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Abstract

The large-scale circulation structures of the atmosphere are thought to be influenced by

gravity wave motions. Therefore, the climatological characteristics of such waves must be

determined if the basic state atmosphere is to be fully understood and modelled. Radiosonde

measurements provide one means of approaching the problem and this thesis is concerned

with the determination of gravity wave characteristics using operational radiosondes. The

data considered include soundings from 22 stations whose locations range from the tropics

to the Antarctic. All measurements were supplied by the Australian Bureau of Meteorology,

with the exception of the South Pole data used in appendix C.

The first chapter introduces some background theory regarding gravity waves and dis-

cusses their importance in relation to the large scale dynamics of the atmosphere. In addition,

a brief review of the cognate research field of gravity waves in oceans is provided. A review

of the relevant atmospheric literature is presented in chapter 2 which includes both theo-

retical and experimental aspects of recent gravity wave research. It is noted that a gravity

wave study which uses high-vertical-resolution radiosonde measurements from a network of

stations in the southern hemisphere is unique. In chapter 3, the radiosonde data that were

utilized and the analysis techniques that were employed, are described. Also presented are

discussions regarding important issues such as measurement accuracy, measuïement sensor

response times and the observational geometry of radiosonde soundings.

Thelargemajorityof scientificresearchispresentedin chapters 4,5,6 and 7. Inchapter4,

the seasonal and geographic variations ofgravity wave temperature variance are investigated.

This is made possible by the extensive geographic and temporal coverage of the available ra-

diosonde data. Chapters 5 and 6 investigate additional aspects of the gravity wave field over

Macquarie Island (55"S, 159"E) and the Cocos Islands (12"S, 97"E), respectively. The avail-

ability of good quality horizontal wind velocity measurements from these sites, which were

obtained simultaneously with the temperature measurements, allows qualitative information
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about wave field directionality to be inferred. Furthermore, knowledge of both wave energy

and directionality suggests that the net vertical flux of zonal momentum can be estimated.

This possibility is explored in chapter 7.
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Chapter 1

Introduction

1.1 Gravity 'Waves and the Earth's Atmosphere

The Earth's atmosphere is often divided into four regions based on the observed vertical

temperature structure. This is illustrated in Figure 1.1 where an example from the COSPAR

International Reference AtmosphercICIRA,1986] between 0 and 120 km is presented. This

profile is representative of mean conditions at 30"S and the COSPAR reference atmosphere

is an internationally recognized standard. The four regions are called the troposphere, the

stratosphere, the mesosphere and the thermosphere, and are characterized by the sign of

the vertical gradient of air temperature. The boundaries between regions are called the

tropopause, stratopause and mesopanse and are shown in the diagram.

Another classification scheme relies on characteristics of the atmosphere's composition.

The so-called homosphere, between approximately 0 and 100 km, is that region of the at-

mosphere where significant turbulent mixing maintains the relative abundance of major

atmospheric constituents at constant values. Above this region, the process of molecular

diffusion is more important and gaseous constituents are found to be separated according

to mass with heavier gases relatively more abundant at lower altitudes. This region of the

atmosphere is called the heterosphere and its lower boundary is called the turbopause. The

exact position of the turbopausel is not clearly defined since the altitude at which molecular

diffusion becomes important is different for different gases.

A further scheme of classification separates the atmosphere into two spheres, the baro-

sphere and the exosphere, on the basis of the mean free path of neutral gas molecules. The

lThe turbopause is defined as the altitude at which the eddy difiusion and molecular difiusion coefficients
are equal le'g'' Bauer,19?3]. Both terms are dependent upon the gaseous constituent being considered.
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Figure 1.1: A typical zonal-mean temperature profile during January at 30oS. The diagram
uses temperature data from CIRA [1986].

exosphere, above approximately 400 km, is that region of the atmosphere where gaseous

escape is significant owing to the large mean free path of gas molecules. In this region the

velocity distribution of molecules is non-Maxwellian since high velocity particles, in partic-

ular those with velocities exceeding their gravitational escape velocity, suffer few collisions

and are typically lost from the atmosphere. The exosphere is separated from the barosphere,

so called because in this region barometric laws hold, by the baropause. The baropause is

defined le.g., Bauer, 1973] as the a,ltitude at which the mean free path is equal to the local

scale height2.

The ionosphere is the region of the atmosphere, between approximately 60 and 400 km,

where the number density of plasma becomes large and has significant influence on radio

\Mave plopagation. It can be subdivided into various layers or regions le.g., Bauer, lgTJ;

-Rees, 1989] based on the observed characteristics and structure of the plasma number density

profile. The main soutces of ionization are believed to be solar ultra-violet (UV) and X-ray

¡adiation and energetic particles of either solar system or cosmic origin. The study of the

Earth's ionosphere has particular historical signiflcance owing to its affects on radio wave

communication.
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2The scale height is the vertical d.istance over which atmospheric pressure decreases by J7%



1,1, GRAVITY WAVES AND THE EARTH'S ATMOSPHERE

The atmosphere is often divided into lower, middle and upper atmosphere regions. There

are no strict definitions of these terms although it is most commonly understood [e.g., An-

drews et a\.,1987] that the term lower atmosphere refers to the troposphere, the term middle

atmosphere refers to the region between the tropopause and the turbopause and the term

upper atmosphere is used to describe the atmosphere above the turbopause. The work of

this thesis is concerned primarily with the region of the atmosphere, between ground level

and approximately 30 km, that can be probed using conventional meteorological radioson-

des. Although this includes only the lowest portions of the middle atmosphere, the work is

nonetheless of relevance to all regions of the middle atmosphere as will be discussed later.

Some of the above classiflcation schemes are illustrated schematically in Figure 1.2. These

are based on extensive observational studies of the atmosphere which provide climatologi-

cal mean profiles of primary geophysical variables such as pressure, temperature and wind

velocity, and also of atmospheric constituents [e.g., U.S. Standard Atmosphere Supplements,

L966 CIRA, 1986]. The purpose of such reference atmospheres is to provide hypothetical

profiles "which, by international agreement, are roughly representative of the various geo-

graphical and seasonal conditions over the Earth" ICIRA, Ig72, p. XVI]. They provide a

basic observational framework within which most atmospheric research is undertaken.

The altitude dependence of air temperature in the lower and middle atmospheres varies

with season and geographic location but the general structure presented in Figure 1.1 is re-

produced in all circumstances. This basic structure is broadly explained in terms of radiative

and photochemical processes and that explanation, put simply, is as follows. In the tropo-

sphere the Earth's surface behaves as a heat source (due to its absorption of visible light)

and this results in a temperature maximum at ground level. The temperature minimum at

the tropopause is due to radiative emission whereas absorption of long-wavelength solar UV

radiation by ozone3 results in the temperature maximum at the stratopause fe.g., And,rews

et al., 1987]. Once again radiative emission and decreasing ozone concentrations explain

the temperature minimum at the mesopause while increasing thermospheric temperatures

result from absorption of short-wavelength UV and X-ray radiation by various constituents

but predominantly by atomic and molecular oxygen. Details of the various radiative and

photochemical processes that are involved are described elsewhere [e.g., Banks and, Kockarts,

L973; Brasseur and, Solomon,1984] and are believed to be well understood.

While radiative and photochemicai processes are successful in explaining many broad

3

3A minor atmospheric constituent that is typically most abundant near 20 km.
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Figure I.2: A' schematic illustration of different atmospheric regions lftom Bauer, 1g7B].

features of the observed temperature structure, certain features cannot be explained in such

a manner. Figure 1.3 displays a schematic illustration of the latitude-height distribution

of zonal-mean atmospheric temperatu¡e for the solstice case following Geller [1g83]. Two

features of this diagram that are difÊcult to explain, at least from the viewpoint of radiative

and photochemical arguements, are: one, the local temperature minimum at the tropical

tropopause and two, the reversal of the meridional temperature gtadient at heights near the

mesopause lGeIIer, 1983]. Models of zonal-mean temperature which attain local thermo-

dynamic equilibrium, thereby allowing no vertical or meridional motion, and which include

known photochemical processes cannot account for either of these features le.g., Geller, 1g8g].

Such hypothetical temperatures are termed radiative equilibrium temperatures. They serve

to highlight the importance of dyna,rnical processes since the models which generate them

specifically exclude dynamical efects. It is now widely understood that dynamical, pho-

tochemical and radiative ptocess are all important and must be considered together if a
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comprehensive understanding of the climatological-mean structures of the atmosphere is to

be achieved.

The latitude-height structure of zonal-mean zonal winds is illustrated schematically in

Figure 1.3. Cljmatological mean horizontal winds are typically in geostrophic balance4 and

the zonal winds are related to the latitudinal distribution of temperature according to the

thermal wind equation [e.g., Andrews et a\.,1987]. It is therefore possible to obtain model

zonal winds based on the calculated radiative equilibrium temperatures and to compare these

with the representative solstice wind structure of Figure 1.3. Given the differences between

observed and radiative equilibrium temperatures it is not surprising that there should be

differences between model and reference atmosphere winds as has been found by, for example,

Geller [1983]. Since the latitudinal gradient of radiative equilibrium temperature does not

change sign with height, the corresponding geostrophic winds at midlatitude must increase

monotonically with height. This is in contrast to midlatitude reference atmosphere winds

which increase more slowly with height and which peak near 60 km and decline thereafter

(Figure 1.3).

It is now understood that the difference between radìative equilibrium and observed tem-

peratures is the result of important dynamical processes which occur within the atmosphere

[e.g., Andrews et al., 1987]. Strong convection and adiabatic cooling are responsible for the

temperature minimum at the tropical tropopause while wave motions are believed to have

signifrcant effects at mesospheric heights. Indeed the reversal of the meridional temperature

gradient at these heights is thought to be due to dynamical thermal transport associated

with eddy or wave motionss fAndrews et al.,lg87l. Leoug [1964] was the first to parameterize

this effect by assuming that it acted to decelerate mean winds where the deceleration or drag

(called Rayleigh drag) was proportional to the mean winds themselves. Using this approach,

Leoug [1964], and later Schoeberl and Strobel [1978] ard Holton and, Wehrbein [1g80], were

able to model successfully the observed departures from radiative equilibrium wind or tem-

perature structures. Houghton [1978] argued that gravity waves, which are medium-scale

atmospheric wave motions, were likely to be responsible for the deceleration effect while

Li'ndzen [1981] provided a physical picture as to how this might occur.

According to the picture of. Lindzen [1981], gravity waves are genera,ted predominantly

within the troposphere and propagate vertically with increasing amplitude. This increasing
aThis is not true at equatorial latitudes where Coriolis efiects become negligible and the geostrophic

approximation is no longer valid.
5The"e are first order perturbations about some mean background structure.

5
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amplitude results from the exponential decrease of density with height and from energy

conservation considerations. Relatively small amplitude waves in the troposphere thus have

large amplitudes upon reaching the mesosphere and may become unstable and break by

approximate analogy with breaking surf. Breaking gravity 'ffaves act to accelerate mean

winds in the direction of the horizontal phase speed of the wave fLi,nd,zen,I9SI]. This effect

is similar to the Rayleigh drag parameterization used by e.g., Leouy [1964] if the waves' phase

speeds are zero. Such an assumption is entirely plausible in many situations if topographic

forcing can be considered as a dominant source mechanism. While gravity waves do not

possess momentum they do act to redistribute it [e.g., IVIcIntyre, L981; Fritts, 1984] and this

point will be discussed in more detail later.

The above description of gravity waves and their effects upon the mean structures of the

mesosphere is vastly oversimplified and ignores important processes such as the filtering of

certain waves before reaching the mesosphere. These will be discussed later. However, it

does highlight the importance of gravity vr/aves in determining even the most basic observed

structures of the atmosphere such as the climatological mean temperature and zonal wind

structures of the mesosphere. More recently gravity waves have been found to play a similar

role, albeit a much less dramatic one, in determining the circulation structures of the tropo-

sphere and the lower stratosphere le.g., Palmer et aL.,1986; McFarlane, 1987] and it is now

believed that they infl.uence all regions of the atmosphere through which they propagate [e.g.,

Fritts and VanZandt, 1993; Fritts and Lu, 7993; Lu and Fritts,1993]. Quite clearly the study

of atmospheric gravity waves is both a vaüd and necessary branch of atmospheric research

and is already broadly successful in explaining many observed features of the atmosphere.

This thesis is concerned with the study of atmospheric gravity waves in the troposphere and

lower stratosphere using an extensive experimental data base of meteorological radiosonde

measurements. Before describing the relevance of this work, however, it is first necessary to

discuss the basic theoretical framework within which the work is undertaken.

L.2 Theoretical Framework

The atmosphere is capable of supporting several different classes of wave motions which cover

a broad range of spatial and temporal scales. The various classification schemes are described

by, for example, Gossard and Hooke [1975] and, Andrews et al. [1987], and only certain points

will be reported here. Most commonly waves are classified according to their important

7
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restoring forces fGossard, and Hoolce,,1975; And,rews et a\.,1987]. For example, gravity waves

ate so named since gravity is an important restoring force for this wave class whereas Rossby

or planetary waves require Coriolis effects to provide a restoring mechanism. Other important

wave classes include trapped or evanescent waves which are constrained to certain regions

of the atmosphere, stationary waves which have phase fronts that remain fixed with respect

to a ground-based observer, and forced waves which must be continuously maintained by a

given excitation mechanismlAndrews et a\.,1987]. Equatorial waves such as the Keivin and

mixed Rossby-gravity wave modes are examples of trapped waves, thermal tides are examples

of forced waves, and topographically generated gravity waves, often called mountain or lee

waves, can be examples of stationary waves. The various schemes of classification are not

exclusive and often overlap.

In this thesis atmospheric gravity waves are the focus of study due to their importance

in influencing the iarge scale dynamics of the lower and middle atmospheres. However,

other wave motions are also important in this regard. For example, dissipating Kelvin

and mixed Rossby-gravity waves are thought to provide a mechanism for maintenance of the

quasi-biennial oscillation (QBO) which is observed in the equatorial lower and middle strato-

sphere [e.g., Lindzen and Holton, L968; Wallace,lgTS]. Planetary waves, on the other hand,

are largeiy responsible for stratospheric sudden warmings and for weakening the northern-

hemisphere polar vortex [e.g., Matsuno, L977; Andrews et a\.,1987]. It appears that several

classes of wave motion are important in influencing the dynamics of the Earth's atmosphere.

Atmospheric wave motions of all scales, and indeed the large-scale circulation structures

themselves, are defi.ned by the three fundamental equations of fluid dynamics which express

Newton's second law, the first law of thermodynamics and the iaw of mass conservation [e.g.,

Holton,1992]. Newton's second law is expressed mathematically by the equation of motion

which, for conditions appropriate to the lower and middle atmospheres, is given by [".g.,
Brasseur and Solomon, 1985; Holton, Lgg2]

**lvn+zÕxü =î+F (1.1)Dtp
where Ti = (r, uru)is the velocity vector of an air parcel in Cartesian coord.inates, p is air

density, p is air pressure, d i. th" Earth's angular rotation rate, j is the acceleration due to
gravity6, -Ë t"pr"r"ots the frictional force and & = &+ ü .V is the total time derivative and

corresponds physically to the rate of change of a given atmospheric variable in the frame of
6It is assumed that the gravitationa.l force term in (1.1) includes centrifugal force efiects fe.g., Holton,

teezl.
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reference moving with an air parcelT. Electromagnetic force terms are legitimately ignored

here since the number density of ions is small throughout the lower and middle atmospheres

and these force terms are negligible at all scales of motion. The first law of thermodynamics

and the law of mass conservation may be written, respectively, as follows fe.g., Brasseur and

S olomon, 1985; H olton, Igg2l

cp (1.2)

I

DT 7Dp
Dt pDt
Do
ú+Pv'u ( 1.3)

where c, is the speciflc heat of air at constant pressure, ? is air temperature and Q is the

net heating rate per unit mass.

Equations (1.1), (1.2) and (1.3) are often simplified by scale analysis. This involves

removing certain terms which can be demonstrated to have negligible or unimportant effects

at certain scales of motion le.g.,, Holton, Igg2l. The pressure gradient and gravitational

forces are the most important at scales of motion common to gravity lvaves, essentially by

definition. In the Earth's atmosphere this occurs at horizontal scales between a few tens and

several hundreds of kilometres, at vertical scales between a few hundred metres and several

kilometres, and at time scales ranging from a few minutes to several hours. Atmospheric

gravity waves are commonly referred to as mesoscale wave motions as a consequence and

are intermediate to global-scale planetary waves and small-scale turbulence. Coriolis and

frictional forces have only minor influènces at such scales and the relevant force terms of

(1.1) can be legitimately removed in order to simplify this equation.

The gravity wave solution of (1.1), (1.2) and (1.3) has been well documented [".g., Hines,,

1960; Gossard and Hoolce, 1975; Andreus et al., 1987; Hotton, 1992] and will not be re-

produced here. The perturbation method is used to attain this solution and is a reputable

mathematical technique. It assumes that all field variables can be decomposed into basic

state and perturbation components. If ty' is any one of p, p,, T, ,tL) ,u) or t¿ then ,þ :ú +,,þ,

where ty' is some long-term climatological mean (for example a zonal mean) and. {tis the

local deviation from the basic state t/. The perturbation components tþt are assumed to be

sufrciently small that the product of any two such quantities can be legitimately ignored

while both þ and ty' are assumed to satisfy the fundamental equations of motion le.g., Holton,

1992]' Substitution of mean and perturbation components into simplified versions of (1.1),

(1.2) and (1.3) yields, after some mathematica,l manipulation, a set of linear equations which

a

0

TThe Lagrangian frame of reference
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govern the system in question. This procedure is called linearization and the now linearized

equations can be solved by looking for wave solutions of the form tþt x exp(i[krf lgtmz-ut])
where R : (krlrm)is the wavenumber vector, c.r is the observed frequency in the Lagrangian

frame of reference or the intrinsic frequency, i = ,27 and the complex notation has its usual

meaning le.g., Gill, 1982].

Valid wave solutions are found to satisfy both dispersion and polarization equations.

The dispersion equation relates the wave frequency to its component wavenumbers while the

polarization equations relate the amplitude and phases of different perturbation quantities

such as ut ar.d ¿r'. The exact form of these equations depends on the degree to which (1.1),

(1.2) and (1.3) have been simplified and on the approximations employed to achieve the wave

solutions. One commonly used approximation is calied the Boussinesq approximation and

treats atmospheric density as a constant, except where it appears coupled with buoyancy

force terms in the vertical component of the equation of motion filolton, 1992]. Other

approximation strategies can also be used but the Boussinesq approximation is generally

considered to be valid for the gravity wave scales that are investigated in this thesis [e.g.,

Sidi et ø/., 1988]. Coriolis effects are negligible for many gravity wave motions, but they

can play a significant role at large gravity wave scales. It is therefore prudent to retain

the Coriolis force term in (1.1) although its omission will not preclude the gravity wave

solution. Gravity wave motions which are significantly influenced by the Coriolis force are

called inertio-gravity waves.

The gravity wave dispersion relation, under the Boussinesq approximation and allowing

for Coriolis and nonhydrostatic effects, is given by [u.g., Gossard and Hoolce,1975; Gitt,Ig82]

m2 = I(î
N, _ rr)

(1.4)(r'- Í2)

where

N2=

r=
Kl=

g dT
T dz

2O sin d

k2+12

( 1.5)

(1.6)

( 1.7)

and where ? is the basic state temperature, f) = lÕl is the angular frequency of the Earth's

rotation, 0 is the latitude, (krl,m) are the component wavenumbers in Cartesian coordinates,

ø is the intrinsic frequency, I[ is the Väisälä-Brunt frequency and / is the inertial frequency.

Some important polarization equations under the same approximations and assuming e = 0
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are [e.g., Gossard and Hooke,7975; GilI,1982]

11

( 1.8)

,IL, ( 1.e)

-iN2 'lDt (1.10)

,2-12
?.1, (1.11)ka -f ilf

Åt
-l ( 1 .12)

where p', p'r'u,', at and ust ate the fluctuation components of p, p¡ u, z and zr respectively,

'Î" = T'lT is calied the normalized temperature fl.uctuation, 7 is the basic state temper-

atute, ps is the basic state density and Tt is the fluctuation component of temperature.

It is often advantageous to consider normalized temperature fluctuations in gravity wave

studies (rather than simply temperature fluctuations) for ïeasons that will become apparent

later. Polarization equations under various different approximation strategies are described

elsewhere le.g., Hines, 1960; Gossard and Hoolee, Lg75; Gitl,Ig82; Holton,Igg2].

Equation (1.4) and equations (1.8) to (1.12) are generally regarded as being good ap-

proximations to the characteristics of many real (and essentially non-linear) gravity \4/aves

that propagate within the Earth's atmosphere. They are utilized by Fri,tts and VanZand,t

[1993], Fritts and Lu [1993] and Lu and Fritts [1993] in their gravity wave parameterization

schemes and also by Eclcermann et o/. [1996] in their attempt to estimate gravity wave mo-

mentum fluxes8. It should be noted, however, that (1.a) and (1.8) to (1.12) are only valid

if the linearization assumptions are valid. If these assumptions do not hold true to good

approximation then the gravity wave motions are said to be non-linear.

It is apparent from (1.a) that three-dimensional, vertically propagating, wave solutions

(called internal gravity waves) must have intrinsic frequencies that lie between the inertial

frequency, /, and the Väisälä-Brunt frequency, I[, given that tr[ is typicaliy very much larger

than / throughout the lower and middle atmospheres. The inertial frequency is the oscillation

frequency of a horizontally displaced air parcel in a resting atmosphere when Coriolis and

centrifugal forces are in balance filolton,1992]. The Väisälä-Brunt frequency (or buoyancy

frequency), .lü, is the oscillation frequency of a vertically and adiabatically displaced air

?)'

'at)t

g0)
,ir :
p'=
Po

p':
Po

-um(a2 - f2)
(N' - ø2)(uk + if l)

- 
sThe divergence ofgravity wave momentum flux determines the influence ofthese waves on the background

flow.
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parcel in a stably-stratified atmosphere when pressure gradient and gravitational forces are

in baiance fHolton,1992]. Both are fundamental to gravity wave theory.

An interesting property of gravity waves (one that follows from the dispersion equation)

is that the vertical component of group velocity is in the opposite direction to the vertical

component of phase velocity le.g., Gossard, and Hooke, 7975; Gill,1982]. This means that

downward progression of phase corresponds to upward propagation of wave energy and vice

versa. In fact the group velocity is parallel to the lines ofconstant phase and perpendicular to

the phase velocity (which is, of course, parallel to the wavenumber vector). Particle motions

are confined to the plane perpendicular to the wavenumber vector [e.g., GilI,1982] and thus

gravity waves are transvetse \ryave motions. These features have been demonstrated using

stratified fluids within the laboratory by, for example, Mowbray and Raritg [1967] and are

often illustrated by means of diagrams such as Figures 1.4 and 1.5 [e.g., Lind,zen,l97l; Gill,

1982 and others].

Figure 1.4 provides a physical picture of internal gravity wave motions and their three-

dimensional osciliation structures while Figure 1.5 depicts the wave-induced particle motions

in the plane perpendicular to the wavenumber vector. The examples shown are for inertio-

gravity waves which are elliptically polarized due to the significant influence of the Coriolis

force. However, for waves with ¿¡ ) /, Coriolis effects are negligible and the waves become

linearly polarized. In this case, the velocity components of Figure 1.4 that are both into and

out of the page become negligible while in Figure 1.5 the particle motions occur along the

ellipse semi-major axis AXB. It is also true from equation (1.a) that the angle between the

wavenumber vectot .I? and the horizontal plane (labelled // in Figure 1.5) is related to the

wave intrinsic frequency according to the following equation [e.g., Gossard, and Hoolee,L}TS

Giu' 1982] 
^r2 ..2

tan2 ,1, _ rt _ trt 
(1.1g)' u2_f2

where tan $' : m I K n. Therefore, elliptically-polarized inertio-gravity wave oscillations occur

in near-horizontal planes (/' close to 90") whereas lineariy-polarized internal gravity wave

oscillations occltr at larger angles to the vertical (smaller /'). Pure inertial oscillations occrlr

in the horizontal plane and are circularly polarized. Gravity waves with different intrinsic

frequencies propagate in diferent directions (and at different phase speeds) and thus gravity

waves are said to be dispersive [e.g., Holton,lgg2].

The diagrams of Figures 1.4 and 1.5 have been drawn for the case of zonally propagating

gravity waves (/ = 0). This may be done without loss of generality since the horizontal
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Horizontol Distonce (")

Figure 1.4: Schematic illustration of velocity fluctuations in the x-z plane for a zonally
propagating (l = 0) inertio-gravity wave under the Boussinesq approximation [adapted from
GilII,t982; Andrews et ø1.,7987; Eckerrno,nn,1990a]. Solid lines are contours of maximum
perturbation velocity (in the plane of the page) while dotted lines are contours of minimum
perturbation velocity. Dashed lines are zero perturbation contours in the plane of the page.
Arrows, including those into (denoted by O) and out of (denoted bv O) the page, which
are northward and southward pointing arrows, respectively, indicate the d,irections of the
perturbation velocity vectors (u', a', u') in each case. These directions are for the southern
hemisphere (/ < 0) situation only. The relationship between the group velocity vector, e,
and the wavenumber vector, 1?, is illustrated. Phase progression occurs in the direction of
the wavenumber vector.
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v T

Figure 1.5: Inertio-gravity wave particle motions in the plane perpendicular to the wave-
number vector lalter Gill, 1982]. Rotation is in the anticlockwise sense in the southern
hemisphere for m < 0. The vector addition of Coriolis and buoyancy forces is always toward
point X lcill,I982l. The horizontal phase velocity is parallel to the horizontal projection of
the ellipse semi-major axis ffiE-.

coordinate ar(es can always be rotated such that the new s-axis is in line with the horizontal

component of the wavenumber vectot, I7¡ = (k,/,0). The horizontal perturbation velocities

in the new coordinates are lUclcermann et aI., Lgg6J

B

D

z

IA

ux = utcosQ I utsinþ

= -u,'sin ó I ut cos6

(1.14)

(1.15)J-u

where zf, is the perturbation velocity component parallel to R¡, z! is the perturbation ve-

Iocity component perpendicular to R¡ and, { is the azimuth angle of the wavenumber vector,

that is Ó = arctan(l lk). The poiarization equations are simplified in the new coordinates by

setting / = 0 and replacing ut ar.d.atbv ull1and zf, respectively, in (1.8) to (1.12).

The theory discussed so far is appropriate for a Lagrangian frame of reference and is

essentially derived under the assumption (which was unstated until now) that the basic state

winds are constant. The simplest approximation in this case is to set û:õ =ú = 0 and

thus the ground-based (Eulerian) and Lagrangian reference frames are equivalent. However,

the observed horizontal windse of the Earth's atmosphere are neither zero nor constant with

height (as evidenced by Figure 1.3) and the presence of horizontal wind shear serves to
sThe basic state vertical winds are generally small and a¡e well approximated by t¿ : 0
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complicate the basic framework presented thus far. In fact the interactiorr between the basic

state winds and gravity waves is a two-way process fAndrews et al., 1987]. Not only do

gravity waves significantly alter the mean flow but also the mean fl.ow can have significant

influence on gravity wave propagation le.g., Andrews et a\.,1987].

When the basic state horizontal wind Ús : (u,õ,0), N2, or p are height dependent,

as indeed they are in the Earth's atmosphere, the linearized equations of motion become

more difficult to solve. They require different solution strategies and Liouville-Green (or

\,VKBJ) analysis is typically used. This technique provides approximate (ray-tracing) solu-

tions which describe how waves "teftact" as they propagate vertically within the atmosphere.

The technique assumes that Úo, Nt and, p vary slowly with height and also that the disper-

sion and polarization equations, which were stated earlier, are valid at any given heightlO

le.g., Andrews et a\.,1987]. The basic state conditions are further assumed to be indepen-

dent of horizontal distance and time so that the horizontal wavenumber, R¡, and, horizontal

ground-based phase speed, ch) are constant following a wave group11. Therefore both ¿¿ and

rn depend only upon the height-variable properties of the medium through which the wave

propagates. This dependence is described by thefoilowing "Doppler-shifting" equations [e.g.,

Fritts and VanZand,t,lgST; Eclcermann et aI.,1gg5],

a = Kn("n - t/ cos {) (1.16)

Tr¿ = l":%*l 016-)'/' (1.17)

where t = lÚo1,7 = (1 -rrlNr),ó- = (1 - frlrr) and { is the angle between R¡ and,ûs12.

The height dependence of wave amplitude is defined by the conservation of total wave action

[Bretherton and, Garrett, 1968] where the wave action density is defined by A: Esf ufor a

gravity wave with energy density -Ee. For more details of the ray tracing theory described

here see, for example, Lighthill [1928] or And,rews et at. [Lg8T).

Equation (1.17) is not strictly a Doppler-shifting equation since the vertical wavenumber

is independent of the f¡ame of observation. However, a height-variable vertical wavelength

due to wind shear is often said to be Doppler-shifted le.g., Hines, lgg1b; Eclcermann, 1gg5]

since this follows from the Doppler shifting of wave frequency through the dispersion equa-

tion. Such changes will be referred to hereinafter as Doppler-shifting effects even though

wave refraction might be considered as a more appropriate description.
losignificant changes to the
11This approximation is not
12The use of the functions 7

polarization equations must be made in certain circumstances.
necessary to obtain a ray-tracing sòlution but it does simplify such a solution.
and ó- follows the notation of Frótts and VanZønil¿ [199ã].
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It is evident from (1.16) that while c.r must be bound by / and 1{, the same need not be

true of the observed frequency, o = c¡I{¡, in the ground-based frame of reference. Further-

more, a wave with an intrinsic frequency, tr, which lies between / and 1[, may be Doppler

shifted such that it equals either / or 1/ at some later height. Clearly, something significant

must occur at these heights. It is understood, in the context of Liouville-Green theory [e.g.,

Gossard and Hoolce, 1975; Phi,llips, lg77), that wave reflection occurs as c.,' approaches 1{

while wave absorption occurs as c.l approaches /. Both situations have been demonstrated

in the laboratory by Koop [1981].

One experiment undertaken by Koop [1981] took place in a non-rotating (/ = 0), strati-

fied fluid with a steady background shear fl.ow where constant-frequency gravity waves were

generated by an oscillating cylinder at the bottom of the fluid. The observed wave distur-

bance is illustrated schematically in Figure 1.6 which has been adapted from the diagrams

of Koop [1981] by Murphy [1990]. Photographic evidence of the results are given by Koop

[1981] where lines of constant phase where made visible in the experiment by shadowgraph

techniques. These exploit wave-induced variations of fluid refractive index to highüght lines

of constant phase.

Waves were generated at constant frequency by the oscillating cylinder and propagated

upward (phase progression occurred downward) at an angle to the horizontal deflned by

(1.13) where .f = 0 in this case. Note in particular that waves with both positive and

negative horizontal phase speeds, with respect to a stationary observer, were generated..

Once the waves encountered the region of background wind shear their intrinsic frequencies

were a ected according (1.16), as wete their propagation directions as a consequence. Waves

propagating against the flow had their intrinsic frequencies shifted toward 1[ and their group

velocity vectors became orientated closer to the vertical. Waves propagating with the flow

had their intrinsic frequencies shifted toward zero and their group velocity vectors became

orientated closer to the horizontal. A turning level existed for waves moving against the flow

at a height, z¿, which was defined by

u¿*t(z=zùI{n=N (1.18)

where c.li was the intrinsic frequency of the waves immediately upon generation fKoop,lggl].
In contrast a so-called critical level was approached by waves moving with the flow at a

height, z",lKoop,1981] which was defined by

U(z = z")I(¡ - u¿ (1.19)
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-u
Figure 1.6: Schematic illustration of an experiment by Koop lI98ll demonstrating gravity
waves propagating into turning and critical levels due to background wind shear. This figure
has been adapted from the diagrams of Koop [1981] by Murphy [1990].

The experimental results presented by Koop [1981]were in good agreement with linear gravity

wave theory.

The critical level of an atmospheric gravity wave is defined as the height at which the

ground-based horizontal phase speed of the wave and the basic-state horizontal wind, in the

direction of. R¡, are equal. Mathematical treatment of wave characteristics near a critical

level is difficult since the linearized wave equations become singular. Early studies b¡ for

example, Brctherton [1966], Booker and BrcthertonllgîT)and Jones [1962] have explored this

problem while experimental studies by Koop [1981] and Thorpe [1981] have provided some

conflrmation of the theoretical expectations. It is now understood that waves degenerate into
turbulence as they approach their critical levels and that above this height (assuming upward

wave propagation) the waves either cease to exist or, at the very least, are significantly

reduced in amplitude. Waves with different horizontal phase velocities have different critical
levels.
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Critical level interactions are of particular importance to atmospheric gravity wave theory

since they provide a mechanism for momentum transfer to the mean flow. Furthermore, such

interactions may selectively remove particular waves from a vertically propagating spectrum

of gravity rwaves, thus leaving a flltered and azimuthally anisotropic spectrum at greater

heights. This selective filtering process is an important component of mesospheric wave

breaking hypotheses le.g., Lindzen,IgSl]. In addition, critical level interactions are crucial

to the Doppler-shifting wave saturation theory of Hines [1991b] which will be considered

later.

Wave reflection processes, such as the process illustrated in Figure 1.6, have been used

to explain the longevity of wave disturbances at or near ground level which are observed

under certain meteorologicai conditions [e.g., Uccelli,ni and, Koch,1987]. Waves are said to

be ducted in these cases and behaviour of the atmosphere becomes analogous to that of an

optical waveguide. The Australian Morning Glory le.g., Clarke,7972; Croolc,7988; Clarke,

1989] is one particularly spectacular example of this and has, as a consequence, been well

studied. While possibly important in a meteorological context le.g., Uccellini,IgTSl, ducted

wave motions are not thought to be significant in influencing large scale atmospheric motions.

The total energy density (kinetic plus potential) per unit mass of a propagating gravity

wave is defined by
'' l- ^2a"2-løo= ilu," +iF +rF +Tl ti.zo). L "- I

where the overbar in each case represents a mean over one wavelength [e.g., Gitt,1982; Sidi

et al., 1988]. This definition follows naturally from the fluid-dynamical equations of motion

under the Boussinesq approximation. The wave energy is equally partitioned between ki-

netic and potential energy components in most cases although this is not true for waves with

intrinsic frequencies near /, the inertial frequency le.g., Gill,1982]. It is also the case that

wave energy need not be conserved if the wave propagates within a medium that is time de-

pendent and/or nonuniformly moving lBretherton and Garretú, 1968]. Under Liouville-Green

approximations, and also more generally, it is the total wave action that is conserved moving

with a wave groupls lBretherton and Garrett,1968; Andrews and, Mclntyre,lgTSb]. Indeed,

Andrews and Mclntyre [1978b] have demonstrated that this is true without using lineariza-

tion or Liouville-Green approximations. The conservation of total wave action appears to be
73 Bretherton and Garrett [1968] point out that the principle of wave action conservation is analogous

to similar conservation principles for simple oscillators which are subject to slow changes in their defining
characteristics. They suggest the example of a pendulum which consists of a bob on a stri-ng of slowly ,raryin[
length [Breúherton and Garreúú, 1968].
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a fundamental property of the wave motion.

Propagating gravity waves do not possess a uniquely defined non-zero momentum den-

sity since the net momentum flux of wave-induced particle motions is zero when averaged

over one wave cycle le.g., Mclntyre, Ig87l. Generally speaking, displaced air parcels are

returned to their equilibrium or basic state positions once a wave packet has propagated

through a particular region of the atmosphere. However, when wave amplitudes become

large (for example when waves approach critical levels) material contours may be deformed

irreversiblyla due to various possible instabilities in the motion. Momentum is effectively

transferred from the wave source to the atmosphere at the altitude of wave breaking without

affecting the mean motions of the intermediate atmosphere. This picture of wave breaking

has been proposed and is discussed by Mclntyre and Palmer [1983, 1984, 1gB5], and the most

appropriate analogy is with breaking surf on an ocean beach [e.g., Andrews et a\.,1g87] as

has been described earlier. It is worth noting that the momentum source may be external

to the atmosphere as is the case for topographically generated gravity waves [Fritts,1984].
Mathematically, the effect of wave breaking and momentum transfer is described by the

so-called Reynolds stress tensor le.g., Bretherton, lg69]. The divergence of this tensor appears

as a force term in the equation of Eulerian-mean motion under linearization approximations

and represents the forcing of the mean fl.ow due to eddy motions. When wave forcing is

non-zero the atmosphere must adjust in order that momentum, mass and thermal balance

be maintained. Residual vertica,l and meridional circulations can be generated and have

been used to explain the reversal of meridional temperature gradients near the mesopause.

Adjustments to the mean f.ow must occur at time scales that are distinct from those of the

waves themselves.

For gravity waves, the most dynamically important Reynolds stress term is thought to be

the vertical flux of zonal momentum. This is defined by psutwtfor / ( c¿ where the overbar

represents a mean over one wave cycle. Other stress terms are potentially important also.

The zonal mean flow acceleration, ù¿, that results from a vertical flux of zonal momentum

is [e.g., Fritts,1984]

û¡ - - ;; L@",,) (1.21)

and is zero in the absence of wave damping, critical levels and local thermal forcing [e.g.,
Lind,zen 1990]. This latter point is a statement of the so-called Eliassen-palm theoremls

breaking which,
terial contours.
by Andrews and
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which is named after the authors of an early theoretical stud¡' lEli,assen and Palm, 1961].

The measurement of wave momentum flux is an important goal of experimental. research into

atmospheric gravity wave motions. This point is stated in various review papers le.g., Fritts

et aL, 1984; Andretrs, 1987].

Atmospheric gravity wave sources are potentially many and varied. Any physical mech-

anism capable of exciting air parcel oscillations with intrinsic frequencies between / and .f[

is a potential source mechanism le.g., Li,ndzen, Lg77]. Proposed wave generation mecha-

nisms include air flow over topography, squall lines, frontal systems, penetrative convection,

wave-wave interactions, geostrophic adjustment and shear instabilitylG [Gossard and Hoolce,

1975]. Different source mechanisms are likely to be important over different regions of the

Earth's surface. It is also understood that most atmospheric gravity waves are likely to be

of tropospheric origin.

The theoretical framework presented in this section is by no means an exhaustive one.

Rather, certain concepts have been described (properly referenced) which will be drawn

upon in later chapters and are frequently drawn upon within the literature. A wide variety

of texts treat these concepts in a rigorous manner [e.g., Gossørd and, Hooke,1975 Phillips,

1977; Lighthill, Lg78; Gill, 1982; Andrews et al., 1987; Lindzen, 1990]. It should be noted

that the theoretical framework presented here describes monochromatic waves whereas, in

general, a broad spectrum of such waves exists. This point was recognized in some of the

earliest studies of atmospheric gravity waves lsee Hines,1963] and has necessitated the more

recent development of gravity wave spectra,l models. Such models are reviewed in Chapter 2.

Gravity waves are known to be present in oceans and a broad understanding of research

in this cognate field is of relevance. In particular, some important publications of the at-

mospheric literature have already drawn from ideas first presented in an oceanic context.

Notable examples include VanZandt [1982] who referenced the successful oceanic studies of

Garrett and Munlc U972,1975] and also Dewan and Good [1986] who referenced analogous

concepts proposed by Phillips U9771. More recently, the Doppler-shifting wave saturation

theory proposed by Hines [1991b] appears to be an atmospheric analog of an oceanic study

by Allen and Joseph [1989]. The ideas presented by these authors were arrived at indepen-

dently and from different perspectives. The following section of this introductory chapter

provides a brief review of the cognate research field of gravity waves in oceans.

Mclntyre [1976, 1978a].
l6Topographic forcing of gravity waves is the most well understood of the various proposed generation

mechanisms and Smitl¡ [1979] provides an extensive review of theory and observations.
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1.3 Gravity 'Waves and Oceans

Internal gravity waves are found everywhere in the ocean and are believed to account for

a large fraction of ocean variability lMíiller et al., 1986]. As Munk [1981] puts it, no in-

terior calm has ever been reported. These waves manif'est themselves on the surface as

alternate bands of roughened and smoothed water fUughes,1978] and are distinct from two-

dimensional surface \ryaves which cause significant variability at the ocean surface. Typical

displacement amplitudes are of the order of 10 m while typical scales are of the order of

kilometres and hours le.g., Munk, 1981]. Internal oceanic gravity waves provide a link in the

presumed energy cascade from large to small scales lMüIIer et a\.,1986].

The defining characteristics of gravity waves in oceans are significantly different to those

of the Earth's atmosphere. Firstly, the ocean is more weakly stratified and typical values of

the Väisälä-Brunt frequency ale an order of magnitude smaller than those of the lower or

middle atmospheres, especially within the deeper ocean le.g., Hollowag and Míiller, 1990].

Secondly, the basic state cutrents of the ocean are weak in comparison to basic state winds

in the atmosphere and so critical level filtering and basic-state wind shear effects may not

be as important here IVanZandt, 1982]. Thirdly, the ocean is a bounded system which,

on average, is only a few kilometres deep whereas the atmosphere is unbounded and of

considerably larger vertical extent. Upwardly propagating gravity waves in the atmosphere

must be dissipatedlT at some greater height by, for example, critical level interaction or by

molecular diffusion above the turbopause. In contrast, gravity waves in oceans can suffer

several reflections from (or near) the ocean surface and floorl8, are not dissipated through

critical level interactions in any great number, and are therefore likely to be longer lived.

As in the atmosphere, there is a wide variety of possible oceanic gravity wave sources.

Since the upper layer of the ocean contains the highest density of energy, this is where the

most important wave sources are likeiy to be lThorpe, 79'i5). Proposed generation mecha-

nisms at (or near) the ocean surface include travelling pressure fields, travelling buoyancy

fluxes, travelling wind stress fields, corrugations at the base of the surface mixed layer and

the non-linear interaction between surface waves of nearly equal frequency and wavenumber

le.g., Thorpe, L975; Garrett and Munk,1979]. Fluid motion over ocean floor topography is

also a plausible generation mechanism while generation due to resonant wave-wave interac-

tions may be important within the ocean interior le.g., Thorpe, Ig75; Garrett and Munlc,

lTAssuming that atypical reflection processes can be ignored,18sio." multiple reflections u.. porribl", particular standing wave modes may exist.
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1979]. In the latter case a cascade of gravity wave energy is envisaged.

Gravity wave fluctuations in oceans have been measured using several different obser-

vational techniques which measure freld variables such as fluid velocity and temperature

as functions horizontal distance, vertical distance and time le.g., Garrett and Munk, 1979;

Munlc,1981]. These haveindicated that the spectral distributions of internal wave energy as

functions of frequency, horizontal wavenumber and vertical wavenumber are approximately

invariantle, that is, they are approximately independent of geographic position and season.

Garrett and MunlclL972,1975] have proposed a "universal" model spectrum which describes

this invariant spectral distribution of gravity waves in oceans (hereinafter referred to as the

GM75 model). It is a heuristic model which assumes that the waves of the spectrum are

linear, horizontally isotropic and satisfy gravity wave dispersion and polarization equations.

The "universal" nature of the observed fluctuation spectra could be indicative of some

saturation (wave breaking) phenomenon lGarrett and Munlc,, 1975] or, as Munk [1981] puts

it, the interior equivalent of whitecaps. Other possible explanations include constancy of

forcing, nonlinear resonant cascades, or the effects of large-scale shear lWunschr 1975]. A

consensus on the exact cause of the approximate invariance of gravity wave spectra has not

yet been achieved [see the review by Müller et a\.,7986]. This is a,lso true for the atmospheric

case where observed spectra are found to display a similar "universal" character. It appears

that recent work by Allen and Joseph [1989] ard Hines [1991b] may be the start of converging

ideas on this issue. It is also worth noting that wave source spectra are not expected to be

invariant since many of the proposed generation mechanisms show significant variability with

season and geographic location (e.g. wind stress at the ocean surface).

It has been pointed out by Wunsch [1975] that knowledge of where wave spectra differ

from the GM75 model is important since this should be indicative of wave sources and sinks.

Howevet, a subsequent and extensive study by Wunsch [1976] showed that observed spectra

from diverse deep-ocean regions of the western North Atlantic were in close agreement with

the GM75 model. The largest deviation occurred near the Muir Seamount, indicating that

topographic sources are likely to be significant, but the spectra rapidly recovered their equi-

librium forms fWunsch,1976]. A further study by Wunsch and Webb [1g7g] has supported

this conclusion. It appears that the equilibrium GM75 spectrum occupies a large portion

leA similar invariance of observed gravity wave spectra in the atmosphere is also found. fVanZandt, Tgg2l,
However, more recent experimental studies have indicated that significant deviations f¡om tie universal form
can occur in certain situations. These may be related to the large basic-state winds and wind shears that can
exist in the atmosphere [e.g., Eckermann,lgg5] but are not present in oceans.
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of the ocean le.g., Wunsch and Webb, 1979] and therefore gravity waves are not likely to

be as important in influencing the large scale motions as they are in the atmosphere. \Mave

energy sinks are most likely to occur near the ocean surface or f.oor, for example in sub-

marine canyons le.g., Wunsch and, Webbr 1979]. However, more recent studies suggest that

topographically generated gravity waves may have some role to play in forcing large-scale

ocean currents such as the Antarctic Circumpolar Current [see the report of Holloway and

Mü|\er,1990].

L.4 Summary

In summary, gravity waves are believed to play an important role in determining the large-

scale circulation structures of the atmosphere. The exact nature of this role must be carefully

studied if a comprehensive understanding of atmospheric dynamics is to be achieved. Grav-

ity waves are also important in oceans and oceanic gravity wave characteristics have been

extensively researched. This is a cognate research fieid and concepts that were first proposed

in the oceanic literature have since been utilized in an atmospheric context. Nevertheless,

the defining characteristics of gravity waves are signiflcantly different in oceans, as are the

important interactions between waves and the mean flow.

The basic theory of monochromatic gravity waves has been well documented for quite

some time. Furthermore, the predicted characteristics of such waves have been verified

experimentally under ideal laboratory conditions. However, a broad superposition of many

waves is believed to exist in the atmosphere (and in oceans) and this has resulted in more

recent studies which have focused upon their spectral characteristics. Indeed, the most recent

attempts to parameterize the effects of gravity waves upon the mean flow have utilized a

spectral description of the wave field. In the following chapter, a brief review of recent

literature is presented and the research goals of this thesis are stated.
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Chapter 2

Gravity Wave Spectra: A Brief

Review

2.L fntroduction

Atmospheric gravity waves have been studied using radars, lidars, radiosondes and rocket-

sondes which measure field variables such as wind velocity and temperature. In the tro-

posphere and lower stratosphere, wind-profiling radars supply the majority of information

although instrumented aircraft and radiosondes also supply valuable contributions. However,

at higher altitudes, radats, rocketsondes and more recently lidars are the prominent sources

of information. These, together with measurements from other sources (airglow imagers for

example), have supplied a growing body of knowledge about gravity waves in the lower and

middle atmospheres. Yet, despite the large number of observations, the construction of a

detailed climatology of gravity wave activity is hampered by the sparse geographic distribu-

tion of research radars and lidars, whjle rocketsonde observations of the middle atmosphere

are largely confined to the northern hemisphere. In addition, there are certain theoretical

questions that have not been answered by the current experimental information.

Initially, the debate was centeted upon the relative importance of gravity waves and

two-dimensional turbulence in forming the mesoscale fluctuations that were observed in the

atmosphere. Dewan [1979] and VanZand,t lL982l argued for a gravity wave interpretation,

suggesting that mesoscale fluctuations are the direct result of a superposition of many gravity

waves. However, Gage ll979l, Lilly [1983], and Gage and Nastrorn [1g85] argued that two-

dimensional turbulence is the main cause of mesoscale fluctuations. It is likely that both

25
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waves and stratified turbulence are present in the atmosphere, but it is now widely accepted

that gravity wave motions are dominant le.g., Vincent and, Eclcermann, 1990]. The aim of this

thesis is not so much to provide supporting evidence for the gravity wave interpretation, but

rather to contribute additional information to a comprehensive climatology of atmospheric

gravity wave activity.

More recently, the debate has focused upon the physical processes that are apparently

acting to limit wave amplitude growth with height. A common feature of many experimental

studies is the approximately invariant forms of the vertical wavenumber and frequency power

spectra, despite the exponential decrease ofdensity with height, and regardless ofseason and

geographic location. This feature was first recognized by VanZandt [1982] who proposed,

by analogy with the GM75 spectrum in oceans, that there exists a "universal" spectrum

of atmospheric gravity waves based on published spectra from the troposphere and lower

stratosphere. Several wave saturation theories have since been suggested lDewan and Good,

L986; Smith et al., 1987; Weinstock,lgg0l Hines,1991b; Dewan,1994; Gardner,lgg4; Zhu,

1ee4l.

Each theory proposes a physical mechanism thought to be responsible for limiting wave

amplitude growth and each predicts, approximately, the "saturated" vertical wavenumber

power spectrum amplitudes that should be observed. Howevel, due to theoretical uncer-

tainties in the various proposed mechanisms, it has proven difficult to distinguish between

them on the basis of spectral amplitude calculations alone. The question of which physical

mechanism is acting to limit wave amplitudes is still, very much, an open one. It seems likely

that the successful theory will best account for some of the more unexpected experimental

results which show observed spectra that are significantly different from the "universal" form

[Hines,1993a].

VanZandt [1990, p. 113] has noted that it is useful to document, not only the mean rrr/ave

fleld characteristics, but also the departures from the mean field since "much of the interesting

physics and useful applications of the gravity wave field depend upon these departures".

Ciearly, this is an important experimental goal as was earlier noted by Wunsch [1g75] for

the cognate research field of oceanic physics. In the following section, a brief review of

experimental studies is presented and the current knowledge regarding the mean spectrum

is discussed. The review will concentrate upon the gravity wave power spectra determined

from radar, lidar, radiosonde and rocketsonde observations.
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2.2 Observations of Saturated Gravity 'Wave Power Spectra

The earliest studies of mesoscale fluctuation spectra utilized balloon measurements of the

troposphere and lower stratosphere and radar measurements of the troposphere and meso-

sphere. Balloon measurements were best suited for the determination of vertical wavenumber

power spectra, because of their poor temporal resolution, while radar measurements were

best suited for the determination of frequency spectra, because of their poor vertical res-

olution. For example, Endli,ch et al. lL969l used several Jimsphere balloon soundings to

determine the vertical wavenumber spectral distributions of horizontal winds between 500 m

and approximately 16 km over Cape Kennedy, Florida. On the other hand, Balsley and,

Carter [1982] used MST radar measurements from Poker Flat, Alaska, to determine the fre-

quency spectra ofradial winds in the troposphere and mesosphere. Subsequent radar studies

by, amongothers, Vincent [1984], Balsley and Garello [1985], Smith et a\.11985]and Meek et

ø/. [1985] have provided additional information. Dewan et aL l7984l were able to determine

vertical wavenumber spectra in the middle stratosphere by spectrally analyzing horizontal

wind velocity fluctuations derived from rocket-laid vertical smoke trails.

A broad experimental description of the wave field, in the lower and middle atmospheres,

was fi.rst presented by VanZand¿ [1985] who combined the published spectra from various

sources. VanZandt [1985, Figure 4, p. 155] noted that the vertical wavenumber spectra of

horizontal wind speed fluctuations had amplitudes that increased more slowly with a.ltitude

than did the frequency spectra of horizontal winds, at least for the vertical scales that

were being considered. The vertica,l wavenumber spectra were of the form F(*) ü ffi-t,
where I was somewhere between 2 and 3, while the ground-based frequency spectra were

of the form f'(o) 6. o-P, where p was somewhere between 1.5 and 2.0. Observations of

horizontal wavenumber spectra [from Ìüasúrom and, Gage, 1985] and frequency spectra of

vertical velocity fluctuations [from, among others, Ecklund et a\.,1983] were also presented.

Figure 2.1 illustrates vertical wavenumber poluer spectra of horizontal wind fluctuations

which have been compiled from some of the earlier publicationsby Smith et at.llgS7l. The

vertical wavenumber spectra from the troposphere, stratosphere and mesosphere are from

Endlich et al. 17969f, Dewan et al. ll984l and ^Srniúh et al. [1985], respectively, while the

thermospheric spectrum was attributed to a private communication. Further details about

these spectra, which span the altitude ïange from the troposphere to the lower thermosphere,

are provided by Smith et al. 11'987]. Note that the tropospheric and thermospheric spectra
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Figure 2.1: Vertical wavenumber power spectra of horizontal wind velocity fluctuations ob-
served within different altitude regions of the atmosphere lftom Smith et al., 1987]. All
spectra have been scaled to a common value of y'f2.

have been scaled to a common value of N2 [Smi,th et al.,lg87].

It is evident that the vertical wavenumber spectral amplitudes in Figure 2.1, at high

vertical wavenumbers, are roughly consistent. They appear to be bounded by the dashed

line in each case and this general observation led to the idea that the wave field might be

saturated throughout the atmosphere, based on similar speculation concerning the spectrum

of oceanic gravity waves. Subsequent theoretical studies have attempted to define spectral

amplitude saturation limits for the gravity wave fleld. The dashed line in Figure 2.1 is based

upon the limits proposed by Dewan anil Good [1986].

Dewan and Good [1986] a^rgued that the theoretical saturation limit at any given \¡vave-

number is defined by the monochromatic wave amplitude needed for marginal convective

or dynamic instability. They demonstrated that if individual wave packets saturate, and if
the bandwidths of such packets are 6rn x m, then the spectral amplitude saturation limit is
proportional to N2 f m3 for horizontal wind velocity fluctuations, If it can be assumed that the

roô

lot

1.5

1
o

t02

tot

E
g
o
o

E

ts
Øzuo
J
E
tso
U
Àg,
G
U
3
o
À

t o-¡

SIRATOSPHENE

MESOSPHE
N2
2nt



2.2. OBSERVATIONS OF SATURATED GRAVITY WAVE POWER SPECTRA 29

turbulence generated by the instability of waves is sufficient to maintain wave amplitudes at

the threshold of instability, then the observed spectral amplitudes of saturated waves should

display an N2fm3 dependence. This agrees well with the observed spectra presented in

Figure 2.1. As noted above, the tropospheric and thermospheric spectra have been scaled to

a common value of .|{2, thus confrrming the IÍ2 dependence of saturated spectral amplitudes.

Similarly, the rn-3 dependence is well approximated by the observed spectra at large vertical

wavenumbers.

Of course, not all waves in the spectrum need to be saturated. Given the rn-3 dependence

of the theoretical saturation limit, it would be reasonable to expect that there exists a high-

wavenumber saturated region of the spectrum and a low-wavenumber unsaturated region.

The amplitudes of waves in the unsaturated region are ìikely to depend on either the source

spectrum of waves or on nonlinear wave-wave interactions [Dewan and Good, 1986]. Note

that each spectrum of Figure 2.1 displays saturated amplitudes, approximately, with the

exception of the low-wavenumber region of the tropospheric spectrum.

Smith et al. 11987] extended the theory of Dewan and Good [1986] to accommodate the

effects of a random superposition of unsaturated gravity waves. They argued that the fluc-

tuations resulting from a superposition of many waves with less than saturation amplitudes

can contain convectively unstable lapse rates at some heights [Smith et a\.,1987]. Thus the

observed spectra should have saturation amplitudes that are smaller than those inferred by

assuming that individual wave packets saturate in isolation. Smi,th et al. [1987] assumed

that the vertical wavenumber power spectrum was of the form,

F(p)o#ñ Q.r)

where p=mlrn*, rn* is aconstant,s = 0 andú = 3. Atheoreticalsaturationlimit was

derived by integrating the contributions to the total saturated variance which was defined

by the criterion for the onset of convective instability le.g., Fri,tts, 1984]. This theoretical

saturation limit, for m Þ rn* was found to be,

Eu,(m) = #u e.2)rJnlu

where Eu,(^) is the vertical wavenumber power spectral density of horizontal wind velocity

fluctuations and rn* is called the characteristic vertical wavenumbel lsmith et al., 1g8Z].
1In the derivation of. (2.2), it was assumed that^the intrinsic frequency spectrum of gravity waves, B(ø),

was given by .B(ø) o< ø-p where p = 513. The rr¿-3 dependence was also assumed based on the dimensional
analysis of. Dewan ønd GooilllgS6).
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Note that Eu,(*) is strictly the sum of the vertical wavenumber power spectra of zonal and

meridional wind velocity fluctuations.

The model spectral form, proposed by Smith et al. llg87] for the vertical wavenumber

power spectrum of horizontal wind velocity fluctuations, is divided into two regions which

are separated by the characteristic vertical wavenumbel)Tn*. At high vertical wavenumbers

(* > ^*), the power spectral densities are constrained by (2.2). However, at low vertical

wavenumbers (rn ( rn*), the waves are proposed to be unsaturated and free to increase their

amplitudes as the spectrum propagates vertically into regions of less dense air. Thus it is

the growth at small vertical wavenumbers that accounts for the increase in total warre energy

lSmith et al., L987]r. This increase is known to occur from the comparisons of tropospheric and

mesospheric frequency spectra le.g., BaIsIey and, Carter, 1982] and the characteristic vertical

wavenumber is anticipated to decrease with altitude as more and more waves approach their

monochromatic amplitude limits.

Figure 2.2 illustrates the model gravity wave power spectrum, as a function of vertical

wavenumber, that was first introduced by VanZandt and Fritts [1989]. This is called the

modified-Desaubies spectrum and is defined2 by (2.1) with s = 1 and ú = 3. It has been

updated from the model spectrum used by Smith et al.17987] since this earlier model (s = 0

and f : 3) leads to unrealistic vertical fluxes of wave energy lVanZandt and Fritts,lgSg]. The

amplitudes and characteristic vertical wavenumbers of the illustrated spectra were chosen

to be representative of the observed vertical wavenumber power spectra of horizontal wind

velocity fluctuations in the troposphere, stratosphere and mesosphere. Figure 2.2 hightights

the proposed increase of spectral amplitudes at low vertical wavenumbers together with the

proposed decrease of the characteristic vertical wavenumber, with increasing altitude. In fact

the variation of m* with altitude is controlled by the variation of wave variance lsmith et

al., L9871. Note that the spectra from different altitude regions should be viewed as having

been scaled to a common value of If2.

Recent experimental studies using radars and radiosondes lfiritts et al., 7g88; Tsuda et

a\.,L989; Tsuda et a\.,1991] haveprovided additional evidence in support ofthe theoretical

saturation limits proposed by Smith et al. lL987l. Perhaps the most compelling evidence

was provided by Tsuda et al. ll989l who analyzed radar winds observed in the troposphere,

lower stratosphere and mesosphere over the MU radar in Japan. Their data were observed

2The choice of the parameter s is arbitrary since ìittle is known about the low-wavenumber region of the
spectrum.
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Figure 2.2: The modified-Desaubies spectrum of horizontal wind velocity fluctuations in
different regions of the atmosphere laftet Smith et al., 1g8Z].

simultaneously in each atmospheric region using the same radar technique and all data were

analyzed using very similar methods. Reasonable agreement was found3, in all three regions

of the atmosphere, with the theoretical saturation limits proposed by Smith et at. [1987].

Very recently, research lidars have been used to probe the temperature fluctuation flelds

of the stratosphere and mesosphere including those regions of the upper stratosphere and

lower mesosphere, between approximately 30 and 60 km, that cannot be probed using present

radar technology. Indeed, Tsuda et al. llg89l, using the MU radar in Japan, were unable

to determine the vertical wavenumber power spectra of horizontal winds between heights

of 21 and 65 km. Dewan et al. lI984l analyzed high-vertical-resolution rocketsonde mea-

surements between approxinately 20 and 40 km, but their results were based on only a
few soundings. In contrast, lidars can provide valuable climatological information about

the mesoscale structure of temperature fluctuations induced by gravity waves throughout

the stratosphere and mesosphere. Note that the theoretical amplitude limits of horizontal
3It must be noted fhat TsuiÌa eú al. [19S9] compared the spectra of zonal and meridional wind velocity,

rathe¡ than the spectrum of total ho¡izontal wind velocity, with the proposed saturation limits. Thus the
agreement is to within only a factor of approximately 2. Furthermore, the tropospheric component spectra
appeared to be more energetic, in comparison with the theoretical saturation limits, than ji¿ tt 
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wind velocity fluctuations are related to those of normalized temperature fl.uctuations by

the polarization equations of gravity waves. It is appropriate to consider power spectra

of normalized temperature fluctuations, rather than of temperature fluctuations, since the

saturation limits for these spectra are stationary if 1{ is constant.

The first results using lidars [e.9., Wilson et aI., 1991i Beatty et al., 7992; Senft et

ø/., 1993] indicate that the vertical wavenumber power spectra of normalized temperature

fluctuations in the upper stratosphere and lower mesosphere have ampLitudes, at high vertical

wavenumbers, that are significantly smaller than the saturation limits proposed by Smith

et al. 11987]. However, the mesospheric spectra determined above approximately 60 km do

display saturated amplitudes in accordance with the radar results at comparable heights.

These lidar results are of particular interest since they challenge the notion that the wave

field is saturated throughout the middle atmosphere. Nevertheless, recent theoretical studies

by Kuo and, Lue [1994] and Eclcermann [1995] have attempted to explain the lidar spectra

within the context of the gravity wave saturation theories. These studies are discussed in

section 4.6.

The observations that have been reviewed in this section provide a broad understanding

of the nature and shape of the vertical wavenumber and frequency power spectra of mesoscale

fluctuations in the middle atmosphere. Generally speaking, the vertical wavenumbeï power

spectra of horizontal winds and normalized temperatures are represented by the modified-

Desaubies form while the frequency spectra are represented by r'(ø) x o-p where p is

between 1.5 and 2.0. It is now accepted that these spectra are caused by gravity waves and a

gravity wave interpretation is assumed, and in some places reinforced, throughout this thesis.

Note, however, that the review of observations presented here is not an exhaustive one. In

particular, there have been no discussions regarding the frequency spectra ofvertical winds or

the horizontal wavenumber spectra of horizontal winds and temperatures. These important

spectral distributions are described elsewhere [e.g., Nastrom and Gage, 1985; Ecklund et

a/., 1986] and are broadly explained within a gravity wave frameworklfiritts and, VanZandt,

L987; Gard,ner et ø/., 1993a].

In the following section, the recent attempts to explain the observed gravity rñ¡ave power

spectra are briefly reviewed. These include the simple models proposed by Dewan and Good,

[1986] and Smi'th et aL [L987] which have already been discussed. In addition, there have been

two recent attempts to parameterize the effects of an upward propagating spectrum of gravity

waves on the mean flow. Such parameterization schemes are of importance since they link the
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tesea ch of theorists, who model large-scale motions in the lower and middle atmospheres,

and experimentalists, who use convenient analytical tools including power spectrum analysis.

These two proposed schemes will be discussed in the next section.

2.3 The Spectral Theory of Gravity 'Waves

Several authors have put forward theoretical explanations of the observed vertical wavenum-

ber power spectra of mesoscale fluctuations in the middle atmosphere. According to Hines

[1993a], these explanations can be divided into three main theories. The first is based on the

idea that spectral amplitudes, at high vertical wavenumbers, a¡e determined by the linear

instability of either individual waves or the superposed wave field as a whole lDewan and

Good,7986; Smith et a1.,7987]. The second suggests that the observed spectra are caused by

wave dissipation due to off-resonant wave-wave interactions fWeinstock,lgg0l while the third

atgues that individual waves suffer Doppler-spreading due to the fluctuating winds of the

entire spectrum fHines,1991b]. Each theory predicts that the observed spectral amplitudes

of horizontal winds, at high vertical wavenumbers, should be at least approximately propor-

tional to N2 f m3 which is taken to be the mean observed form based on earlier compiiations

of mesoscale fluctuation spectra. At present, these competing theories are on equal terms in

their correspondence with observations lUines, 1993a]4.

Weinstock [1990] argued that the contribution of all waves in a spectrum to the dissipation

of a given wave must be important in determining the universal form of the observed vertical

wavenumber power spectra. By assuming that wave dissipation was due to off-resonant wave-

wave interactions only, and that this dissipation could be approximately accounted for using

a diffusion term, Weinstoclc [1990] solved the wave equation for the saturated portion of the

spectrum. The saturated spectrum rryas defined to be invariant with height and, using this

definition, the vertical wavenumber power spectrum of saturated gravity waves was shown to

be proportional to N'l*t in accordance with observations and the earlier theories based on

linear instability criteria. Thus dissipation by nonlinear wave-wave interactions may explain

the observed spectral form.

4In fact Ilines [1993a] argues that the ¡ecent lidar results from the stratopause region are compatible with
his theory of Doppler spreading and incompatible with the othe¡ two competing theories. However, this
compatibility relies on assumptions about the source spectrum of waves that have no firm theoretical basis.
The study by Hines [1993a] highlights the extent of wave spectrum variability that is allowed for under the
Doppler-spreading model, rather than the success of a critical prediction of the model. Indeed, .I/ines [tss3a]acknowledges that there may be some debate about the validity of the recent lida¡ data.



34 CHAPTER 2. GRAVITY WAVE SPECTRA: A BRIEF REVIEW

A different theory was put forward lry Hines [1991b,c] although this was based on the

same notion that the individual waves of the spectrum must interact nonlinearly with the

superposed wave field as a whole. However, Hi,nes [1991b] argued that individual waves are

smeared throughout vertical wavenumber space as a consequence of Doppler shifting caused

by the random winds of the entire spectrum and that waves with large vertical wavenumbers

are more susceptible to Doppler shifting than waves with sma.ll vertical wavenumberss. Thus

gravity waves with large vertical wavenumbers are much more likely to encounter critical lev-

els and to be removed from the spectrum. This obliteration of some waves, together with the

smearing of the remaining waves, was demonstrated to result in a horizontal wind velocity

spectrum that was proportional to approxim ately N2 f m3 at vertical wavenumbers6 larger

than mç = N lQUsnas) where i,/nus is the root-mean-square of the horizontal wind velocity

fluctuations. It was further demonstrated that as horizontal wind velocity variance increases

with height, more waves become obliterated and the low-wavenumber source-dependent re-

gion of the spectrum gradually erodes (rn6; decreases). Given that as individual waves

approach their critical levels they degenerate into turbulence (at some vertical wavenumber

mu Þ mc), a more or less regular, but not continuous, production of turbulence was en-

visaged for an upward propagating spectrum of waves. Note that this turbulent dissipation

of wave energy is very different from the dissipation envisaged by Wei,nstocå [1990] since

it is the large-scale waves that control the dissipation of the small or medium-scale waves.

In contrast, the dissipation of a given wave due to off-resonant wave-wave interactions was

supposed to occur at the hands of other waves with smaller vertical scales lWeinstock, 1990]7.

More recently, some additional explanations of the observed vertical wavenumber power

spectra have been put forward lDewan,, I994i Zhu,, I994i Gardner, Igg4). These are ei-

ther extensions to, or reworkings of, some of the earlier theories. For example, Zhu [1994]

has extended the theory of Weinstocfr [1990] by including the effects of dissipation due to

scale-dependent ¡adiative damping which was neglected in the earlier study as a first ap-

proúmation. Similarly, Dewan [1994]has extended the linear instability theory by assuming

sGravity waves with small vertical wavenumbers have small horizontal phase speeds (for zero mean winds)
that are comparable to the root-mean-square of the random horizontal winds of the superposed wave field.
This is evident from (1.4) with / ( ar ( tr[.

6Gravity waves of the source spectrum with rn \ear rnc were assumed to be quickly obliterated by critical
level interaction. Thus the high-wavenumber region of the observed spectrum was assumed to be caused by
the smearing of waves with r¿ near Ínc.

7 Hines [1993b] acknowledges that both Doppler spreading and dissipation due to ofi-¡esonant wave-wave
interaction may occur simultaneously. Indeed, various aspects of Hinest Doppler-spreading theory and We-
instock's nonlinear difiusion approach have been combined in a recent theoretical study by Meduedeu and
.Klcossen [19s5].
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that the observed spectra are defined by simultaneous saturation and cascade properties.

On the other hand, Gardner [1994] has proposed a new model, sìmilar to Weinstock's model,

in which wave amplitudes are assumed to be controlled by nonlinear wave-wave interactions

and to be reasonably modelled as a diffusion process. However, unlike in Weinstock's for-

mulation, Gard,ner [1994] has modelled the effects of diffusion as a filtering process. All

three theories predict that the observe<l vertical wavenumber power spectra of horizontal

wind velocity fluctuations can be proportional to N'l*" at high vertical wavenumbers. Yet

the theories proposed by Gard,ner [1994] and Zhu [1994] do aliow for some variability of the

spectral form depending on various assumptions including assumptions regarding the source

spectrum of gravity waves.

At present, there is no consensus about which physical mechanism is causing the observed

invariance of gravity wave power spectra at high vertical wavenumbers. Indeed, the issue

appears to be a contentious one [e.g., H'inesr 1991a]. Each theory predicts, under favourable

conditions and assumptions, an N2f m3 dependence which has been establisheds as the typ-

ical observed form of horizontal wind velocity spectra as a function of vertical wavenumber.

Yet there are no critical predictions of the various theories that might reasonably be used to

distinguish between them on the basis of comparison with observed spectra. Nevertheless,

it must be important to document departures from the typical form, if such departures exist

in the lower and middle atmospherese, since ultimately the successful theory must account

for all observations obtained from the various different measurement systems including both

radars and lidars. Hines [1993a], Zhu [799a) and Gardner ll99a] have already attempted to

explain some of these departureslo.

Despite the lack of consensus, some recent studies have attempted to parameterize the

effects of gravity waves on the mean flow based on earlier theories of wave field saturation. For

example, Fritts and Lu [1993] and Lu and Fritts [1993] have developed a parameterization

scheme which assumes various constraints on the growth of wave energy that are based

largely on the linear instability theory of gravity wave saturation. This scheme uses a spectral

formulation devised by Fritts and, VanZand,t[I99ï]which is in good agreement with observed

spectra and which satisfies gravity wave dispersion and polarization equations under the

Boussinesq approximation (aliowing for nonhydrostatic and rotational effects). On the other
8In fact a recent interpretation ofradiosonde observations by Nostrorn et ol. [19g6] has even questioned

this point.

-eThe observed spectra are likely to depart from the typical form, near wave sources at least.loAdditiona.l explanations have been put forward bv Iiio and Lue[1994] and Eclcermorzn [tsss] which may
be independent of the physical mechanism that is responsible for the satuìation of the grouity wave field.
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hand, Hines [1996a,b] has devised a different parameterization scheme which is based on

the Doppler-spreading theory of the saturated gravity wave field. Both schemes represent

an important step forward towards the goal of understanding and modelling the effects of a

broad spectrum of gravity waves on the large scale structures of the atmosphere.

Fritts and VanZand,t ll993l presented a model three-dimensional gravity wave power

spectrum which makes use of functional forms of the one-dimensional vertical wavenumber

and frequency power spectra that are in good agreement with experimental findings. They

assumed a total energy spectrum that is separable in vertical wavenumber, rn, intrinsic

frequency, c,r, and azimuthal direction of propagation,, $, and is given by

E (p, r, 6) = EsA(F,)B(ø)O(d) (2.3)

where

A(p)

B(r)

EsA(p)B(u)o(d)

= EsA(p,)B(u)o(d)

(2.4)

(2.5)

and where p = m/m*) Tn = 2nf À", À, is the vertical wavelength, m* is the characteristic

vertical wavenumber (in units of radians per metre), Es is the total gravity wave energy per

unit mass (energy density) and the parameters s, ú, and p are to be determined by comparison

with the slopes of observed power spectra. The functions A(p), B(ar) and Õ(/) are defined

to be normahzed to unity when integrated over all possible p,,a and /, respectively. These

normalization constraints in turn define the constants á¡ and Bs as described by Fritts and,

VanZandt [1993].

The model spectral distributions of ut, a', u' and 'Î" are related to the model energy

spectrum according to the polarization equations of gravity waves. These distributions are

given by

Eu, (p,,a,5)

Eu, (P,ra,$)

EU' (p,,u,$)

E-' (p,,arþ)

Eî,(tt,r,ó)

f.".', 
+!"i,.'ø] z{'t

f,,", 
+ 1,o", ,).,øl

(2.6)

(2.7)

(2.8)

(2.e)

(2.10)

= Eu'(lt,r,ó) t Eu, (p,,a,S)

= EsA(p)B(u)O(/)óa(c.,)7(c.,)
t

= fu "oo(r)r(cu)o(/)ó_(a,)
¡92= nr 

roo(r)B(a,)o(/)ó-(ø)
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where .E represents power spectral density, l@) = (1-u2lN2), ó+(r) = (1+ f'lr\, ó-(¡f )

is assumed to be unity, and .86 is the total energy density defined by (1.20) lFritts and

VanZandt, 1993]. Each equation follows from (1.8), (1.9), (1.10) and (1.20) after lengthy

but straightforward manipulationll, as discussed by Sid,i eú a/. [1988]. Note, however, that

(2.10) was chosen to replace equation (8) from Fritts and VanZandtlTggSl since normalized

temperature fluctuations, rather than vertical displacement fluctuations, are analyzed in

the present study. The normalized temperature and vertical displacement fluctuations of

monochromatic gravity waves are related by

,it ¡¡z
e' (2.11)I

where e' : -i,,su'is the vertical displacement fluctuation and where air parcel displacements

are assumed to occur adiabatically [e.9., Gill,Ig82; Siili et ø/., 1988].

Using equations (2.3) to (2.9), Fritts and VanZandt [1993] were able to determine the

important spectral distributions of the vertical fluxes of zonal and meridional momentum

(per unit mass). These were integrated over all possible values of p,,, a and S in order to

define the net vertical fluxes of zonal and meridional momentum as functions of only a few

parameters that might be determined experimentally. By choosing reasonable valuesl2 for

the parameters p, / and tr[, the net momentum f,uxes were shown to be given by

(Fp,, Fp) = (b,,bò Eol22 (2.r2)

where
¡2r

(b,,bù: Jo o(/) (cos Q,sing) d,Q (2.18)

and where f'p" and f'p, denote the net vertical fluxes of zonal and meridional momentum

(per unit mass), respectively lPritts and, VanZandt,lggsl: Thus the momentum flux at any

given height is determined by the total energy of the wave field and the parameters b, and bo

which are defined by the degree of wave field anisotropy, assuming that / and N are known

and that p is reasonably defined from experimental evidence.

The spectral formulation presented by Fritts and VanZandt lLggSl, and summ arizeð,

briefly here, provides a basis for a gravity wave parameterization scheme which has been

tested in steady lFritts and Lu,1993] and transient lLu and, Fritts, lgg3] flow conditions.

However, this formulation a,lso highlights some important aspects of the wave field that
llRecall that / - arctan(l/&).
l'The prrameters p and f/N were chosen to be 5/3 and, Lf200, respectively
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might be determined experimentaliy. Clearly, the most important parameters that must be

estimated, aside from the spectral parameters s, ú and p) ate the total wave energy density

and the anisotropy parameters, b, and. bo. Such measurements can either provide initiat

conditions for atmospheric models at low aJtitudes or constraints for them at higher alti-

tudes [Friúts and, Lu,7993; Lu and Fritts,1993]. Of course experimentalists must also seek

to verify the various assumptions of these models. Is the form of the vertical wavenumber

power spectrum independent of altitude? How does the total gravity wave energy respond

to changes in N,,p and U? Is the wave field truly separable in m, u and, /? Answers to these

questions and estimates of Eorb, and ó, are of importance if a comprehensive understanding

of the effects of a gravity wave spectrum on the mean flow is to be achieved.

The more recent parameterization scheme proposed by Hi,nes [1996a,b] is based on a

different understanding of the manner in which the gravity wave fleld is constrained. Never-

theless, this new spectral formulation assumes that the wavefield is separable in I(¡andm,
and that the waves of the spectrum obey simplified dispersion and poiarization equations.

However, it is the horizontal wind velocity variance and its azimuthal distribution that is

fundamental to the new approach. Momentum deposition occurs when a gravity wave pïop-

agating in a given azimuth is obliterated due to severe Doppler spreading caused by the total

wind variance in that azimuthl3. The azimuthat distribution of the remaining waves defines

the net vertical flux of horizontal momentum while the altitude variations of momentum fl.ux

define the inferred mean flow accelerations. Mengel et al. 119951 have already successfully

modelled the mean zonal winds and temperatures of the middle atmosphere by using this

approach, including the quasi-biennial oscillation of the equatorial lower stratosphere and

the semi-annual oscillations of the equatorial upper stratosphere and mesospherel4.

The further testing and refining of the parameterization schemes proposed by Fritts and

Iu [1993] and Hines [1996a,b] promises to be a fertile field of scientific research. Experimental

studies should a.lso contribute by providing the initial conditions and constraints for atmo-

spheric models. It is worth noting that, despite fundamenta,l theoretical differences, both

parameterization schemes begin with similar formulations. The wave field is assumed to be

separable, at least to some extent, and the waves of the spectrum obey simplified dispersion

and polarization equations, as defined by, for example, equations (2.6) to (2.10) although

the model spectral forms may differ. In addition, the degree of wave field anisotropy is of
13The background winds can act to either accentuate or halt the dissipation of waves in a given azimuth.
ra Mengel eú ø¡. [1995] conclude that gravity waves may significantly contribute to both the quaslbiennial

oscillation and the semi-annual oscillations.
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crucial importance to both schemes and is parameterized in some way. Clearly, experimental

observations of the extent of wave fleld anisotropy is very important in the absence of direct

measurements of momentum fluxes at all heights.

2.4 Summary and Research Goals

The theoretical study of atmospheric gravity waves has progressed to the stage of furnishing

detailed parameterization schemes which describe the influence of a broad spectrum of gravity

waves on the mean fl.ow and which depend on only a few parameters. These schemes are

based on, and constrained by, a large number of gravity wave observations in the lower and

middle atmospheres. Yet there still exists considerable debate about which physical process

is acting to limit the growth of gravity wave energy with increasing altitude. Furthermore,

the current experimental description of the wave fleld is based largely on observations from

only a small number of locations which are mostly in the northern hemisphere. Consequently,

a detailed climatology of gravity wave activity, which describes the seasonal and geographic

variability in both hemispheres, has not yet been compiled. Such a compilation is vital if
the effects of gravity waves are to be fully understood and modelled.

The research goals of this thesis are twofold. The first broad goal is to contribute in-

formation to a detailed climatology of gravity wave activity in the southern hemisphere. In

particular, the aim is to document departures from the mean spectral form, if such depar-

tures exist, and to provide evidence that might be used to distinguish between the various

competing saturation theories. The second broad goal is to provide climatological informa-

tion, using conventiona,l data that is readily available, which might be of direct relevance

to the recent gravity wave parameterization schemes. Such information should include esti-

mates of the total gravity wave energy density (or the horizontal wind velocity variance) and

the degree of wave freld anisotropy. The data to be considered are conventional radiosonde

(meteorological balloon) measurements which are obtained on a daily basis by many meteo-

rological services around the world. This study is the first to attempt gravity wave analyses

of high-vertical-resolution radiosonde data from a network of stations in the southern hemi-

sphere. Conventional radiosondes can measure atmospheric temperature, and in some cases

horizontal wind velocity, up to maximum altitudes of approximately 30 km.

Strictly speaking, measurements of three component wind velocity and temperature are

required to define completely the total energy per unit mass, -Ðe. However, it is possible to
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estimate this parameter from temperature measurements alone using the appropriate gravity

wave polarization equation and the three-dimensiona.l model spectrum of Fritts and VanZandt

[1993]. By integrating (2.10) on both sides with respect to ¡.t, u, and / using (2.3), (2.4), (2.5)

and the normalization condition for O(@), namely, /3" ø@)AO = 1, the following equation is

derived relating the energy density Es to the total normalized temperature variance,

øo= L ^L-P e.u)N2 BoCr,'

where

(1- - ft-' lt- io-t' -l- ie+t1cln=;-T L-tL - -f+1 I (z'tsl

and where i : f lN and p is the slope of the one-dimensional intrinsic frequency spectrumls.

The total normalized temperature variance is easily determined from radiosonde measure-

ments and (2.1a) will be used in a later chapter to estimate -Ðs. Note that the value of p most

commonly used in the literature [e.g., Smith et aL, lg87; Weinstock, 1990] is 5/3. This value

is based on the observed spectral distributions of horizontal wind velocity and temperature.

The vertical wavenumber power spectra that are presented in this thesis will be com-

pared against the theoretical saturation limits proposed by Smith et aL [1987]. Since the

various competing theories usually provide approximate estimates of the saturated spectral

amplitudes at high vertical wavenumbers, and since these estimates are very similar given

their uncertainty, the theoretical saturation limits proposed by Smi,th et ø1. 11987] will be

used as a convenient reference only. However, (2.2) describes the saturation limits of the one-

dimensional vertical wavenumber power spectrum of total horizontal wind velocity whereas

temperature measurements are mainly considered here. The theoretical saturation limits

of normalized temperature fl.uctuations due to Smith et al. 11.987], as a function of inverse

vertica,l wavelength, are

EÌ,(rt^,)"#;#6- (2.16)

where À, is vertical wavelength and E¡, is normalized temperature power spectral density.

This follows from (2.2) and the appropriate polarization equation if it can be assumed that

the one-dimensional frequency spectrum is given by B(ø) 6. u-P [see Friúús et al., 1988].

Note that, although p appears in (2.16), this saturation ümit is actually independent of p

since the constant of proportionality in (2.2) was determined by assuming that p = 5/3. Thus
15In obtaining (2.I4), three assumptions have been made: first, the three-dimensional energy spectrum is

assumed to be separable in rn, ar, and {; second, the one-dimensional frequency spectrum is assumed to be
of the form B(c.r) x c.r-P; third, the Boussinesq approximation (allowing for nonhydrostatic and rotational
effects) is assumed to be valid.
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the saturated normalized temperature variance due to Smith et al. 11987] is independent of

the intrinsic frequency distribution of gravity waves whereas the saturated horizontal wind

velocity variance depends upon the proportion of wave variance with intrinsic frequencies

near /, the inertial frequency.

A description of the radiosonde data and analysis techniques that are used in this thesis

is presented in the following chapter. Some of these analysis techniques are based on several

studies of meteorological rocket datafUirota,lgS4; Eclcermann and Vincenú, 1989; Hamilton,

I99li Eckern'¿ann et al., I991)which were not reviewed in section 2.2 since the data considered

were of such coarse resolution (of the order of 1 km) that the saturated regions of the

gravity wave polver spectra were not adequately resolved. Nevertheless, the analysis of

meteorological rocket data has provided valuable climatoiogical information about the most

energetic gravity waves in the stratosphere and lower mesosphere. These analyses wili be

discussed iater when appropriate.



42 CHAPTER 2. GRAVITY WAVE SPECTRA: A BRIEF REVIEW



Chapter 3

Radiosonde Data and Analysis

Techniques

3.1 Introduction

The experimental data that were utilized in this thesis comprise radiosonde soundings ftom22

stations which cover the Australian sector of the southern hemisphere. All data were supplied

by the Australian Bureau of Meteorology. The locations of the various stations are illustrated

in Figures 3.1 and 3.2 while further details, including the time intervals over which data were

available, are provided in Table 3.1. The purpose of choosing these particular stations was

to provide sufrcient geographic coverage so as to allow a climatology of wave activity to be

obtained. In particular radiosonde stations were chosen so that observations from a range of

diferent longitudes could be combined into relatively narrow latitude bands. This a,llows a

climatology to be built up which is not biased by possible localized source effects. A further

13 radiosonde stations are operated by the Australian Bureau of Meteorology but were not

used in the present study.

Meteorologists often report radiosonde measurements at standard pressure levels (which

are typically separated by between 1 and 3 km) even though the raw measurements are

obtained at much greater vertica,l resolution. Therefore standard level measurements will

not resolve the most dominant gravity waves of the troposphere and lower stratosphere as

reported by, for example, Fritts and Chou [1987] and Fritts eú a/. [1988]. Recently, however,

the Australian Bureau of Meteorology began routinely recording and archiving the high

resolution measurements of radiosondes. These data are the subject of investigation in this

43
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Figure 3.1: Map showing the locations of Australian radiosonde stations. Solid triangles
indicate those stations which measure Digicora winds (see section 3.2 for further details).
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Figure 3.2: Map showing the locations of Austraüan radiosonde stations in the Antarctic
and sub-Antarctic. Solid triangles indicate those stations which measure Digicora winds (see
section 3.2 fo¡ further details).
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Station Name \ryMO Station
Number

Location
deg South, deg Bast

Time Intervals

Adelaide
Albany
Alice Springs
Casey
Cobar
Cocos Islands
Darwin
Davis
Forrest
Gladstone
Gove
Hobart
Learmonth
Lord Howe Island
Macquarie Island
Mawson
Mount Isa
Port Hedland
Townsville
Wagga
Willis Island
\Moomera

94672
94802
94326
89611

947Lt
96996
94120
89571

94646
94380
94150
94975
94302
94995
94998
89568

94332
94312
94292
94910
94299
94659

35, 139

35,118
23, r34
66,111
31,146
72,97
12, I37
69, 78

31, L2g

24, l5I
12, I37
43, r47
22, r74
32, 159

55, 159

68, 63

20, 139

20, 118

19,147
35, r47
16, 150

31, 137

1991

1991

1991

1993

1991

1992
1991

t992
1991

1991

1991

1991

1991

1991

1993

1993

1991

1990

1991

1991

1991

1991

May
l\{ar
Muy
Apt
Apt
sep
Jun
Jul

Apt
Jun
Jun
Apr
Jun
Jun
Apt
Muy
Apr
Nov
Jurr

Muy
Ang
Apt

Feb 1993

May 1992

May 1992

Apr 1995

May 1992

Dec 1993

May 1992

Apr 1995

May 1992

May 1992

May 1992

May 1992

May 1992

May 1992

Apr 1995

Apr 1995

May 1992

May 1992

May 1992

May 1992

May 1992

May L992

Table 3.1: Information regarding the radiosonde stations that were studied in this thesis
The flnal column indicates the tirne intervals over which data were analyzed.

thesis and are of sufficient resolution to define a large portion of the gravity wave spectrum,

including the dominant waves. Nevertheless, since meteorological radiosonde data are not

gathered for research purposes, their use in gravity wave studies must be carefuliy justified.

Important issues to consider in this context include measurement accuracy, measurement

sensor response times and the observational geometry of radiosonde soundings. These issues

will be reviewed here accordingly.

Radiosonde data from each station were not studied over the same time intervals (see

Table 3.1) although data from all stations, with the exception of Willis Island, were studied

over at least a one-year period. The exact time range of the studied data depended on when

these were first archived at high resolution by the Australian Bureau of Meteoroiogy, Note,

however, that continuous high-resolution radiosonde data were available from all stations
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between August 1991 and May 1992 with the exceptions of Mawson, Casey, Davis, Macquarie

Island and the Cocos Isiandsl. Future studies might consider a larger data set where all

measurements are from the same time period.

Previous radiosonde studies of gravity wave motions in the troposphere and lower strato-

sphere have utilized either single soundings [e.g., Cot and Barat,1990; Barat and Cot,7992;

De la Torre et aL.,1994 and, inter alia, Sidi, et a/., 1988] or many closely separated soundings

from an observational campaign [e.g., Thompson,1978; Cailet and Teitelbaum,7979; Tsuda

et aL.,1994b and, inter aha, Fritts et al., lg88]. Tsuda et al. ll997l analyzed high resolution

radiosonde data from more than two years of observation over a single northern hemisphere

location while Ki,tamura and Hirota [1989] analyzed operational rawinsonde data from a net-

work of stations in and around Japan. In the latter study only standard pressure levels and

signiflcant levels were utilized and so vertical resolution, although sufficient for observing

the dominant waves, was poorer than in other studies. The temperature data analyzed in

this thesis are comparable in quality and vertical resolution to those analyzed by Tsud,a et

a/. [1991]. The results presented in Chapter 4 may be considered as an extension of their

study to a network of southern hemisphere radiosonde stations. In addition to temperature

measurements, horizontal wind speed measurements of sufrcient quality and verticaJ. reso-

lution to delineate gravity wave characteristics were available from two of the Australian

radiosonde stations. These are of comparable quality to those data analyzed by Tsuda et al.

[1ee4b].

3.2 Horizontal'Wind and Temperature Measurement

Vaisala RS80-15 radiosondes2 wete used at each meteorologicai station of Table 3.1 during

the times stated3. These measure pressure, temperature and relative humidity in the at-

mosphere at approximately 2-s intervals but the measurements pass through quality control

and smoothing algorithms and so L0-s "filtered" data are finally reported. Since standard

meteorologicai sondes have vertical speeds of approximately 5 m s-l, the vertical resolution

of measurements is approximately 50 m.

lRadiosonde measurements from Casey, Davis, Mawson and Macquarie Island were provided on a weekly
basis, via the internet, and the help of staff at these stations is gratefully acknowledged.

2The term radiosonde is used here to describe instrumenteã balloons which measure either thermody-
namic parameters or horizontal winds, or both [following ,úclly, 1985]. However, the te¡m rawinsonde is
sometimes used elsewhere to describe instrumented balloons which measure both thermodynamic parameters
and horizontal winds.

svaisala is a company based in Finland that specializes in the manufacture of meteorological instruments.
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In addition to measutements of pressure, temperature and relative humidity. measure-

ments of horizontal wind velocity are also made at each radiosonde station. These are

obtained (in most cases) by attaching a reflective target to the sondes and monitoring their

ptogress by radar. Standard measurements obtained in this manner are reported with poor

vertical resolution and are inadequate for use in gravity wave studies fThompson, 1978]. How-

ever, some stations now use a newer system where the sonde's position, and hence velocity, is

determined by using radio transmitters of the OMEGA and Russian VLP NAVAID networks

fLange,1985; Karhunen,Lggl], This system, called the Digicora system, has been developed

by Vaisala. Horizontal winds are reported at 10-s intervals, aithough the measurements are

effectively oversampled (see the discussion later in this section), and are of sufficient quality

for use in gravity wave studies. The Australian radiosonde stations which use this system

(at present) are those at Casey, Davis, Mawson, Macquarie Island and the Cocos Islands.

Thus the data studied here consists of temperature measurements from all 22 stations that

are listed in Table 3.1 and also simultaneous horizontal wind speed measurements from 5 of

those stations. Pressure measurements are also useda but are not studied for gravity wave

fluctuations while relative humidity measurements are not considered.

The capacitive temperature sensor used by the Vaisala RS80-15 radiosonde is believed

to have a resolution of *0.1oC rrns [see Iuanou et al.,lgg7]. This is the nominal value stated

by the companys. Figure 3.3 illustrates some examples of temperature profiles observed by

radiosonde over Macquarie Island. Also plotted are temperature fluctuation profiles within

both the troposphere and lower stratosphere where the shaded regions indicate the antici-

pated root-mean-square random measurement error based on claims by the manufacturer.

The fluctuation profiles are obtained by subtracting fitted third-order polynomials. It is

apparent that smali vertical scale fluctuations on single proflles are geophysical and are not

caused by random measurements errors.

The temperature measurements reported at each station have passed through quality

control algorithms that were developed by Vaisala. These involve removing suspect mea-

surements and replacing them by linear interpolation. Measurements are deemed to be

suspect if they do not satisfy certain rejection criteria based on known physical constraints.

In addition, the raw measurements, made at approximately 2-s intervals, are smoothed in

4Ptessure measutements are used to estimate the radiosonde temperature senso¡ response time within the
low_er stratosphere, This is discussed in detail in appendix A.

sRadiosondes manufactured by Vaisala have been rigorously tested in inte¡national radiosonde comparison
experiments lNash and schmidlin, 1987; schmidlin, lggg; Iuanou et al., 1997)).
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Figure 3.3: Temperature and temperature fluctuation profiies observed by radiosonde over
Macquarie Island on July 1, 1993, and on January 19, 1994. Temperature fluctuation profiles
are obtained by fitting and then subtracting a third-order polynomial over the altitude range
of interest. The plots are organized in rows such that, from left to right, the first plot shows
the observed temperature profile, the second shows the fluctuation profile between 1 and
8 km (troposphere), and the third shows the fluctuation profile between 11 and 30 km
(lower stratosphere). The location of the tropopause in each case is given while the shaded
regions indicate the anticipated root-mean-square random measurement error. Gmt stands
for Greenwich mean time.
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order to obtain the 10-s "fi.ltered" data that are used here.

Horizontal wind speed measurements are also reported at 10-s intervals and pass through

similar quality control algorithms. Stray winds that fail to satisfy the so-called Grubbs crite-

rion IMET Program Manual,1989] are replaced by cubic-spline interpolation and, following

this, the winds are smoothed. However, the smoothed data are reported at the same reso-

lution as the raw data, that is at 10-s intervals, and so are effectively oversampled. A cubic

spline smoothing algorithm, within a running window of either 130-s or 250-s extent, is used.

This corresponds, approximately, to vertical lengths of 650 m and 1250 m, respectively. A

determination of the transfer function for the smoothing procedure is not attempted in this

thesis. It is clear, however, that fluctuation amplitudes at vertical scales that are smaller than

twice the smoothing window length will be attenuated in some manner. This attenuation

will be discussed further where appropriate.

Horizontal winds obtained using NAVAID radio transmitters are geneïally of good quality.

However, measurements made at the Antarctic stations of Davis, Mawson and Casey appear

to be adversely affected by poor reception of the radio transmissions at these particular

locations. Poor reception is caused by heavy attenuation of VLF radio signals as they travel

over large regions of surface ice and also by ionospheric disturbances due to sunspot activity

and at the day/night boundary fLange,1985; B. Gunn, private communication, 1993]. Also,

most of the radio transmitters of the two NAVAID networks are located in the northern

hemisphere and one particular transmitter in Liberia has been operating intermittently due

to recent civil war in that country. Radio signals from at ieast three different locations are

required to determine ho¡izontal winds le.g., Lange, 1985].

Radiosondes released at Davis rarely receive signals of sufficient clarity from three sepa-

rate transmitters and so horizontal winds are generally not reported at this location. There

appears to be little hope of studying Digicora wind fluctuations from Davis. In contrast,

Digicora winds are regularly reported up to stratospheric heights from Mawson and Casey.

However, comparisons with simultaneous radar wind measurements lB. Gunn, private com-

munication' 1993] indicate significant standard vector deviations of the order of 4 or 5 m s-l.
Therefore Digicora winds are considered to be unreliable at these locations6. As a conse-

quence' the winds observed from Casey and Mawson (and also the few reports from Davis)

are not analyzed in this thesis. Only those winds observed from Macquarie Island and the

6It is worth noting that the standard vector deviations of winds observed over Mawson are improved when
the OMEGA network transmitter in Liberia is operating lB. Gunn,private communication, tssã].
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Cocos Isiands are considered since there are no serious problems with signal reception at

these locations.

The random error of Digicora zonal and meridional winds, assuming reasonable signal

reception, is less than or equal to 1 m s-l rms between 700 and 200 hPa lluanou et al.,

1991]. Figure 3.4 illustrates examples of zonal and meridional wind speed and wind speed

fluctuation profrles observed over Macquarie Island. As in Figure 3.3, the shaded regions

indicate the probable extent of the root-mean-square random measurement error which is

taken to be approximately 0.5 m s-1 based on the results of luanou et at. lL9}ll. It is

apparent, in the stratosphere at least, that fluctuations on single wind component profiles

are geophysical.

Given that reported Digicora winds are both smoothed and also subject to relatively large

random measurement ettots, the prospect of studying small-amplitude or small-vertical-scale

gravity waves in these data is poor. Temperature measurements are more appropriate for

such analysis. However, Digicora wind measurements are able to resolve the dominant gravity

waves and can therefore provide valuable information about such waves. Several important

gravity wave characteristics can be determined when simultaneous measurements of horizon-

tal wind and tempetature are available. Nevertheless, other instrumental properties, aside

from measurement accuracy, may affect the interpretation of wave characteristics and these

will now be discussed.

3.3 Radiosonde Observation Geometry

The interpretation of radiosonde observations of gravity waves is complicated by the geom-

etry of these observations. Instrumented balloons rise slowly in the vertical at speeds of

approximately 5 m s-1 and also drift horizontally with the background winds. As a conse-

quence, observed horizonta,l wind and temperature profiles are not strictly vertical profiles

since the measurements are not made along a vertical line from the point of the balloon's re-

lease. Furthermore, successive measurements are taken at 10-s intervals and so the observed

profiles are not instantaneous "snapshots" of the atmosphere. Therefore, the observed ver-

tical scales of the wave are not necessarily the true vertical scales since observations may be

influenced by horizontal and temporal variations of the wave field.

Both Sidi ef a/. [1988)and Gardner and Gard,ner [1993] have studied the above problem,

although Sidi et ø/. [1988] consider only the effects of a finite balloon ascent velocitv. To
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illustrate how the observed vertical waveuumber may be affected, consider, afier Sidi, et aL

[1988], the following scenario. Suppose a sonde measures a monochromatic gravity wave with

wavenumbe, R : (krtrm) and intrinsic frequency c..,. Suppose also that the sonde ascends

with finite vertica,l velocity V¡ and has a constant horizontal drift in the zonal direction Z.

The variation of the wave's phase (denoted here by rp), over a short time interval 6ú and

along any trajectory is given by,

6p=-u6tlk6xil6y*m6z (3.1)

However, along the sonde trajectory it is true that 6z - Vs6t,6r = û6zlVs and 6g :0.
Therefore, the observed vertical wavenumber (mt = #) i, given by

nt,:nt.lr- #- #,] (s.2)

and depends upon both the temporal and horizontal scales of the wave.

The second term in the square brackets of (3.2) describes the effects of the sonde's drift on

the observed vertical wavenumber. This term is negligible provided that À,f À, Þ ulvo. The

third term in the square brackets of (3.2) describes the effect ofthe finite sonde ascent velocity

on the observed vertical wavenumber. This term is negligible provided that c, = al,ìn ( Vo.

Essentially these two conditions require that the sonde traverses the wave cycle during a

time interval that is much smaller than the wave's period while drifting horizontally over a

distance that is much smaller than the wave's horizonta^l wavelength.

Typical vertical scales of gravity waves in the upper troposphere and lower stratosphere

are of the order of 2.5 krn [e.g., Fritts et al., 1988] and typical horizontal scales are of the

order of a hundred kilometres or more le.g., Nastrom et aI., i987]. The intrinsic frequency

spectrum is believed to be a red noise spectrum and so typical intrinsic periods should be

closer to the inertial period than to the buoyancy period. From (3.2) it is clear that the

radiosonde observation geometry has negligible efect on the observed vertical wavenumber

at these typical scales assuming Vs x 5 m s-1 and using reasonable values of Z from Figure

1.3. However, it is the high-wavenumber tail region of the one-dimensional vertical wavenum-

ber power spectrum that is of particular interest when comparing saturation theories with

experimental observations. Therefore it is important to ascertain the effects of observation

geometry on this portion of the spectrum.

Gardner and, Gardner [1993] modelled the distortion of vertical wavenumber power spec-

tra of normalized temperature fluctuations derived from radiosonde observations, where the
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radiosonde has finite ascent velocity anrl drifts horizontally at a constant rate. The canonical

model spectrum that was used is not reported here7. However, the results are reproduced

in Figure 3.5 for different choices of the parameters I/o and a. Note that the effects due to

finite ascent velocity and horizontal drift were considered separately. This was achieved by

setting u = 0 in the former case and by setting Vs to be large but finite in the iatter case.

The true (undistorted) vertical wavenumber power spectrum is denoted by F7(m) in each

plot where rn is in units of cycles per metre.

The sondes studied in this thesis have typical ascent velocities between 4 and 6 m s-l.

Figure 3.5 indicates that there is negligible distortion of the observed vertical wavenumber

spectrum due to sonde ascent effects at these velocities. Similarly, spectral distortion due

to the sonde's horizontal drift appears to be insignificant when u 1 70Vs or, using the

nominal value of Vo : 5 ß s-1, when d ( 50 m s-1. This is approximately the largest

value of the climatological-mean horizontal winds that are found in the troposphere and

lower stratosphere of the southern hemisphere (see, for example, Figure 1.3). However,

Gardner and Gard,ner [1993] conclude that nonnegligible distortion is possible, especially at

small vertical wavenumbers, when horizontal winds reach 60 m s-1 or larger. Winds of this

magnitude can occllt in the lower stratosphere at high latitudes, particularly in the vicinity

of the southern hemisphere polar vortex, and a small degree of spectral distortion is therefore

possible at such high-Iatitude sites.

Spectral distortion due to finite sonde ascent velocity and horizontal drift is not believed

to be a serious problem in this study based on the results of Sidi et at. ll988l and Gardner

and Gard'ner [1993]. Even under those conditions where nonnegligible distortion may occur,

the proposed spectral distortion8 is small when compared with the more serious distortion

caused by the slow response ofthe radiosondes'temperature sensors at stratospheric heights.

The response time is peculiar to the type of sensor usede and, if large enough, will prevent

the radiosonde from accurately measuring rapid changes in temperature as the balloon moves

vertically. The spectral distortion that arises may be corrected, however, and this correction

procedure wiil now be discussed.

TThe model spectrum is similar to that proposed by .Friúús and VanZandú [1993] and is based on experi-
mental results.

sFrom Figure 3.5, shallower spectral slopes are anticipated.eThe radiosondes that are studied here have relatively slow response times.
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3.4 Temperature Sensor Response

The effect of temperature sensor response tirne on gravity wave f.uctuations observed by ra-

diosondes is generally not considered in the literature since many experimental radiosondes

use fast response temperature sensors. For example, Shutts ef ø/. [1988], Sidi eú ø/. [1988] and

Cot and Barat [1989] use temperature sensors with fast response times in their radiosonde

packages. Howevet, the capacitive temperature sensors used by Vaisala RS80-15 radiosondes

have relatively slow response times [I{øsh and Schmi,dlin, 1987, p. 22] which may be of the

order of 10 s at stratospheric heightslO. Therefore, the present observed normalized tem-

perature spectral amplitudes at high vertica,l wavenumbers may be significantly attenuated

while no attenuation of published spectra appears to occur. The purpose of this section is

to describe a spectral correction technique which will be utilized in later chapters.

It is well known that a temperature sensor will behave in such a way that the rate of

change of the sensol's temperature is proportional to the diflerence between the temperature

of the sensor and that of its surrounding environment fFritschen and Gag, 1979]. Mathe-

matically, this may be expressed as

dT" 1

dtr t"" rl (3.3)

where 7" is the sensor temperature, ? is the environment temperature and ¡ is defined as

the response time constant. The value of r is peculiar to the type of sensor used and to the

environment in which it is placed.

The response of a given temperatute sensor to any time-varying environment temperature

"(t) 
is completely defined by (3.3). The steady state response to a sinusoidally varying

environment is of particular importance, however, since this describes a filter function, /(c.r),

which relates the environment or input spectrum X(c.r) to the measured spectrum X"(r)
according to X"(c,;) = I(u)X(u) at each angular frequency a, [e.g., Bath, Lg74]. Here X(r)
and X"(c.:) refer to the Fourier transforms of ?}(t) and ?(ú), respectively, rather than their

power spectral densities. If 1(ø) is known then the environment spectrum can be recovered

from the observed spectrum since X(c.r) = X"(a)lI(u).

Consider the case of a balloon which rises at constant vertical velocity tr/o and carries a

temperature sensor with known response time r. Suppose also that the sensor is measuring

a background or environment temperature profile that is sinusoidally dependent upon height

loResponse times of this magnitude, generally, present no problem in a meteo¡ological context.
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z but is independent of time, that is, T(z): Aexpfi(mz *p)] wheren'L=2trf À" and where

the complex notation has its usual meaning. Equation (3.3) is therefore given by

(3.4)

where þ = Vor. The "steady state" solution of this new equation for constant B is readily

calculated,

r"(z) = #*expfi(mz-r e)J (3.5)

and thus deflnes a filter function I(m) = llll+inx7l,analogous to the function /(c.r) discussed

earlier, which relates the Fourier transform of T"(z) to that of T(z) at each spatial frequency

or wavenumbet m. Since power spectral density is proportional to the absolute value squared

of a Fourier transform it follows that the observed vertical wavenumber power spectrum is

related to the true or environment power spectrum according to the following equation

Er"(*) = åOU Er(*) (s.6)

where Er"(m) and E7(m) are vertical wavenumber power spectra of T"(z) and T(z) fluctua-

tions respectively. Equation (12) can therefore be used to correct observed vertical wavenum-

ber power spectra of temperature fluctuations and to recover their true forms provided that

Vo and r are known and are constants. Furthermore, the relation is also valid for vertical

wavenumber power spectra of normalized temperature fluctuations provided that 4(r) ao"t

not differ significantly from 7(z). This would appeaï to be a reasonable assumption.

Figure 3.6 displays the measurement distortion of a modified-Desaubies vertical wave-

number power spectrum wilh m*f2r = 5 x 10-a cycles per metre (.p*) and with spectral

amplitudes chosen to represent typical observations of normalized temperature fluctuations.

The parameter B was assigned the value of 40 m. This corresponds to the typical bal-

loon ascent velocity (Vo = 5 m s-1) and to estimates of response times (r = I s) within

the a,ltitude range 17-24 km. Notice that the spectral distortion is only signiflcant at high

vertical wavenumbers. Notice also that the total observed variance is not significantly re-

duced since the shaded area of Figure 3.6 comprises just 4% of the total area under the

modified-Desaubies spectrum.

Estimating the radiosonde's tempetature sensor response time poses a difficult problem

since r depends upon air temperature and air density. A broad discussion of how these

estimates can be obtained and to what extent they are reliable is given in appendix A. The

discussion is based on experimental results presented in two Vaisala test reports. However, it

dT"

dz
* lr,= þr
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should be noted here that there is some uncertainty as to the correct value for the response

time r. This may result in a bias for the spectral parameter, ú, of corrected power spectra,

although estimates of both the characteristic wavenumber and the total wave variance will

not be significantly affected. More details are provided in appendix A.

The height-averaged response times were found to lie between 7 and 8 s within the 1Z

to 24-km altitude range and between 1 and 2 s within the 2 to g-km altitude range. The

lesponse times were not constant within these ranges but may be considered as constants to
good approximation. This point is discussed further in appendix A and is not believed to
result in serious errors, despite the fact that r was assumed to be constant in the derivation of
(3.6). Since the response time is smali within the troposphere, the correction to the observed

power spectrum, for the wavenumber range that is being investigated here, is marginal. As

a result the correction technique that is described by (3.6) need only be applied to the

calculation of stratospheric power spectra.
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3.5 Power Spectrum Analysis

The vertical wavenumber power spectra of normalized temperature fluctuations that are

presented in this thesis were (in most cases) calculated using the Blackman-Tukey algorithm

with a 90% lag Bartlett window where the data were first prewhitened by differencing.

This technique follows Dewan et al. 11984, 1988] who used the same algorithm to analyze

horizontal wind velocity fluctuations derived from rocket-laid vertical smoke trails. The

various steps of the calculation procedure are described in detail by Dewan eú a/. [1988]

and these are followed here. Normalized temperature fluctuationr, it, were calculated by

estimating ? with a fitted second-order polynomial over the particular height interval being

investigated.

The purpose of prewhitening data before spectral analysis is to reduce the effects of

spectral leakage le.g., Blackman and Tukey,' 1958]. Prewhitening by differencing is useful

when the spectrum to be calculated is a red noise type spectrum, that is when F(*) x m-t
where F(*) is power spectral density and where ú is positive. It is therefore useful in this

study since accurate estimates of spectral amplitudes within the high-wavenumber tail region

of a modified-Desaubies type spectrum are required. However, when f'(zn) o m", where s

is positive, the calculated spectral ampìitudes may be signiflcantly biased if differenced data

are considered. Therefore differenced data should not be used when attempting to determine

the spectral parameter s of a modifled-Desaubies type spectrum. This point will be discussed

again in chapter 4.

A possible source of error in the spectral analysis procedure arises due to the fact that

radiosonde observations are unequally spaced in altitude. Although successive measurements

were recorded at 10-s intervals, the corresponding altitudes traversed by the sonde tended

to vary; typical height intervals were found to be between 40 and 60 m. Strictly speaking

the Blackman-Tukey algorithm cannot be applied to unequally spaced data such as this.

The approach used here was to interpolate the measurements at 50-m intervals using

cubic spline interpolation and to assume that the calculated power spectrum was not sig-

nificantly different from the spectrum that would be found were the original data points

equally spaced. In order to be confrdent of this, however, a comparison was made between

vertical wavenumbel power spectra of normalized temperature fluctuations calculated with
both the Blackman-Tukey algorithm and with a particular discrete Fourier transform pro-

posed by Ferraz-Mello [1981]. This latter technique was devised specifically for the purpose
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of making accurate estimates of power spectral density from unequally spaced data. The

comparison was found to be favourable (see the results presented in chapter 4) and so the

Blackman-Tukey algorithm appears to have valid application in this case.

In contrast to the above finding, however, Moore et al.119881 concluded that equispaced

analysis techniques may obscure oceanic gravity wave spectral structure at high vertical

wavenumbers if the observed data are not equaliy spaced. Ocean profiles may be unequally

spaced in depth, as are radiosonde profiles in height, due to variations in instrument low-

ering rate caused by, for example, ship heave lMoore et al., 1988]. Therefore both oceanic

and atmospheric problems are, in broad terms, the same although the wave spectra in each

case need not be. Moore et a/. [1988] analyzed two temperature proflles between 750 m

and 1200 m depth which were observed at approximately 500 and 300 km, respectively,

off the east coast of Australia. A comparison was made between spectra calculated using

irregularly-spaced techniques proposed by BrillingerlIg72,1983] and spectra calculated us-

ing equispaced techniques which involved cubic spline interpolation of the observed data.

The comparison was unfavourable at vertical wavenumbers larger than, approximately, 0.05

cycles per metre which corresponds to wavelengths smaller than, approximately, 20 m. The

equispaced analysis techniques gave spectra that were in good agreement with the canonical

GM75 model spectrum whereas the irregularly-spaced techniques, at large vertical wavenum-

bers, did not.

Despite the conclusions of Moore et al. ll988l, the Blackman-Tukey algorithm is con-

sidered to be valid in this study based on comparisons with the algorithm proposed by

Ferraz-Mello [1981]. It is acknowledged that some difficulties can arise but, it is argued,

these are not significant for the radiosonde data used here which are of coarser resolution

and which are closer to being equally spaced. However, no attempt is made to critically

compare the irregularly-spaced spectral techniques used by Moore eú ø/. [1g88], that is the

algorithms proposed by Bri,llinger[L972,1983], and the technique that was used here (which

was proposedby Ferraz-Mello [1981]). Such a comparison is beyond the scope of the present

study.

Another possible source of difficulty arises if the observed data are nonstationary with

altitude. It is important in this context to consider only those segments of data which,

based on theoretica.l understanding, might be anticipated to yield stationary spectra. For

example, from (2.16), the vertical wavenumber power spectrum of normalized temperature

fluctuations is anticipated to be dependent upon I{a. Since signiflcant increases in buoyancy
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frequency occur near the tropopause, any data segments containing a tropopause should not

be spectrally analyzed. Similarly, it is prudent to study normalized temperature fluctuations,

rather than simply temperature fluctuations, since these data are anticipated to be stationary

when 1{ is constant (again see equation 2.16).

There is, however, inherent nonstationarity of the modified-Desaubies gravity wave spec-

trum which cannot be avoided. This arises since those waves in the source-dependent region

of the spectrum will have amplitudes that increase with height in accordance with wave action

conservation and with decreasing atmosphere densityll. Therefore the observed spectrum,

which must be calculated over a given height interval, cannot represent the true spectrum at

any given height. Eckermann [1990b] has studied this problem by numerical simulation and

has concluded that limited distortion of the calculated gravity wave spectrum can arise. How-

ever, since gravity wave amplitudes increase slowly, although exponentially, with heightl2,

the proposed distortion is generally not large. Indeed the numerical simulations presented

by Eclcermønn [tggOb] considered gravity wave fluctuations over a 44.8 km altitude range

whereas the spectra studied in this thesis are calculated over altitude ranges of the order

of 10 km. Therefore this particular form of spectral nonstationarity is not thought to have

significant consequences for the data studied here.

One goal of spectral analysis is to define the dominant vertical scales of gravity \¡¡aves.

ZanguilÍI977J has demonstrated that the so-called area preserving spectrum correctly defines

the true periodicity of a localized disturbance. The area preserving spectrum, É1m¡, i.
defined Ay f@) - mF(m), where F(*) is a conventionally defined power spectrum, and.

is plotted as a function of Iogm. The variance in a small logarithmic interval ó(1og rn) is

given by Ê1-¡O1tog m), which is equivalent to F(rn)órn, and. hence the name area preserving.

These spectra have been utilized by, for example, Fritts ef ø/. [1988] and Ogino et al. [1995]

to determine the dominant vertical sca,les of atmospheric gravity waves. Figure 3.7 iliustrates

the modified-Desaubies spectrum in both conventional iogarithmic and area preserving forms.

Notice that the spectrum peaks at different wavenumbers in each case.

The material presented in this section summarizes the spectral analysis techniques that

are utilized at various stages in later chapters. The exact techniques that are used in each

instance will be described where appropriate. Spectral analysis techniques may also be

extended to vector quantities such as the horizontal wind velocities which are observed at
11The characteristic vertical wavenumber decreases as a consequence.
12The scale height of unsaturated gravity wave energy is thought to be twice the density scale height [e.g.,Fritts anil VanZandt, 1993].
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Macquarie Island and the Cocos Islands. The so-called rotary component spectra can provide

important information about gravity waves and these are discussed in the following section.

3.6 Rotary Spectrum Analysis

Fluctuations of horizontal wind velocity vectors can be decomposed into circular-clockwise

and circular-anticlockwise rotating components by means of rotary spectrum analysis [e.g.,

Gonella,1972; O'Brien and Pillsbury,l974l. Upward propagating inertio-gravity waves in-

duce anticlockwise rotating wind fluctuation vectors in the southern hemisphere whereas

downward propagating inertio-gravity waves induce clockwise rotating wind fluctuation vec-

tors (see the polarization equations presented in chapter 1 and also Figures 1.4 and 1.5).

Therefore rotary spectrum analysis can potentially determine the proportion of total grav-

ity wave energy that is upward propagating. In this chapter, and in following chapters, it
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is intended that the preflx "upward propagating" implies (unless otherwise stated) upward

propagation of wave energy as distinct from upward phase propagation. More speciflcally, it

is intended to imply that the vertical component of the group velocity is positive.

Rotary spectrum analysis has been used to analyze horizontal wind vector fluctuations

in various regions of the middle atmosphere by, for example, Thompson [1978], Vi,ncent

[1984], Eckermann and Vincen¿ [1989] and. Barat and Cot [1992]. These studies, among

others, provide evidence for the notion that gravity wave sources occltr predominantly in the

troposphere and that observed waves in the middle atmosphere are predominantly upward

propagating. Rotary spectrum analysis has also been applied successfully in oceanic studies

by, for example, GoneIIallg72land Leaman and Sanford [1975]. The latter study provided

evidence for the notion that energy sources of inertio-gravity waves in the ocean occur at or

near the ocean surface.

Rotary component spectra, as functions of vertical wavenumbeï, are constructed by tak-

ing the Fourier transform of the horizontal wind velocity vector which is expressed as

r(z) = u(z) + iu(z) (3.2)

where, as before, z and o are the zonal and meridional components of horizontal wind

velocity, respectively le.g., Leaman and, SanJord, rgTS; Vincent, 1984]. If R(m) is the

Fourier transform of rQ) then the clockwise-rotating component spectrum RSç7(m) and

anticlockwise-rotating component spectrum RS ¡ç7(m) arc

RSç¡(m) o(

RS¡6¡(m) o(

R-^R-rn (3.8)

(3.e)R+*R\^

where R¡p and'R-^ ate the complex values of R at wavenumbers *rn and, -m,respectively,
and where the asterisk indicates a complex conjugatel3 le.g., Vincent, Lg84). The sum

of RSsT(m) and -R,9¿cr(m) is equal to the vertical wavenumber power spectrum of total
horizontal wind speed le.g., Barat and Cot,1gg2].

The rationale behind rotary spectrum analysis, after Leaman and, Sanford, [1975], is as fol-

lows. Spectral decomposition defines sinusoidal waves for both z and o at vertical wavenum-

ber rn' When taken together these define a helix which is (in general) elliptically polarized

and which may be represented by

u^ | ia^ = u+ exp(im,z) + u_ exp(-imz)
13The notation RSç¿(m) and. RS¡ç1(m) follows Barat and Cotll992]

(3.10)
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where uq and u- ale complex lleaman and SanJord, 1975]. Therefore the clockwise and

anticlockwise components of vatiance, in a small wavenumber band órn about m, may be

defined by

6m RSs¡(m) = j":"- (8.11)

6m RS¡ç7(m) = )rir* (J.12)

where RSç;(m) i RSrcn(m) is equal to E"(m) t E"(m) le.g., O'Brien and Pi,llsbury,,IgT4;

Leaman and Sanford, 1975].

Consider the scenario where u* = Acosn'¿z arrd, u^: -Bsin n't,214. In this example the

horizontal wind velocity vector rotates in an anticlockwise manner with height while the tip

of the vector traces a helix as illustrated in Figure 3.8. The component amplitudes u1 and

u- ate given by

(A_B)

(3.13)

(3.14)

and so spectral power will appear in both clockwise and anticlockwise component spectra for

A + B (see Figure 3.8). However, a gravity wave which might induce such a vector oscillation

with height would be upward propagating in the southern hemisphere and thus the variance

of an upward propagating gravity wave does not appear, in general, in the anticlockwise

component only. Indeed linearly polarized gravity wave variance (e.g. the case where B - 0)

will appear equaliy in both clockwise and anticlockwise component spectra. Nevertheless it
is true in general, from (3.13) and (3.14), that the majority of upward propagating gravity

wave energy will appear in the anticlockwise component whereas, by analogy, the majority

of downward propagating gravity wave energy will appear in the clockwise component (in

the southern hemisphere).

Rotary component spectra can provide useful information about mean vertical directions

of gravity wave energy propagation. However, further information about gravity wave polar-

ization and about horizontal wave propagation directions can be obtained by studying the

so-called Stokes parameters of the wave motion. In fact Eckermann [19g0a]has pointed out

that the rotary component power spectra are related to the Stokes parameters in the Fourier

domain' The utility of Stokes parameter analysis in gravity wave studies is discussed in the

following section.
laThe choice of a 90o phase difierence between u^ and. um cartbe made without loss of generality since the

horizontal coordinate axes can always be rotated such that this is the case.

1
UL'2

1
U_=

2

(A+ B)
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Figure 3.8: (a) The rotary component spectra of an elliptically-polarized monochromatic
gravity wave which has À, - 2 km, is sampled at 50-m intervals over 10 km, and has zonal
and meridional fluctuation components given by ltm = 1.5cosmz and am: I.\sinmz,
respectively. (b) Schematic illustration of the wind vector fluctuations used to calculate the
rotary spectra in (a). Each point indicates the tip of the horizontal wind velocity vector at
a given height while gaps in the curve show that the velocity vector is passing behind the
vertical axis [after Leaman and Sanford. 1975].

3.7 Stokes Parameter Analysis

The polarization of atmospheric gravity waves was first studied using Stokes parameters by

Vincent and, Fritts [1987] who based their technique on the Stokes parameter description of

partially-polarized quasi-monochromatic electromagnetic (EM) waves. The Stokes parame-

ters of an EM wave, with orthogonal instantaneous electric field amplitudes E,(ú) and Er(f),
are defined by

I

\ U

I
D

P

a

(":) * (ua)

(":) - (ul)
2 (E,Eo cos e)

2 (E,Eo sin e)

(3.15)

(3.16)

(3.17)

(3.18)

where e is the phase difference between the ø and y components of the electric field vector,

and where the ( ) brackets indicate time averages [e.g., Hecht, ISST; Vincent and Fritts,
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19871. These parameters can be determined from simple experiments [e.g., Born and Wolf,

1970] and provide a statistical measure of the degree of polarization of a partially polarized

wave,

The first parameter, 1, is proportionai to the total irradiance while the other three

parameters specify the state of polarization [e.g., Hecht,1987]. Stokes parameter D indicates

an excess of linearly polarized irradiance along the r or y axes as does Stokes parameter P

along axes at 45o and 135o azimuth. Stokes parameter Q indicates an excess of either right-

hand circularly polarized irradiance or left-hand circularly polarized irradiance. For a more

detailed discussion about these parameters see, for example, Kraus [1966], Born and, Woff

[1970] or Hecht [1987].

A completely polarized wave has Stokes parameters such that f2 : D2 + P2 +Q2 whereas

acompletelyunpolarized wavehas Stokesparameterssuch that D: P = Q = 0 [".g., Kraus,

1966]. The ratio of polarized irradiance to total irradiance is given by

a = (n2 + p2 + or¡'/' lt (J.1e)

where d is called the degree of polarization [e.g., Born and, Wolf, 1,970]. Each Stokes'pa-

rameter, and the degree of polarization parameter d, may be determined experimentally by

appropriate use of polaroid filters le.g., Hecht, 1987].

Vincent and Fritts [1987] considered the instantaneous zonal and meridional perturbation

veiocities of a partially polarized gravity wave and defined, by analogy, the Stokes parameters

of such a wave to be

r = ß+8
D = ;8-8
P

a

= 2 utou6cos e

= 2@ltir €

(3.20)

(3.21)

(3.22)

(3.23)

where, as before, e is the phase difference between the zonal and meridional components,

and where u[ and u'o are the peak amplitudes of u' and u', respectively. While Vincent

and Fritts [1987] considered time series d.ata, Eclcern'¿ann and Vincen¿ [1989] extended the

Stokes parameter concept to vertical profiles of horizontal wind velocity measured by rocket-

borne falling sphere. Furthermore, these authors calculated Stokes parameters in the Fourier

domain since the gravity wave field is, in general, polychromatic. However, as pointed out

by Eclcermann and Vincent [1989], any Stokes parameter determined at a given wavenumber
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has little significance since a single wave event is typically smeared throughout wavenumber

space due to changes in the basic state atmosphere with height.

If. ut(z) and ut(z) have Fourier transform s t/p(m) * iU¡(m) and V¡(nz) j i V ¡(m), respec-

tively, then the Stokes parameters are defined by

I(*) =

D(^) =

P(*) =

Q@) =

c {uflçm¡ +ul@) + v2^(m) + vi,n)\
c {u'z"ç^¡ +u?(rn) - vA@) - v?@)}

2C {up(m)V n(*) t u r(m)v ¡(m)}

2C {u p(m)V í*) - u ¡ (m)v p(m)}

(3.24)

(3.25)

(3.26)

(3.27)

where C is some constant fEckermann and, Vincen, 1989]. The value of C may be chosen

such that each Stokes parameter is in units of power spectral density or such that the total

variance is normalized to a value of 1m2 s-2. It is also worth noting that the rotary

component spectra are related to the Stokes parameters according to RSct : (I - e)12
and RStct = (1+ Q)12 wherc the rotary spectra are deflned as in the previous section

fÐclcermann, 1990a, p. 2a91.

The dominant sense of horizontal alignment of a gravity wave field may be objectively

determined by using Stokes parameters. If þ is the mean horizontal alignment then

6::-"'" (;) (8 28)

and is given in units of degrees anticlockwise from east [Vincent and Fritts, 1g8Z]. For

a linearly-polarized monochromatic gravity wave this defines the alignment of horizontal

particle motion whereas for an elliptically-polarized wave it deflnes the semi-major axis of
the motion ellipse. For a partially polarized wave motion it deflnes the preferred sense of
alignment of the polarized component. This concept breaks down, however, when both p and

D approach zero at which point either circularly-polarized inertial wave motions are being

consideredls or the wave motion is completely unpolarized. A horizontally isotropic wave

field should result in completely unpolarized particle motions since z/ and t,, are statisticaliy

independent in this case.

Equation (3.28) limits the direction of horizontal phase propagation of an ideal, complete-

ly-polarized monochromatic wave to two possible values since /?¿ -- (k,1,0) must lie along

the semi-major axis of the motion ellipsel6. Figure 3.9 illustrates this situation with the
15A' pu.e inertial wave has no horizontal component to the wavenumber vector16Aìthough gravity wave motions are transverse in three dimensions, the

the wavenumber vector in the horizontal plane (see Figures 1.4 and 1.5)
major oscillations are parallel to
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u uil

U

Figure 3.9: The hodograph of an ideal ellipticaüy-polarized inertio-gravity wave that is
upward propagating in the southern hemisphere and has an amplitude that increases with
height. The zf¡ and z! axes ale orientated along the motion ellipse major and minor axes,
respectively lafter H amilton, Igg7l.

hodograph of an ideal elliptically-polarized inertio-gravity wave that is upward propagating

on the southern hemisphere. While / deflnes the zf¡ axis, it does not indicate whether 1?¿ is

directed along the positive or negative sections of this axis. Further information is required

to resolve this ambiguity.

Kitamura and Hirota [1989] and Hamilton [1991] have pointed out that the direction of

horizontal phase propagation may be resolved by considering the variations of both zf, and

f'. Fot an ideal monochromatic wave these fluctuation quantities are 90o out of phase17. If
the positive zf¡ axis is chosen arbitrarily, the sign of "¡z{no determines whether the intrinsic

phase veiocity vector is parallel to or antiparallel to this axis [see Hamilton,,lggl], where

Ìlno= i'Îtr8. Equations (1.9) and (1.10) may be rearranged and combined such that

tv2 r.' 
-"iÎIno=; * "ii (3.2e)

andsoclearlythesignof ffidefinesthesignof ci"t =ulKngiventhatthesignof rnis
known. Therefore, the ambiguity in horizontal phase propagation direction is resolved when

simultaneous wind and temperature measuïements are available. For a partially polarized

tTThe t"mperature fluctuation either lags or leads the parallel-component wind velocity fluctuation de-
pending on the sign of rn which may be determined experimentally from the wind fluctuation hodograph.18This quantity may be obtained by the application of a Hilberi transform flckermann et al.,lgg6f.
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wave motion, the horizontal direction deflned by (3.28) and (3.29) has been interpreted to

define the dominant direction of horizontal phase propagatiotby Hamiltonllggll.

The dominant intrinsic frequency of a gravity wave field (if such a dominant signal exists)

may also be estimated by using Stokes parameters. For a monochromatic inertio-gravity

wave, the intrinsic frequency is defined by the eccentricity of the motion ellipse. In terms of

the Stokes parameters this is given by

AR:-, {; arcsin (rq)} (3.80)

where AR = ulf is the axial ratio fÛckern'ìnnn and V'incent, 1989]. However, when a

superposition of many gravity waves exists, the interpretation of (3.30) is somehow more

complicated. Eclcermann and, Hoclcing [1989] argue that AR may be a function of azimuthal

directionality, rather than some dominant intrinsic frequency, in this case. Therefore, esti-

mates of c.r obtained from axial ratio calculations must be treated with caution.

The Stokes parameters are useful analytic tools which can describe the polarization state

of an atmospheric gravity wave fleid. They have been utilized in the literature by Vincent and

Fri,tts [1987], Eckermann and Vincent [1989], Vincent and EclcermannlLgg}land Eclcermann

et al. [L9951. Furthermore, analogous analytic techniques have been utilized by Hamilton

[1991] and Tsuda et al. ll994b]. They are used here to study the observed horizontal wind

velocity fluctuations over Macquarie Island and the Cocos Islands.

3.8 Summary

The material presented in this chapter describes the experimental data that are utilized

and the analysis techniques that are employed in later chapters. Radiosonde temperature

measutements of sufficient vertical resolution and precision to study the spectral distribution

of gravity waves are available from all stations of Table 3.1. However, simultaneous horizontal

wind velocity measurements of sufficient vertical resolution, precision and accuracy are only

available from Macquarie Island and the Cocos Islands. Since temperature measurements are

obtained using the same radiosonde systems in each case, any inferred differences between

stations are not due to differing measurement techniques. The same is also true of the wind

velocity measurements from Macquarie Island and the Cocos Islands.

The interpretation of vertical wavenumber power spectra of normalized temperature fluc-

tuations is complicated by such issues as the sonde's horizontal drift, the sonde's finite ascent
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velocity and the uneven vertical spacing of observations. However, it is the temperature sen-

sor response time, especially within the lower stratosphere, that is of greatest concern. This

may be as large as 10 s at stratospheric heights and will probably cause significant attenua-

tion of spectral amplitudes at high vertical wavenumbers. A correction technique has been

developed to deal with the problem.

When simultaneous measurements of temperature and horizontal wind velocity are avail-

able, more information about gravity waves may be obtained than is the case with temper-

atute measurements alone. Most notably, the dominant directions of vertical and horizontal

phase propagation may be determined by using rotary spectrum and Stokes parameter anal-

ysis techniques. The dominant directions inferred from several soundings, when considered

together, provide a qualitative picture of the degree of wave field anisotropy over a given time

interval le.g., Hamilton,7997; Tsuda et a\.,1994b; Eckermann et a\.,1995]. Yet the recent

gravity wave model proposed by Fritts and VanZandt 119931suggests that the net vertical

flux of zonal and meridional momentum depends on wave energy density and on some mea-

sure of horizontal wave field anisotropy. It would therefore seem reasonable to expect that

estimates of net vertical momentum flux might be made from simultaneous measurements

of horizontal wind and temperature. A technique for doing this is reviewed in chapter 7 and

is based on ideas proposed by Eckermann and Vincent [private communication, 1gg4].

The foliowing chapter presents an analysis of temperature fluctuation measurements from

all stations listed in Table 3.1 This is a study of the variance characteristics of gravity waves

in the southern hemisphere troposphere and lower stratosphere. Some of these results also

appear in Allen and Vincenú [1995]. The analysis of simultaneous wind and temperature

measurements from Macquarie Island and the Cocos Islands are presented in chapters 5

and 6, respectively. These data are from very different geographic locations and provide

further information about gravity waves over near-equatorial and midlatitude iocations. In

chapter 7, estimates of the net vertical flux of zonal and meridional momentum are presented.

and discussed while the conclusions of this study are summarized in chapter 8.
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Chapter 4

Variance Characteristics of

Gravity Waves

4.t Introduction

The main purpose of this chapter is to study seasonal and geographical variations of gravity

wave temperatute variance. At present the extent of these variations is not well understood,

especially within the southern hemisphete, and the available data set of high-resolution

radiosonde measurements may be used to address the problem. Furthermore, it is possible to

compare the gravity wave saturation theories of Smith et aL [1987], Hines [1991b] and others

with observed spectral amplitudes. However, due to various theoretical and experimental

uncertainties, it is difficult to distinguish between these theories on the basis of spectral

amplitude calculations alone. Nevertheless, a discussion is provided in section 4.5.

The results that are presented provide climatological information about the atmospheric

gravity wave field in the troposphere and lower stratosphere, and this is the intent of the

analysis undertaken. Climatological variations of wave activity, in a given altitude Ìange,

may refl.ect variations in the strength of wave sources or the effects of wave interactions with

the mean fl.ow. However, the temporal and horizontal resolution of the available radiosonde

measurementsl is generally too poor to resolve the temporal and horizontal scales of gravity

waves2. It is therefore difrcult to isolate particular wave sources and, at best, it is only

possible to provide circumstantial evidence of the dominant sources of climatological-mean

lsuccessive radiosonde soundings are typica.lly separated by either 12 or 24hours while the various stations
are^separated by many hundreds of kilometres (see Figures 3.1 and 3.2).

2Some gravity wave frequencies may be resolved at low latitude staiions where / approaches zero.

7T
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Table 4.1: The radiosonde data considered by Allen and Vincent [1995].

wave energy. Other studies le.g., Eclcernl,ann and Vincenú, 1993; Pfister et a\.,1993a,b; 
^9øúo

et al., 1995], which use data from various observational campaigns, can better delineate

gravity wave source mechanisms.

Some of the results presented in this chapter also appear in Allen and Vincenú [1995]

where a smaller data set was considered. At the time of that analysis, much of the data from

the Antarctic and sub-Antarctic stations, and all of the data from the Cocos Islands were

not yet available. Details of the data considered by Allen and Vincent [1995] are presented in

Table 4.1. Notice that only 10 months of data from Davis were analyzed. In fact more data

were available at the time but many soundings after April 1993 did not reach higher than

20 km due to shortages of hydrogen at that particular station. The stratospheric data record

from Davis, between April 1993 and January 1994, is comparativeiy poor as a consequence.

The results discussed here follow those of Allen and Vincent [1995] although additional

results from Mawson, Casey, Macquarie Island and the Cocos Isiands are considered where

appropriate. The basic data set described in Table 4.1 was analyzed consistently by applying

the same analysis techniques in all cases. However, the additional data were not always ana-

iyzed in exactly the same manner for various reasons. While this may cause some difficulties,

the basic conclusions of Allen and Vincen¿ [1995] do not change when the additional results

are considered.

Station Name Time Intervals Station Name Time Intervals

Adelaide
Albany
Alice Springs
Cobar
Darwin
Davis
Forrest
Gladstone
Gove

May 1991

Mar 1991

May 1991

Apr 1991

Jun 1991

Jul 1992

Apr 1991

Jun 1991

Jun 1991

Feb 1993

May 1992

May 1992

May 1992

May 1992

Apr 1993

May 1992

May 1992

May 1992

Hobart
Learmonth
Lord Howe
Mount Isa
Port Hedland
Townsville
Wagga
Willis Island
Woomera

Apr 1991

Jun 1991

Jun 1991

Apr 1991

Nov 1990

Jun 1991

May 1991

Aug 1991

Apr 1991

May 1992

May 1992
May 1992
May 1992

May 1992

May 1992

May 1992

May 1992

May 1992



4.2. THE BACKGNOUND ATMOSPHERE 1.1

4.2 The Background Atmosphere

The characteristics of the basic state atmosphere varies from station to station and from

season to season. An understanding of these characteristics is of importance since the char-

acteristics of gravity waves can be significantly influenced by changes in the basic state at-

mosphere. The purpose of this section is to describe the mean conditions of the troposphere

and lower stratosphere over the meteorological stations given in Table 3.1.

The basic structure of the background temperature profile in the lower regions of the

atmosphere is well represented by the structure illustrated in Figure 1.1. However, the

height of the tropopause does show signifrcant variation with latitude. This may be as high

as 18 km at equatorial locations or as low as 8 km over the poles. The iatitude dependence

of tropopause height is illustrated schematically in Figure 1.3.

Time-height contours of basic-state temperature and Vdisälä-Brunt frequency squared

derived from radiosonde observations at Gove, Adelaide and Davis are illustrated in Fig-

ures 4.1, 4.2 and,4.3, respectively. These stations were chosen to be representative of low,

middle and high-latitude sites. Each diagram was constructed by averaging data, from all

soundings that reached altitudes of 24km or greater, into 4 km by l month bins. Also, the

raw data were bilinearly interpolated such that smoother contour patterns were produced.

Values of Väisälä-Brunt frequency squared were calculated from temperature measurements

by using (1.5).

The examples from Gove and Davis (Figures 4.1 and 4.3, respectively) are extremes in

the sense that the typical tropopause height at other stations (e.g., Figure 4.2) tend to fall

between the typical tropopause heights found at these sites. The typical position of the

tropopause is best represented by the contours of Väisälä-Brunt frequency squared and is

clearly defined at Gove, and at Davis during summer, where steplike increases in Väisälä-

Brunt frequency squared are observed. Ilowever, at Adelaide, and at Davis during winter,

the tropopause height is less clearly defined. It is not uncommon for there to exist more

than one height at which the meteorological definition of a tropopause is satisfied at these

sites. Nevertheless, for the purposes of gravity wave studies, it is the regions where .lÍ2 is

approximately constant that are of interest and such regions are clearly deflned in Figures 4.1,

4.2 and 4.3.

The mean winds over all stations, with the exceptions of Macquarie Island, the Cocos
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Figure 4.1: Time-height contours of temperature and Väisälä-Brunt frequency squared ob-
served at Gove between June 1991 and May 1992. The raw data have been interpolated to
produce a smoother contour pattern.

Islands, Mawson and Casey3, are not known from the available data. It is therefore necessary

to consider reference atmosphere winds for information of this nature. Figure 1.3 illustrates

latitude-height contours of zonal-mean zonal winds based on reference atmosphere data. The

salient features of interest hete are, firstly, the winter wind maximum at high latitudes in

the lower stratosphere (the polar vortex), and secondly, the winter wind maximum neaï

the tropopause at 30"S (the sub-tropical jet stream). It is clear that the Antarctic and

sub-Antarctic stations will experience the strongest upper-level winds although there is sig-

nificant seasonal variation in the strength of these winds. For more details regarding the

characteristics of reference atmosphere winds see Marks [1989].

3The Digicora wind measurements from Mawson and Casey are thought to be of poorer accuracy than those
from Macquarie Island and the Cocos Islands. Some Digicora mean winds are presented in later chapters.
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Figure 4.2: As in Figure 4.1, but for data obtained at Adelaide between December 1gg1 and
February 1993.

4.3 Gravity'Wave Power Spectra

Radiosonde profiles of normalized temperature fluctuations,'ÎtQ), were spectrally analyzed.

in two altitude intervals, usually between 2.0 and 9.0 km in the troposphere and between 17.0

anð' 24.0 km in the lower stratosphere. However, at some stations slightly different altitude

intervals were used and these are given in Table 4.2. The principal reason for choosing

each interval was to ensure a stationary spectrum since, as discussed earlier, the vertical

wavenumber power spectrum of normalized temperature fluctuations is anticipated to be

dependent upon lfa. Figures 4.I, 4.2 and 4.3 may be used as a guide to determine which

are the most appropriate altitude intervals to use.

Examples of radiosonde temperature profiles observed from Gove, Adelaide, and Davis

during southern-hemisphere summer and winter months are illustrated in Figur es 4.4r4.5 and

4.6' Successive profiles, which usually correspond to either a l2-hour or 1-day delay between
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Figure 4.3: As in Figure 4.1, but for data obtained at Davis between July 1992 and April
1993.

soundings, are displaced by 10"C or 20oC, respectively. The altitude intervals used for power

spectrum analysis are illustrated by the shaded regions in each piot. These correspond to

the altitude intervals that are given in Table 4.2.

Data segments for which continuous measurements were unavailable throughout the en-

tire height interval of inte¡est or for which a tropopause was found within this interval were

not included in the power spectrum analysis. The former condition often arose when the

sonde did not reach the maximum height required for a given station as defined in Table 4.2.

The latter condition also arose from time to time and the relevant profiles were excluded.

to ensure a constant background Väisälä-Brunt frequency squared profile. Approximately

30% of all available stratospheric data segments were rejected in this manner. This figure,

however, was much smaller for tropospheric data. The particular height ranges that were em-

ployed at each station were chosen in order to minimize the number of profiles rejected. The

number of profiles that were finatly analyzed, in both the troposphere and lower stratosphere,
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Table 4.2: The height intervals and number of soundings used for power spectrum analysis.
The data listed are those studied by Allen an,d Vincent llggb].

are provided in Table 4.2.

Vertical wavenumber power spectra calculated from individual temperature profiIes were

averaged in order to improve the confidence limits of spectral amplitude estimates. Following

the suggestion of T. E. VanZandt [private communication, 1992], normalize<l individual

power spectra'ìMere averaged, that is, each spectrum was divided by its total variance before

averaging. The purpose of this technique was to ensure that all spectra contribute equally

to the shape of the mean spectrum. Once calculated, the mean spectrum was renorm ahzed

by multiplying by the averaged total variance4.

Examples of mean vertical wavenumbeï power spectra of normalized temperature fluc-

tuations observed at Adelaide during both summer and winter months within the altitude

ranges of 2.0-9.0 km (troposphere) and L7.0-24.0 km (lower stratosphere) are illustrated in
nM"uo spectra were calculated over l-month periods and then stored to disk. However, for the purpose

of economy, the spectra presented in this chapter are 3-month averages. These were obtained by taking a
weighted arithmetic mean of l-month average spectra where the weighting was proportional to the number
of temperature profiles analyzed during each month.

Station Name
Height Intervals for
Data Analysis, km

Stratos

Number
of Available
Soundings

Number of Soundings
Analyzed

Troposphere Stratosphere

Adelaide
Albany
Alice Springs
Cobar
Darwin
Davis
Forrest
Gladstone
Gove
Hobart
Learmonth
Lord Howe
Mount Isa
Port Hedland
Townsville
Wagga
Willis Island
\Moomera

2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
1.0-8.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0

17.0-24.0
t7.0-24.0
t7.0-24.0
77.0-24.0
17.5-23.5
16.0-23.0
t7.0-24.0
77.0-24.0
77.5-24.5
16.0-23.0
17.0-24.0
17.0-24.0
17.0-24.0
18.0-25.0
17.0-24.0
L7.0-24.0
77.5-24.5
77.0-24.0

1344
519

366

528

730
556

421
435

457

852
348

444

575
531

34t
485
304
544

7224
481

336

498

655

481

402
408
437
799

339

407

520
519

334
447
286
505

909

364
244
373
453
435

343
263
313
452
239
287
350

474
234
331

249
393
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Figure 4.4: Examples of temperature proflles observed at Gove (12"S, 137'E) during the
rnonths of January and July. Successive profiles are displaced by 10"C per 12-hour delay be-
tween soundings. Shaded areas indicate the height intervals over which temperature profiles
were spectrally analyzed.

Figure 4'7. Also plotted, for the case of stratospheric spectra, are the response-time cor-

rected power spectra. These are related to the observed spectra according to (3.6) where r
was obtained using the technique described in appendix A and where an averaged I/s was

used since the balloon ascent velocity is known for each individual temperature profile. In

this thesis it is the response-time corrected spectrum that is believed to provide the best esti-

mate of the true normalized temperature power spectral density and all of the stratospheric

power spectra presented hereinafter (with the exception of those in Figure 4.10) will have

undergone this correction procedure. Recall, however, that tropospheric power spectra do

not require correction to good approximation. Figure 4.7 also illustrates the same spectra

in area preserving forms.

Each power spectrum in Figure 4.7 has been presented with a maximum wavenumber

of 8.0 x 10-3 cycles per metre (.p-). However, the Nyquist spatial frequency for data

interpolated at 50-m altitude intervals is 0.01 cpm. The cutoff wavenumber was chosen since

the mean separation of adjacent points for a given temperature proflle was found to vary

about 50 m. As a consequence, spectral amplitudes at the very highest wavenumbers may
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Figure 4.5: As in Figure 4.4, but for temperature proflles observed at Adelaide (35"S, 139"8)
during the months of January and July.
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Figure 4.6: As in Figure 4.4,brt for temperature profiles observed at Davis (69"5,28"8)
during tlie months of January and July.
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Figure 4.8: Statistical distributions of E¡,(ml2r = 2 x 10-3 cpm) divided by the arithmetic
mean value during both summer and winier months at Adelaide (as in Figur e 4.7). The prob-
ability distribution function p (X? lr) , lor u = 3.3, is a.lso plotted in each case (dashed lines)
where 96% of the areaunder p (X71") is found between the dottedlines. Both tropospheric
and stratospheric spectral amplitudes are considered.

be biased due to aliasing.

The procedure of averaging spectra may potentially obscure short-time-scale variations of

gravity wave spectral form. To demonstrate that this is not the case consider Figure 4.8. In

this diagram statistical distributions of observed power spectral density, at vertical wavenum-

bet mf 2r = 2 x 10-3 cpm, are illustrated. The individual power spectra used to generate

each plot were the same as those used to determine the mean spectra in Figure 4.7.

If F(m) is power spectral density then the statistical distribution of F(m)l@ is ap-

proximated bv x7l" where y!, is the so-called chi-square rand.om variable lJenkins and Watts,
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1968]. The probability distribution function of X2, is given by

(4.1)

where I is the gamma function and. u is the number of degrees of freedom le.g., Beuington,

1969]. The usual definition of a probability distribution function applies here in that the

integral of f (y!r) between X7 : a and 7!,: å is the probability that yz,lies between a and b.

For spectra calculated using the Blackman-1\rkey aigorithm with a90% lag Bartlett window

the number of degrees of freedom is u = 3.3lJenkins and Watts, 1968].

Figure 4.8 illustrates the distribution of E¡,(ml2r = 2 x 10-3 cpm) divided by the

arithmetic mean value for both tropospheric and stratospheric spectra during summer and

winter months at Adelaide. Also plotted is the probability distribution function p (X?lr)

which has been scaled in each case such that the area is equivalent to that of the observed

distribution. If the observed spectra are time invariant during the three-month periods

considered here then Figure 4.8 should illustrate sample distributions of a parent population

defined by X71". This does appear to be the case by inspections. Furthermore, similar

results are found at other wavenumbers although these are not reported here.

It is evident from Figure 4.8 that short-time-scale geophysical variations of power spectral

density are not resolved in the data and that some form of averaging is required to study

temporal variations in spectral form. This may be achieved either by averaging in wavenum-

ber space or in time. The latter possibility is chosen here so that information regarding the

fine structure of spectra is maintained.

One interesting feature of Figure 4.7 is that the tropospheric power spectra have spectral

amplitudes, at high vertical wavenumbers, that are signiflcantly larger than the theoretical

saturation limits proposed by Smith et aI.179871. Similar results were also reported by Tsuda

et al' l799ll for tropospheric spectra calculated from radiosonde observations obtained at

Shigaraki, Japan (35oN, 136"8). In contrast, the stratospheric power spectra of Figure 4.7

are' more or less, consistent with the theoretical saturation limits of Smith et aI. lIgST).

Again, a similar result was also reported by Tsuda et al. flggtl.
The interpretation of tropospheric spectra is difficult since the troposphere is also believed

to be the dominant source of gravity wave energy. Recall that Wunsch lIgï6l found oceanic

5An analogous resuìt is reported by Nøstrom eú al. [1996] who used a logarithmic ø-axis to demonstrate
that the distribution of the logarithm of spectral amplitudes, at a given vertical wavenumber, is roughly
normally distributed.

e (x?) = *i+Aø (x?)Q-'tr' "*p (-y|¡z)
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spectral amplitudes6 that were larger than usual near the Muir Seamount of the western

North Atlantic ocean. Wunsch [1976] argued that this provided prima facie evidence of

an oceanic gravity wave source since the wave spectrum near a source would require some

time before reaching its equilibrium state. By analogy, the large spectral amplitudes in the

troposphere may be indicative of the troposphere's role as the dominant source of atmospheric

gravity wave energy.

However, this simple interpretation belies the complicated processes that may be occur-

ring in the lower atmosphere which are distinct from those of the deep ocean. Convection

is an important dynamical process in the troposphere, especially at equatorial latitudes or

in the atmospheric boundary layer, and a convectively unstable atmosphere cannot support

gravity wave motions. Furthermore, not only is convection a plausible source of gravity

waves le.g.,, Pfister et a1.,1993a; Sato et a\.,79951, but it is also possible that gravity wave

displacements may trigger convection le.g., (lccellini and Koch,1987]. Therefore, a complex

interaction between these very different dynamical processes may be occurring.

To investigate the possibiüty that convective layers are prominent in the troposphere

over Adelaide, the fluctuations of 1{2 are considered followin g Tsud,a et at. ll997l. Figure 4.g

illustrates the occurrence frequency of N2, averaged over 500-m intervals, within the alti-

tude ranges of 2.0 to 9.0 km (troposphere) and 17.0 to 24.0 km (iower stratosphere) over

Adelaide. These are the same altitude ranges used to determine the power spectra presented

in Figure 4.7 and observations during both summer and winter months are considered as

before.

The histograms of y'{2 in the lower stratosphere are approximately fitted by a Gaussian

distribution with I{2 never falling below zero. Therefore large convectively unstable layers

are not present in the stratosphere over Adelaide, as was also found by Tsuda et at. lIgg¡l
over Shigaraki, Japan. However, the histograms of I{2 in the troposphere indicate that If2
occasionally falls below zero and that convectively unstable layers may be present there.

Nevertheless, the observed distribution appears to be clipped at 1{2 = 0 and in the vast

majority of cases trf2 is greater than zero. Tsuda et at. [19971 interpreted a similar result

to be caused by gravity-wave-induced fluctuations of I{2 about some positive background

value trff where, on occasion, the wave amplitudes were such that convective overturning

6The observed spectral amplitudes were found to be significantly larger than those of the canonical GM?5
model.
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Figure 4.9: The distribution of N2, averaged over 500-m altitude intervals, within the tro-
posphere (2.0-9.0 km) and lower stratosphere (77.0-24.0 km) over Adelaide. The same
observations were used as in Figure 4.7 while the mean values in each case are indicated by
dashed lines.

occurred. Convective overturning acts to reduce the amplitudes of perturbations and there-

fore the observed 1[2 distribution was clipped and asymmetric [see Tsuda et al.,IggI]. This

interpretation is followed here such that the variance characteristics of the observed pertur-

bations are interpretated to be those of gravity waves that are commonly supported, not

only in the lower stratosphere, but in the troposphere over Adelaide also.

As discussed in chapter 3, the uneven vertical spacing of measurements may lead to

erroneous power spectral density estimates if equispaced analysis algorithms are used. In

this section a comparison is made between three different algorithms using stratospheric

data obtained over Adelaide during summer months. The three algorithms considered are,

firstly, the Blackman-Tukey algorithm lsee Deuan et al., 1988], secondly, the fast Fourier
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Figure 4.10: (a) The mean summer spectrum (1991-92) in the lower stratosphere over Ade-
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Adelaide (i991-92) calculated by arithmetic average (dashed line) and by arithmetic average
of normalized individual spectra (solid line). See text for more details.

transform (FFT) algorithm, and thirdly, the so-called date-compensated discrete Fourier

transform (DCDFT) algorithm proposed by Ferraz-Mel/o [1981]. In the latter two cases

the power spectra were obtained by taking the modulus squared of the transformed data

and then multiplying by a suitable constant. The purpose of comparison, following the

recommendation of Moore e¿ o/. [1988], is to justify the use of equispaced algorithms by

comparison with more appropriate (but possibly more computer intensive) methods such as

the one due to Ferraz-Mello [1981].

Figure 4.10a illustrates the mean stratospheric power spectra derived from radiosonde

data obtained over Adelaide during the months of summer 1991-92 using the Blackman-

Tukey, FFT and DCDFT algorithms. For the two equispaced techniques the observed data

were interpolated at 50-m intervals using cubic spline interpolation while, for the FFT and

DCDFT algorithms, ? was removed by fitting and then subtracting a cubic polynomialT. The

results indicate broad agreement between all three techniques and so the Blackman-Tukey

algorithm, after interpolation of data, appears to be valid in this instance.

There are some differences between the three spectra presented in Figure 4.10a. Firstly,

TFor the Blackman-Tukey algorithm that is used here, 7 is estimated using a second-order polynomial
Howevet, a cubic polynomial is removed after the normalized data are prewhitened fsee Deuøn eú ol., lggg]
Therefore, cubic polynomials are used fo¡ the other algorithms in order to be consisient.

-- FFT

.....DCDFT

- 
Blockmon-Tukey

o

- - Arithmetic Averoge

- 
Normolized Averoge

b
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the amplitudes of the Blackman-Tukey spectrum do not match those of the other spectra

at the lowest vertical wavenumbers. This is due to spectral leakage and will be discussed in

more detail shortly8. Secondly, the DCDFT spectrum has süghtly larger amplitudes at the

highest vertical wavenumbers. This is probably caused by either aliasing or spectral leakage.

Note, however, that there is no additional structure in the spectrum as was found by Moore

eú a/. [1988] who used algorithms proposed by BrillingerlL972,1983].

The mean spectra presented in Figure 4.10a were obtained by using the averaging tech-

nique described earlier in the section which involved normalizing each individual spectrum

before arithmetic averaging. The purpose of this technique is to better estimate the mean

spectral shape by aliowing all individual spectra to contribute equally. If a simple arithmetic

average is considered then the shape of the mean spectrum will most closely resemble the

shapes of those individual spectra that happen to have larger spectral amplitudes [f. E.

VanZandt, private communication, 1992]. Considerable importance must be attached to the

mean shape of the spectrum since this is often used in comparison with various proposed

gravity wave saturation theories.

Figure 4.10b compares mean spectra calculated using an arithmetic average of both

individual spectra and normalized individual spectra. The individual spectra considered

were from Adelaide during summer 1991-92 (as in Figure a.10a) and the Blackman-Tukey

algorithm was used in each case. This diagram illustrates that the choice of averaging

technique has little bearing on the final result since the mean spectra calculated using both

techniques are very similar. Nevertheless, the technique of averaging normalized individual

spectra is chosen here and is applied consistently throughout this chapter.

It is apparent that the high-wavenumber spectral slope, ú, is well defined by power spec-

tral density calcu-lations using radiosonde observations of temperature. However, the low-

wavenumber, positive spectral slope, s, is not resolved in the spectra presented thus far.

In fact little is known about the behaviour of the gravity wave spectrum at low vertical

wavenumbers which is likely to be source dependent and need not have some fixed form.

VanZandt and Fritts [1989] argue that s must be greater than zero otherwise unrealistic

vertical f.uxes of wave action ot energy are obtained. Nevertheless, this parameter is yet to

be determined experimentally.

Observations of gravity wave fluctuations in the lower regions of the atmosphere pro-

vide the best opportunity of defining s since rn* is thought to decrease with altitude. In
sThe total areas under each spectrum of Figure 4.r4a are approximately the same.
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Figure 4.11: (a) The mean Váisää-Brunt frequency squared proflle observed at Macquarie
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and 30 km. (b) The mean spectrum in the lower stratosphere over Macquarie Island during
summer 1993-94. The mean spectrum was calculated using an FFT algorithm between 14
and 30 km while the saturation limits due to Smith et al. 17987] are also plotted (dotted
Iine).

this section an attempt is made to determine s from experimental observation. Data from

Macquarie Island are considered since a large altitude ïange is available from this site over

which the basic state 1ú2 profile is approximately constant. It should be noted, however,

that problems caused by spectral nonstationarity, as discussed by Eckermønn [1gg0b], may

be significant in this instance.

Figure 4.11b illustrates the mean vertical wavenumber power spectrum of normalized

temperature fluctuations calculated from observations made at Macquarie Island during

summer months. The data considered were from altitudes between 14 and 30 km which

is in the lower stratosphere over Macquarie Island. Only those soundings that reached

30 km or higher and had no meteotologically-defined tropopauses between 14 and 30 km

were analyzed. The basic state Viüsälä-Brunt frequency squared is approximately constant

within this altitude range (see Figure 4.11a).

As was pointed out in the preceding chapter, the technique of prewhitening by differencing

should not be used for the determination of s. In fact for F(m) x. rns ) where .F(rn) is

power spectral density and s is positive, first differencing acts to "precolour", rather than

"prewhiten", the observed data. Therefore significant spectral leakage may occur at low

l'/ocquorie lslond
Summer 1993-94
1 4-30 km

b
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vertical wavenumbers (m < rn*) if gravity wave fluctuation data are treated by differencinge.

The mean spectrum presented in Figure 4.11b has been calculated using the FFT algorithmlO

where the effects of spectral leakage are minimized by application of a Welch window [e.g.,

Press et a/., 1988]. Also, the basic state temperatures were obtained by fitting third-order

polynomials in each case. The FFT algorithm, rather than the Blackman-Tukey algorithm,

was chosen since the resultant mean spectrum is not oversampled in spatial frequency. As

such, this spectrum is more illustrative as will become apparent shortly.

The spectral amplitudes in Figure 4.1lb, with the exception of the first spectral ordinate,

decrease monotonically with increasing vertical wavenumber (or at least their trends do).

Therefore, any determination of s must rely on only two independent points1l. Furthermore,

the first ordinate cannot be known to great accuracy unless T(z) is exactly given by a third-

order polynomial in each case and is therefore adequately removed. As a consequence, it must

be concluded that s cannot be determined with reliability from the illustrated spectrum.

The problem of estimating s is linked to that of removing T(z) ftom the observed tem-

perature profiles. In Figure 4.11, T(z) was removed by fitting, and then subtracting, a

third-order polynomial. However, other plausible techniques can be used. For example, a

fltted polynomial of different order might be consideredl2 or, alternatively, a monthly mean

profile might be removed from individual profiles. However, in the latter case, fl.uctuations

which have temporal scales that are distinct from those of gravity waves may not be ad-

equately removed. Another technique was applied by Tsud,a et at. [7994b] who analyzed

100 radiosonde soundings which were obtained at approximately 6-hour intervals during an

observational campaign in Indonesia. These authors high-pass filtered thei¡ data in timel3

before studying fluctuation profiles of horizontal wind velocity. However, a similar technique

cannot be applied here since the radiosonde soundings are typically of poorer temporal res-

olution and are often unevenly spaced in time.

eIt must be noted lhal Tsuda eú al. [19s9] arrive at a diferent conclusion regarding the efiects ofprewhiten-
ing. They conclude that prewhitening preserves the spectral form at small vertical wavenumbers fTsudo et
ø1., 1989, p, 2aa3]. However, their results were not reproduced with the Blackman-Tukey algorithm that was
used here, which is the same as the technique used by Dewøn et ol.1L984,1988]. Furthermore, when the raw
data of Figure 4.10a were not prewhitened, the Blackman-Tukey algorithm provided spectral amplitudes at
small vertical wavenumbers that were in good agreement with the spectral amplitudes produced by the other
two techniques. This is consistent with the notion that differencing causes spectral leakage towards vertical
wavenumbers rn K mt.

toThi. i" the only instance in chapter 4 whe¡e the Blackman-Tukey algorithm is not used.11More points are available if the Blackman-Tukey algorithm is used but the resultant spectra are over-
sampled and successive spectral ordinates are not independent.

12Note that a third-order polynomial may have two turning points and so can potentially remove significant
power from the first spectral ordinate.

13The cutoff period was near to, but slightly larger than, the inertial period
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The standard altitude range that is used for the calculation of power spectra is chosen

to be 7 km in most cases (see Table a.2). This is usually sufficient to resolve the dominant

vertical scales as iliustrated by area preserving spectra in the following section. However, it is

insufficient for a reliable determination of s and no attempt is made to determine accurately

the spectral amplitudes for m K m*. Similarly, no attempt was made by Tsuda et al.

[1991] who high-pass filtered their temperature profiles using a cutoff wavelength at 3.6 km.

Spectral amplitudes at the lowest vertical wavenumbers were reduced as a consequence. In

contrast, the spectra presented here display more gradual bends as m approaches m*. This

is likely to be caused by spectral leakage of variance from the characteristic wavenumber

toward smaller vertical scales which is accentuated when treating gravity wave fluctuation

proflles by differencing.

In summary, the material presented in this section describes the analysis techniques used

to determine fluctuation power spectra. Speciflc examples were provided where appropriate

using observations from Gove, Adelaide and Macquarie Island. The purpose of the following

section is to apply these techniques to the entire data set described in Table 4.1. In particular,

it is the seasonal and geographic variations of both gravity wave spectral form and also total

gravity wave varjance that are investigated.

4.4 Seasonal and Latitudinal Variations

Seasonal variations of gravity wave spectral form are studied using seasonal-mean spectra

from four representative stations. These are Gove, Adelaide, Hobart and Davis, and the

mean spectra are displayed in Figures 4.I2,4.73,,4.14 and 4.15, respectively. Mean spectra

from other stations are presented in appendix B.

Significant seasonal variations of spectral form are not found at any ofthe four stations, at

least to within a factor of approximately two or three. Small variations are evident but appear

to be greatest within the low-wavenumber, source-dependent region of the spectrum, as might

be expected. For example, the winter months at Adelaide and Hobart are characterized by an

increase in frontal activity at ground level. Since cold fronts are known gravity wave sources

[e.g.,, Eckernxo'nn and Vincenú, 1993], it is plausible to suppose that the source-dependent

region of the spectrum will display larger amplitudes during winter than during summer.

AIso Kitamura and Hirota [1989] have suggested a relationship between wave disturbances

and the subtropical jet at the tropopause level which peaks during winter months. Larger
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Figure 4.12: Yeúical wavenumber power spectra and area preserving spectra of normalized
temperature fluctuations observed at Gove (12"S, 137"8). Solid lines indicate stratospheric
spectra while dashed lines indicate tropospheric spectra. Each spectrum is a 3-month average
and the saturation limits due to Smith et al. 17987] are plotted for comparison purposes
(dotted lines). The 95% confidence limits are approximately given by 0.85 and 1.15 multiplied
by the spectral amplitude at each wavenumber.

spectral amplitudes are observed during winter and within the low-wavenumber region of

the spectrum at both tropospheric and stratospheric heights over Adelaide and Hobart.

In contrast, the observed stratospheric spectra at Gove display iarger amplitudes during

the so-called monsoon season (December to February) than they do during other months.

Convection is thought to be an important source mechanism at equatorial and near-equatorial

locations le.g., Pfister et a\.,1993a; Tsuda et al.,Igg4b; Karoly et at., Tgg|land is much more

prominent and widely spread during the monsoon season [e.g., May et al.,1gg5]. Therefore,

increased source activity is likely to be responsible for the large spectral amplitudes. However,

tropospheric spectra at Gove appear to display larger spectral amplitudes during the months

of June through to November than they do during the monsoon season. This apparently

pr,zzhng result will be considered in detail later.

The spectra observed at Davis are particularly interesting since the stratospheric spectra

t
¡

'ì

t
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Figure 4.13: As in Figure 4.12, b:ut for data observed at Adelaide (35"S, 139"8) between
June 1991 and May 1992.

are significantly attenuated in comparison with the stratospheric spectra observed at low-

latitude and midlatitude sites. In contrast, the spectral amplitudes within the troposphere

are consistent with, or greater than, those found elsewhere. Therefore, assuming tropospheric

spectra are indicative of wave sources, the attenuated spectra in the stratosphere are not

caused by weak source activity. The seasonal variations at Davis are not particularly largela

and so there exists considerable variability of the gravity wave spectral form between high

and low latitudes.

Latitudinal variations of spectral form are studied by averaging spectra from various

stations into eight latitude bands as is described in Table 4.3. These are time and, where

possible, zonally averaged spectra, and are illustrated in both conventional logarithmic and

area preserving forms in Figures 4.16 and 4.17, respectively. Note that not all available

data have been used to generate these figures. The spectra considered were essentially

those presented by Allen and, Vincent [1995] with additional results from Macquarie Island,

r4The seasonal variations in the lower stratosphere appear to be out of phase with those in the troposphere.
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Figure 4.14: As in Figure 4.12, brt for data observed at Hobart (43"S, 747"Ð) between
June 1991 and May 1992.

between April 1993 and March 1994, also includedls.

Figures 4.16 and 4.17 demonstrate that spectral amplitudes and total variance decline

with increasing latitude in the lower stratosphere of the southern hemisphere (Australian

sector). For low-Iatitude and midlatitude sites, latitudinal variations occur predominantly

within the low-wavenumber region of the spectrum. However, observed spectra at high-

latitude sites appear to be significantly attenuated, in comparison with the saturation limits

due to Smith et aI.11987], at all but the very highest wavenumbers. In contrast, there exists

no corresponding variation of the tropospheric spectral form. Although data from Mawson

and Casey have not contributed to Figures 4.16 and 4.17, the results from these stations are

well represented by those from Davis (see appendix B). Similarly, observed spectra from the

Cocos Islands are well represented by those obtained from Darwin and Gove.

The spectra that have been presented indicate that there exists some seasonal variation

of gravity wave activity in the lower stratosphere which is superimposed upon a general

decrease of wave activity with increasing latitude. The seasonal variations at low latitudes

'.,\ r,

.:

l5Data from Macquarie Island were spectrally analyzed over the same altitude intervals as those from Davis
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Figure 4.15: As in Figure 4.l2,btú for data observed at Davis (69"5, 78"E) between July 19g2
and May 1993.

are out of phase with those at middle and high latitudes. Variations of tropospheric spectral

form are more difrcult to delineate and will be discussed later in section 4.7. Although the

relevant results are not reported here, there appears to be little longitudinal variation of

gravity wave activity. For example, there is little bias between results from the west and

east coasts of Australia.

Figure 4.18 highlights the seasonal and latitudinal variations of gravity wave activity at

low-latitude and midlatitude sites. This diagram illustrates contours of total gravity wave

energy density, .Es, as a function of time and latitude within both the troposphere and lower

stratosphere. All stations of Table 4.1, with the exceptions of Davis and Willis Island, were

utilized while .E¡ was obtained from observations of normalized temperature variance using

(2.L4) with p = 513. Contours were calculated after averaging data into l-month bins using

six of the seven latitude bands that were described in Table 4.3. Since the various latitude

bands are unequally spaced, raw data were first interpolated at equal (and srnaller) intervals

using Delaunay triangulation.

Seasonal variations of stratospheric wave activity are easily recognized in Figure 4.1g.

I

I
I
I

I
I

\
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Table 4.3: The division of stations into eight latitude bands.

These confirm the seasonal trends described above which were inferred from the variations

of spectral form. At low latitudes (10"S to 20"S) a clear annual variation is observed with

wave energy peaking during the monsoon months of December to February. However, at

middle latitudes (30"S to 40"S) a maximum is seen during the winter months when cold

fronts sweep across southern Australia. A transition between these two regimes occurs at

intermediate latitudes (20"S to 30oS) where a semiannual variation is observed.

The seasonal variations of tropospheric wave activity are, surprisingly, not well correlated

with those in the stratosphere. At middle latitudes (30"S to 40"S) a small peak in wave

activity is seen during winter months but the variation is smaller than that observed in

the lower stratosphere. However, at lower latitudes (10'S to 30"S) a strong peak in energy

density is observed between July and November which is in contrast with the stratospheric

case where the maximum is found between December and February. The sudden increase

in tropospheric variance cannot be associated with any one geographic feature since the

maximum is found at a number of different stations including Port Hedland, Alice Springs,

Townsville and Willis Island. A discussion of this result is provided in section 4.7.

Table 4.4 presents estimates of the spectral parameters Eo, t, m* arrd c* : N /rn* which

are all defined within the model formulation of Fri,tts and VanZandú [19g3]. These are

determined from the shape and spectral amplitudes of the observed spectra at each station.

The estimates of -Ð¡ were obtained using (2.14) where r,' is simply the area under the relevant

power spectrum and where an averaged Våüsåilä-Brunt frequency, /{, was used. Estimates

of ú and m* f 2tr , and hence c* also, were found using the Levenberg-Marquardt least squares

Latitude
Band

Radiosonde Stations No. of Profiles Analyzed
Stratosphere Troposphere

1

2

3

4

,5

6

7

8

Gove, Darwin
Mt. Isa, Townsville, Port Hedland
Gladstone, Learmonth, Alice Springs
Forrest, \Moomera, Cobar, Lord Howe Island
Wagga, Albany, Adelaide
Hobart
Macquarie Island
Davis

766
1058

746

1396

L252

452
457

435

1086

1373

1083

1806

1660

799
584
481
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the same as in Figure 4.16 but are plotted in area preserving forms. Successive spectra are
displaced horizontally by a factor of 10 and, from left to right, correspond to latitude bands
1 through to 8 (see Table 4.3).

curve-fitting algorithm with a fitting function given below.

F(m) = Po
mlm*

(4.2)1+ n't
^*)r*,

The three unknown parameters, Fo, m* and ú, were obtained by fitting to monthly mean

spectra and then averaging these estimates over time. Table 4.4 provides a description, at

least to a certain extent, of the mean behaviour of the gravity wave field at each station.

Note, however, that the degree of wave field anisotropy cannot be estimated from temper-

atule measurements alone. The parameterization of wave freld anisotropy is an important

component of the model proposed by Fritts and VanZandú [1gg3].

The spectral parameter ú for stratospheric power spectra was found to be consistently

smaller than 3, the expected value from linear saturation theory. However, this parameter

Lower Strotosphere

Troposphere
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posphere and lower stratosphere. The energy density was obtained using (2.I4) where the
normalized temperature variance was calculated within the height intervals described in
Table 4.2.

for tropospheric power spectra was found to be very close to 3 at most stations. Recall that

each stratospheric power spectrum has been corrected for spectral distortion that is believed

to be associated with the radiosonde's temperature sensor response time. The tropospheric

power spectra have not undergone this correction procedure, however, since the response time

is small at tropospheric heights. It is possible that estimates of f within the stratosphere

are biased since there is some uncertainty as to the correct value for r. As a consequence,

all values within the appropriate column of Tabie 4.4 should be treated with some caution.

More details about this problem are provided in appendix A, but it should be noted that

estimates of other spectral parameters will not be affected.

The characteristic vertical wavelength,2trf m*, was found to be close to 2.5 km within
both the troposphere and lower stratosphere. It was sometimes slightly smaller in the strato-

sphere than in the troposphere but more often the reverse was true. Also there exists little
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Station t rn* cpm) c* ÏnS Eo 6 kg-')
Trop. Strat. Trop Strat Trop Strat

Adelaide
Albany
Alice Springs
Cobar
Darwin
Davis
Forrest
Gladstone
Gove
Hobart
Learmonth
Lord Howe
Mount Isa
Port Hedland
Townsville
Wagga
Willis Island
Woomera

2.8
2.8

3.1

3.0
3.1

2.7
3.0
3.0
3.0
2.7
3.1

2.9

3.0
3.1

3.0
2.8

3.0
2.8

2.5
2.6
2.5

2.5
2.6

2.2
2.4
2.5
2.5
2.6
2.5

2.4
2.5
2.5

2.5
2.5

2.5
2.5

3.8 x 10-a
3.8 x 10-4
4.2 xI0-4
4.1 x10-a
4.8 x 10-4
3.6 x 10-a
4.3 x 10-4
4.0 x 10-a
4.5 xl}-a
3.5 x 10-4
4.4 x1-0-4
4.2 xl}-a
4.3 x 10-a
4.6 x 10-1
4.2 x70-a
3.7 x 10-4
4.5 x 10-a
3.7 x 10-4

4.0 x 10-4
4.0 x 10-4
3.7 x 10-4
3.7 x 10-a
4.2 xl0-4
3.3 x 10-a
3.8 x 10-4
3.6 x 10-4
3.3 x 10-4
4.1 x10-4
3.9 x 10-4
3.9 x 10-a
3.7 x 10-4
3.5 x 10-a
4.0 x 10-4
3.9 x 10-4
3.3 x 10-4
3.9 x 10-4

4.7
4.7
4.5
4.4
4.0

5.8

4.2
4.8
4.3

5.0
4.2

4.3
4.4
3.9
4.6
4.7
4.3
4.8

9.0
9.0

10.5

9.9
9.9

10.8

9.7
10.9

12.5

8.7
10.3

9.5
11.8
TL.4

10.5

9.3
L2.3

9.5

5.7
6.0
9.1

6.5
7.7

6.3
6.5
8.0
6.6
5.5
8.6
5.6
9.5

10.5

9.3
5.8
7.2
6.1

4.5
4.5
6.4
4.9

8.1

2.0
4.6

6.4
9.8
5.1

6.9

3.9
7.5

7.7

7.5

5.0

8.4
5.3

Table 4.4: Estimates of spectral parameters for the troposphere and lower stratosphere.

seasonal or latitudinal variation of this parameter. However, the characteristic wavelength

is less cleariy defined in the lower stratosphere at high latitudes since the peaks in area

preserving spectra are somewhat broader there.

The yearly-averaged energy density, -Es, was typically found to decrease with increasing

latitude in the lower stratosphere. The most notable exception was at Lord Howe Island

which had a comparatively small energy density for its latitude band. In the troposphere,

the yearly-averaged energy density was largest in latitude bands 2 and 3, as was also evident

in Figures 4.17 and 4.18. Of course, when estimating Es it is assumed that all observed

temperature variance is due to gravity waves. Fritts eú a/. [1988] recognized convection as

a possible source of contamination at tropospheric heights while temperature inversions can

also cause fluctuations on single profiles that are difficult to remove as part of the basic state

profile. These issues will be discussed in section 4.7.

The variation of gravity wave energy density with height and time can be examined using

the radiosonde data from each station. Time-height contours of normalized temperature

variance and total energy density at Gove, Adelaide and Davis wele presented by Allen and
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Vincent [1995]. These diagrams indicated that the largest variances typicaliy occurred near

the tropopause, especially when there existed large vertical gradients in atmosphere stability.

However, the sharp gradients of ternperature at the tropopause are diffcult to adequateiy

model and therefore remove as part of the basic state temperature profrle. This problem

is discussed by Allen and, Vincen¿ [1995] and their results do need to be treated with some

caution as a consequence.

Here a similar analysis is undertaken but, following Tsuda et al. [79971, the variance

is calculated within a sma,ll wavenumber band which includes only gravity waves that are

thought to be "saturated". Therefore, the observed variance may be compared with the

theoretical expectation within given height intervals. This form of analysis can potentially

reveal those heights at which proposed saturation limits are valid.

The power spectral density at large vertical wavenumbers (rn y -*) due to Smith et al.

[1987] is given by (2.16). Therefore, the normalized temperature variance between vertical

wavenumbers rn1 and m2,which is obtained by integration, is given by

ÀPrsFv -
1

4812pg2 "'(^? - ^i)
(4.3)

where m* K m1 L rn2 and. m = 2tr l\. However, for the radiosonde data considered here,

the observed spectral amplitudes at high vertical wavenumbers are attenuated according to

(3.6). Thus the model variance is given by ?,û'oo =îk -C where C represents the relevant

shaded area of Figure 3.5 and can be obtained numerically provided that B is known.

Figure 4.19 illustrates variance profiles from Gove, Adelaide and Davis which were cal-

culated from radiosonde measurements obtained over three-month periods. The observed

temperature profiles were first high-pass flltered using cutoff wavelengths at À1 : 500 m and

Àz = 125 m, and following this the variance profiles were calculated using 500-m box-car

windows. The final profiles illustrate the observed variance divided by the model variance

where B was obtained at each height using the technique described in appendix A. Thus if
the normalized variance equals one, then there exists good agreement with the model due to

Smith et al. 11987] within a given altitude range. This analysis technique follows Tsud,a et

ø/. [1991] and for more details see their study16. Note, however, that Tsuda eú ø/. [1gg1] also

include a multiplication factor that takes account the actual passband characteristics of the

filter used. This factor is not used here and it is assumed, essentially, that the filter is ideal

l6Following Tsuda et ot. [1991], 1{ wa^s calculated within l-km inte¡vals so as to better estimate its back-
ground value.
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and there exists no spectral leakage. Since the multiptcation factor is constant its excl

will have no affect upon conclusions regarding the height dependence of variance.

The high-pass-filtered variance proflles from Gove and Adelaide indicate values that are

larger than those of the model in the troposphere and values that are approximately con-

sistent with those of the model in the lower stratosphere. In contrast, the profrles from

Davis indicate signiflcant attenuation of variance in the lower stratosphere. These results

are consistent with the vertical wavenumber power spectra presented earlier.

There appears to be no enhancement of saturated wave variance at the tropopause as

suggested VanZandt and Fritts [1989]. The most signifrcant enhancement was found at Gove

but the variance maximum occurred below the typical tropopause height. A similar result was

also reportedby Tsuda et al.lI994b] who analyzed radiosonde observations from Watukosek,

Indonesia (7.57"5, 112.68"E). The enhancement may be the result of noise contamination,

rather than gravity wave supersaturation, and this possibility will be discussed further in

chapter 6.

In summary, this section presents analyses of the variance characteristics of gravity waves

which are determined from radiosonde measurements of temperature. In some cases repïe-

sentative examples were presented for the purposes of economy and additional power spectra

are presented in appendix B. A discussion of various aspects of these results is provided in

the following sections.

4.5 Saturation Theory Comparison

The power spectra presented in Figures 4.L2r 4.I3r 4.L4 and 4.15 have been compared with

the theoretical saturation limits proposed by Smith et at. 17987]. These limits were chosen

as a convenient reference since they are often considered in the literature. The predictions

of other theories le.g., Weinstoclc, Lgg}l Hines,lgglb; Dewan, rgg4; Gard,ner, Lgg4; zhu,

1994], within the limits of theoretical approximation and uncertainty, are very similar. It
has proven difÊcult to distinguish between these theories on the basis of spectral amplitude

calculation and comparison.

The observed power spectra within the stratosphere are discussed in this section since

tropospheric spectra may not have a pure gravity walre interpretation (see section 4.2).

Furthermore, tropospheric spectra may not have reached an equilibrium state since they are

obtained neat to, or within, the source region itself. In contrast, stratospheric spectra have
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a relatively clear gravity wave interpretation and observed spectral amplitudes, with some

exceptions, are within the general range predicted by recent theories:

The high-wavenumber spectral slopes, t, of stratospheric power spectra are typically

shallower, to a small degree, than the theoretical expectation due to Smith et al. [1987]

which is ú = 3. Other theories le.g., Weinsúoclc, 1990; Hines,1991b; Zhu, lgg4l allow for

some variability although ú = 3 is usualiy considered to be the nominal value. The shallower

slopes observed here may result from a bias in estimates of temperature sensor response time

as discussed in appendix A, or from aliasing due to high spatial frequency noise. Furthermore,

the sonde's horizontal drift may result in some distortion of the vertical wavenumber power

spectra which are expected to have shallower slopes as a consequence lGardner and Gardner,

1993]. All of these factors may be contributing to the spectral slope that is observed and

so estimates of ú (see Table 4.4) should not be regarded as inconsistent with the predicted

value ú = 3 within the stratosphere.

The problems described above highlight the difñculties in saturation theory comparison

with any one spectrum due to experimental uncertainty. However, variations of spectral

form shou-ld be geophysical (at ieast to within the stated 95% confidence limits) since any

experimental bias is anticipated to be the same for each spectrumlT. Therefore, the significant

attenuation of stratospheric spectral amplitudes at high latitude sites must be explained

within a wave saturation framework.

The Doppler-shifting theory proposed by Hi,nes [1991b] allows for some height variabil-

ity of spectral amplitudes at '(saturated" wavenumbers while similar variability is allowed

within the theoretical frameworks proposed by Weinstoclc [1990], Gardner [1994] and Zhu

[1994]. Hines [1993a] has suggested Doppler-shifting theory as a possible explanation for

some attenuated spectra observed by lidar in the stratosphere[Wilson et al.,Iggl; Beatty et

al',1992; Senfi et ø/., 1993]. However, the proposed height variability depends upon certain

characteristics of the source spectrum of gravity waves. The source spectrum is not known

from the data available here.

Alternatively, Fritts and Lu [1993], Kuo and Lue lI994l and Eclcermønn [tgg5] have

argued that attenuated spectra may arise when there exists a vertical shear in the basic state

winds. The proposed attenuation due to Eclcermann [1995] appears to occur independently of
the physical mechanism that is responsible for constraining wave amplitudes at high vertical

lTDistortion due to the sonde's horizontal drift is one possible exception. Ilowever, as was noted in chapter 3,
this distortion is small even for the largest mean winds.
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wavenumbers. Thus the presence of attenuated spectra is not necessarily indicative of any

one particular mechanism. It must be conciuded that the results presented here cannot be

usecl to distinguish between the various competing wave saturation theories.

4.6'Wind-Shifting Theory Comparison

The qualitative behaviour of gravity wave power spectra in various regions of the atmosphere

has been discussed by Kuo and, Lue [1994] and EclcermannlTggSl. Kuo and, Lu]99a1argue

that certain aspects of observed spectra can be explained by a simple analytic model of wave-

shear interaction which was derived by Kuo et al. 179921 under a flrst order approximation

of the Navier-Stokes equation. According to this picture, the horizontal wind velocity satu-

ration limitls is universally N2 f 2ms and is typically reached in the troposphere and middle

mesosphere lKuo and Lue, Lgg4.). Howevet, in the stratosphere and lower mesosphere the

saturation fimit is not reached since the dominant waves in these regions lose energy to the

zonal mean flow due to its vertical shear. Seasonal variations of spectral form are attributed

to seasonal changes in the strength and sign of the shear.

A similar picture has been proposed by Eckermann [1995] and this picture will be con-

sidered here. Eckern'¿ann [1995] argues that attenuated spectra arise due to changes in back-

ground wind speeds which can refract waves such that they have smaller vertical wavenum-

bers and aJso smaller totai shear variancele. This model differs from that of Kuo and Lue

[1994] in that the wind shear does not play a direct role in modifying wave characteristics

through the equations of motion lÛclcermann, LggS). Rather, discrete changes in basic state

horizontal wind speeds alter wave characteristics under the Liouvilie-Green approximation

that was discussed in chapter 1. The refraction processes envisaged by Eclcermann lLggí]
follow from the model frameworks presented by Lindzen [1981] and Fritts and Lu [1gg3].

The so-called "wind-shifting" theory of Eclcermann [1995] predicts that gravity waves are

either "upshifted" or "downshifted" depending upon the sign of B where

É=rg'l*] (4.4)

ttThit i. the saturation limit for horizontal velocity power spectral density that is attributed to Dewan and
Good [1986].leAn inc¡ease or reduction of variance is necessary in order that wave action be conserved.
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and where ci"t is the intrinsic horizontal phase speed. When þ = -7, wave action conser-

vation yields downshifted waves with smaller amplitudes and vertical wavenumbers. Con-

versely, when B = *1, wave action conservation yields upshifted waves with larger amplitudes

and vertical wavenumbers20. Attenuated spectra are predicted when the dominant waves of

a given spectrum are downshifted while saturated spectra are predicted when the reverse is

true. According to Eclcermann [1995], the model is sufficiently robust in nature that simi-

lar spectral responses occur regardless of the physical mechanism responsible for saturating

gravitY rtraves.

Eclcermann [1995] applied wind-shifting theory to various observations in the literature,

including those of Allen and Vincent [1995], and was able to predict, retrospectively, the

presence of attenuated spectra in some instances. The application of wind-shifting theory

to the results of Allen and Vincenú [1995] is of particular interest here and the following

discussion is based on the relevant section of Eckermann [1995]. Also, additional results

from Antarctic stations other than Davis are considered in the discussion.

Following Eclcermann [1995], the spectra from the lower stratosphere are considered2l.

From Figure 4.76, these may be divided into two groups. Stratospheric power spectra from

within latitude bands 1 though to 6 (including Willis Island and the Cocos Islands) have

spectral amplitudes, at large vertical wavenumbers (m ) 10-3 cpm), that are either equal to

or larger than the theoretical saturation limits due to Smith et al. [L987]. These are saturated,

unattenuated spectra that should be dominated by þ = +t waves under the wind-shifting

model of Eclcermann [1995]. Conversely, stratospheric power spectra from Macquarie Island

and the Antarctic stations have spectral amplitudes, at large vertical wavenumbers, that are

often smaller than the theoretical saturation limits due to Smith et at.lIg87]. Furthermore,

these spectra have amplitudes that are significantly smaller than those found at other sites.

Such spectra should be dominated by þ = -t $¡aves under the wind-shifting model of

Eclcermann [1995].

The classification of spectra into two groups is clearly an oversimplification since there

exists a gradual trend toward "attenuated" spectra at high latitudes (see Figure 4.17). Also

there exists subtle variations of spectral form with season which can differ between spectra of

the same group. The following discussion is an attempt to explain the apparent attenuation

20Wave amplitudes are upshifted or downshifted relative to the exponential increase caused by the atmo.
sphere's density structure. See Eckermann [1SS5] for further details.

27 Eckermann [tsss] argued that comparison between wind-shifting theory and tropospheric observations is
not practicable since the troposphere is the source region of most waves,
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of stratospheric spectra at high latitude sites.

Figure 4.20 illustrates zonal-mean zonal wind proflles over Davis and Woomera22 during

both summer and winter months. This diagram has been reproduced from Eclcermann [1gg5]

and the winds are based on data ftom CIRA [1986]. Upward propagating gravity waves are

indicated in the diagram by open and closed aïrows which appear at the ground-based

horizontal phase speeds, c¡,of these waves lEclcermann, 1995]. Values of c¿ are assumed to

be of the order of z in the troposphere (following Lindzen [1981]) while shaded areas indicate

the a,ltitude intervals that were used for spectral analysis.

Consider, firstly, the winter winds at both Davis and Woomera (Figures 4.20b and 4.20d,,

22The mean wind conditions over Woomera were chosen by Eckermann [lggb] so as to be representative of
rnean conditions at other midìatitude sites. Similarly, the mean winds at Davis are representative of those at
Mawson, Casey and Macquarie Island.
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respectively). The important difference between these proflles is that the zonal winds con-

tinue to increase with altitude within the lower stratosphere over Davis whereas they decrease

with altitude within the same region over !\bomera. Thus, the hypothesised gravity waves

are downshifted at Davis while both upshifted and downshifted waves propagate through the

lower stratosphere at Woomera. Wind-shifting theory therefore predicts attenuated spectra

at high latitude sites and saturated spectra at midlatitude sites, as is observed.

Now consider the summer winds at Davis and Woomera (Figures 4.20a and 4.20c, respec-

tively). Firstly, at Woomera, the zona,l mean winds are such that upshifted gravity waves

are filtered from the spectrum either before or within the height interval used for spectral

analysis. Therefore attenuated spectra are predicted in this case. fn contrast, upshifted

gravity waves can propagate through the lower stratosphere at Davis and the wind shear

itself is quite weak. Therefore saturated spectra are predicted here. However, the observed

summer spectrum at Davis appears to be attenuated, as it is in winter, while the summer

spectrum at Woomera appears to be saturated. Thus wind-shifting theory does not predict

the qualitative results in these instances23.

Eclcermann [1995] argued that the interpretation of summertime spectra, within the

framework of wind-shifting theory, was made diftcult by a lack of detailed knowledge con-

cerning sollrce climatologies in the southern hemisphere. For example, it is not yet clear

whether topographic forcing is as important in the southern hemisphere as it has been found

to be in the northern hemisphere by, among others, Nastrom and, Fritts [1992]. Meteorologi-

cal sources le.g., Eckern'¿ann and Vincenú, 1993] may be relatively more important although

Bacme'ister et al. [19901 have reported evidence of mountain wave activity over Antarctica.

More knowledge about wave sources may be needed but, at this stage at least, the qualitative

results described in section 4.4 appear to be inconsistent with the predictions of wind-shifting

theory during summer months.

4.7 Discussion

The material presented in this chapter details the variance characteristics of gravity waves in

the troposphere and lower stratosphere. These were delineated from high-vertical-resolution

radiosonde measurements which were obtained from the Australian sector of the southern
23Figure 4.19 indicates that the saturated wave va¡iance observed at Adelaide during summer begins to

attenuate above, approximately, 20 km. This is qualitatively consistent with the removal of upshifted lravitywaves by the background flow, as is illustrated in Figure 4.20c.
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hemisphere. The main results are listed below.

1. The vertical wavenumber power spectra have spectral siopes that are close to -3 at

most stations, especially within the troposphere.

2. There are definite seasonal variations of wave variance within the lower stratosphere

where the time of maximum variance changes from low latitudes to midlatitudes. In

contrast, seasonal variations of normalized temperature variance in the troposphere

are more difficult to interpret.

3. Spectral amplitudes within the troposphere are consistently larger than the theoretical

saturation limits proposed by Smith et al.17987], often by as much as a factor of 3.

4. Spectral amplitudes within the lower stratosphere are approximately consistent with

the theoretical saturation limits proposed by Smith et al, [1987], although there is a

gradual trend toward smaller amplitudes at high latitude sites.

5. The characteristic vertical wavelength is of the order of 2.5 km within both the tropo-

sphere and the lower stratosphere, although is typically smaller in the troposphere.

6. The largest gravity wave variances tend to be found at low-latitude stations

It has been assumed throughout chapter 4 that all fluctuations with vertical scales be-

tween about 7 km and at least the Nyquist wavelength2l are caused by gravity waves. Al-

though observed spectral amplitudes are within the general range predicted by recent gravity

wave theories, this assumption needs to be carefully examined. For example, processes such

as convection and inversions may cause fluctuations on single profiles that are either difrcult

to distinguish from gravity wave activity or difficult to remove as part of the basic state tem-

perature profile. Furthermore, equatorial waves can have vertical scales and amplitudes that

are comparable to those of dominant gravity waves le.g., Waltaee, Ig73l. Therefore, these

waves may be responsible for a significant portion of the observed variance at near-equatorial

stations.

The possibility that convection may be prominent throughout the troposphere was dis-

cussed in section 4.3. There it was argued that convection is not prominent over Adelaide

based on 1{2 distributions within both the troposphere and lower stratosphere. Simiiar I{2
distributions were found at representative stations elsewhere. Convection is anticipated to

2aThe Nyquist wavelength is approximately 100 m for the data studied here.
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be most important within the troposphere at near-equatorial sites, especially during the wet

season. Figure 4.21 illustrates 1[2 distributions2s from Darwin during both wet season and

dry season months. These distributions are similar to those of Figure 4.9 and gravity waves

do appear to be commonly supported within the troposphere over Darwin, as was also found

within the troposphere over Adelaide26.

The possibility that equatorial waves may have contributed a significant portion of the

observed variance at the near-equatorial stations is discussed in chapter 6. There it is

0.0 0.4
N' (rod/s)' x 1O'

2uThe V¿¡is¿itä-Brunt frequency squared was calculated in each case using the dry adiabatic lapse rate.26It is worth noting that during-dry season months there exists an increased occurrence oflarge ¡rã uJou.,
of the order of 4.0 x 10-a (rad/s)2, between 2.0 and g.0 km at Darwin. This is likely to be inàicative of an
increased occurrence of temperature inve¡sions during these months.

9.0-'1 5.0 km
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argued (for the lower stratosphere over the Cocos Islands at least) that most of the observed

variance occurs at temporal scales that are consistent with those expected of gravity waves.

Furthermore, simple linear models of equatorially trapped waves le.g., Gill, 1982; And,rews

et al., 1987] suggest that equatorial wave amplitudes decrease by a factor of approximately

e-r at 12 degrees of latitude. Therefore, for the near-equatorial stations studied here, the

observed variance is not thought to be contaminated (at least not significantly) by equatorial

wave motions.

Temperature inversions can cause fluctuations on individual profiles within the tropo-

sphere that are of larger magnitude than those due to gravity waves over small height in-

tervals. These fluctuations are caused by radiative rather than dynamical processes but

are difficult to filter from observed profrles. Thus inversions may contaminate gravity wave

observations in the troposphere. For example, Figure 4.22 ilhsttates temperature profiles

observed from Townsville during August 1991 and February 1992. Large inversions are evi-

dent in the lower troposphere during August. These structures are often long-lived, Iasting

for periods of several days or more27, and might therefore be removed by time filtering.

However, as has been discussed elsewhere, time frltering is not practicable for the majority

of data studied here.

The large increase of temperature variance within the low-latitude troposphere between

July and November (Figure 4.18) maybe caused by the presence of large temperature inver-

sions during these months28. For example, Figure 4.22 illustrates low-altitude temperature

inversions at Townsville which appear to be much more common during August than they

are during February. These inversions must contribute to the observed normalized tempera-

ture variance between 2.0 and 9.0 km and similar inversions are found at other low-latitude

stations2e. As a consequence, the total gravity wave energy density between 2.0 and g.0 km

will be overestimated at these stations during dry season months. Whether or not this is

sufficient to explain the large increase described in Figure 4.18 is not known.

The latitudinal variations of tropospheric area preserving spectra, which are illustrated

in Figure 4.I7, arc also likely to be contaminated by temperature inversions. Inversions

are common at polar latitudes, particularly at the south pole (see appendix C), and the

large variances found at latitude bands 7 and 8 are likely to be affected by inversions3o.
27

28

29

30
etween 1.0 and 8.0 km

whereas data from other stations were spectrally analyzed between 2.0 and 9.0 km. The former height range
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Similarly, area preserving spectra from latitude bands 1,,2 and.3 are likely to be affected as

was discussed above. Inversions are also common at midlatitude stations but often appear

below 2 km (see, for example, Figure 4.5). Therefore, tropospheric spectra are not thought

to be significantly contaminated by inversions at midlatitudes. More specialized analysis (for

example, time filter analysis3l) is needed to determine the quantitative effect of inversions

upon the tropospheric results presented here.

The choice of altitude range for tropospheric spectral analysis at low latitudes is not

ideal. While there exists little choice at high and middle latitudes, larger altitudes might be

chosen at low latitudes since the tropopause is typically higher at such sites. Nevertheless,

Figure 4.19 demonstrates that high-wavenumber variances are consistently larger than those

due to Smith et al.1L987] at all altitudes throughout the troposphere over Gove32. Examples

of tropospheric spectra from the Cocos Islands, calculated between altitudes of 7 and 14 km,

was necessary since typical tropopause heights are of the order of 9.0 km at the Antarctic and sub-Antarctic
stations

3llnversions do tend to be long-Iived by inspection but need not be in general.32lndeed the norma.lized variance is largest between g and 15 km where inversions are, at best, rare.
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are presented in chapter 6.

It is more certain that temperature fluctuations within the lower stratosphere are caused

bygravitywaves. Forexample,Si,di eúøl. [1988] andFri,tts eúcl. [1988]havefoundthattem-
perature and horizontal wind velocity fluctuations within the lower stratosphere are roughly

consistent with gravity wave polarization equations. This is also demonstrated in chapters 5

and 6 using temperature and horizontal wind fluctuations observed from Macquarie Island

and the Cocos Islands. Furthermore, the spectra presented here have amplitudes and slopes

that are approximately consistent with recent gravity wave saturation theories. The majority

of evidence in the literature, and also in this chapter, supports a gravity wave interpretation

of mesoscale temperatu¡e fluctuations within the lower stratosphere33.

The spectral amplitudes found in the lower stratosphere over Davis, Mawson, Casey

and Macquarie Island are interesting since they are smaller, especially at the lowest ver-

tical wavenumbers, than those found at other stations. The spectral slopes are also more

shallow than those at other stations. In contrast, spectral amplitudes and slopes within the

troposphere are approximately consistent with those found elsewhere. Therefore, assum-

ing tropospheric spectra are indicative of wave sources, weak wave souïce activity is not

responsible for the attenuation of stratospheric spectïa over Antarctic and sub-Antarctic

stations.

An alternative possibility is that the wave spectrum is influenced in some way by the

strong background winds that are found over the high-latitude stations studied here (e.g., as

proposed by Fritts and Lu [1993]). This possibility was discussed in section 4.6. However,

the main difficulty with this scenario is that the attenuated spectra show little seasona,l

variation whereas the basic state winds vary considerably with season (e.g., Figure 4.20).

The mean zonal winds in the lower stratosphere are particularly strong during winter but are

comparable with zonal winds found elsewhere during summer. Nevertheless, the calculated

spectra show little seasonal variability and spectral amplitudes are actually largest during the

months of July to November (Figure 4.15) when the mean zonal winds are strong. Clearly

these flndings require further investigation.

Figure 4.23 summarizes the seasonal and latitudinal variations of normalized tempera-

ture variance and Es within the lower stratosphere. This diagram is the same as Figure 14

of Allen and Vincenú [1995] except that additional results from Macquarie Island, between

April 1993 and March 1994, are also included. Error bars indicate, approximately, the g5%

33Results presented by cot ond Barat [1g90] provide one possible exception.
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confidence limits of estimates from each latitude band. This diagram, together with Fig-

ure 4.18, emphasizes the annual cycle of wave activity at low latitudes which is out-of-phase

with wave activity at midlatitudes. In all seasons, but especially in summer, there is a strong

equatorward gradient of energy density, with -E¡ increasing by a factor of approximately 5

from polar to equatorial latitudes.

The above results agree well with other studies in the northern hemisphere. K,itamura

and, Hirota [1989] found that wave activity in the midlatitude lower stratosphere over Japan

maximized in winter, and that wave activity increased toward the equator. Lidar studies at

altitudes of 35 km over western Europe also show an annual cycle of temperature variance

with a winter maximum and an equatorward gradient fSouprayen, 1993].

It should be noted that -Es is the measure of wave activity used in the Fritts and VanZandt

[1993] parameterization scheme. However, other schemes may use different indicators of

wave activity. In some cases these parameters can still be estimated from the figures and

tables presented here. For example, Hines [1996a,b] has developed a scheme which uses the

root-mean-square of the horizontal wind perturbation as the input parameter. This may be

estimated from normaLized temperature variance measurements using the following equation,

(4.5)

where [/' is the first-order perturbation of total horizontal wind velocity. Equation (4.5)

is derived from standard polarization equations3a by assuming that the spectrum of waves

is separable in all variables and that the one-dimensional frequency spectrum is given by

B(c.r) x o-p. From Figure 4.23 and using p = 513 it can be seen that the root-mean-square

of [// varies from approximately 1.5 m s-1 at Davis to approximately 4.0 m s-l at 12oS.

4.8 Concluding Comments

The advantage of using radiosonde measurements in gravity wave resealch is their extensive

geographic and temporal coverage. This allows estimates of important spectral parameters to

be made that are not biased by localized source efects. It also allows seasonal and latitudinal

variations of wave activity to be identified. Gravity wave variance characteristics have been

described in this chapter using radiosonde data from the Australian sector of the southern

hemisphere.

uP =F +iÞ = 
o#F

saThe polarization eqrratiol rlpon which (a.5) is based may be invatid at high vertical wavenumbers, ac-
cording lo Hines [1991b], which could be a source of error.



4.8. CONCLUDING COMMENTS

June / July

0

113

o
oc
'È
o

0)

f

q)
o_
E
C)
F
!
C)

.!
o
E
oz

C)
o
c
o

'L

o

(¡)

f
o
o
ô_
E
q)

t--
-0
q)

.!
o
E

z

q)
oc
o

0)

l
o
q)
o_
E
0)

t--
!
0)

.N
õ
E

z

5
June / July

I

.:
u)
c
(¡)

o
crt

o)c
L¡J

R

-ctl
)l
I

v
Øc
c)ô
crr
(.)
c

T¡J

o

Ê

or
Y
-
=Øc
oo
crl
oc

liJ

7

5

4

3

2

0

10's 20"s 30"s 40's 50"s 60"s 70"s
Lotitude

December Jonuo
15

10"s 20"s 30"s 40"s 50's 60"s 70"s
Lotitude

December Jonuo

1

0

7

6

q

4

3

2

1

0

7

6

5

4

z

2

1

0

ô

0

5

10"s 20"s 30"s 40"s 50"s 60"s 70"s
Lotitude

Se tember/Morch

0

10's 20's 30's 40"s 50's 60.s 70"s
Lotitude

10's 20"s 50's 40"s 50"s 60"s 70"s
Lotitude

September /Morch

10's 20"s 30's 40's 50.s 60.s 70.s
Lotitude

Figure 4.23: The variation of normalized temperature vaïiance and gravity wave energy
density as a function of latitude within the lower stratosphere (17.0 to 24.0 km in most
cases). Data from the various stations have been averaged into latitude bands as described
in Table 4.3 and over 2-month periods in each case. Furthermoïe, the results from Willis
Island are included for the months of December/January and September/March. Normal-
ized temperature variance estimates have been multiplied by a factor of 105 and error bars
approximate the 95% confidence ümits of each estimate. The results from Davis within the
June/July plots were calculated from observations during July and August 1gg2.

*
x

** *
*{,

*
*

X

1*
{,{,

x x

xx *

t** {**

x X
*

X*

XX *
x x

***

X¡ *
xx

***



714 CHAPTER 4, VARIANCE CHARACTERISTICS OF GRAVITY WAVES

Climatological studies of gravity waves are important in deflning the extent of wave

activity throughout the atmosphere. If theorists and modelers be[eve that more work of

this nature is needed within the troposphere and lower stratosphere then a global-scale

study of radiosonde data may provide an important contribution. All that is needed is for

certain stations throughout the world, which are already launching radiosondes on a daily

basis, to archive their data at high vertical resolution. Hamilton and, V'incenú [1995] report

on recent efforts to attempt such a study.

It must be emphasized that temperature measurements alone are not sufrcient to fully

describe the gravity wave field. In particular, the degree of wave field anisotropy is an

important parameter of the Fritts and, VanZandú [1993] model formulation which requires

horizontal wind velocity measurements in order to be estimated. Therefore, simultaneous

horizontal wind and temperature measurements are preferable to radiosonde measurements

of temperature only. The following chapters discuss additional gravity wave characte¡istics

which can be determined when simultaneous wind and temperature measurements are avail-

able. Winds and temperatutes from Macquarie Island and the Cocos Islands are considered.



Chapter 5

Macquarie Island: A Case Study

5.1 Introduction

The characteristics of gravity wave motions over Macquarie Island (55"S, 159"8) are inves-

tigated in this chapter using radiosonde observations of temperature and horizontal wind

velocity. Macquarie Island is located approximately 1500 km south-south-east of Tasmania.

It is an elongated (aligned north-south) and rocky island which is 34 km long and 5.5 km

wide at its broadest [".9., Crohn, 1986]. Most of the island is a plateau of between 200

and 300 m altitude. However, some isolated peaks rise above the plateau and the largest of

these, Mt. Hamilton, is 433 m above sea level le.g., Crohn 1986]. The Austraüan Bureau

of Meteorology radiosonde station is located on the northern edge of the island and is 7 m

above sea level.

The climate of Macquarie Island, as reviewed by Streten [1988], is typical of the sub-

Antarctic. It is characterized by a high frequency of strong eastward winds, frequent gales

and a high number of days with precipitation throughout the year lStreten,1g88j. Much of

this precipitation is associated with the passage of frontal systems. Indeed, Streten [1g88] es-

timates that, on average, afront or depression centre passes the island once every 5 or 6 days.

Therefore, fronts may be an important source of gravity rvaves over Macquarie Island.

Another possible source of waves is the topography of the island itself. Strong eastward

winds flowing across a north-south ridge can generate vertically-propagating gravity waves

le.g., Smith, 1979]. However, the east-west dimensions of Macquarie Island are such that at

Ieast some portion of mountain wave energy is likely to be trapped within the troposphere.

This arises since mountain waves with small horizontal scale may be Doppler shifted to

115
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periods less than the buoyancy period [e.g., Hines, 1989] and hence reflected downward

before reaching the lower stratosphere.

A further possible source of gravity waves over Macquarie Island is the process of geo-

strophic adjustment. This takes place by means of wave propagation from a region of initial

imbalance leaving a steady quasi-geostrophic balanced flow fBlumen, lg72]. Geostrophic

adjustment is likely to be a strong source of low-frequency wave activity and may explain the

observed preponderance of gravity wave energy at near-inertial frequencies lFri,tts and Luo,

1992]. Both modelling [e.g., Fritts and Luo,7992; Luo and Fritts,1993] and experimental

studies [e.9., Uccellini and Koch, 1987; Kitamura and Hirota,1989] provide evidence for this

assertion.

Macquarie Island is a unique site for observation since comparable studies of gravity waves

at similar latitudes in the southern hemisphere are few. Thompson [1978] used a series of high

spatial and temporal resolution radiosonde flights to demonstrate the existence of gravity

waves with near-inertial frequencies over Laverton, Australia (38'S). Other relevant studies

include those of Vincent [1994], who investigated gravity waves in the polar mesosphere over

Mawsonl (68"5), and Gary [1989], who investigated mountain wave activity near 20 km

over Antarctica. Macquarie Island is located approximately halfway between Tasmania and

Antarctica.

Gravity waves at middle latitudes are most important in the mesosphere where they

are thought to have signifrcant inff.uence on the mean flow le.g., Lindzen, 1g81]. However,

the determination of gravity wave characteristics near the dominant tropospheric sources is

necessaty if the effects of waves are to be fully understood. The aim of this chapter is to

investigate the climatological characteristics of gravity *uu", in the troposphere and lower

stratosphere over Macquarie Island. Radiosonde observations of temperature and horizontal

wind velocity are utilized and further details about these data are discussed in the following

section. The location of Macquarie Island in relation to Antarctica and Australian radiosonde

stations in Antarctica is illustrated in Figure 8.2.

5.2 Radiosonde Data and the Background Atmosphere

The radiosonde data set considered in this chapter contains 24 months of operational ra-
diosonde soundings from Macquarie Island (55oS, 15g"E) between April 1gg3 and March

1It is worth noting tha
smaller than those found a

I vincent [1994] observed wave amplitudes over Mawson that were significantlyt comparable no¡the¡n-hemisphere latitudes.
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1995. These data were downloaded on a weekly basis and the assistance of Bureau of Me-

teorology staff is gratefully acknowledged. The wind and temperature measurements were

obtained in the manner described in chapter 3. Sondes were usually launched twice daily

and reached typical heights of between 25 and 30 km. Figures 5.1 and 5.2 illustrate examples

of temperature, zonal wind velocity and meridional wind velocity profiles observed during

June and December 1993, respectively. Successive proflles have been displaced horizontally

in each plot while missing winds are attributed to poor reception of VLF radio transmissions.

The typical height of the tropopause over Macquarie Island is of the order of 10 km.

Howevet, typical tropopause heights do vary from day to day and are not always clearly

defined. Temperature inversions are common below 5 km and are Jikely to affect power

spectral density calculations of normalized temperature fluctuations. Power spectra are

determined between 1.0 and 8.0 km in the troposphere due to low tropopause heights.

Zonal wind speeds are typically much larger than meridional wind speeds, especially

during June which is the time of the onset of the southern hemisphere polar vortex. This is

important because horizontal winds observed using NAVAID techniques are obtained in polar

coordinates and so the determination of zonal and meridional wind velocity components may

result in undesirable propagation of random measurement errors. For example, if T is large

and Ð is zero then the experimental error of r.' is proportional to the total horizontal wind

speed. This situation must be monitored to ensure that random measurement error does not

exceed geophysicai gravity wave signals in the meridional wind component.

Figure 5.3 illustrates the mean wind and temperature profiles observed over Macquarie

Island during June and December 1993. These were obtained by averaging data from those

radiosondes that made continuous wind and temperature measuïements up to at least 27 km,

Mean horizontal winds and temperatures during the full 2-yeæ observation period are illus-

trated in Figure 5.4. This figure depicts time-height contours of monthly-mean temperatures,

zonal winds and meridiona,l winds which were determined after raw data had been averaged

into 500 m by 1 month bins. The binned data were also interpolated so as to prod.uce a

smooth contour pattern.

The basic state temperatures in the lower stratosphere vary with season and are largest

during summer. The basic state zonal winds also vary with season and are largest during

winter. This is the well known annual oscillation of zonal winds which occurs in response

to seasonal changes in the latitudinal distribution of temperature. Basic state meridional
winds are typically weak while the mean tropopause height is slightly larger during summer.
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Figure 5.1: Examples of temperature profiles, zonal wind velocity profiles and meridional
wincl velocity profiles observed over Macquarie Island (55"S, 159"E) durirrg June 1gg3. Suc-
cessive temperature profiles are displaced by 10"C and successive wind velocity profiles are
dispiaced by 20 m s-l per 12-hour delay between soundings. Shaded areas indicate the
height intervals used for spectral analysis.
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Figure 5.3: Mean vertical profiles of temperature, Váisälä-Brunt frequency squared and
horizontal wind velocity components during June 1993 and December 1993 over Macquarie
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illustrates the mean temperature proflle, the second illustrates the mean Väisälä-Brunt fre-
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In the latter case both zonal (solid lines) and meridional (dashed lines) winds are plotted.

The basic state zonal winds are of importance since they are likely to influence the

observed characteristics of gravity waves over Macquarie Island. During summer, these

winds change sign near 22 km and thus prevent zonally-propagating waves with small or

zero ground-based horizontal phase speeds from propagating further into the stratosphere.

During winter, strong eastward winds prevail and may affect wave propagation characteristics

by refraction processes, as was discussed in chapter 1. In particular, the narrow-band biasing

effect described by Eckermann et at. 11995] -uy result in a scarcity of variance in the zonal

wind component if this is considered over a sman artitude range.

Recall that gravity wave vertical wavelength varies with the basic state horizontal wind
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Figure 5.5: The modelled dependence of vertical wavelength as a function of wave azimuth
for three different values of ground-based horizontal phase speed [after Eclcermann et al.,
1995]. The mean horizontal wind velocity was chosen as 50 m s-l and eastward while the
Väisälä-Brunt frequency was chosen as 0.021 rad s-1. These values are tepresentative of
wintertime conditions in the lower stratosphere over Macquarie Island.

speed, [/, according to

2tr c¡-Ucos( (t - f'1,')
¡r Q - a2lNz) (5.1)

where c¿ is the ground-based horizontal phase speed and { is the azimuth angle between

horizontal wind and wavenumbet vectors le.g., Eckernlann et al.,1gg5]. Thus if 7 is large

and zonal then À, can also be large depending on the magnitude and direction of the ground-

based horizontal phase speed. This situation is illustrated in Figure 5.5 which shows, after

Eclcermann et aL ll995l, the dependence of À, on { for representative values of c¡,7 = 50

m s-1 andeastward,c.r ((.ff and N2:4.5x10-a (rad/s)2. Clearly, theverticalwavelengths

of zonally propagating waves can become very large during extreme wind conditions similar to
those observed over Macquarie Island in winter. Such waves are not extracted from within
natrow altitude intervals since they cannot be distinguished from the mean. This is the

narlow band biasing effect of Eclcermann et aL [1995] and must be taken into consideration

when interpreting observed gravity wave characteristics.

Gravity waves propagating against the mean flow may experience reflection, as described

in chapter 1, depending on the size of their horizontal wavelength. This is particularly im-
portant for mountain waves (c¿ : 0 m s-1) generated by small islands, such as Macquarie
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Figure 5.6: Time-height contours of the minimum horizontal wavelength of untrapped, sta-
tionary and zonally aligned gravity waves over Macquarie Island. The critical levels of such
waves are denoted by "CL" in the diagram.

Island, since they are necessarily of small horizontal scale. The minimum horizontal wave-

Iength of zonally aligned, stationary gravity waves that can propagate upward through a

gradually changing profile of zonal wind and y'{ is

Àmin È 2rulN (5.2)

where Àrrr¡o is horizontal wavelength le.g., Hines, 1989; Balsley and Carter. 1g8g]. This

follows from (1.16) given that wave reflection occurs when ¿.r approaches If .

Figure 5.6 illustrates time-height contours of the minimum horizontal wavelength of un-

trapped, stationary and zonally aligned gravity waves over Macquarie Island. These were

determined, after Balsley and Carter [1989], by substituting monthly-mean Väisälä-Brunt

frequency and zonal wind velocity profiIes into (5.2). Clearly, any zonally aligned mountain

wave that reaches the lower stratosphere during summer is not subject to reflection there-

after, although such \Maves will encounter a critical level in the lower stratosphere near 2J km.

In contrast , zonally aligned mountain waves that reach the lower stratosphere during winter

can be reflected above about 20 km due to the strong winds ofthe southern hemisphere polar

vortex. The minimum horizontal wavelengths that are anticipated in the lower stratosphere

range between approximately 10 and 1g km.

The prevailing' ground levei winds over Macquarie Island are known to be eastward

fStreten,1988]. Howevet, the east-west scale of Macquarie Island is of the order of 5 km and

can only generate gravity waves of very small horizontal scale. For example, the dominant
horizontal wavelength of the gravity wave spectrum forced by a bell shaped mountain ridge
is 2ta where a is equivalent mountain half width fSchoeberl,lgSS]. A reasonable estimate
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of half width for Macquarie Island2 is between 7 and 2 km which means that the dominant

horizontal wavelength most probably lies between 6 and 13 km. Therefore, a significant

portion of mountain wave energy is likely to be trapped within the troposphere since the

dominant horizontal wavelength is of the same order as, or smaller than, the minimum

wavelength admitted into the stratosphere.

The extent of mountain wave activity over Macquarie Island is of importance since,

if significant, the characteristics of gravity waves determined in this chapter will not be

representative of those over the open ocean. Furthermore, the mean winds may not be exactly

representative either due to mountain wave drag lBalsley and Carter, 1989]. The variance

characteristics of gravity waves in the troposphere and lower stratosphere are investigated

in the following section.

5.3 Variance Characteristics

The mean vertical wavenumber power spectra of normalized temperature fluctuations over

Macquarie Island were presented in Figure 4.16. These spectra were averaged over a 12-

month observation period between April 1993 and March 1994. In this chapter, normalized

temperature power spectra from Macquarie Island are investigated over the fuil 24-month

observation period. Horizontal wind velocity power spectra are also investigated.

5.3.1 Temperature Variance

Figures 5.7 and 5.8 illustrate mean vertica.l wavenumber spectra of normalized temperature

fluctuations in both conventiona,l logarithmic and area preserving forms, respectively. These

were avelaged3 over 3-month periods in most cases and were calculated in the troposphere

(1.0-8.0 km) and lower stratosphere (16.0-23.0 km) by applying the same techniques as

those used in chapter 4. As before, vertical wavenumber power spectra are plotted against

the theoretical saturation limits due to Smith et al. 11987] which are used as a convenient

reference.

The power spectra determined in the lower stratosphere are similar to those found at

Davis (Figure 4.15). They have considerably reduced spectral amplitudes at low verticai
2This is taken to be hatf of the typical east-west spacing of the 200 m contour line.sNote that normalized individua.l spectra were averaged over J-month time periods rather than over l-

month time periods as was the case previously. In chapter 4, the 3-month average spectra we¡e in fact
weighted arithmetic means of l-month avelage spectra.
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Figure 5.7: Vertical wavenumber power spectra of normalized temperature fluctuations ob-
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wavenumbers in comparison to spectra found at low-latitude and midlatitude sites. However,

spectral ampJitudes at high vertical wavenumbers do approach the theoretical saturation

Iimits proposed by Smith et al. [19871. Area preserving spectra indicate that the largest

wave amplitudes occur between March and August while the smallest amplitudes occur

during the 3-month period of December, January and February. This is consistent with
the seasonal variation of wave energy observed in the lower stratosphere over Hobart (see

Figure 4.I4).

Tropospheric power spectra have amplitudes that are consistently larger than the theo-

retical saturation limits due to Smith et aL lIgST], as is found elsewhere. It is ìikely that
these are affected by temperature inversions, which are not dynamical phenomena, based on
inspection of observed temperature profiles such as those displayed in Figures 5.1 and 5.2.
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Figure 5.8: As in Figure 5.7, but spectra are presented in area preserving form. Solid lines
indicate stratospheric spectra (16.0 to 23.0 km) while dashed lines indicate tropospheric
spectra (1.0 to 8.0 km).

The seasonal variation of tropospheric spectral amplitudes is not consistent with the seasonal

variation of the lower stratosphere and possibly reflects the occurrence frequency of inver-

sions. Unfortunately, there is little that can be done to remove inversions from the available

data.

The dominant vertical wavelength, 2nf m*, is of the order of 2 or 3 km in both the

troposphere and lower stratosphere which is congruous with results found elsewhere. If
anything, rn* is consistently smaller for the tropospheric spectra than for the stratospheric

spectra. However, rn* is not known to good accuracy since ?(z) for individual profiles must

be estimated by using fitted polynomials. This problem was discussed in chapter 4.

5.3.2 Wind Speed Variance

Figure 5.9 presents mean vertica^l wavenumber spectra of total horizontal wind velocity fluc-

tuations in both conventiona,l logarithmic and area preserving forms. These spectra are the
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Figure 5.9: Vertical wavenumber power spectra and area preserving spectra of total hor-
izontal wind velocity fluctuations observed at Macquarie Island (55"S, 159"E). Solid lines
indicate stratospheric spectra (16.0 to 23.0 km) while dashed lines indicate tropospheric
spectra (1.0 to 8.0 km). Each spectrum is either a2 or 3-month average and the saturation
limits due to Smith et aL lI987] are plotted for comparison purposes (dotted l-ines). The
95% confidence limits are approximately given by 0.85 and 1.15 multiplied by the spectral
amplitude at each wavenumber. Tropospheric power spectra have been displaced downward
by an order of magnitude so as to aid viewing.

sum of zonal and meridional wind component spectra and are plotted against the theoretical

saturation limits proposed by Smith et al. [L987]. As before, each spectrum was calculated

using the Blackman-Tukey algorithm with a 90% lag Bartlett window after the raw d.ata

had flrst been prewhitened by diferencing. Only 10 months of horizontal wind velocity

measurements, between and including April 1993 and January 7994, were considered.

Recall that all raw wind velocity measurements have been subjected to a cubic spline

smoothing algorithma within a running window of either 650-m or 1250-m extent (see sec-

tion 3.2). At Macquarie Island, the 650-m length smoothing window was used on data

obtained before the 24th of January, 1994, while the 1250-m length smoothing wind.ow was

I
'\

't

t

\I \
\

aThis is a data quality control procedure.
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used on data obtained thereafter. In the latter case, the calculated power spectra (which

are not shown) were found to have considerably attenuated ampütudes and it was clear that

a significant portion of gravity wave variance was lost due to severe smoothing. As a con-

sequence, the only wind velocity data to be considered hereinafter will be those that were

smoothed within the 650-m length running window.

The observed fluctuation profiles, after smoothing by a cubic spline within a given running

window, will have attenuated amplitudes at vertical scales that are smaller than approxi-

mately twice the smoothing window length. Consequently, the calculated power spectra

are anticipated to have attenuated spectral amplitudes at high vertical wavenumbers. The

purpose of data smoothing is to remove any contribution due to random measurement er-

ror. From Figure 3.4, this contribution is more important for the component wind velocity

profiles, in comparison to temperature profiles, and so requires greater smoothing.

Consider the form of the horizontal wind velocity fluctuation spectra in the lower strato-

sphere. For vertical wavenumberc mf 2r < 10-3 cpm, the spectral form is generally consistent

with the spectral form of normalized temperature power spectra. The dominant vertical

wavenumber is of the order of m*f 2tr = 4 x 10-a cpm and spectral amplitudes converge

upon the theoretical saturation limits at larger wavenumbers. This region of the spectrum

is thought to represent the true gravity wave spectrum.

At vertical wavenumbers mf2r > 10-3 cpm, however, lower stratospheric spectral am-

plitudes become significantly attenuated in comparison to the theoretical saturation limits.

This attenuation, presumably, is a direct result of the cubic spline smoothing procedure.

Thus all spectral amplitudes at large vertical wavenumbers underestimate their true values.

Howevet, an attenuated noise fl.oor, due to random measurement error, is probably present

in the high-wavenumber region of the spectrum. In particular, notice the sudden change of
spectral slope at mf 2tr x 2 x 10-3 cpm which might define the vertical scale at which ran-

dom noise becomes important. Furthermore, spectral amplitudes for mf2tr > 2x 10-3 cpm

are approximately the same in both the troposphere and lower stratosphere. This is consis-

tent with a noise floor interpretation since random measurement error is expected to remain

independent of aJtitude.

In section 5.2, it was argued that the random measurement error of the meridional

wind component may become larger during conditions of strong zonal wind. This argument
is supported by lower stratospheric spectral amplitudes which are clearly larger at high
vertical wavenumbets (ml2r > 2 x 10-3 cpm) during winter months. Furthermore, much
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of the excess variance appears in the meridional wind component spectrum (not shown) as

expected. However, the increase in variance is of little significance and the spectra are only

afected in the attenuated region. At low vertical wavenumberc (mf 2r < 2 x 10-3 cpm), the

zonal and meridional wind component spectra have similar spectral form during all seasons.

The horizontal wind velocity fluctuation spectra illustrated in Figure 5.9 suggest that the

dominant gravity waves of the lower stratosphere are adequately resolved by the data, pro-

vided that the 650-m length smoothing window is used. This is also true of the troposphere

where spectra have similar form. In contrast, the use of a 1250-m length smoothing window

results in a significant reduction of total variance. Therefore, such severely smoothed data

are inappropriate for use in gravity wave studiess.

Area preserving spectra indicate that horizontal wind velocity variance in the lower

stratosphere is largest during April and May and smallest between September and Jan-

uary. This is similar to the seasonal variation of normalized temperature variance although

the correlation is poorer than might be expected. Note that a strong correlation between

total horizontal wind velocity variance and normalized temperature variance is anticipated

if the shape of the one-dimensional gravity wave frequency spectrum is time independent.

Further details are provided in the following subsection.

5.3.3 Seasonal Variations

Figure 5.10 illustrates monthly-mean gravity wave potential and horizontal kinetic energy

estimates (per unit mass) as a function of time, between April 1993 and January 1gg4, within

the troposphere (1.0 and 8.0 km) and lower stratosphere (16.0-23.0 km) over Macquarie

Island. From chapter 1, these quantities are given by

Ey = iV, r7l (b.s)

Ep s2Ì'',
(5.4)2N2

where Ep and Ey¡ are potential and horizontal kinetic energy (per unit mass), respectively,

and where the variance terms are to be determined from the areas under vertical wavenumber

power spectra. Note that the ratio of horizontal kinetic and potential energy is approximately

equal to p, the slope of the one-dimensional frequency spectrum. This follows from the
polarization equations presented in chapter 2,if it can be assumed that the three-dimensional

5It is possible to consi'der such data provided the significant reduction of total va¡iance is correctly
acknowledged.
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Figure 5.10: Time variations of monthly-mean potential enetgy per unit mass (soüd lines)
and horizontal kinetic energy per unit mass (dashed lines) within both the troposphere (1.0-
8.0 km) and lower stratosphere (16.0-23.0 km) over Macquarie Island. Error bars describe
the standard errors of the means but are not plotted for kinetic energy estimates within the
troposphere since these overlay the error bars of potential energy estimates.

energy spectrum is separable and that the one-dimensional frequency spectrum is given by

B(a) x c¿-p where p is approximately greater than 1.1.

In the lower stratosphere, horizontal kinetic enelgy is consistently larger than potential

energy. This is expected of a red-noise frequency spectrum ofgravity waves (p > 1) since the

total energy of waves with ¿.r near / is unequally partitioned between potentiai and kinetic

energy components [e.g., GiIl, 1982). The estimate of p most often cited in the literature

it p - 5/3' However, due to Doppler shifting of observed frequency spectra there remains

some uncertainty as to the cotrect value of p. The mean ratio of lower stratospheric kinetic

to potential energy from Figure 5.10 is 3.1 while the standard error of the mean ¡atio is
0.2. This suggests that the wave field is strongly dominated by low-frequency inertio-gravity

waves.

In contrast, tropospheric potential energy is approximately equal to horizontal kinetic

energy during all months. This may indicate that the frequency spectrum of gravity waves

is quite different within the troposphere, perhaps due to the presence of trapped, small-

horizontal-scale mountain waves. However, it is almost certain that temperature inversions

will contribute to normalized temperature variance. Therefore, gravity wave potential energy

is probably overestimated in the troposphere, at least to some extent. The mean ratio of
tropospheric kinetic to potential energy from Figure 5.10 is 0.g5 while the standard error of
the mean ratio is 0.03.
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The comparatively large kinetic energy density in the lower stratosphere suggests that

energetic inertio-gravity waves are commonly present. Individual waves might be identified

from wind hodographs in some instances [e.g., Sawyer, 1961]but a superposition of many dif-

ferent waves is expected in general. Horizontal wind fluctuation hodographs over Macquarie

Isiand are investigated in the following section.

5.4 Hodograph Analysis

The conventional defrnition of a hodograph is a curve which joins the tips of a particle

velocity vector at successive instants in time. However. the hodographs considered in this

section describe the tips of horizontal wind vector fluctuations at successive altitudes along

a radiosonde trajectory le.g., Sauyer, 1961]. For ideal, monochromatic inertio-gravity waves,

this form of hodograph is a spiralling ellipse (see Figure 3.g).

In general, observed wind component proflles are polychromatic and so ideal, ellipti-

cal hodographs are not expected in practice. However, on raïe occasions, monochromatic

wind component fluctuations are found to persist for more than two wave cycles and their

hodographs are elliptical figures as expected. Two such examples are illustrated in Fig-

ure 5.11. The first is a hodograph of wind vector fluctuations observed on December 1g,

1993, while the second was observed on January 22r 1994. Both trace out neat ellipses and

were plotted after fitted, third-order polynomials had been removed from the wind velocity

component profiles over an 8-km a.ltitude interval. In addition, the wind velocity component

profiles were low-pass filtered6 with a cutoff vertical scale of 500 m.

The two curves of Figure 5.11 display anticlockwise rotation with increasing altitude.

Assuming each is the hodograph of a monochromatic inertio-gravity wave7, then wave en-

ergy is upward propagating and the intrinsic frequency is defined by (3.30). Furthermore,

the horizontal wavenumber vector is aligned along the semi-major axiss which is defined

by (3.28). The degree of polarization parameters, for the hodographs of December 1g and

January 22, are d, = 0.94 and d = 0.88, respectively.

6The purpose of filtering is to produce smoother wind hodographs that are not afiected by small amplitude
and small vertical scale Sravity waves (or noise). Note that the resultant hodographs still represent a broad
range of vertical scales, between approximately 8 km and 500 m (or 2 octaves), whìch includå the dominant
ve¡tical scale.

7 Eckermann and Hoclcing [tsas] argue that the appearance of a monochromatic signal over one or two
cycles need not imply that the wave field is monochromatic.sNotice that the semi-major axis of the December 19 hodograph does appear to be arbitrary owing to thenear-ci¡cula¡ nature of this curve.
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December 19, 1993
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Figure 5.11: Two examples of wind fluctuation hodographs in the lower stratosphere over
Macquarie Island. The tip of the wind velocity vector at the lowest altitude is indicated
by an asterisk in each case. Dashed lines indicate the preferred sense of alignment of the
polarized component which has been determined by Stokes parameter analysis.

More generally, the observed wind hodographs are polychromatic and do not trace neat

figures over several wave cycles. However, it is often the case that wind velocity fluctuations

appear to have some dominant sense of horizontal alignment. Examples of such hodographs

are illustrated in Figure 5.12 where the dashed lines in each case describe the preferred

sense of alignment as defrned by (3.28). The degree of polarization parameters are d, = 0.84

and' d' = 0.79 for the December 6 and December 30 hodographs, respectively. Notice that

each hodograph displays predominantly anticlockwise wind vector rotation with increasing

altitude.

Other hodographs can be found that appear to have no preferred sense of horizontal

alignment by inspection. Typically these have small degree of polarization parameters which

are of the order of 0.4 or less. A dominant sense of horizontal alignment can be defined in

each case but the wave fields are perhaps best described as being unpolarized and azimuthally

isotropic. Two examples for which d is less than 0.4 are illustrated in Figure 5.18.

It is evident from inspection of wind hodographs that a dominant sense of vector rotation
and a dominant sense of horizontal alignment can be assigned to individual wind hodographs

in many instances. Based on the discussions of chapter 3, this implies that dominant di-

rections of horizontal and vertical phase propagation can be determined. Furthermore, the
degree of polarization parameter provides an objective measure as to when ,,d.ominant,, di-
rections are representative of the gravity wave field. Large values of d imply that the wave
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December 6, 1 993
Sonde Lounched ot Gmt 21:45

16.O-22.O km

Decernber 30, 1993
Sonde Lounched of Gmt 10:10

1 6.0-22.0 km

Figure 5.12: As in Figure 5.11, but for wind hodographs which describe a polychromatic
wave field. The tip of the wind velocity vector at the lowest altitude is indicated by an
asterisk in each case.
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Figure 5'13: As in Figure 5.11, but for wind hodographs which have d < 0.4. The tip of the
wind velocity vector at the lowest altitude is indicated by an asterisk in each case.

field is strongly polarized while small values imply that the wave freld is unpolarized and

azimuthally isotropic.

In addition to the above information, it is possible to estimate dominant intrinsic frequen-

cies using (3.30). Howevet, Eclcermann and Hoclcing [1989] warn against such practice when

the wave field is polychromatic. They argue that the wind hodograph provides info¡mation
about directionality, rather than intrinsic frequency, in this case. Furthermore, Hines [1ggg]
pointed out that a linearly-polarized gravity wave may produce an elliptical hodograph if
there exists a background wind shear in the direction transverse to the horizontal wave os-

cillation' Clearly, any estimate of intrinsic frequency that is obtained using (3.30) must be
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treated with some caution.

In this thesis, no attempt is made to estimate dominant intrinsic frequencies from hori-

zontal wind fluctuation hodographs. Rather, the analysis will concentrate upon the dominant

directions ofhorizontal and vertical phase propagation and these are the subject ofinvestiga-

tion in tlre following section. However, Cho lI995l has developed a technique for extracting

inertio-gravity wave parameters, including the intrinsic frequency, using autospectra and

cross spectra of the component horizontal windse. The proposed technique makes allowance

for the effects of vertical shear as described by Hines [1989]. Thus it may be possible to

obtain reasonable estimates of dominant intrinsic frequency from the data considered here

while at the same time addressing the concerns of Hines [1989] ar.d Eclcermann and Hoclcing

[1989]. Future studies might attempt such analysis.

5.5 Gravity 'Wave Propagation Directions

5.5.1 Vertical Propagation

Figure 5.14 illustrates mean rotary power spectra of horizontal wind velocity fluctuations in

the troposphere (1.0-8.0 km) and lower stratosphere (13.0-20.0 km and 20.0-27.0 km) over

Macquarie Island. Each was calculated using a Fast Fourier Transform (FFT) algorithm

in the manner described in chapter 3. The wind velocity fluctuations were determined by

subtracting fitted second-order polynomials from the zonal and meridional wind velocity

component profiles over the a,ltitude ranges of interest. Individual spectra were averaged

arithmetica,lly and the sum of the clockwise and anticlockwise component variances is equal

to the tota^l horizontal wind velocity variance

In the troposphere, the clockwise rotating and anticlockwise rotating component spectra

are approximately equal during all seasons. If anything, there is slightly more variance in the

clockwise component (approximately 53% of the total variance). This suggests that there

is either no preferred direction of vertical propagation or that the wave fleld is dominated

by linearly-polarized waves. The latter may be possible due to the presence of trapped,

small-horizontal-scale mountain waves.

In the lower stratosphere, the anticlockwise component spectra are consistently larger

than the clockwise component spectra during all seasons. This suggests that gravity wave

eNote that the cross
by Eclcermønn [1996].

spectral method of Cho [1995] is related to the Stokes parameter method as described
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Figure 5'14: Rotary power spectra of horizontal velocity vector fluctuations within the tropo-
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plotted.
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Figure 5.15: The percentage of variance in the anticlockwise rotating component as a function
of aititude and averaged within either 2 or 3-month time intervals. Error bars describe the
standard errors of the means.

energy is predominantly upward propagating. However, the percentage of variance in the

anticlockwise component varies considerably with season and altitude. It is largest during

summer and sma,llest during winter and is always larger between 13.0 and 20.0 km.

To investigate further the seasonal and altitude dependence ofrotary component spectra,

consider Figure 5.15. This diagram displays the percentage of total horizontal wind velocity

variance in the anticlockwise component as a function of altitude. It was constructed by

calculating rotary component varianceslO within a 5-km moving window which was shifted

vertically in steps of 2 km. Thus the resultant profiles are oversampled in altitude by a factor

of 2.5.

The proflles displayed in Figure 5.15 indicate that the percentage of variance in the

anticlockwise component maximizes below 20 km in the lower stratosphere. It is clearly

larger in summer than in winter where the maxima are 79% and,6470, respectively. During

winter, the percentage variance declines to approximately 53% near 25 km compared with

values of between 60% and 70% during other seasons. The mean percentage variance is

always greater than 50% in the lower stratosphere. Note that the proportion of upward

propagating gravity wave energy is probably larger than the percentage of variance in the

anticlockwise component, when this is larger than 50%, since elliptically polarized waves

have both circular-clockwise and circular-anticlockwise rotating components in general.

loThese are the areas under rotary component spectra.
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The strong seasonal variation of percentage variance in the anticlockwise component is

not surprising when compared with similar frndings from rocketsonde observations between

20.0 and 60.0 km at several northern hemisphere sites. Eclcern'¿ann et al.llggSl report that

a deep minimum in the percentage of clockwise rotationsll occurs during winter and that

a smaller subsidiary minimum occurs during summer at midlatitude sites. Maxima, on the

other hand, occtrr during the equinoxes. With the exception of the subsidiary minimum

during summer, these results are consistent with those found between 10.0 and 25.0 km over

Macquarie Island.

In their study, Eclcermann et al. 179951 noted that the seasonal variation of percentage

clockwise rotation was well correlated with the seasonal variation in the magnitude of the

mean zonal wind between 20.0 and 60.0 km. Strong mean winds, which occurred during the

solstices, corresponded to small rotational ratios whereas weak mean winds, which occurred

during the equinoxes, corresponded to large rotational ratios. This observation led Eclcer-

nlann et al. [19951 to propose that the percentage clockwise rotation depends upon the mean

zonal wind as a consequence of the mean wind's inf.uence on intrinsic frequency (see equation

1.16). During conditions when mean zonal winds are strong and increase with altitude, zon-

ally aligned gravity waves have intrinsic frequencies that are shifted to hìgher values. Thus

their axial ratios are reducedl2 as are their percentage clockwise rotationsl3. During light

wind conditions, on the other hand, zonally aligned gravity waves have intrinsic frequencies

that are not significantly altered as the waves propagate vertically. As a consequence, such

waves will have larger degrees of clockwise rotation than their counterparts during strong

wind conditions. According to this picture, changes to the frequency distribution of gravity

waves, rather than to the ratio of upward propagating to downward propagating gravìty wave

energy' are responsible for seasonal changes ofthe percentage clockwise rotation fEckermann
et a|.,1995].

A similar concept may explain the results from Macquarie Island which are illustrated

in Figure 5.15. Consider, first, the percentage anticlockwise rotation during winter which

is the time of strongest zonal winds in the lower stratosphere. As the mean winds increase

from approximately 30 to 50 m s-1 between 13.0 and 25.0 km, the percentage anticlockwise
11In the northern hemisphere, upward propagating inertio-gravity waves exhibit clockwise rotation of wind

velocity vectors with increasing altitude.
12The axial ratio of a monochtomatic gravity wave is the ratio of fluctuation amplitudes along the major

and minor axes of the motion ellipse.
13Note that meridionally aligned waves are not subjected to windshifting efects. However, when averaged

over all azimuths, the ove¡all effect of windshifting is tr reduce the percentage clockwise rotation [Eckermãnnet ø¡., I99s].
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rotation decreases from 64To to 53%. Now if the source spectrum is upward propagating and

troposphericla, then the zonally aligned gravity waves of the spectrum will have intrinsic

frequencies that are shifted to higher values as they propagate vertically through the lower

stratosphere. These waves will have hodograph axia,l ratios that become gradually smaller

with increasing altitude which is consistent with the reduction of percentage anticlockwise

rotation that is iilustrated in Figure 5.15.

During equinox conditions, on the other hand, the mean winds are in transition. There-

fore, the shifting of intrinsic frequencies is not as severe as it is during winter conditions which

explains the larger percentage anticlockwise rotation. However, during summer, the mean

zonal winds peak at approximately 20 m s-1 near 10.0 km and decline thereafter, changing

direction from eastward to westward near 22.0 km. Consequently, many gravity waves will

encounter critical levels in the lower stratosphere and will have intrinsic frequencies that are

shifted to lower values. This is consistent with the large values of percentage anticlockrvise

rotation that are found in Figure 5.15. Note that those gravity waves that survive until the

upper stratosphere will have intrinsic frequencies that are shifted to higher values owing to

the increasingly strong westward winds within this region (see Figure 1.3). Thus the sum-

mertime minimum reported by Eckermann et ø/. [1995] is not necessarily inconsistent with

the summertime maximum reported here.

Given that the mean percentage of variance in the anticlockwise component is always

greater than 50% and that seasonal variations can be ascribed to seasonal changes in the

frequency distribution of waves, then it is reasonable to infer that gravity wave energy is

predominantly upward propagating in the lower stratosphere. This is consistent with the

current understanding of the gravity wave field and of wave sources. Followin g Kitamura and,

Eirota [1939] and. Hamilton [tSSt], the dominant directions of horizontal phase propagation

can norü be investigated. The data are divided into what are loosely termed summer (April
and November to January) and winter (May to October) months which correspond to the

times of smallest and largest mean zonal winds in the lower stratosphere, respectively.

5.5.2 Horizontal Propagation

Firstly, consider the dominant senses of horizontal alignment which are defined by (8.2g)

and are illustrated by the dashed lines in Figures 5.11, 5.12 and 5.18. Dominant horizontal
lalt is usual to assume that

ground-based horizontal phase

fe.g., Lindzen, 1981].

the source spectrum contains upward propagating gravity waves which have
speeds that are comparable to or smaller than the mean tropospheric winds
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alignments determined from individual soundings of the lower stratosphere between 16.0 and

23.0 km are illustrated in Figure 5.16. This figure displays the alignments both individually

and in polar histogram form. In the former case, each alignment is described by a straight line

whose length is proportional to the degree of polarization parameter [after V'incent,1990],

while in the latter case, the axis labels describe the number of profiles with a preferred sense

of alignment within a given 30o interval. Note that polar histograms treat each horizontal

alignment equally, regardless of the degree to which the wave fleld was polarized.

It is evident from Figure 5.16 that the wave fleld is preferentially aligned within the

north-east and south-west quadrants during winter months. This is also true during summer

months although the bias is clearly less severe. The degree of polarization parameter is often

larger than 0.5 and can be large for any alignment during summer. If at aü, there is a relative

scarcity of alignments in the north-west and south-east quadrants (that is, relative to the

total number of alignments in these quadrants) which have large values of d during winter.

As was discussed in section 5.4, the degree of polarization parameter provides a useful

measure of whether any given alignment is "dominant" or representative of the wave field.

Large values of d suggest a strongly-polarized directional wave field whereas small values

suggest that the wave fleld is unpolarized and azimuthally isotropic. It is therefore important

to investigate the degree to which the wave field is polarized during summer and winter

months. Note that when individual alignments are overlaid such that their lengths are

proportionalto d, the eye tends to focus on those alignments with large d. When viewed in

this manner, the angular distribution of horizontal alignments found during winter appears

to be significantly biased when compared with the angular distribution found during summer.

Figure 5.17 illustrates histograms of the degree of polarization parameter,, d, determined

from individual soundings of the lower stratosphere during summer and winter months. The

mean values are given by dashed lines in each case. These ane d = 0.67 and d = 0.54 for

summer and winter, respectively. Approximately 5% of soundings during summer and, 20%

during winter have degree of poiarization parameters that are less than 0.4. When these are

removed from Figure 5.16, the observed biases of the angular distributions remain unafected

(not shown)' Thus when the wave field is polarized and directional, the dominant horizontal

alignment is most likely to exist within the north-east and south-west quad.rants, especially

during winter. However, the wave field is more likely to be polarized during summer.

The horizontal alignments illustrated in Figure 5.16 are now assigned dominant directions
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Figure 5.16: The angular distributions of dominant horizontal alignments in the lower strato-
sphere over Macquarie Island. Data from winter and summer months are considered sepa-
rately. The two plots of the top row illustrate dominant horizontal alignments inferred from
individual soundings where the length of each line is normalized according to the degree
of polarization. The two plots of the bottom row illustrate the same distributions in polar
histogram form.
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Figure 5.17: The distributions of d from the lower stratosphere (16.0-23.0 km) during winter
and summer over Macquarie Island. Dashed lines indicate the mean values in each case.

of horizontal phase propagationls. This was achieved by using temperature measurements in

the manner described in chapter 3. Firstly, the positive zf¡ axis was deflned arbitrarily such

that -rf2 <6 < nf2whercþis themean horizontalalignment determined from (3.28). Fol-

lowing this, the parallel component wind fluctuation profile, uf¡, was determined from (1.14).

Fina,Ily, the cov¿r,riance of zf¡ and {no *ur calculated over the altitude range of interest

where Zlno it the negative Hilbert transform of T'. The sign of this covariance determines

whether the dominant direction of horizontal phase propagation is parallel to or antiparallel

to the positive zf' axis, given that the dominant vertical wavenumber is always negative from

rotary spectrum analysis.

The above technique for estimating dominant directions of horizontal phase propagation

was developed by Hamilton [1991]. However, Hamilton [1991] considered the covariance

of zf, and ff rather than that of zf, and {no. The Hilbert transform technique, after

Eckermann et al. [1.9961, is advantageous since it shifts the phase of aII spectral components

by 90" without changing their ampütudes. The frrst derivative shifts the phase of all spectral

components by 90o but also accentuates the amplitudes of those components with high spatial

frequency' This is a consequence of the Fourier transform derivative theorem le.g., Bracewell,

1986, p. 1171.

The angular distributions of dominant directions of horizontal phase propagation in the

lower stratosphere (16.0-23.0 km) over Macquarie Island are illustrated in Figure 5.1g. This

figure is the same as Figure 5.16 except that each horizontal alignment is now reduced to a
lsThese are directions toward a given azimuth.
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Figure 5.18: As in Figure 5.16, but for dominant directions of horizontal phase propagation.
See text for further details.

single propagation direction. As before, the dominant directions are plotted both individually

and in polar histogram form. In the former case, the directions are depicted by straight lines

whose lengths are scaled according to d, while in the latter case, the axis labels describe the

number of profiles with dominant directions within a given B0o interval.

During winter, the dominant propagation directions determined from individual sound-

ings of the lower stratosphere are most commonly found in the south-west quadrant. This is

clearly revealed when the angular distribution is plotted in polar histogram form. A similar

south-westward bias is found during summer although, in this case, the bias is less severe.

Note that the summertime angular distribution does not include data from either February
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Figure 5.19: The correlation coefficients of zf¡ and {e6 determined from radiosonde obser-
vations of the lower stratosphere (16.0-23.0 km) over Macquarie Island. Winter and summer
data are considered separately and the dashed lines indicate the mean values in each case.

or March since only 10 months of wind velocity data were available for investigation. There-

fore, this distribution may not adequately represent the mean summertime distribution of

dominant horizontal phase propagation directions.

Analogous results from the northern hemisphere were reported by Ki,tamura and Hirota

[1989] who analyzed radiosonde data from 18 stations in and around Japan. Their study

concluded that the dominant wavenumber vector is directed toward the north-west and

downward. Furthermore, they suggested that there may be a relation between gravity wave

characteristics and the subtropical jet at the tropopause level. The radiosond.e stations

utilized by Kitamura and Hirota [1989] ranged in latitude between approximately 2boN and

450N.

Following Hamilton [1991], the individual propagation directions illustrated in Figure 5.18

are interpreted to be the dominant directions of the wave field. Inspection of wind hodographs

and the determination of d suggest that this is a reasonable interpretation in many cases.

Howevet, additional evidence is provided by the correlation coefficient of uf, and {no. Th"r"
fluctuations are expected to be partially correlated in the case of a directional wave field.

Figure 5'19 illustrates the correlation coefficients of zf, and fro dut"r*ined from indi-
vidual soundings of the lower stratosphere (16.0-23.0 km) in histogram form. As before, the

data are divided into summer and winter months which correspond to the times of smallest

and largest mean winds in the lower stratosphere, respectively. Note that the positive zf¡

a-xis was chosen such that the correlation coefficient of zf¡ and (no was always positive. The
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mean va,lues are 0.26 during summer and 0.30 during winter. Both are larger than 0.2 which,

if determined from a random sample of 141 observations, is significant to within approxi-

mately 95% confidence [see Beuington, 1969, p. 310]. However, 44% of soundings during

summer and 37% of soundings during winter had correlation coefficients that were smaller

than 0.2. Nevertheless, Figure 5.19 suggests that the wave field is directiona.l in many cases,

as has already been noted.

5.6 Summary and Conclusions

The results presented in this chapter describe the characteristics of gravity wave motions in

the troposphere and lower stratosphere over Macquarie Island. These were delineated from

radiosonde measurements of temperature and horizontal wind velocity which were obtained

over 24-month and 10-month observation periods, respectively. The main findings are listed

below.

1. Vertical wavenumber power spectra of normalized temperature fluctuations within the

lower stratosphere are approximately consistent, at high vertical wavenumbers, with

the theoretical saturation limits of. Smith et al. [1987]. However, these spectra are

signiflcantly attenuated in comparison to those found at low-latitude sites, especially

within the low-wavenumber region of the spectrum.

2. Spectral amplitudes determined from normalized temperature fluctuations in the tro-

posphere are significantly larger, at high vertical wavenumbers, than the theoretical

saturation limits of Smith et al. 11987]. This is consistent with tropospheric spectra

found elsewhere. These spectra are possibly contaminated by inversions.

3. Vertical wavenumber power spectra of total horizontal wind velocity fluctuations have

amplitudes that are consistent with the theoretical saturation limits within the lower

stratosphere and amplitudes that are larger than the theoretical saturation limits

within the troposphere. However, the spectral amplitudes at high vertical wavenum-

bers are uncertain owing to random measurement error and to the smoothing of raw

data.

4. In the troposphere, potential energy and horizontal kinetic energy are approximately

equal, while in the lower stratosphere, horizontal kinetic energy is consistently larger

than potential energy.
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5. Normalized temperature variance in the lower stratosphere displays an annua,l oscilla-

tion with the maximum occurring during winter. Seasonal variations of horizontal wind

velocity variance are less clear, on the other hand, since these data are only available

over a lO-month observation period.'

6. Rotary power spectra in the lower stratosphere indicate that the majority of variance

appears in the anticiockwise rotating component while seasonal variations of the per-

centage anticlockwise rotation are consistent with predicted seasonal changes in the

frequency distribution of gravity waves due to background wind variations [after Ecfr-

ernlo,nn et a\.,1995].

7. Rotary power spectra in the troposphere indicate that wave variance is equally parti-

tioned into clockwise and anticlockwise rotating components.

8. The dominant directions of horizontal phase propagation determined from individual

soundings of the lower stratosphere are biased toward the south-west during both

summer and winter, but especially so during winter.

Wave generation by eastward air flow over Macquarie Island is one potentially important

soutce mechanism. Howevet, as has already been noted (see Figure 5.6), gravity waves that

are generated in this manner are likely to be trapped in the troposphere owing to their

small horizontal scale and to the strong zonal winds near the tropopause. Indeed, Mitchell

eú a/. [1990] report that lee-wave clouds are commonly found in satellite images of cloud

structures over Macquarie Island and can extend up to hundreds of kilometres to the east

during favourable conditions. Therefore, trapped mountain waves may make a significant

contribution to the horizonta,l wind and temperature variancel6 of the troposphere.

The ratio of horizontal kinetic to potential energy is significantly different in the tropo-

sphere, compared with the lower stratosphere, which suggests that the frequency distribution

of waves is very diferent. One possible explanation is the common occurrence of trapped

mountain \ryaves which have small horizontal scaJes and large intrinsic frequencies. If these

waves are energetic enough, in a climatological sense, then they may account for the relative

strength of normalized temperature variance in the troposphere, as illustrated in Figure 5.10.

16Note that radiosondes drift downstream with the mean winds and so can observe mountain waves inprinciple. However, if the horizontal scales of such waves are small, then the observed vertical wavenumber
may be inaccurate due to the sonde,s horizontal drift (see equation 3.2)
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Alternatively, potential energy estimates may be signiflcantly overestimated due to the pres-

ence of temperature inversions between 1.0 and 8.0 km.

In the lower stratosphere, on the other hand, the ratio of horizontal kinetic to potential

energy is large. This, together with the inspection of wind hodographs, suggests that the

wave fleld is dominated by low-frequency inertio-gravity waves. One plausible source of such

wave activity is geostrophic adjustment le.g., Fritts and Luo, 1992]. However, no concrete

evidence is provided in support of this hypothesis.

The most energetic waves detected in the lower stratosphere are typically found to propa-

gate toward the south-west during all seasons. Since the mean zonal winds are considerably

different during summer and winter, this suggests that south-westward propagation is a

signature of some dominant wave source rather than of wave filtering by the mean flow.

Note that when horizontal propagation directions are determined (not shown) over a 14 km

altitude range in the lower stratospherelT, the observed south-westward biases of both sum-

mertime and wintertime angular distributions remain the same. Therefore, the narrow band

biasing effect described by Eclcermann et al.ll995l does not appear to affect the wintertime

angular distribution of dominant propagation directions. However, it is possible that some

gravity wave variance is not detected within the 7-km altitude intervals considered here since

south-westward propagating waves can have large vertical wavelengths during conditions of

strong eastward winds (see Figure 5.5).

The results presented in this chapter demonstrate that a qualitative picture of the

climatological-mean wave field anisotropy can be obtained in the lower stratosphere by using

Stokes parameter analysis. These results are thought to be representative of the wave field

over the open ocean at 55oS since any mountain waves generated by Macquarie Island are

likely to be trapped within the troposphere. The south-westward bias of dominant horizon-

tal propagation directions is analogous to similar results reported by Ki,tamura and, Hirota

[1989] and Hamilton [1991]. These authors found a northward or north-westward. bias of dom-

inant horizontal propagation directions in the stratosphere at comparable latitudes of the

northern hemisphere. However, Hamilton [1991] notes considerably different propagation

characteristics at near-equatorial locations. The foliowing chapter investigates the propa-

gation characteristics of gravity waves in the lower stratosphere over one near-equatorial

radiosonde station in the southern hemisphere.

77

less
In this case there are fewer profiles available for analysis and so the resultant angular distributions are
reliable.



Chapter 6

Cocos fslands: A Case Study

6.1 Introduction

The purpose of this chapter is to study gravity wave characteristics over the Cocos Islands

(12oS, 97"8) using radiosonde observations of temperature and horizontal wind velocity. The

Cocos (Keeling) Islands are located in the Indian Ocean, approximately 1000 km south-west

of Indonesia, and consist of low-lying coral atollsl with a total area of 14 square kilometres

and with a maximum height of approximately 6 m. This site is particularly interesting since

there are no land masses close to the islands and topographic forcing due to the islands

themselves is expected to be minimal based on linear wave theory. Other gravity wave

sources, particularly convection, are likely to be prominent here.

The basic state circulation structutes over equatorial stations such as the Cocos Islands

are distinct from those at middle and high latitudes. In the tropical middle atmosphere, the

zonal-mean zonal winds display a quasi-biennial oscillation (QBO) in the lower stratosphere,

which is symmetric about the equator, and two distinct semi-annual oscillations (SAOs)

which are centred on the stratopause (the SSAO) and the mesopause (the MSAO) and are

180o out of phase le.g., Wallace, 7973; Hirota, 1980; Andrews et al., 1g8Z]. Superimposed

upon these structures are two types of planetary-scale wave motions which can propagate

zonally and vertically through the stratosphere IWallace, i973]. These are the equatorially-

trapped Kelvin and mixed Rossby-gravity wave modes which were first identifled in the

atmosphere by Wallace and Kouslcly [1968] and Yanai and, Maruyama [1g66], respectively.

Also present are shorter period gravity waves le.g., Cadet and Teitelbaum,IgTg] and these

are the subject of investigation in this chapter. Other classes of wave motion, such as tidal
lThe source of this information is lhe Cocos (Iieeling) Islan¿ls Annual Report 19g6-g7.

147
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waves, may also be present.

The QBO of the tropical lower stratosphere is understood to be driven by momentum

transfer due to Kelvin and mixed Rossby-gravity waves lLindzen and, Holton, 1968; Holton

and Lindzen,l972i Plumb,1977i Plumb and McÐwan,1978]. Kelvin waves, which are east-

ward propagating waves, and mixed Rossby-gravity waves, which are westward propagating

waves, are believed to force the eastward and westward phases of the QBO respectively. Sim-

ilarly, eastward and westward propagating gravity waves are thought to drive the MSAO2,

while high-phase-speed Kelvin waves and small-period gravity waves are thought to drive

the eastward phase of the SSAO le.g., Hitchman and Leouy, 1988]. Reviews by Wallace

[1973], Hi,rota [1980] and. Andrews et al. [1937] provide further details regarding equatoriai

circulation structures and their proposed driving mechanisms.

It is clear that gravity waves are of importance in the tropical middle atmosphere and

the determination of gravity wave characteristics is therefore of considerable interest. Ex-

perimental studies by Fritts et aL [L992]and Hi,tchman et aL l1992l have already provided

some useful information. These authors utilized the MST radar facility at Jicamarca (12oS,

77'W), Peru, to measure gravity wave momentum fluxes during two campaign periods of

approximately 10 days duration each. Other radar studies at Arecibo (18oN, 62"\ /) have de-

lineated inertio-gravity wave characteristics near the equatorial tropopa:use3 fMaekawa et al.,

1984; Cornish and Larsen,L989; Cho,,1995]while the ALOHA-9O and ALOHA-93 campaigns

have explored the nature of gravity wave activity over equatorial regions of the mid-Pacific

ocean lGard,ner, 7991; Gardner,, Igg5l. Airborne observations and theoretical analyses by

Pfister et al. lL993a,b] have also provided important information, as have analyses of me-

teorological rocketsonde data by, among others, Hirota [1984] and Eclcermann et a/. [1gg5].

The airborne observations provide evidence for the notion that penetrative convection is a

prominent source of gravity v,rave momentum fl.ux at equatorial latitudes.

Radiosonde studies of gravity waves in the tropics are comparatively few although early

work by Madd,en and, Zipser [1970] and Cadet and Teitelbaum lI979l provide evidence of
small-period gravity waves at equatorial latitudes. More recently Tsuda et at. l¡gg¡a,bl
have presented extensive analyses of high-vertica"l-resolution horizontal wind and tempera-

ture measurements obtained by radiosonde over Watukosek (8"S, 1lgoE), Indonesia. These
2The proposed mechanism involves the selective transmission of gravity waves by the westward and east-

ward phases of the SSAO fDunkerton, 1982]. Selective transmission accounts for the phase difierence between
the SSAO and the MSAO.

3The interpretation of observations by Moelcauo et al. [tsa+] and Cornish and Lørsen [1gg9] has been
disputed by Hines [1989, 1995].
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provide detailed information about both equatorially-trapped and freely-propagating gravity

waves at equatorial locations. The radiosonde data studied by Tsuda et al. 17994a,b] were

from an experimental campaign between February 27 arrd March 22,7990.

The aim of this chapter is to extend the analyses of Tsud,a et al. 17994b] to radiosonde

data obtained over a 16-month period. Thus the emphasis is on climatological statistics

which cannot be determined from an experimental campaign. However, the data studied

here have poorer temporal resolution and poorer height ranges of measurement than those

of Tsuda et al. [7994a,b] which is a disadvantage. Nevertheless they are of sufrcient quality

and vertical resolution that important gravity wave characteristics can be determined. More

details about the data studied and about the background atmosphere during the observation

period are discussed in the following section.

6.2 Radiosonde Data and the Background Atmosphere

The radiosonde data set considered in this chapter contains approximately 16 months of op-

erational radiosonde soundings from the Cocos Islands (12'S, 97"Ð) between September 1gg2

and December 1993. These data were supplied by the Australian Bureau of Meteorology.

The location of the Cocos Islands in relation to Australia and other Australian radiosonde

stations is illustrated in Figure 3.1.

Wind and temperature measurements were obtained in the manner described in chapter 3

and the smoothing window length (see section 3.2) for horizontal winds measured between

September 1992 and December 1993 was 130 s. Thus the effective vertical resolution of the

horizontal winds considered here is approximately 650 m even though these measurements

were teported at 10-s interva,ls. In contrast, temperature measurements have a vertical

resolution of approximately 50 m. Radiosondes were usually launched either once or twice

daily and reached typical heights of 25 km.

On the other hand, Tsuda et al. 17994a,b] considered radiosonde data obtained oveï a

25-day period (February 27 to March 22, 1990) from Watukosek (8oS, 113"E), Indonesiaa.

Their sondes were released at approximately 6-hour intervaJs and reached typical heights,

during the daytime at least, of 30 km or moïe. These provided temperature and horizontal

wind velocity measurements of comparable cluality to those from the Cocos Islands since

the radiosondes used in both cases were the same (RS80-15N). Yet Tsud,a et at. [Igg4a,b]
4Additional details regarding the experimenl oL Tsuda et al. [1994a,b] are provided by TsurÌø et at. llg92lincluding a review of background conditions during the campaign.
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report wind velocity measurements with a height resolution of 150 m which is considerably

better than the effective resolution of wind velocity measurements from the Cocos Islands.

Howevet, the Digicora radiosonde system has various adjustabie parameters that can affect

the height resolution of wind measurements. It seems likely that Tsuda et al.l7994a,b] chose

parameters that were different from those used by the Australian Bureau of Meteorology.

Figure 6.1 and 6.2 iliustrate examples of temperature, zonal wind velocity and meridional

wind velocity profiles observed during October 1992 and April 1993 over the Cocos Islands.

Individual profiles have been displaced horizontally in each plot. The data quality and

the number of sondes launched during each month tended to vary, with the months of

October 1992 and April 1993 providing some of the better examples. Missing winds at

certain heights are attributed to poor reception of VLF radio transmissions.

Figure 6.3 illustrates the mean wind and temperature profiles for October 1gg2 and

April 1993. These were obtained by averaging data from those radiosondes which made

continuous measurements of wind velocity and temperature up to at least 25 km. Mean

winds and temperatures during the full observation period are illustrated in Figure 6.4.

This frgure depicts time-height contours of monthly-mean temperatures, zonal winds and

meridional winds where the contours were calculated from monthly-mean profiles such as

those illustrated in Figure 6.3. Raw data were averaged into 500 m by 1 month bins and

then interpolated so that smooth contour patterns were produceds.

The basic state temperatures over the Cocos Islands exhibit little temporal variability

and the typical tropopause height is near 16 or 17 km. Similarly, the basic state meridionaJ

winds show little temporal variability and are generally weak. The largest values occur im-

mediately below the tropopause and are of the order of 6 m s-1 in the poleward direction.

Also, an equatorward flow exists in the lowest 1 km of the atmosphere and is of the order of

4 m s-1. In contrast, the basic state zonal winds in the lower stratosphere (18.0 to 25.0 km)

exhibit considerable temporal variability. These are westward between September 1gg2 and

March 1993, marginally eastward between Aprit 1993 and July 19g3, and westward. again

between August 1993 and December 1993. The largest observed westward winds are approx-

imately 20 m s-1. Tropospheric zonal winds are typically weak although may be as large

10 m s-l in the upper troposphere.

The zonal circulation structures found over the Cocos Islands are likely to be dominated

sDuring some months, most notably during June 1993, onÌy a few soundings reached 25 km. The accuracy
of monthly-mean winds and temperatu¡es in the lower stratosphere during t[ese months may be poor.
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Figure 6.1: Examples of temperature profiles, zonal wind velocity proflles and meridional
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are displaced by 20 m s-1 per 12-hour delay between soundings. Shaded areas indicate the
height intervals used for spectral analysis.
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Figure 6.2: As in Figure 6.1, but for temperature profiles, zonal wind velocity profiles
and meridional wind velocity proflles observed over the Cocos Islands (12"S, gZ"E) during
April 1993.
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Figure 6.3: Mean vertical profiles of temperature, Väisälä-Brunt frequency squared and hori-
zontal wind velocity components during October 1992 and April 1993 over the Cocos Islands.
The plots are organized in rows such that, from left to right, the first plot iliustrates the
mean temperature profile, the second illustrates the mean VäisäIä-Brunt frequency squared
profile and the third illustrates the mean wind velocity component profiles. In the latter
case both zonal (solid lines) and meridiona.l (dashed lines) winds are plotted.

by the equatorial QBO in the lower stratosphere and monsoon circulation patterns in the

troposphere [e.g., Wallace,1973]. The precise characteristics of the stratospheric winds are

difrcult to determine, howevet, since the observation period does not extend over one full
cycle of the QBO. Therefore, the amplitude of the QBO and the time-mean zonal wind are

not known from the available data. These are of only marginal interest in the present study.

Naujokat et al' 119941 report that monthly-mean zonal winds at22 km over Singapore

(loN, 104oE) were eastward between October 1992 and November 1gg3. Since the eBO
is both zonally symmetric and symmetric about the equator with a latitude independent

phase in the southern hemisphere [e.g., Wallace, Lg73; Dunkerton and, Delisi,, 1gg5], the
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Figure 6.4: Time-height contours of monthly-mean temperature, zonal wind velocity and
meridional wind velocity between September 1992 and December 1993 over the Cocos Islands.
Positive zonal and meridional winds are eastward and northward, respectively.
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QBO winds should also be eastward during approximately the same observation period at

12o56. It seems likely, therefore, that a weak time-mean westward wind exists in the lower

stratosphere over the Cocos Islands. Also, the midlatitude annual oscillation may be present

to some extent le.g., Wallace,ISTS).

Figure 6.4 describes the basic state wind and temperature structures but gives no in-

formation about the seasonal variability of convective activity in the troposphere. Since

convection is thought to generate gravity waves, especially in the tropics, some information

about convective activity is clearly warranted. In particular, mesoscale convective systems

are probably the most important source of small-scale gravity waves over the Cocos Islands.

These may force waves by inducing lìfting in the stratosphere on horizontal scales compa-

rable to those of the mesoscale system itself [P.¡1súer et a\.,1993a]. Houze and Betts [1981]

report that 90% of rain observed during GATET was contributed by mesoscale convective

systems in which deep convective cells penetrated to the tropopause. Furthermore, Houze

and' Betts [1981] state that, on large horizontal and temporal scales, precipitation and ver-

tical motion are closely coupled. Therefore, mean rainfali flgures from the Cocos Islands

should be indicative, at least qualitatively, of the seasonal variability of mesoscale convective

activity over this site.

Figure 6.5 presents mean rainfall figures from both Darwin and the Cocos Islands. These

were provided by the Australian Bureau of Meteorology. Mean rainfall figures from Darwin

have been presented since these are notably diflerent from those of the Cocos Islands. As was

discussed by May et ø/. [1995], Darwin experiences a dry season between April and September

and a \¡/et season characterized by heavy rainfall between mid-December and either February

or Marchs. In contrast, the Cocos Islands experience moderate rainfall between December

and July, and have a very short dry season (if at all) during September and October. Such

climatic differences may cause differences in the variance characteristics of gravity waves and

these characteristics, over the Cocos Islands, are discussed in the foliowing section.

6.3 Variance Characteristics

The characteristics of normalized temperature variance were described in detail in chapter 4^

There it was estabfished that gravity rÀ/ave variances are largest at low latitudes, at least
6The qBO amplitude, al,22km,is approximately twice aslarge at theequator than at 12oS (see Figure 6of Wølloce [197J]).Tclobul Atmospheric Research Program's Atlantic Tropica-l Experiment.sThe two intervening periods are called transition ..u.åo, [Møy et ø1., l99b]
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Figure 6.5: Mean rainfall at the Cocos Islands (12"S, 97"8) and Darwin (12oS, 1J1"8) during
88 and 50 years of record, respectively. Rainfall figures were provided by the Australian
Bureau of Meteorology.

within the Australian sector of the southern hemisphere. However, no data from the Cocos

Islands were considered. This section presents analyses of both normalized temperature and

horizontal wind velocity variances which were observed by radiosonde over the Cocos Islands.

6.3.1 Ternperature Variance

Figure 6.6 illustrates 3-month-mean vertical wavenumber power spectra and area preserving

spectra of normalized temperature fluctuations. These were calculated in the troposphere

(7.0-14.0 km) and lower stratosphere (18.0-25.0 km) by applying the same techniques as

those used in previous chapterse. However, tropospheric power spectra were calculated

between 7.0 and 14.0 km which is signiflcantly diferent from the altitude ranges used in

chapter 4. In that chapter it was suspected that temperature inversions may have biased

variance estimates in the troposphere during some months. The altitude range used in this

chapter was chosen so as to avoid temperature inversions which, by inspection of temperature

profiles such as those iliustrated in Figures 6.1 and 6.2, occur only rarely between 7.0 and

14.0 km. The mean Väisdlä-Brunt frequency squared is at its smallest within this altitude

range (see, for example, Figure 6.3) and is not strictiy constant.

Stratospheric spectra of normalized temperature fluctuations from the Cocos Islands are

similar to those found at Darwin and Gove which are also located at 12oS. Typical amplitudes
eMean spectra were obtained by averaging normalized individuat spectra as was described earlier. However,

individual spectra wele averaged in this manner over 3-month periods rather than l-month periods as wasthe case in chapter 4. Recatl that, in chapter 4, 3-month average spectra were in fact weighìed arithmetic
means of l-month average spectra.



\
t

6.3. VARIANCE CHARACTERIS"ICS

Sep,Oct,Nov
1992 93

Feb lr/or,Apr,Moy Jun,Jul,Auq Sep,Oct,Nov
1993 1993 - 1993

757

Dec,Jo n
1992-o

-,
o-
c)

l

¡oo;u>
CO
h\
ÈÊ
Ðo
.!
o
E
oz

1O- 1

_a10 '
_?10 "
_A

'1 0

1 O-'
1 o-6

_l
10

_a10'

1 o-3

10- 4

I 0-'
1 O-6

10 10 1O-4 1 O-3 1O-4 1 O-3 1 O

Wovenumber Wcvenumber
(cycles/m) (cycles/m)

Dec,Jon,Feb Mor,Apr,Moy
1 992-93 1 993

10 10 1 o-J
Wovenumber
(cycles/m)

Sep,Oct, Nov
1992

Wovenumber
(cycles/m)

Jun,Jul,Auq
1 993

Wovenumber
(cycles/m)

Sep, Oct, Nov
1 993

3.0

2.O

1.0

0.0
10 10 '1 0 10

Wovenumber Wovenumber Wovenumber Wovenumber Wovenumber(cycles/m) (cyctes/m) (cycteslm) (ðycreè/m) (ðyòie"7.)

Figure 6.6: Vertical wavenumber power spectra and area pïeserving spectra of normalized
temperature fluctuations observed at the Cocos Islands (12"S,97"8). Solid lines indicate
stratospheric spectra (18.0 to 25.0 km) while dashed lines indicate tropospheric spectra (2.0
to 14.0 km). Each spectrum is a 3-month average and the saturation limits due to Smith
et al. 11987] are plotted for comparison purposes (dotted lines). The 95% confidence limits
are approximately given by 0.85 and 1.15 multiplied by the spectral amplitude at each
wavenumber. Tropospheric area preserving spectra have been multiplied by a factor of 5 so
that they can appear on the same scale as stratospheric area preserving spectra.

within the high-wavenumber region of the spectra are consistent with, although slightly larger

than, the theoretical satu¡ation limits proposed by Smith et al. [1987]. These spectra display

a noticeable seasonal variation with the largest amplitudes appearing during the 3-month

period of March, April and May. In contïast, spectral amplitudes at Darwin and Gove are

largest during December, January and February (see, for example, Figure 4.r2).

Climatic differences in the occurïence of deep convective cells, which are anticipated to
be an important source of gravity waves, probably account for the above discrepancy. As was

discussed in the previous section, mean precipitation figures (see Figure 6.5) are suggestive of
the occurrence frequency of mesoscale convective activity in the tropics. Mean precipitation

is greatest between March and July at the Cocos Islands and between December and March
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at Darwin. These periods correspond to the periods of greatest wave variance at both sites.

Tropospheric spectra of normalized temperature fl.uctuations from the Cocos Islands,

which were calculated between 7.0 and 14.0 km, are similar to those from Darwin and Gove,

which were calculated between 2.0 and g.0 km. However, a direct comparison of spectrai

amplitudes and variance is diffcult in this case since the height-mean Väisälä-Brunt fre-

quency squared is almost a factor of two smaller between 7.0 and 14.0 km compared with

its height-mean va,lue between 2.0 and 9.0 km. Nevertheless, relative to the theoretical sat-

uration limits of. Smith et aI. 1L987], the observed spectra are approximately consistent with

those from Darwin and Gove. The most notable difference is the high-wavenumber spectral

slope, ú, of the observed spectra. Spectral slopes are shallower in the upper troposphere over

the Cocos Islands than in the lower troposphere over both Darwin and Gove. Also, there is

less evidence of seasonal variations for spectra calculated between 7.0 and 14.0 km over the

Cocos Islands.

To illustrate further the point regarding shallow spectral slopes, consider Figure 6.2. This

diagram compares tropospheric spectra which were calculated between 2.0 and g.0 km and

between 7.0 and 14.0 km over the Cocos Islands. However, instead of a direct comparison of
power spectta, each spectrum has been divided by the theoretical saturation ümits proposed

by Smith et aI. ÍL987]. The purpose of this technique, following Tsuda et al. llggg,lggl], is to
remove the anticipated I{a dependence of spectral amplitudes at high vertical wavenumbers.

The diagram indicates that, for vertical wavenumberc mf2r > 2x 10-3 cpm, the spectral

amplitudes calculated between 7.0 and 14.0 km are relatively larger than those calculated

between 2.0 and 9.0 km during all seasons. A similar enhancement was found in the uppel

troposphere at Gove (see Figure 4.19).

Instrumental noise is one possibie explanation for the variance enhancements described

by Figures 6.8 and 4.19. The observed power spectra must include any variance that is
caused by random measurement error although, from Figure 3.3, the geophysical signal

is expected to dominate. Yet a gravity wave spectrum is height dependent, through its
tr{ dependence, whereas the simplest model for instrumental noise is a white noise type
spectrum that is height independent. Consequently, a model noise spectrum will become

most important, in relative tetms, when gravity wave amplitudes are small. This occurs in
regions of small Väisälä-Brunt frequency squared and most notably in the tropical upper
troposphere (see, for example, Figure 4.1). Therefore, the enhanced spectral amplitudes
depicted in Figure 6.8 and the enhanced, normalized variance depicted in Figure 4.1g (for
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Figure 6.7: Vertical wavenumber polver spectra of normalized temperature fluctuations
within the lower troposphere (2.0 to 9.0 km) and upper troposphere (7.0 to 14.0 km) over
the Cocos Islands. Each spectrum is a 3-month avetage and has been divided by the model
saturation limits proposed by Smith et al.llg87] (dotted lines).

data obtained at Gove) -uy be the result of contamination due to instrumental noise. Noise

contamination can be important in the tropical upper troposphere, and not elsewhere, since

gravity wave amplitudes are smallest there. Note that both spectral amplitudes and variance

are most affected at high vertical wavenumbers.

The characteristic vertical wavelength of temperature fluctuations observed in both the

troposphere and lower stratosphere over the Cocos Islands is approximately J km and is

consistent with observations at Gove. However, as was discussed in chapter 4, it is not clear

that m* is truiy resolved since a reliable determination of T(z) is diffcult using the data that
were studied here. This point is important since recent modelling studies by Alerand,er et

ø/' [1995] suggest that the dominant vertical scale of gravity waves generated by mesoscale
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convectionlo is between approximately 6 and 10 km. A further attempt is made to estimate

2r f m* in section 6.4.

6.3.2 'Wind Speed Variance

Figure 6.8 illustrates 3-month-mean vertical wavenumber power spectra of total horizontal

wind velocity fluctuations. These were calculated in the troposphere (7.0-14.0 km) and

lower stratosphere (18.0-25.0 km) by using the same techniques as before. However, in this

case there was no need to normalize wind velocity fluctuations before calculation of power

spectral density. Each illustrated spectrum is the sum of zonal and meridional wind velocity

component spectra and, as before, the theoretical saturation limits of Smith et al. llg87l are

plotted for comparison purposes.

The wind velocity power spectra presented in Figure 6.8 suffer from the same errors

as those presented in chapter 5 since the same sounding systems were used at both sites.

Spectral amplitudes at vertical wavenumbers that are larger than approximately 10-3 cpm

are probably attenuated and unreliable as a result of the cubic spline smoothing procedures

that were discussed in section 3.2. Also, a noise floor is likely to be present (see Figure 3.4)

although this too will be attenuated. Nevertheless, fot mf2n < 10-3 cpm, stratospheric

spectral amplitudes do approach the theoretical saturation limits proposed by Smith et al.

[1987] as expected. Similarly, tropospheric wind spectra have amplitudes that are larger than

those of the theoretical saturation limits as was also found to be the case with tropospheric

temperature spectra.

Area preserving spectra indicate that most of the observed variance occurs at vertical

wavenumbers that are less than 10-3 cpm and that the dominant gravity waves are not

affected by cubic spline smoothing procedures. Notice that spectral amplitudes in the tropo-

sphere and lower stratosphere are approximately the same for mf2tr > 1.1 x 10-3 cpm. This
is only evident in the area preserving plots since tropospheric power spectra are dispiaced by

a factor of 10. A height-independent noise floor might expiain such a result. However, the

spectral characteristics of instrumental noise are not known from the available information
concerning Digicora wind sounding systems.

Seasonal variations of horizontal wind velocity power spectra and normalized temperature
power spectra are approximately consistent. This is expected of gravity wave fluctuations,

loNote, however, that their estimate of the dominant ve¡tical scale was obtained from a power spectrum,rather than a,n area preservrng
were quoted (see Figure 3.2)

spectrum. Thus 2rf m* should be slightly less than the range of values that
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Figure 6.8: Vertical wavenumber power spectra and area preserving spectra of total horizon-
tal wind velocity fluctuations observed at the Cocos Islands (12"S, 97"8). Solid lines indicate
stratospheric spectra (18.0 to 25.0 km) while dashed lines indicate tropospheric spectra (2.0
to 14.0 km). Each spectrum is a 3-month average and the saturation limits due to Smith et
ø/' [1987] are plotted for comparison purposes (dotted lines). The 95% confi.dence limits are
approximately given by 0.85 and 1.15 multiplied by the spectral amplitude at each wavemrm-
ber. Tropospheric power spectra have been displaced downward by an order of magnitude
so as to aid viewing.

within experimental error, and is found to be true in the lower stratosphere at least. Further

details regarding the seasonal variations of both temperature and horizontal wind velocity

variance are discussed in the following subsection.

6.3.3 SeasonalVariations

Figure 6.9 presents monthly-mean potential and horizontal kinetic energy (per unit mass) as

a function of time within both the troposphere (7.0-14.0 km) and lower stratosphere (1g.0-
25.0 km). These quantities were calculated in the same manner as in the previous chapter.

Notice that horizonta,l kinetic energy is consistently larger than potential energy. This is
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Figure 6.9: Time variations of monthly-mean potential energy per unit mass (solid lines)
and horizontal kinetic energy per unit mass (dashed lines) within both the troposphere (7.0-
14.0 km) and lower stratosphere (18.0-25.0 km) over the Cocos Islands. Error bars describe
the standard errors of the means.

expected of a red-noise frequency spectrum of gravity waves (p > 1) due to the reduction of

potential energy relative to kinetic enelgy for gravity waves with intrinsic frequencies near

f , the inertial frequency [e.g., Fritts et a|.,1988].

It should be emphasized that, during some months, the number of soundings used for

variance analysis was small, particularly within the lower stratosphere. Most notably, only 3

sondes reached 25 km during June 1993 and so the energy density estimates from this month

are of poor reliability. Furthermore, the standard error of the mean is a poor estimate of

measurement uncertainty in this instance. Figure 6.10 illustrates the number of soundings

that were analyzed from each month within both the troposphere and lower stratosphere.

The same data were used to determine the horizontal wind velocity power spectra that are

presented in Figure 6.8.

The largest values of energy density in the lower stratosphere occur between the months

of December 1992 and May 1993. This corresponds, approximately, to the times of maximum

rainfall at the Cocos Islands as was noted earlier. The seasonal variation of lower strato-

spheric potential energy is consistent with that of kinetic energy as expected. However, the

mean ratio of lower stratospheric kinetic to potential energy is p - 2.2 and monthly-mean

values are consistently larger than 5/3. The standard error of the mean ratio is 0.1.

The largest values of energy density in the troposphere occur between the months of
May 1993 and September 1993. However, the seasonal variation of tropospheric potential
energy is not well correlated with the seasonal variation of horizontal kinetic energy. There
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Figure 6.10: The number of soundings used to determine monthly-mean horizontal kinetic
energy density (per unit mass) within the troposphere and lower stratosphere over the Cocos
Islands.

is a large peak in kinetic energy during May 1993 and June 1993 which does not occur

simultaneously in potential energy. The mean ratio of kinetic to potential energy is p - 2.4

while the standard error of the mean ratio is 0.1.

The estimates of gravity wave energy density that are presented in Figure 6.9 may be

contaminated by equatorially trapped wave motions of iarge horizontal scale. It is appro-

priate to separate these motions from freely-propagating gravity waves since the former are

resolved by satellite observations and computer models of the atmosphere whereas the latter,

typically, are not. The following section delineates the relative contributions to the total vari-

ance by fluctuations with intrinsic frequencies that are both larger and smaller than /, the

inertial frequency. This is possible at the Cocos Islands since the inertial period is 2.4 days

and is resolved by sondes that are launched at 12-hour intervals.

6.4 Time Series Analysis

Kelvin and mixed Rossby-gravity waves are known to have comparable vertical scales to
those of freely propagating gravity waves [e.g., WaIIace., Ig73] and their contribution to
the observed variance at 12oS must be carefully examined. Tsuda et al. llgg|b] extracted

gravity wave components from near-equatorial radiosonde data by applying a hìgh-pass fllter
to time variations of horizontal wind velocity and temperature at each altitud.e. However,

such analysis is not possible over the entire data set in this instance since the time resolution is
generally too poor and is also uneven. Nevertheless, data of sufficient quality and resolution
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were available over two periods of l-month duration each. These periods were between

January 19, 1993, and February 18, 1993, and between October 7, 1992, and November 6,

1992. Time series analysis was attempted on both subsets of the data.

Following Tsuda et al. [L994b], each subset of data was filtered in time with a cutoff

frequency, c.r., that was slightly larger than the inertial frequency. In addition data were also

filtered in altitude so that fixed vertical wavenumber ranges were being considered. Filtering

was achieved in the spectral domain by using a two-dimensional Fast Fourier Transform

(FFT) and band-pass filters with no tapering. The purpose of this analysis is to determine

which frequency-wavenumber bands contain the majority of observed variance.

Figure 6.11 illustrates the two-dimensional fllters that are utilized in this section. The

cutoffperiod for untrapped gravity waves (2tr lu.) was chosen to be 3.5 days and is larger than

the inertial period at 12oS (2" I Í = 2.4 days). It was chosen to allow for both Doppler-shifting

and aliasing effects which may cause gravity wave variance to appear at ground-based periods

that are larger than the inertial period. The dominant ground-based periods of Kelvin and

mixed Rossby-gravity waves, based on experimental reports in the literature, are 15 days and

4-5 days, respectively fWallace,1973]. These are both larger than the chosen cutoffperiod.

More details regarding the purpose of each fiIter will be described where appropriate.

Aliasing effects, due to poor time resolution, are not expected to be important here since

the intrinsic frequency spectrum is likely to be a red-noise spectrum based on the observed

ratios of horizontal kinetic to potential energy density. Similarly, the ringing and edge efects

that were described by Forbes [1988] (or more precisely their two-dimensional analogue) are

not thought to be important since it is the total variance, considered over 6 km altitude

interva,ls and averaged over the entire observation period, that is of interest. In contrast, the

effects of Doppler shifting are unknown although the mean winds over the Cocos Islands are

typically weaker than those found at higher latitudes.

6.4.1 Data Subset 1

Consider, firstly, the data subset between January 19, 1993, and February 18, lgg3. During

this period 62 sondes were released at approximately l2-hour intervals and reached typical

a,ltitudes of 24km or more. Figure 6.12 illustrates the maximum altitudes of wind velocity

measurements from each sounding. For those soundings where winds were not reported at
sorre heights due to poor reception of VLF radio transmissions, the wind measurements were

only retained up until the first batch of missing data. Maximum altitudes of temperature
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Figure 6.11: Schematic illustration of several band-pass filters in the frequency-wavenumber
domain. Shaded areas describe the vertical and temporal scales that are passed by each
filter.
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Figure 6.12: The highest altitude of wind velocity measurements for soundings between
January 19, 1993, and February 18, 1993. These are plotted against launch times [following
Cadet and Teitelbaum, Ig79l relative to the.first sounding which began at Gmt 10:00 on
January 19, 1993. Launch times are only known to the nearest hour.

measurements may be higher than those of wind velocity measurements in some instances.

Each profile of zonal wind, meridional wind and temperature was interpolated (cubic

spline) at 60-m intervals up to either 24km (the dashed line in Figure 6.12) or the maximum

altitude of measurement if this was smaller than 24 km. Missing winds and temperatures

were then estimated by linear interpolation in time, at each height. Finally, a mean \ryas

subtracted from the various time series at all attitudes and temperature data were normalized

by the mean. Thus the final data subset comprised three arrays of zonal wind, meridional

wind and temperature data which had dimensions of 400 by 62 elements. Successive data

points were separated by 60 m in altitude and 12 hours in time.

Possible errors in the anaiysis may arise since the data arrays are not necessarily equi-

spaced in time and since missing data had to be estimated by linear interpolation. Sonde

launch timesll were only known to the nearest hour from the available information. Fur-

thermore, each sounding is assumed to be an instantaneoüs, vertical "snapshot" of the at-

mosphere whereas, in reality, typical sondes take over an hour to reach 24 km and drift
horizontally with the background winds. However, as was discussed in chapter B, spectral

. 
t1A[ soundings between January 19, 1993, and February 18, 1gg3, started at Gmt 10:00 and Gmt 22:00(to the nearest hour) with one exception. This sonde was released at Gmt 01:00 on February 5, 1gg3.
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distortion due to finite sonde ascent velocity and horizontal drift is expected to be insignif-

icant. This is especially the case when background winds are weak, as they are in the

troposphere and lower stratosphere over the Cocos Islands.

It should be emphasized that total variances within broad frequency-wavenumber bands

are of interest here. The problems described above may result in some distortion of the two-

dimensional fluctuation power spectra. However, broad band variances are more reliable, in

a statistical sense, and the relative distribution of broad band variance is less likely to be

biased by spectral leakage.

Figure 6.13 compares variance proflles of horizontal wind velocity and temperature fluc-

tuations after the application of Filters 1 and 2 (see Figure 6.11) to the raw data arrays.

Variances were calculated within a 6-km running window and then averaged over time. Each

variance profile is presented with a vertical resolution of 3 km and is oversampled by a factor

of two. It is the relative distribution of variance within the frequency-wavenumber bands

clefined by Filters 1 and 2 that are of interest here.
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Filter 1 passes fluctuations with ground-based periods that are smaller than 3.5 days
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which corresponds, approximately, to freely-propagating gravity wave periods at 12"S. Fil-

ter 2 passes fluctuations with ground-based periods that are greater than 3.5 days and in-

cludes the dominant periods of Kelvin and mixed Rossby-gravity waves. Both filters exclude

fluctuations with vertical scales that are larger than 6 km in order to be consistent with

earlier analyses. There is no decisive cutoff for the gravity wave frequency spectrum due to

the various problems described above but most notably due to aliasing and Doppler shifting.

Therefore, it is only possible to make qualitative inferences about freeiy propagating gravity

wave vatiance.

It is clear from Figure 6.13 that the majority of observed wind and temperature variance

in the lower stratosphere occurs at periods that are consistent with those of gravity waves.

In the troposphere, however, a significant portion of observed variance occurs at periods

that are greater than the inertial period. This is most apparent for normalized temperature

variance near the typical tropopause height.

Figure 6.L4 compares variance profiles of wind veiocity and temperature fluctuations after

the application of Filters 3 and 4 to the raw data arrays. Variance profiles were calculated

in the same manner as in Figure 6.13. Filters 3 and 4 divide the gravity wave portion of

the frequency-wavenumber spectrum, which is deflned by Filter 1, into upward propagating

(Filter 3) and downward propagating (Filter 4) components. Upward propagating gravity

waYes have negative vertical phase speeds while downward propagating gravity waves have

positive vertical phase speeds.

It is clear from Figure 6.14 that the majority of observed gravity wave variance appears in

the upward propagating component in the lower stratosphere. However, in the troposphere

this is not the case and approximately equal portions of variance appear in both upward

propagating and downward propagating components. This pre-empts the rotary spectrum

analysis that is attempted in the following section. Rotary spectrum analysis provides es-

timates of the proportion of upward propagating gravity wave variance during all months.

Figure 6.14 allows independent confirmation of such estimates for a small subset of the data.

Figure 6.15 compares variance profiles of wind velocity and temperature fluctuations

after the application of Filters 5 and 6 to the raw data arrays. Fiiter 5 passes gravity rffaves

with vertical scales that are smaller than 4 km (including the harmonic at À, = 4 km) while

Filter 6 passes gravity waves with vertical scales that are larger than 4 km (excluding the

mean). The purpose of this analysis is to estimate the dominant vertical scales of gravity
wave fluctuations.
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Figure 6.16: As in Figure 6.12, but for radiosonde soundings between October 7,7992, and
November 6, 1992. Launch times are relative to the first sounding which began at Gmt 11:00
on October 7,, 1992.

It is clear from Figure 6.15 that the majority of observed gravity wave variance appeaïs

at vertical scales that are smaller than 4 km in the lower stratosphere. Since the majority of

wave variance also appears within a small wavenumber band about the characteristic vertical

wavenumber (see Figure 3.7), the estimate of m* from the previous section (2trf m* = 3 km)

is likely to be valid. In the troposphere, however, approximat ely 50% of the observed variance

appears at vertical scales that are larger than 4 km. Therefore, the characteristic vertical

wavenumber is smaller here and is likely to be overestimated by the earlier spectral analyses.

6.4.2 Data Subset 2

Now consider the data subset between October 7,1992, and November 6, 19g2. During

this period 61 sondesl2 were launched at approximately 12-hour intervals and the maximum

a,ltitudes of wind velocity measurements from these soundings are displayed in Figure 6.16.

Sonde launch times were only known to the nearest hour. Notice that there are more missing

measurements in this subset of the data than was the case in Figure 6.12.

The subset of data defined by Figure 6.16 was subjected to the same analysis as before.

The results are displayed in Figures 6.17, 6.18 and 6.19. These are variance profiles of total
horizontal wind velocity and temperature fluctuations which have been calculated after the

12only one sonde was released on October 20, tgg2
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Figure 6.17: As in Figure 6.13, but for radiosonde data observed between October 7,1992,
and November 6, 1992.

appl-ication of various filters (Figure 6.11) to the raw data subset. Linear interpolation (in

time) was used to estimate missing data and to ensure that the various time series, at each

altitude, were equally spaced.

In the lower stratosphere, the majority of observed variance appears at temporal and

vertical scales that are consistent with those expected of gravity waves. Furthermore, the

majority of gravity wave variance appears in the upward propagating component. In the

troposphere, howevet, a signifrcant portion of variance appears at temporal scales that are

greater than the inertial period. Also, gravity wave variance is divided equally into upward

propagating and downward propagating components. The results displayed in Figure 6.17,

6.18 and 6.19 are comparable to those displayed in Figures 6.13, 6.14 and 6.15.

6.4.3 ConcludingComments

Time series analysis supports the notion that observed fluctuations of horizontal wind veloc-

ity and temperature in the lower stratosphere over the Cocos Islands are caused by inertio-

gravity waves, at least during the periods of observation that were under investigation. These

waves have ground-based time scales that are approximately equal to or smaller than the

inertial period and vertical scales that are equal to or smaller than 6 km (2nf m* = B km).

In the troposphere, however, a gravity wave interpretation of observed fluctuations is less

clear. It is difficult to ascribe a pure gravity wave interpretation in this case, even when
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Doppler shifting and aliasing effects are taken into consideration, since a signiflcant portion

of the observed variance appears at temporal scales that are larger than the inertial period.

Analyses of horizontal wind velocity and temperature measurements by Tsuda et al.

[1994a], Sato et al. ]99a1and May et al. ll995l support the findings of this section. ,Søúo

et al, lI994l analyzed routine radiosonde measurements, at significant levels and standard

pressure levels, from 10 years of observation over Singapore (1oN, 104"8). These authors

determined l0-year average frequency power spectra (in an energy content form) from 3-

month data segments at various altitudes up to approximately 30 km. They found that, in

the lower stratosphere, "short-period fluctuations [of the order of 2 days] have large energy

comparable to long-period Kelvin waves" lSato et al., Igg4, p. 871]. They also suggest that

inertio-gravity plane waves crossing the equator are a likely cause of such fluctuations. Wave

motions with periods of several days or more were found to have their largest amplitudes

near the tropopause. Given that equatorial wave amplitudes are greatest at the equator, it

is expected that short-period, inertio-gravity wave fluctuations should dominate in the lower

stratosphere at 12oS.

Tsuda et al.lL994a] analyzed 25 days of high vertical resolution radiosonde measurements

over Watukosek, Indonesia (8oS, 113"8). They found that gravity wave fluctuations became

dominant above 25 km but that a 20-day Kelvin wave was "conspicuously enhanced" in

a narrow region about the tropopause ITsuda et al., L994a, p.10504]. Inspection ofthe

time-height zonal wind sections studied here, after low pass filtering in time (these are not

shown), does not reveal the conspicuous enhancement of long period fluctuations that is

clearly present in the time-height section studied by Tsuda et at. lI994a]. It is likely that

equatorial wave amplitudes are considerably smaller at 12oS.

May et a/. [1995] analyzed, S0 MHz wind-profiler measurements of hourly-averaged, hor-

izontal winds in the troposphere over Darwin (12oS, 131"8). They considered more than

one year of horizontal wind velocity measurements between 1.5 and 8.5 km at a site that is

approximately the same distance from the equator as the Cocos Islands. Frequency power

spectra were found to have no obvious break in spectral form near the inertial period and

showed little systematic difference from season to season lMag et at., lgg5l. Furthermore,

area preserving spectra revealed that a large portion of both zonal and meridional energy had

periods of between 3 and 10 days lMay et a/., 1995]. This agrees well with the tropospheric

results reported here.

The analyses presented in the following sections will concentrate upon lower stratospheric
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observations from the Cocos Islands since a gravity wave interpretation of observed fluctua-

tions is most certain there. Ideally, all data under investigation should be subjected to time

series analysis in order to determine the relative importance of inertio-gravity waves over

near-equatorial locations. However, since this is not possible for the data considered here, it
will be assumed that results from two small subsets of the data are also applicable during

other times. This would seem reasonable given the results of similar studies in the literature.

6.5 Gravity 'Wave Propagation Directions

Following the analyses presented in chapter 5, the propagation directions of dominant gravity

waves over the Cocos Islands ate now investigated, This investigation focuses on lower

stratospheric observations although tropospheric observations are also considered in some

instances. Raw data ate not filtered in time, as they were by Tsuda et út. [Igg4a,b], and so

Iong-period equatorial waves may affect the results. However, based on the analyses from the

previous section, gravity wave motions are assumed to be dominant in the lower stratosphere

at all times and the influence of long-period waves is therefore thought to be marginal.

6.5.1 Hodograph Analysis

Figure 6.20 presents some examples of wind fluctuation hodographsls within the lower strato-

sphere. These typically display an anticlockwise sense of rotation with increasing altitude

which is suggestive of upward propagation of gravity wave energy. There were no examples

found where a monochromatic wave signal persisted for more than one cycle and so a broad

superposition of upward propagating waves is typicalla. This contrasts to some extent with

results from Macquarie Island where, on occasion, monochromatic signals were found to
persist for more than two wave cycles. Similarly, Tsud,a et al. ll}g4b] report one example

in which a wind hodograph in the lower stratosphere exhibited an ellipse over two wave

cycles. Nevertheless, in both of these cases, the wind hodographs most frequently exhibited

a superposition of several waves.

Despite the polychromatic nature of the wind hodographs displayed in Figure 6.20, there

is nevertheless a preferred sense of horizontal alignment in each case which, by inspection,
13The observed winds were filtered in a similar manner to those in chapter 5 such that fluctuations with

vertical scales larger than 5 km and smaller than 500 m were excluded.

,^_lJo'" 
that only a small fraction of the available stratospheric wind profiles were viewed in hodograph

10rm.
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Figure 6.20: Some examples of wind fluctuation hodographs in the lower stratosphete over
the Cocos Islands. The tip of the wind velocity vector at the lowest altitude is indicated
by an asterisk in each plot. Dashed lines indicate the preferred sense of alignment of the
polarized component which has been determined by Stokes parameter analysis.

is well represented by the dashed lines. These dashed lines were determined from the Stokes

parameters and in particular from equation (3.28). However, the examples provided in

Figure 6.20 are best case examples and this must be emphasized. They were chosen as

examples for which a dominant sense of alignment was clearly present. Some hodographs

displayed no preferred orientation of the observed wind fluctuations and may have been

indicative of a horizontally isotropic wave field.

The degree of polarization parameter, d (see.chapter 3), provides one method for deter-

mining whether or not a preferred sense of alignment, as defined by (3.28), is meaningful.

This point was discussed in detail in chapter 5. The values of d for the examples displayed

in Pigure 6.20 were all greater than 0.65 which suggests a strongly polarized wave field. In
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contrast, other examples were found where d was less than 0.4 and where inspection of wind

hodographs revealed no clear sense of horizontal alignment. It is therefore important that

some measure of the degree of wave freld polarization or anisotropy is considered.

Following Hamilton [1991], it seems reasonable to assign a dominant horizontai direction

of phase propagation for each example of Figure 6.20. However, as was discussed in chapter 3,

it is first necessary to determine the dominant vertical directions of phase propagation. These

can be obtained by rotary spectrum analysis.

6.5.2 Vertical Propagation

Figure 6.21 presents 3-month mean rotary power spectra of horizontal wind velocity fluctu-

ations within the troposphere (7.0-14.0 km) and lower stratosphere (18.0-24.0 km) over the

Cocos Islands. The wind velocity data considered were the same as those used to determine

horizontal wind velocity power spectra and so Figure 6.10, which illustrates the number of

soundings analyzed per month, is applicable here. Rotary power spectra were calculated

using a Fast Fourier Transform (FFT) algorithm as described in chapter 3 and were normal-

ized such that the sum of aleas under the clockwise and anticlockwise component spectra

was equivalent to the total horizonta,l wind velocity variance. Wind velocity fluctuations

were determined by fitting and subtracting second-order polynomials from the zonal and

meridional wind component profiles within the altitude ranges of interest.

In the lower stratosphere, approximat eIy 70% of observed variance appears in the anti-

clockwise rotating component during all seasons. Furthermore, individual rotary component

spectra, which are not shown, always had greater variance in the anticlockwise rotating com-

ponent. Therefore, assuming an inertio-gravity wave interpretation of observed fluctuations,

the majority of gravity wave energy in the lower stratosphere is upward propagating. Since

elliptically polarized waves have both circular-clockwise and circular-anticlockwise compo-

nents in general (see Figure 3.8), it is highly likely that the true proportion of upward

propagating gravity ïsave energy is greater than T0%.

In the troposphere, approximately equal proportions of variance appear in both clockwise

and anticlockwise rotating components. This suggests that there is no preferred direction of
vertical energy propagation between 7.0 and 14.0 km. Notice the excellent agreement between

conclusions drawn from rotary spectrum analysis and those drawn from two-dimensional

fiItering analysis (Figures 6.14 and 6.18) which is an independent analysis technique.

In order to investigate further the altitude dependence of rotary component spectra
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Figure 6.21: Rotary power spectra of horizontal velocity vector fluctuations within the tro-
posphere (7.0 to 14.0 km) and lower stratosphere (18.0 to 25.0 km) over the Cocos Islands.
Both clockwise (dashed ünes) and anticlockwise (solid lines) component spectra are plotted.

consider Figure 6.22. This diagram displays the percentage of variance in the anticlockwise

rotating component as a function of altitude and was constructed in the same manner as

Figure 5.15 of chapter 5. Rotary component spectra were first calculated within a $-km

observation window which was centred upon a given height. The percentage of variance

in the anticlockwise rotating component was then determined (from the areas under rotary

component spectra) and was assigned to that height. An altitude profile was obtained

by shifting the observation window in steps of 2 km and repeating the above procedure.

Finally, individual profiles were averaged within 3-month time intervals so as to produce the

illustrated results. Each profile of Figure 6.22is oversampled in altitude by afactor of 2.5.

The results displayed in Figure 6.22 illustrate clear differences between tropospheric and

stratospheric regimes. Above approximately 17 km there is a large majority of variance in

the anticlockwise rotating component during all seasons. Below approximately 12 km there

18.0-25.0 km

\
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Figure 6.22: The percentage of variance in the anticlockwise rotating component as a function
of altitude and averaged within 3-month time intervals. Error bars describe the standard
errors of the means.

are equal amounts of variance, on average, in both the clockwise and anticlockwise rotating

components. The transition between these two regimes varies from season to season. It is

as high as approximately 17 km between September and November, 1gg2, and as low as

approximately 12 km between March and May, 1993. The highest transition occurs during

the dry season which is also the time of smallest wave variance in the lower stratosphere.

The calculated profile for the 3-month period of December, January and February (1gg2-

93) is of particular interest' Below 11 km there is consistently more variance (approximately
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53%) in the clockwise rotating component while above 15 km there is consistently more vari-

ance in the anticlockwise rotating component. One possible explanation is that an important

source of gravity wave variance occurs within the middle or upper troposphere.

Tsuda et al. [I994b] found similar results in their study of radiosonde winds over Watu-

kosek, Indonesia, between February 27 and March 22,1990. They report that below 13 km

both upward and downward energy propagating gravity waves were evenly detected but

that above this height the majority of gravity waves were associated with upward energy

propagationlTsuila et al.,I994b]. Therefore they suggest that the middle troposphere is the

dominant source region of gravity waves. However, in the lowest 5 km of the troposphere,

the number of waves with upward energy propagation was found to be slightly larger than

those with downward energy propagationlTsuda et a\.,1994b]. This suggests, argue Tsuda

et aI. ll994b], that some waves are either generated near to the ground ol are reflected off

the ground.

Both rotary spectrum and two-dimensional filtering analyses clearly demonstrate that

the dominant gravity waves in the lower stratosphere over the Cocos Islands are upward

propagating during all seasons. Therefore, the dominant directions of horizontal phase prop-

agation, if such dominant directions exist, can now be determined following Kitamura and

Hirota [1989] and Hamilúon [1991]. The available data are divided into two subsets and will

be loosely referred to as wet season and dry season data. Wet season data include obser-

vations from December 1992 to May 1993 which corresponds to the times of largest wave

variance in the lower stratosphere. Dry season data include observations from June 19gB to

November 1993 and also from September 1992 to November 1992. These times correspond

to the times of smallest wave variance in the lower stratosphere.

6.5.3 Horizontal Propagation

Consider, firstly, the angular distributions of dominant horizontal alignments which are de-

fined by (3'28). Horizontal alignments determined from individual soundings of the lower

stratosphere (18.0-25.0 km) are illustrated in Figure 6.23. This figure displays wet season

alignments in the same plot and dry season alignments in the same plot. Each alignment is

described by a straight line whose length is proportional to the degree of polarization param-

eter, d. Also plotted are wet and dry season angular distributions of horizontal alignment

in polar histogram form. Polar histograms treat each alignment equally and do not take

into account the degree to which the wave field was polarized. The axis labels in this case
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describe the number of profiles with a preferred sense of alignment, as defined by (3.28),

within a given 30o interval.

Figure 6.23 demonstrates that, for dry season months, the wave field is preferentially

aligned either near to or along the north-south axis in more cases than for any other align-

ment. During the wet season, however, the distribution of horizontal alignments is more even.

Nevertheless, there is still a scarcity of cases where the wave field is preferentially aligned

along the east-west axis. During both seasons, the degree of polarization parameter is of-

ten larger than 0.6 and can be large for any alignment. The importance of the north-south

alignment suggests that the observed waves are freely-propagating since equatorially-trapped

waves must have large or dominant east-west components at 12oS.

As was discussed eatlier, it is important to consider some measure of the degree of

wave field polarization during the time periods under investigation. Figure 6.24 illustrates

histograms of the degree of polarization parameter, d,, determined from individual soundings

during wet season and dry season months. The mean values are illustrated by the dashed

lines in each plot. These ane d,= 0.61 for both the wet and dry seasons.

Generally the wave field in the lower stratosphere is strongly polarized with 5g% of

soundings during the wet season and 56% of soundings during the dry season having d > 0.6.

Howevet, approximately I0% of soundings during both wet and dry seasons had d < 0.4. In

these cases the angle of alignment defined by (3.28) is not strictly a "dominant" alignment.

Rather, small values of d are suggestive of horizontal isotropy.

The angular distribution of alignments determined from those soundings that happen to

have d < 0.4 in the lower stratosphere (not shown) do not indicate clear bias. If anything,

they display a small bias toward east-west alignment during wet season months. Therefore,

when the wave ûeld is strongly polarized (large d) there is a preference toward north-south

alignment of horizontal wind vector fluctuations, especially during the dry season. This is

a.lso evident from close inspection of Figure 6.23. When horizontal alignments determined

from individual soundings are overlaid such that the length of each line is proportion aI to d,,

the eye tends to focus on those alignments that have large d.

The alignments described in Figure 6.23 are now assigned dominant directions of hor-

izontal phase propagation. This was achieved by using temperature measurements in the

mannet discussed in chapter 5. EssentiaJly, it is the sign of the covariance of zf, and {no
which determines whether the horizontal phase propagation direction is parallel to or an-

tiparallel to the uf¡ axis. Here, ino is determined using a negative Hilbert transform while
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Figure 6.23: The angular distributions of dominant horizontal alignments in the lower strato-
sphere over the Cocos Islands. Data from wet season and dry season months are considered
separately. The two plots of the top row illustrate dominant horizontal alignments inferred
from individual soundings where the length of each line is normalized according to the degree
of polarization. The two plots of the bottom row illustrate the same distributions in polar
histogram form.
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Figure 6.24: The distributions of d from the lower stratosphere (18.0-25.0 km) during both
wet and dry seasons. Dashed lines indicate the mean values in each case.

the positive zf, axis is assigned arbitrarily along one of the two alignment directions already

defined from (3.28).

Figure 6.25 illustrates the angular distributions of dominant directions of horizontal phase

propagation which have been determined from lower stratospheric observations as described

above. This figure is the same as Figure 6.23 except that each horizontal alignment is now

reduced to a single propagation direction based on the sign of m; As before, wet season

data and dry season data are considered separately. Individual propagation directions are

overlaid where the length of each line is equal to the degree of polarization. The results are

also plotted in polar histogram form.

The propagation directions determined from individual soundings during wet season

months are most commonly found in the north-east and south-east quad.rants. When plotted

in histogram form, the wet-season angular distribution dispiays a clear eastward bias. Those

soundings with dominant north-south alignments were reduced more often into the north-
ward propagation direction. However, those soundings with dominant east-west alignments

were reduced almost entirely into the eastward propagating direction. The most populous

angular bin points in the east-north-east direction.

The propagation directions determined from individual soundings during dry season

months are predominantly either northward or southward although, in this case, there is
a small southward bias. Those few soundings with dominant east-west alignments were

often reduced into the eastward propagating direction. However, the eastward bias is not
nearly as prominent as that found during wet season months. The most populous angular
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bin points in the southward direction.

Results that are similar to those of Figure 6.25 arc reported by Tsuda et al. lI994b] in their

study of radiosonde winds and temperatures over Watukosek, Indonesia. They found that

most waves detected between February 27 and March 22r 1990, were eastward propagating

in the lower stratosphere. This is consistent with propagation directions determined over

the Cocos Islands during wet season months.

Each horizontal direction displayed in Figure 6.25 is interpreted to be a dominant di-

rection of horizontal phase propagation following Hamilton [1991]. This interpretation is

supported by inspection of wind hodographs and by the degree of polarization parameter, d,.

Further evidence is provided by the correlation coefrcient of zf, and firo. ff the wave fleld

is horizontally isotropic then this coefficient will equal zerols whereas for a monochromatic

wave propagating in an arbitrary directìon this coeff.cient will equal unity.

Figure 6'26 iliustrates the correlation coefficients of zf¡ and (no fto- individual soundings

in histogram form16. As before, Iower stratospheric data are studied and observations from

the wet and dry seasons are considered separately. The mean values are 0.33 and 0.28 for the

wet and dry seasons, respectively. Note that a correlation coeffi.cient of 0.2, determined from

a random sample of 141 observations, is significant to within approximatety g5% confidence

lsee Beaington,Ig6g, p. 310].

Generally, the correlation coeftcients of zf¡ and ffno are reasonable and suggest that dom-

inant directions ofhorizontal phase propagation can be assigned. However, JJ% of soundings

during wet season months and 44% of soundings during dry season months had correlation

coeff.cients that were smaller than 0.2. Nevertheless, when these soundings were removed.

from Figure 6.25, the angular distributions weïe not found to be altered in a significant man-

ner. Therefore, the broad results of Figure 6.25 are reasonable although in some instances

the wave field might best be described as having no dominant direction of horizontal phase

propagation.

15The cont¡ibutions due to individual waves will be cancelled by other waves p¡opagating in the opposite
direction.

luln this case, the positive zi¡ axis was not chosen arbitrarily. Rather, it was chosen such that the correlation
coefficient of uf¡ and ilno ** always positive.
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6.6 Summary and Conclusions

In this chapter, the characteristics of gravity rvave motions in the troposphere and lower

stratosphere over the Cocos Islands have been investigated. These were delineated from

radiosonde measutements of horizontal wind and temperature during a 16-month observation

period between September 1992 and December 1993. The main results are listed below.

1. Vertical wavenumber power spectra of normalized temperature and horizontal wind

velocity fluctuations within the lower stratosphere are consistent with theoretical ex-

pectations, at least to within approximate limits imposed by experimental uncertainty.

They are also consistent with spectra from Gove and Darwin which are located at the

same latitude as the Cocos Islands.

2. Spectral amplitudes within both the lower and upper troposphere are larger, at high

vertica,l wavenumbers, than the theoretical saturation limits proposed by Smith et al.

[1987]. However, they are consistent with tropospheric spectral amplitudes from Gove

and Darwin.

3' There exists an annual oscillation of norma]ized temperature and horizontal wind ve-

locity variance within the lower stratosphere. The largest variances are found. between

December and May and correspond with the times of largest mean rainfall.
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4. Seasonal variations of horizontal wind velocity and normalized temperature variance

within the lower stratosphere are consistent. However, the mean ratio of horizontal

kinetic to potential energy is larger than 5/3 which is the preferred estimate from the

literature.

5. The majority of observed variance, at vertical scales smaller than 6 km, appears at

ground-based periods that are consistent with those expected of freely-propagating

gravity waves, at least during two observation periods of 1-month duration each.

6. Gravity'wave energy is predominantly upward propagating in the lower stratosphere.

In the troposphere, however, there is often no preferred direction of vertical energy

propagation.

7. A clear eastward bias is found in the dominant directions of horizontal phase propaga-

tion determined from individual soundings of the lower stratosphere during wet season

months.

8. No clear bias is found in the dominant directions of horizontal phase propagation deter-

mined from individual soundings of the lower stratosphere during dry season months.

Howevet, there is a tendency toward north-south alignment of horizontal wind vector

fluctuations during this time.

Mesoscale convective systems are likely to be the most important source of gravity waves

over the Cocos Islands. While no evidence of gravity wave generation by convection is pre-

sented, the correlation between mean rainfall and observed variance in the lower stratosphere

suggests that convection is important. Other studies le.g., Pfister et al., 1993a,b] provide

circumstantial evidence of gravity wave generation by convection at tropical latitudes.

Rotary spectrum analysis of radiosonde winds during wet season months suggests that an

important source of gravity waves occurs within the middle or upper troposphere. This is also

supported by power spectrum analysis of normalized temperature fluctuations (Figure 6.2).

Spectral amplitudes determined between 7.0 and 14.0 km are larger, relative to lfa, than

those determined between 2.0 and 9.0 km during wet season months, especially March, April
and May. However, during September, October and November 1992, spectral amplitudes

determined between 2.0 and 9.0 km are the same as those determined between 7.0 and

14.0 km with the exception of some additional high spatial frequency noise in the latter case.
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Thus the middle or upper troposphere is the most important source of gravity waves during

the wet season.

The most energetic gravity waves detected in the lower stratosphere during the wet season

were commonly found to either propagate eastward or to have an eastward component to

the propagation direction. The removal of westward propagating waves by the background

zonal winds is one possible explanation of this result. Mean zonal winds were westward in

the lower stratosphere between December 1992 and March 1993, and near zero or marginally

eastward during April and May 1993. Howevet, the mean westward winds were weak during

the wet season (of the order of 10 m s-1) and were in fact larger between September and

November 1992. Yet there was no clear preference for eastward propagating waves between

September and November 1992.

Another possibility is that dominant eastward propagating waves are a signature of some

dominant wave source during the wet season which is expected to be convection. Pfst er et al.

[1993a] modelled the impact of convective systems on the stratosphere as being that of time-

dependent mountains. According to this picture, penetrative convection generates gravity

waves at the tropopause in the same manner as do mountains in the lower troposphere,

except that convective '(mountains" are time dependent. The majority of momentum flux

that is generated this way opposes the mean winds at the tropopause, even when these

winds are small and of the order of 5 m s-1. Thus the dominant directions of horizontal

phase propagation displayed in Figure 6.25 are consistent with the wave generation model

due to Pfister et al. ll993a] since the mean wind vectors at 16 km typically point towards

the west-south-west during the wet season.

During the dry season, the most energetic waves displayed a tendency toward north-

south alignment of horizontal wind vector fluctuations in the lower stratosphere. This may

suggest that a significant portion of gravity wave energy r,¡/as generated at either higher or

lower latitudes. Alternatively, the narrow-band biasing effect described by Ecleermann et al.

[1995] may also explain this result, especialiy between September and November 1gg2 when

the mean zona^l winds are strong.

The speculated relationship between convective activity and gravity wave anisotropy in

the lower stratosphere might be better understood by using data available over at ieast

one full cycle of the QBO. Furthermore, a network of equatorial radiosonde stations, which

measure lower stratospheric horizontal winds and temperatures, might provide additional
information about this relationship. Since more countries are now archiving radiosonde data



188 CHAPTER 6. COCOS ISI,AITDS; A CASE STUDY

at high vertical resolution lUamilton and Vincenú, 1995] a gravity wave investigation using

a network of equatorial radiosonde stations may soon be possible.

The successful studies of Tsud,a et al. lL994a,b] have demonstrated that important in-

formation about both equatorially trapped and freely propagating gravity waves can be

obtained by using conventional radiosondes. However, these studies have demonstrated that

small time interva,ls between successive soundings are necessary if large-scale equatorially

trapped wave fluctuations are to be distinguished from those of inertio-gravity waves. Tsuda

et at. lL994a,b] considered radiosondes that were launched at 6-hour time intervals. The

results presented in this chapter might be further improved by using data with better time

resolution over the entire observation period. Furthermore, they might also be improved by

considering data available over a larger altitude range and horizontal wind velocity measure-

ments that are known with greater accuracy and vertical resolution.

As in chapter 5, the Stokes parameter analyses have enabled a qualitative picture of

climatological-mean wave field anisotropy to be obtained. Thus if the gravity wave spectral

formulation due to Fritts and VanZandt lL993l is assumed to be va[d then an estimate

of climatological-mean momentum flux may be realised given that Es is known (see their

equation 16). The following chapter explores this possibiüty by making use of an analysis

technique proposed by Eckermann et c/. [1996].



Chapter 7

Gravity'Wave Momentum Flux

7.L Introduction

The determination of climatological-mean vertical fluxes ol zonal and meridional momentum

is an important experimental goal, as clearly stated in various review papers le.g., Fritts et

al., 1984; Andrews,1987]. This chapter investigates the momentum fluxes of gravity waves in

the troposphere and lower stratosphere using conventional radiosonde soundings. The data

considered are simultaneous temperature and horizontal wind velocity measurements from

Macquarie Island and the Cocos Islands which are available over lO-month and 16-month

observation periods, respectively.

Momentum transfer due to gravity waves is thought to be most important near the

mesopause and gravity wave momentum fluxes were fi.rst measured in this region by Vin-

cent and' Reid [19831. They proposed a technique by which the vertical flux of horizontal

momentum can be measured using ground-based Doppler radars. Their technique involves

the measurement of radial Doppler velocities along pairs of narrow radar beams which lie in

a vertical plane and are offset symmetrically from the vertical. If the statistics of the wave

field are independent of horizontal position, then the vertical flux of horizontal momentum

is proportional to the difference in radiai velocity variances lVincent and Reid,,1g8J]. Us-

ing measurements obtained from an MF radar at Adelaide (35"S, 138"E), Vincent and Reid

[1983] calculated mean momentum fluxes that were in reasonable agreement with those re-

quired to explain the reversal of the meridional temperature gradients near the mesopausel.

Howevet, the ca.lculated momentum fluxes were found to display considerable variability on

lsubsequent studies by Reid and Vincent[1987] and Murphy and Vincent[l993] have provided additional
information about gravity rvave momentum fluxes near the mesopa¡se over Adelaide.

189
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short time scales.

The measurement technique proposed by Vincent and Rei,d [1983]has since been applied

at other locations using ground-based radars which can measure radial velocities near the

mesopause. These include radars at Poker Flat, Alaska lFritts and Yuan,1989], Shigaraki,

Japan fTsud,a et a\.,79901, Andoya, Norway lReid, et ø/,, 1988] and Jicamarca, Peru fflritts et

al., L992; Hitchman et a|.,19921 Often, the mean flow accelerations inferred from momentum

flux calculations (see equation 1.21) are as large as, or larger than, 50 m s-l dry-t at these

sites. Therefore, breaking gravity waves are likely to have important effects upon the mean

flow in the upper mesosphere and lower thermosphere, as has been anticipated theoretically

le.g., Lindzen, 1981].

Recently, the successful introduction of gravity wave drag parameterization schemes into

general circulation models of the troposphere and lower stratosphere has emphasized the

importance of gravity waves in these regions of the atmosphere le.g., Palmer et aL, Ig86

McFarlane, 1987]. Indeed, the parameterization schemes proposed by Fritts and, Lu [1ggg]

anð, Hines [1996a,b] suggest that gravity waves affect all regions of the lower and middle

atmospheres through which they propagate. Therefore, the experimental determination of

gravity wave momentum flux in the troposphere and lower stratosphere is clearly of impor-

tance. This was recognized in an early study by Lilly llg72l.
Fritts et al. [19901 used the MU radar at Shigaraki, Japan, and the measurement tech-

nique proposed by Vincent and Reid [1983], to estimate gravity wave momentum fluxes in

the lower atmosphere during a 6-day experimental campaign in March 1g86. They found

that the mean vertical flux of horizontal momentum (per unit mass) between 10.1 km and

19.1 km was 0.197 m2 s-2 and was directed toward 267" azimrth2. They also inferred zonal

mean-flow accelerations that were eastward below the jet stream, which was found to be

present during the campaign period and peaked between 12 and 15 km, and westward above

it. The inferred drag above the jet, which was of the order of -1.5 m s-1 duy-t [Fritts et

a/', 1990], was in broad agreement with the drags required by Palmer et at. [Ig86] and Mc-

Farlane [1987] to improve their genera,l circu-lation models. Consequently, Fritts et at. [1gg0)
conclude that their study supports the notion that mountain wave drag has significant effect

upon the midlatitude lower stratosphere.

Other experimental techniques have also been used to estimate gravity wave momentum

fluxes in the troposphere and lower stratosphere. For example, Litty and, Kennedy II¡TJ]
2This was measured clockwise from north [VønZandt eú ol., 1gg0]
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and Broun [1983] used aircraft observations to estimate the vertical flux of horizontal mo-

mentum associated with mountain waves as have Nastrom and, Fritts [1992] who analyzed

observations obtained from many commercial airline flights over mountainous regions of the

western United States. In the latter case, the mean vertical flux of zonal momentum (per

unit mass) was estimated to be -0.26 m2 s-2 at typical airline cruise altitudes3. Similarly,

radiosondes have been used to estimate the momentum flux of mountain waves [e.g., Mobbs

and Rees,1989]. Indeed, Shutts et al. ll994l demonstrated that the successive release of

between 3 and 5 radiosondes with different ascent speeds can be used to determine mountain

wave momentum flux. They used fluctuations of the rate of radiosonde ascent to infer the

vertical velocity fluctuations of gravity waves.

According to Shutts et al. ll994l, the rate of radiosonde ascent is the least ambiguous

measure of gravity wave activity. This can be obtained by differentiating radiosonde altitude

with respect to time. The altitude of radiosondes is estimated from pressule measurements

using the hydrostatic equation,

z - zo - -Hnl" (p/po) ( 7.1)

where l/o is pressure scale height and pe is the measured pressure at some reference altitude,

z¡. Thus the random measurement error of ascent velocity estimates is related to the random

measurement error of pressure measurements [e.g., Mobbs and, Rees,1989; Shutts et a\.,7994]

which, ftom luanou et al. [1989], is 10 Pa for the data considered in this thesis.

If o" and op are the root-mean-square random measurement errors of radiosonde altitude

and pressure, respectively, then

oz

where oo x I0 Pa. Therefore, the random measurement error of radiosonde altitude is

inversely proportional to pressure4. In the troposphere, p is iarge and o" is of the order

of 1 m, as was noted by Mobbs and Rees [1989]. However, at heights near 25 km, p is
considerably smaller ar.d. o" is of the order of 20 m. Assuming time is known with good

accuracy' then these correspond to ascent speed measurement errors of 0.14 m s-1 and

2.8 m s-l , tespectively. In the latter case, the measurement error is of the same ord.er as the
sMost measurements were obtained between about g and 14 kmlNastrom and Gage, lggSlaEquation (7.3) is also presented by Sidi eú ø1. [1988].

=l#1",
=#o,

(7.2)

(7.3)
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ascent speed fluctuation amplitudes near 25 km. However, Shutts et al. [L9941 considered

radiosonde measurements at lower a,ltitudes while Mobbs and Rees [1989] were interested in

wave motions in the lower troposphere.

If the pressure measurements are assumed to be contaminated by white noise, then the

ascent speed estimates are contaminated by violet noise which has variance that grows with

altitude fSid,i et o/., 1988]. This follows from the Fourier transform derivative theorem

since ascent speed is obtained by differentiating radiosonde altitude with respect to time.

Given that the gravity wave vertical velocitv spectrum is red noise for * s TrL*t where

2r f m*: 2.5 km in the lower stratosphere, then it may be possibie to separate the noise and

dominant gravity wave components by judicious smoothing of ascent speed data, even at

heights near 25 km. However, it is necessary to assume that the vertical velocity fluctuations

of the atmosphere are equivalent to the fluctuations of radiosonde ascent speed. Strictly,

this should be verified experimentally.

If u is the vertical velocity of the atmosphere then, from Sid,i et ø/. [1g8S],

u=uø+wb (7.4)

where u.ro is the vertical velocity of the atmosphere relative to the radiosonde and w6 is the

vertical velocity of the radiosonde relative to the ground or the ascent speed. Thus ,u.'/ can only

be inferred from conventional radiosonde soundings if tuo is either constant or slowly varying

with altitude. Experimental evidence that suggests this is the case is presented by Reid

ll972l who estimated tlo using crude anemometers mounted on the outside of radiosondes.

One profile was presented which showed u.ro to be slowly varying with altitude and to possess

irregularities of considerably smaller amplitude than the fluctuations of tl6. More recently,

Sidi et a/. [1988] measured uo using a two-axis ionic anemometer although they did not

present profiles of such measurements. Both Reid Ug72) and Siiti et ø/. [1988] analyzed

estimates of u, rather than of w6.

Although Shutts et al. 1L988, 1994] analyzed measurements of tl6 in their successful case

studies of exceptional mountain wave events, it is not clear from the literature that ub caî
be used to extract climatological information about the gravity wave field, especially in

the lower stratospheres. It seems likely that only large-amplitude, and probably atypical,

mountain waves can be measured in this way. Consequently, no attempt will be made to
estimate momentum flux directly using ascent speed fluctuations in this chapter. Instead, the

_ 
slndeed, trour [1996] has suggested that the observed ascent speed variations might be accounted for by

plausible variations of the drag force acting upon the sonde.
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possibility that vertical fluxes of zonal and meridional momentum might be estimated from

simultaneous radiosonde measurements of temperature and horizontal wind velocity will be

explored. These measurements have been demonstrated to provide vaiuable climatological

information about gravity waves in earlier chapters, especially in the lower stratosphere.

The gravity wave spectral formulation proposedby Fritts and VanZandú [1993] suggests

that the vertical fluxes of zonal and meridional momentum are functions of total wave energy

density, .E6, and some measure of wave field anisotropy. In chapter 4, the total energy density

of gravity waves was estimated, while in chapters 5 and 6, qualitative pictures of the degree

of wave fleld anisotropy in the lower stratosphere ovel Macquarie Island and the Cocos

Islands were presented. Consequently, it is plausible that gravity wave momentum fluxes

may be estimated at these sites. A technique is discussed in the following section which

allows momentum fluxes to be estimated from radiosonde data.

7.2 Theoretical Development

The theory presented in this section is also described by Echermann et o/. [1996]. A tech-

nique is discussed whereby the vertical fluxes of zonal and meridional momentum may be

estimated using simultaneous measurements of temperature and horizontai wind velocity.

This technique makes use of the gravity wave spectral formulation due to Fritts and Van-

Zandt [1993].

Under conventional Liouville-Green approximations, the vertical fl.uxes of zonal and

meridional momentum (per unit mass) due to a monochromatic gravity wave are defined

by v1¡-6- andiÑ6-, respectively, where ó- = (1 - f'lr2)le.g., Fritts and Vincen¿, 1987].

This follows from the more general Eliassen-Palm flux which is derived elsewhere [e.g., An-

d,rews and Mclntyre, tg76]. The zonal and meridional mean fl.ow accelerations (u¡ and u¿,

respectively) caused by the vertical fluxes of zonal and meridional momentum due to a

monochromatic gravity wave are given by

where the subscript ú is a time derivative and p6 is basic state densityu [".g., Fritts and

Vincent,, 1987]. Note that the vertical flux of zonal momentum (momentum transfer per

Id/u¿ = ----l
Po d'z Y

Id/6¡ = - n¿r\

(7.5)

(7.6)

6This may be determined from radiosonde pressure and temperature measurements using the ideal gas
equation,
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nnit area per unit time) is typically defined as psutwt6-. However, in this chapter, the terms

u'w'ï- arLd utu'-6- will be referred to, for convenience, as momentum fluxes per unit mass,

following Fritts and VanZandt 11993).

Since measurements of tll are not considered here, for the reasons outlined in section 7.1,

it is not possible to estimate utulA- and, u'w'6- directly from observed wind velocity fluctu-

ation profiles. However, gravity wave fluctuations of vertical velocity are related to those of

normalized temperature according to (1.10). Therefore, for a monochromatic rvrr'ave,

'lttwt6-: #" 6- (7.7)

where flno = i'Î" and may be estimated from observations of normalized temperature fluctu-

ations by the application of a negative Hilbert transform lÛckermann et al., 79961. Similarly,

utwt6- is given by (7.7) but with o/ substituted for z'. The discussions presented hereinafter

will concentrate upon the vertical flux of zonal momentum since analogous arguments are

equally valid for the vertical flux of meridional momentum.

Equation (7.7) indicates that, for a monochromatic gravity wave, utwt6- is a function

of intrinsic frequency and the amplitudes of z' and f'. Ho*"rrer, the intrinsic frequency of

gravity waves cannot be estimated directly from radiosonde measurements since successive

soundings are typically too widely spaced in time7. Furthermore, monochromatic gravity

wave signals are very rarely observed in radiosonde profiles of temperature and horizontal

wind velocity and a superposition of many waves exists in general. Consequently, (7.2) must

be extended to accommodate a spectrum of gravity waves while some knowledge of the

intrinsic frequency distribution of this spectrum must be assumed.

In this chapter, the semi-empirical gravity wave spectral formulation propose d by Fritts

and VanZand,t[7993)is assumed to be valid. Thus the three-dimensional spectrum of gravity

wave energy is assumed to be upward propagating and separable in vertica^l wavenumber,

rn, intrinsic frequency, tr, and azimuthal direction of propagation, @, as describedby Fritts

and VanZand't179931and as reported in chapter 2. Some important polarization equations,

which follow from these assumptions and the Boussinesq approximation, are given below

lç2 1

8,, (p,,u,S) = EsA(p,)B(a)O(d) lro"2 q* 4 sin2 ól {r) (7.8)La")
E-, (¡trurþ)

E¡, (p,,a, $)

fi u" oçr)B(a,) o (/)ó- (c.,)

# u" orr)B(c.,) o (/)d- (ø)

(7.e)

(7.10)

TEven if this was not the case, the wave frequency would be measured in the ground-based reference frame
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where p: mlm* and the other terms are defined in chapter 2. Note that (7.8) and (7.9)

are equivalent to equations (a) and (7) of Fritts and VanZandt 119931while (7.10) follows

from their equation (8), as was discussed earlier. Note also that B(ø) x. rt-P, rvhere p is

anticipated to be ofthe order of5/3, and so a continuous red-noise-like frequency distribution

of gravity waves is assumed.

Following Fritts and VanZandt [1993] and Eckermann et ø/. [1996], the spectral depen-

dence of ,'î!so is now determined from (7.8) and (7.10). For a given Fourier component, this

covariance depends upon the fluctuation amplitudes (8,,)t/' and, (E¡,)1/2 
^rld. 

their phase

relationship which is not defined by the spectral formulation. However, zf¡ and {ro are in

phase for monochromatic gravity waves where zf, is the horizontal wind velocity fluctuation

in the direction /. Hence, t e covariance of ut and.4no, fot a given Fourier component,

is equal to the covariance of zf¡ and {no multiplied by cos /. It therefore follows that the

covariance spectrum is given by,

Eu,i,,^^0r,r,ó) : ! no,q(¡t)B(u)o(S) cos@ (6-(u)1(u))Ll2 (2.11)+eo g

where Eu,¡, is power spectral density. The total covariance is obtained by integration such

that,

",îI* = Ir* l,* Ir* 
Lnonlr¡a(r)o(d)cos/(ó-(c.r)t@Ðt/, d,gd,ud,¡,t.

E"b-N ¡N
I Bsu-P(ó-(ar)7(c.,))t/' d,g JJ

: '# Du'î¡'o(P' l' N) (7 'L2)

where b, = Iå" Õ(/)cos Sd$ and is one of the anisotropy parameters defined by Fritts and

VanZandt [1993]. This covariance is now related to the net vertical flux of zonal momentum

per unit mass.

The spectral dependence of. u,wö--- is given by

Eu,tt,6-(tr,r,Ð: # EsA(p)B(u)Õ(d) cosó6!2@)tt/r(r) (2.1g)

where Eu,-,6- is power spectral density8. Thus the net vertical flux of zonal momentum (per

unit mass), which is obtained by integrating over all waves in the spectrum, is

úur6- = 
1æ ,N 12¡ "

J, J, J, fr uoo(r)u(')o(d) cosó6!2@)t'/'(,)d'gdud'¡t

€Note that (7.13) differs from equation (10) of Fritts øn¿l vanzaniltlLggS] due to the fact that an additional
ó-(ø) term is included here while their ó1(c.r) term is removed since {õ,is taken to be zero lqckermann et
ø1., 19961.
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where Du,-,6- differs lrom Du,¡,nolÐckermann et ø/., 1996]. Combining (7.12) and (7.la)

u+ 
1,. 

Boat-n 6!2 @)11/2@) aa

u* o,,-,.-(p, r,N) (7.r4)

yields

î*o-=#, lWN-#l m (7 15)

which relates utwt6- to u,ilso without any need to determine the anisotropv parameter ór.

Hence utut6- can be calculated from radiosonde measurements of horizontal wind velocity

and temperatute, provided that certain assumptions regarding the wave field are invoked.

Note that (7.15) is the spectral analogue or Q.7) and so the ratio of Du,-,6_ to Du,ÌIno

reasonably interpreted as a characteristic intrinsic frequency, õ, of the gravity wave field

lÛclcermann et al., 1996].

The key term which is to be determined experimentalty is the covariance of zonal wind

velocity fluctuations and Hilbert-transformed normalized temperature fluctuations. This

is proportional to the vertical flux of zonal momentum (per unit mass) where the con-

stant of proportionality depends upon the intrinsic frequency distribution of gravity waves.

By analogy, the vertical flux of meridional momentum is proportional to the covariance of

meridional wind velocity fluctuations and Hilbert-transformed normalized temperature f.uc-

tuations where the constant of proportionality is the same as that given in (7.15). Thus

"'T{ro should a,lso be determined experimentally.

The characteristic intrinsic frequency, õ, is a function of p,, Í and 1[ and can be calculated

numerically. At any given site, / is known while 1[ can be determined from conventional

radiosonde measurements. The value of p most often cited in the literature is 5/3, although

this might just as easily be 2. Indeed, the ratios of horizontal kinetic and potential energy in

the lower stratosphere over Macquarie Island suggest that p may be even larger. Given the

uncertainty regarding the correct estimate of p, the dependence of d on p must be carefully

examined.

Figure 7.1 illustrates d as afunction of pfor L5 < p < 3.0 with / and.f[ fixed. The

values of / and I[ were chosen to be appropriate to the troposphere and lower stratosphere

over Macquarie Island and the Cocos Islands. At Macquarie Island, f = r.z x 10-4 rad s-1

while representative values of 1Í - 0.012 rad s-l and y'f = 0.021 rad s-1 were chosen

for the troposphere and lower stratosphere, respectively. Similarly, at the Cocos Islands,
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1.5

X 1.0
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0.0

797

O

T
U)

Ð
o
l_

3

1.6 1,8 2.0 2.2 2.4 2.6 2.8 3.0
p

Figure 7.1: The characteristic intrinsic frequency, d, as a function of spectral index, p,
for fixed f and.l{ which are appropriate to Macquarie Island and the Cocos Islands lafter
Eclcermann et al., 1996]. See text for further details.

.f : 3.0x 10-5 rad s-1 while representative values of 1[ = 0.01rad s-1 and N :0.024rad s-1

were chosen. Notice that õ is always larger when typical values of / and 1[ from Macquarie

Island are assumed since / is considerably larger here than at the Cocos Islands.

It is evident from Figure 7.1 that d is strongly dependent on ir in both the troposphere

and lower stratosphere. Therefore, some uncertainty is introduced into momentum flux

estimates from (7.15) due to the fact that the intrinsic frequency distribution of gravity

waves is unknown. Here p is assumed to be 5/3 despite the fact that the ratio of horizontal

kinetic to potential energy can be significantly different from 5/3. This is reasonable as a

first approximation based on evidence from the literaturee.

7.3 Momentum Flux Estimates

The technique for estimating gravity wave momentum fluxes using (7.15) is now tested

on radiosonde data from Macquarie Island and the Cocos Islands. The aim is to investigate

whether or not meaningful estimates of the vertical fluxes of zonal and meridiona,l momentum

can be obtained. The results presented must be regarded as a first approximation since

additional information concerning the intrinsic frequency distribution of gravity waves oveï
e Nastrom et ø1. [1996] have proposed that there exists a sharp peak in the intrinsic frequency spectrum

of gravity waves at ,: f.This may explain why the observed frequency spectra have shallower slopes than
those deduced from the observed ratios of horizontal kinetic and potential energy.

Mocquorie lslond

- 

Lower Strotosphere

- - - Troposphere

Cocos lslonds
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Altitude
Range
(k-)

Season u'ilro
(- r-t)

,,TINO
(- r-t)

L/)

(rad s-1)
utwt6-

, t _t,(m's ')
utwt6-

/ , -t\(m- s -)

1.0-8.0 Winter
Summer

-0.00029
-0.00020

3.2 x 10-5

-4.6 x 10-5
9.1 x 10-4
9.1 x 10-4

-0.018
-0.012

0.002

-0.003

16.0-23.0 Winter
Summer

-0.0019
-0.00072

-0.0020
-0.00055

1.1 x 10-3
1.1 x 10-3

-0.046
-0.018

-0.049
-0.013

Table 7.1: Climatological-mean vertical fluxes of zonal and meridional momentum (per unit
mass) determined in the troposphere (1.0-8.0 km) and lower stratosphere (16.0-23.0 km)
over Macquarie Island. See text for further details.

Figure 7.3. These indicate non-zero and negative mean covariances during both summer

and winter, but especially during winter. Thus the climatological-mean vertical f.uxes of

horizontal momentum, assuming upward energy propagation, ate directed toward the south-

west and, as expected, are consistent with the dominant propagation directions determined in

chapter 5. Note that there exists considerable variability about the mean covariances in each

case. Given the Gaussian nature of these distributions, it is likely that only climatological

information regarding gravity wave momentum fluxes can be extractedll.

Table 7.1 summarizes the mean covariance results presented in Figures 7.2 and 7.3. In

addition, the net vertical fl,uxes of component horizontal momentum (per unit mass) are

estimated from (7.15) where D was calculated using the mean Vdisälä-Brunt frequency and

p = 513. The standard deviations from the mean covariances are of the order of 3.b x

10-3 m s-1 in the troposphere and 2.5 x 10-3 m s-1 in the lower stratosphere. These imply

standard ertors in the means of approximately 2 x 10-4 m s-1 in both cases given that

more soundings were analyzed in the troposphere. Thus the mean covariances determined

in the lower stratosphere are reasonably interpreted to be non-zero and negative during

both summer and winter, but especially during winter. In contrast, the mean covariances

determined in the troposphere cannot be resolved from zero with reasonable confidence.

The vertical fl.uxes of zonal and meridional momentum (per unit mass) are largest in the

lower stratosphere during winter whe¡e they are each of the order of -0.05 m2 s-2. Thus

114 detailed error analysis is needed but is not attempted in this preliminary study
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the net vertical flux of horizontal momentum during winter is of the order of 0.07 m2 s-2

and is directed toward the south-west assuming upward energy propagation. Note that this

value is smaller than the momentum fluxes reported by Fritts et al. ll990f and Nastrom and

Fritts [1992] which were determined at comparable altitudes. However, Macquarie Island

is essentially an oceanic site since mountain waves generated by the island are likely to be

trapped within the troposphere. In contrast, Fri,tts et al. [79901 and /{asúrom and Fritts

[1992] determined gravity wave momentum fluxes over mountainous regions of Japan and

the United States, respectively. Therefore, the wave fields they observed may have been

considerably different12.

As was noted in the previous section, it is the altitude dependence of the vertical fluxes of

component horizontal momentum that ultimately determines the influence of gravity waves

upon the mean flow. The altitude dependence of gravity wave momentum fluxes deterrnined

from radiosonde measurements over Macquarie Island is now explored. This is achieved

in the same manner as in Table 7.1 except that each momentum flux estimate is averaged

over a 2-km altitude intervall3, rather than a 7-km altitude interval, and the results are

combined to form momentum flux proflles. Furthermore, the previous long term averages

are now relaxed to either 2 or 3-month averages so as to achieve a better understanding of

the temporal variations.

Figure 7.4 illustrates mean profiles of the vertical fluxes of zonal and meridional mo-

mentum (per unit mass) in the troposphere and lower stratosphere over Macquarie Island.

These wete consttucted ftom ut, ut arrd {no estimates which were obtained by fitting and

subtracting third-order polynomials from the observed profiles of u, u and T followed by the

application of a Hilbert transform to the normalized temperature fluctuations. Notice that

each profile lacks data near the typical tropopause height of 10 km. These were not consid-

ered because it is difficult to remove the temperature discontinuity at the tropopause as part

of the background temperature profile. When momentum flux estimates were determined

from individual profiles near 10 km, they were found to have signifrcantly larger standard

deviations from the mean than those found at other heights. No doubt this was caused. by the

spurious temperature fluctuation that results when a fitted polynomial is subtracted from

a step-like discontinuity in background temperature. Consequently, the momentum flux
estimates that are presented have been divided into tropospheric (0.5-9.5 km) and lower

t'Th.t" appears to be a significant difference between gravity wave variances observed in the lower atmo.
sphere over land and sea lJasperson et aI., lgg}f.

l3This is of the same order as the characterisiic vertical wavelength.
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unit mass) determined over Macquarie Island. Error bars denote the standard errors of the
means.

stratospheric (12.5-25.5 km) a^ltitude segments. Third-order polynomials were fitted and

then removed from the observed u, a and ? profiles of each segment independently, before

the momentum fluxes were estimated using (2.15).

The application of a Hilbert transform to normalized temperature data that are sampled

at 50-m intervals over fixed altitude ranges must be carefully tested for unwanted side effects.

For a continuous function, f(z),the Hilbert transform is given by

Fni= *rrØ (2.16)' ltz

where * represents a convolution and where the divergence at z = 0 is allowed for by using the

Cauchy principle value of the integral lBracewell,1986l. However, in practice, the Hilbert
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transform is computed in the Fourier domain using an FFT algorithm and the discrete

convolution theorem. This theoremis valid if the input signal, f,, is periodic with period M

such that it is completely defined by M values of f¡ lPress et al., 1988]. Thus the Hilbert

transform of an observed data series is likely to include erroneous end points since /¡ is not

periodic in general.

Clearly, some end points of Hilbert-transformed normalized temperature data must be

discarded if gravity wave momentum flux is to be determined accurately. Fortunately, the

number of such points that are likely to be affected signiflcantly is small since 7f rz quickly

approaches zero. Thus each point in a Hilbert-transformed data series depends mostly upon

its immediate neighbours in the raw data series. For the purposes of the analyses in this

section, the first and last 500 m of data are discarded after the application of a Hilbert

transform to a given normalized temperature data segmentl4. Consequently, the proflles of

Figure 7.4 display momentum flux estimates between 1.0 and 9.0 km in the troposphere and

between 13.0 and 25.0 km in the lower stratospherels.

It is evident from Figure 7.4 t,hat the largest absolute values of the vertical fl.uxes of

zonal and meridional momentum, for heights below 25 km over Macquarie Island, occur in

the lower stratosphere during June, July and August. These fl.uxes are near zero in the

troposphere but approach values of -0.1 m2 s-2 between 15.0 and 25.0 km. In contrast,

the vertical fluxes of zonal and meridional momentum determined during December and

January are approximately zero at such heights while the mornentum fluxes determined in

the lower stratosphere during the equinoxes are intermediate to the June, July, August and

December, January results. Tropospheric momentum fluxes, on the other hand, are mostly

zero. However, there is possibly a small negative bias to the tropospheric vertical fluxes of

zonal momentum as is also found in Figure 7.2. Nevertheless, this bias is typically on the

limit of experimental uncertainty.

The error bars of Figure 7 .4 arc standard errors of the mean and so g5% confldence limits

are given by approximately twice these error ranges. No errors were assumed to be associated

with the determination of D which is a function of /, 1{ and p. However, this quantity is

clearly uncertain and the intrinsic frequency distribution of gravity waves is important in

determining the absolute value of the net vertical flux of horizontal momentum. Nevertheless,
1aA reasonable estimate of the number of data points that must be discarded may be obtained by comparing

tlre Hilbert transform of a given raw data series with the Hilbert transform after zero padding [in", fr"r, Jt
o1.,1988].

15Data that have been averaged within a 2-km altitude interval have been assigned to the midpoint of that
interval.



204 CHAPTER 7. GRAVITY WAVE MOMENTUM FLUX

Months U¡

(* r-t duy-t)
A¡

(- r-r d.y-t)

April,May
June,July,August
September,October,November
December,January

-0.64
-0.81
-0.42
-0.10

-0.48
-1.13
-0.50
-0.09

Table 7.2: Inferred accelerations of the mean flow in the lower stratosphere (17.0-25.0 km)
over Macquarie Island.

if the covariances of. (u,o) and {no ur" found to be non-zero with good confidence then it
is reasonable to conclude that the vertical flux of horizontal momentum is also non-zero,

regardless of the intrinsic frequency distribution of gravity waves.

The zonal and meridiona,l mean fl.ow accelerations over Macquarie Island are estimated

using (7.5) and (7.6) where pe is obtained from radiosonde measurements of pressure and

temperature. As a first approximation, it is assumed that the vertical flux of horizontal

momentum (per unit mass) is zero in the troposphere and approaches a constant valuel6

between 17.0 and 25.0 km. Thus the inferred accelerations are also zero in the troposphere

but approach values in the lower stratosphere that are given by

(r,r,ør)=-(AW,rW);-r# 0.fi)

where Ñ6- and u'w'6- are height-averaged momentum fluxes. Table 7.2 presents the mean-

flow accelerations that have been averaged between 17.0 and 25.0 km and inferred from (7.17).

The largest occur during June, July and August and are of the order of -1 m s-l day-l for

both the zona,l and meridional components.

7.3.2 The Cocos fslands

Figures 7.5 and 7.6 illustrate the covaliances of component wind velocity fluctuations and.

Hilbert-transformed normalized temperature fluctuations which have been determined from

radiosonde measurements of the troposphere (7.0-1a.0 km) and lower stratosphere (18.0-

25.0 km), respectively, over the Cocos Islands. These results are divided into wet season and

dry season months as described in section 6.5 and, as before, the covariances determined
16In other words, the derivatives of the vertical fluxes of zonal and meridional momentum (per unit mass),

with respect to altitude, are assumed to be zero between 12.0 and 25.0 km.
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wind velocity and Hilbert-transformed normalized temperature fluctuations determined in
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from individual soundings are plotted in histogram form. Dashed lines indicate the mean

values in each case.

In the troposphere (Figure 7.5), the ca,lculated covariances are almost evenly distributed

about zero but have small positive biases which are independent of the season. This implies

that the net vertical flux of horizontal momentum is small (if not zero) between 2.0 and

14.0 km over the Cocos Islands. However, the net direction is unclear since it is not known

whether the majority of waves are upward or downward propagating. In fact, a signiflcant

portion of the observed variance in the troposphere may not be caused by untra,pped gravity

waves (see Figures 6.13 and 6.17) which further complicates the interpretation of Figure 7.b.

In the lower stratosphere (Figure 7.6), on the other hand, there is a signifrcant ancl

positive bias to the histogram of ;;î+* covariances during the wet season. There is also a

smaller positive bias during the dry season while the u,î{no covariances are evenly distributed
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about zero, to good approximation, during both seasons. Note that the range of values along

the c-axis of Figure 7.6 is considerably larger than the range of values in Figure 7.5. This is

because the horizontal wind and temperature variances are larger in the lower stratosphere

and, as a consequence, so are their covariances. Figure 7.6 indicates that there is a net

upward flux of eastward momentum during the wet season given that the majority of wave

energy is upward propagating in the lower stratosphere. This result is in agreement with the

dominant propagation directions displayed in Figure 6.25 as expected.

Table 7.3 summarizes the mean covariance results presented in Figures 2.5 and 2.6 and

also presents the estimated vertical fluxes of horizontal momentum. The momentum fluxes

were determined using (7.15) where c.l was calculated using the mean Väisälä-Brunt fre-
quency and p = 513. The standard deviations from the mean covariances are of the order

of 0.008 m s-l in the troposphere and. 0.01 m s-l in the lower stratosphere. These imply

Cocos
lslo nds

18.0-24.0 km

Cocos
lslonds

18.0-24.O

Cocos
lslo nds

18.O-24.O k



7,3. MOMENTUM FLUX ESTIMATES 207

Altitude

Range
(k-)

Season u'TIno
(- r-t)

,,TINO
(- r-t)

0)

(rad s-I)
utwt6-

(m2 s-z;
utwt6-

(m2 s-z;

7.0-t4.0 Wet
Dry

0.00047
0.00040

0.00075
0.00073

0.00036
0.00035

0.02
0.02

0.03
0.03

18.0-25.0 Wet
Dty

0.010
0.0021

0.0011

-0.00060

0.00052

0.00052
0.08

0.02
0.009

-0.005

Table 7.3: Climatological-mean vertical fluxes of zonal and meridional momentum (per unit
mass) determined in the troposphere (7.0-14.0 km) and lower stratosphere (18.0-25.0 km)
over the Cocos Islands. See text for further details.

Months U¡

(-.-t duy-t)
A¡

m s-1 duy-t)(

Sep,Oct,Nov (1992)
Dec,Jan,Feb
Mar,Apr,May
Jun,Jul,Aug
Sep,Oct,Nov (1993)

0.2r
1.10

0.61

0.01

0.38

-0.09
0.14
0.05

-0.29
0.06

Table 7.4: Inferred accelerations of the mean flow in the lower stratosphere (18.0-24.0 km)
over the Cocos Islands.

standard ertots of the mean of approximately 2 x 10-a m s-1 and 10-3 m s 1, respectively.

Hence the mean covatiances in the troposphere are non-zero to reasonable confidence as are

the mean covariances of z' and flno *ithitt the lower stratosphere. In contrast, the mean

covariances of u' and 4ro *ithin the lower stratosphere cannot be resolved from zero with

reasonable confidence.

Vertical proflles of the vertical fl.uxes of zonal and meridional momentum over the Cocos

Islands are illustrated in Figure 7.7. These were constructed in the same manner as in

Figure 7.4 by considering data segments from the troposphere (3.0-18.0 km) and lower

stratosphere (18.0-24.0 km) and by averaging momentum flux estimates within 2-km altitude

intervals and over 3-month time intervals. The technique that was used does differ slightly
from the one used to construct Figure 7 .4 h that a second-order polynomial was subtracted
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from the lower-stratospheric data segments in order to obtain ut, ut and ffno vertical profiles.

This was judged to be appropriate because of the smaller altitude range of measurements in

the lower stratosphere over the Cocos Islands.

The results presented in Figure 7.7 demonstrate that the vertical fluxes of zonal mo-

mentum are near zero within the troposphere. Similariy, the vertical fluxes of meridional

momentum are also near zero although they do display a small positive bias in some in-

stances' In the lower stratosphere, it is the vertical flux of zonal momentum that becomes

significant during the wet season. This is as large as 0.1 m2 s-2 during the B-month period
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of December, January and February but is near zero during June, July and August.

Table 7.4 presents the inferred mean f.ow accelerations within the lower stratosphere

where the majority of wave energy is known to be upward propagating. These were de-

termined using (7.17) and thus it is assumed, as a first approximation, that the observed

momentum fluxes (per unit mass) are constant between 18.0 and 24.0 km. The largest

inferred zonal acceleration is 1.1 m s-1 d.y-t and occurs during the 3-month period of

December, January and February. This is of the same order as the largest inferred zonal

acceleration over Macquarie Island although of opposite sign.

7.4 Discussion

The results presented here indicate that plausible estimates of the net vertical fluxes of zonal

and meridional momentum can be obtained from simultaneous radiosonde measurements of

horizontal wind and temperature. At the very least, it is possible to determine whether or

not the net vertical fluxes of component horizontal momentum are non-zero and, if they

are non-zero, it is possible to determine their signs. This is true regardless of the intrinsic

frequency distribution of gravity waves and, in all probability, regardless of the extent to

which the wave freld can be considered to be separable. Notable seasonal and geographic

variations of net gravity wave momentum fl.uxes were found using radiosonde measurements

from Macquarie Island and the Cocos Islands.

The magnitudes of the estimated momentum fluxes are dependent upon the intrinsic fre-

quency distribution of gravity waves assuming that the spectrum of wave energy is separable.

Thus there is some uncertainty in the magnitudes since the intrinsic frequency distribution

is not known from the available data. Here it is assumed, as a flrst approximation following

Fritts and VanZandt 17993), that the energy spectrum is separable and that the intrinsic

frequency distribution is given by B(ar) q. u-P where p = 513. However, both assumptions

have no flrm theoretical basis, as was noted by Fritts and VanZandt[1gg3). Yet an intrinsic

frequency spectrum given by B(c.r) x u-s/z is commonly assumed in the üterature based on

experimental evidence. In contrast, the experimental evidence regarding intrinsic frequency

and vertical wavenumber separability remains equivocal lEritts and Chou, Lg}T., Senft and,

Gardner,l99L; Fritts and Wang, L997; Gardner et ø/., 1gg3b].

If the wave energy spectrum is separable and B(ar) is proportional to ø-p then the ratio

of horizontal kinetic to potential energy is approximately equal to p, assuming that p is
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greater than about 1.1. The mean ratios of horizontal kinetic to potential energy in the

lower stratosphere over Macquarie Island and the Cocos Islands are 3.1 and2.2, respectively,

and the monthly-mean ratios are consistently larger than 5/3. When these values are used to

determine õ from Figure 7.1, the estimated momentum fluxes (and consequently the inferred

accelerations) are reduced by factors of approximately 6 and 4, respectively. Note, however,

that the horizontal kinetic to potential energy ratio determined in the lower stratosphere

over Macquarie Island does vary with season, probably in response to the annual oscillation

of the mean winds. During June, July and August, whicli are the months of largest (tl, t') and

{no .ouutiances, the mean ratio is approximat ely 2.5. This suggests that the momentum

flux estimates could be a factor of 3 smaller than those determined by assuming p = 513.

An alternative approach might be to estimate D from individual wind hodographs us-

ing (3.30). However, this approach has been avoided here because of the issues raised by

Eclcermann and Hocking [1989] and Hines [1989]. Nevertheless, Cho [1995] has demonstrated

that reliable estimates of intrinsic frequency can be obtained from the autospectra and cross

spectra of the component horizontal winds. Yet Cho [1995] analyzed radar data, obtained

ovet a short campaign period, which had sufficient time and altitude resolution to resolve

both the dominant vertical and temporal scales of gravity waves. It is uncertain if this

technique is applicable to a large data set of radiosonde measurements for which succes-

sive soundings are too widely spaced in time to establish the time coherence of observed

fluctuations. However, the technique may provide va^luable information when applied to

conventional radiosonde data and should be investigated further in any future studies. Note

that Eclcernlann [1996] has demonstrated that the cross spectral technique due to Chof|ggSl

is related to the Stokes parameter technique for determining gravity wave characteristics.

Note also that this cross spectral technique takes into account the transverse wind shear

effect described by Hines [1989].

The determination of ø is clearly the weakest element of the momentum flux analyses

that have been presented in this chapter. More information about the intrinsic frequency

distribution of gravity waves is obviously needed. In particular, the use of p = 1lJ is
inconsistent with the observed ratios of horizontal wind velocity and normalized temperature

variances. This value was chosen as a first approximation and does result in estimates of the

vertical fl.uxes of horizontal momentum that are of the same order as those found elsewhere at

similar altitudes le.g., Fritts et a\.,1990]. However, if the wave fields over Macquarie Island

and the Cocos Isiands are truly dominated by inertio-gravity waves, as the observed variance
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ratios would suggest, then the momentum fluxes that are presented may weli overestimate

the true values.

Given the uncertainty of the momentum flux results, the inferred accelerations must be

considered, at best, as order of magnitude estimates. Furthermore, an additional source of

uncertainty arises for these estimates when the background wind shear is large, which is

especially the case over Macquarie Island during winter. The windshifting effects described

by EcleermannlIggS) can result in amplitude variations of gravity waves with altitude that

are not associated with wave dissipation. Also, the background wind dependence of vertical

wavenumber may cause some wave energy to be removed from the band of wavenumbers

that can be resolved by conventional radiosondes lÛclcermann et a\.,1995]. These problems

are discussed further by Eckermann et o/. [1996].

Despite the obvious uncertainties, the analysis technique that has been investigated in

this chapter is nevertheless profitable because it can be applied to a large and existing data set

of radiosonde measurements. Even if order of magnitude estimates are the best that can be

expected, the information obtained is of importance since it can be utilized by modellers who

seek to parameterize the effects of gravity waves on the mean flow of the middle atmosphere.

The anisotropy parameters used in the parameterization scheme due to Fritts and VanZand,t

[1993] may be estimated from (7.12) while momentum f.ux estimates in the lower stratosphere

may provide useful initial conditions for other schemes. As more meteorological services begin

archiving their radiosonde measurements at high vertical resolution lffiamilton and Vincent,

1995], and as measurement technology continues to improve, it may soon become possible to

obtain useful information about gravity wave momentum flux, similar to the results presented

hete, on a global scale.
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Chapter 8

Concluding Comments and Future

Research

The results presented in this thesis demonstrate that high-vertical-resolution operational

radiosonde soundings can provide valuable knowiedge about atmospheric gravity waves. In

the past, these waves have often been studied using either isolated radiosonde soundings

or several soundings from an experimental campaign. The clear advantage of operational

radiosondes is their ability to provide climatological information about the dynamics of the

troposphere and lower stratosphere. However, until recently, operational radiosonde data

were archived at poor vertical resolution and so were unsuitable for gravity wave analysis.

This study is the first to have attempted gravity wave analyses of high-vertical-resolution

radiosonde measurements from a network of stations in the southern hemisphere. The main

results and conclusions are summarized at the ends of chapters 4, 5, 6 and 7.

The outlook for future research using operationa,l ¡adiosonde measurements, which are

archived by various nationa,l meteorological services, is detailed by Hamilton and Vincent

[1995]. Not only is our knowledge of gravity waves likely to benefit, but a,lso our understand-

ing of equatorially-trapped waves and the quasi-biennial oscillation. Indeed, the equatorial

middle atmosphere is especially interesting because of the coexistence of trapped and. un-

trapped \ryaves and because of the complicated basic state dynamics. A recent study of ship-

based radiosonde data by Ogino et al. ll995l has concluded, in accordance with the results

presented here, that gravity wave energy in the lower stratosphere is largest near the equator.

Their study also concluded that cumulonimbus convection is probably the most important

source of gravity waves in the lower stratosphere at low latitudes. A similar understanding

2I3
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is deduced from the results presented here, based on the correlation between gravity wave

variance and mean rainfali at near-equatorial locations, although more conclusive evidence

is strictiy needed.

A new technique for estimating gravity wave momentum fl.uxes was tested in chapter 7.

This technique yielded reasonable results using simultaneous radiosonde measurements of

horizontal wind velocity and temperature. However, the technique did have weaknesses and

may need to be refined if used in later studies. Gravity wave momentum fluxes were also

estimated from simultaneous radiosonde measurements of horizontal wind velocity and tem-

perature in a concurrent study hy Sato and Dunlcerton 179961. Although they considered

time series data and were interested mainly in equatorially-trapped waves, their (direct esti-

mate) technique was essentially the same as that used here. This emphasizes the importance

of considering simultaneous horizontal wind velocities and temperatures in the absence of

direct and reliable estimates of the vertical velocity fluctuation.

The main source of error for the momentum flux anaJysis of chapter 7 results from the lack

of detailed knowledge about the intrinsic frequency distribution of gravity waves which is of

crucial importance. Indeed, it is difficult to reconcile the observed ratios of horizontal kinetic

and potential energy in the lower stratosphere with the observed frequency spectra of past

studies, even when Doppler shifting is taken into account. However, similar results from the

Iower stratosphere over Tllinois, in the United States, are reportedby Nastrom et al. [1996].

They argue that the observed ratios can be brought into agreement with theory if there

exists an enhancement of gravity wave energy near the inertial frequency lNastrom et al.,

1996]' Furthermore, they conclude that the proposed enhancement needs to be investigated

experimentally in future studies. If correct, then this may justify the use of p - 5/3 in the

momentum flux calculations, as a flrst approximation, since near-inertial waves would not

contribute significantiy to the observed covariances of horizontal wind velocity and Hilbert-

transformed normalized temperature fluctuations. Thus further investigation of the intrinsic

frequency distribution would also be of value in the context of the present study. Nastrom et

ø/' [1996] note that such an investigation might involve the analysis of archived VHF radar

measurements.

In addition to the above proposal and results, Nastrom et al. 17gg6l also presented evi-

dence that suggests that the slopes and amplitudes of individual vertical wavenumber power

spectra of horizontal wind velocity and no¡malized temperature, in both the troposphere

and lower stratosphere, are correlated. They found that those spectra which happened to
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have large amplitudes tended to have shallow slopes at high vertical wavenumbers. This

is an interesting result since, as noted by Nastrom et al. 179961, it is inconsistent with the

current theories of wave saturation. However, the relationship between wave amplitudes and

the high-wavenumber slopes of individual spectra was not investigated in the present study.

It seems likely that the same correlation would be found in the data considered here and

clearly this possibility should be investigated further in any subsequent study.

The results presented throughout this thesis have addressed the problem of the lack of de-

tailed climatological information about atmospheric gravity wave activity in the troposphere

and lower stratosphere. Experimental estimates of the total wave energy densityl, the degree

of wave field anisotropy and the vertical fluxes of horizontal momentum have been reported

from the Australian sector of the southern hemisphere. These results, together with results

from other recent studies of radiosonde data le.g., Whitewag and Duclc, 1996; Nøstrom et

al,, 1996], have contributed to a growing body of experimental knowledge. Following some

important theoretical advances [e.g., Fritts and, VanZandt,, tggS; Fritt.c and Lu, 7993; Hines,

1996a,b], it is hoped that the broad research program, to which this thesis has contributed,

may ultimately lead to the successful understanding and modelling of the effects of gravity
'waves upon the mean flow of the lower and middle atmospheres.

lThe estimates of ,Eo were obtained by assuming that B(ø) x u-|ls which may not be correct at all (or
even some) stations.
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App.ndix A

Vaisala RS80 Temperature Sensor

Response Time

The temperature sensor response times that have been used in this thesis to obtain the cor-

rected stratospheric power spectra of normalized temperature fluctuations have themselves

been estimated from the results presented in two Vaisala test reports lTurtiainen lggla,b].

According to Turtiainen [1991b], the response time r of a temperature sensor in flowing air

is theoretically given by

r = Cr + C2lh (4.1)

where å, is the surface heat transfer coeffcient and where Cr and C2 are constants that

depend upon the sensor dimensions and materials. The surface heat transfer coefficient is a

complicated function of sensor ventilation speed, air density, and air temperature which, for

a cylindrical sensor, is given by

kI[z
h (A.2)D

where

Nu = 0.184 + 0.324fueo'5 l0.29t&e,

= 0.247 + 0.0407.8e0'168

VoDp

l.r

(A.3)

(A.4)

(A.5)

r

Re

and where k is the thermal conductivity of air, 1{z is the Nusselt number, D is the radius of
the sensorl , Re is the Reynolds number, Ve is the ventilation speed., p is air density and ¡^l

TTurtiainen 
[1991b] uses D:0.0006 m but notes that the choice of this parameter is not critical.
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is the dynamic viscosity ol an fTurtiainen,lgglb]. The thermal conductivity and dynamic

viscosity may be determined by using

1. - 
2'64639 * 1g-s 7z/z
T+245'4xlo-12/r (A.6)

and

l.r
1.458 x 1g-a 7z/z

(A.7)
T + 770.4

where ? is air temperature2 fTurtiainen, 1991b]. Thus if C1 and C2 are known for a given

type of sensor then ¡ can be computed theoretically at any height provided that ?, p, atd

the sensor's ventilation speed are known.

The constants Cr and C2 were estimated for the Vaisala RS80-15 temperature sensor by

Turtiainen [1991b]. This was achieved by experimentally determining the response time at

ground level conditions for three different ventilation speeds. Thus r was known for three

values of å. allowing Cr and C2 to be estimated by least squares curve fitting. The values

were found to be C1 = 0 and Cz = 782. Note that the response time was experimentally

determined by measuring the time taken for the sensor to reach 63.2% of a sudden step

function increase of environmental temperature. Figure 4.1 displays the height dependence

of r where (4.1) has been used and where å, was determined using the mean temperature

and pressure profiles observed at Adelaide during December 1991. Atmospheric density was

calculated from the temperature and pressure measurements using the ideal gas equation and

the sensor ventilation rate was taken to be equivalent to the mean balloon ascent velocity.

In the work by Turtiainen [1991a], temperature sensor response times were measured

using a radiosonde in flight where the step function increase in environmental temperature

was generated using a heating element attached to the sonde. The results, however, were

consistently smaller than the corresponding theoretical values which were calculated using

C1 and C2 given above. This leads to the conclusion of the report lTurtiainen, 1991a, p. 5]

which states that "the response time of [the] RS80 temperature sensor in flight was found to

be equal [to] or iess than the theoretically computed values presented in the earlier reports."

Thus it appears that (4.1) with C1 = 0 and Cz = 782 is overestimating the temperature

sensor response time within the lower stratosphere given that all measurements by Turtiainen

[1991a] were made at pressures that were less than or equal to 44hPa.

As a result of the above conclusion, it seems moïe appropriate to find C1 and Cz fot

the lower stratosphere by fltting (,{.1) to the 12 measuïements of r that were reported by

- 
2Equaüions (4.1) to (4.5) were obtained ftom Kerlin et aLlt982) while (4.6) and (A.z) where reported

from the U.S. Standaxl Atmosphere[1g76].
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Figure .{.1: The height dependence of the Vaisala RS80 temperature sensor's response time
for different values of C1 and C2 (see text for more details). The resporìse time was calculated
using (4.1) where the surface heat transfer coeff.cient, a function of temperature and density,
was dete¡mined using the mean temperature and pressure profiles observed at Adelaide
during December 1991.

Turtiainen [1991a]. This was the approach taken here. The best fit parameters were found

to be C1 : -2.2 and. Cz:724.4 and the height dependence of r using these parameters has

been plotted in Figure 4.1 where ä was determined, as before, from the mean pressure and

temperature profiles observed at Adelaide during December 1991. Clearly, this new curve is

not strictly valid near ground level since it underestimates the ground level measurements

of ¡. Nevertheless, it does provide a superior fit to those measurements of ¡ that have been

made within the iower stratosphere.

The corrections to the observed power spectra of normalized temperature fluctuations

in this thesis have been calculated using (3.6) where r was found from (4.1) with C1 -
-2.2 and Cz : 724.4. This leads to height-averaged response times that are of the order

of 7 to 8 s within the 17 to 24 km altitude range and 1 to 2 s within the 2 to g km

altitude range. The value of r between 2 and I km is no doubt an underestimate of the

true value within this height interval. However, this is not important since even when the
parameters Ct : 0 and Cz = 782 arc used, the ïesponse time is stili suffciently small

that the correction for tropospheric power spectra is negligible at all but the very highest

{#

r:-..*{

C,=0, C,=782
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wavenumbers. Consequently, all observed tropospheric vertical wavenumber power spectra

have not been altered in any way.

The method that has been chosen in order to obtain values for the parameters C1 and C2

is not the only plausible procedure. Given the available information, however, it is believed

to provide the best estimates of r within the lower stratosphere. Nevertheless, the approach

may result in nonnegligible errors for the response time estimates. These are difficult to

quantify and will affect the high-wavenumber spectral slope, ú, of corrected power spectra

which, as a consequence, may be biased in some way. It is important to note, however, that

the spectral parameters rn*, c*r and -Es will not be significantly affected by this problem. As

a result, only estimates of ú from stratospheric power spectra need to be treated with some

caution.

Another possible source of error for corrected vertical wavenumber power spectra arises

due to the assumption that r is constant in obtaining (3.6). Figure 4.1 indicates that r is

not constant within the height intervals of interest to this study. However, (3.6) is still valid

to good approximation if height-averaged response times are used. To demonstrate this

a normalized temperature fl.uctuation profile has been numerically simulated for altitudes

between 17 and 24km. This was obtained by summing a, series of sinusoids with amplitudes

that were determined from a standard gravity wave model and by applying the constraints

imposed due to the slow response of the radiosonde's temperature sensor.

The fluctuation profile was simulated by first generating a model gravity wave power

spectrum using (4.2) with 2z'.Fs : 0.05 m/cycle, m*f 2tr : 5.0 x 10-a cycles/m and ú = B.

A series of 100 sinusoids was then calculated at wavenumbers rn¿ : 2r x 10-ai where i is
an integer between 1 and 100 and where each sinusoid was assigned a random phase rp. The

amplitudes, A¿(m¿), were determined from the modei spectrum since these are given by the

square root of twice the variance within the relevant wavenumber band about wavenumber

m¿. The summation of individual sinusoids, sampled at 7-m altitude intervals between 16 and

24km, gives the simulated environmental fluctuation proflle. This technique follows the work

of Eckermann [1990b].

The fluctuation profile measured by a radiosonde with temperature sensor response time

r is related to the environmental fluctuation profile according to (3.a) where ? and ?" may

be replaced by T' and ?j, respectively, assumingT"(z) does not differ significantly from 7(z)
and assuming T(z) is approximately constant over the altitude range of interest. However,

if r is variable in height then (3.4) cannot be solved analytically. The simulated fluctuation
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profile was thus obtained using the Runge-Kutta method where r(z) was given by the curve

of Figure 4.1 defined by Ct = -2.2 and C2 : 724.4. The first kilometre of data was discarded

in order to allow sufrcient altitude for any transient effects to become negligible. Thus the

final simulated profrle comprised data that was sampled at 7-m intervals between 1Z and

24 km.

The simulated fluctuation profile was spectrally analyzed using the Blackman-Tukey aI-

gorithm and was further modified using (3.6) where r was given by the height-averaged

response time between 17 and 24 km. Although not shown here, the resultant power spec-

trum was found to be in good agreement with the original model spectrum. This indicates

that (3.6) is valid to good approximation over 7-km altitude intervals if r is given by its

height-averaged value.
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App.ndix B

Normalized Temperature Power

Spectra

The mean vertical wavenumber power spectra of normalized temperature fl.uctuations that

were not presented earlier are illustrated in this appendix. As before, solid ünes represent

stratospheric power spectra, dashed lines represent tropospheric power spectra and the dot-

ted lines represent the theoretical saturation limits proposed by Smith et al. 179871. The

various spectra are plotted in both conventional logarithmic and area preserving forms while

the 95% confi.dence limits are given by approximately 0.85 and 1.15 multiplied by the spectral

amplitude at each vertical wavenumber. Stratospheric power spectra have been corrected

for response time distortion as defined by (3.6) where the response time was estimated in

the manner described in appendix A.

The height intervals used for power spectrum analysis are described in Table 4.2 where

the height intervals used for Casey and Mawson were the same as those used for Davis.

Data segments for which continuous measurements were unavailable throughout the entire

height interval of interest or for which a tropopause was found within this interval were not

considered for analysis. Spectra were calculated using 12 months of data from each station

excluding WiIIis Island (10 months), Casey (23 months) and Mawson (23 months). For more

details about the analysis techniques used1, see the relevant discussions in chapters B and 4.

lThe mean spectra from all stations, with the exceptions of Casey and Mawson, were obtained by averaging
normalized individual spectra over l-month time inte¡vals. The 3-month average spectra were then obtained
using a weighted arithmetic mean of the l-month average spectra. However, the mean spectra from Casey and
Mawson were obtained by averaging normalized individuat spectra over the full 2 or J-month time intervals
(as was the case for the mean spectra from Macquarie Island and the Cocos Islands that were illustrated in
chapters 5 and 6). Although this situation is not ideal, it is hardly likely to cause significant problems when
comparing different spectra.
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malized temperature fluctuations observed over Townsville (19oS, L47"8) between June 1991
and May 1992.
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Figure 8.17: Mean vertical wavenumber power spectra of normalized temperature fl.uctua-
tions observed over Mawson (68o5, 63"E) between June 1993 and April 1995.
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Appendix C

Radiosonde Data from the South

Pole

In this appendix, vertical wavenumber power spectra of normalized temperature fluctuations,

which were obsetved by radiosonde over the South Pole, are presented. The data considered

were obtained during February 1995 and were kindly supplied by Matt Pfenningerl. The

purpose of this appendix is to compare observed spectra from the South Pole with those de-

termined at lower latitudes in an attempt to ascertain if the trend illustrated in Figure 4.23

is continued, that is the trend towards smaller gravity wave variances at higher latitudes.

These results were not presented in the main body of this thesis because, at the time of

writing, useful info¡mation about the radiosondes'temperature sensor response times, mea-

surement accuracy and measurement precision were unknown2. The emphasis here is on the

total normalized temperature variance rather than on the fine details of the spectral form.

Figure C.1 illustrates the mean tempetature, Väisälä-Brunt frequency squared and com-

ponent horizontal wind velocity profiles determined from 40 radiosonde soundings which

happened to reach 30 km or higher during February 1995. The South Pole is approximately

2.8 km above sea level, the mean tropopause height is near 8 km and there exists a notable

temperature inversion between ground level and approximately 4 km. Consequently, gravity

wave spectral analysis of the tropospheric data is not practicable since the dominant gravity

waves are unlikely to be adequately resolved from the background. Note that the mean

horizontal winds at the South Pole are unique since there are no zonal winds but rather

lUniversity of Illinois
2The radiosondes launched at the South Pole were manufactured by Atrnospheric Instrumentation Research

lM. Ptenninger, private communication, I 9g6].
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two orthogonal meridional wind directions. However, it is not known along which lines of

Iongitude the plotted winds lie since the conventions used for the determination of wind

direction were not known from the available information. It is suffi.cient, for the purposes

of this appendix, to know that the wind velocity components are orthogonal and that their

magnitudes are weak (since they are both meridional).

The vertical wavenumber power spectra of normalized temperature fluctuations are illus-

trated in Figure C.2. These were determined using an FFT algorithm where spectral leakage

was minimized by the application of a Welch window lPress et aL, 1988]. The raw data,

which were smoothed into 50-m altitude bins, were spectralTy analyzed over 6-km altitude

segments between 12 and 30 km and also over this full 18-km altitude range. No correction

was made for any possible response time distortion since no information was available about

the response times of the temperature sensors that were used. The temperature fluctuation

profiles were estimated by subtracting second-order polynomials from the 6-km altitude seg-

ments and third-order polynomials from the 18-km altitude segments. Mean spectra were

obtained by arithmetic averaging.

It is evident, from Figure C.2, that the observed spectra from each 6-km altitude range,

and a"lso from the fuli 18-km altitude range, are attenuated in comparison to the theoretical

saturation limits proposed by Smith et al.17987] at all but the very highest vertical vertical

wavenumbers. Furthermore, they are attenuated in comparison to the stratospheric spectra

observed at lower latitudes, especially at low vertical wavenumbers. The mean noïmabzed

temperature variance between 12 and 30 km during February 1995 was found to be 5.2 x 10-6

at the South Pole. Thus the trend towards smaller norma,lized temperature variances at

higher latitudes, as illustrated in Figure 4.23, appears to be continued to the South Pole on

the basis of the evidence presented in this appendix.
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Abstract

A climatology of gravity wave activity in the lower atmosphere based on high-resolution radiosonde

measurements provided by the Australian Bureau of Meteorology is presented. These data are ideal

for investigating gravity wave activity and its variation with position and time. Observations from 18

meteorological stations within Australia and Antarctica, covering a latitude range of 12oS - 68oS and

a longitude range of 78oE - 159o8, are discussed. Vertical wavenumber power spectra of normalized

temperature fluctuations are calculated within both the troposphere and the lower stratosphere and

are compared with the predictions of current gravity wave saturation theories. Estimates of impor-

tant model parameters such as the total gravity wave energy per unit mass are also presented. The

vertical wavenumber power spectra are found to remain approximately invariant with time and geo-

graphic location with only one significant exception. Spectral amplitudes observed within the lower

stratosphere are found to be consistent with theoretical expectations but the amplitudes observed

within the troposphere are consistently larger than expected, often by as much as a factor of about

3. Seasonal variations of süratospheric wave energy per unit mass are identified with maxima occur-

ring during the low-latitude wet season and during the midlatitude winter. These variations do not

exceed a factor of about 2. Similar variations are not found in the troposphere where temperature

fluctuations are likely to be contaminated by convection and inversions. The largest values of wave

energy density are typically found near the tropopause.



1. Introduction

It is now well appreciated that gravity waves play a crucial role in determining the circulation and

mean state of the atmosphere. If wave eflects are to be fully understood and modeled then more

information on the geographic and seasonal variations of wave activity and on wave sources is needed.

A wide variety of observational techniques have been used to study mesoscale fluctuations in

the lower and middle atmospheres and their variations in time and space. These include balloon

soundings le.g., lritts et al., 1988; Sid,i et ø1., 1988; Kitømura and Hirota, L989; Cot anil Baral,

L990; Tsuda el ø1., I99I), radar observations [e.g., Tsudø et ø1., 1989; Fritts el a/., 1990], rocketsonde

measurements [e.g., Dewøn el a1.,7984; Hamilton, I99I; Eckermann et ø1., Igg4), and lidarstudies

le.g., Wilson et al.,l99I; Senft et al., 1993].

To date, much of our detailed knowledge of wave sources and effects in the lower atmosphere

has come from ground-based wind-profiling radar studies le.g., Eckennann and Vincent, 1993]. In-

strumented commercial aircraft observations made in the troposphere and lower stratosphere during

the Global Atmospheric Sampling Program also provided important information about wave f.uxes

over varying terrain and source regions lNøslrom and Fritts,L992; Fritts and Naslrom, 1992]. While

aircraft measurements provide coverage over both continental and oceanic regions, radar and lidar ob-

servations are primarily confined to land-based sites, except for a few ship-borne lidar measurements.

Despite the excellent temporal resolution of the ground-based instruments it is unlikely that there

will be sufficient numbers of such instruments deployed to enable wave climatologies to be established

on a global scale, especially in the southern hemisphere.

Despite the large number of observational studies, certain theoretical questions remain unre-

solved. Initially, the debate was centered upon the relative importance of gravity waves as compared

with twodimensional tu¡bulence in forming the fluctuations observed in the atmosphere. Dewan

[1979] and VanZandt [1982] argued for a gravity wave interpretation, suggesting that mesoscale fl.uc-

tuations are the di¡ect result of a superposition of many gravity waves. However, Gage ll979l, Lilty

[1983], and Gøge anil Nøstrom [1985] argued that two-dimensional turbulence is the main cause of

mesoscale fluctuations. It is likely that both waves and stratified turbulence are present in the at-

mosphere, although it is now widely accepted that gravity wave motions are dominant [e.g., Vincenl

and Eckermann, t9901.

Recently, debate has focused upon the physical process apparently acting to limit wave amplitude
growth with height. A common feature of many experimental studies is approximately invariant
vertical wavenumber and frequency power spectra, despite the exponential decrease of density with
height' and regardless of season and geographic location. This feature, first recognized by Vo,nZandt

[1982] and based on similar studies of oceanic gravity wave power spectra, led to the concept of
a "univetsal" spectrum of atmospheric gravity waves with amplitudes constrained to remain below
some fixed value. Several saturation theories have since emerged lDewan and, Good., lg86; Sm,ith et

ø1., 1987 ; Weinstocle, Igg0; Hines, 1,ggl).



Each theory proposes a physical mechanism thought to be responsible for limiting wave ampli-

tude growth and each predicts, approximately, the saturated vertical wavenumber power spectrum

amplitudes that should be observed. However, due to theoretical uncertainties in the various proposed

mechanisms, it has proven difficult to distinguish between them on the basis of spectral amplitude

calculations alone. The question of which physical mechanism is acting at high vertical wavenumbers

is still, very much, an open one. It seems likely that the successful theory will best account for some

of the more unusual experimental findings such as recent lidar measurements within the stratosphere

[.Fines, 1993].

Very recently, Fritts ønd VanZøndt [1993] anò Fritts and Lu [1993] developed a gravity wave pa-

rameterization scheme which describes the influence of a broad spectrum of waves on the mean state

of the atmosphere. The scheme is based on the concept of a "universal" spectrum which is separable

in frequency and vertical waveuumber. Only a few parametets are required to constrain this model

and the scheme links the work of theorists, who model large-scale motions in the atmosphere, and

experimentalists who use convenient analytical tools such as power spectrum analysis. However, the

extent to which wave activity and influence varies with height, season, and geographic location is

poorly understood at present. Despite the constraining influence of the proposed saturation theo-

ries there still exists the possibility for significant variations in the wave field, both at low vertical

wavenumbers and, in some instances, at high vertical wavenumbers also. Quantifying these variations

is an important experimental problem.

Balloon-borne radiosonde soundings provide one potentially important source of information

on gravity waves and their efects in the troposphere and lower stratosphere. Earìy work by, for

example, Søwyer [1961] and Thompson [1978] provided evidence for large-scale inertial waves in the

lower stratosphere and more recently, Kitamura and Hirota [1989] emphasized the importance of

radiosonde observations in their study of inertiaì-scale disturbances over Japan. Radiosonde sou-

ndings are carried out daily on a world-wide basis, providing a wealth of information on winds,

temperatures, and humidity. One reason why radiosonde measurements have been little used in

wave studies is that measurements are reported and archived at relatively infrequent height intervals,

leading to poor height resolution. Recently, however, the Australian Bureau of Meteorology began

routineìy recording and archiving high-resolution data from radiosondes, with pressure, temperature

and relative humidity measurements made every 10 s, or about 50 m in altitude. These data are ideal

for investigations of wave energies and power spectra in the troposphere and lower stratosphere.

The Australian soundings ate taken once or twice per day from stations whose locations vary

from the tropics to the Antarctic. The observations also cover a significant spread of longitudes in the

Australian sector. By suitably combining measurements made at a range of longitudes in relatively

narrow latitude bands it is possible io build up a climatology of wave activity which is not biased

by localized source efects, such as topography. Here we explore the extent to which this extensive

data set of high-resolution radiosonde measurements can contribute to solving some of the problems

described above.



Section 2 of this paper details some background theory as well as discussing the state of current

saturation models of temperature fluctuation spectra. In section 3 the radiosonde data set that

was used, the analysis procedures that were employed, and the possible sources of measurement

errors are described. Vertical wavenumber power spectra of normalized temperature fluctuations

are presented in section 4 as are estimates of the total gravity wave energy density, Es, which is

an important component of the Fritts and, VanZandl [1993] parameterization scheme. A discussion

of the results is given in section 5 followed by the conclusions in section 6. The consequences of

radiosonde temperature-sensor response time with regards to measurement accuracy are described in

an appendix.

2. Gravity'Wave Power Spectra Theory

Fritts and VanZandt [1993] (hereinafter referred to as FV93) presented a model three-dimensional

gravity wave powet spectrum which makes use of functional forms of the one-dimensional vertical

wavenumber and frequency power spectra that are in good agreement with experimental findings.

They assumed a total energy spectrum that is separable in vertical wavenumber, rn, intrinsic fre-

quency, c,r, and azimuthal direction of propagation, /, and is given by

E (tt, r, 6) = EsA(p)A(ø)O(/) (1)

where

A(p) = Aop'l(t + ¡r'*,) (2)

B(u) = Bsu-P (3)

and where p = m/m*, m = 2r f Àr, ), is the vertical wavelength, rn* is the-characteristic wavenumber

(in units of radians per meter), Eo is the total gravity wave energy per unit mass (energy density), ,4e

and Bs are defined by the normalization constraints of A(¡r) and B(or), the function Õ(/) contains

the dependence on wave field anisotropy and the parameters s, ú, and p are to be determined by

comparison with the slopes of observed power spectra.

The quantity Es, an important parameter of the FVg3 formulation, is chosen in this paper as

the measure for gravity wave activity. It is defined by

Eo = * læ *æ*n.#] ,n,- 2L I
where u', u' , and u)' ate the zonal, meridional, and vertical components of first-order wind velocity
perturbations, respectively, g is the acceleration due to gravity, N is the Vaisala-Brunt frequency,

¡r - 7r lT is the normalized temperature fluctuation, and. T and.T'are the background and first-order
perturbation of atmosphere temperature, respectively. Strictly, measurements of three component

wind velocity and temperature are required to completely define .86. However, it is possible to
estimate this parameter from temperature measurements alone by making use of the appropriate
gravity wave polarization equation and the three-dimensional model spectrum of FVSB. This arises

since u', !' , ú' , and i' are all coupled to each other through gravity wave polarization equations.



Consider the equation relating the three-dimensional power spectrum of normalized temperature

fluctuations to that of total energy,

EÌ,(t,,u,ó)=Fæn80,,,,ö) (5)

where / is the inertial frequency. This follows from the equations presented by FV93 which in turn

can be derived from standard textbook formulations of the polarization equations, at least those

involving the Boussinesq approximation [e.g., Gosso.n] ønd lIooke,1975]. By integrating both sides

of (5) with respect to ¡.r, u, and / using (1), (2), (3), and the normalization condition for O({),

namely, Ií" O@)¿O= 1, the following equation is derived relating the energy density .Ðs to the total

normalized temperature variance,

92 1

= N, Boch
(6)Eo î,"

where

crn=-El'-Í"' - t-l''*'l Q)I-fz l n-L p+t I
and where i = f lN, p is the slope of the one-dimensional frequency spectrum, and Bs is given by

FV93. The best estimate of p from the literature is 5/3 and this value will be assumed hereinafter.

In obtaining (6), three assumptions have been made: first, the three-dimensional energy spectrum is

assumed to be separable in rn, ø, and /; second, the one-dimensionalfrequency spectrum is assumed

to be of the form B(ø) x c.¡-P where p is 5/3; third, the Boussinesq approximation is assumed valid

since this is used in obtaining (5). The normalized temperature variance from a given height interval

is easily measured, and (6) will be used in a later section to calculate the gravity v¿ave energy density.

A more typical analysis of radiosonde temperature measurements involves calculating vertical

wavenumber power spectra of normalized temperature fluctuations. These, together with results

derived from other experimental techniques, provide a good picture as to the nature and shape of

vertical wavenumber graviiy wave fluctuation spectra. Generally, a high-wavenumber "tail" region,

displaying a -B power law form and having approximately invariant spectral amplitudes, is observed

and this is separated from the low-wavenumber sou¡ce-dependent region by the so-called character-

istic wavenumber rn*. Spectral amplitudes in the low-wavenumber region can increase with height

but must do so in accordance with wave action conservation. The typical observed shape is well

represented by the modified-Desaubies form,,4(¡r), first introduced by VanZand,t and Fritls [1989].

The spectral amplitudes of the high wavenumber "tail" region have been predicted by several

authors on the basis of the physical mechanism thought most important in causing gravity waves to

saturate. When theoretical uncertainties are taken into consideration, however, these predictions are

difficult to diferentiate, and for the purposes of this paper the saturation limit of Smith et ø/. [1987]

will be used as a convenient reference. This limit is given below for the power spectral density of
normalized temperature fluctuations as a function of inverse vertical wavelength,

E¡,(rt\)-#;#a¡ (8)

where À, is the vertical wavelength and, as before, p is the slope of the one-dimensional frequency

spectrum. In their original paper, Smith et ø/. [1937] derived the saturation limit for the specific case



of a one-dimensional vertical wavenumber power spectrum of total horizontal wind velocity, which

rilas assumed to take the form defined bV (Z) with s = 0 and ú = 3. Equation (8) follows from this

using a suitable polarization equation and assuming that the one-dimensional frequency spectrum is

given by B(u) x r-P [see Fritts et ø/., 1988].

The purpose of spectral analysis in this paper is not so much to confirm the agreement between

theory and experiment, something that appears to have been accepted already, but rather to study

how the shape and amplitudes of vertical wavenumber power spectra can vary with geographic position

and time. The extent of these variations is not well known at present and the available data set of high-

resolution radiosonde measurements is ideal for addressing the problem. Details of the experimental

data that were used are provided in the following section.

3. Experimental Data and Analysis Procedures

3.1. Radiosonde Measurements

The Australian Bureau of Meteorology launches one or two radiosondes per day from 36 meteorological

stations and has recently begun archiving these measurements. Observations from 18 stations have

been chosen for use in this study and these are shown, with the exception of Davis (6905, 78oE), in

Figure 1. Pressure, temperature, and relative humidity measurements are recorded at 10-s intervals

which correspond, approximately, to 50-m altitude intervals. Data were available for at least a 1-year

period (June 1991 to May 1992) from all but two of the stations, Davis and Willis Island. Only 10

months of data were available from these sites.

Each meteorological station in Figure 1 makes use of radiosondes manufactured by Vaisala Oy

and the data obtained were subjected to quality control procedures developed by that company. These

procedures include removing suspect measurements and replacing them by linear interpolation. A

measurement is deemed to be suspect if it does not satisfy certain rejection criteria based on known

physical constraints. In addition, the raw measurements, made at approximately 2-s intervals, are

smoothed in order to obtain the l0-s "filtered" data that are used here.

Temperature measurements are of particular interest in this study. Figure 2 displays examples of
temperature profiles observed by radiosondes launched from Darwin (1205, 131"8) and Davis (69o5,

78oE) during the months of January and July. These examples are chosen because of their extreme

natures. The tropopause ovet Darwin is typically found near 16 km, whereas the same level over

Davis occurs, on average, at about 9 km. Typical tropopause levels from other locations tend to
fall between these heights. Notice that successive profrles, corresponding to a l2-hour delay between

soundings' have been displaced by 100C. The data obtained from other stations were not always at
l2-hour intervals, as indicated by these examples. From many stations, measurements from only one

sounding per day were available.



3.2. Vertical \ñ/avenumber Power Spectrum Analysis

Radiosonde profiles of normalized temperature fluctuations, ?/, were spectrally analyzed in two al-

titude intervals, usually between 2.0 and 9.0 km in the troposphere and 17.0 and 24.0 km in the

stratosphere. However, at some stations slightly different height ranges were used and these are

listed in Table 1. Notice also the shaded regions of Figure 2 which correspond to the particular

intervals used for the analysis of observations made at Davis and Darwin. The principal reason for

choosing these ranges was to ensure a stationary power spectrum since, according to theory, the

vertical wavenumber power spectrum of normalized temperature fluctuations is dependent upon Na.

Therefore heighi regions in which the Vaisala-Brunt frequency is approximately constant should be

used.

Data segments for which continuous measurements were unavailable throughout the entire height

inte¡vaì of interest or for which a tropopause was found within this interval were not included in

the power spectrum analysis. The former condition often arose when the sonde did not reach the

maximum height required for a given station as defined in Table 1. The latter condition also arose

from time to time and the relevant profiles were excluded to ensure a constant background Vaisala-

Brunt frequency profile. Approximately 30% of all available stratospheric data segments were rejected

in this manner. This figure, however, was much smaller for tropospheric data. The particular height

ranges that were employed at each station were chosen in order to minimize the number of profiles

rejected.

Normalized temperature fluctuation profiles were calculated by estimating ? with a fitted second-

order polynomial over the particular height interval being investigated. These were then spectrally

analyzed using the Blackman-Tukey algorithm with a 90%lag Bartlett window where the data points

were first prewhitened by differencing. The technique follows Dewan et ø1. ll984l who used the same

algorithm to analyze horizontal wind velocity fluctuations derived from rocket-laid vertical smoke

trails.

The vertical wavenumber pov¡er spectra calculated from individual temperature profiles were

then averaged in order to improve the confi.dence limits of spectral amplitude estimates. Following

the suggestion of T. E. VanZandt (private communication, 1992), normalized individual power spectra

were averaged, that is, each spectrum was divided by its total variance before averaging. The purpose

of this technique was to ensure that all spectra contribute equally to the shape of the mean spectrum.

Once calculated, the mean spectrum was renormalized by multiplying by the averaged total variance.

A possible source of error in the analysis procedure arises due to the fact that radiosonde obser-

vations are unequally spaced in altitude. Although successive measurements were recorded at 10-s

intervals, the corresponding altitudes traversed by the sonde tended to vary; typical height intervals

were found to be between 40 and 60 m. Strictly speaking, the Blackman-T[key algorithm cannot be

applied to unequally spaced data such as this.

The approach used here was to interpolate the measurements at 50-m intervals using cubic spline



interpolation and to assume that the calculated power spectrum was not significantly different from

the spectrum that would be found were the original data points equally spaced. In order to be

confident of this, however, a comparison was made between vertical wavenumber power spectra of

radiosonde normalized temperature fluctuations calculated with both the Blackman-Tukey aìgorithm

and with a particular discrete Fourier transform. This latter technique was proposedby Ferraz-Mello

[1981] and was devised specifically for the purposes of making accurate estimates of power spectral

density from unequally spaced data. The comparison was found to be very favorable and so the

Blackman-T\key algorithm appears to have valid application in this case.

A further source oferror for vertical wavenumber power spectral density calculations from radio-

sonde temperature data arises from the nature of balloon observations. Instrumented balloons rise

slowly in the vertical at speeds of approximately 5 m s-l and also drift horizontally with the back-

ground winds. As a consequence, any observed power spectra are not strictly vertical wavenumber

power spectra since the observations are not made simultaneously in time, nor are they obtained

along a vertical line from the point of the balloon's release. Sidi el ø1. [1988] and Gardner and

Gard,ner [1993] have considered this problem for radiosonde measurements of a broad spectrum of
predominantly saturated gravity waves. Both studies suggest that any errors introduced to the ver-

tical wavenumber power spectrum estimates are usually negligible. Gardner and Gørdner [1993] did,

however, conclude that nonnegligible distortion may be possible when horizontal wind speeds reach

approximately 60 m s-l or larger. Nevertheless, for the data used here, it is argued that even this

distortion is small when compared with the much greater distortion caused by the relatively slow

response of the radiosonde's temperature sensor at stratospheric heights. The response time is pe-

culiar to the type of sensor used and, if large enough, will prevent the radiosonde from accurately

measuring rapid changes in temperature as the balloon moves vertically. T-he measured power spectra

can, however, be corrected and this correction procedure will now be discussed.

3.3. R^adiosonde Tnstrumental Response

It is well known that a temperature sensor will behave in such a way that the rate of change of the

sensor's temperature is proportional to the difference between the temperature of the sensor and that
of its surrounding environment lFritschen and Gay,1979]. Mathematically, this maybe expressed as

dT, I

dt =-;lr,-T1 (e)

where ?" is the sensor temperature, ? is the environment temperature, and r is defined as the response

time constant. The value of r is peculiar to the type of sensor used and to the environment in which

it is placed.

The response of a given temperature sensor to any time-varying environment temperature ?(ú)
is completely defined bv (9). The steady state response to a sinusoidally varying environment is of
particular importance, however, since this desc¡ibes a filter function, 1(ø), which relates the environ-
ment or input spectrum x(ø) to the measured spectrum xr(r) according to X,(ø) = I(u)x(a) at
each angular frequency, [e.g., Bath, Ig74). Here X(c.r) and X,(ø) refer to the Fourier transforms



of 4(f) and ?(¿), respectively, rather than their power spectral densities. If /(ø) is known then the

environment spectrum can be recovered from the observed spectrum since X(ø) = X'(u)lI(u).

Consider the case of a balloon which rises at constant vertical velocity Vo and carries a temper-

ature sensor with known response time r. Suppose also that the sensor is measuring a background

or environment temperature profile that is sinusoidally dependent upon height z but is independent

of time, that is, T(z)= Aexpli(mz a/)] where m=2¡r/\" and where the complexnotation has its

usual meaning. Equation (9) is therefore given by

( 10)

where B = Vor. The "steady state" solution ofthis new equation for constant B is readily calculated,

A
T'(z) = ffiexpli(mz + ó)l (11)

and thus defines a filter function I(m) = IllI+irn7l, analogous to the function I(ø) discussed earlier,

which relates the Fourier t¡ansform of Tr(z) to that of T(z) at each spatial frequency or wavenumber

rn. Since power spectral density is simply the absolute value squared of a Fourier transform it follows

that the observed vertical wavenumber power spectrum is reìated to the true or environment power

spectrum according to the following equation

Er"(^)= #Er(m) (12)

wherc 87,(m) anð E7(m) are vertical wavenumber power spectra of T,þ) and T(z) fluctuations

respectively. Equation (12) can therefore be used to correct observed vertical wavenumber por/ver

spectra of temperature fluctuations and to recover their true forms provided that Vo and r are known

and are constants. Furthermore, the relation is also valid for vertical wavenumbei power spectra of

normalized temperature fluctuations provided thatT(z) does not difer significantly from 7(z). We

believe that this is a reasonable assumption.

Figure 3 displays the measurement distortion of a modified-Desaubies vertical wavenumber power

spectrum wíthm^fhr = 5 x 10-a cycles per meter and with spectral amplitudes chosen to represent

typical obse¡vations of normalized temperature fluctuations. The parameter B was assigned the value

of 40 m. This corresponds to the typical balloon ascent velocity (I/s = 5 m s-1) and to estimates

of response times (r = 8 s) within the altitude nnge L7-24 km. Notice that the spectral distortion

is only significant at high vertical wavenumbers. Notice also that the total observed variance is not

significantly reduced since the shaded area of Figure 3 comprises just 4To of the total area under the

modifi ed-Desaubies spectrum.

Estimating the radiosonde's temperature sensor response time poses a difficult problem since r
depends upon air temperature and air density. A broad discussion of how these estimates can be

obtained and to what extent they are reliable is given in the appendix. The discussion is based on

experimental results presented in two Vaisala Oy test reports. However, it should be noted here that
there is some uncertainty as to the correct value for the response time r. This may result in a bias for
the spectral parameter, f, of corrected power spectra, although estimates of both the characteristic

dT,.r_
E* Pt' =\r

lJ



rrvavenumber and the total wave variance will not be significantly affected. More details are provided

in the appendix.

The height-averaged response times were found to lie between 7 and 8 s within the 17 to 24-km

altitude range and between I and. 2 s within the 2 to 9-km altitude range. The response times were

not constant within these ranges but may be considered as constants to good approximation. This

point is discussed further in the appendix and is not believed to result in serious errors, despite the

fact that r was assumed to be constant in the derivation of (12). Since the response time is small

within the troposphere, the correction to the observed power spectrum, for the wavenumber range

that is being investigated here, is marginal. As a result the correction technique will only be applied

to stratosphere power spectra.

In Figure 4 the mean vertical wavenumber po\¡¡er spectra of normalized temperature fluctuations

observed at Adelaide (35oS, 139"E) for both summer and winter months within the altitude range

L7-24 km are presented. Also plotted are the corrected power spectra, as defined by (12), where

r was obtained using the technique described in the appendix and where an average Vs was used

since the balloon ascent velocity is known for each individual temperature profile. We believe that

the corrected spectrum provides the best estimate of the true normalized temperature power spectral

density. All of the stratosphere power spectra that are presented and discussed in the following

sections will have undergone this correction procedure.

4. Power Spectra and Energy Density Variations

Vertical wavenumber power spectra of normalized temperature fluctuations within the troposphere

and lower stratosphere are presented in this section. Figure 5 displays seasonally averaged spectra

from three different stations (Gove, Adelaide, and Hobart) which were chosen to represent low-latitude

and midlatitude sites. The seasonally averaged spectra from other locations, with the exception of

Davis, were found to be similar to these. Figure 6 displays time and zonally averaged vertical

wavenumber power spectra. These were obtained by averaging spectra from each station into seven

latitude bands as described in Table 2. The purpose of presenting the spectra in this manner is to

look for seasonal and latitudinal va¡iations of the gravity wave spectral form.

Each power spectrum of Figures 5 and 6 has been presented with a maximum wavenumber of
8.0 x 10-3 cycles per meter. However, the Nyquist spatial frequency for data interpolated at 50-

m altitude intervals is 0.01 cycles per meter. The cutoff wavenumber was chosen since the mean

separation of adjacent points for a given temperature profile was found to vary about 50 m. As a
consequence, spectral amplitudes at the very highest wavenumbers may be biased due to aliasing.

Seasonal variations of the gravity wave spectral form are difficult to observe in the spectra of
Figure 5, confirming the "universal" nature of the gravity wave field. Small variations can be seen but
are most noticeable within the low-wavenumber, source-dependent, region of the spectrum, as might
be expected. For example, the winter months at Adelaide and Hobart are characterized by an increase



in frontal activity at ground level. Since cold fronts are known gravity rvave sources lÐclcermønn ønd

Vincenl,1993], it is plausible to suppose that the source-dependent region ofthe spectrum will display

larger amplitudes during winter than during summer. Llso Kilamura anil Hirota [1989] have suggested

a relationship between wave disturbances and the subtropical jet at the tropopause level which peaks

during winter months. We do observe larger spectral amplitudes during winter and within the low-

wavenumber region of the spectrum at stratospheric heights but this is much less obvious within the

troposphere. The opposite should be true at low-latitude sites, such as Gove, where increased source

spectrum activity is expected during the monsoon season (December to February). The observed

spectra within the stratosphere do show slightly larger amplitudes during this period and within the

source-dependent region, but surprisingly this is not the case at tropospheric heights where larger

spectral amplitudes are found during the dry season.

Latitudinal variations of the gravity wave spectral form (Figure 6) are generally not significant,

although the stratosphere power spectrum observed at Davis (latitude band 7) is an exception. This

shows smaller spectral amplitudes and a shallower slope than is expected theoretically and in com-

parison with the spectra observed at other latitudes. Curiously, the troposphere and stratosphere

power spectra are very similar in this case, despite the significant increase of atmosphere stability

near the tropopause.

The power spectra of Figures 5 and 6 confirm the approximate invariance of the gravity wave field

with time and geographic location. However, the stratosphere power spectrum observed at Davis is

an exception. Nevertheless, all other stations, which are located near a range of different geographic

features, show remarkably similar spectra within both the troposphere and the lower stratosphere.

Most are not shown here for the purpose of brevity, although each station, with the exception of

Willis Island, has contributed to the spectra that are presented in Figure 6. The invariance of the

spectral form occurs despite, what are assumed to be, large differences in the source spectrum of

waves at each different location.

Table 3 presents estimates of the spectral parameters Es, ú, m*f2r, and c* : Nlm*, which are

all defined within the FV93 model formulation. These are determined from the shape and spectral

amplitudes of the observed spectra at each station. The estimates of Ee were obtained using (6) and

(7) where F is simply the area under the relevant power spectrum and where an averaged Vaisala-

Brunt frequency, .ð1, was used. Estimates of t and m*f2r, and hence c* also, were found using the

Levenberg-Marquardt least squares curve-fitting algorithm with a fitting function given below.

F(m) = Fs
n7 fTt*

( 13)I * (mlm")t+t

The three unknown parameters, Fo, m*, and t, were obtained by fitting to monthly mean spectra

and then averaging these estimates over all time. Table 3 provides a description, at least to a certain

extent, of the mean behavior of the gravity wave field at each station. However, other important
parameters, such as the wave field anisotropy, cannot be estimated from radiosonde temperature

measurements alone.

The spectral parameter, ú, for stratosphere power spectra was found to be consistently smaller



than 3, the expected value from linear saturation theory. Ilowever, this parameter for troposphere

power spectra was found to be very close to 3 at most stations. Recall that each stratospheric

power spectrum has been corrected for spectral distortion that is believed to be associated with the

radiosonde's temperature sensor response time. The troposphere power spectra have not undergone

this correction procedure, however, since the response time is small at tropospheric heights. It is

possible that estimates of f within the stratosphere are biased since there is some uncertainty as to

the correct value for ¡. As a consequence, all values within the relevant column of Table 3 should

be treated with some caution. More details about this problem are provided in the appendix, but it
should be noted that estimates of other spectral parameters will not be afected.

The characteristic wavelength, 2rfm*, was found to be close to 2.5 km within both the tropo-

sphere and the lower st¡atosphere. Therefore the difference between characteristic phase speeds, c*,

within the two regions is determined mainly by differences in -|y'. The gravity wave energy density

is generally larger within the troposphere than the lower stratosphere, although observations from

Gove, Darwin, and Willis Island provide exceptions.

The total gravity wave energy density, as estimated using (6), is chosen here as the measure

for gravity wave activity. Time and latitude variations of the wave field are best studied using this

parameter. Figure 7 displays contours of .E¡ as afunction of time and latitude for both the troposphere

and the lower stratosphere. These were obtained by averaging the data into l-month bins for six of

the seven latitude bands that were described in Table 2. Data from Davis were not included since

these were not available over the full l2-month period.

The energy densities of Figure 7 were calculated from the areas under monthly mean vertical

wavenumber power spectra. Thus they refer to the total energy density of waves within the 1.43 x 10-a

to 8.00 x 10-3 cycles per meter wavenumber range. AIso, the raw 6 by 12 data array was rebinned

using bilinear interpolation in order to obtain a smoother contour pattern. Therefore the resolution

is greater than is justified from the original measurements.

Seasonal variations of stratosphere wave activity are easily recognized in Figure 7. These clearly

confirm the seasonal trends described earlier which were inferred from the variations of power spec-

trum form. At low latitudes (10"S to 20"S) a clear annual variation is observed with wave energy

peaking during the monsoon months of December to February. However, at middle latitudes (3005

to 40oS) a maximum is seen during the winter months when cold fronts sweep across southern Aus-

tralia. A transition between these two regimes occurs at intermediate latitudes (20oS to 30oS) where

a semiannual variation is observed.

The seasonal variations of troposphere wave activity are, surprisingly, not well correlated with
those in the stratosphere. At middle latitudes (30"S to 40oS) a small peak in wave activity is seen

during winter months but the variation is much smaller than that observed in the stratosphere.

Howevet, at lower latitudes (10oS to 30"S) a strong peak in energy density is observed between July
and November which is in contrast with the stratosphere case where the maximum is found between
December and February' This sudden increase in tropospheric wave energy does not coincide with



particular meteorological events, nor can it be associated with any one geographic feature since the

maximum is seen at a number of difierent stations including Port Hedland, Alice Springs, Townsville,

and Willis Island.

Latitudinal variations of gravity wave activity are evident in the contour plots of Figure 7.

Generally, the yearly averaged energy density (Table 3) is found to decrease with latitude so that

the highest values are observed at the lowlatitude sites. This is particularly noticeable within the

stratosphere, although it is less obvious at tropospheric heights. The trend can also be seen in the

power spectra of Figure 6.

The variation of gravity \Mave energy density with height and time can be examined using the

radiosonde data from each station. Figures 8, 9, and 10 present time-height contours of normalized

temperature variance and total gravity wave energy density observed at Gove, Adelaide, and Davis

which were chosen to represent low-, middle, and high-latitude sites, respectively. These were ob-

tained by calculating the normalized temperature variance within 4-km intervals for each observed

temperature profile which had continuous measurements up to at least 24 km. The measurements

were then averaged into l-month bins giving a 6 by t2 avay of variance data. Finally, the energy

densities were obtained using (6) and (7) and the contours were calculated after bilinear interpolation.

Also plotted (Figures LL,12, and 13) are the time-height contours of temperature and Vaisala-Brunt

frequency squared from each station. These were included to provide details concerning the back-

ground atmosphere and have also been obtained by averaging the data into 4 km by 1 month bins.

The normalized temperature variances of Figures 8, 9, and 10 have been calculated by estimating

?(z) with a fitted second-order polynomial. These are given by ÐYr(i', - Ð, /(U - 1) for all i such

that z¿ is in the appropriate height range where i'¡ = (Tt-fþcÐ/f(z¿) and.where M is the number

of data points that lie within this height range. Since the data are partitioned into 4 km height bins

the energy densities refer to energy densities of gravity waves within the wavenumber range 2.5 x 10-a

cycles per meter to approximately 0.01 cycles per meter. Therefore they are not strictly comparable

to the energy densities of Figure 7 since these refer to waves within a slightly larger wavenumber

range.

The time-height contours of temperature observed at Gove (Figure 11) behave as expected show-

ing a steady decrease in temperature from ground level until the tropopause is reached at approxi-

mately 17 km where the temperature begins to increase with height. There are no seasonal variations

in the position of the tropopause or in the observed temperature gradients. The contours of Vaisala-

Brunt frequency squared show a steplike increase at the tropopause with values in the stratosphere

exceeding those of the troposphere by a factor of approximately 6. Here also there are no significant
seasonal variations. The contours of gravity wave energy density tend to follow those of normalized
temperature variance (Figure 8). In the troposphere, energy densities are of the order of 3 J kg-l,
although are generally larger between July and October, particularly at the lowest heights. This is
in agreement with the seasonal variations described earlier. Once the tropopause is reached, how-
ever, the energy density is found to increase significantly taking values of the order of 10-i6 J kg-r



at approximately 18 km. This rapid increase is followed by an equally rapid decrease near 20 km.

However, the height range of measurements is not suficient to determine the lowest value to which

the energy density falls within the lower stratosphere.

Similar results are seen for the time-height contours of energy density observed at Adelaide and

Davis. At Adelaide (Figure 9) a noticeable peak in wave energy density is found between 8 and 15

km, depending on the season. This follows the position of the tropopause as indicated by the contours

of Vaisala-Brunt frequency squared (Figure 12). However, the peak in .Ð6 is not as large as the one

found at Gove, nor is it as sharp. Notice also the large energy density values found within the lowest

4km height bin. A discussion of these is left until the following section.

The contours ofenergy density observed at Davis (Figure 10) are particularly interesting in that a
large peak is found at approximately 10 km between December 1992 and April 1993 but is not evident

at this same height between July 1992 and December 1992. Referring to the contours of Vaisala-Brunt

frequency squared (Figure 13), the period ofDecember 1992 to April 1993 is characterized by a strong
y'y'2 vertical gradient at 10 km. However, between July 1992 and December 1992 this gradient is much

weaker. Thus there is correlation between gravity wave energy density and the gradient of Vaisala-

Brunt frequency squared within the vicinity of the tropopause. AIso the enelgy density values within
the lowest 4km height bin are quite large, as \üas found to be the case at Adelaide.

5. Discussion

High-resolution radiosonde measurements made in the Australian sector of the southern hemisphere

enable the variance of temperature to be investigated as a function of height, latitude, and season.

The main results are given.

1' The vertical wavenumbe¡ power spectra have slopes that are close to -3 at most stations,
especially within the troposphere.

2. There are clear seasonal variations of wave activity in the lower stratosphere (heights near

20 km) with the time of maximum activity changing from low-latitudes to midlatitudes. Seasonal

variations ofwave activity in the troposphere are, on the other hand, less clear.

3. Strong increases of normalized temperature variance are observed near the tropopause at
times when there are large vertical gradients in atmosphere stability.

The observed power spectra within the stratosphere have high-wavenumber slopes that are
slightly shallower than the theoretical expectation. This may result from a bias in estimates of
temperature sensor lesPonse time as discussed in the appendix or from aliasing due to high spatial
frequency noise. Furthetmore, the sonde's horizontal drift will result in some distortion of the vertical
wavenumber power spectra which are expected to have shallower slopes as a consequen ce lGanlner
anil Garilner, 1993]. All of these factors may be contributing to the spectral shape that is observed
and so estimates of the spectral parameter f shouìd not be regarded as inconsistent with the predicted



-3 value within the stratosphere. The slopes of troposphere spectra, however, are in good agreement

with theoretical expectations. These have not undergone the response time correction procedure as

have those in the stratosphere and are less susceptible to problems associated with the sonde's drift

since horizontal wind speeds tend to be weaker within the troposphere. Note, however, that the

troposphere spectral amplitudes are larger than ihe gravity wave saturation limits of Smith et ø1.

[1e87].

It is often assumed that the small-scale temperature variations of the type discussed here are

caused by gravity waves, an interpretation we have followed. While the vertical wavenumber spectral

slopes are in the general range predicted by recent theories, the assumption that all temperature

fluctuations are due to waves needs to be carefully examined, especially within the troposphere.

Processes such as convection and inversions cause fluctuations on single profiles that are either difficult

to distinguish from wave activity or difficult to remove from the background temperature profile. Both

of these factors are likely to explain the large values of Eo that are found within the lowest 4-km

height bins of the time.height contour plots (Figures 8, 9, and 10). If some of the observed variance

within these bins is not due to gravity waves then the values of .Ðo will be overestimated. This may

also explain the observed spectral amplitudes which are consistently larger in the troposphere than

the theoretical gravity wave saturation limits of. Smith et al. ll987l. A similar result was reported by

Tsudo' et ø1. [1991] after analysis of temperature profiles observed from Kyoto within a comparable

height range.

The large increase of gravity wave energy density observed within the low-latitude troposphere

(Figure 7) between July and November may also be explained in a similar manner. Low-altitude

temperature inversions are more common at Ìow latitudes during these months. As an example,

Figure 2 shows the temperature profiles observed at Darwin between July 20 and July 29 and between

January 20 and January 29. The profiles observed during July show strong temperature inversions

between 1 and 3 km. Such strong inversions are less evident in the corresponding profiles from

January. These inversions must cont¡ibute to the observed normalized temperature variance between

2.0 and 9.0 km during July and similar inversions are found at all other low-latitude stations. As a

consequence, the total gravity wave energy density within the 2.0 to g.0 km altitude range will be

overestimated at these stations. Whether this is suff.cient to explain the large increase described in
Figure 7 is not known. Although they are not shown here, the power spectra calculated for both
months are of similar shape but larger spectral amplitudes are found during July, particularly at the

smallest vertical wavenumbers.

In the stratosphere it is more certain that small-scale temperature fluctuations are due to gravity
waves. Kitømurø and, IIirolø [1989], for example, show that the temperature and wind fluctuations in
the lower stratosphere are consistent with the polarization relations of inertia-gravity waves. We find
that, except for the Antarctic station of Davis, the stratospheric spectral amplitudes and slopes are

generally consistent with theoretical expectations, and seasonal changes occur predominantly within
the source-dependent region of the spectrum.



The spectral amplitudes in the stratosphere at Davis are interesting since they are smaller, par-

ticularly at the lowest vertical wavenumbers, than those observed at other stations. The spectral

slopes are also more shallow than at other stations. In contrast, the spectral amplitudes within the

troposphere are consistent with those found elsewhere which would appear to eliminate weak wave

source activity as a cause. An alternative possibility is that the wave spectrum in the lower strato-

sphere is inff.uenced in some way by the strong background zonal winds that are found over Davis (e.g.,

as proposed by Fritts ønd, Lu [1993]). Generally, these are larger than at any other station studied in

this paper. However, the zonal winds over Davis do show a strong seasonal variation with a maximum

occurring during winter months. Therefore it would be reasonable to expect seasonal variations of the

observed spectral amplitudes since the summer winds are comparable with those observed at other

stations. Although they are not shown here, the observed spectra from the stratosphere over Davis

show very little seasonal variation and the mean spectrum of Figure 6 is representative of the wave

spectrum during all seasons. This appears to suggest that the interaction between the wave spectrum

and the background zonal wind field is not responsible for the small spectral amplitudes and energy

densities that are observed in the stratosphere over Davis. Our findings will be investigated further

as information from other Antarctic stations becomes available.

Figure 14 summarizes the seasonal and latitudinal variations of normalized temperature variance

and -Ðs at heights near 20 km. The error bars indicate the g5% confi.dence limits of estimates from

each latitude band. This diagram, together with Figure 7, emphasizes the annual cycle in wave

activity at low latitudes which is out-of-phase with wave activity at midlatitudes. In all seasons, but
especially in summer, there is a strong equatorward gradient in energy density, with .Ðo increasing by

a factor of about 5 from polar to equatorial latitudes. These results agree well with other studies in the

northern hemisphere. Kitømurø øntl Hirotø [1989] found that wave activity in the midlatitude lower

stratosphere over Japan maximized in winter, and that wave activity increased toward the equator.

Lidar studies at altitudes of 35 km over western Europe also show an annual cycle of temperature

variability with a winter maximum and an equatorward gradient in the temperature fluctuations

fSouprayen, 1993].

It is possible that Kelvin waves or other equatorially trapped waves have made sizeable contri-
butions to the normalized temperature variances that were observed at low-latitude sites. Without
wind velocity measurements, however, it is impossible to study the polarization of rilaves, and we are

therefore unable to determine the significance of this contribution.

It should be noted that .E'o is the measure of wave activity used in lhe Fritts and, VanZandl [1ggg]
parameterization scheme. However, other schemes may use different indicators of wave activity. In
some cases these parameters can still be estimated from our figures and tables. For example, C. O.
Hines (private communication, 1994) has developed a scheme which uses the root-mean-square of
the horizontal wind perturbation as the input parameter. This may be estimated from normalized.
temperature variance measurements using the following equation,

Vf =7 +;F " 
nSF

(i4)



where I{, is the first-order perturbation of total horizontal wind velocity. Equation (1a) is derived

from standard polarization equations by assuming that the spectrum of waves is separable in all

variables and that the one-dimensional frequency spectrum is given by B(u) x u-P . From Figure 14

and using p=513 it can be seen that the root-mean-square of V/¡ varies from approximately 1.5 m

s-l at Davis to approximatety 4.0 m s-1 at 10oS.

The local increases in temperature va¡iance and .Ðo at the tropopause are interesting features

which must also be treated with caution. They may be artifacts due to the high-pa^ss filtering of the

temperature profiles in the presence of the sharp gradients at the tropopause. However, we believe

that this contribution is not great. To demonstrate this a simulated background temperature profi.le,

7(r), *as sampled at 50-m intervals over a 4 km height range. For the first 2 km of this range the

profile was given by a straight line with a gradient of -6oC per kilometer and for the last 2 km by a

straight line with a gradient of.2oC per kilometer. Thus the tropopause w¿ß simulated as an abrupt

kink in the profile at a position of exactly halfway along the given 4 km height range. This represents

an extreme example since the transition is rarely observed to be this sharp. By fitting a second-order

polynomial, also sampled at 50-m intervals, to the simulated background profile, it is possible to

calculate a normalized temperature variance in the usual manner. This simulates the contribution

to the variance from the tropopause in an extreme case. We calculated the normalized temperature

variance to be 7.4 x 10-6. This may then be compared with the observed peak variances at Davis

(= 3.5 x 10-5), Adelaide (æ 2.0 x 10-5), and Gove (ar 8.0 x 10-5) which suggests that the method

of analysis is not significantly infl.uencing these results.

The enhancements of wave energy density near the tropopause may be indicative of gravity wave

"supersaturation" in this region. VanZøndt and Fritts [1989] proposed that verticaÌly propagating

waves, upon encountering a sudden increase in atmosphere stability, will have larger than saturation

amplitudes over a distance of approximately one vertical wavelength. This arises due to the 1ú

dependence of vertical wavenumber as defined by the gravity wave dispersion relation. Furthermore,

the energy that is dissipated as waves return to their saturation amplitudes can result in enhanced

wave drag provided that the spectrum of waves is azimuthally anisotropic lVanZandl ønd Frills,

1989]. The "supersaturation" hypothesis as well as other possible explanations for these results will

be discussed elsewhere.

6. Conclusions

A climatological study of gravity wave activity based on a data set of high-resolution radiosonde

measurements has been presented. The utility of radiosonde data in gravity wave studies has also

been investigated in some detail. It was found that the radiosonde temperature sensor's sìow response

at stratospheric heights can cause significant spectral distortion at high vertical wavenumbers. A
correction technique was developed to address this concern.

The advantage of using radiosonde measurements for gravity wave research is their extensive ge-

ographic and temporal coverage. This allows estimates of important spectral parameters to be made



which are not biased by localized source effects. It also allows seasonal and latitudinal variations

of gravity wave activity to be identified. Inspection and comparison of stratosphere power spectra

indicate that most of the variations occur at low vertical wavenumbers. The stratosphere spectral

amplitudes at high wavenumbers, with the exception of those observed at Davis, are generally consis-

tent with the theoretical saturation limits proposed by Smilh et ol. [1987]. Variations of the gravity

wave spectral form within the troposphere are more difficult to interpret. These results are likely to

be contaminated by convection and temperature inversions.

Climatological studies of gravity waves are important in defrning the extent of wave activity

throughout the atmosphere. If theorists and modelers believe that more work of this nature is needed

within the lower atmosphere then a global-scale study of radiosonde data will provide an important

contribution. All that is needed is for certain stations throughout the world, which are already

launching radiosondes on a daily basis, to archive their data at high resolution. However, it should

be noted that temperature measurements alone are not sufficieni to fully describe the gravity wave

field. In particular, the degree of wave field anisotropy is an important parameter which requires

wind velocity measurements in order to be estimated.

A. Appendix: Temperature Sensor Response Time

The temperature sensor response times that have been used in obtaining the corrected stratosphere

power spectra have themselves been estimated from the results presented in two Vaisala Oy test

reports fTarliainen, 1991a,b]. According lo Turtiainen [i991b], the response time r of a temperature

sensor in a flowing gas is theoretically given by

r=Ct+Czlh (15)

where à is the surface heat transfer coefficient and where C1 and C2 arc constants that depend upon

the sensor dimensions and materials. This result has been obtained from Kerlin eú at. [1g82]. The

surface heat transfer coefficient is a complicated function of sensor ventilation speed, air density, and

air temperatwe lTurtiainen, 1997b], and the height dependence of r follows from this term. Thus if
Cr and Cz are known for a given type of sensor then r can be computed theoretically at any height
providing that T, p, and the sensor's ventilation speed are known.

The constants C1 and C2 were estimated by Turtiainea [1991b] for the Vaisala RS80-1b tem-
perature sensor. This was achieved by experimentally determining the response time at ground level

conditions for three different ventilation speeds. Thus r was known for three values of ä allowing
C1 and C2 lo be estimated by least squares curve fitting. The values were found to be C1 æ 0

and' C2 = 782' Note that the response time was experimentally determined by measuring the time
taken for the sensor to reach 63.2Vo of asudden step function increase of environment temperature.
Figure 15 displays the height dependence of ¡ where (41) has been used and where /¿ was determined
using the mean temperature and pressure profiles observed at Adelaide during December 1gg1. At-
mosphere density was calculated from the temperature and pressure measurements using the ideal



gas equation and the sensor ventilation rate was taken to be equivalent to the mean balloon ascent

velocity.

In the work by Turtiainen [1991a, p. 5] temperature sensor response times were measured using

a radiosonde in flight where the step function increase in environment temperature was generated

using a heating element attached to the sonde. The results, however, were consistently smaller than

the corresponding theoretical values which were calculated using C1 and Cz given above. This leads

to the conclusion of the report which states that "the response time of RS80 temperature sensor in

flight was found to be equal or less than the theoretically computed values presented in the earlier

reports." Thus it appears that (41) with Cr = 0 and Cz - 782 is overestimating the temperature

sensor response time within the lower stratosphere given that all measurements by Turtiainen [199la]

were made at pressures that were less than or equal lo 44hPa.

As a result of the above problem we believe that it is more appropriate to find Cr and C2 for

the stratosphere by fitting (,4.1) to the results presented by Turtia'inen [1991a]. We have done this

for the 12 measurements of response time r that are given in this report and have been made at

various different pressures, temperatures, and ventilation speeds. The parameters were found to be

Cy = -2.2 anà C2 =724.4 and the height dependence of r using these parameters has been plotted

in Figure 15 where l¿ was determined, as before, from the mean pressure and temperature profiles

observed at Adelaide during December 1991. Clearly, this new curve is not strictly valid near ground

level since it underestimates the ground level measurements of ¡. Nevertheless, it does provide a

superior fit to those measurements of r that have been made within the stratosphere.

The corrections to the observed power spectra ofthis study have been calculated using (12) where

¡ was found from (Ä1) with Cr - -2.2 and Cz = 724.4. This leads to height-averaged response times

that are of the order of 7 to 8 s within the 17 to 24 km altitude range and 1 to 2 s within the 2 to

9 km altitude range. The value of r between 2 and 9 km is no doubt an underestimate of the true

value within this height interval. Ilowever, this is not important since even when the parameters

Ct = 0 and Cz = 782 are used, the response time is still sufficiently small that the correction for

tropospheric power spectra is negligible at all but the very highest wavenumbers. Consequently, all

observed tropospheric vertical wavenumber power spectra have not been altered in any way.

The method that has been chosen in order to obtain values for the parameters Cr and Cz is not

the only plausible procedure. Given the available information, however, we believe that it provides

the best estimates of r within the lower stratosphere. Nevertheless, our approach may result in

nonnegligible eÌtors for the response time estimates. These are difficult to quantify and will affect

the high-wavenumber spectral slope, f , of corrected power spectra which, as a consequence, may be

biased in some way. It is important to note, however, that the spectral parameters rn4, c\, and ,Ðs

will not be significantly affected by this problem. As a result, only estimates of ú from stratosphere

power spectra need be treated with some caution.

Another possible source oferror for corrected vertical wavenumber power spectra arises due to the
assumption that ¡ is constant in obtaining (12). Figure 15 indicates that ¡ is not constant within the



height intervals of iuterest to this study. However, (12) is still valid to good approximation if height-

averaged response times are used. To demonstrate this a normalized temperature fluctuation profile

has been numerically simulated for altitudes between 17 and 24 km. This was obtained by summing

a series of sinusoids with amplitudes that were determined from a standard gravity wave model and

by applying the constraints imposed due to the slow response of the radiosonde's temperature sensor.

The fluctuation profile was simulated by first generating a model gravity wave power spectrum

using (13) with 2zrf'e = 0.05 m/cycle, m*f2r = 5.0 x 10-a cycles/m and f = 3. A series of 100

sinusoids was then calculated at wavenumbers rn¿ = 2n x 10-ai where ¿' is an integer between 1 and

100 and where each sinusoid has been assigned a random phase /. The amplitudes, ,4.¿(rn¿), were

determined from the model spectrum since these are given by the square root of twice the variance

within the relevant wavenumber band about wavenumber rn¿. The summation of individual sinusoids,

sampled at 7-m altitude intervals between 16 and 24km, gives the simulated environment fluctuation

profile. This technique follows the work of Eckermann [1990].

The fluctuation profile measured by a radiosonde with temperature sensor response time r is

related to the environment fluctuation profile according to (10) where ? and ?l may be replaced by

'Î' and, f, respectively, assumine[(r) does not differ significantly from 7(z) and assumingT(z)

is approximately constant over the altitude range of interest. However, if ¡ is variable in height

then (10) cannot be solved analytically. The simulated fluctuation profile was thus obtained using

the Runge-Kutta method where r(z) was given by the curve of Figure 15 defined by Cr - -2.2
and C2 - 724.4. The first kilometer of data was discarded in order to allow sufficient altitude for

any transient effects to become negligible. Thus the final simulated profile comprised data that was

sampled at 7-m intervals between 17 and 24km.

The simulated fluctuation profile was spectrally analyzed using the Blackman-Tukey algorithm

and was further modified using (12) where r was given by the height-averaged response time between

17 and 24 km. Although not shown here, the resultant power spectrum was found to be in good

agreement with the original model spectrum. This indicates that (12) is valid to good approximation

over 7-km altitude inte¡vals if r is given by its height-averaged value.
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function of latitude within the lower stratosphere (17.0 to 24.0 km in most cases). bata from the
various stations have been averaged into latitude bands as described in Table 2 and over 2-month
periods in each case. Furthermore, the results from Willis Island are included for the months of
December/January and September/March. No¡malized temperature variance estimates have been
multiplied by a factor of 105 and error bars indicate the 95% confidence limits of each estimate.
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and C2 (see text for more details). The response time was calculated using (A.1) where the surface
heat transfer coefficient, a function of temperature and density, was determined using the mean
temperature and pressure profiles observed at Àdelaide during December lggL.



Table 1. Information Concerning the Radiosonde Data Used in the Study

Height Intervals for

Station Name
WMO Station

Number

94672
94802
94326
947TT
94120
89571
94646
94380
94150
94975
94302
94995
94332
943t2
94292
94910
94299
94659

Location
deg South,
deg East

35.0, 138.5
35.0, 117.5
23.4, r33.5
31.3, 145.5
r2.2,130.5
68.6, 78.0
30.5, 128.1
23.5, t51.2
t2.2, t36.5
42.5,147.2
22.t, tI4.0

32, 159
20.4, 139.3
20.2,118.4
t9.2,146.5
35.1, r47 .2

16, 150
31.1, 136.5

Data km Time
Intervals

May 1991 - Feb. 1993
March 1991 - May 1992
May 1991 - May 1992
April 1991 - May 1992
June 1991. - May 1992
July 1992 - April 1993

Total Number
of Available
Soundings

1344
519
366
528
730
556
42r
435
457

852
348
444
575
531
341
485
304
544

Number of Soundings
Analyzed

@
Adelaide
Albany
Alice Springs
Cobar
Darwin
Davis
Forrest
Gladstone
Gove
Hobart
Learmonth
Lord Howe Island
Mount Isa
Port Hedland
Townsville
Wagga
Willis Island
'Woomera

2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
1.0-8.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0
2.0-9.0

t7.0-24.0
17.0-24.0
t7.0-24.0
t7.0-24.0
17.5-23.5
16.0-23.0
17.0-24.0
17.0-24.0
17.5-24.5
16.0-23.0
r7.0-24.0
t7.0-24.0
17.0-24.0
18.0-25.0
t7.0-24.0
t7.0-24.0
77.5-24.5
17.0-24.0

April 1991 -
June 1991 -
June 1991 -
April 1991 -
June 1991 -
June 1991 -
April 1991 -
Nov. 1990 -
June 1991 -
May 1991 -
Aug. 1991 -

909
364
244
373
453
435
343
263
313
452
239
287
350
474
234
331
249
393

1224
481

336
498
655
481
402
408
431

799
339
401
520
519
334
447
286
505

May 1992
May 1992
May 1992
May 1992
May 1992
May 1992
May 1992
May 1992
May 1992
May 1992
May 1992

April 1991 - May 1992



Table 2. The Division of Stations Into Seven Latitude Bands

Latitude
Band Radiosonde Stations

Number of Profiles Analyzed
Stratosphere TYoposphere

1

2

ó

4

5

6

7

Gove, Darwin
Mt. Isa, Townsville, Port Hedland
Gladstone, Learmonth, Alice Springs
Forrest, Woomera, Cobar, Lord Howe Island
Wagga, Albany, Adelaide
Hobart
Davis

766
1058
746

1396
t252

452
435

1086
1373
i083
1806
1660
799
481

Table 3. Spectral Parameter Estimates

Station
, 

^*l2zr, 
Cycles per Meter c*, m s-1 .89, J kg-1

T[ St Ti St Tl St Tr St

Adelaide
Albany
Alice Springs
Cobar
Darwin
Davis
Forrest
Gladstone
Gove
Hobart
Learmonth
Lord Howe Island
Mount Isa
Port Hedland
Townsville
Wagga
Willis Island
\Moomera

2.8
2.8
3.1
3.0
3.1
2.7
3.0
3.0
3.0
2.7
3.1
2.9
3.0
3.1
3.0
2.8
3.0
2.8

4.7
4.7
4.5
4.4
4.0
5.8
4.2
4.8
4.3
5.0
4.2
4.3
4.4
3.9
4.6
4.7
4.3
4.8

9.0
9.0

10.5
9.9
9.9

10.8
9.7

10.9
12.5
8.7

10.3
9.5

11.8
r7.4
10.5

9.3
12.3
9.5

4.5
4.5
6.4
4.9
8.1
2.0
4.6
6.4
9.8
5.1
6.9
3.9
7.5
7.r
7.5
5.0
8.4
EÐ

2.5
2.6
2.5
2.5
2.6
2.2
2.4
2.5
2.5
2.6
2.5
2.4
2.5
2.5
2.5
2.5
2.5
2.5

5.7
6.0
9.1
6.5
7.7
6.3
6.5

10.5

9.3
5.8
7.2
6.1

3.8 x 10-a
3.8 x 10-a
4.2 xt}-a
4.1 x 10-a
4.8 x 10-a
3.6 x 10-a
4.3 x 10-a
4.0 x 10-a
4.5 x 10-a
3.5 x 10-a
4.4 xI}-a
4.2 xl}-a
4.3 x 10-a
4.6 x 10-a
4.2 xl}-a
3.7 x 10-a
4.5 xI}-a
3.7 x 10-a

4.0 x 10-a
4.0 x 10-a
3.7 x 10-a
3.7 x 10-a
4.2 xL}-a
3.3 x 10-a
3.8 x 10-a
3.6 x 10-a
3.3 x 10-a
4.1 x 10-a
3.9 x 10-a
3.9 x 10-a
3.7 x 10-a
3.5 x 10-a
4.0 x 10-a
3.9 x 10-a
3.3 x 10-a
3.9 x 10-a

8.0
6.6
5.5
8.6
5.6
9.5

Tl = toposphere, St = Stratosphere
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