosphere and also the 

conditions responsible for its passage to high levels where the 

divergence is produced. Part of the explanation must involve forcing
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in the troposphere and lower stratosphere, which is beyond our

present scope, but some insight into the stratospheric propagation in

the meridional plane is provided in suitable circumstances by linear

theory using for instance the ideas of ray-tracing based on the WKBJ

approximation. This approximation assumes that the waves are of

small amplitude so the wave equation can be linearised, and it

further assumes that the meridional wavelengths of the wave are

small compared to the scale of variation of the zonal mean state

(Karoly & Hoskins '82). Hence a complete accord with our observations

should not be expected. In these theories the eddy field is Fourier

analysed into components by zonal wavenumber (m say) and each

component propagates separately as determined by a quantity 0 ,

based on the zonal mean field, which will be slightly different for

each wave

a m
where 0 m

[ u ] 94> cos

a 2 f 2 

4N 2 H 2

with — = {2(Q + tu) - at + 3tan* to. - (fa/NH) (p ui^J^/p} cos*
34,

Q = Angular velocity of earth 
N = Brunt- Vaisala frequency
H =Pressurescaleheight 

and ui = lu]/acos+

Q is the "refractive index" introduced by Matsuno 1970 from a 

slightly different viewpoint (but see Palmer 1982). Extra terms arise 

in diabatic or viscous cases, and for travelling waves [u] should be 

Doppler shifted according to the phase speed of the wave.

Figure 11 shows the squared refractive index for wavenumber 1

(i.e. Q ) superimposed on the same total E-P flux as in figure 8a.

2Wave 1 has been assumed stationary in preparing this figure. Q

was also calculated, taking into account that wavenumber 2 is 

travelling throughout this event (Chapman and McGregor 1978). This

was found to have a pattern very like that of Q I , reflecting the

fact that the contribution of 2Q-w to q^ is the dominant term in

2 2
the expression for Q . However the wavenumber 2 values of Q 2 in

2general, are more negative than Q by typically 10 or 20 units.

Figure 11 therefore gives some indication of where both waves might 

be expected to propagate.

Inspecting the refractive index, we see two main negative regions 

which the E-P flux vectors should have difficulty penetrating 

according to the theory. One of these regions is at great heights at 

stratopause levels in polar latitudes in the first period. The main 

maximum negative part at high levels moves equatorward to be at 

latitude 50°S by the end of the event (25-28 July, fig 11c). There 

is another negative region in the first period at latitude 36 S and 

20 mbar (fig 11a). The two negative regions are initially separated by 

a positive region (not present for wavenumber 2), but by fig 11c, 

the two negative regions have merged. There is a zero wind line 

marked on the figure which gives infinite refractive indices. The E-P 

fluxes are small in the vicinity of this line and inspection of the 

individual daily values of divergence shows little divergence of E-P 

flux associated with it.

There is a general but not perfect tendency for the E-P fluxes 

to avoid the negative region of refractive index squared and to be 

refracted towards the large values of positive squared refractive 

index, as would be expected from the theory. In particular the
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direction of flux from mid-latitude low levels in fig 11b, polewards

and upwards then equatorwards to mid-latitudes at stratopause levels

2generally follows the ridge of higher Q , between the two negative
m

extremes. There is also a measure of agreement with the diffluence 

of the fluxes on fig lie into two streams, one following the positive 

Q values back to low levels and the other tunnelling through to 

LUe positive Q d region at latitude 30 S and 1 mbar. The 

theoretical expectation that the E-P fluxes should avoid regions of

negative refractive index is not so well realised in the earlier period

2
(fig 11a) where there is a large flux directed into the negative Q

(and Q ) region at 15 mbar and 36 S. This flux is in wavenumbers 2 

and 3 as may be deduced by comparison with fig lid which shows

the wavenumber 1 flux alone. The E-P flux from wavenumber 1 alone

2 follows the ridge of positive Q quite closely (as it does throughout

the period).

The complete interpretation of figure 11 is complicated by the 

fact that both the fluxes and the refractive index are changing in 

time, so that it is not easy to visualise how wave packets are 

behaving. Moreover even in a field of uniform Q , the wave packets 

should follow curved paths except in a specially chosen coordinate 

system (Palmer 1982). In addition the assumptions of ray-theory are 

not strictly valid as remarked above, both on grounds of scale and 

because of the presence of local sources of wave activity. It is 

significant for instance that we find wavenumber 2 to be strongly 

divergent in the lower stratosphere implying wave activity sources via 

wave-wave or wave-mean flow interaction, which would violate the 

conditions for the WKBJ approximation. While there is some doubt

about how much reliance can be placed on the partitioning of fluxes 

by wavenumber in this region, similar patterns have been found in 

northern hemisphere warmings (Smith 1983) so observational errors 

should not be too readily assumed. (See also Austin & Palmer 1984.)

This brief consideration of the refractive index squared appears 

to offer some insight into the deceleration event, jn [(articular l,hr» 

general distribution of positive values seems broadly to explain the 

channelling of the fluxes into the convergent region. The merging of 

the polar mesospheric negative region with the stratospheric 

subtropical region is also qualitatively consistent with the observation 

that the E-P flux through the middle stratosphere died out before a 

complete reversal ensued, though tropospheric events are also 

relevant. The insight is only partial however; refractive index alone 

gives no reason for the convergent region at the middle latitude 

stratopause which depends on transience or dissipation, nor for that 

matter does it explain the location of the divergent region near the 

polar stratopause.



4. Meridional Circulation

In this section an estimate of the mean meridional circulation at 

the peak of the deceleration Is presented. Knowledge of this 

circulation is necessary to complete the understanding of the 

momentum and heat budgets and for the eventual explanation of 

features such as the differences between hemispheres of the latitude 

of the spring ozone maximum.

The estimates of meridional circulation presented in figure 12 have 

been calculated by an "Omega-equation" method. This uses the 

observation that the zonal mean winds and temperature fields are 

always close to thermal wind balance: the eddy fluxes of heat and 

momentum would destroy this balance, which must therefore be 

maintained by the appropriate mean meridional circulation. The stream 

function. V, of the mean meridional circulation can be found by 

solving a second-order partial differential equation of the form:-

L Uu], 103;

L is a linear second-order partial differential operator on Y, 

whose coefficients depend weakly on the zonal mean wind, tu], and on 

the zonal mean potential temperature [0] (mainly through its vertical 

derivative). L is elliptic for statically and inertially stable mean 

states. R R and R are operators involving spatial derivatives and
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M, h and d represent respectively the convergence of eddy 

momentum fluxes, the convergence of eddy heat fluxes and the zonal 

mean diabatic heating. The formulation employed here follows that 

used in a circulation model by Harwood and Pyle (1975). In the 

southern hemisphere stratosphere and mesosphere the retrieved winds, 

temperatures and fluxes have been used. Elsewhere the values 

derived by a circulation model (Harwood and Pyle 1980) are assumed. 

This is thought to introduce only small uncertainties, as the fluxes in 

the summer hemisphere are very small and the circulation north of 

the equator changes by less than ten percent if the northern fluxes 

and zonal mean winds are set to zero in the stratosphere and 

mesosphere. The scheme for estimating the diabatic terms R_(d) is as 

in Harwood and Pyle 1980 as far as heating by ozone absorption of 

UV radiation and cooling due to ozone emission of infrared radiation 

are concerned (including the assumed ozone amounts). CO cooling in 

the stratosphere and lower mesosphere is calculated by a Curtis 

matrix method supplied by J. Haigh (see Haigh and Pyle 1982 for 

details).

Figure 12a shows the Eulerian zonal mean circulation for the 23rd 

July. The upper stratosphere is dominated by the familiar two cell 

circulation comprised of a Hadley cell in low latitudes, and a Ferret 

cell south of about 50°S.

The warming effects of the circulation are more readily envisaged

in terms of the corresponding residual circulation (v ID ). shown in
R R

figure 12b. This was obtained from the Eulerian circulation (M. CioJ) 

by
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v_ = lv] - <plv*9*]/lQ]» /pK n n
and

W R = tut] + (cos*lv*Q*]/lQ] ) /cos* 

in which

w = Dn/Dt

and subscripts y and n represent differentiation with respect to 

that variable.

There is basically a direct cell in the residual circulation 

throughout the entire upper stratosphere. This is in qualitative 

agreement with the requirements of the heat budget at high levels. 

Above about ^ mbar the maximum descending motion is near latitude 

50 S, close to the latitude at which the largest rate of increase of 

zonal mean temperature was found. Northwards of approximately 

latitude 30 S, upward velocity components are found, in qualitative 

agreement with the coolings. The residual circulation shown in figure 

12b has a region of flow with a northward component in the vicinity 

of latitudes 50-70°S and 1.5 mbar. This is perhaps a rather 

surprising feature, but as already remarked above (section 3.1) it is 

also implied by the momentum budget. For comparison, the horizontal 

velocity component diagnosed from the momentum budget is shown in 

figure 13. This was obtained by computing v from
K

-fv = - CuJ + (div F) (p /apcos*),
We O

the right hand side being obtained from the quantities in figure 6d 

and 7.
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Some discrepancy between figure 12b and 13 is to be expected 

from uncertainties in the heating rate (but see below), some from 

retrieval and analysis error, some from differences in the level of 

approximation assumed in the equations and some from finite 

difference errors as the two methods used grids with 'different 

resolution. In spite of this there is a qualitative agreement between 

the two fields in extratropical latitudes. Both have a region of 

northward flow at high levels and latitudes around 60°S and both 

have southwards flow below that in the vicinity of 3 mbar. We are 

clearly at the limits of the information that can be obtained from 

the observing and retrieval systems. However the arguments from 

momentum budget and from the ui-equation have a large measure of 

independence, so it seems fairly well established in this case that a 

region with a slight equatorward component of the residual 

circulation must have occurred at high latitudes of the upper 

stratosphere.

The estimates of the Eulerian mean and residual circulation 

presented in figs 12a and 12b both depend on an estimate of the 

heating rate. This can only be found if the ozone concentrations are 

known. In the absence of direct ozone measurements, we have used 

photochemical equilibrium values at stratopause levels, and while this 

is a reasonable assumption (c.f. Barnett, Houghton and Pyle 1975) the 

circulations in figs 12a and 12b are subject to some uncertainty. It 

is possible however to obtain some information on the importance of 

the heating terms: on account of the linearity of L, the mean 

meridional motion can be regarded as the sum of two components, 

one "driven" by the eddy fluxes (streamfunction, T , say) and one by
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the diabatic heating (streamfunction. Y ). These are defined by

Ulu], 19]; Ye ) = R^M) + R 2 (h)

and UIu], 191: Y.) = R_(d) d 3

from which (with suitable boundary conditions) it follows that Y = Y

* V

We may define 'the residual circulation driven by the eddies' 

(streamfunction Y , say) by substracting the motion driven by the

heating from the residual circulation, thus Y = Y - Y.. It isre r d

readily seen from the linearity of L that Y does not depend on 

our estimate of the heating rate. The circulations corresponding to 

Y and Y are shown in figs 12c and 12d respectively. From figs 

12c8.d it can be seen that the equatorward components of the flow 

near 50°s are attributable to the eddy behaviour, the part of the 

motion driven by the heating having slight poleward components in 

this region (and likely to for any reasonable estimates of ozone 

concentration). It is also apparent from fig 12c that the effect of 

the eddies in the southern hemisphere drives a circulation which 

extends well into the opposite hemisphere. This is consistent, of 

course, with the zonal mean coolings noted (e.g. in fig 5) north of 

about 40 S.

It is noteworthy that the residual circulation produced by the 

eddies makes a much larger contribution to total residual circulation 

on this day (and throughout the period 15-30 July) than the portion
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produced by diabatic heating. This throws considerable doubt on the 

modelling assumption adopted by Rogers and Pyle (1984) that the part 

driven by the heating can be treated as the entire residual 

circulation, though their assumption may of course be reasonable when 

averages over longer time periods are required.
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5. Analysis on tsentropic surfaces

In this section we present some features of the interaction 

analysed on potential temperature surfaces, in particular we present 

maps of potential vorticity to seek signs of irreversible mixing of 

the type suggested by Mclntyre and Palmer (1983, 1984). The surface 

chosen for study is Q = 1640K which is near the 1.5 mbar pressure

level. Geostrophic winds and hence Ertel potential vorticity Z werem

estimated from the Montgomery potential Y , where V = C T + gz
m m p

,g being the gravitational acceleration

g 39 1 u 9f 
and Z = - - — ({ - (V 2<V +- — ) } * f )

n i ...G op f -.
a 9*

Fig. 14 shows the winds and pressure field on the 0 = 1640 

isentropic surface for 2 days, one before the main interaction event 

and one at the peak of the event. As noise in the Montgomery field 

can produce large errors in the low latitude geostrophic winds, the 

velocities equatorwards of 8°S have been set to zero. This 

procedure may be unnecessarily pessimistic however as a comparison 

with the available rocket soundings in the period of our study (see

table 2) shows good agreement not only in middle and high latitudes

o 
but also at Ascension Island at 8 S.

There are two pressure minima a little under 1.1 mbar on the 

chart for 15th and these correspond. as they must, to two 

B12-radiance minima for this day which can be seen slightly displaced 

two days later in figure 2a. Likewise the pressure maxima on fig. 

Ua correspond to hot regions on the radiance maps. The winds are

of the order of 100 ms in mid latitudes, taking roughly two days 

to circle the pole at latitude 60°S. The winds are strikingly zonal on 

15th polewards of approximately latitude 40°S, and detailed 

examination confirms that this figure is consistent with the wind 

cross-sections shown in fig. 6a above.

The complete sequence of charts shows a small anticyclone 

developing on 22nd near 30°w, which is distinct from the small 

anticyclonic circulation to be seen on 15th at 25 S, 10 E. By the 

26th (fig. Kb) this new anticyclone has enlarged considerably and is 

centred near 35°S 10°E, dominating the flow in mid and low latitudes 

from 60°W, eastwards to 110 E. The deceleration of the zonal mean 

wind seen in fig. 6 is clearly associated with this feature. The 

topography of the surface is also much altered, with a single 

pressure maximum slightly over 1.9 mbar at 65 S. 15°E, corresponding 

to the channel 812 radiance maximum in fig. 2. The winds in the 

middle of this high pressure are stronger than they were on 15th, 

attaining velocities of 160 ms . In high latitudes the polar vortex is 

essentially intact though it is somewhat elongated.

Fig. 15 contains maps of Ertel potential vorticity before the 

event (fig. 15a. 15th July), near to the maximum deceleration (fig. 

15b. 24 July) and after the main deceleration (fig. 15c, 28 July). In 

preparing fig. 15 the potential vorticity was calculated on a 

latitude-longitude grid extending to 76°S. This was subjected to a 

weak smoothing operation (Wallington 1962) prior to interpolation onto 

the polar stereographic map for plotting, at which stage the polar 

values were obtained by extrapolation. Equatorwards of 8°S the
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relative vorticity (not potential) has been set to zero because of 

possible contamination of low latitude geostrophic winds by noise in 

the Montgomery potential, though as remarked above this procedure 

may be unnecessarily stringent.

The lowest (most negative) and highest values of potential vorticity 

vary little in this two week period (though strict conservation is not 

expected over this length of time at these heights) but there has 

been a great reduction in the areas occupied by the low potential 

vorticity and a marked poleward shift in the region of large 

gradients between the 15th and the 28th.

The redistribution can clearly be seen taking place in fig. 16, 

which shows a latitude-time cross-section of the zonal mean potential 

vorticity and the corresponding eddy flux of potential vorticity. On 

the 15th the zonal mean potential vorticity has large gradients near 

latitude 70°S and from 25°to 45°S, with a small or slightly reversed 

gradient between. By 24th the gradient is fairly uniform with 

latitude although the zonal mean picture is really quite misleading on 

this day as the gradients are still strong at any given longitude, but 

the eccentricity and elongation of the potential vorticity contours 

produce a smearing out of the gradients when zonally averaged (c.f. 

fig. 15b for 24th and fig. 17 below).

In view of (a) the definition of refractive index (see section 3 

above) which involves the poleward gradient of the zonal mean 

quasi-geostrophic potential vorticity and (b) the close analogy between 

on the one hand quasi-geostrophic potential vorticity on pressure

surfaces and on the other hand Ertel potential vorticity on isentropic 

surfaces (Charney and Stern 1962). it is to be expected that the 

regions of positive squared refractive index in fig. 11 should be 

related to large gradients in fig. 15a and 16a. This is indeed the 

case: the positive values in fig. 11a near 1.5 mbar lying between 

latitudes 28°S and 48°S are clearly related to the strong gradients 

in that region seen on fig. 15a. The subsequent collapse of this 

positive region (fig. 11b and c) is related to the redistribution of 

the potential vorticity which produces reduced gradients in fig. 16a.

A comparison of the time change of zonal mean wind (fig. 6c) and 

the fluxes in fig. 16b gives qualitative confirmation of the 

expectation from quasi-geostrophic theory that the deceleration of 

the zonal mean wind should be correlated with the southward flux of 

potential vorticity (being proportional to the convergence of E-P 

flux). The poleward flux of potential vorticity can conveniently be 

thought of in the southern hemisphere as an equatorward flux of 

negative potential vorticity for analogy with the northern hemisphere. 

Both the latitude and timing of the maximum eddy flux is well 

correlated with the zonal mean deceleration. The fluxes are also well 

correlated with the change in the gradient of zonal mean potential 

vorticity, even though the effect of the mean meridional wind, [vJCZJ, 

can not be automatically assumed negligible in this context.

The potential vorticity distributions in fig. 15 show the main 

vortex to be distorted but apparently remaining intact. We do find, 

however, that mixing does take place on the equatorward edge of 

the main vortex through parcels with low (large negative) vorticity air



being separated from the main vortex. This process is active in 

particular in producing the areas of high potential vorticity near 

30 E 50 S on 28th and the associated plateau in the contours.

The mixing is more discernable in a sequence of maps with only a 

limited range of contours plotted but with reduced contour interval 

as in fig. 17. on which only contours at intervals of two units from 

6 to 16 units appear (c.f. fig. 15 where spacing was 5 units).

On the 15th (fig. 17a) (included for comparison with 15a) the 

contours are rather smooth and at nearly all longitudes the potential 

vorticity decreases monotonically towards the pole (within the range 

of values plotted). By the 22nd the vortex appears less smooth. The 

intervening maps (not shown) provide some evidence in low latitudes 

of portions of the vortex becoming detached and interchanged with 

air from the equatorial region, but the problem of obtaining reliable 

estimates geostrophically in low latitudes leaves room for doubt. The 

remarks of Mclntyre and Palmer (1983) that the potential vorticity 

maps from satellite data inevitably are like looking at reality 'through 

knobbly glass' apply here with equal force. However the development 

between 22nd and 30th of the pattern in sector from 0 to 90 E in 

the vicinity of 50 S shows convincing continuity from day-to-day as 

can be surmised from the sequence of maps at two-day intervals 

presented here. Hence there can be little doubt that the charts 

show 'strips' of air of subtropical or tropical origin being injected 

polewards and westwards into the main vortex. By the end of the 

sequence the subtropical air is losing its identity and 'merging' with 

the higher latitudes background values. With the type of data at

our disposal it is impossible to see whether the potential vorticity 

has altered through frictional and/or radiative processes to attain 

values comparable with the new environment, or whether it still 

exists with unaltered potential vorticity as a very narrow strip, too 

fine to be resolved. The incursion of the air from subtropical to 

high latitudes is broadly consistent with the winds around the 

anticyclone centred at 35°S 10°E on 26th July. It would be 

interesting to compute trajectories to determine whether the air has 

passed around the anticyclone, originating from the easterly flow on 

its northern flank, or whether it originated in the westerlies of the 

low latitudes of the western hemisphere. Unfortunately the present 

analysis scheme is probably not capable of reliably determining such a 

comparatively subtle issue.
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6. Summary and Conclusions

This case study of a southern hemisphere warming has shown

several differences from a typical northern hemisphere case.

Prominent amongst these is the fact that the deceleration took place

at higher altitudes and lower latitudes than in northern hemisphere

events. The magnitude of the reduction of zonal mean westerlies was

comparable with those found in northern hemispheric events and yet

the wind failed to reverse, the initial wind strengths being

considerably larger than in the northern case. The failure of the

wind to reverse may also be attributed more fundamentally to the

reduction of the E-P fluxes passing through the middle stratosphere

to the region of convergence.

The E-P fluxes and the associated divergence and convergence are 

mainly in wavenumbers one and two above the middle stratosphere 

with only small contributions from wavenumber three and higher. The 

refractive indices for these waves have a large measure of 

consistency with the behaviour of the fluxes, especially in the case 

of wavenumber one and in spite of the large amplitudes which would 

cast doubt on the applicability of linear theory. In particular the 

channelling of the fluxes shows a good qualitative agreement with 

high values of the refractive index squared, especially in the case of 

wavenumber one. Moreover the cutting off of the fluxes through 

the middle stratosphere towards the end of the period occurs in 

association with the replacement of the real by imaginary values of 

refractive index in that region. However events in the troposphere 

are also important in the decay of the fluxes.
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In common with several other studies we find a region of E-P 

flux divergence at high latitudes. The reason for this divergence is 

not immediately clear but it does imply a source of wave activity, as 

has been discussed by Hartmann (1983), who attributes it to a 

barotropic instability. We do find limited evidence for this idea in 

weakly reversed gradients of potential vorticity in the zonal mean 

and more strongly reversed gradients locally but these appear to be 

the result of the wave motions rather than their cause.

The residual circulation is in a sense to offset the effects of 

both the E-P flux divergence and convergence and therefore has a 

small component towards the equator in high latitudes of the 

southern hemisphere and great heights but towards the South Pole 

elsewhere. This former regime is considerably different from the 

residual circulation published in most other studies, but the same 

sense of this circulation is obtained by two essentially independent 

calculations and so appears to be firmly diagnosed. The vertical 

velocities of the residual circulation and especially the part 

attributable to the eddy forcing is consistent with the zonal mean 

heating in mid-latitudes and cooling to the north.

Analysing the warming on isentropic surfaces reveals in more detail 

many of the processes relevant in the zonal mean description, namely 

the structure of the systems producing the potential vorticity 

fluxes, which are intimately connected both to the E-P flux 

convergence and to the changes in the zonal mean potential vorticity 

gradient, which is in turn of great importance in the refractive 

index. An incursion of air from low latitudes into middle latitudes
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leading to an apparent mixing of the potential vorticity can be 

detected, reminiscent of the processes described by Mclntyre and 

Palmer (1983). but it is more localised than in the northern 

hemisphere major warming events and does not lead to a total 

disruption of the polar vortex.

One strong impression which arises from analysing the maps is of 

the obscuring effect of dealing in terms of the zonal mean: at each 

longitude there are strong meridional gradients of potential vorticity, 

yet the elongation of the vortex smears this gradient over a wide 

band of latitudes with correspondingly reduced magnitude when 

considered as a zonal mean. Moreover the need to explain the zonal 

mean deceleration is seen on hemispheric maps to translate into a 

question of what is responsible for the growth of a rather localised 

anticyclone in subtropical latitudes. It is not that the E-P 

cross-section is in error in its information concerning the zonal mean 

deceleration, it is rather that it is not particularly illuminating when 

the phenomena under investigation is ill portrayed as a small 

perturbation from a zonally symmetric state. This is of course widely 

recognised. However, notwithstanding some potentially useful 

suggestions by Mclntyre (1982) and by Palmer and Hsu (1983) 

concerning ways of dealing with extremely asymmetrical states, totally 

compelling alternative theoretical concepts are not yet apparent.
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1. The weighting function for the four channels of the selective 

chopper radiometer on Nimbus 5 used for this study. The 

bracketted figures are the central wavenumbers in cm of 

the waveband of the relevant channel. The dashed line shows 

the level of the base maps.
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2. Maps of radiance observed on channel B12 for selected days in July

1974. The contour increment is 2 radiance units (r.u). 1 r.u. = 1

-2 -1 - 1 - 1 mWm str (cm ) . This is approximately equal to an increment in

equivalent temperature of 2K.
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3. Change in radiance observed by channel B12 between 21 and 25 July 

1974. Contours are plotted at values of 0 (bold), * 1. t 2, ±3, t 

4, t 5, then at multiples of 5 r.u. Positive values solid lines, 

negative values dashed lines.
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4. The "eddy" radiance field observed by channel 812 on 26 July 1974 

obtained by subtracting off the zonal mean radiance from the 812 

radiance. Contours are plotted at multiples of 5 r.u. with the 

addition of those for ± 0.5, ± 1, ± 2, ± 3, ± 4 r.u.
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(b) Pressure of surface of constant potential temperature 8 = 

1640K on 20 and 26 July 1974. The curves show the zonal 

mean pressure in Pa multiplied by cosine latitude. The 

horizontal lines show the corresponding latitude mean of these 

curves, ie the global mean pressure.
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6. Aspects of the zonal mean wind field, (a) Zonal mean wind (ms ) 

for 15 July 1974 (b) as (a) but for 25 July 1974 (c) latitude-time

section of zonal mean wind at 0.5 mbar (d) rate of change of zonal

mean wind (ms" 1 day' 1 ) for 23 July 1974.
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7. Eliassen-Palm flux due to waves 1, 2 and 3 (arrows) and its 

divergence (contours) for 23 July 1974. The divergence is expressed 

as an equivalent acceleration in ms day . Solid lines, positive 

divergence; dashed lines, negative divergence. See text for full 

definition.
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16. (a) Zonal mean potential vorticity on the isentropic surface, 0 =

1640K. Contours are of (Z/g)/do" 8Pa~ 1 s~

(b) Zonal-mean northward flux of potential vorticity on the same

-7 -1 -2 
isentropic surface. Contours are of (cosKv*Z*]/g)/(10 Pa ms ). *

is latitude.
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