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Abstract

This thesis focuses on the study of atmospheric dynamics in the lower mesosphere and
upper thermosphere region by using several years of data obtained with MF radars lo-
cated at Davis (68°S, 78°E), Adelaide (35°S, 138°E), Christmas Island (2°N, 157°W),
Pontianak (0°, 109°E) and Hawaii (22°N, 160°W). Data obtained from six radar sta-
tions covering a wide latitude range has been used to determine the global distribution
of planetary waves and tides. In the process a number of data analyses techniques were
considered for their characterisation.

The thesis begin with an introduction to highlight the general understanding of
the atmosphere. A brief discussion on the role of tides and other planetary waves in
driving the atmospheric circulation is presented in the later sections of Chapter 1.

Chapter 2 deals with various data analysis techniques relevant to the research
work with a brief explanation on Doppler and Spaced Antenna Methods. As the
MF radars used in this study utilize the full-correlation analysis to obtain the wind
estimates some time is spent in describing this technique. Further, harmonic and
power spectral analyses are described which are the main mathematical tools used for
spectral characterisation of tides and planetary waves. Additional discussions include
moving power spectra, wavelet analyses and spectral filtering.

In Chapter 3, global structure of planetary scale wind motions was investigated by
means of cooperative radar observations. Planetary waves were detected in periods of
1-10 days.

The longitudinal variability of planetary waves was investigated using the MF

radar at Christmas Island and Pontianak. Zonal spectra exhibit considerable power

X



X ABSTRACT

at periods of 3-10 days, with transient oscillations of periods near 3.5 and 6.5 days.
The 6.5-day wave is particularly strong during equinoctial months. Examination of
the phase differences between the two stations indicate that 3.5-day wave is eastward
propagating and 6.5-day wave is westward propagating with zonal wave number one.
Further evidence about the global nature of 6.5-day wave was obtained by comparing
the phase difference between the reference station (Christmas Island) and the other
stations. The observed vertical phases profiles agree reasonably well with the numerical
model. The 6.5-day wave is further identified as a manifestation of an unstable mode
by computing the meridional gradient of quasi-geostrophic potential vorticity.

Chapter 4 details the seasonal variability of solar diurnal and semidiurnal tides
at Davis, Christmas Island, Adelaide and Hawaii. The prevailing wind, tidal 12- and
24-hour components were extracted from the data using the guide lines of ATMAP!.
Tidal amplitudes and phases were compared with the numerical Global Scale Wave
Model. Good agreement between the measured and model amplitudes and phases is
found for the diurnal tide, but the semidiurnal amplitude values agree less well with
the observations. The diurnal tide shows strong interannual variability in amplitude,
especially near the March equinox which appears to be linked to the quasi-biennial
oscillation (QBO). The phase of diurnal tide and semidiurnal tide shows little inter-
annual variability.

Short Period oscillations (< 12 hours) at Adelaide and Davis are investigated in
Chapter 5. The oscillations in 6-11 hour period range are more transient, having life-

times of ~ 2-4 days and the largest number of oscillations occurred in winter months.

In summary, the thesis work has endeavoured to understand the dynamics of the
mesospheric and thermospheric regions (80-100 km) using the data from widely sepa-
rated latitudes. This work supports the fact that tides and planetary waves play an
important role in the atmospheric circulation of the MLT region. The long record of
observations shows strong interannual variability of diurnal tides and may be possibly

linked to the QBO in zonal winds in the equatorial stratosphere. The observational

! Atmospheric Tides Middle Atmospheric Programme
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results are consistent with the theoretical studies that the 6.5-day wave is a manifes-
tation of an unstable mode with a zonal wave number one and shows enhancement in

equinoctial months.
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Chapter 1

(zeneral Introduction

1.1 The Earth’s Atmosphere

Benjamin Franklin observed that ‘some are weatherwise, some are otherwise’. Many of
us fall into the latter category. Perhaps this is not surprising, because the behaviour
of the atmosphere is quite complex. Yet everyday we all make decisions which are
influenced by the weather. For this reason we should understand something of how
the atmosphere works. When we speak of the ‘earth’s atmosphere’, we mean the
combination of the gases and particles that surround the globe. Compared with the
size of the earth it is merely a thin skin (like fuzz surrounding a peach) but in reality,
it has a nominal thickness of about 500 km. Within this distance four distinct layers
occur which are characterized by alternating temperature decrease and increase.
Figure 1.1 shows a typical height profile of temperature at 40°S in the mid latitude
region. The thermosphere is the uppermost layer and extends from about 90 km
above earth’s surface to the outer limits of the atmosphere. Gases in this layer exist
in such a very low concentration that they make up a mere .001 percent of the total
mass of the atmosphere. The density of the gases in the thermosphere is so low that it
approaches a vacuum, and the gases may become very hot. With temperatures ranging
from 200°K to 1400°K throughout the year (hence the name thermosphere), very little

heat can actually be held or conducted by gases of such low density. At some level,

1
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CIRA86 Temperature Profile at 40°S
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Figure 1.1: Annual mean temperature distribution and nomenclature of earth’s atmo-
sphere at 40°S.

commonly between 100 and 120 km, is the turbopause, below which the atmosphere is
reasonably well mixed, the mixing being dominated by eddy process. Above 120 km
the molecular diffusion dominates so that molecular species are separated according to
their respective masses. Above these levels also, the action of the electric and magnetic
fields on the ionized component of the atmosphere is important in determining the
motion. Extreme ultraviolet (EUV) radiation emitted from the sun is absorbed by
atomic oxygen throughout the region, and solar variability in EUV forcing, largely

accounts for the broad range of upper thermospheric temperatures.

Immediately beneath the thermosphere is the mesosphere (middle sphere). This
layer lies between 50 km and 80 km above the earth’s surface and, unlike the thermo-
sphere, has decreasing temperatures which reach minimum at ~ 90 km. Hard solar
X-rays (~ 0.1 to 2nm) and UV-rays (~ 170 to 200 nm) are absorbed in the mesosphere
between 60-90 km altitude (see Figure 1.2). In the EUV, the Lyman-« line (121.6 nm)
represents the important source of ionization and dissociation at the ionospheric D-

layer (60-100 km) heights. The upper boundary of mesosphere is mesopause which
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Figure 1.2: Penetration depth of a solar radiation as function of wavelength. Altitudes
correspond to attenuation of 1/e. The principle absorber and ionization are indicated

[After Volland (1988)].

can vary between above 85 and ~ 100 km altitude for a global minima. The exis-
tence of strong turbulence is a characteristic feature of mesosphere, which seems to be
generated by the breaking of gravity waves. The heat source of the high temperature
around the stratopause is the absorption of ultraviolet wavelengths of solar radiation

by the ozone layer. Mesosphere is the primary region of interest in this dissertation.

Below the mesosphere lies the stratosphere. The temperature increases due to the
absorption of ultraviolet (UV) radiation in the ~ 200-300 nm range (see Figure 1.2)
by ozone (O3). The heating which results from this absorption is greatest at about
50 km, the upper limit of the stratosphere, where the temperature is 270°K. At about
20 km above the earth’s surface the stratosphere reaches its lowest temperatures, about
210°K. The increase of temperature with height makes the atmosphere in this region

highly stratified and very stable, hence the name stratosphere.

The region from the ground to approximately 15 km is called troposphere. This
layer contains most of the total mass of the atmosphere. It is most important to us
since it is the layer in which the ‘weather’ occurs. Unsaturated air in the troposphere
consists of 78 percent nitrogen and 11 percent oxygen. However, it is the minor gases

of the troposphere, such as water vapour, which are more important in meteorology.
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Temperatures usually decrease with height in the troposphere at a lapse rate of about
6.5°K km™1.

While the stratosphere, mesosphere and thermosphere are heated directly by gases
which absorb the sun’s energy, the troposphere is mostly warmed indirectly. This is
done by the mixing of air which is heated at the earth’s surface. Solar radiation is
absorbed and re-emitted at the earth’s surface by water vapour and cloud. The spatial
and temporal variability of the surface emission and thermal absorption causes turbu-
lence and convection cells in the troposphere. Severe variations in the lapse rate are
common and cause convective instabilities, making the troposphere a very turbulent,
dynamic region. The upper limit of the troposphere is known as tropopause (or turn-
ing level). At this level there is a change from decreasing to increasing temperatures
with height. The tropopause which occurs at about 20 km above the equator, and
10 km above the poles, also shows seasonal variation with a summer maximum at

mid-high latitudes.

1.2 Energy Sources and Heat Transport

The atmosphere is set into motion by various external and internal energy sources.
However, the transformation of these sources into heat and the momentum of at-
mospheric gas is a complicated process that depends on the physical and chemical
conditions of the atmosphere. Minor constituents like ozone or ionospheric plasma
play important roles in transferring solar energy into heat and momentum. In the fol-
lowing section, a few important external sources which are assumed to be responsible

for the direct transfer of heat and momentum into the atmosphere are briefly outlined.

1.2.1 Solar Irradiance

Solar radiation reaching the earth is the main energy source of the Earth-Solar-
Atmosphere system. As the solar photons penetrate the atmosphere, they undergo

collisions with the atmospheric gas and are progressively absorbed and scattered. In
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the thermosphere, the absorbed solar energy is split between photoelectrons and ions
(photo ionization) resulting in stored chemical energy. This energy is transferred to
the neutral gas through elastic and inelastic collisions of the photoelectrons with the
neutrals and through heating by recombination. Thermal conductivity redistributes
the heat downward.

In the lower and middle atmosphere (below 100 km), molecular heat conduction
can be ignored, but the solar heat input is more difficult to interpret for the following

reasons (Volland, 1988):

(a) Water vapour and carbon dioxide (CO,) absorb infrared radiation of terrestrial

origin.

(b) The lower and middle atmosphere are optically thick to the IR radiation, so that

radiation transport becomes important.
(c) Scattering by molecules and aerosols is dependent upon their size and density.

(d) Clouds scatter and absorb light. Moreover they transport latent heat and redis-

tribute the solar heat input.

(e) Solar heat input is dependent upon highly complicated ozone chemistry which

varies temporally and spatially (see Figure 1.3).

1.2.2 Solar Wind Energy

The flowing gas of the sun, carrying mainly protons and electrons, blown radially
outward through interplanetary space is called the solar wind. This solar wind is
embedded in an interplanetary magnetic field which interacts with the earth’s mag-
netosphere. Some solar wind particles deposit a significant amount of energy in the
upper atmosphere (Volland, 1988) and are responsible for the high latitude increases
in E-region (100-200 km) ionospheric density and auroral electrojets accompanied
by thermospheric heating. Their subsequent effects may penetrate further into the

atmosphere.
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Figure 1.3: .
Measurements made on board the NASA Space shuttle illustrate the
marked variability of ozone This figure can be found on the web site
http : [ /ssbuv.gsfe.nasa.gov/o3imag.html.

In addition to the external sources of atmospheric wave motion, internal or indirect
sources have to be considered as they account for all physical and chemical processes in
the multi-component atmospheric gas. We briefy outline the internal sources relevant
to the large scale motion in the mesosphere and lower thermosphere (MLT) region in

the following subsections.

1.2.3 Eddy Viscosity and Heat Conduction

The steady influx of solar heat generates atmospheric wave motion of all scales. In
the absence of dissipation, the kinetic energy of the atmospheric flow would increase

beyond bound. Molecular viscosity provides such dissipation. However, its direct effect
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on large scale motion is negligible at lower and middle atmospheric heights.

Effective heat transport within the atmospheric gas is governed by turbulence. A
cascade of turbulent eddies transfer ordered heat from larger scales to the smaller
scales, until molecular heat conduction eventually converts the ordered heat into un-
ordered internal energy of the gas. However, molecular heat begins to dominate only

above the turbopause near 110 km altitude.

At heights above 200 km, the collisions between ions and neutrals result in frictional
drag and hence transfer a sufficient amount of momentum so that the neutral energy
is dissipated. However, ion-neutral interactions become significant above 100 km and
therefore the dissipative effects of ion drag are not expected to affect the middle

atmosphere region.

1.2.4 Latent Heat

The atmosphere is never completely saturated with water vapour so that liquid water
from oceans and from the surface of continents continuously evaporates. Winds and
turbulence transport this water vapour away from its source. The water vapour may
condense and form clouds, particularly, when subjected to up-drafts which bring the
water vapour into the region of lower temperatures below the saturation limit. During
condensation, the latent heat of vapourization is transferred to the atmosphere and
acts as a local heat source. The same amount of heat is removed from the atmosphere
if the cloud droplets evaporate again, for example in down-draft winds. Precipitation
removes the water content from the atmosphere and hence from the energy balance.
Freezing or melting of ice particles add or subtract the latent heat of melting to the

energy balance.

Local variations of latent heat are of minor importance in global scale dynamics,
but deep convective activity in the tropics produces a significant and large scale latent
heating and thus acts as an additional source for atmospheric (diurnal) tidal variability

in the MLT region (Hagan et al., 19995).
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1.2.5 Newtonian Cooling

Water vapour, ozone and carbon dioxide absorb and emit infrared radiation. The heat
budget of the lower and middle atmosphere therefore strongly depends on the infrared
radiative transfer. Radiative loss processes dominate the cooling of the atmosphere
and is described as a Newtonian cooling heat sink. The infrared cooling reaches its
maximum around 50 km and has some effect on the diurnal tide in the 80-100 km

height region.

1.3 Circulation of Middle Atmosphere

The middle atmosphere extends from about 10-100 km and comprises the stratosphere,
mesosphere and lower thermosphere. The circulation of the middle atmosphere of the
earth is driven by an unequal distribution of net radiative heating. As noted before, the
major features of the middle atmosphere temperature structure are controlled by the
emission and absorption of radiation. Absorption of ultraviolet solar radiation by ozone
leads to the high temperature around 50 km; emission from the 15 gm infrared band
of carbon dioxide is the main cause leading to cold temperatures at the mesopause.
Solar radiation absorbed by atomic and molecular oxygen leads to the rapid increase
of temperature above the mesopause. The radiative heating by ozone is a function of
solar incident flux, hence the intensity shows large seasonal and latitudinal variation.
The difference in heating between the northern and southern hemispheres causes the
general circulation of the middle atmosphere. The intensity of the heating attains its

maximum and minimum in the summer and winter polar regions.

The large scale circulation of the middle atmosphere can be treated as approxi-
mately two-dimensional in latitude ¢ and height z. The primary factor in the formation
of the general circulation is the hydrostatic balance in the vertical, in addition to the

geostrophic balance between the latitudinal pressure gradient and the Coriolis force.
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The hydrostatic balance is given as:

dp
5, = P9 (1.1)

where p, p and g are the pressure, density and gravitational acceleration. The pressure,
p can be expressed as density p and temperature T' through the equation of state for

an ideal gas:

p=pRT (1.2)

where R is the gas constant per unit mass. Integration of Equation 1.1 with the aid

p(z) = pyeap (— /%) (13)

o) = pueon (- [ ) (14)

where p,, p, and T} are the constant reference pressure', density and temperature. H

of Equation 1.2 yields

is the atmospheric scale height? and is given by

_Ar
g

H (1.5)

Then, the geostrophic balance is expressed as:

_ 10p
10
vy = 55% (1.7)
w=0 (1.8)

where f = 2 sin ¢ is the Coriolis parameter determined by the earth’s rotation rate,
0 and latitude, ¢. By differentiating Equations 1.6 and 1.7 with respect to z, and

considering Equations 1.1 and 1.2, the thermal wind equation is expressed as:

0 u or  oT
() =530~ 57 (L9)
0z T fT\ 9y’ O

lusually taken as 1000 mb

2In middle atmosphere studies it is common to let H = 7 km
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where uy = (ug,vy,0) is a geostrophic wind. The thermal wind equation (1.9) relates
the vertical shear of the geostrophic wind components to the horizontal temperature
gradients.

Using the thermal wind equation, the pole to pole temperature gradient results
in zonal winds that increase in magnitude with height, and which are eastward in
the winter hemisphere and westward in the summer hemisphere. This situation is
demonstrated in Figures 1.4 and 1.5 which shows a latitude-height section of zonal
mean temperature and mean zonal winds in January and July from the CIRA® model.

Negative and positive latitudinal gradients of temperature around 40-50 km altitudes
are seen (see Figure 1.4) in the northern winter (January) and northern summer (July),
respectively, where the absorption of UV by the ozone is large.

Figure 1.5 shows a similar distribution of the CIRA86 zonal mean wind in the mid-
dle atmosphere. It is found that eastward and westward winds at mid latitude increase
up to the height of 50-70 km, which is explained by the thermal wind equation (1.9).
Another pronounced feature of Figure 1.5 is the decrease in zonal wind above 70 km
and the reversal of wind direction at around the mesopause (80-100 km). Furthermore,
the temperature distribution in this height range, which shows that the temperature
in the summer polar region is lower than that in the winter polar region in Figure 1.4,
is not explained in terms of radiative equilibrium®. Hence, dynamical processes due to
atmospheric waves are believed to produce a drag on the mean zonal wind and to cool
(heat) the summer (winter) polar region. The role of gravity wave breaking is recog-
nised as the most important among the various dynamic processes which have been
studied theoretically (Lindzen, 1981; Fritts, 1984; Garcia and Solomon, 1985; Fritts
and VanZandt, 1993; Fritts and Lu, 1993; Hines, 1991q; Hines, 1991b; Hines, 1991¢)
and experimentally (Manson, Meek and Gregory, 1981; Vincent, 1984a; Reid and Vin-
cent, 1987b; Tsuda et al., 1990; Mengel et al., 1995; Wu and Waters, 1997; Manson
et al., 1999).

3Committee on Space Research International Reference Atmosphere
4The atmosphere is said to be in radiative equilibrium when the incoming solar radiation balances
the outgoing terrestrial radiation.
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Figure 1.4: Schematic latitude-height cross sections for CIRA86 zonal mean tempera-
ture (°K) in January (top) and July (bottom).
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CIRA86 Zonal Mean Zonal Winds for January
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Figure 1.5: Schematic latitude-height cross sections for CIRA36 zonal mean
winds (ms™!) in January (top) and July (bottom).
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Another noticeable feature in Figures 1.4 and 1.5 is the asymmetry between the
northern and southern hemispheres. If the middle atmosphere is homogeneous and
symmetrical between the hemispheres, the latitudinal cross-section in January should
coincide with July conditions. However, Figure 1.4 shows that the temperature profiles
at high latitude in the stratosphere and mesosphere are different between the winters in
the northern and southern hemispheres. Also the mean zonal wind in Figure 1.5 shows
remarkable difference of the winter eastward wind both in amplitude and location
between the northern hemisphere and southern winters; the maximum eastward wind
occurs at lower height and higher latitude, and the peak intensity is stronger in the
southern winter than in the northern winter. These differences are thought to be
due to atmospheric waves. Investigation of the differences in wave activity between

hemispheres is an important subject for the observational study.

1.4 Atmospheric Waves

Atmospheric waves play major roles in maintaining the zonal mean momentum and
temperature budgets as well as the ozone budget. In the middle atmosphere, atmo-
spheric waves with various periods such as gravity waves (5 min—21 hr at 35° latitude),
atmospheric tides (24 hr, 12 hr, 8 hr,...) and planetary waves (> 1 day) are superim-

posed on mean winds.

As these waves propagate upward, their wave amplitudes tend to increase with
height as the background density decreases so that wave energy is conserved. The
waves saturate when their amplitudes become too large and transfer their energy and
momentum to the mean flow. Turbulence is generated through either convective or dy-
namic instabilities. Therefore, a study of interactions of atmospheric waves with mean
winds and waves has become as important as investigations of excitation, propagation
and dissipation of single waves. We, therefore, briefly review atmospheric waves in the

following subsection.
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1.4.1 Basic State

The mixture of gases in the lower and middle atmosphere can be treated as a single
ideal gas of constant molecular weight M. The three fundamental physical processes
which describe motions in the atmosphere are the conservation of mass, energy, and
momentum. Here, we will examine only the basic equations, for there are many
works dealing with the fluid dynamics and its detailed derivations [e.g. Andrews et al.
(1987),Volland (1988)].

The basic hydrodynamic and thermodynamic laws governing the motion of atmo-
spheric gas may be represented by

the equation of motion,
du P
—1Q = —+®)-D, 1.1
dt+ X u V(p-}-) D (1.10)
the equation of mass continuity,
= =—pV-u (1.11)
the first law of thermodynamics,

dr'\ dp
PCy (E) = RT (a) + pJ - Dk (1.12)

and the ideal gas equation

p = pRT (1.13)

where ¢ is the time, u is the full wind velocity vector (u,v,w) with its components

directed to the east (u), north (v) and upward (w). Moreover,

d 0
(—ﬁ—a-l-u-v (1.14)
is the total time derivative, where
i} a 0

B = - 1 E
—— TLoewa® Do om0t nte Teu—ikge -

Atmospheric waves with large horizontal scale, approximately ten thousand km, such
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as atmospheric tides and planetary waves, have to be discussed taking into account

the earth’s sphericity. In spherical coordinates,

0 0 0 0
55 = asmoox ™ 5 T e L)

On substituting Equation 1.16 in Equation 1.15, we get,

9 o 9
u-V=uranoon Veo0 Vs (1.17)

where 6 is colatitude, € is the vector of Earth’s rotation, A is the longitude, z is
altitude, a is the earth’s radius, p is the pressure, p is the atmospheric density, T is
the temperature, ® is the gravitational potential, ¢, is the specific heat at constant
volume, D,, D), are the dissipation terms and J is the thermo tidal heating term.

The horizontal momentum equation (1.10) expresses the balance between zonal
acceleration, the Coriolis force, and the external forces. The continuity equation (1.11)
expresses conservation of mass. The thermodynamic equation (1.12) states that the
time rate change of temperature is balanced by adiabatic cooling or heating which
results from the expansion or compression of air as it rises or sinks, and by solar
heating and long wave cooling. The Equation 1.13 is an equation of state for an ideal
gas.

For planetary scale motions the vertical velocity, w, is small compared to the
horizontal. Also the vertical acceleration and Coriolis force are small compared to
that of gravity and vertical pressure gradient force. These conditions are consistent
with the motion being in hydrostatic equilibrium¢.e. only the vertical pressure gradient
and the gravitational acceleration are retained in the vertical equation of motion. The

Equation 1.10 simplifies to

dp
L (1.18)
ou 1 Jdp
E—QQUCOSG = —p—a% (119)
Jv 1 Jp
E+2Qucos0 = T oasnd O (1.20)

Other following approximations were made in Equations 1.10 to 1.13
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(a) The atmosphere is assumed to be thin compared to the radius of the earth.
(b) The gravitational acceleration g is assumed to be constant.

(c) The earth is assumed to be spherical.

(d) The earth’s topography is ignored.

(e) The gas constant, R, is equal to 237 Joule kg~ K~

Equations 1.10-1.20 give a closed set of equations of u, p, p and T', when D =0 i.e. in
an inviscid and adiabatic atmosphere. However, a direct analytic solution for this set
of equations is difficult to obtain, because they are complicated non-linear equations.
One most commonly used method for obtaining the solutions of the basic equations
is the perturbation method, where the wave structure of the atmosphere is separated
into the mean flow, which is independent of longitude, and departures from the mean
flow or eddies (e.g. u = ug + u'). Its averaged flow ug generally changes slowly with
time. Planetary waves of all scales (eddies) represent the deviations from the mean
flow.

Wayve oscillations are considered as linearized perturbations about the basic state,
i.e. quadratic and higher order terms in u' are neglected. In this approximation (a)
the waves are considered as decoupled from each other, b) wave amplitudes are small
compared to the background flow, and c) the time evolution of the background fields is
long compared to the wave motions. Planetary waves and tides in middle atmosphere
have wave amplitudes which rarely exceed 10% of the basic state, and therefore often
fulfil this condition. Hence, Equations 1.10-1.13 can be linearized using the following
assumptions:

! ’

u = uotu; v=v; w=w; T = To+4T; P = po+6p; dp = pot+dp

(1.21)
where Tj is the background temperature, pg is the background pressure, pg is the back-
ground density, 67" is the temperature perturbation, dp is the pressure perturbation,

and dp is the density perturbation. In these linearized equations the mean zonal wind
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ug is included, whereas meridional winds are neglected. Mean meridional motions are
weak in comparison to mean zonal winds below 175 km in the earth’s atmosphere and
are therefore neglected in the above equations.

It is then possible to a find general solution of any time dependent disturbance by
linearly superimposing waves of different periods and different horizontal structures.
The steady state solutions of the linearized equations (1.21) are assumed to be of the

form:

(', v, w,8T,8p,8p,} = {&,,%,T,p,pe="} (1.22)

where o is the wave frequency and s is the zonal wave number.

1.4.2 Classical Tidal Theory

Classical tidal theory considers linearized fluctuations on an inviscid, axisymmetric
and hydrostatically balanced atmosphere with a temperature field that has no hor-
izontal dependence so that there is no background motion. The advantage of the
idealized classical approach is that the governing equation of motion are separable in
height and latitude. In other words, in an isothermal atmosphere without dissipation
the linearized equations governing atmospheric motions reduce to an eigenfunction-
eigenvalue problem in latitude.

The exclusion of background winds ug, dissipative terms (D,, D) and latitudi-
nal gradients in the background temperature (%) renders the system of equations
separable. After eliminating derivatives with respect to ¢t and A, the linearized equa-
tion reduces to a single second order partial differential equation for the perturbation

geopotential,
56 = 3p/po (1.23)
Equation 1.23 is separable in z and @ yielding solutions of the form:

§p=>_0,(0)Gu(2) (1.24)

where {0,, ()} is complete for 0< 6 < .
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On substituting linearised equations (1.21) in Equation 1.19 and 1.20, we obtain
linearised horizontal momentum equations, which along with expressions above allow

for the expansion of the velocity perturbations [e.g. Chapman and Lindzen (1970)]:

' —0a
402 ZU v’ = 15 ;Vn(O)Gn(z) (1.25)
where,
1 d scoté
Un = f2 — cos?d [@ + f ]Gn (1.26)
| cosl d 3
e fz—cosza[ ;T sin0:|®n (1.27)
for f = o/20). The 0 and z dependencies are further separated into different equations,
by letting
. 19 0 10
icH [——po % ] p——(ponJ )l = —-Z—ZEG (1.28)

where k= R/c, = 2/7, H = RT/g, h,, is the separation constant and J, is defined as

a result of the expansion of the thermal excitation using {©,}:
J =) 0.4(0)Ja(2). (1.29)
For an isothermal atmosphere,
Rg '
r=z/H; N = - G, = Gn/py/N (1.30)

where z is the reduced height and NV is the buoyancy frequency. The vertical struc-

ture equation is then written as:

d2 ' K?H 1 ' 1 d
ot 5, 3] 6 - mmwa .
or simply as:
d?
o 2G + G = F(z). (1.32)

We can now consider the nature of the boundary condition to be satisfied by G.,. Two

cases are considered:
A) if F(x) # 0, then the solution is of the form:
G, = Ae® 4+ Be™" (1.33)

and there are two possibilities for o? :
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1. o? < 0= h, <0 or h, >4xH and outside of the source region,
G, ~ e~lolz So, these waves are “trapped” or “evanescent” meaning they

are confined to their source region of excitation.

2. a®> >0 = 0 < h, <4kH. If there are no energy sources at z = oo then
B = 0, called radiation condition, and the solution reduces to
G, ~ €“®, The term € is associated with the upward propagation of
energy (Wilkes, 1949). So, these waves may propagate away from their
region of excitation. The sign of a will determine whether the wave is

westward (+) or eastward (-) propagating.

These solutions are “forced” and correspond to the forced oscillations of the
atmosphere (e.g. tides and planetary waves). Investigation of forced planetary
waves (Chapter 3) and tides (Chapter 4) form a significant part of the present

work.

B) if F(x)= 0, there is a single solution that satisfies w=0at 2 =0 :

G, ~ el1/2)e and h, = %

where for an isothermal atmosphere (To =256°K), H = 7.5 km and h, =10.5 km
and o® < 0. These solutions also imply that u ~ e, so that energy (pou?) decays
away from the surface at the same time as the other wave fields are increasing expo-
nentially. These solutions are “free” and correspond to the resonant responses of the
atmosphere. They are also recognized as “Lamb waves” or “edge waves”. Existence of
a free oscillation implies infinite magnification of a perturbation with zonal wavenum-
ber and period which is a solution of Laplace’s tidal equation for A, =10.5 km. Later
in Chapter 5, we investigate the horizontal wind measurements from MF radars for
the determination of Lamb waves at mesospheric and lower thermospheric heights.

The 6-dependent part of the solution is given by Laplace’s tidal equation:

2 2 2 2
d[l y dGn]_fl [i(f 1) e, 460,20  (L34)

dp [ (F? — p?) dp 2 f (P -p?) 1-p



20 CHAPTER 1. GENERAL INTRODUCTION

where p = cos 6 and ¢, = 4Q%a¢?/gh,. Equation 1.34 can be simplified further to:

402 2
Fo(037) = €707 = =207 (1.35)

Laplace’s tidal equation and vertical structure equation are linked by eigenvalues,
h, or equivalently €,. The separation constant, h, is called the equivalent depth
because in Laplace’s original study of the ocean tide on a sphere, h, = h, was just
the ‘mean depth’ of the ocean. However, for the stratified atmosphere ‘h,’ should be
considered simply as an eigenvalue which may either take positive or negative values.

The boundary conditions on ©, are that they be bounded at the poles (i.e.,
at § = 0, 7). With these boundary conditions Equation 1.35 constitutes an eigen-
value problem with €, the eigenvalues and ©, the corresponding eigenfunctions. The
collection of ©, are also known as Hough Functions (Hough, 1898). Each eigen-
value/eigenfunction pair constitutes a “mode” referred to as ©F or the (s,n) mode.

’ is the index based on the number of

‘s’ designates the zonal wave number and ‘n
the latitudinal nodes and interhemispheric symmetry which characterizes a given ©,.
In general, there are no closed solutions for the Equation 1.35. The formal methods
of solution are discussed by (Chapman and Lindzen, 1970), and in greater detail by
(Longuet-Higgins, 1968).

Longuet-Higgins used the equivalent depth analogue for free modes of oscillation
for a large range of equivalent depths (hence €,) including both positive and negative
values. For small ¢,, the solutions group into two classes: Class 1 modes or “gravity
modes” and class 2 modes or “Rossby modes” or “rotational modes” or “planetary-wave
modes”. Both families of solutions exist for westward propagating (¢ < 0) as well as
eastward propagating (¢ > 0). The (1,-1) mode is also called the “mixzed solution”
or “Rossby-gravity mode” that belongs to Class 1 for large positive €} and class 2 for
large negative e.. The Class 1 modes have €}, > 0 for both eastward and westward
propagating solutions, but, for Class 2 modes only westward propagating solutions
have €. > 0. Eastward propagating Class 2 modes have ¢, < 0. Waves with small

(large) €. > 0 are vertically trapped (propagating).
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Some examples of variation of €'/ with eigen frequency, o/2%, and n for zonal
wave number one are shown in Figure 1.6. The results shown in the Figure 1.6
have two interpretations. For free (unforced) oscillations of an isothermal atmosphere
h = 10.5 km and implies that €,~/2 = 0.29. Thus for this value €,7'/2, (shown
by broken lines) the curves give the frequencies of the various free oscillations or
“normal modes” of zonal wave number one (e.g. Longuet-Higgins (1968). The normal
modes can propagate both eastward and westward and they can belong to both classes
of solution.

The modes of eastward phase speed in Figure 1.6 (top) can all be regarded as
(inertio) gravity waves, except in the limit €1/2 — 0 (to the left of the diagram) when
the lowest two curves represent the Kelvin wave and Rossby-gravity wave, respectively.
The modes of the westward phase speed in Figure 1.6 (bottom) fall into three classes:
the central curve represents the mixed planetary-gravity wave, those above it (of higher
frequency) represent gravity waves, while those below (of lower frequency) represent

planetary waves.

1.4.3 Atmospheric Tides

Atmospheric tides are amongst the most dominant atmospheric waves in the MLT
region. They are is primarily excited by thermal forcing due to the absorption of solar
infrared by water vapour in the troposphere and ultraviolet radiation by stratospheric
ozone. Diurnal and semidiurnal tides are normally dominant, although higher har-
monics of the 24 hour periodicity are detected, such as terdiurnal and quarter diurnal
tides. The amount of atmospheric constituents that absorb solar radiation can be as-
sumed not to show a significant variation in the longitudinal distribution. Therefore,
the corresponding tidal generation also becomes homogeneous, so the tides propagate
westward, synchronising with the apparent motion of the sun. This sun synchronous
component is commonly called migrating tide. In addition to the sun-synchronous
tides, non-migrating tides can be generated by the local excitation source, such as

non-uniformity of water vapour content and the cloud convectivity activity as well as
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Figure 1.6: Eigen frequencies of the free modes of oscillations for eastward (top) and
westward (bottom) propagating modes for zonal wave number s=1. The dashed ver-
tical line corresponds to an equivalent depth of 10 km (i.e. e,”/? = 0.29.)

as land sea contrast in the heat transfer process within the planetary boundary layer.

To a first approximation, tidal motion in the middle atmosphere may be modelled
by using the classical tidal theory. From classical tidal theory (section 1.4.2) their
frequency ‘o’ and longitudinal zonal wave number ‘s’ can be specified; thus by substi-
tuting these parameters in the Laplace’s tidal equation (1.34), we can obtain equivalent
depth A, as an eigenvalue and the corresponding eigenfunctions 2 which determines
the latitudinal variations of amplitude of vertical displacement of air parcels, and thus
temperature fluctuations. Further when the equivalent depth is substituted in the

vertical structure equation (1.31), the corresponding vertical structure is calculated.
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The set of eigenvalues and eigenfunctions correspond to different modes of oscil-
lations. Throughout this work, each mode is described by the symbol (s,n) and has
the same meaning as that mentioned in section 1.4.2. Positive values of n represent
propagating modes which transport energy vertically. Negative values of n repre-
sent evanescent modes which do not freely propagate vertically and whose amplitude

decays exponentially away from the height of excitation.

The diurnal tidal modes can have positive and negative eigenvalues. The s=1 com-
ponent is the diurnal heating and corresponds to f = —1/2. For migrating solar modes
(i.e. modes that follow the sun) s = ¢ and for non-migrating modes s # o. Since
we deal mainly with migrating modes the wave modes are expressed as (s,n). Propa-
gating diurnal modes are denoted by (1,n) where n = 1,3,5, - for symmetric modes
and n = 2,4,6, - for antisymmetric modes. The symmetric diurnal mode which is a
class 2 wave has a meridional distribution of the geopotential which optimally matches
the solar input. Evanescent diurnal modes are denoted by (1, —n) where n = 2,4,6,---

for symmetric modes and n = 1,3, 5, - - - for modes antisymmetric about the equator.

The s = 2 component is the semidiurnal heating and corresponds to f = 1. The
semidiurnal modes are denoted by (2,n) where n = 2,4,6,--- for modes symmetric
about the equator and n = 3,5,7 for antisymmetric modes. The dominant modes
for the diurnal tides are the propagating (1,1) mode and the evanescent (1,-2). The
superposition of the modes results in the interference effects and tends to complicate
the tidal structure. This superposition of modes is one of the possible causes of short
time variability.

Figures 1.7-1.8 show the eigenfunctions for some principle diurnal tidal and semidi-
urnal modes with corresponding latitudinal variations of geopotential, zonal and merid-
ional wind [e.g. Chapman and Lindzen (1970),Volland (1988)]. It can be seen that
positive or propagating diurnal tidal modes have the major part of their energy in the
low latitude region, while the negative or evanescent modes show large amplitudes in
the high latitudes. This is shown by the fact that since Coriolis frequency becomes

equal to the frequency of the diurnal tide at 30°, at lower latitudes the diurnal tide
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Figure 1.7: Latitudinal distribution of Hough functions for the diurnal (s = 1) tidal
modes.
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Figure 1.8: Latitudinal distribution of velocity expansion functions: zonal (top) and
meridional (bottom) wind components of diurnal tides.
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Hough Functions for Semidiurnal Tidal Modes
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Figure 1.9: Latitudinal distribution of Hough functions for semidiurnal (s = 2) tidal

modes.
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Figure 1.10: Latitudinal distribution of velocity expansion functions: zonal (top) and

meridional (bottom) wind components of semidiurnal tides.
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can propagate as a gravity wave, while at higher latitude the diurnal tide cannot prop-
agate vertically, resulting in the dominance of the negative mode. On the contrary,
semidiurnal tide can take only positive values, i.e. all the semidiurnal tides can prop-
agate vertically. This also corresponds to the fact that the frequency of a semidiurnal
tide is always larger than the Coriolis frequency. As shown in Figures 1.9 and 1.10 a
semidiurnal tide can exist at high latitude as well as at low latitude. Especially in the
higher mode, the major part of energy is in the high latitude section. These functions
give an indication of how the amplitude of given mode is likely to vary with latitude,
but in the middle atmosphere they do not give any indication of absolute (or relative)

amplitude or which mode will dominate.

1.4.3.1 Tidal Modelling

Theoretical models are further improved from classical tidal theory by including the
effects of background winds, molecular and eddy diffusion of heat and momentum,
Newtonian cooling and temperature variations. Forbes (1982) included the eddy and
molecular diffusions of heat and momentum in their model in order to address properly
the structural modification of tides and their penetration into the upper atmosphere.
These theoretical models were mainly provided for the solstice and equinox conditions.

During the Middle Atmosphere Program (MAP) in 1982-1985, many observations
of atmospheric tides were carried out. The CIRA (1986) model of the atmospheric
temperature and zonal mean wind was also provided using various observations carried
out during MAP and earlier. Theoretical models of atmospheric tides using updated
model atmospheres and improved information on dissipation process due to eddy dif-
fusion (Vial, 1986; Forbes, 1984; Forbes and Vial, 1989; Hagan et al., 1995) have led
to better agreement with the observations. Forbes and Vial (1989) were more success-
ful with their efforts at modelling the monthly averages of the semidiurnal tides. In
particular, they observed hemispheric asymmetries in the mean zonal wind. Many of
these results were in agreement with observations.

Fritts and Vincent (1987) examined the interaction between gravity waves and tides
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both experimentally and theoretically. Their observations showed correlation between
gravity-wave induced momentum flux divergence and tidal motions. They incorpo-
rated a linear gravity wave saturation model and found that the interaction should
lead to a phase shift in the apparent tidal motion. Forbes and Hagan (1988) modelled
the connection between different tidal modes and the effect of mean winds, meridional
temperature gradients and thermal and mechanical dissipation. Their results were
consistent with the observations of the diurnal tide by partial reflection ,meteor, and
incoherent scatter radars (Forbes and Vincent, 1989). The Global Scale Wave Model
(GSWM) by Hagan et al. (1995) quantifies and further interprets the differences be-
tween previous diurnal and semidiurnal predictions. The revised gravity wave stress
parameterization (Hagan et al., 1999a) accounts for the most profound changes and
leads to seasonal variability predictions that are consistent with the diurnal amplitudes
observed in the mesosphere and lower thermosphere .

In Chapter 4 of this thesis comparisons are made between medium frequency (MF)
radar wind data and GSWM. However, it must be emphasized here that model tides are
being compared with data from long term monthly averages and that instantaneous
measurements of tides can show deviations from mean results. Although the tidal
models may not exactly provide perfect predictions, they are useful in describing the

average state and likely effects of short term disturbances.

1.4.4 Planetary Waves

The term planetary waves refers to those quasi-horizontal atmospheric motions, whose
shape, wavelength and displacement is controlled by variations of the Coriolis param-
eter with latitude. These wind oscillations are observed in the middle atmosphere and
are often global scale waves with integer oscillations in the zonal direction.

Such waves can be classified according to their horizontal structures, their vertical
structures, their sources of excitation, and their modes of interaction with the mean
flow. The classification scheme allows the planetary scale waves to be categorised on

the basis of the following dualities: (1) extra tropical modes against equatorial trapped
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modes, (2) free modes against the forced modes, and (3) modes that interact through
wave dissipation.

The waves of primary importance for middle atmosphere dynamics are forced
modes which are excited by various processes in the troposphere and propagate verti-
cally into the middle atmosphere. The significant forced vertically-propagating extra-
tropical modes are quasi-stationary Rossby waves, while the most significant forced
vertically propagating equatorial modes are Kelvin waves and mixed Rossby-gravity
waves. Both Kelvin and mixed Rossby gravity waves are zonally propagating waves
which are excited by forcing in the equatorial troposphere.

On the other hand, free travelling planetary waves are called global normal modes,
as they are apparently not maintained by travelling forcing effects. The gravest s = 1
eastward propagating gravity wave mode is a normal mode Kelvin wave, whose eigen-
values can be seen in Figure 1.6 (top). In the next subsection, a brief review of Kelvin
waves and Rossby waves is given, as they form a part of this thesis work (see Chap-

ter 3).

1.4.4.1 Kelvin Waves

Kelvin waves are eastward and are confined to the equatorial region. These waves
play a significant role in the dynamics of the equatorial middle atmosphere. They
account for a large proportion of geo-physical variances in the equatorial region and
occur at different phase speeds (relative to the ground). The zonal wind component
of a Kelvin wave is symmetric in meridional structure (i.e. latitudinally evanescent),
and the meridional wind component is zero. Amplitudes of Kelvin wave fields peak
at the equator and decay in latitude with Gaussian e-folding width given by Lindzen
(1970)

L, = |éa?/Qs|’ (1.36)

where a is the radius of the earth, {} is the earth’s rotation rate, s is an integer
denoting the number of wavelengths around the circumference of the Earth (7.e. zonal

wavenumber), and ¢é is the Doppler-shifted zonal phase speed with respect to the
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constant zonal mean wind. The vertical wavelength A, is given by

2 X we

Aver = (1.37)

where N is the buoyancy frequency.

Kelvin waves appear to be forced by latent heat released in the large scale convec-
tive cluster in the tropical troposphere (Holton, 1972; Chang, 1976; Salby, 1984b; Salby
and Garcia, 1987; Bergman and Salby, 1994). Kelvin waves observed in the strato-
sphere and mesosphere generally fall into three fairly distinct bands. The slowest
modes have periods in the 15-20 day range. These were reported in radiosonde temper-
ature and zonal winds first by Wallace and Kousky (1968) and more recently in Upper
Atmospheric Research Satellite (UARS) temperatures by Shiotani et al. (1997). Hirota
1978; 1979 identified a faster Kelvin mode in rocketsonde winds and selective chopper
radiometer (SCR) with a period near 10 days and a vertical wavelength around 20 km.
Subsequent analyses of temperature and ozone from the limb infrared monitor of the
stratosphere (LIMS) and UARS confirmed the presence of the faster 6-10 day mode
and revealed the existence of an ultrafast Kelvin wave with a period near 4 days. (Salby
et al., 1984; Hitchman and Leovy, 1988; Randel, 1990; Canziani et al., 1994). Vari-
ance in the 4-10 day range has also been reported in MF partial reflection radar zonal
winds near the equator (Vincent and Lesicar, 1991; Vincent, 1993; Riggin et al., 1997).
Satellite-based studies indicate that most Kelvin wave variability in the middle atmo-

sphere is contained in zonal wave numbers 1-3.

In Chapter 3 the Kelvin wave signals in the zonal wind measurements at equatorial
stations are isolated, based on the characteristics, such as 1) the meridional wind speed
is negligible, 2) the wave propagates eastward relative to the background wind, 3) the
phase tilts eastward with increasing altitude for an upward propagating wave, and
4) the zonal and meridional wave numbers are related to the frequency through a

dispersion relation.
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1.4.4.2 Rossby Waves

The large scale features, observed in the flow on the planetary scales, arising due to the
variation of the Coriolis parameter with latitude are known as Rossby waves. These
waves propagate in a westward direction relative to the background wind.

For the most part, Rossby waves do not propagate vertically but remain trapped
in the troposphere and stratosphere. Using B-plane approximation, i.e. the Coriolis

parameter f is set equal to

f=1fo+ By (1.38)
where ¢y is the latitude, fo = 282 sin ¢o, 8 = 20 cos ¢ and |y| << acot ¢o. It may be
shown (Houghton, 1986) that vertical propagation is possible when

, p

where k and [ are the zonal and meridional wave numbers respectively. Hence the
Equation 1.39 implies that with a westward or a large eastw.ard zonal wind, no vertical
propagation will occur. Also, vertical propagation will be more likely for those waves
with very large horizontal wavelengths. This explains why the quasi-stationary waves
(wave with a period in excess of ~ 30 days), with very large horizontal wavelengths, are
a regular feature of the upper mesosphere whereas the presence of travelling waves or
transients waves e.g. quasi 2-day wave is associated with the occurrence of particular
wind profiles in the stratosphere and mesosphere. This was shown by Charney and
Drazin (1961), who investigated the vertical propagation of Rossby waves into the
mesosphere and concluded that either strong eastward or westward stratospheric winds
would trap the waves and that vertical propagation could take place only during the
equinoxes.

As with gravity waves, there are number of sources of Rossby waves in the tro-
posphere and stratosphere, including orographic forcing, land/sea differential heating
and baroclinic and barotropic instabilities in the mean flow (Andrews et al., 1987).

The mathematical description of the Rossby waves with periods less than 2 weeks is
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similar to that for atmospheric tides, where solutions to the linearised Laplace’s tidal
equation are known as normal modes (see section 1.4.2).

Normal-mode Rossby waves are westward propagating waves which are the free
or resonant oscillations of the atmosphere. Their basic characteristics are governed
by the resonant properties of the atmosphere, rather than by details of any forcing
mechanism. The fundamental signatures of these modes are planetary-scale horizontal
structures, regular westward propagation at (nearly) discrete frequencies with typical
periods of ~ 1-30 days, and small vertical phase tilts with height (Madden, 1979).

Numerous studies have identified normal-mode structures in stratospheric data
derived from satellite measurements. (Rodger, 1976; Hirota and Hirooka, 1984; Hi-
rooka and Hirota, 1985; Randel, 1993a). In the mesosphere and lower thermosphere,
quasi 2-day waves have been observed with meteor and MF radars. (Muller and Nel-
son, 1978; Craig et al., 1980; Craig et al., 1983; Harris, 1994). Lawrence and Randel
(1996) have reported the occurrence of global normal modes in the PMR (pressure
modulator radiometer) records. With the possible exception of the 2-day wave, the
periods of the oscillations in 5-20 days are not an integral number of days and typically
they fall in the period ranges 1.9-2.2, 4-7 and 10-20 days (Vincent, 1985).

In Chapter 3, a search for normal-mode signatures in our MF radar record of wind
measurements is made and the investigation is mainly focused on mesospheric waves

in the long period range (~3-10 days).

1.5 Scope of Thesis

As described in this chapter our present understanding of the dynamics of earth’s
middle and upper atmosphere has been greatly enhanced in ~ 25 years. In particular,
MAP, STEP® and COSPARS studies have contributed significantly. However, in the
region of the mesosphere and lower thermosphere, due to the lack of observational data,

there is much uncertainty in understanding the occurrence of complicated dynamics.

5Solar Terrestrial Energy Programme
8Committee on Space Research
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The purpose of this thesis is to investigate the contribution of tides and planetary
waves in the dynamics of MLT region. The structure of the thesis is as follows:
Chapter 2 details the brief description of MF radars and various data analysis
techniques used in the present study. In Chapter 3, we study planetary scale wind
motion using data from several radar observations which are widely spaced in longitude
and latitude. First, planetary waves in middle-high latitudes are investigated and
next, we describe the behaviour of mean winds and planetary waves in the equatorial
region. By means of simultaneous observations of wind fluctuations using MF radars,
we study the global structure of the 6.5-day wave. Chapter 4 details the seasonal
variability of solar diurnal and semidiurnal tides at Davis, Christmas Island, Adelaide
and Hawaii. Tidal amplitudes and phases are compared with the numerical Global
Scale Wave model. Chapter 5 discusses the observations of short-period oscillations

at high latitudes. Finally, we present the summary of this thesis in Chapter 6.



Chapter 2

Data Analysis Techniques

2.1 Introduction

In this thesis, horizontal wind measurements collected by MF radars from the Antarctic
to the tropics form the basic data source. The main objectives of collecting data from
several radars are to study and understand the dynamics and coupling processes of
mean winds, tides and planetary waves in MLT region at low, mid and high latitudes.

In this chapter, first we present various techniques for observing the middle at-
mosphere, and then describe quantitatively the two basic ground based techniques,
the Doppler method and the spaced antenna method, used to obtain the wind mea-
surements. Finally, the remainder of the chapter is devoted to various mathematical

techniques used for analysing the MF data.

2.2 Observational Techniques

Our knowledge of the state of the earth’s atmosphere is highly dependent upon the
instruments we use for measuring it. The parameters of primary interest are tempera-
ture, pressure, humidity, precipitation, and wind. Meteorogical instruments have been
refined over the years and the routine surface measurements of these parameters have

been made through out the world since the nineteenth century. However, it was not

33
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until last century that we began to get a systematic look at the space and time variabil-
ity of the atmosphere as a function of height above the ground. A significant advance
in this area was made with the development of rocket and radiosonde, a device carried
aloft by a balloon to measure temperature, pressure and humidity and transmit these
data back to a ground station. By tracking the motion of the balloon, the winds could
also be determined. Rocket observations are categorised according to the pay load of
the measuring system. Among them the falling sphere and datasonde have often been
launched because these payloads are small and less expensive (Schmidlin, 1986). Their

observational height ranges from 30-90 km and 20-65 km respectively.

The falling sphere observation is carried out by tracking the descending sphere,
which has been launched and released by a rocket, using a primary radar system. On
the other hand, the rocketsonde is a sounding system with a radio transmitter, which
is released from the rocket and descends slowly by means of parachute. The radiosonde
is launched from the ground by balloon and the measurements are performed while
the balloon is ascending. It can measure the atmosphere up to 35 km altitude. These
insitu measurements have good height resolution. However, these observations give
only one profile for each parameter with a single launch, so that successive launch-
ings are necessary for the study of atmospheric dynamics as a time series of data.
Rocket and radiosonde observations are limited to 2-4 soundings per day, so that

these observations are only appropriate for defining the large scale planetary waves

(Hirota, 1978).

Advances in our understanding of the atmosphere are dependent upon measure-
ments with a higher resolution in both time and space. Many other applications also
require more frequent and more closely-spaced upper-air measurements. Even though
radiosondes are inexpensive, the relative high cost of maintaining balloon launching
and tracking facilities has precluded more extensive use. Development of remote sens-
ing technology offers a solution to this problem. Remote sensing measurements using

radio waves and optical rays provide more successive data in height and time.
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Multiple instruments have been used to look for thermal radiation for the ob-
servation of the atmosphere from space. By choosing specific frequency bands, the
temperature and wind perturbations of global scale atmospheric waves can be ob-
served in the selected height region. Instruments such as the High Resolution Doppler
Imager (HRDI) and WIND imaging interferometer (WINDII) on board the Upper
Atmospheric Research Satellite can estimate atmospheric winds and temperatures on
a global scale. Satellite based instruments generally have good altitude resolution
and excellent spatial coverage. They can obtain global data by orbiting around the
planet. HRDI and WINDII have an effective resolution of a few hundred kilometers
and therefore do not readily detect gravity waves of short period, but rather are more
suitable for planetary waves and tides (Khattotav et al., 1996; Lieberman and Rig-
gin, 1997). These instruments have to be validated by comparisons with ground based
instruments.

The ground based remote sensing systems, such as radar and lidar are characterised
by the continuous monitoring of the atmosphere, and height and time resolution of
1-10 min and 100-5 km. The first form of the ground based radar was the ionosonde
which sweeps the entire high frequency (HF) region of the electromagnetic spectrum.
The total reflection occurs for the ionospheric electron densities in the HF region and
the ionosondes obtain reflections from different altitudes at different frequencies, as
the atmospheric electron density changes. The ionograms are then used to determine
the vertical profile of electron densities.

In the very high frequency (VHF! and UHF?) region, MST® radars can detect weak
backscattering arising by refractive index fluctuations in the mesosphere, stratosphere
and lower thermosphere (Balsley and Gage, 1980). The MST radar technique was
developed from the incoherent radar scatter, which is used to obtain the weak partial
reflections due to incoherent scatter from free electrons in the ionosphere. The MST

radar technique is capable of obtaining strong and useful echo returns over the height

'Very-High-Frequency, 30-300MHz
2Ultra-High-Frequency, 300-3000MHz
3Mesosphere-Stratosphere-Thermosphere
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Figure 2.1: Relative echo power profiles for various MST radar facilities [After Gage
and Balsley (1984)].

range of 1-100 km. Figure 2.1 illustrates a good example of relative echo powers for
various MST radar facilities (Gage and Balsley, 1984). Below ~ 50 km, echoes arise
primarily from the fluctuations in the refractive index due to small scale turbulence.
In the lower troposphere, water vapour becomes the most important factor and atmo-
spheric density dominates up to the stratopause. In the mesosphere, the echoes arise
from the neutral turbulence fluctuations which are enhanced by free electrons.

At heights above ~ 80 km, HF and VHF radars can obtain reflections from incom-
ing meteors. The MST radar operating in this mode is called Meteor radar. When the
meteors traverse the atmosphere, intense ionisation columns are formed at the heights

of the mesosphere and lower thermosphere. These ionised meteor trails scatter radio
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waves, before they diffuse. Observations of meteors allow estimation of neutral wind

velocities by their bulk motion.

The MF radars can be used to study the partial reflections in the D-region. In
this case the radiowaves are coherently backscattered from refractive index variations
caused by a mixture of turbulence and wave motion. As the ionisation is strongly
coupled to the neutral air, measurements of scatter motions can be associated with
motion of the neutrals. These neutral winds can be estimated and in this thesis the

neutral winds are collected by using such partial reflections.

Radars, including MF and meteor systems, have been widely used for the determi-
nation of mean winds, tides and the creation of seasonal and global climatology. Both
types of systems provided mean winds for CIRA 1986 and results were inherently
consistent in magnitude and directions for heights of 80-100 km at many latitudes.
Comparison with the satellite data in CIRA 1986 demonstrates good agreement be-
low 80 km, but there was inadequacy in the satellite data above 80 km (Manson
et al., 1991). This has been addressed by Hedin et al. (1996) in the semi-empirical
horizontal wind model (HWM-93). Regarding tides, a summary of climatology from
meteor and MF radars with model comparisons was the focus of the special issue
of the Journal of Atmospheric and Terrestrial Physics in July/August 1989. Such
observations (Vincent et al., 1989; Franke and Thorsen, 1993) demonstrated good
agreement between radar types at similar latitudes. Models, particularly of the semid-
iurnal tide (Forbes and Vial, 1989) were in good agreement at mid-latitudes. Various
radar measurements of middle atmosphere have clarified the characteristics of plane-
tary waves (Fritts and Isler, 1992; Eckermann et al., 1997) and gravity waves (Vincent
and Fritts, 1987; Manson et al., 1999). For these reasons the MF radar measurements

being used by the community have been highly regarded and widely used.

Several different techniques are applied in radar measurements of atmospheric
winds in the middle atmosphere. The two ground based techniques which can di-
rectly measure the neutral winds on the continuous basis include the Doppler method

(Hocking, 1989a) and the spaced antenna method (Briggs, 1984; Hocking et al., 1989).
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Here, first the Doppler method will be briefly described and then some time is spent
on describing the spaced antenna method as this technique was applied to the MF

radars for collecting the wind data in the present work.

2.3 Doppler Method

The Doppler method uses a large (often steerable) antenna to form a narrow beam,
and then directs a large fraction of the available transmitter power along this “pencil
beam”. The radio waves scatter from irregularities within the beam, and are scattered
to a receiving array which collects the signal. In many cases the receiver array is
the same as the transmitter array and this arrangement is called monostatic radar.
Figure 2.2 demonstrates schematically this technique. The returning signal is Doppler
shifted relative to those transmitted, due to the motions of the scatterer, and the
radar then measures this Doppler shift. Typical values for the Doppler shift are in

range 0.01-10 Hz. The value of the Doppler shift is then used to determine the mean

Principle of doppler method

Polar diagram of radar

Figure 2.2: Schematic diagram demonstrating the main principles of the Doppler
method. The Doppler shift of the returning radiation relative to that transmitted is
indicated, and this shift is the basis of this method [After Hocking (1997)].
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radial velocity of the scatterer within the beam, and by using combinations of radial
velocities obtained with the different beam pointing directions, it is possible to make
measurements of the nett motion of the atmosphere. For a constant zenith angle and
uniform wind field, the radial velocities vary sinusoidally with the azimuth angle. The
Fourier analysis of the radial velocities yields the eastward wind and the northward

wind from the Fourier coefficients.

2.4 Spaced Antenna Method

Originally developed in 1950’s, the spaced antenna (SA) method, used in conjunc-
tion with MF radars, has proved to be an important and relatively inexpensive tech-
nique for making measurements of atmospheric wind velocities and other parame-
ters. It was originally used for total reflection experiments, subsequently modified
for D-region work using partial reflections (Briggs, 1977) and still later used for
tropospheric and stratospheric measurements with VHF radars (Rottger and Vin-
cent, 1978; Rottger, 1981). The SA method generally utilizes different antenna for
transmission and reception and determines the drift velocities of ionised irregularities
that partially reflect the radar signal in the D-region depending on time and season.
Measurements are limited to the middle atmosphere and lower thermosphere where
weakly ionised turbulent structures can be expected to move with neutral motions due
to the high collision frequency.

The principle of the SA method is quite simple and is illustrated in the Figure 2.3. A
radio transmitter sends pulses of radiowaves vertically into the atmosphere, and these
are backscattered to the form a diffraction pattern on the ground. The magnitude of
this pattern is sampled with at least three groups of antennas, spatially separated over
the ground. In the presence of horizontal wind, the fluctuations in the echo strength at
the spaced antenna show relative time displacements, and these time varying signals
are cross-correlated in order to find the time shift between each pair of receivers, which

are required to make the signals most similar. From these time shifts, the drift speed of
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Principle of spaced antenna method
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Figure 2.3: Schematic diagram demonstrating the main principles of the spaced an-
tenna method. The scattering distribution over the sky at one altitude is shown,
together with the diffraction pattern on the ground. The broken lines represent just a
few of many “ray paths” which can exist; the radiation propagating along these paths
eventually interferes at the ground to give the resultant diffraction [After Hocking

(1997))].

the diffraction pattern on the ground is inferred. Full theoretical details of the spaced
antenna method can be found in Briggs (1984). However, a short description of the
technique is presented here.

The spaced antenna method requires estimation of the spatial and temporal cor-
relation function, defined by

_ <y, )fle+Gy+nt+T)>
A& mT) = <@ 0F >

(2.1)

where z and y are orthogonal coordinates on the ground (East and North), { the
displacement in the x direction, n the displacement in the y direction, 7 is the time lag,
f(z,y,t) is the complex amplitude of the diffraction pattern measured at position (z,y)
at the time {. <> denotes an average over time and space, f* is the complex conjugate
of f. The full correlation analysis (FCA) technique parameterises the correlation
function ({,n, 7) in space and time, and interprets parameters in terms of atmospheric
quantities. These parameters are estimated by measuring the correlation functions

between the spaced antennas.
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Figure 2.4: (a): An isometric diffraction pattern on the ground produces a radially
symmetric spatial correlation function (b) [After Briggs (1984)].

The correlation function p({,n,7) has different functional forms for different mov-
ing patterns. For example, in the case of isometric diffraction pattern (see Figure 2.4),
corresponding to isotropic irregularities with out the mean motion, the value of the cor-
relation function at point ({, 7, 7) only depends on the magnitude of the displacement,

and has the form of concentric circular contours centered on the origin,

p(Cm,7) = p(CP +17). (2:2)

If the patterns are anisometric ( i.e. sytematically elongated in a particular direction
as they move) then the spatial correlation function will have the form of elliptical

contours (see Figure 2.5). For p(¢,n,7) to be an elliptical function of (¢, 7),

p(¢m,7) = p(AC® + Bn® + 2H(n) . (2:3)

It is to be noted that FCA analysis makes assumption only about the relation between
the dispacements ({,7n) and the time lag (), it does not make any assumption about
the shape of p((,n, 7). Another important assumption used in the full correlation anal-
ysis is that the three dimensional correlation function described by the Equation 2.1
has the surfaces of constant p which have the form of similar concentric ellipsoids

centered on the origin:

p(¢,n,7) = p(AC* + B + K72 + 2H(n) . (2.4)



42 CHAPTER 2. DATA ANALYSIS TECHNIQUES
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Figure 2.5: (a): An anisometric diffraction pattern on the ground produces an elliptical
spatial correlation function (b) [After Briggs (1984)].
This necessarily implies that the temporal auto correlation function has the same form
as the spatial auto-correlation function of the ground pattern.

If V; and V, are the components of the velocity of the pattern at angle ¢ measured

clock wise, then for the stationary co-ordinate system:
p(Cm) = pIAIC — Var + Bl — Vyr)? 4 K7+ 2H(C ~ Ver)n = V)] (25)
which has the equivalent form,
p(C,n,7) = p[AC* 4+ Bn? + C1* + 2F (T + 2Gnr + 2H(n). (2.6)

The Equations 2.5 and 2.6 are the fundamental equations used to determine the wind
speed by the spaced antenna technique using the FCA. The parameters %, g, g, %
and Z are determined from the cross-correlation and auto-correlation assuming that

the three recivers have the same auto-correlation function. Essentially, certain key

time lags are calculated to determine the value of the above parameters, namely

(a) 7, the time value for which the mean auto correlation functions of the signal falls

to correlation at zero lag.

(b) 7', the time values at which the cross-correlation functions of pair of receivers

maximises (see Figure 2.6).
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Figure 2.6: Cross-correlation between two receivers [After Briggs (1984)].

~
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Figure 2.7: Geometrical construction of the velocity vector of the diffraction pattern
for an isotropic correlation function.

From the time lags of maximum cross-correlation the pattern velocity can be con-
structed as illustrated in the Figure 2.7 The magnitude of the velocity vector V is
given by |V| = V2+ V;f and its direction ¢, measured clockwise from y-axis is given by
tan ¢ = % The velocity vector V is generally referred to as the true velocity. This is
the velocity of the diffraction pattern obtained by the ground sensors. If the scatterers
in the atmosphere have a velocity V, then by geometry, the diffraction pattern on the

ground will have velocity 2V of the scatterers.

Finally, to implement the full correlation analysis, certain acceptence criteria (Briggs,

1984) have to be employed, and random errors associated with the SA technique have
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to be estimated (May, 1988). Failure to check the uncertainities, may allow erroneous
wind speed estimates to be accepted, and this can bias the results. Also, the uncom-
pensated receiver noise and inapproprate sampling rates, can lead to underestimates

in the wind speed (Holdsworth, 1995).

2.5 MF Radar Observations

In this thesis we have utilized data from five MF radars located at Davis, Adelaide,
Christmas Island, Pontianak, and Kauai. The initial analysis applied to the radar
data is the full correlation analysis (see section 2.4). The geographic locations of all
the radar stations are illustrated in Figures 2.8-2.9 and the time intervals over which
the data were available are given in the Table 2.1. Data from the Adelaide field site

is briefly described in next subsection.

Table 2.1: Table showing the MF radar locations and time intervals over which the
data was collected.

Station Location Time Intervals ]
Davis 68°S ,78°E Apr 1994 - Dec 1999
Adelaide 34.5°S ,138.5°E || Jan 1984 - Dec 1997
Christmas Island || 2°N, 157°W Jan 1990 - Dec 1997
Pontianak 0.03°, 109.0°E || Nov 1995 - Jul 1997
Kauai 22°N, 160°W Sep 1990 - Dec 1997
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Figure 2.8: Map showing the locations of MF radar stations. Solid triangles indicate
those stations which measure winds for the present work.

Figure 2.9: Map showing the location (solid triangle) of an MF radar station in the
Antarctic region.
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2.5.1 Buckland Park

The Buckland Park field site (34.5°S, 138.5°E) lies some 40 km North of the city of
Adelaide, South Australia and occupies some 80 ha of flat coastal plain. The Buckland
Park MF radar operates at a frequency of 1.98 MHz. The characteristics of the system
is the large circular array antenna 1 km in diameter, and which can operate in the
Doppler mode as well as the usual spaced antenna mode. This gives us a rare and very
valuable tool for probing the upper atmosphere. Heights of interest are from 60 km
to above 100 km. Full details of the radar site and radar installation can be found in

Briggs et al. (1969), in brief its description follows.

The transmitting array (see Figure 2.10) consists of four folded dipoles giving a
beam width of 40° half width half-maximum. To maximise echo strength and height
coverage, transmitted pulses are circularly polarized using the ordinary (O-mode) dur-
ing the daytime and extraordinary mode (E-mode) during nighttime. The peak power
is (25 km) for Gaussian shaped pulses with a half width of ~ 25 ps. The height
resolution, is therefore about 4 km (Réttger, 1984).

The returned signal is received by the large array which consists of 2 set of 89
half-wave dipoles aligned north-south and east-west. For the usual space antenna
measurement, a part of the whole array is used (see Figure 2.11) that is four dipoles
are connected to form one antenna, and then three sets are used for the spaced antenna

analysis.

Return signals are oversampled at 2-km intervals from 60-100 km during day time
to take advantage of the increased photo-ionisation at lower heights. During the day
time signals are obtained at 2-km intervals between 70-100 km due to adequate ionisa-
tion at greater heights. Because of different pulse repetition frequency used for daytime
(~ 40 Hz) and nighttime (~ 80 Hz) the return signals are coherently averaged and the
resulting data are analysed in real time using a 256-point FCA (Briggs, 1984). This
yields horizontal wind estimates at 2-minute intervals. Finally, hourly-averages are

then made of the wind estimates as the atmospheric wave activity in the long period
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Figure 2.10: Antenna configuration of the Adelaide MF radar.
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Figure 2.11: The antenna configuration used for spaced antenna measurement in the

Adelaide MF radar [After Murphy (1990)].
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(~ 3-10 days) range was of concern.

The parameters of MF radars located at others sites, from where the data was
collected is summarized in Table 2.2. Here we briefly describe the sites and radar
operation.

Christmas Island is a small, flat, coral atoll situated near the equator in the middle
of the Pacific Ocean well away from any large land mass; hence atmospheric dynamics
should exhibit little or no effects arising from orographic forcing. Like the radar at
Buckland Park, the MF radar at Christmas Island (2°N, 157°W) operates at 1.98 MHz
producing wind estimates every 2 minutes and 2 km height intervals. The height range
from 60-80 km is covered during the day, and 70 to 98 km at night. The lack of
ionisation at night restricts the useful data above ~ 78 km. The radar system is one of
the new generation systems developed in Adelaide and field tested at Buckland Park.
Full details of the radar installation on Christmas Island can be found in (Vincent and
Lesicar, 1991).

The partial reflection MF radar is located at the Pacific Missile Range Facility
(PMRF) at Kauai, Hawaii (22°N, 160°W), which is a site for a rich spectrum of atmo-
spheric dynamical processes. Also the location of the MF radar is ideal for the sensing
of motion field apart from the major land masses. It was installed by Prof D.Fritts in
September 1990 with the assistance of Prof S.K.Avery and Dr L.Connor at the Uni-
versity of Colorado and Dr R.A.Vincent at the University of Adelaide. This system is
identical to the system placed on Christmas Island except for the antenna structure.
For the data set presented here, the MF radar was used in a spaced antenna config-
uration. A dipole square is used for transmission, with three sets of crossed dipoles
at 165 m which are used for receiving the signal. A more detailed description of MF
radar can be found in Fritts and Isler (1992).

The MF Pontianak radar is situated in a f:“""‘:’L = active maritime region of the
Western Pacific (0°, 109°E). The radar operates at 1.98 MHz and consists of a square
transmitting array of four half-wave dipole antennas raised 20 m above the ground.

Three receiving antenna, each consisting of a crossed dipole at 10 m elevation, are
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Table 2.2: Specifications of MF radars used in the thesis.

‘ Parameters Christmas Island Hawaii Pontianak Davis |
Location 2°N, 157°W 22°N, 160°W 0.03°N, 109°E  68°S, 78°E
Operating Frequency 1.98 MHz 1.98 MHz 1.98 MHz 1.94 MHz
Peak envelope power 25 kW 25 kW 25 kW 25 kW
Half power pulse width 25 us 25 us 25 ps 30 ps
Sampling interval 2 km 2 km 2 km 2 km
Observation mode FCA FCA FCA FCA

located at an apex of an equilateral triangle with a side length of 180 m. The Pon-
tianak MF radar extends the chain in the existing radar network, including Shigaraki,
Adelaide, Jakarta and Christmas Island, which is very suitable for the investigation of

the latitudinal structure of atmospheric tides and planetary waves.

The MF radar system situated at Davis (68°S, 78°E) in the Australian Antarc-
tic Territory is an upgraded version of MF radar previously located at Mawson from
1981-1993 (Vincent, 1994). The radar at Davis has been in continuous operation since
1994, This radar consists of a square transmitting array and three cross-dipole receiv-
ing arrays that are arranged in an equilateral triangle of side length approximately
180 m. The radar transmits every 2 minutes and has approximately 5 km height reso-
lution. Winds are sampled from 64-102 km with measurements taken every 2 km. As
this thesis work is mainly concentrated on the long-period wave activity, the hourly
averages were made from the horizontal wind estimates obtained from these radars.
The averaging also had the effect of reducing the number of data gaps in time and

altitude.

2.6 Data Analysis Techniques

The remainder of this chapter relies on obtaining meaningful and statistical signifi-
cant information of coherent oscillations present in the time series of the radar wind
measurements. To accomplish this, a background study of mathematical techniques

coupled with basic derivations, necessary for understanding and investigating the time
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series, is presented. The results from this analysis provides information on the proba-
bility of the existence of coherent oscillations in a given data sample. This information

is then used in interpreting the source, properties, and behaviour of these oscillations.

2.6.1 Harmonic Analysis

In chapter 4 we describe the extraction of the prevailing wind and the amplitudes and
phases of the oscillatory components using the guideliness suggested by the ATMAP
Workshop on Atmospheric tides (Forbes, 1985). This method uses harmonic analysis,
which is generally applied to a discrete time series. Usually a function containing a
constant term plus a number of sinusoidal periodic terms at the frequencies where
the main variance is thought to be contained, is fitted to that data using least square
methods, which is described below.

In general, it is possible to fit a continous physical process y(t) with a function of

the form (James, 1995),
y(t) = ao +ay cos 2T ™'t +by sin 27Tt 4+ ag cos AnT 't + by sin AT +---. (2.7)

More formally :

k=K
Y(tn) = yn = Z[ak cos (2rkT't,,) + by sin (2mkT~'¢,.)], k=0,1,2,--- (2.8)

k=1

where y(t,) = yn represents the discrete time samples of y(t).
By least square methods, the general best fit (for any of the k coefficients) is given

when < €% > is a minimum (Hernandez, 1999), where

n=N
<e>= Z[yn — ay, cos (2rkT~'t,) — by sin (2rkT~'¢,) )%, (2.9)

n=1

and

<> 0<é>

. S5 =0 (2.10)
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The solution is straightforward, the results being:
n=N n=N
Z yncos(2mkT ™ 't,,) sin(2mkT ¢, cos(2mkT™'¢,,)
ap = 7:1:=lN —bk a=i =N 3 (211)
cos®(2nkT't,) Z cos?(2mkT™'t,,)
n=1 n=1
n=N n=N
ypsin(2rkT,) sin(2rkT~'t,,) cos(2rkT~'t,,)
by = L= — a2 (2.12)
sin?(2nkT~'t,) sin(2nkT™'t,,)
n=1

n

1

When the length of the function y(t) is an integer multiple of the period T'/k, for
k=1,2, -, and the ¢, are equally spaced, i.e. when ¢, = At x n, where At = TM™,

M=12--,N/2,n=12 --- N and T = N, then the orthogonality rules apply, and
the Equations 2.11 and 2.12 become

n=N
Z yncos(27rkT_1tn) neN
af = 7;==1N = 71 Z yncos(27rkT_1tn) (2.13)
cos®(2nkT't,,) n=t
n:l.
n=N
Z ynsin(kaT_ltn) N
b = 2= = 2y yusin(rkTT). (214)
z sin?(2rkT't,,) e
n=1

Note however, that ag and by are special cases, where

n=N
ap=T71 Z Yn ; by =0. (2.15)
n=1

As will be seen in Chapter 4 the least square fits were made for a constant wind

ao and solar tidal terms with periods of 48, 24, 12, hours according to the equation

f(t) = a0+ ay cos(wt) + by sin(wt) + a3 cos(2wt) + b sin(2wt) + az cos(3wt) 4 bs sin(3wt)

(2.16)
with k =1, 2, 3 and w = 27 /T = 2r f where f = 1 cycle per day (cpd).
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2.6.2 Fourier Analysis

Fourier analysis is a powerful tool for the spectral representation of a given time series.
It is the process of extracting from the signal the various frequency and amplitudes
present. The Fourier analysis used for the data in the thesis is based on the Fourier
transform of the signal into frequency space. The purpose of doing this is to determine
whether the signal is composed of any periodic influences. Furthermore, its imple-
mentation on a computer is generally easy and with the advent of the Fast-Fourier
transform (FFT) it can usually be done very quickly.

For a data series of N points sampled at regular intervals the Fourier transform

pair is defined as

N-1
X = Z e ImIkIN (2.17)
J=0
1 N-1 .
T =5 > XyetmikIN (2.18)
7=0

where X}, denotes the frequency coeflicients and ; represents the time series. The
frequencies from which the time signal can be integrated are restricted to the range

defined by the length of the data set. The resolvable frequencies are defined as:

| 1
f € (m,@) (2.19)

where At is the time scale and N is the window length of the time series. The factor
| ﬁ is the highest frequency estimate, called Nyquist frequency before aliasing
occurs. For the finite data set aliasing occurs, which causes an effective replication
of the frequency spectrum at intervals of 2f,,.., thus folding energy from higher fre-
quencies back into the range of +f,,.,. The spectral estimates are generated by the

modulus of the frequency coefficients.

2.6.3 Data Windowing

Having only a finite portion of the infinite signal causes an effect known as leakage.

Data windowing or tapering of a given time series is often employed to minimize the
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leakage or edge effects of limited length of the time series. This operation consists of
reshaping original time series with a symmetrical ‘window function’ which smoothly
decreases, or tapers from unity value at the middle to a zero value at the extremes
of the data. In addition, the application of this symmetrical window enhances the
cyclical behaviour implicitly present in Fourier analysis.

Tapering can be understood better in terms of Fourier transform, where the ta-
pering consists of the multiplication of the time series by the window function in the
time plane. This multiplication translates into convolution of the two transforms of
these functions in the frequency plane (Bracewell, 1978). The convolution process
has the effect of broadening (and smoothing) the resultant frequency plane function.
Therefore the oscillatory character of the transform of the time series function which
has been sharply cropped at the edges (i.e. having a limited length) becomes spread
over frequency, and less noticeable, by the convolution operation. Details on tapering
are found in most statistical references (Blackman and Tukey, 1959; Priestly, 1981),
where they are discussed in terms of the original function, its manipulation and the
resultant effects in the analysis. Here we will examine the effects that the tapering
process has on our data sample.

A large number of window functions exist and figures of merit associated with them
(Blackman and Tukey, 1959; Press et al., 1992). A recommended practical window is
the Welch window which has the shape 1 —t%: —1< ¢< 1 and gives a spectral window
which, when the two are normalized to have the same half-power width, is very close
in shape to the Hanning or cosine arch spectral window. The actual Welch function
w(y) for a particular segment Length L is given by

oo [i=(E=-1)2]° .

Figure 2.12 shows the window and its product with the sample data. This sample
consists of measurements of hourly averaged wind at 86 km height by a medium
frequency (MF) radar at Christmas Island, during 10 days in March 1994. The decrease

in amplitude at both ends of the data is noticeable. An interesting property of strong
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Figure 2.12: Original time series (top), Welch window (middle) and the product of
Welch window with original data (bottom). Note the loss of amplitude in the data as
the edges are approached.
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and symmetrical taper windows such as the Welch window, is that they tend to enhance
the cyclical behaviour implicit in Fourier analysis. By enhancing such behaviour of
the time series, a given realization can approach stationarity to at least order 2. This

is a necessary requirement for the statistical investigation of the data.

2.6.4 Power Spectrum

The method used to estimate the spectra shown in this thesis employs the FFT (see
section 2.6.2) and the smoothed periodogram. The advantages of using the FFT in
the spectral estimation can be appreciated by noting that many arithmetic expressions
involving convolution, digital filtering and autocovariance calculations are conveniently
achieved by using the Fourier coefficients of a sample function. These advantages are,
in a sense, a bonus resulting from the practicality of performing the FFT in relatively
short intervals of computing time. A Welch periodogram method (Welch, 1967) was
used for the estimation of power spectra, which involves sectioning the time series
in ‘windows, taking the modified periodograms of these sections, and averaging these
modified periodograms. The Welch method allows one to reduce the variance of the
power spectral density (PSD) by averaging the PSD estimates of smaller, overlapping

segments. This is accompalished by using the following procedure:

1. Let 2(5),7 =0,--- N —1 be a finite data set of N samples. We take segments, of
length L with the starting points of these segments D units apart. The sample
mean is removed from each value of the segment. Let 2(j),7 = 0,---L —1 be

the first such segment. Then

z1(3) = z(j) j=0,---L—-1. (2.21)
Similarly,

z2(j) = z(y + D) j=0,---L—-1 (2.22)
and finally

ex(j) = 2(j + (K —1)D) j=0,---L—1. (2.23)
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We suppose that we have K such segments; z1(j), -2k (j) — 1 and that they
cover the entire record, t.e. (K —1)D + L= N.

. Each segment is multiplied by a taper window. That is, we select a data window,

in our case a Welch window (see Equation 2.20), w(j),7 =0,--- L — 1 and form
the sequences, z1(j)w(j),- - ¢k (j)w(s). This tapering operation is essential in
reducing leakage of the spectral window (Bingham et al., 1967), as it ensures
that the end points of the record are equal and that the resulting property of

strict periodicity is present.

. We then take the finite Fourier transforms A,(n), -+ Ag(n) of the tapered time

series:

h
C

Ag(n) = zi(f)w(j)e R/ (2.24)

Si

Il
=)

J

and i = (—1)"/2. Finally, we obtain the Fourier coeflicients of the form:

L(fa) = §|Ak(n)|2 k=192 K (2.25)

where,

and

w(5). (2.26)

The factor U removes the energy bias in power spectral density estimates. In
this notation, A, are the L/2 Fourier amplitudes at corresponding frequencies.

The terms I;(f,) are known as the modified periodograms.

4. The spectral estimate is the average of these periodograms, i.e.

P(f) = 3 Lifn. (2.27)
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5. The variance of the PSD estimate is given by

varP(f,) = P*(f,). (2.28)

When we average over K segments, then we get a furthur reduction in variance by
a factor of 1/K. For a fixed number of points N a near maximum reduction in the
variance can be achieved by overlapping the segments by one half of their record length,
i.c. to let D = L/2. For a Welch function, as the data window, the variance is given

by (Welch, 1967)

X 2
varP(f,) =11 Pg(lj{vn) (2.29)
where K = LL/? —-1= -2Lﬂ —1= % Therefore, for fixed N and L the overall reduction

in variance achieved by this overlapping is by a factor of 11/18.

Finally, one needs to be careful in estimating the number of degrees of freedom
(dof). Because modified periodogram contains L/2 estimates over the resolvable fre-
quency range f = 0 to f,, and are periodic, the final spectral estimates also number
L/2. Not all the L/2 of the p (f») are independent, however, if we consider that each
modified peridogram has two dof, the Welch window of length L will result in 2L
degrees of freedom for each spectral estimate. An adjustment is made in the calcula-
tion of degrees of freedom because the tapering operation along with the overlapping
segments results in fewer than L, that is the equivalent degrees of freedom Nesy = 2x
9K /11 (Press et al., 1992).

In Chapters 3 and 5 we have used the Welch method for the estimation of power
spectrum and the significant levels were determined by the available degrees of freedom

as discussed above.

2.6.5 Moving Power Spectra

Conventional spectrum analysis techniques aimed at estimating the power spectrum
provide information about the spectral content of a signal at a fixed point of time. Most

realistic signals, however, including those which are discussed later in the following
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chapters, have non-stationary characteristics i.e. their frequency content changes in
time. Consequently, a joint function of time and frequency is needed to describe the
energy density of a signal simultaneously in time and frequency.

Considerable attention has been given to the development of time-frequency dis-
tributions. A thorough review of the subject is given by (Cohen, 1989). These repre-
sentations are all aimed at providing a time invariant measure of frequency content,
and thus vary mainly in the trade-offs they make in time versus frequency resolution.

In this study, we utilise a time-frequency analysis technique known as the short-time
Fourier transform (SIFT). Usually the time series is broken into short time segments,
and each segment is then used to produce individual power spectral estimate, using
a discrete Fourier transform. These estimates are then grouped together to give the
final spectral features of the time series. The discrete-time STFT is related to the

discrete-time Fourier transform of signal by

X[nL,w] = Y a(jlwnl - j)e™  we|-m,m] (2.30)

where z(j) is the discrete-time signal corresponding to the data values, w(j) is the
analysis window, L is the decimation (time-shift) interval, and X[nL,w] is a two
dimensional function of time and frequency, with n denoting samples and w being the
frequency variable. As discussed above, the STFT can be viewed as a set of Fourier

transforms each corresponding to a short time segment of the analysed signal:
X[nL,w] = Flz(j)w(nL — j)]. (2.31)

In this way STFT provides a local measure of frequency content that changes with
time. This view of the STFT leads to its computation. A time varying power spec-
trum or moving power spectrum is obtained by computing the squared magnitude of
the FFT of each short time section of the analysed signal. It is important to note
that due to inherent trade off between time and frequency resolutions, the appropriate
choice of the processing parameters is critical to the results obtained. In particular, the

analysis window length of the STFT plays crucial role in adjusting the desired time
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and frequency resolution. For example, a short STFT analysis window is preferred
for capturing a transient component, but results in reduced frequency resolution. On
the other hand a long STFT analysis window is preferred for components with con-
stant frequency, at the expense of reduced capability to observe rapid changes in the
temporal characteristics of the signal. For this reason we process the data with differ-
ent window lengths, each producing a desired time frequency resolution and therefore

enhancing identification of waves with considerably different periodicities.

2.6.6 Wavelet Analysis
2.6.6.1 Introduction

Classical spectral techniques based on Fourier transform (see section 2.6.4) are the
most commonly used tools for the study of frequency spectrum of atmospheric waves
in the middle atmosphere, assuming that there are monochromatic waves that are
continued infinitely in time and space. However, when a data series includes different
kinds of localised or intermittent events, or some frequencies demonstrate the complex
temporal behaviour, the Fourier spectrum is a complex mixture and is difficult to
interpret. It lacks the information of the position of the events which is carried in the
phases of the Fourier coefficients. An obvious method for dealing with the short time
or non-stationary signals is wavelet transform.

The wavelet transform is an alternative to the windowed Fourier transform (see sec-
tion 2.6.5) and can be used to analyse time series that contain non-stationary power at
many different frequencies. By decomposing the time-series into time-frequency space,
one is able to determine both the dominant modes of variability and how these modes
vary in time. The essence of the wavelet transform is based on the idea of decomposing
the signal into building blocks of constant shape but different size (Daubechies, 1990).
It uses analysing functions called wavelets which are localised in space. The limited
spatial support of the wavelets is important because the behaviour of the signal at

infinity does not play any role. The spectral resolution is achieved by the selection of
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the wavelet size (or by dilating and contracting the chosen wavelet) and the temporal
resolution follows from the location of the wavelet relative to the signal. As contracted
or dilated versions of the basic wavelet are adapted to the frequency range, then the
higher that range, the narrower the wavelet function. Note that for higher frequen-
cies the time resolution improves and this enables the wavelet transform to perform
better than the windowed Fourier transform signals which typically have short-lived
components superposed on longer lived lower frequency parts.

In the following section, the definitions necessary to implement the wavelet analysis
for the study of the non-stationary signals present in the MF radar data are given.
The detailed description of wavelets and their applications can be found in studies by

Farge (1992) or Kumar and Foufoula-Georgiou (1997) and references therein.

2.6.6.2 Wavelet Transform

The only constraint on a function A(t), real or complex, in order to be a wavelet, is
the admissibilty condition and that it should be well localised in both physical and

Fourier space (Farge, 1992; Meyer, 1990). The continuous wavelet transform of the
(t=b)

real function y(t) with respect to a given, real or complex valued function h(t) = A==

W(a,b) = 1/_00 y(t)h* (t_b) dt (2.32)

aJ_o a

is defined as

at a scale a and dilation b, where a, b are real, a > 0. The asterisk represents the
complex conjugate. The function h(t) is referred to as an analysing function or mother
wavelet. Thus, wavelet transform gives the correlation between the original function
and the mother wavelet. Translation parameter b corresponds to position or time if
the data is spatial or temporal respectively. The dilation parameter a corresponds to
the scale length or temporal period. Thus, one-dimensional time series is expanded
into two dimensional parameter space (a,b) and yields a local measure of the relative
amplitude of activity at scale a and time b. This is in contrast to the Fourier transform
that yields average amplitude over the entire data set. Although the Fourier transform

provides useful information about a signal, it is not enough to characterise signals
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whose frequency changes in geophysical processes. To see the limitation of the standard
Fourier analysis, consider the time series in Figure 2.13a that is generated from the
presence of two frequencies. In Figure 2.13b, the signal changes frequency halfway
through the measurement. These two very different signals yield similar power spectra,
shown in Figures 2.13c and 2.13d, both being dominated by the same two peaks.
Without prior knowledge, it would be difficult to know which signal produced which
spectrum, since the information of the signal evolution is lost during Fourier analysis.
The wavelet transform produces instantaneous coefficients and therefore can yield
information on the evolution of the non-stationary processes.

As mentioned earlier, the key feature that a function A(t) needs to be considered
as a mother wavelet is an admissibility condition expressed as

e = /00 |—H(w—)|2dw < o0 (2.33)

o Wl

where H(w) is the Fourier transform of h(t), i.e.

H(w) = /—00 h(t) ezp(—iwt)dt. (2.34)

[e e}

If h(t) is an integrable function, then Equation 2.34 implies that it has a mean of
zero: H(0) = [0 h(t)dt = 0. The admissibility condition ensures that the inverse
transform and the Parseval formula are applicable. The wavelet transform coefficient
can be interpreted as being the relative contribution of fluctuations at scale a to the
signal at the position b.

An important property of the wavelet transform is the conservation

of energy (Parseval Formula):

= 2 1 . d(f» 2 2
ly(H)["dt = — == |W (a,b)|*db. (2.35)
—00 ¢h Jo a —00

The integrand on the right represents the energy density at a given location in wavelet
space. When it is integrated over b the wavelet energy spectrum is obtained:

P(a) = c,fla_z/ |W(a,b)|*db. (2.36)

— 00
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Figure 2.13: Figure (a) : Signal consists of superposition of two frequencies. Fig-
ure (b) : Signal consists of the same two frequencies, each applied separately over half
of signal duration. Figures (c) and (d) show the power spectra of the signals. Figures
(e) and (f) show the magnitude of their wavelet transform (using Morlet wavelet).
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The choice of a suitable mother wavelet depends on the analysing process of inter-
est. The horizontal wind data obtained from MF radar in MLT region indicates the
presence of atmospheric waves of multiple timescales, and are essentially amplitude
modulated sine waves. The simultaneous presence of two or more frequencies within
a signal can be detected easily by using the Morlet wavelet. It is obtained by taking a
complex sine wave and localising it with a Gaussian (bell shaped) envelope which in

real space is expressed as

g(t) = et /2 (2.37)

and in the Fourier space as
G(w) = V2re~(w=w)’/2 (2.38)

where wp is the non-dimensional frequency, which gives the number of oscillations
within the wavelet itself. Here it is taken to be 5.4 to satisfy the admissibility condition
(Farge, 1992). For large wo the frequency resolution improves though at the expense
of decreased time resolution. In our case of continuous Morlet wavelet transform, the
period is denoted by T' = aTy, where Ty = 27 /wo = constant, as in our case, w, = 5.4.
Bearing in mind that our measurements have a time step of one hour, due to aliasing
the maximum frequency detected is 0.5 hour ~*.

In the case of the one-dimensional signal, the continuous wavelet transform gen-
erates two dimensional (period/scale and time) wavelet space and it is therefore a
redundant representation. Therefore a judicious choice of a,b and wp is necessary to
minimise this redundancy. The Morlet wavelet transform will have real and imaginary

parts and can be represented as magnitude and phase. The magnitude of the transform

|W (a,b)|? is related to the local energy, while the phase completes the representation.

2.6.6.3 Wavelet Application on Simulated Data

In order to demonstrate the abilities of the chosen Morlet wavelet function, Fig-
ures 2.13e and 2.13f) show the result of the wavelet transform of the signals (2.13a

and 2.13b), with the period a on the vertical axis and time b on the horizontal axis.
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Regions where |W (a, b)|? are large indicate high correlation between the data and the
wavelet. Figures 2.13e and 2.13f clearly indicate the abrupt changes in the frequency
of the signal by the shift of large coeflicients to a different scale (period).

The second example represents a signal containing three wave packets with two

different central frequencies:

y(t) = yi(t) + ya(t) + ya(t) (2.39)

y1(t) = cos(wit +.005¢%) ¢ € [0,240]
y2(t) = cos(wyt +.0005¢%) ¢ € [240, 480]
y3(t) = [coswit + sin(wst)] t € [480,720]

where w; = 27/12, wy = 27/6 and wy = 27/48.

The result from the Morlet wavelet transform is shown in the Figure 2.14. The
wavelet transform of the signal represents almost exactly the given frequency compo-
nents and times of their maxima. The last part of the signal connected with a periodic
frequency modulation of the basic wave with a period of 12 hours modulated by a wave
with a period equal to 48 hours, is represented by several maxima corresponding to
components with periods ~ 9.6 and ~ 16 hours. In real atmosphere, the wave events at
this period may correspond to some non-linear coupling between the planetary waves
and the atmospheric tides.

Later, in Chapter 5, more examples connected with the study of variability of some
irregular, wavelike events observed in the neutral wind of MLT region over Davis and
Adelaide are given. By applying the wavelet transform to the horizontal wind compo-

nents the localised and transient features of the wave events can be well described.

2.6.7 Filtering

One of the most basic operations in any signal processing system is filtering. Filtering
is the process by which relative amplitudes of the frequency components in a signal

are changed or perhaps some frequency components are suppressed. Filtering is a
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Figure 2.14: Wavelet transform of the simulated signal defined by Equation 2.39. The
color bar indicates the magnitude of wavelet spectrum in arbitrary units.

concept which is more applicable to the scenario in which the data are being obtained
continuously and the signal to noise ratio is continuously increasing.

In the present study, as we are interested in the search for different frequency
components of the atmospheric wave activity in MLT region, it seemed prudent to
filter the data in the frequency domain. Whenever the filtered data is specified in
this work it refers to band passed filtered data. The time series of the horizontal
wind field have bands of frequencies and in order to isolate a specific component, the
unwanted frequencies have to be suppressed. Hence band pass filters were used for this
purpose. The filters were constructed about the periods, in the MLT' region during the
months, when the winds (zonal or meridional) showed marked enhancements in their
amplitudes. The band-passing process consisted of transforming the time series data
at each height into frequency domain by using Fast-Fourier transform. The complex
Fourier transformed signal was multiplied by rectangular shaped band pass filters
centered around the periods of interest. Both positive and negative frequencies were
band-passed and then were transformed back into the time domain using an inverse

fast Fourier transform.
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Chapter 3

Observations of Planetary Waves

3.1 Introduction

Wind oscillations at planetary wave periods (2-10 days) have been found in the 80-
100 km regime from satellite (Wu et al., 1994) and radar (Manson, Gregory and
Meek, 1981; Williams and Avery, 1992; Vincent, 1990) observations. In the strato-
sphere, studies using satellite data have identified oscillations at various planetary-
wave periods (Rodger, 1976; Rodger and Prata, 1981; Hirooka and Hirota, 1985).
Furthermore, spectral analyses reveal sidebands consistent with non-linear interac-
tions between planetary waves and tides (Cevolani and Kingsley, 1992; Teitelbaum
and Vial, 1991; Manson and Meek, 1990).

The most frequently observed oscillations, with periods near 2, 5, 10 and 12-20
days, all correspond to predicted resonant frequencies of atmospheric disturbances
associated with westward propagating Rossby normal modes. Numerical simulations
(Salby, 1981a; Salby, 1981b) lead to the conclusion that the planetary waves can be
interpreted as the response of the atmosphere to a forcing from below. Forbes et al.
(1995a) carried out a numerical experiment to estimate the response of the middle
atmosphere to this forcing and showed that the wave propagation is sensitive to the
mean background circulation. However, the global structure of most long-period os-

cillations has not been fully identified yet and there are unresolved issues. In this
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chapter we study the salient features of the wave activity in the mesosphere and lower
thermosphere, using data obtained at radar stations spaced in latitude and longitude,
with particular emphasis on wave amplitudes and, where possible, to provide infor-
mation on the seasonal and latitudinal variations in these quantities. This chapter
complements and extends the work presented in Appendix A.

The following section 3.2 gives various analyses of wind data in the low, mid and
high latitudes. A general morphology and seasonal behaviour of the long period waves
is developed in section 3.3. In section 3.4 measurements made with MF radar at
equatorial sites are presented. The results, including the estimates of zonal wave
number, are also presented in section 3.4. This chapter concludes with summary and

further discussions in terms of wave types in section 3.5.

3.2 Low, Mid and High Latitude Observations

Vincent (1993) reported long-period oscillations in Hawaii and Chrismas Island using
MF radar observations. He examined the oscillations in the 3-10 days range. Previ-
ously, Tsuda et al. (1988) reported long period oscillations in Shigaraki (35°N, 136°E)
using the Kyoto meteor radar observations. They showed oscillations with periods
from 1.4 days to 20 days. However, the global structure of these waves has not been
determined yet, except for waves with periods of about two (i.e. quasi-two-day wave)
and 5 days (i.e. 5-day wave). In this section we study the global structure of planetary
waves by using two additional data sets from Adelaide MF radar and Davis MF radar.

The MF radars used in this study are almost identical in construction and operating
frequency (1.98 MHz) with winds measured using the spaced antenna technique (see
section 2.4). Wind measurements are available from Christmas Island, Hawaii and
Adelaide for the period January 1990 to December 1997. The wind data over Davis
are obtained from April 1994-December 1998. Since we are interested only in the
long period motions (~ 2-10 days) here, we used time series which were formed by

averaging the data into hourly values after screening to remove outliers.
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We begin by spectrally analysing the velocity time series of Adelaide, Hawaii, Davis
and Christmas Island at each height. Short gaps in the time series were filled by linear
interpolation and conventional FFT technique applied after the subtraction of a linear
trend. The power spectral densities provide the information about the spectral content
of the signal at a fixed point of time. Moving time window techniques were used to
study the temporal behaviour of mesospheric waves. Power spectra were computed
from a short time segment of data and the window was then shifted by an appropriate
time step and the power spectra recalculated. By continuing this process a description

of the spectral behaviour with time was obtained.

The moving or sliding window analyses showed that mesospheric wave activity was
highly dynamic, with significant changes in spectral power occurring over relatively
short time scales. In order to obtain more quantitative estimates of wave amplitudes
and the phases at times when the spectral powers were large, the data were reanalysed
using harmonic fits. A linear trend was removed from the data, and a least-squares
harmonic fit was made using a singular value decomposition technique (Press et al.,
1992). The harmonic fitting window spanned over at least four cycles of a wave period.
The window was then slid forward by a few days to obtain the time dependence of

amplitude and phase.

3.3 Power Spectra

Figure 3.1 shows the mean power spectra of wind motions measured at Christmas Is-
land, Hawaii, Adelaide and Davis, and illustrates how the wave energy is distributed
as a function of frequency. The spectrum for each wind component was constructed by
subdividing the data into 40-day segments and averaging the power spectra computed
for each segment. The segments were overlapped by 50% in order to minimize the
variance associated with each spectral estimate (see section 2.6.4). Spectra computed

for four heights from 86 to 92 km were averaged to improve the spectral reliability
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Figure 3.1: A collection of averaged periodograms of zonal (solid) and meridional
(dashed) winds at four radar stations over an altitude range of MF radar measurements

(about 86-92 km).

further. The spectra show three distinct parts, viz (i) a long-period section corre-
sponding to periods longer than 24 hours and associated with planetary scales, (ii) a
section between peaks associated with the semidiurnal and the diurnal tides and (iii)
a section at periods less than 12 hours, where the spectral density decreases monoton-
ically. At periods shorter than about one day the spectral densities decrease with an

approximate f~%°2 power law. This part of the spectrum is usually attributed to the
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gravity wave motions (see Fritts and VanZandt (1993) and references there in).

The amplitude of the diurnal tide is largest at Hawaii when compared to other lati-
tudes. This is due to the location of the Hawaiian radar near the latitude of maximum
amplitude in the velocity field for the tidal component (see Figure 1.7 for (1,1) mode).
The semidiurnal peak has the largest spectral density at Davis in both wind compo-
nents. At periods longer than one day, the dominant feature of the periodograms is
the quasi-two-day wave at a period close to 48 hours at all latitudes.

Spectral peaks are also seen at periods of 3-5 days and 5-10 days. For longer wave
periods, spectral densities showed a fairly monotonous increase with periods, espe-
cially in the zonal component. The zonal wind spectrum at Adelaide has a significant
enhancement at ~ 6-7 days and ~ 2-5 days. Meridional wind spectra, by comparison,

display very little power at periods longer than two days.

3.3.1 Seasonal Variations

We now focus on the behaviour of waves with periods of ~ 1.5-10 days seen in the mean
power spectra for the horizontal winds shown in Figure 3.1 The seasonal variations of
the zonal and meridional winds at Christmas Island, Hawaii, Adelaide and Davis are
depicted in Figures 3.2-3.5, by annual power spectral densities in the frequency range
0.1-0.6 cpd for the entire observation period. They are calculated using sliding data
windows of width 40 days (bandwidth of 0.025 cpd). The windows were then shifted
in 1-day steps, so that a total of 365 spectra per year can be calculated. Likewise,
spectra for the entire length of the data were computed and were finally averaged to
produce the annual spectra. The spectral powers were clipped to a maximum value
of 4.0x108m?s~2Hz"!. From Figure 3.2 it can be seen that maximum activity at
Christmas Island appears between January and April and between July and October
in the zonal wind component. Strong peaks are especially apparent near 0.15 cpd
(6 to 7 day period) in April and September. Relatively strong wave activity is also
apparent at frequencies near 0.33 cpd (3 days) in August and near 0.28 cpd (3.5 days)

in early September. The dominant feature of the meridional wind component is the
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quasi-two-day wave. This seems to be present almost continuously, but has maxima in
January/February, March, July/August and in September/October. This behaviour
for the 2-day wave is similar to that extensively described by Harris and Vincent (1993)
and Palo and Avery (1996) for Christmas Island observations and so the 2-day wave
will not be discussed further here.

Figure 3.3 shows the spectra of zonal and meridional wind at Hawaii. In the
meridional component, the 2-day wave accounts for the greatest spectral density at
Hawaii, particularly in solstitial months. The zonal spectra also show a significant
enhancement at 2 days, which is more pronounced in January (winter). It is interesting
to see that the 2-day wave at Hawaii is active throughout the year. At periods longer
than 2-days, the Hawaii zonal spectra likewise show significant enhancements near 5
days in July and 6 days in equinoctial months.

At Adelaide (see Figure 3.4) the 2-day wave, in the meridional component, is spread
over a wide frequency band (0.35 ¢cpd-0.6 cpd) and is more localised to summer (Jan-
uary). It should be noted that the quasi-two-day wave is a well known feature of the
mesopause region at Adelaide in mid January (Harris, 1994). The zonal wind spec-
trum at Adelaide shows a significant enhancement at ~ 6-7 days during equinoctial
months. Meridional wind spectra, by comparison, display very little power at periods
longer than two days. Wave activity at Davis (see Figure 3.5) peaks in mid winter.
The Davis zonal power spectra show a strong peak in September and a similar peak
with lesser power in April at ~ 6.0 days.

In all the power spectra, the zonal winds show more variability at periods longer

than 2 days, with very little variation in the meridional wind field.
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Figure 3.2: Annual-average moving-window power spectra of zonal and meridional
winds at Christmas Island. A 40-day window is used. The colour bar indicates spectral
density in units of m?s=2Hz"".
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Figure 3.3: Same as for Figure 3.2 but for Hawaii. Note the maximum power spectral
densities have been "clipped” to be less than 2.0x108 m%s~2Hz!.
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Figure 3.4: Same as for Figure 3.3 but for Adelaide.
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Figure 3.5: Same as for Figure 3.3 but for Davis.
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3.4 Equatorial Observations

3.4.1 Introduction

It is believed that the zonal mean zonal circulation of the equatorial middle atmosphere
is driven primarily by waves propagating up from the troposphere. Strong semiannual
oscillations (SAO) in the zonal-mean zonal winds occur in the altitude range 30-
90 km over the equator. The largest amplitudes (~ 30 ms™') occur near mesopause
(~ 85 km) and the stratopause (~ 50 km) with very small amplitudes near 65 km
(Hirota, 1978; Hamilton, 1982; Garcia et al., 1997). Several mechanisms are likely to
be responsible and this has motivated studies to distinguish the ways in which the
mesopause and the stratopause SAQ are driven (Dunkerton, 1982).

Understanding of the dynamics of the equatorial MLT region has improved markedly
in the last decade. Radar probing of the equatorial mesosphere became possible
with the installation of a meteor scatter radar (Avery et al., 1990) and a separate
MF radar (Vincent and Lesicar, 1991) on Christmas Island (2°N, 157°W) in the
central Pacific. Investigations of the equatorial MLT in the western Pacific started
with the installation of a meteor wind radar at Jakarta (Tsuda et al., 1995). Re-
cently, equatorial middle atmosphere wind measurements from UARS have become
available. The combination of ground-based and UARS observations have provided
a detailed climatological picture of the mean circulation (Vincent, 1993; Lieberman
et al., 1993; Palo et al., 1997; Burrage et al., 1996b; Garcia et al., 1997), equato-
rial waves (Canziani et al., 1995; Lieberman and Riggin, 1997; Riggin et al., 1997),
normal modes (Harris and Vincent, 1993; Wu et al., 1993; Palo and Avery, 1996),
tides (McLandress et al., 1996b; Vincent et al., 1998), and gravity waves (Isler and
Fritts, 1996; Conner and Avery, 1996).

In this section we analyse MF radar data from Christmas Island and Pontianak,
in Indonesia. Pontianak is situated in the convectively active Maritime Continent
region of the Western Pacific while Christmas Island is situated in a usually quiescent

region. In the troposphere the characteristics of equatorial waves change as they
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propagate away from their source region (Liebmann and Hindon, 1990). The radars
are ideally located for investigating this sort of longitudinal variability, assuming it is
also important in the mesosphere. Combining the data from different sites can also
provide information on the zonal wave number.

The analysis of the radar wind data was separated into two categories. (i) back-
ground wind studies to examine the seasonal behaviour of the mesospheric flow and,
(ii) long period motions to study the energy content of the waves in the mesosphere.
The characteristics of the long period waves are investigated as a function of height

and longitude.

3.4.2 Mean Zonal Winds

Figure 3.6 shows time series of the mean zonal winds measured at the Christmas Island
and Pontianak at an altitude of 86 km, where the seasonal variations in mesospheric
zonal wind tend to be largest (Vincent, 1993; Garcia et al., 1997). The mean zonal
winds were derived from 10-day windows advanced in 5-day steps. It is apparent that
the winds at each site track each other closely. The mesospheric semiannual oscillation
(MSAQO) is very apparent, with negative (westward) flow at the equinoxes and positive
(eastward) flow at the solstice. Strong interannual variability is also apparent, with the
westward flow in March/ Aprill?g:ch stronger than in March/April 1996. This pattern
of weak and strong zonal westward winds in March/April in alternate years continues
the sequence reported by Burrage et al. (1996b) and Garcia et al. (1997) who noted
an apparent correlation between the westward phase of MSAO and the quasi-biennial
oscillation in the zonal mean winds in the stratosphere.

It is worth noting that the wind fluctuations on time scales shorter than seasonal
are also very similar at Pontianak and Christmas Island. These fluctuations with
periods of tens of days are manifestations of mesospheric intraseasonal oscillations
first reported by Eckermann and Vincent (1994) and Eckermann et al. (1997) from
observations at Christmas Island. The strong similarity of the intraseasonal variations

at the two sites indicate that they are global in extent, reinforcing the findings of
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Figure 3.6: Mean zonal winds in 10-days intervals at 86 km for Christmas Island (solid)
and Pontianak (dashed).

Lieberman (1998).

3.4.3 Power Spectra

Figure 3.7 shows the mean spectra of the zonal and the meridional winds derived
from the nineteen months of simultaneous data obtained at Christmas Island and
Pontianak. The spectrum for each wind component was constructed in a manner
described in section 3.3. It is conservatively estimated that there are about 95 degrees
of freedom associated with each spectral estimate. Confidence limits at the 95% level
are shown. Spectra for the full eight years of data from Christmas Island are shown

in Figure 3.1.

The spectra for a given wind component are very similar at the two sites, which

indicates that similar dynamical process are being observed. Narrow spectral peaks
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Figure 3.7: Frequency spectra of hourly averaged zonal (top) and meridional winds
(bottom) averaged between 86 and 92 km at Christmas Island (solid line) and Pon-
tianak (dashed line) for the period November 1995 to August 1997.

associated with the diurnal, semidiurnal and terdiurnal tides are clearly evident. How-
ever, the diurnal tidal amplitudes are larger at Pontianak than at Christmas Island,
especially in the zonal component. Conversely, the semidiurnal amplitudes are a lit-
tle larger at Christmas Island. In the high frequency part of the spectrum, energies
are approximately equally distributed between the zonal and meridional wind compo-
nents. At periods longer then one day, however, energy is less equally distributed. The
broad peak with a period near two days in the meridional component is due to the

quasi-two-day wave which is a strong feature of the mid latitude summer mesosphere,
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particularly in the southern hemisphere (Salby, 1981; Salby, 1984a; Harris and Vin-
cent, 1993). The zonal spectra exhibit considerable power in the period range between
3 to 10 days, with a broad peak evident near 6 to 7 days.

Moving power spectra were computed in order to investigate the short term tem-
poral behaviour on both seasonal and interannual timescales. Figures 3.8 and 3.9
show the temporal evolution of the spectra of the zonal and the meridional wind aft
Christmas Island and Pontianak in the frequency range 0.1 to 0.6 cpd. The spectral
powers were limited or clipped to a maximum value of 4x10® m?s~2Hz™! in order to
bring out more clearly the details in the spectra and allow them to be compared on
an equivalent basis.

Considerable power is observed at period near 2-days (f ~ 0.5 cpd) in the merid-
ional component, but relatively little energy is observed in the zonal component. As
expected from the mean power spectra the zonal winds are dominated by transient
wave activity in the frequency range 0.3-0.1 cpd. Bursts of activity at frequencies near
0.16 cpd, corresponding to a period of about 6 days, are particularly evident at both
stations. More sporadic bursts of activity are also evident in the frequency range 0.25
to 0.33 cpd (periods between 3 and 4 days).

The relationship between the dynamics at Christmas Island and Pontianak was
explored by cross-spectral analysis. Mean cross-spectra were computed in a similar
manner to the mean spectra, that is in overlapping 40-day segments. The complex
amplitudes were first averaged over all segments and then averaged over four heights
before the cross-spectral amplitudes were computed. The nineteen-month average
cross-spectra between Pontianak (P) and Christmas Island (C) are presented in Fig-
ure 3.10 in terms of the squared-coherence (coh?) and cross-spectral phase (¢) at

frequency f, where

2 SEC(f)
COh = = .
o Sp(f)SE(S) o
and
o(f) = aTCtCm(I(SPC(f))/R(SPC(f)))- (3:2)

The results for the zonal component are shown in Figure 3.10 for the period range
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Figure 3.8: Moving-window power spectra of zonal and meridional winds for
Christmas-Island for the period January 1990 to December 1997.
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Figure 3.9: Moving-window power spectra of zonal and meridional winds for Pontianak
for the period January 1996 to July 1997.
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Figure 3.10: Squared coherence (top) and cross-spectral phase (bottom) between zonal
winds measured at Pontianak and Christmas Island. The period range is from 1.1 to
10 days.

from 1.1 to 10 days. The coherence-squared values are highly significant at periods
near 6.5, 3.5, and 2.5 days. The phase plot shows that on average Christmas Island
leads Pontianak by about 0.25 cycle at a period of 6.5 days, but at 3.5 days the phase
difference is about -0.25 cycle. For reference, the dotted lines show the phase differences
expected for the waves with the zonal wave number 1 propagating westward (41) and
eastward (-1). However spatial aliasing means that the similar phase differences would

be observed for eastward and westward propagating zonal wavenumber-3 waves.



3.4. EQUATORIAL OBSERVATIONS 85

3.4.4 Harmonic Analysis

The similarity of the transient events evident of Figures 3.8 and 3.9 mean that the
same phenomena are being observed and that they are global in scale. For example,
in April 1996 a large burst of activity with a period near 6 days is evident in both
plots in the zonal component. By comparing the individual wind oscillations of this
event as a function of height and time it is possible to investigate both the vertical

wavelength and horizontal direction of propagation.

Time series of the zonal winds measured at three heights are displayed in Iig-
ure 3.11. The data were filtered with a bandpass between 0.18 and 0.125 cpd (periods
between 5.5 and 8 days). The event lasted for about 4-5 oscillations (~30 days) and
the very similar behaviour at the two sites support the idea of a globally propagating
mode. There is a phase difference of approximately one day between 84 km and 94 km
implying the vertical wavelength is about 65 km, although comparisons over a large
height range are required to estimate the wavelength better. An important feature is
that the oscillations at Christmas Island lead those at Pontianak by ~ 90°. Given the
94° station separation in longitude, this suggests that the wave is westward propagat-
ing with a zonal wavenumber of one, although spatial aliasing could mean that it is
an eastward propagating wave 3. We do not think that the latter possibility is likely,

as discussed in section 3.5.1.

The details of the event described above typify the general behaviour of the 6.5
day wave. To provide a more quantitative description of the activity as a function
of height and time a harmonic analysis was carried out for calendar year 1996. The
data were analysed in thirty-day segments, with each segment moved on by 15 days.
Time series of the amplitude and phases were generated at each height between 78

and 98 km.

Contour plots of the zonal amplitude at the two stations are given in Figure 3.12.
The phase, represented by the time of maximum eastward wind, are superimposed as

solid circles. Amplitudes are somewhat different at the two stations, but the behaviour
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Figure 3.11: Hourly-averaged zonal winds measured at Christmas Island (solid) and
Pontianak (dashed) at heights of 84, 90 and 94 km during the period 9 April to 9 May
1996. The time series are bandpassed with a filter centered on 6.5 days.

is similar. In the first half of the year the maximum amplitudes are attained in April,
and in the second half of the year they are centered on September, although significant
amplitudes are observed in July and October at Christmas Island. Thirty-day average
amplitudes as large as 20 ms~! are found near 90 km, but short-term peak amplitudes
are even larger (Figure 3.11). It is interesting to note that the zonal amplitudes show
strong variations with height during March/April and September/October. The wave
amplitude maximizes between 90 and 95 km and then slowly decreases with increasing

height. At other times the variation is irregular. These figures also show that phases
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Figure 3.12: Time-height cross section of zonal wind amplitudes and phases obtained
from the fits of a 6.5-day sinusoid to data at Christmas Island (top) and Pontianak
(bottom) during 1996. Filled circles denote the time of maximum eastward wind.

are highly organized throughout the observation period and are similar at the two
sites. Usually there is a downward propagation with time, although upward phase
propagations are sometimes observed, usually when the amplitudes are weak so that
the phases are less reliably determined. The small change in phase with height is a

further indication of the long vertical wavelength of the 6.5-day wave.

Figure 3.13 illustrates the time variation of the zonal wind of the 3.5-day wave at
Christmas Island and Pontianak for 1996. Table 3.1 summarizes the main features of
the 3.5-day wave in two months intervals. Variations in the wave period were studied
by band pass filtering the hourly average time series between 0.22 and 0.38 cpd (period

range 2.6-4.6 day) and computing the cross-correlation function. Then the period is
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Figure 3.13: As for Figure 3.12, but for the 3.5-day wave.

the time interval between the adjacent peaks. The zonal wave number is estimated
from the phase differences while the vertical wavelength is estimated from the phase
lag of the zonal winds between 86 km and 94 km at Pontianak. Peak amplitudes are

about 25 ms~!, compared with 30-day mean value of 10-15 ms™!.

3.5 Discussion and Conclusions

MF radar data obtained at low, mid, equatorial and high latitudes are used to explore
the characteristics of planetary-scale waves in the MLT region (~78-98 km). A number
of discrete long period oscillations in the zonal wind and meridional winds are found

to have common temporal behaviour. Spectral analyses show that the power spectral
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Table 3.1: Properties of a 3.5-day Kelvin waves inferred from harmonic fits to zonal
winds in two-month intervals. The values in the brackets indicate wavenumber due to

aliasing.

Observation period || Mar-Apr 96 | May-Jul 96 | Aug-Oct 96 | Nov-Dec 96 | Mean
Wave period 3.3d 3.5d SN 3.7d 3.5d
Zonal wave-number +0.7 +1.1 + 0.7 +0. 8 +1
(-3.1) (-2.7) (-3.1) (-3.0)
Amplitude 25 m/s 30 m/s 25 m/s 20 m/s 25 m/s
Vertical wavelength 76km 80km 53km 88km 75km

densities are very similar at all frequencies and at all locations, with narrow spectral
peaks occurring at tidal periods and broader peaks near 2.0 days in the meridional
components and near 3.5 and 6.5 days in the zonal component. Moving window
spectral analyses showed that the quasi-two-day wave is the prominent and almost
continuous feature of the dynamics of the equatorial mesosphere, in agreement with
earlier studies. At equatorial latitudes the 6.5-day wave showed a much more transient
behaviour, with bursts of oscillations lasting for 4-5 cycles. The largest amplitudes
tended to occur near the equinoxes. Weaker, burst-like, activity was also observed
at periods between 3 and 4 days in the zonal component at Christmas Island and

Pontianak.

3.5.1 The 6.5-day wave

The power spectra calculated from the MF radar showed an evidence of planetary
wave with periods in ~ 67 days band. The appearance of power maxima at each
March and October (each year) in zonal winds at Christmas Island, Hawaii, Adelaide
and Davis is quite striking, indicating that such a wave could be global.

The 6.5-day wave was found to have a long vertical wavelength (> 65 km) and
that oscillations at Christmas Island led those at Pontianak by about 90°, consistent
with a westward propagating zonal wavenumber one planetary wave. In previous

studies using Christmas Island data the 6.5-day wave was identified as a fast Kelvin
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wave (Vincent and Lesicar, 1991; Vincent, 1993). This interpretation was based on
the fact that the oscillations occur predominately in the zonal wind component, a
key characteristic of Kelvin waves, and that no westward propagating normal modes
had periods near 6-7 days. Furthermore rocket and satellite observations have found
significant ~ 7-day Kelvin wave activity in the equatorial stratosphere (Hirota, 1978;
Hirota, 1979; Hitchman and Leovy, 1986; Canziani et al., 1995). Maximum wave
activity at the stratopause was reported to occur when the background winds were
westward, that is opposite to the eastward propagating waves. Similarly, maximum
wave activity of the 6.5-day wave at the mesopause is found to occur at the equinoxes
when the background flow is westward.

One problem with the Kelvin wave interpretation is that, as discussed above, the
vertical wavelength of the 6.5-day wave is observed to be greater than 65 km. The
dispersion relation for Kelvin waves is the same as large scale two-dimensional gravity

waves (Andrews et al., 1987) viz:

N2E? 1
"=V T am (33)

where N is the Vaisala Brunt frequency, m and k are, respectively, the horizontal
wave numbers, & is the intrinsic frequency and H is the scale height. Fast Kelvin
waves with zonal wavenumber 1 would be expected to have intrinsic phase speeds of
less than 100 ms™!, equivalent to vertical wavelengths of no more than 25-30 km.
Higher zonal wave numbers waves would have even shorter wavelengths. The long
vertical wavelength and the phase relation between Christmas Island and Pontianak
pointing to westward propagation means that an explanation other than Kelvin waves

is required.

3.5.1.1 Origin of the 6.5-day wave

Based on the wind and temperature observations (Lawrence and Randel, 1996) from

pressure modulator radiometer (PMR), the 6.5-day wave we observed showed marked
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enhancements in equinoctial months. However, the PMR results identified it as a 5-
day Rossby (1,1) wave and westward propagating with zonal wave number one. For
example, Figure 3.14 of Lawrence and Randel (1996) shows a high coherence between
the two hemispheres for zonal wave number one westward propagating (~ 5-10 days)

temperature oscillations near each March and October (equinox seasons).

Our results of the coherence squared between Christmas Island and and other
latitudes (see Figure 3.15) at ~86 km, reveal the similar appearance of equinoctial
maxima near 6 days The coherence squared of zonal winds were computed from the
mean cross-spectra for the March equinox conditions (i.e. March,April,May). Since the
data collection at Davis started from 1994, we have used only four years (1994-1997)
of data at all sites so as to have the same number of cross-spectral estimates. The data
at Christmas Island (CI) is taken as a reference time series, and the data from other
stations are considered as the second time series. Attention was focused on intervals
during which there were no data gaps at any other sites, and the cross-spectral analysis

was performed for 20-day overlapping intervals as described in section 3.4.3.

Assuming at least 80 degrees of freedom, coherence squares of 0.07 (solid line) are

significantly above an expected background at the 95% level. The coherence squares
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Figure 3.14: Coherence squared spectra between 32°N and 32°S for zonal wave tem-
perature fluctuations at ~ 65 km [After Lawrence and Randel (1996)].
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Figure 3.15: Squared coherence of zonal winds between CI and Davis (dotted), CI and
Adelaide (dashed), CI and Hawaii (dashed-dotted) for four March equinoxes (1994-
1997). The approximately 95% significance level is indicated by the horizontal line.
The vertical lines indicate 6-8 day period range.

for nearly all these cross-spectra have a distinct peak in the 0.125-0.167 cpd frequency
range (6-8 day periods). The CI -Hawaii cross-correlation, for example, shows a
dominant periodicity at ~ 3.5 days with a coefficient of 0.22. The CI-Adelaide pair is
correlated with a coefficient of 0.18 at a period of ~ 6 days. However, CI-Hawalii are

well correlated with the coefficient of 0.45 at the period of ~ 6 days.

The appearance of coherence maxima each March and October in 5-7 day period
range in radar observations and temperature observations are quite striking, showing
such modes are a regular feature of the mesophere and lower thermosphere. In addition,
comparisons of our spectral and cross-spectral analysis results for wind measurements
with the power spectra and the coherence squared for temperature fluctuations (see
Figure 3.16) and geopotential variations (see Figure 3.17) in PMR record, show much
similarity in 6-7 day period range for equinoctial months.

Meyer and Forbes (1997a) reported satellite and radar observations made in August-
September 1993 at mid-latitudes in the 80-100 km height region which observed similar
westward propagating wave with a period slightly greater than 6.5 days. This had been
interpreted as a Doppler-shifted 5-day normal mode (Wu et al., 1994), although the
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Figure 3.16: Latitude frequency spectra for zonal wave 1 temperature fluctuations at
~ 81 km during October 1977. Left panel shows power spectra and right panel shows
coherence squared at each latitude with respect to 32°S [After Lawrence and Randel

(1996))].
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Figure 3.17: Latitude frequency spectra for zonal wave 1 temperature fluctuations at
~ 81 km during October 1977. Left panel shows power spectra and right panel shows
coherence squared at each latitude with respect to 32°S [After Lawrence and Randel

(1996)].

5-day wave is known to be insensitive to the state of the mean wind (Giesler and

Dickinson, 1976).

Our results (for the calender year 1997) illustrated in Figures 3.18 and 3.19 also
show westward phase tilts (downward phase progression) of wave activity in 5-7 days
period during equinoctial months, and is consistent with a westward wave. Figures 3.18
and 3.19 show the time-height evolution for 6.5-day wave event field for Davis, Ade-

laide, Christmas Island and Hawaii. The amplitudes and phases were derived from the
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Figure 3.18: Time-height cross section of zonal wind amplitudes and phases obtained
from fits of a 6.5-day sinusoid to data at Davis (top) and Adelaide (bottom) during
1997. Filled circles denote time of maximum eastward wind.

sinusoidal fits of the zonal velocities as discussed in section 3.4.4. The phase, repre-
sented by the time of maximum eastward wind, are superimposed as solid circles. The
overall structure of the zonal phases during the equinoctial months shows a downward
progression with altitude, except above 86 km, the phase varies slowly with height,
further indicating a long vertical wavelength characteristic of the 6.5-day wave. As
seen from Figures 3.18 and 3.19,the phase profiles of June/July at Christmas Island

and Hawaii show rapid variations and do not remain coherent above 90 km.

There is generally a good agreement between the estimates of zonal amplitudes

made here and those reported in the model results of Meyer and Forbes (19974). The

1

zonal amplitudes ranged from 4-8 ms™' except for Christmas Island results in April
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Figure 3.19: Same as Figure 3.18, but for Christmas Island (top) and Hawaii (bottom).

1997 when the amplitudes became as large as 12 ms™" in 86-94 km height interval. The
model amplitudes maximise (~ 15 ms™') in the zonal component near the mesopause
at the equatorial latitudes and our results at equatorial stations (Christmas Island
and Pontianak show similar maxima (~ 10 ms™!) in zonal winds. At mid to high
latitudes, the model predicts zonal amplitudes of ~ 5 ms™', which is comparable to the
observed amplitudes (~ 6 ms™!) at Adelaide (35°) and Davis (68°). As the meridional
amplitudes were not provided by the model, no comparisons were made with our
observations. However, the observed meridional amplitudes were much smaller than

the zonal amplitudes and the phases were more erratic.

Similar westward phase tilts were once again noticed in the filtered time series for

the zonal winds for April 1997. Figure 3.20 shows an example of band-passed time
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Figure 3.20: Hourly-averaged zonal winds measured at Christmas Island (solid), Ade-
laide, Davis and Hawaii (dashed) at heights of 84, 88 and 92 km during the period
9 April to 9 May 1997. The time series are bandpassed with a filter centered on 6.5

days.

series of series of the zonal winds measured at Christmas Island, Adelaide, Davis and

Hawaii with cutoff periods at 5.5 and 8 days using data from April 10 to May 10, 1997.

Overlaying curves are sequentially displaced upward with respect to one another by an

order of magnitude (i.e. 20 ms™!), starting from the lower curve between the 84-92 km

height region. In these plots, we have compared the oscillations at Christmas Island

(solid) with the oscillations at Adelaide, Davis and Hawaii (dashed) of the 6.5-day

event. Note the westward tilt of the phases (downward phase propagation) which is

consistent with the westward propagation. The 6.5-day wave event lasted for about

(~

20 days) at Christmas Island, and Hawaii. There is a phase difference of about
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~ 6° between the oscillations at Christmas Island and Hawaii. At Davis the event
lasted for about 3 cycles and the oscillations at Christmas Island lead those at Davis
by ~ 60°. The oscillations at Christmas Island and Adelaide are approximately in

antiphase.

Winds measurements by UARS/HRDI in the mesosphere and lower thermosphere
(Wu et al., 1994) also indicated the presence of westward propagating wave of zonal
wave number one with a period slightly greater than 6 days. Furthermore, results
of equatorial observations (see section 3.4.3) suggest that 6.5-day wave is a westward
propagating with zonal wave number one. Therefore, we estimated the zonal wave
number of the 6.5-day wave at Adelaide, Davis and Hawaii by making a prior assump-
tion that the wave is westward propogating. By knowing the cross-spectral phases it
is then possible to estimate the zonal wave number at a specified period (which in our

case is 6.5 days).

Figure 3.21 shows the results of cross-spectral analysis. In the figure, the phase

Period = 6.5 days

98 ““ ‘t:l T
96 —+— + — ]
— 94[—a— ; ]
S T
= [ 1
& 904 :
T 88— - :
86 ——A— —f:— §
84 _;':: : I 1' 1 1 i
—180 -90 0 90 180

Phase (degrees)

Figure 3.21: Cross-spectral phases between CI and Davis (solid line), CI and Adelaide
(dotted line), CI and Hawaii (dashed line) of the 6.5-day wave using all the March
equinoxes from 1994 to 1997. The zonal phase difference in 84-98 km height interval is
shown with triangle symbols and the approximate 95% confidence limits are indicated
by horizontal bars.
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Table 3.2: Phase relationship of 6.5-day wave between the reference station (CI)
and other stations (i.e Pontianak (PON), Adelaide (ADL), Davis (DAV) and Hawaii
(HAW)

Observation period (1994-1997) || CI-PON | CI-DAV | CI-ADL | CI-HAW
Measured phase difference 94° 50°+20° | -170°+40° | 5°45°
Estimated latitudinal shift 0° 60°£20° | 243°+£40° 2°43°

is such that a positive (negative) value means Christmas Island leads (lags) Davis,
Adelaide or Hawaii. Horizontal bars indicate 95% confidence limits for phase angles
(Jenkins, 1968). Table 3.2 shows the phase relationship of 6.5-day wave for the March
equinox conditions in the height interval 84-92 km. Over these intervals, the phase
of the zonal wind component at Christmas Island leads Davis by about ~ 66°, lags

Adelaide by ~ 170°, and leads Hawalii by about ~ 5°,

The “cross-spectral” results gave us the mean phase values and they are consistent
with the results of the filtered time series. If the phase variations were solely a function
of the different longitudes of the two sites, than it is clear that Davis and Adelaide do
not have correct phase relationship with Christmas Island. Our results from Table 3.2
suggest that a latitudinal separation between the two sites shift the phase values, and
hence the determination of zonal wave number would finally depend on the phase tilt.
For example if we use a phase shift of 1° (between Cl and Davis) and 4° (between
CI and Adelaide) longitude per 1° latitude, then 6.5-day wave observed at Adelaide
and Davis will have a zonal wave number one. In addition, the observed phase shift
of 180°+30° occuring between Adelaide and Davis agree with the model calculations
of Meyer and Forbes (1997a) who has reported a phase shift of 180° occuring between
30° and 60°.

Further global observations are required in order to investigate the importance of

the latitudinal phase shift in the estimation of the zonal wave number.
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3.5.1.2 Instability: A Possible Mechanism for the 6.5-day wave

Observations of the 6.5-day wave events in April as well as September suggest that it is
a common feature of the equinoctial MLT region. The observed westward propagating
waves cannot be attributed to the free modes and must be related to a forced oscil-
lation. In the case of forced oscillations it is possible to observe waves in the region
of forcing or these waves forced elsewhere in the atmosphere and propagate into the
observing region.

Modelling work (Meyer and Forbes, 1997a) has indicated that this 6.5-day oscilla-
tion is related to instability which develops due to the conversion of energy of mean
flow in the upper atmosphere into wave energy. They showed that in the northern
hemisphere, 6.5-day wave is driven by shear of zonal mesospheric jet centered around
60°N. Previous work by Manney and Randel (1993) has shown that such unstable
modes are responsible for the 4-day wave of the winter stratosphere in the southern
hemisphere. Barotropic or baroclinic unstable regions can develop due to the horizon-
tal and vertical shear of the zonal mean winds, presumbly driven and sustained by
momentum deposition by gravity waves (Norton and Thuburn, 1996). Earlier, Hart-
mann (1983) suggested that these instabilities may interact strongly with planetary
waves propagating upward from the troposphere, producing an in situ source of en-
ergy for these waves. Later on Meyer and Forbes (1997a) proposed that any upward
propagating momentum from planetary or gravity waves passing through an unstable
region amplifies and grows.

To investigate the possibility that the observed westward propagating waves at
~ T70°S could be related to an instability, the meridional gradient of quasi-geostrophic
potential vorticity was computed for CIRA86 April mean zonal winds. The meridional
gradient of quasi-geostrophic potential vorticity, g,, is a diagnostic tool for finding the
regions of instability due to small amplitude disturbances. Following Manney and

Randel (1993) and Meyer and Forbes (1997a), g, is separated into three terms:

Gy =B+ Qr+ Qv (3.4)
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where § is the earth’s angular velocity, a the earth’s radius, ¢ the latitude, u the
zonal mean wind, py the density, N the Brunt -Vdisala frequency and z the vertical
pressure coordinate. [ represents the latitudinal gradient of planetary vorticity and
provides the positive restoring force to the gradient; ¢} corresponds to the meridional
shear of the mean wind and can be considered a measure of the barotropic instability
contribution and (), which depends on the vertical shear of the mean zonal wind
corresponds to the baroclinic instability in the atmosphere.

Figure 3.22 shows the potential vorticity gradient ¢, for April atmospheric con-
ditions. Values less than 15° were not calculated due to validity limitations of the
quasi-geostrophic approximations near the equator and numerical singularities near
the pole. The dotted contours in Figure 3.22 indicate the region where g, becomes
negative. Between 60°S and 80°S, the entire upper mesosphere possesses a negative
gy- The gradients used to compute g, from these data will be underestimated due to
the smooth nature of climatology. More realistic estimates of g, were computed by
Meyer and Forbes (19974) for September conditions.

The implication of Figure 3.22 is that poleward of 60° the structure of the mean
flow is such that waves, which are the result of instability, could exist and grow. Both
baroclinic and barotropic contributions are important, but the baroclinic contribution
seems more important near 70-80 km. Pfister (1985) and Elson (1990) have analysed
instabilities of jet structures similar to those found in this region, finding strong growth
rates. Our calculations of g, change sign on the poleward flank of the mesopheric jet,
and toward the pole, during the April equinox (thus satisfying the necessary conditions
for the mean flows to be unstable).

Now, if the 6.5-day wave observed is the instabilty of the mean flow, then because

these waves cannot exist in the absence of forcing, we would only expect to observe
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Figure 3.22: Meridional gradient of quasi-geostrophic potential vorticity for CIRAS86
April atmospheric conditions in units of 107'm~'s~!. Negative regions are indicated
by dotted contours.

these waves during periods when g, changes sign. These results support our observa-
tions for April conditions in southern hemisphere. An analysis similar to this described
by (Meyer and Forbes, 19974) indicates that the middle atmosphere field in April is
conducive to the generation of the wave by instabilities and there is a strong response
to the insitu momentum forcing at higher latitudes in the southern hemisphere. Neg-
ative regions appear to be a permanent feature of the upper mesosphere (around 80
km) poleward of 60 degrees (C. Meyer Personal communications, 2000). These results

show that instabilities are a common feature of the equinoctial middle atmosphere

wind fields.

3.5.2 The 3.5-day wave

The characteristics of the 3.5-day period waves observed at Christmas Island and
Pontianak are consistent with their being manifestations of Kelvin waves. Ultra fast
wavenumber-1 Kelvin waves have intrinsic phase speeds ~ 150 ms™?, or vertical wave-

lengths of ~ 50 km, which is consistent with our observations. Qur results are also
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consistent with UARS satellite measurements of 3-day Kelvin waves (Lieberman and
Riggin, 1997) and equatorial radar observations (Riggin et al., 1997). Using 10-day
sequences of observations Lieberman and Riggin (1997) report eastward propagating
signatures which maximize near the equator in wavenumber 1, 2, and 3 in the zonal
wind field with periods near 3 days. Using a 9-month sequence of MF radar wind
data from Christmas Island and meteor radar data from Jakarta, Riggin et al. (1997)
found a high degree of coherence between the two sites at periods near 3 days. The
long vertical wavelength suggested that it was predominantly zonal wavenumber 1.
The nineteen month sequence of observations discussed here allows us to update these

studies.

During July, the radar amplitudes are fairly consistent with the HRDI amplitudes.
Comparisons with HRDI derived phases for June/July, the observed phases agree well
through out much of the vertical radar range, generally decreasing systematically with
increasing altitude. At Christmas Island, the phase agreement is quite good in the 80-
90 km layer where upward tilt is observed; however, radar amplitudes are weaker than
HRDI amplitudes, a tendency that has been documented by Burrage et al. (1996a).
HRDI phases are generally consistent with Pontianak and Christmas Island below

90 km but deviate substantially above that level.

An interesting feature of the contour plots in Figure 3.13 is that amplitudes at
Pontianak are often different from those observed at Christmas Island. In months
when the amplitudes are largest (March/May and July/August) the amplitudes at
Pontianak are larger than at Christmas Island by a ratio that varies between 1.25
and 1.4 for heights between 80 and 98 km. This supports the findings of Riggin
et al. (1997) who compared Jakarta meteor radar observations with the Christmas
Island MF radar observations. Riggin et al. (1997) were not sure if the difference was
due to instrumental differences or to source effects. The radars used in this study
are identical which indicates that the source effects are the cause of the longitudinal
differences. Pontianak and Jakarta, located as they are in the strong convection region

of the Maritime Continent, are close to the source of the Kelvin waves. Radiosonde
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observations of 3.5-day Kelvin waves made in Indonesia near the generating regions
in the lower atmosphere and comparisons with the Jakarta meteor observations in the
mesosphere are discussed in Yoshida et al. (1999).

The amplitude growth of the 3.5-day wave with height is less than might be ex-
pected if the waves were propagating without dissipation. Dissipating waves exert
a body force on the atmosphere through the convergence of the vertical component
of the zonal momentum flux, given by pu/w’ (Andrews et al., 1987), where p is the
atmospheric density and ' and w' are the zonal and vertical perturbation velocities,
respectively. Since vertical velocities are not measured using the MF radar we follow
Riggin et al. (1997) and use the polarisation relations and dispersion relation( 3.3) to

recast w' in terms of u’, so that the vertical momentum flux becomes

1

— k
P= §pu'27?, -

(m?+1/4H?) (

m —i/2H)| . (3.5)

Vertical profiles of P were computed from the 30-day average amplitude fits, with
estimates of m made from the phase profiles; a value of k appropriate for a zonal
wavenumber 1 Kelvin wave was assumed. The body force per unit mass is then ¢, =
—p(0p/dz). Values of P were computed at 2-km height intervals and then smoothed
by fitting a third order polynomial before computing the vertical derivative.

Estimates of a, as a function of time are shown in Figure 3.23 for Christmas Island
and Pontianak in the height intervals of 86-90 km and 90-94 km. There are a number
of interesting features. In the lower height range the values of Christmas Island are
consistently negative where as at Pontianak the values are positive, except in the last
part of 1996. Above 90 km the values of a, are positive at both locations, but the
values at Pontianak tend to be larger in magnitude, especially in July/August. Annual
average values for the two height intervals, are given in Table 3.3, where they are also
compared with the nine month averages from Riggin et al. (1997) using Jakarta and
Christmas Island data between January and September.

There is good agreement between the estimates of a, made here and those reported

in Riggin et al. (1997), especially above 90 km. It is noteworthy that the 12 month
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Table 3.3: Average of zonal accelerations (ms™* day™') for a 3.5-day wave in 1996.
The values in brackets refer to January—September 1993 for Jakarta and Christmas
Island (Riggin et al., 1997).

Height (km) Pontianak Christmas Island
Jan-Sept Jan-Dec Jan-Sept Jan-Dec
86-90 0.18+0.05 | 0.15£.06 | —.06£0.01 | —.064+0.01
(0.18 % 0.05) . (=.30 % 0.03) -
90-94 0.48 £0.06 , | 0.44 £ .06 214+£0.04 19 +0.14
(0.54 + 0.08) - (.29 £ 0.04) -

averages for a, are somewhat smaller than the nine month averages and that the
values for 1993 tend to be a little larger than for 1996. The latter feature may indicate
interannual variability, but it is probable that somewhat different data processing
techniques also influenced the results. Riggin et al. (1997) used shorter fitting intervals
(12.8 days) in their analysis whereas 30-day fits were used here. As Table 3.1 shows,
the peak amplitudes observed in 1996 are twice as large as the 30-day average values,
so if we had used shorter fitting intervals the inferred fluxes would have been larger.
It is important that both studies show that the Kelvin waves have larger amplitudes
in the Asian region than in the central Pacific and the wave drag exerted on the zonal
flow is larger in this region. The longitudinal variations in the Kelvin-wave drag may
account, in pa}?t, ff)r the longitudinal variations in the amplitude of the mesospheric
semiannual:(ii;sg?\té?from the HRDI measurements Smith (1997).

Comparing the time sequence of accelerations (Figure 3.23) with the evolution of
86-km zonal winds shown in Figure 3.6, it seems that the large positive values of a, in
May 1996 at Pontianak coincide with the reversal of the zonal flow from westward to
eastward. Similarly, the positive a, observed in late October may account for the posi-
tive accelerations in the zonal flow at that time. In contrast, zonal winds are reversing
from eastward to westward in July/August, when positive Kelvin-wave accelerations

are observed. Overall, the results are ambiguous. While they suggest that Kelvin
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Figure 3.23: Time series of zonal body force estimates for Christmas Island (top) and
Pontianak (bottom) for the 3.5-day wave. The solid (dashed) line shows values in the
86-90 (90-94) height range.

waves play a role in the mesospheric momentum budget, the role is small. Lieber-
man and Riggin (1997) concluded that 3-day Kelvin waves are an important source
of eastward momentum in the lower thermosphere near 100 km, but that their influ-
ence is significantly smaller in the MSAO region near 85 km. It is worth noting that
Hitchman and Leovy (1988) concluded from an analysis of daily mapped stratospheric
temperatures that Kelvin waves made a significant but decreasing contribution to the
zonal momentum budget above ~30 km, while the influence of smaller scale gravity
waves increased. The contribution of gravity waves to the momentum budget of the

equatorial mesosphere has yet to be fully explored.
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Chapter 4

Tidal Variability

4.1 Introduction

Atmospheric tides are one of the important means of transferring energy and momen-
tum between different regions of the atmosphere. Tidal perturbations, generated in
the lower and middle atmosphere, grow in amplitude as they propagate upwards, and
help in determining the heat and momentum budgets of the upper atmosphere. In the
mesosphere and the lower thermosphere, in particular, tidal amplitudes can be so large
that they dominate the wind field. Like other internal atmospheric waves they transfer
momentum from their source region to the region in which they are dissipated and
so effect the other mean circulation and the structure of the atmosphere (Teitelbaum
and Vial, 1981; Lieberman and Hays, 1994).

Observational studies of atmospheric tides in the mesosphere and lower thermo-
sphere indicate substantial variability on both short (Nakamura et al., 1997), planetary
(Fritts and Isler, 1994), semiannual (Vincent et al., 1988), intraseasonal (Eckermann
et al., 1997) interannual timescales (Vincent et al., 1988; Burrage et al., 1995a; Fritts
and Isler, 1994). It is important to quantify this variability if the causes are to be un-
derstood. Longer-time variations on tidal parameters have also been reported for the
lower atmosphere. Hamilton and Garcia (1984) demonstrated a quasi-biennial oscil-

lation (QBO)-like modulation of the semidiurnal fluctuations at Batavia (6°S, 107°E)

107
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while Vial et al. (1994) reported a correlation between diurnal pressure variations and

the El Nifio-Southern Oscillation (ENSO) phenomenon.

In this chapter we present the long-term MF radar observations made at three
locations centred about the equator and one at high latitude. The stations are Kauai
(22°N, 160°W) in the Hawaiian islands, Christmas Island (2°N, 157°W) in the cen-
tral Pacific, Adelaide (35°S, 138°E) in Southern Australia, and Davis (68°S, 78°E) in
Antarctica. The location of the equatorial radars makes them especially suitable for
studies of the propagating diurnal tides, which is equatorial confined. Kauai is located
near the maximum in the wind field of the (1,1) mode, while diurnal winds at Adelaide
are also strongly influenced by this mode. The equatorial location of Christmas Island
makes it ideal for the study of the influence of symmetric and antisymmetric modes
that contribute to the zonal and meridional wind components respectively. The high-
latitude location of Davis is suitable for the study of the evanescent modes of the

diurnal tide.

The long-term nature of these observations makes them very suitable for climato-
logical studies of the tidal oscillations in the MLT region and for comparisons with
model results. When comparing with the tidal models it is important to average the
tidal parameters over as long as possible because models are usually constructed using
the climatology of water vapour, ozone, temperature and winds and hence are represen-
tative of “average” conditions in the lower and middle atmosphere. The observations
are very suitable for investigations of the degree of interannual variability. It opens
up the possibility of investigating the relationship between tidal parameters and the
long term variations in the atmosphere, such as the quasi-biennual oscillation (QBO)

in the zonal winds in the equatorial middle stratosphere (Hamilton and Garcia, 1984).

The emphasis in the present study has been to make a detailed comparison of
observed tidal amplitudes and phases with the values derived from the Global Scale
Wave Model (GSWM) described by Hagan et al. 1995; 1999a, and to discuss the

climatological characteristics of the diurnal and semidiurnal tides at radar locations.
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The observations and data analysis techniques are described in section 4.2. Sec-
tion 4.3 gives a brief description of the GSWM. In section 4.4 the results for the diurnal
and semidiurnal tides are presented and compared with the results of GSWM95 and
GSWM98. Our comparisons provide an important evaluation of the model and help
with the model’s evolution. Strong interannual variability is found to be a feature of
the diurnal tide and we show in section 4.4.4 that this appears to be linked to the
QBO in the stratospheric zonal winds. Finally, comparisons with other observations,
notably satellite observations is discussed in section 4.5 and conclusions presented in

section 4.6. Sections of this work have been included in Appendix B.

4.2 Observations and Data Analysis

All the radars in this analysis use the spaced antenna technique (see section 2.4) to
measure winds in the MLT region. Details of wind measurements are already described
in Chapter 2. Since we are interested in determining the tidal oscillations with the
period of 12 and 24 hour, the analysis is restricted to the 78-98 km height region.
The wind data were harmonically analysed using time series constructed from
hourly-average values. Time series for the zonal (EW) and meridional (NS) wind
components were each least square fitted (see section 2.6.1) with prevailing and 48-,
24-, and 12- hour harmonic components. Hence each wind component is represented

as a function of time by the expression

A(t) = ao + i Ay cos(2mt /Ty + m) = a0 + Z am, €08(2mt [ Tp) + by sin(2mt /T,5)
" (4.1)
where A(t) represents either the zonal u(t) or the meridional v(t) wind component, ao
is the prevailing component and A,, and ¢,, are the amplitude and phase of the mth
harmonic component with a period of T,,. The harmonic coefficients a,, and b,, and

amplitude A,, and phase ¢,, are related by the equation

Am = Va2, + b2, (4.2)
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and
b
¢y,

All the points were given equal weighting in the fitting process and each height was

¢m = tan™!(

s (4.3)

treated separately. The harmonic components were determined in segments of 30-day
duration, with each segment moved on by 15 days and the process repeated. The
paucity of the data means that the tidal parameters are least well determined at lower
heights.

Time series of amplitudes and phases of the tides were generated, which were
then used to study inter-annual variability. In order to compare with the GSWM,
the amplitudes and phases were averaged to form annually averaged 30-day values.
Mean amplitudes were constructed by taking the arithmetic means while phases were
derived from the vector sums. Little difference was found between arithmetic and
vector-averaged amplitudes although the latter values were slightly smaller. All phases
are given in local solar time (LST) of the maximum. The mean Christmas Island
and Kauai tidal parameters were calculated over the period from 1990-1997. The
Adelaide averages refer to the twelve-year period from 1984-1995, as there was little
significant difference with the values derived for the interval from 1990-1995 and the
Davis averages refer to the five year period from 1994-1998. The respective standard
deviations were used as indications of the reliability of the tidal amplitudes and phases.
For a given harmonic component the amplitude standard deviation for the n** 30-day

interval determined from N years of data, is defined as

where A, is the mean amplitude. The corresponding value for phase was taken as

Tpn = sin_l(:l:n) (4.5)

where,

. \/zxm — @)+ Xy(b — B)? o)
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The seasonal variability of the solar tides have been studied in a variety of ways
in the past decade, including the use of two-dimensional linear mechanistic models
(Vial, 1986) and general circulation model (McLandress, 1997). Here we have chosen
to make a detailed comparison of statistically fitted tidal amplitudes and phases with
the values derived from GSWM95. The detailed description of GSWM95 can be found
in reports by Hagan et al. (1995) and Hagan (1996). However, a brief overview of the

model is presented in the next section.

4.3 GSWM95 overview

The GSWM95 allows the comparisons, within the MLT regions for the diurnal and
semidiurnal tides on a seasonal basis. The hierarchical structure of global scale wave
model is based upon the linear tidal model of Forbes (1982). Briefly, GSWM95 solves
the extended Navier-Stokes equation for a specified zonal wave number and wave
periodicity using a finite difference algorithm. Tidal and planetary wave perturbations
are solved as a function of latitude (87°S to 87°N) and altitude from the ground to
the thermosphere. The GSWM95 upper boundary is set at 250 km, so as to avoid the
contamination associated with the reflection of the tidal waves at the upper boundary.

GSWM95 background atmosphere is specified by a series of empirical models.
Zonal mean temperature and density fields come from MSISE!-90 empirical models.
Between 20 and 80 km the model background winds were calculated from MSISE90
zonal mean pressure gradients assuming geostrophic balance. Below that region the
semi-empirical model of Groves (1987) is used, while geostrophic winds above 80 km
were replaced with those from an empirical model (Portnyagin, 1986) based upon data
from a global array of radars measuring winds between 70-110 km.

GSWM95 migrating tidal forcing is discussed in detail by Hagan et al. (1995) and
Hagan (1996). Briefly, the model employs Groves (1982) formulae for tropospheric

tidal forcing due to insolation absorption by water vapour. Groves used global models

! Mass-Spectrometer-Incoherent-Scatter
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for specific humidity, ¢, based upon the data averaged over three months and cen-
tred on January, April, July, and October to calculate heating rates for major diurnal
and semidiurnal tides. GSWM tidal heating in the stratosphere and throughout the
mesosphere into the lower thermosphere is based upon a parameterisation reported
by Strobel (1978). CIRA Os (Keating et al., 1990) and MSISE90 O, (Hedin, 1991)
densities are utilised to calculate hourly heating rates at each latitude and altitude
and for every month of the year. Once hourly heating rates were calculated, diurnal
mean and harmonic components were determined via Fourier harmonic decomposi-
tion. These calculations result in monthly stratospheric and mesospheric tidal forcing
functions which vary with latitude and altitude. GSWM95 non-migrating tidal forcing
is detailed by Hagan et al. (1997b).

The model incorporates several dissipative mechanisms including ion drag, radia-
tive cooling, and the eddy and molecular diffusion of heat and momentum. Tidal
dissipation in the GSWM includes a scheme to account for the gravity wave drag in
the diurnal tide and latitudinal and seasonally dependent eddy diffusivity (Garcia and
Solomon, 1985).

4.4 Results

4.4.1 Comparison with GSWM95

In this section, we study the comparison on the height structure of the diurnal and
semidiurnal tides between the GSWM95 and the radar observations at Adelaide,
Christmas Island, Hawaii. In section 4.4.1.3 we investigate further the detailed lati-
tudinal structure of the diurnal and semidiurnal tide at 8 km. In this study, tidal
parameters of GSWM are provided in four seasons, January 15, April 15, July 15 and
October 15 at both northern and southern latitudes with a 3° mesh interval and about

every 4-km altitude.
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4.4.1.1 Diurnal Tide

Figure 4.1 shows the annual average diurnal tides at the equatorial sites compared
with model results of GSWM95. This model includes the effect of diffusion which
latitudinally broadens the diurnal tide. Model phases for the equinoctial months of
April and October compare favourably with the observed phase in both absolute phase
and in the phase gradient. During October, the measured phases at Adelaide tend to
be in advance of the model values by 1-3 hours below 90 km. The model amplitudes
at Kauai are larger than the observed values. The major difference in the amplitudes
occur at Kauai, especially in the NS component, although the EW amplitudes agree
well.

Model results for the solstitial months of January and July reproduce a number of
basic features of the observations. At Adelaide the observed EW phases are retarded
in January by about three hours relative to their values in July; this phase shift does
not occur in the model. At Kauai, the phases are advanced by a similar amount, which
is also the general tendency of the model at that latitude. The biggest difference in
phase occurs in January when the phases at Adelaide become evanescent in structure
above 90 km, whereas the model phases continue to show a propagating structure.
Model and observed amplitudes are in reasonable good agreement although measured
amplitudes at Christmas Island are generally larger than the model values especially
below 90 km. Similar to the equinoctial situation, the Kauai NS amplitudes are smaller

than the model values.

4.4.1.2 Semidiurnal Tide

Figure 4.2 illustrates the comparison of the annual average semidiurnal tides at the
three locations with the model values. As evident from Figure 4.2, the comparisons
agree less well for the semidiurnal tide than for the diurnal tide. During the equinoctial
months of April and October the observed and the model amplitudes at the three sites

tend to be relatively constant with height, showing a weak maximum near 85 km. The
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Figure 4.1: Vertical profiles of amplitudes and phases for the diurnal tide compared
with GSWM95). Solid lines (observations) and solid circles (model) represent zonal
components, and dashed lines and open circles the meridional components.
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observed phase structure is significantly different from the model phases. At Adelaide
in both April and October the phase gradients indicate interfering modes with quite
short vertical wavelengths (~ 20-40 km), whereas the model indicates a single long
vertical wavelength mode. For small amplitudes, Christmas Island values are in better
agreement with the model results. In both April and October, the observed and
model phase structures are similar and absolute phase differences are smaller than at
the high latitude sites. The phase gradients are indicative of dominance by modes with
a vertical wavelength of the order of 60 km or greater. The observed phase structure at
Kauai also shows significant variation with height, although the phase gradients where
the amplitudes are largest, and hence the phases are more reliable, are similar to the
model values. However in absolute terms the observed phases differ by 3—4 hours from
the model values.

In solstitial months and comparing Adelaide and Kauai first, the amplitudes tend
to be largest in the summer hemisphere, that is July at Kauai and January at Adelaide,
although the NS components at Kauai in January is significantly larger then the NS
component at Adelaide in July.

At Christmas Island there is fair agreement between the GSWM95 and the obser-

1 and

vations in January and July. The model predicts amplitudes less than 10 ms™
weak growth with height, which is basically what is observed. The model also predicts
that the NS and EW components will be in-phase in January and out-of-phase in July,

which is basically what is observed above 82 km.

4.4.1.3 Latitudinal Variations

Diurnal Tide:

Figure 4.3 shows the latitudinal distributions of the tidal amplitudes and phases as
measured and computed at 86 km. This height was chosen because it is the height
at which the gains of the receiving system were optimised and consequently it is the
height of maximum data return. Data for Adelaide are shown with diamonds and for

Hawaii by squares. The triangles represent the data at Christmas Island. The bars on
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Figure 4.2: As for Figure 4.1, but for the semidiurnal component.
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the data give some indication of seasonal variability in amplitude and phase for the
stations under study. For comparison the numerical simulations of model values are

also plotted in Figure 4.3.

A number of features are apparent in the model and observation: (a) At the
equinoxes the basic structure is that of (1,1) fundamental propagating mode with
wind values maximising near £20°. (b) The observed amplitudes in summer tend to
be larger than in winter. (c) The EW phases in the winter hemisphere are earlier than
the summer hemisphere. The comparison between the model results and the observa-
tions displayed in Figure 4.3 shows that there are significant areas of agreement. The
agreement between the calculated and observed phase is surprisingly good. An inter-
esting feature of both the observations and the model phases is that the tidal structure
is more asymmetric in January than it is in July, with the EW winds in one hemisphere
tending to be more out of phase with the EW winds in the other hemisphere. In fact,
the observations show an even more asymmetric structure than the model. In January
the EW phases differ by 6-7 hours between Adelaide and Kauai, and NS phases differ
by only ~ 4-5 hours, rather than the 12 hours expected between hemispheres for the
NS component if a purely symmetric component mode were dominant. The phase dif-
ferences between the summer and the winter hemispheres are ascribed to the Doppler
shifting produced by the background winds which cause the vertical wavelength to
vary with altitude with shorter wavelengths in summer, longer wavelengths in winter;
the integrated effects lead the phase difference at upper levels. The effect of Doppler
shifting of the (1,1) mode is discussed by (Forbes and Vial, 1989).

The good agreement between the observations and the model suggest that there is

now better understanding of the diurnal tide in the 80-100 km height region.

Semidiurnal Tide:
The amplitude and phase of the wind components of the semidiurnal tide observed at
86 km on a hemispheric basis at the solstitial and equinoctial months are summarised

in Figure 4.4. The latitudinal structure of the GSWM95 semidiurnal tide is compared
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Figure 4.3: Latitude cross sections of the diurnal tide at 86 km. Solid and dashed lines
represent the zonal and meridional component from GSWM95. The solid and open
symbols are the zonal and meridional data for Adelaide (diamonds), Christmas Island
(triangles), and Kauai (squares).
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Figure 4.4: As for Figure 4.3, but for the semidiurnal tide.

with the observed values. Important features to note are : (a) Symmetric structure in
January with EW components being in phase between hemispheres and the NS com-
ponents in anti-phase. (b) Asymmetric structure in July. (c) In April and October,
the observed phase structure are comparable with the model results, with symmetric
modes appearing to dominate. The comparison between the observations and numer-
ical model is good, especially in the phase behaviour. The main distinctions are that
the observed amplitudes in the summer hemisphere are up to three times larger than

the model values.
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4.4.2 Comparison with GSWM98

A recent update of a 2-d global scale wave model (GSWM98) including improve-
ments of the background atmosphere has been used to examine the variability of
the tides in the upper and lower thermosphere (78-98 km) region. In this modi-
fied model, above 12 km the standard GSWM95 uses background winds determined
from measurements made by HRDI instrument on UARS. Below 12 km the winds
are from the semi-empirical model of Groves/MSISE. GSWM98 accounts for the ef-
fects of seasonally dependent eddy diffusivity (Garcia and Solomon, 1985), ion drag
and molecular viscosity and thermal conductivity, using the same formulations de-
scribed for GSWM95. The detailed description of the recent model can be found
in the report by Hagan et al. (19994) and the tidal results on the GSWM web site
http : [/ /www.hao.ucar.edu/public/research/tiso/gswm/gswm.himl.

Here we use the tidal profiles of amplitudes and phases from the GSWM98 for
the specified radar locations used in this chapter; as well as latitudinal variations at

86 km. Once again the average tidal parameters are compared with the model values.

4.4.2.1 Diurnal Tide

Figure 4.5 shows the comparison between the diurnal amplitudes and phases as de-
termined at Davis, Adelaide, Christmas Island, Hawaii, and values as determined by
GSWMO9S8. During the equinoxes, the observed amplitudes generally agree with the
model predictions. Like the GSWM95, the new model predicts much larger NS ampli-
tudes at Kauai compared to the observed amplitudes. Good overall agreement between
the model and the observed phases is apparent at all the four stations.

During the solstitial months of January and July, the updated model peak diurnal
wind response occurs slightly lower than its GSWM95 counterpart. The.model and
observed amplitudes are in reasonably good agreement. Similar to the equinoctial
months, the diurnal winds at Kauai are larger than the observed values, especially

below 90 km. In January and July the largely evanescent nature of the diurnal tide at
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Davis has been correctly predicted by GSWM98 although the model does not predict
the change of phase which usually occurs in the EW component at heights between
90-96 km. At Adelaide, the observed EW phases are retarded in January by about 3
hours relative to their values in July. The phase shift is also evident in model values. At
Kaual, the phases are advanced by similar amount, which is also the general tendency
of the model results at that latitude. In winter solstice, the GSWM98 model demon-
strates a strong change of the vertical wavelengths (or phase gradients) from short
values (~ 32 km) at tropical latitudes (Hawaii), to longer values (~70 km) at middle
latitudes (Adelaide) and evanescence at High latitude (Davis). The observations also
show similar vertical wavelengths.

A latitudinal cross section of the amplitude and phases measured at a height of
86 km is shown in Figure 4.6. Once again the model captures an essential feature of
the observations. At the equinoxes, the dominance of (1,1) propagating mode is clearly
evident with the wind maximising at Hawaii (~ 22°). During the solstice, the larger
amplitudes are attained in the summer hemisphere (January) at Kauai and (July)
at Adelaide. The observed and modelled phase shows more asymmetric structure in

January than July.

4.4.2.2 Semidiurnal Tide

Figure 4.7 shows the comparison between the updated model simulations and har-
monic fit results for the semidiurnal tide. In April, the observed amplitudes at Davis
are twice as large (> 10 ms™!) as the model values (< 5 ms™'), and the observed
phases agree with the modelled phases in the 80-100 km height interval. Adelaide
and Kauai observed amplitudes are larger than the model (80-100 km), but these do
not increase as strongly with height as does the model from 95-100 km. The observed
and modelled phase gradients at Adelaide indicate the presence of short vertical wave-
length modes. At Hawaii, the observed phases lead the model values by 3-4 hours.
The observed amplitudes at Christmas Island are similar to the model, although for

the NS component the modelled values increase strongly above 90 km to ~ 15 ms™".
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Figure 4.5: Vertical profiles of amplitudes and phases for the diurnal tide compared
with the GSWM98. Solid lines (observations) and solid circles (model) represent zonal
components, and dashed lines and open circles the meridional components.
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Christmas Island observed phases are within 1-2 hours of the model values above 80

km, although phase-gradients are larger than that modelled below 85 km.

In the October equinox, the observed amplitudes (> 15 ms™!) at Davis are three
times larger below 85 km, when compared to the model amplitudes (< 5 ms™).
The observed phases at Davis differ by 3-5 hours from the model values. The ob-
served phase gradients above 80 km indicate the presence of a long vertical wavelength
(~ 60 km) mode, whereas the modelled phase gradients indicate a short vertical wave-
length (~ 20 km). Amplitudes at Adelaide and Hawaii are larger than the model
values at 85 km. In absolute terms, the observed and modelled phases differ by 3-6
hours. Christmas Island amplitudes and phases are in good agreement with the model
for the EW component, with phase difference of less than 3 hour, but the NS phases

often show strong interannual variability.

During the solstitial months, the observed amplitudes tend to be largest in the
summer hemisphere (July) at Kauai and (January) at Adelaide and Davis. The model
amplitudes vary between 5-7 ms~!. At Davis, the GSWM98 predicts a sudden increase
in amplitude above 86 km in July, which is not observed. The model phase profiles
show a better agreement with the observed phase, although leading it consistently
by 1-2 hr at most heights. In the summer hemisphere the observed and the model
phases closely agree, with a very small absolute phase difference. At Christmas Island,
there is a better agreement between the model and observed amplitudes in July and

January.

Figure 4.8 shows the latitudinal comparison of semidiurnal amplitudes and phases
with the GSWM98 model at 86 km. The summer hemisphere amplitudes (January) at
Davis/Adelaide and (July) Kauai are much larger then the model values. In January
the EW components are in phase between the two hemispheres and the NS component
is out of phase. There is strong asymmetry between the two hemispheres in July. In

equinoctial months of April and October, the observed amplitudes are comparable

with GSWM98.
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Figure 4.7: Vertical profiles of amplitudes and phases for the semidiurnal tide compared
with the GSWM98. Solid lines (observations) and solid circles (model) represent zonal
components, and dashed lines and open circles the meridional components.
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4.4.3 Seasonal Variability

Comparison between previous numerical investigation of the diurnal and semidiur-
nal tides and the observational data was mainly centred around the vertical struc-
tures seen at the individual observing sites and/or latitudinal structures at the single
height from distributed radar locations for generic equinox and solstice conditions.
The present analysis permits a new dimension of the tidal structure to be examined.
Here we present height versus month contours of amplitude and phase of the diurnal
and semidiurnal tides. These figures allow us to understand the seasonal transitions

in the vertical structure of the tide as a function of the latitude.

To construct the monthly mean cross sections of tidal amplitudes and phases the
following procedures were adopted. Annual composite amplitudes and phases were
computed from 30-day fits for each of the stations. For amplitude plots, the amplitudes
for each month were averaged for each height and contour plotted at 5 ms~! intervals.
The mean phase (local times of maximum eastward and northward wind) at a given
height were performed by computing the vector average of the monthly mean vector
amplitudes and the phase contours were plotted at 2-hour and 1-hour intervals for the

diurnal tides and semidiurnal tides.

4.4.3.1 Diurnal Tide

Considering the EW amplitudes, at Adelaide (top), contoured in Figure 4.9 we see
that the maximum amplitudes achieved are of the order of 20 ms~'. There are ampli-
tudes maxima in March, July/Aug, and October. The EW component shows a weak
maximum in March but is otherwise constant at low values. The NS component has its
largest amplitudes during March and July/August. In contrast to the tidal amplitude
variations, tidal phase estimates are reasonably consistent among the three radars.
The phase in both wind components (see Figure 4.10) undergo a 4-6 hour advance
from summer to winter and then back again, although around the June solstice there

is period when the phase retards by about an hour.
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The Christmas Island observations of the diurnal tide is consistently different. The
amplitudes and phase data are presented in the centre panel of Figures 4.9 and 4.10.
The observed EW amplitudes maximise in April with low values at the other times.
The NS component has its strongest amplitudes between February and September,
with the maximum values attained in March and July/August. The phases of both
the wind components steadily retard with time around the December solstice. The NS
phase then advances from February to reach a minimum value in June. The EW phase
shows very little variation with the height and season, but a rapid phase transition
is evident in November when the amplitudes are at their weakest. At altitudes and
times where the amplitudes are sufficient for valid phase determinations, the EW and

NS components tend to be out-of-phase.

At Kauai, we note a tendency for the EW and NS amplitudes to vary similar to
those observed at Adelaide. The diurnal amplitudes suggest variations on a seasonal
scale, with amplitudes maxima occurring during March, July/August, and October.
The amplitudes and phase data are presented in the lower panel of Figures 4.9 and 4.10.
The seasonal phase changes mirror those observed at Adelaide, with the phases of both
components advancing by about 6 hours going from January to July and then retarding

again.

Figure 4.11 describes the seasonal variation in the amplitude and phase of the
diurnal tide at Davis. These plots have been generated by contouring monthly means
from five years of data from 1994-1998. The diurnal amplitude at Davis is seldom more
than 5-10 ms™! and shows gradual change with season, although NS amplitudes reach
minimum in winter and peak during February. The amplitude of the NS component
is generally larger than the EW component. The vertically oriented phase contours
of the diurnal tide in Figure 4.11 suggest the presence of purely evanescent diurnal
tidal modes, as expected at high latitudes (see Figures 1.7 and 1.8). This statement
applies particularly to NS phase profiles which are almost constant with height and
throughout the year.
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zonal component of the diurnal tide at Adelaide (top), Christmas Island (centre) and
Kauai (bottom).
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Figure 4.11: Contours of amplitude and phase of the mean zonal and meridional
diurnal tide at Davis.

4.4.3.2 Semidiurnal Tide

Contour plots of amplitude and phase for the semidiurnal tide observed at Adelaide,
Christmas Island and Kauai are shown in Figures 4.12 and 4.13. Unlike the case
of the diurnal tide, the amplitude for the semidiurnal tides are smaller at the three
sites. It is evident that significant seasonal changes occur at all heights. For the
semidiurnal tide at Adelaide, both the amplitudes and phases show an essentially

1

annual cycle. In December the amplitudes are larger up by 5-10 ms™. Maximum
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amplitudes are reached in late summer (January), with values 15 ms™. At other
times there can be only ~ 5 ms™, although there can be inter-annual variability.
Phase tends to advance by 6 hours from summer to winter with rapid transitions
in March and September/October. The semidiurnal tide at Adelaide shows nearly
classical behaviour, with approximately equal component amplitudes and with EW

phase leading the NS values by 3 hours, as expected in the southern hemisphere

The amplitudes and phase data of the semidiurnal tide at Christmas Island are
presented in the centre panel of Figures 4.12 and 4.13. The Christmas Island obser-
vations of EW amplitude show little systematic variations throughout the year, with
the amplitudes varying between 3-7 ms~!. NS amplitudes exhibit annual repeatability
with maximum values about 10 ms™! observed in June. The EW phase shows very
little variation with height and season. The NS phase shows a sharp phase advance
by 4-6 hours in February at the time when the amplitudes are increasing and then
abrupt reversal in July/August as the amplitude decreases. In the later part of the
year the NS phase is more erratic but close to EW values which suggests a more linear

polarisation at this time.

At Kauai (see bottom panel of Figures 4.12 and 4.13), the semidiurnal wind com-
ponents show different seasonal variations. Maximum amplitudes of EW and NS, for
example, are poorly correlated with repeatable maxima during June, July and with a
secondary maxima during March and October (near 85 km). The EW phase have rapid
transitions in April/May and September/October. The NS amplitudes in contrast, are
maximum from December to February and during June and July. The corresponding
phase undergoes an abrupt retardation by 3 hours in April/May when the amplitudes
are weak and then has a similar advance in August and September. The EW com-
ponent also has a maximum in amplitude in June/July, with a minima in April and
May and another maximum in October/November, although the latter is confined to
heights near 85 km. The EW phase again has rapid transitions in April/May and

September/October.

The monthly height-time contour plots for amplitude and phase of semidiurnal



4.4. RESULTS 133

Vﬁ /l
N
[} B 1
§ £ |a
= =!5‘
"\ hl\&
A L AN A
i ¥ L A N ) 4 A ] o N o
MONTH
Tt | T l_
w '.I
sl - o
i - ‘ 11" - 1
E”;, . i ..,59‘- g-a) el
Wi Lot ;
ARSI
J | NAENET N R A
R R R N T R R I A L
MONTH HONTH
e (L]
3" ")
E |
E o : g Q
[ - - ~
i 2
’ 1m ,\/_\ \A A J\\
Bol- ) ) - 8o !\[: -4
L G L L TF W - W 1 s s o A1
MONTH MONTH

Figure 4.12: Time-height cross section of the amplitude (left) and phase (right) for the
zonal component of the semidiurnal tide at Adelaide (top), Christmas Island (centre)
and Kauai (bottom).
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Figure 4.14: Contours of amplitude and phase of the mean zonal and meridional
semidiurnal tide at Davis.

tide for Davis is presented in Figure 4.14. The first fact to note is that the amplitudes
of the semidiurnal tide are generally larger than those of the diurnal tide which is
expected from the theory since the diurnal tidal modes decay away from the equator.
The amplitudes of the NS component are comparable to those of the EW compo-
nent. The semidiurnal tide reaches a broad maximum between 85-95 km. The phase
structure, below 100 km, shows the classical form of the propagating tide, with the
EW component leading the NS by 3 hours and phase propagating downward. Phase

profiles reveal an annual variation in the vertical wavelength with the shortest values
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(~ 20-30 km) occuring during January and the longest (~ 70-90 km) during winter
time. The short summer time wavelengths may be due to the joint presence of the
(2,6) and (2,7) modes and the longer winter time wavelenghts due to the (2,2) and
(2,3 mode).

4.4.4 Interannual Variability

Strong interannual variability in the diurnal tide has been observed with radars at
Adelaide and Kyoto (Vincent et al., 1988) and on more global scale from from satellite
data (Burrage et al., 1995a). Fritts and Isler (1994) reported large inter-annual vari-
ability at Kauai in October/November. At Adelaide, the variability was particularly
prominent in the monthly mean March equinox amplitudes when the meridional am-
plitudes was about 20 ms™ in March 1984 and over 40 ms™! in March 1985 (Vincent
et al., 1988). Examination of 12-year sequence of data from Adelaide shows an ap-
proximately biennial variation in the amplitude of the diurnal tide, and confirmed
the earlier findings of the strong inter-annual fluctuations in amplitudes in March
and April. This suggests that the diurnal tide may be in some way linked to the
quasi-biennial oscillation (QBO) in zonal wind at the equator.

To test the correlation between the diurnal tide and the phase of the QBO, the
data in each year were partitioned according to the direction of the winds at 30 hpa
level derived from Singapore radiosonde observations. This station being close to the
equator, the annual cycle is small and the series is dominated by a clear, if slightly
irregular, oscillation with an average period of a little over 2 years. Since the period
of QBO varies between 22 and 34 months (Andrews et al., 1987), each year between
1984 and 1995 was classified either as “eastward” or “westward” according to the
predominant direction of the QBO in that year. In years when the change in the wind
direction took place near the middle of the year, the direction around the time of the
March equinox, when the largest interannual variations were observed, was used to
classify the year. Time series of the amplitude and the phase of the diurnal tide at

Adelaide for each year and classified according to the phase of the year are displayed in
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Figure 4.15: Plots of the amplitude (left) and phase (right) of the diurnal tidal am-
plitude at Adelaide at 86 km for years when the zonal mean wind QBO is eastward
(top) and westward (bottom). The thick lines represent the 12-year mean values.

Figure 4.15. Clearly, in years when the QB0 winds are mainly eastward, the diurnal
amplitudes in March/April are always larger than the 12-year average values (thick
line); in years of westward QBO the amplitudes are almost always smaller than the
long term average values. It is noted that this association is evident not only at the
time of maximum amplitude in March/April, but that it carries over to the time of
minimum amplitudes in May/June. However, at other times of the year there is no
clear pattern and little evidence for any correlation with the stratospheric QBO.
Another way of showing the relationship between the zonal mean wind QBO and
the diurnal tide is to compute the residual amplitudes. The residual values were ob-
tained by subtracting the 12-year average value of each 30-day interval from individual
30-day intervals. Figure 4.16 shows the time series of the residual amplitudes of the
NS component of the diurnal tide averaged over the 84-88 km height range, where it

is compared with the 30 hpa radiosonde winds from Singapore. Variations of the EW
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component are very similar. The amplitude time series have been slightly smoothed
by interpolating over short data gaps and by applying a three-point (.25, .5., .25) filter.
The general in-phase relationship between the tidal amplitudes and QBO is readily

evident.

The shorter amount of data available for both Christmas Island and Kauai makes
it more difficult to clearly observe any correlation between the strength of the diur-
nal tide and QBO at these locations, although QBO like effect is observed in Octo-
ber/November (Fritts and Isler, 1994). At Christmas Island there appears to be an
association similar to that found for Adelaide, but only in the zonal wind component.
In March/April and in the period June to August the amplitudes are larger than the
mean in the 4 years when the stratospheric QBO is eastward, while it is smaller than

the mean value in these months in the 2 years when the winds were westward.
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Figure 4.16: Time series of the residual amplitudes of the NS diurnal tide at Adelaide
averaged over 84-88 km height range (solid line and left scale). The dashed line shows
the zonal winds at 30 hpa observed at Singapore (right).
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4.5 Discussion

In this chapter, comparisons between solar tidal parameters measured in the MLT
region at radars located in equatorial (Christmas Island), subtropical (Kauai and Ade-
laide) and high (Davis) latitude locations are presented and compared with simulated
GSWM model described by Hagan et al. (1995) and Hagan et al. (1999a). There
is good agreement with the GSWM95 diurnal tidal model results, especially in the
equinoctial months of April and October. The diurnal tide observed at Adelaide and
Kauai exhibits three amplitude maxima during the year in March, July/August and
October. The EW component at Christmas Island also shows the same seasonal vari-
ation, but the NS component is large between March and August and is weak at other
times of the year. A significant discrepancy is the relatively small meridional ampli-
tudes of the diurnal tide at Kauai, which is situated at a latitude where the amplitude
of the dominant (1,1) propagating mode is expected to be large. At high latitude in
summer hemisphere, the model predictions of amplitudes for semidiurnal tides is very

much different from observed values.

One of the reasons for the discrepancy might be due to the overestimation of the
gravity wave stress effects in the model. The revised gravity wave stress parameterisa-
tion in GSWM98 (Hagan et al., 1999a) account for most of the profound changes and
leads to seasonal variability that is consistent with the diurnal amplitudes observed
in the upper mesosphere and in the lower thermosphere. The updated model values

compare better with the observed values now in some seasons.

The difference between GSWM98 and GSWM95 is that the gravity wave drag
scheme was seasonally constant in the latter. The remaining differences are at-
tributable to mean wind effects which prove to be significant. Our comparisons of
radar winds are valuable for the evaluation of both the versions of the model. There
are locations and seasons when GSWM95 is better and other cases where GSWM98

agreement is an improvement. The agreement between the MF radar data and the
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GSWM depends on the accuracy of the mean winds that the model assumes, the ac-
curacy of the tidal forcing in the model, dissipation parameterizations, and plausible
non-migrating tidal signatures that affect the radar data, but which is not accounted

for in either version of the model (M. Hagan, Personal Communication,1999).

The tidal amplitudes derived from the wind measurements in the MLT regions
using instruments on UARS can be used to compare with the observed values. The
satellite measurements provide a global perspective, although the observations have
a low temporal coverage due to the slow precession of the satellite. Estimates of the
(1,1) diurnal tide made with HRDI from more than three years of data show a strong
semiannual variation in amplitude with maxima in March and October and minima
in December and June (Burrage et al., 1995a). Amplitudes at 95 km at 20° latitude
are much larger than those observed at Kauai, with maximum values ranging between
50 and 100 ms~!, depending on the year. Minimum values are about 20 ms~!. The
phase shows a much smaller seasonal variation, being essentially constant all year with

only a small retardation of a few hours observed near the June solstice.

The HRDI instrument on board the UARS provides a global view of the MLT winds
on a day to day basis. HRDI observes wind speeds in the atmosphere by measuring
the Doppler shifts in the emission bands of molecular oxygen. It can only measure
daytime winds except, at one level around 94 km where a narrow O,('X) emission
layer makes nighttime observations. Khattotav et al. (1997) proposed a new way to
adjust tidal model results to optimally match HRDI data. This method utilizes a
numerical model of the atmospheric thermal tides. The tidal model is solved for the
tidal oscillations in the meridional component. The model simulations are used as a
first guess approximation to the HRDI measured diurnal meridional tidal winds. The
results of the model are then adjusted to give global meridional winds that have a
maximum consistency with the HRDI measurements. The method overcomes the in-
adequate local time coverage due to HRDI only measuring daytime winds between 50
and 100 km, and it makes no assumption about which tidal modes are involved so that

hemispheric asymmetries are readily apparent. HRDI wind data for 1992 and 1993
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were combined to derive a global monthly structure of the meridional diurnal tides in
the MLT region. Maximum meridional winds were observed in the February in the
southern hemisphere subtropics when the amplitudes exceed 70 ms™!, although Khat-
totav et al. (1997) remarked that the large amplitude may be due to the inadequate
sampling and aliasing from other wave motions. Other amplitude maxima appear in
March, July and October, which is broadly in line with the Adelaide observations
(Figures 4.9 and 4.10). The HRDI has observed an amplitude maxima for semidiurnal
tide at 65°S (Burrage et al., 1995b), which is consistent with our observations at Davis.
In the northern hemisphere, maximum diurnal amplitudes occur in the 20-30 degrees
Jatitude band in the months of March and August/September, rather similar to that
observed at Kauai (Figures 4.9 and 4.10).

The WINDII instrument on UARS makes wind measurements in the thermosphere
(90-300 km) by measuring the Doppler shifts of naturally occurring atmospheric spec-
tral features (Shepherd et al., 1993). The observed emissions include those from OH,
0,3, and O (15) in the lower thermosphere and O (15), O (*D), OF (' P) in the middle
atmosphere. McLandress et al. (1996a) discuss tidal estimates from WINDII observa-
tions. To overcome the lack of adequate local time coverage, the data were grouped into
overlapping 2-month intervals for the years 1992 and 1993. At 20°N the tidal winds
maximised in March and September/October in the meridional wind component and
in March and August/September in the EW component. Maximum amplitudes are
attained near 95 km and in March show values greater then 60 ms™ for the NS winds
and greater then 35 ms~! for the EW component. The phase observed by WINDII at
20° shows an annual variation similar to that observed at Kauai. The diurnal ampli-
tudes at 35°S also maximise in March and October, with peak values above 35 ms™
in both wind components. The altitudes of maximum amplitude (~ 90-92 km) are
somewhat lower than at 20°N. The phase of the EW wind component also tends to
show an annual variation with the phase advancing from summer to winter in a similar

manner to that observed with the Adelaide MF radar. However, the phase of the NS

component does not change very much and, if anything, tends to retard in going {from
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summer to winter. Recently, Shepherd et al. (1999) have reported the tidal analysis
of WINDII mesospheric temperature observations. The observed vertical wavelengths
(~ 30-40 km) at Davis (68°S) during January solstice are in very good agreement with
vertical wavelengths corresponding to (2,5) and (2,6) modes for semidiurnal tempera-

ture tide at high latitudes in the mesosphere predicted by WINDII observations.

There are many difficulties associated with these instrumental comparison studies
because no “truth” exists with which to make comparisons. Comparisons with satellite
measurements will involve longitudinal and latitudinal averaging due to the orbit of
the satellite (Khattotav et al., 1997). The adjustments techniques as described by
Khattotav et al. (1997) cannot adequately describe the tides at the equator due to the
wide latitudinal bins used for gridding (10°) and at high latitudes due to the scarcity
of the HRDI data. However, there are tidal estimates from meteor observations made
at Christmas Island against MF radar observations which can be compared. Chang
and Avery (1999) report that the diurnal tidal estimates made with meteor echo
detection system and collection (MEDAC) technique for April 1996 agree with the
MF radar and GSWM profiles better. This consistency is an improvement on the
1

earlier Christmas Island studies in which the meteor amplitudes were 20-50 ms™

larger than those measured by the MF radar and predicted by the GSWM.

GSWM compares less well with the observed semidiurnal tidal amplitudes and the
phases. The measured amplitudes tend to be larger than the model results, especially
at heights below 90 km. The observed vertical phase structure is quite well reproduced
in the model for the equatorial and high latitudes. The absolute phase differs by
several hours from observed values. Near 95 km, there is good agreement between the
tidal phases inferred from HRDI/UARS data at 40°S and the corresponding values
at Adelaide. WINDII observations averaged round a latitude circle 35°S show good
phase agreement, both in absolute values and vertical structure with the Adelaide
observations in the 90-100 km height range (McLandress et al., 1996a). However, while
both the Adelaide and WINDII observations show an annual cycle in amplitudes, the

maximum amplitudes occur at different times. WINDII finds maximum amplitudes in
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excess of 25 ms™! in the February to April period in the NS component at the equator.
At Adelaide, in contrast, maximum amplitudes occur around the December solstice
and are no more than 25 ms™! in magnitude. McLandress et al. (1996a) also find an
annual cycle in amplitude in the NS component at the equator with the maximum
values in June/July, which agrees with the Christmas Island observations. Again,

however WINDII values are more than twice as large as the radar amplitudes.

An interesting aspect of the present study is the strong inter-annual variability that
is evident in the diurnal tide. The effect is strongest at Adelaide at the March equinox.
Comparisions with the QBO in the zonal winds in the equatorial middle atmosphere
show that the amplitudes are larger (weaker) than the 12-year average at Adelaide in
the years when the winds are predominantly (eastward) westward. These findings are
not dissimilar to the QBO-like variations in the strength of the mesospheric semiannual
variations (MSAQ) in zonal winds (Burrage et al., 1996a; Garcia et al., 1997). Radar
and satellite observations show that westward winds in the equatorial mesosphere,
which occur at the equinoxes, are stronger (weaker) than the long term average when

the QBO is eastward (westward).

The causes of tidal variability are not well understood, but among the possibilities
for the QBO are the changes in the background atmosphere, and changes in dissipation.
Hagan (1996) used the GSWM to study the comparative importance of different heat
sources and found that absorption of the solar infrared radiation in the troposphere
was the dominant source. Absorption of ultraviolet radiation in stratospheric ozone
acts in an out-of-phase manner to suppress the diurnal tidal amplitude in the MLT
region, although the phases are insensitive and are determined primarily by the water
vapour forced component. Although the QBO has been observed in the total ozone,
the variation is complicated and not always well defined, with different phases at
equatorial and subtropical latitudes (Hasebe, 1983). How the QBO would manifest
itself in the tidal field in total ozone is not clear. One possible way is through the
changes to the ozone profile caused by changes in the sense of vertical advection, which

“stretch” and “compress” tracer profiles during different phases of QBO (Andrews
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et al., 1987). These would produce changes in the amount of interference between the

ozone-generated tide and that generated by water vapour.

Numerical experiments discussed by Burrage et al. (1995a) using the GSWM95
showed that the amplitude of the diurnal tide in the MLT region is comparatively
insensitive to the changes in the background atmosphere. Modelling studies show that
the QBO variations in the mesospheric oscillations appear to be caused by selective
filtering of small-scale gravity waves by the underlying winds (Burrage et al., 1996a).
Variations in mesospheric gravity wave fluxes and dissipation on QBO timescales would
cause changes in tidal amplitudes on similar timescales. The diurnal tide, with its
short wavelength at low latitudes would be expected to be particularly affected. It
is intriguing that the variations in the QBO like variations and the MSAQO are so
similar; the tidal amplitudes are largest, and vice versa. This suggests some link
between these two phenomena. One possibility is that the momentum deposition by
the dissipating diurnal tide causes a westward acceleration of the zonal winds, with
the semiannual variation in the wind field. The analysis of Lieberman and Hays (1994)
suggests, however, that tidal dissipation effects are only evident above 90 km, whereas
the MSAO peaks at 80 km. Recently, Hagan et al. (19995) in the latest numerical
experiments, report that the observed tidal variability in the upper atmosphere arises
due to the tropospheric latent heating source associated with convection at long-term

variation in tidal dissipation.

Although satellite and MLT winds show typical tidal behaviour, some significant
differences are observed between satellite and radar data. Khattotav et al. (1996)
determined that the HRDI/UARS diurnal winds were approximately two times larger
than the MF winds at Christmas Island. They proposed that these differences may be
due to the temporal and spatial averaging, the presence of longitudinal irregularities in
the wind motions, as well as the short time variability of wind motions such as tides.
It is specially noteworthy that the amplitudes derived from the radars are smaller than
the satellite values, especially for the diurnal tide and especially above 90 km. In part,

the differences is caused by the fact that the HRDI and WINDII analyses have focused
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on data taken in the years 1992-1993. These are the years when the diurnal tide was
larger than average and therefore the satellite climatologies do not reflect the strong

inter-annual variability that has been demonstrated.

Another potential explanation for the difference between satellite and radar ob-
servations is the presence of strong non-migrating tidal components. Satellite mea-
surements provide a global perspective, albeit with limited temporal resolution, while
a radar provides excellent temporal resolution of the tidal fields, but only at one lo-
cation. The tidal field at the location results from a superposition of migrating and
non-migrating components. The possible influence of non-migrating tidal modes in
the MLT region is only starting to be measured and modelled better now. Khatto-
tav et al. (1996) estimated the non-migrating modes may have amplitudes of up to
30 ms~!. Williams and Avery (1996) examined the global distribution of latent heat
release by diurnal oscillations in deep convective clouds to investigate the generation
of diurnal non-migrating modes. They concluded that a number of non-migrating
modes are likely to be important in the mesosphere. Hagan et al. 1997a; 1997b
found that the non-migrating components forced by latent heating associated with
deep convective activity modulated the migrating diurnal amplitude and contributed

! increase in the longitudinal variability of the tide in

up to an approximate 10 ms™
the mesosphere and lower thermosphere. These results may have particular relevance
to the Kauai data, which give significantly smaller amplitudes than either the GSWM
values or HRDI/WINDII measurements for latitudes near 22°. Modelling and obser-
vational studies reported by Hagan et al. (1997a) show the longitudinal variability of
the diurnal oscillations could be attributed to the presence of non-migrating compo-
nents of the tide and that these components reduce the migrating diurnal response
in the mesosphere and lower thermosphere over the Pacific sector. Temperature mea-
surements made in Hawaii Airglow (ALOHA-93) campaign show large temperature
perturbations on a diurnal time scale (Dao et al., 1995). The significance of this ob-

servation is that the temperature perturbations associated with the dominant (1,1)

mode at the latitude 22° should be very small. Non-migrating modes are a possible
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cause of these large temperature fluctuations, although they may also be due to the
tide/gravity wave interactions.

Instrumental factors are another source for the differences observed in the tidal
parameters. Inter-comparisons between winds measured by HRDI and MF radars
show that MF radar winds tend to be smaller than the satellite values (Burrage et al.,
1996b). Inter-comparison between colocated MF and meteor radar systems showed a
similar difference below 90 km. Cervera and Reid (1995) presented possible reasons
for the discrepancies, which included the saturation of the MF receivers, the presence
of fluctuations due to gravity waves or turbulence, the detection of meteors through
antenna beam side lobes, and the constraint of meteor trials along electric field lines.
They determined that the latter two reasons would contribute no more than 5-7 ms™!.
A reappraisal of the spaced antenna technique as applied at MF showed that the
wind speed can be underestimated if the radar echoes are saturating or “clipped”; a
situation which occurs if the receiver gains are too high (Vincent et al., 1995). Some
of the rejection criteria used in the spaced antenna analysis programs are likely to
lead to lower mean wind values. High receiver gains were a factor in all the MF radar
systems used in this study; a situation that was likely to cause signal saturation at
heights above 90 km. It was in the year 1996 that their operating parameters were

changed to alleviate this instrumental factor.

4.6 Conclusions

The climatologies of tidal parameters presented here are derived from many years of
data taken in equatorial, subtropical and high latitude MLT regions, and show both
good and poor agreement with the GSWM. These results may help to improve the
model, especially for the semidiurnal tide. While there is considerable consistency in
the phase of the diurnal tide from one year to the next, the long record of observations
shows a strong inter-annual variability in amplitudes, especially around the time of the

March amplitude maximum. The cause of this inter-annual variability, which appears
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to be linked to the QBO in the zonal winds in the equatorial stratosphere, is not clear.
Some of the differences found with the satellite-derived tidal amplitudes above 90 km
may be due to a number of factors, both instrumental and geophysical. The role
of non-migrating components is especially uncertain. The causes of tidal variability,
both spatial and temporal, will become clearer as the radar network expands and more

long-term observations are obtained.
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Chapter 5

Short-Period Global Oscillations

5.1 Introduction

Atmospheric normal modes can be categorized into various forms, namely, Rossby
modes, mixed Rossby-gravity wave modes and Kelvin modes. Numerous observa-
tional studies (Madden, 1978; Ahlquist, 1982; Hirota and Hirooka, 1984; Manson
et al., 1978; Salby, 1981b) have identified normal mode structures in the atmosphere.
Prominent among the modes that have been reported so far are the three gravest
modes of wave number 1 (the 5-day, 10-day and the 16-day wave), the gravest mode
of wave number 2 (the 4-day wave), the mixed Rossby-gravity wave mode of wave
number 3 (the 2-day wave). Also, the spectral analysis of MF radar wind measure-
ments (see Chapter 3) from globally separated latitudes provides further evidence of
atmospheric free oscillations (e.g. 2-day wave).

The response of these oscillations are affected in a real atmosphere which is non-
isothermal and dissipative. The MLT region is subjected to forcing by solar radiation
absorption, Joule heating, energetic particle precipitation and gravity wave momen-
tum deposition over a wide range of spatial and temporal scales. The region is also
characterized by large horizontal winds and dissipation in comparison to lower at-
mosphere. As noted by Meyer and Forbes (1997b), on the basis of numerical exper-

iments, the thermosphere-mesosphere region supports the Lamb waves with periods
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close to the gravitational modes. There is increasing evidence that the Lamb waves
exists with substantial amplitudes in the MLT region (Hernandez et al., 1996; Forbes
et al., 1999b; Palo et al., 1998; Portnyagin et al., 2000).

In this chapter a view of the Lamb modes or short period normal mode oscilla-
tions (with periods between 6 and 11.5 hours) in the MLT region over Davis and
Adelaide is presented, with particular emphasis on the amplitudes and the life-time of
the wave events. Typically, the Lamb waves identification in this study is based on en-
hanced spectral power and global coherence for the propagating planetary waves near
the appropriate normal mode frequencies, consistent with the theoretical predictions

(Salby, 1981a; Kasahara, 1976).

5.2 Data Analysis Techniques

The data used in the present study were collected by MF radars located at Adelaide
(35°S, 138°E) and Davis (68°S, 78°E). Details of the wind measurements are already
described in Chapter 2.

Long period waves were the focus of Chapter 3. Periods of the oscillation discussed
were generally longer towards the equinoctial months and shortest toward the mid-
winter. The purpose of this chapter is to elucidate the short period oscillations, so the
data is analyzed by several means. First, the power spectral techniques are applied to
hourly averaged wind measurements to detect the prominent peaks in the signal. The
spectral estimates for the zonal and meridional winds are based on the mean spectra.
The mean spectra at four heights (86-92 km) and for every 40-day data segment are
computed and then averaged in a manner analogous to that described in section 3.3.
The reason for averaging many individual spectra together is to reduce the variance
about the spectral estimate (see section 2.6.4). The 95-percent confidence level for the
estimated spectrum is described as the chi-squared random process with 2n degrees of
freedom where 'n’ represents the number of independent spectra which were averaged

to arrive at mean spectra.



5.3. RESULTS 151

To identify the presence of spectral peaks corresponding to the non-stationary
events, the moving power spectrum technique is employed (see section 2.6.5). The
moving power spectra are computed for 20 days of hourly averaged data and then slid
by a day such that there is a 19 day overlap between consecutive periodograms. In
this way, the seasonal variation of a wave component is studied. An alternative way of
detecting the transient events is by wavelet analysis. This technique is also applied to
study the temporal behavior of the wave events during specific period of observations.

The results and the summary of the analysis are presented in sections 5.3 and 5.4.

5.3 Results

5.3.1 Power Spectra

Figure 5.1 shows the mean power spectral density of zonal and meridional winds
measured at Davis and Adelaide for the period January 1994—June 1999. A sufficiently
large number (~ 200) of data segments were used in the estimation of the mean spectra.
Hence the number of degrees of freedom associated with each spectral estimate are
very high. The 95% confidence interval for the estimated power spectrum is shown
in the upper right hand corner of Figure 5.1. The spectral resolution for a 40-day
data length is of the order of 0.025 cycles per day. The mean zonal spectra (solid) of
Davis and Adelaide are characterized by prominent peaks at 24, 12, 8, 6, and 4.8 hr.
However there is a difference in the magnitude of the semidiurnal component relative
to the other tidal components. The strongest spectral component is at Davis while at
Adelaide the diurnal tide is the dominant component. The mean spectra of meridional
winds (dotted) at Davis and Adelaide also show prominent peaks at 24, 12, 8, 6, and
4.8 hr. The observation of the largest semidiurnal peak at Davis in both the wind
components, is in agreement with the theory (Longuet-Higgins, 1968). The distinct
feature to note in these spectra are that the diurnal and semidiurnal peaks are sharper

at Davis than at Adelaide. At frequencies higher than dominant tidal motions, the
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Figure 5.1: Frequency spectra of hourly averaged zonal (solid) and meridional (dotted)
wind averaged between 86 and 92 km at Davis (top) and Adelaide (bottom). Confi-
dence limits at 95% level are indicated in the figure. The straight solid line has a slope
of -5/3 for reference purposes.
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frequency spectra of Davis and Adelaide have slopes near ~ -5/3, (shown by diagonal

line) suggesting the gravity wave continuum.

5.3.2 Seasonal Variations

The seasonal dependence of the wave activity in the zonal and the meridional wind
components is studied from the moving power spectra with a window of 20 days and
averaged over 4 heights (86-92 km). The results are presented in the form of contours
of power spectral density on a grid of the day of the year and frequency. The behavior
of the wave activity is depicted in the frequency range 0.1 to 4.0 cpd, this would
correspond to wave periods in the interval 10 days to 6.0 hours. Figure 5.2 represents
the frequency content of the zonal and the meridional wind fields at Davis as a function
of time.

Clearly evident in Figure 5.2 is the weak diurnal component and the strong semid-
iurnal tide, although highly variable in amplitude, during the entire period of obser-
vations. Variability of the semidiurnal and diurnal tide has also been reported by
other Antarctic radar studies (Greet et al., 2000; Charles and Jones, 1999; Portnyagin
et al., 1998). During winter and summer months there is an increase in the wave ac-
tivity for periods shorter than the semidiurnal tide. The contours also show the waves
with different periodicities that appear at different times and often change.

Figure 5.3 shows moving power spectra of zonal and meridional winds at Adelaide
for the time interval January 1994-December 1997. The broad yellow bands over all
frequencies are where data are missing. The maximum spectral densities are clipped
to be less than 1.0 x 108 m?~2Hz™!. What is clearly evident in this Figure 5.3 is
the dominance of the diurnal tide and semidiurnal spectral components. During the
solstitial months, the wave activity increases for periods shorter than 12 hours. The
spectral peak at 8 hr (3 cpd) shows marked enhancements in Fall/Spring conditions.
Earlier radar studies (Taylor et al., 1999; Thayarapan, 1997; Teitelbaum and Vial,
1989) established that this oscillation is an almost permanent feature of the mid-

latitude wind field at MLT heights. The diurnal and semidiurnal components are
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Figure 5.2: Moving-window power spectra of zonal and meridional winds for Davis for
the period April 1994 to October 1999. The colour bar indicates the power spectral
density in units of m? s72 Hz~!. The label on the time-axis denote June and December

months.
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so strong at Adelaide, that the oscillations in the 8-11 hours are hardly noticeable.
However, during the July months, some weak peaks with varying periods can still be

noticed in the 6-12 hour range.

5.3.3 Case Studies

Since oscillations at periods shorter than 12 hours show more variability during solsti-
tial months, the behaviour of these waves is further examined with special attention de-
voted to summer (z.e. December,January,February) and winter (3.e. June,July,August)
months.

As in the mean spectra, the periodograms were computed to estimate the spectral
amplitude of the transients in the data set. The wave oscillations were analyzed for
four heights (86-92 km) and were then averaged over these heights. Further averaging
was done over three summers and four winters to increase the confidence level of the
oscillation at the required period. Since the observations at Adelaide for the year 1996
commenced from May, only three summers were available in the period 1994-1997.

An example of this type of analysis is illustrated in Figure 5.4. The left and right
columns show the summer and winter month periodograms for the zonal winds at
Davis (solid) and Adelaide (dotted). These diagrams have been arranged to allow
the comparison of the zonal and meridional spectral amplitudes between Davis and

2 and

Adelaide. The ordinates of the power spectra have the dimensions of mZs~
the square root of the spectra may be used to estimate the amplitudes of any pure
sinusoidal oscillations present in the data analyzed.

A range of discrete periodicities present in the frequency range 0.06 to 0.22 cph!
(period between 4.5 and 16.0 hours) are evident in Figure 5.4. The largest peak in
Figure 5.4 corresponds to the semidiurnal tide. During December and January, the
dominant peaks observed at Davis are ~ 11.4-h, ~ 8.7-h and ~ 7.2-h. Similarly at

Adelaide, peaks occur near 13.2 hr, 9.6 hr and 8.3 hr. More prominent, however, is

the presence of ~ 10.4-h peak at Davis and Adelaide in February. In the winter

leycles per hour
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months, the significant periodicities in the zonal wind data are ~ 7.2-h and 6.0-h at
Davis. Similarly ~ 9.6-h and 8.0-h oscillations are dominant at Adelaide. Again, at
the period near 10.4 hr, the spectral peak is simultaneously observed at Davis and
Adelaide. The mean amplitudes of the observed peaks in the period 7.0-11.5 hours

are approximately 15 + 5 ms™*.

A second example of the same analysis is illustrated in the Figure 5.5 for the
meridional components at Davis (solid) and Adelaide (dotted). During summer, the
dominant peaks occurring at Davis and Adelaide are ~9.6-h, ~ 10.0-h and ~ 13.3-h.
In January, the meridional spectra at Davis and Adelaide show a marked enhancement
near 11.2 hr, and the amplitude at Davis is as large as 18 ms™*. In February, the Davis
and Adelaide spectra show a distinct peak at 8.6 hr and 10.0 hr. Other oscillations
observed at Davis, during winter time in the short period band are, 13.2-, 11.2-, 10.2-,
9.6-, 8.6-, 7.2-, and 4.8-h. The important point to note at these locations is that
oscillations with periods greater than 12 hours (e.g. ~ 13.2-h) exist also in winter

months.

In order to study the degree of coherence of these oscillations, cross-spectra were
taken using the zonal (meridional) winds at each location. Attention was limited to
summer and winter solstices and the analysis was performed with 10-day overlapping
intervals. The mean cross spectra were computed in a similar manner to the mean
power spectra as described above. The complex amplitudes were first averaged over
all segments and then averaged over 86-92 km. The three summers and four winter
average cross-spectral amplitudes between Adelaide and Davis are presented in Fig-
ures 5.6 and 5.7 in terms of squared coherence. Figure 5.6 shows the analysis results
of the zonal component for the frequency range from 0.06 to 0.22 cph (~ 4.5-16.5
hours). The 95% significant levels are indicated by a dotted line. The significant lev-
els appear different for summer solstices because, as explained previously, only three
summer months were available and so there were fewer degrees of freedom available
when compared to winter solstices. The zonal winds at Adelaide and Davis show

strong coherence at periods near 8.0 hr and 5.7 hr in January, 10.4 hr and 5.1 hr in
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February. Other examples of strong coherence are near the periods 4.5 hr and 8.6 hr in
June, 9.2 hr and 8.6 hr in July, and 10.2 hr in August. In all the cases, the coherence
squared is greater than 0.3 (above the 95% significant level). The coherence squared
of meridional winds at Davis and Adelaide is depicted in Figure 5.7. The meridional
winds show strong coherence near the periods 10.8 hr, 8.0 hr and 7.2 hr in December,
10.2 hr, 8.0 hr, 6.0 hr and 5.7 hr in January, 11.4 hr and 5.1 hr in February. In winter
months, the dominant oscillations appear near 6.0 hr, 5.1 hr, 4.8 hr. Again the peak
amplitudes of the observed periods are generally limited to less than 15 ms™'. The
cross-spectral analysis results suggest that the oscillations in 7-11 hours are global

and sporadic in nature.

5.3.4 Wavelet Analysis

In previous sections the seasonal and spectral characteristics of the planetary waves
in the 8 hr to 10 day range were discussed. Clearly evident was the semidiurnal and
diurnal tide for most of the year. Embedded in this structure, in winter months,
transient events for frequencies greater than 2 cpd (< 12 hour) which have lifetimes of
~ 2-5 days are observed. In order to detect these high-frequency signals present within
the low-frequency phenomenon, wavelet analysis is found to be useful. The advantage
of this method is its direct connection with spectral Fourier transformation, and this
allows the investigation of each component with a resolution matched to its scale. In
principle, a wavelet transform (WT) provides a flexible time-frequency window that
automatically narrows when focusing on high frequency oscillations and widens on
the low frequency background, in a manner analogous to a zoom lens. A detailed
description of the wavelet analysis is given in section 2.6.6.

In this section, some examples of the wavelet transform applied to our MF data is
given. The objective of the wavelet analysis has been to identify the spectral peaks
of the non-stationary events during the winter months at each location. The data
analyzed are hourly averaged horizontal wind measurements at Davis for June 1995

and Adelaide for August 1995. These periods are specifically chosen because earlier



5.3. RESULTS 161

SUMMER WINTER

Period (hr) Period (hr)
125 (0 83 7.1 82 65 5.0 125 10 83 7.1 62 55 5.0
0.70F ¥ v v T T T : 0.70F T T ¥ v T - T
0.80f 0.60
s Dec v Jun
2 0.50f 2 0.50
¢ g
2 0.40 £ 0.40F E
g ¥
g 0.30 E 0.30
5 0.20 5 o0.20
& & _
0.10 0.10
n
0.00 0.00 X, L P
.08 00 12 4 18 18 .20 .08 .10 12 .1 .18 A8 .20
Frequency (cph) Frequency (cph)
Period (hr) Period (hr)
125 10 83 7.1 6.2 55 5.0 125 10 83 7.1 6.2 55 5.0
0.70 T v v 0.70 T T + - v T T
0.60 0.80F
¢ s Jul
£ 0.50F £ 0.50F
g £
£ 040 2
: :
= 0.30 b
4 g
3 0.20 i
& &
0.10
0.00%
.08 .10 .12 .14 .16 .18 .20 .08 .10 .12 .14 .16 .18 .20
Frequency (cph) Frequency {cph)
Period (hr) Period (hr)
125 10 83 7.1 6.2 55 6.0 125 10 83 7.1 62 55 5.0
0.70 T T T r v . 0.70 v v T - - v T
0.60 0.60F
: :
£ 0.50F § 00
£
- 0.40 z 0.40
: :
b 0.30 3 0.30
L] 13
3 .20 5 o0
& &
0.10 nig
oook"l. & . - 0.00 ¥, L B ke M Ao\
.08 .10 .12 .14 .16 .18 .20 08 .10 12 .14 .18 .18 20

Frequency (cph) Frequency {cph)
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studies (Forbes et al., 1999a) have suggested the presence of multiple oscillations in
the period range 6-11 hours. Before applying the WT, the time series were filtered
using a band pass filter. This filtering extracted the periods from 5 to 50 hours.
The filtered time series were then zero padded on both sides to avoid wrap-around
effects. The padded data series is then Fourier transformed and, for each scale a of
interest, multiplied by the Fourier transform of the scaled mother wavelet. Inverse
Fourier transforming and unpadding yields the complex wavelet transform W(a,b).
The WT modulus is used to analyze the wind speed of the intradiurnal events. The
wavelet modulus obtained for each height is then averaged to get the mean wind speed
in ms™. In subsequent figures, the time scale is converted to the oscillation period

corresponding to a given scale.

Figure 5.8 depicts the WT modulii for the average wind speed of the intradiurnal
wave events in the zonal and meridional wind measurements at Davis station for June
1995. The zonal wind component at Davis (68°S) shows a number of oscillations with
periods in the range 8.0-16 hours occurring between June 1 and June 5, with each
event lasting for a short time. The larger oscillations at other times correspond to the
semidiurnal tide. In the meridional wind field, a wave exists near 7.5 hr and then shifts
to about 9.6 hr on June 22. Similar wave events, during June 1995, were reported in
meteor radar observations at 88°S (Forbes et al., 1999a). Also, an 8.6-h oscillation on
June 10 and near 10.4-h oscillation on June 12 is evident in the meridional wind field.
The events observed in the meridional component at 10.4 hr and 8.6 hr are close to
periods observed over the South Pole (Hernandez et al., 1995; Hernandez et al., 1997).
In addition, the results of meteor radar wind observations (Merzlyakov et al., 1999)
at Molodezhanya (68°S) show the presence of significant intradiurnal oscillations with
characteristic periods between 9.6 hr and 11.1 hr, very close to the intradiurnal periods

observed at Davis. The meridional component also shows similar oscillations near the

periods 10.0 hr and 11.1 hr.

Additional examples of the intradiurnal wave events for Adelaide during August

1995 are presented in Figure 5.9. At Adelaide the diurnal component is the most
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Figure 5.9: Same as Figure 5.8, but for Adelaide during August 1995.
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dominant oscillation present for almost the entire period of observations. There are
several other oscillations observed in the zonal wind field, such as ~ 7.3-h which peaks
between August 6 and August 8, ~ 9.6-h which peaks between June 21 and June 23,
and ~ 10.0-h which peaks between June 25 and June 27. Similarly the meridional
wind shows significant oscillations at periods near 7.5 hr, 9.6 hr, 10.4 hr. All these
oscillations have the life-time of approximately 2-4 days.

From the wavelet transform results, the significant periods common to Davis and
Adelaide are found to be 10.4+£.2 hr, 8.6+.4 hr and 7.64.5 hr. The peak amplitudes of
these oscillations are limited to 15+ 5 ms™!. The results, once again, have confirmed
our previous findings that oscillations in the 6-11 hours band are not constant, and

that the variations occur both in period and amplitudes.

5.3.5 Vertical Wavelength

The moving power spectra and the wavelet analysis have revealed several transient
fluctuations in horizontal winds occurring at Davis and Adelaide. Also, the cross-
spectral analysis of winds have shown some similar and dominant wave oscillations
present in the intradiurnal (6-11 hour) range at each location. The pioneering works of
Hernandez et al. (1995) and Forbes et al. (1999a) and Portnyagin et al. (2000) suggest
that these oscillations have very long vertical wavelengths (~ 100 km). By comparing
the individual wind oscillations of a specific wave event as a function of height it is
possible to determine the approximate vertical wavelength. Here we give two examples
which illustrate the long wavelength behaviour of intradiurnal oscillations.

Figure 5.10 displays the amplitude of the zonal wind at 86, 90, 94 and 98 km.
Overlaying curves are sequentially displaced upward with respect to one another by an
order of magnitude, starting from the lower curve between the 84-98 km height region.
The data were bandpass filtered with a bandpass between 0.12 cph and 0.086 cph
(periods between 9.2 and 11.6 hr). The top panel shows the ~ 10.2-h wave events
at Davis for June 1995 and the bottom panel shows the similar wave event observed

at Adelaide during August 1995. The interval between horizontal lines indicates the
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Figure 5.10: Time series of hourly averages at Davis and Adelaide at heights 86, 92,
94 and 96 km. Zonal winds at Davis for the period June 1, 1995 to June 10, 1995 (top)
and zonal winds at Adelaide for period 12 August, 1995 to 22 August, 1995 (bottom).
Time series are band passed with a filter centered on 10.2 hours.

estimated duration of the event.

At Davis there are approximately five oscillations occurring between June 3 and
June 5, and the amplitudes gradually build up and then slowly decay. The wave
amplitude at Davis increased from 12 ms™! at 84 km to 18 ms ~! at 94 km. The
bottom panel of Figure 5.10 shows the time series at Adelaide for August 1995. The
event lasted for about 4-5 oscillations (~ 2 days). At Adelaide the maximum amplitude
of 15 ms™! were attained at 90 km. The change in phase with altitude (i.e.,~ one hr

between 86-94 km) indicates a very long vertical wavelength of ~ 100 km.
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The ~ 7.2-h wave observed at Adelaide and Davis shown in Figure 5.11 represents
the time series of the meridional winds measured at four heights. The data were
bandpass filtered between 0.16 and 0.12 cph (periods between 6.3 and 7.9 hours).

Lat

The maximum amplitude of oscillations reached to 14 ms=! at Davis and 12 ms™
Adelaide. The duration of the wave events observed at Davis is longer than Adelaide,
about 2 days. The amplitude of the wave at Davis grows from about 10 ms~! at 84 km
to 14 ms™! at 98 km to + 10 ms™! at 94 km. At Adelaide, maximum amplitudes
of 10 ms™! are observed at 90 km. The downward phase tilt with upward packet

propagation is recognizable and like the 10.4-h oscillation, the ~ 7.2-h oscillation



5.4. DISCUSSION 169

has a vertical wavelength of about 100 km. The vertical wavelength of ~ 10.4-h
oscillation at Davis, is in close agreement with the findings of Merzlyakov et al. (1999)

at Molodezhanya (68°).

5.4 Discussion

Hourly wind observations from MF radars situated at Davis and Adelaide were used
to study the behaviour of wave events in the period range 5 to 24 hours. The prime
objective of this study has been to examine latitudinal variation of the spectral content
of the time series of winds in the mesosphere and lower thermosphere.

Mean frequency power spectra have shown that the semidiurnal tide dominates the
dynamic structure of the upper mesosphere and lower thermosphere (80-100 km) at
Davis. The diurnal tide is found to have a large value of amplitude comparable with
the semidiurnal component at Adelaide. At periods shorter than 12 hours, the spectra
of winds over Davis and Adelaide show 12-, 9.6-, 8.6-, 8.0-, 7.2-, and 5.1-h oscillations.
Moving window power spectra and wavelet analysis show that the semidiurnal tide is
a prominent and almost continuous feature of horizontal winds in the high latitude
region. The oscillations in the 7-11 hours period range are more transient, having
life-times of ~ 2-4 days. The largest activity of such oscillations occur in solstitial
months. Cross-spectral analysis of horizontal winds between Davis and Adelaide show
a high degree of coherence in the 7-11 hours period range.

There is enough experimental evidence which suggests that winds and temperatures
in MLT region show short period oscillations similar to those reported here. Hamilton
and Garcia (1986) identified several short period oscillations corresponding to zonal
wavenumber one and two in long pressure records. Hernandez et al. (1993) reported
wave oscillations with periods of 10.1 and 12.2 hr in both the South Pole optical OH
emission and at Scott Base (78°S) observations. Hernandez et al. 1992; 1995; 1996
concluded that the nature of oscillations near 10 hr is a normal mode of wavenumber

one. This conclusion was based on the estimation of the vertical wavelength of this
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oscillation, found to be 100 km, from the Scott Base observations and identification
of this oscillation at the South Pole. Large oscillations with periods of 12 hr have also
been reported at the South Pole by Forbes et al. (1995b) from meteor wind data (near
95 km) . Recently, Forbes et al. (1999b) and Portnyagin et al. (2000) have also reported
oscillations of 5-15 ms~! with periods between 7.5 and 10.5 hours propagating to the
west with zonal wavenumber one and having vertical wavelengths in excess of 100 km.
The results were obtained from the meteor data near 88°S along the four longitudinal
meridians at an altitude of ~ 95 km. The wave events usually lasted for 2-3 days
and often the periods shifted from one event to the another. Waves with period 8-11
hours have been reported earlier in temperature data at 37°S by Reisin and Scheer
(1996). In addition, Merzlyakov et al. (1999) have reported 7.5-17 hour oscillations
in the meteor radar data from Moldezhnaya (68°S) at ~ 87 km. The results of our
analysis for Adelaide and Davis, thus confirm the above findings, and it seems that

such features are common to MLT region.

Several mechanisms have been proposed to explain these short period features at
high latitudes in the MLT region including the realisation of normal modes, non-
linear interaction between multiple waves and the effects of gravity wave deposition.
Manson et al. (1987), and Manson and Meek (1990) reported periods of 6, 8, and
10 hr from MF radar observations in the mesopause region and attributed this to the
tidal harmonics and non-linear interactions of the two day wave and semi-diurnal tide.
Forbes et al. (1995b) attributed the 12-h oscillation to a non-linear interaction beween
semidiurnal tide and stationary wave with s = 1. Walterscheid and Sivjee (1996)
identified the periods in 3-12 hours in the airglow and temperature data at high
latitude and interpreted these periods as the manifestation of ‘psuedotides’ driven by

gravity waves.

Another potential explanation for the dynamic phenomenon associated with the
observed wind oscillations at high latitudes was put forth by Hernandez et al. (1992).
These authors noted that the meridional wind field corresponding to the zonal wave

number s vary as sin®~! § near the pole (where 8 is the colatitude), so that the only



5.4. DISCUSSION 171

meridional oscillations supported near the pole are s = 1. Later, Forbes et al. (1999a)
showed that the more general dependence of the zonal and meridional wind components
is ssin®~! §, and all wind oscillations become zero for s > 1. The result provided by
these authors is more general, which accounts for the zonally symmetric oscillations.
In addition, their results explain the difference in wind amplitudes for westward and
eastward propagating waves of the same zonal wavenumber, with periods near 12
hours. This means that the intradiurnal oscillations cannot be migrating tides with
periods T' = 12, 8, and 6 hours with corresponding zonal wavenumbers s = 2, 3, and 4.
In fact the intradiurnal oscillations can be produced by non-linear interaction between
other waves, for example, the interaction of the 2-day wave (s = 3) and semidiurnal
tide (s = 2) produces a 16-h oscillation that is eastward propagating with s =1, and a
westward propagating s = 5 oscillation with a period near 9.6 hr. As noted by Forbes
et al. (1999a), these waves defy the conditions, that the wave periods lie between
7-11 hours, and the oscillations propagate westward with zonal wavenumber. It is
worthwhile noting that the oscillations in the period range 7 to 11 hours are detected
in our observations, and if it is assumed that these oscillations correspond to zonal
wavenumber one, then we may conclude that the non-linear interaction is not the
only mechanism which gives rise to the observed oscillations. In addition, the brief

life-times of these wave events cannot be attributed to the solar-forced tides.

The only possible interpretation for these oscillations was suggested by (Hernandez
et al., 1995), namely, that such waves represent signatures of the gravitational class
of normal modes or Lamb waves (see section 1.4.2). According, to (Longuet-Higgins,
1968), for an equivalent depth, k, = ~ 10 km the normal modes of the ‘gravitational’
type exist in the 6-11.5 hours period range, for zonal wave number s =1, which
are westward propagating. Lindzen and Blake (1972) have shown that for the re-
alistic distribution of temperature and dissipation Lamb-like waves do exist, which
may dominate the atmospheric response to the various lower atmospheric excitations.
The equivalent depth for these waves is 9.95 km. Then from Figure 1.6 (see lower
panel), the following periods 10.4-h, 8.6-h and 7.2-h with meridional indices, 1, 2, 3
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Figure 5.12: Hough functions (top), zonal (middle) and meridional (bottom) velocity
expansion functions for the four modes : solid curve, 13.2-h; dashed curve, 10.4-h;
dashed dot curve, 8.6-h; dotted curve, 7.2-h [After Forbes et al. (1999a)].

correspond to short-period normal modes or Lamb like oscillations. Additionally,
Meyer and Forbes (1997b) have shown that the oscillations in the 6-11.5 hours period
range represent the preferred response to broad band forcing in the thermosphere. The
Hough functions and velocity expansions for these modes are illustrated in Figure 5.12.
Actually there are meridional inhomogeneities in the distribution of the parameters of

the real atmosphere and background wind, which are absent in the idealized model of
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Longuet-Higgins. Additionally, the atmospheric parameters are thought to be season-
ally changing. This is why we cannot expect exact agreement with those in Figure 5.12

Our results suggest that the wave oscillations with periods between about 7-11
hours may be attributed to the same class of gravitational normal modes or Lamb
waves: the observed waves have peak horizontal amplitudes at high-latitude (68°S),
with weaker amplitudes at mid-latitude (35° S), which is consistent with the latitudinal
structure of normal modes as shown in Figure 5.12. For example in June/July and near
the wave period 10.4 hr, the zonal amplitudes at Davis are 4 times the zonal amplitudes
at Adelaide. The long vertical wavelength for these modes is also consistent with the
observations (Hernandez et al., 1996). In addition, the amplitude (~ 5-15 ms™')
and the evanesence phase behaviour of 10.2-h wave event agree with the numerical
simulation of GSWM. The strong coherence of horizontal wind components at 10 hr
and 7.5 hr suggest that they may be observed globally. However, the sporadic nature of
the events, combined with the strong tidal oscillations at Davis and Adelaide, greatly
diminishes the probability of observing an event. Nevertheless, it is possible that such
waves have been observed in the past and have been misinterpreted as the semidiurnal

tide or terdiurnal tides.

5.5 Conclusions

The occurance of 6.0-11.5 hours westward propagating wind oscillations with zonal
wavenumber s =1 have been previously measured over the Southpole (Hernandez
et al., 1995; Forbes et al., 1999b; Portnyagin et al., 2000). Similar dynamic phenomena
occuring in the MLT region over Davis and Adelaide have been revealed by our MF

radar wind measurements. The main results of the present chapter are as follows:

1. Wind oscillations having periods from 6 to 11.5 hours are observed primarily

during solsticial months.

2. Wave amplitudes are of the order of 154+ 5ms ~1.
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3. These waves are short lived and have vertical wavelength greater than 100 km.
4. The downward phase progression is consistent with upward energy propagation.

5. These characterstics and the restriction of the wave to periods less than the
inertial period (13.0 hours at Davis and 20.9 hours at Adelaide) leads us to

conclude that they are inertia gravity waves.

6. Based on the Hough functions, oscillations near the period ~10.4 hr observed at
Davis and Adelaide are tentatively identified as a gravitational normal modes or

Lamb waves.

A main objective of this chapter had been to provide further evidence of waves

with periods between 6-11.5 hour exist at latitudes away from a pole.



Chapter 6

Summary

This thesis has concentrated on the study of atmospheric dynamics of the mesosphere
and lower thermosphere by means of MF radar wind observations from Antarctica
to the tropics. Specifically, the locations of radars were useful for investigating the
latitudinal and hemispheric differences of tides and planetary waves.

In Chapter 2, various data analysis techniques were introduced and later imple-
mented to extract statistical information.

In Chapter 3, the global observations of planetary waves were investigated in the
long period range. Using several years of data, wind oscillations with periods rang-
ing from 3 to 10 days at 80-100 km altitude were detected in the horizontal wind
measurements made at Davis, Adelaide, Hawaii, Christmas Island and Pontianak.

Long period activity at Davis was very weak compared with Adelaide. The quasi-
two-day wave was found to be the regular feature of the summer hemisphere. The
relative amplitudes of the zonal and meridional wind components of the wave at Davis
were comparable, but usually the meridional component was stronger, whereas at
Adelaide, the meridional component always predominated. At Hawaii, the 2-day wave
was seen almost continuously throughout the year in both the horizontal wind compo-
nents. Waves with periods of 6-7 days revealed significant enhancements for the zonal
components in equinoctial months; while the meridional component showed little or

no signs of wave activity.
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Long period waves of the equatorial observations in the mesopause region were
analysed by using MF radar observations at Christmas Island and Pontianak. Pre-
vailing winds were dominant with semiannual oscillations with westward flow at the
equinoxes and eastward flow at the solstices. Strong interannual variability was also
apparent with westward flow in March/April 1997 much stronger than March/April
1996. Waves with periods of 3-4 days and 6-7 days revealed simultaneous marked
enhancements for the zonal components at Christmas Island and Pontianak. Phase
differences observed between the two stations implied that 3.5-day wave was an equa-
torial Kelvin wave with zonal wavenumber of one. Our studies showed that the Kelvin
waves had larger amplitudes in the Asian region (Pontianak) than at the central Pa-
cific (Christmas Island) and the estimated acceleration of the zonal flow was larger in

this region.

The 6.5-day wave observed at these locations revealed the maximum zonal ampli-
tudes at equatorial (Christmas Island/Pontianak) and northern low latitude (Hawaii)
with a smaller contribution from mid (Adelaide) and high latitude (Davis) southern
hemisphere. However, the observation of the 6.5-day wave at Christmas Island and
Pontianak showed small longitudinal variations in the wave amplitude. This needs to
be confirmed by further study, but may indicate a stronger dissipation over Indonesia
due to strong wave activity in this region. The corresponding phase profiles suggested
a long vertical wavelength through the MLT region (80-100 km). The most important
findings of the present work is the approximately 180° phase reversal of the 6.5-day
wave from mid-latitude (35° S) to high-latitudes (68° S) and therefore, has further re-
inforced the findings of Meyer and Forbes (1997a). The phase difference of the 6.5-day
wave observed between Christmas Island and Pontianak indicated that this wave was

a westward propagating with the zonal wave number one.

The study at Davis, Adelaide and Hawaii further supports the fact that the 6.5-
day wave is a common feature of the equinoctial MLT region. It is suggested that
this wave is a manifestation of an unstable mode as proposed by Meyer and Forbes

(1997a). Further, it is suggested that it may gain significant energy from the in situ
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momentum sources, located at high latitudes in the southern region, due to the strong
vertical shear of the mesopheric mean zonal wind.

In Chapter 4 the atmospheric tides were studied using MF radars located at Davis,
Adelaide, Christmas Island and Hawaii. The behaviour of diurnal and semidiurnal
tides were compared with the theoretical values from GSWM.

At Davis the amplitude of the meridional component of both diurnal and the semid-
iurnal tides was larger than that of the zonal component. The phase structure of the
diurnal tide showed the predominance of evanescent tidal modes in agreement with the
classical tidal theory. Semidiurnal phase profiles, below 100 km, showed a propagating
nature. The observed amplitudes and phases of the diurnal tide agreed well with the
model predictions. The only discrepancy occurred in the model amplitudes of semi-
diurnal amplitudes, for solstitial conditions, which predicted a much larger amplitude
than the observed values below 90 km altitude.

The diurnal tide observed at Adelaide and Hawaiii was usually much larger in
amplitude at Christmas Island. During the equinoxes, the basic structure of the diurnal
tide is that of (1,1) fundamental propagating mode with wind values maximising at 20°.
The agreement between the GSWM and the observed tidal parameters are relatively
good, except for the small meridional amplitudes at Hawaii, which from theory is
not expected at this latitude for the (1,1) mode. When the tidal amplitudes were
not too small, the GSWM described climatological characteristics of the seasonal and
latitudinal variations of the diurnal tide at Christmas Island well.

Strong interannual variability in the diurnal tide was observed at Adelaide, and the
effect was strong during the March equinox. The cause of the tidal variability which
appears to be linked to the QBO in the zonal winds in the equatorial stratosphere is
not clear.

The annual averaged semidiurnal tide agrees less well with the GSWM. The sea-
sonal variation at Adelaide was mainly composed of two fundamental states of summer-
like and winter-like months which compared well with model values. The Christmas Is-

land amplitudes showed little systematic variation throughout the year, while Hawaii
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semidiurnal tides of both the wind components were poorly correlated. Between the
two hemispheres, the semidiurnal tide showed a symmetric structure in January and

antisymmetric structure in July.

In Chapter 5, short period oscillations were studied using the MF radar obser-
vations at Davis and Adelaide. The oscillations in the 6-11 hours period range are
more transient, having life-times of ~ 2-4 days and the largest activity occurred in the
winter months. The intradiurnal oscillations of periods with 6 and 11.5 hours were

tentatively identified as gravitational normal modes or Lamb waves.

6.1 Future Research

Observations of dynamics of the middle atmosphere still remain far from being satisfac-
tory and needs further work. The equatorial region is really the most crucial location
for understanding long period wave motions. This is because of the maximum heat
input for the generation of waves there and the vanishing Coriolis force which makes
it possible for the waves of any period, once excited, to propagate upward producing
a most effective dynamic coupling. This was manifested in the QBO and the equa-
torial semiannual oscillation in the upper stratosphere and mesosphere in Chapters 3
and 4. The most suitable location for the equatorial observations is in the Indone-
sian Archipelago where the temperature of the ocean surface is maximum, resulting
in maximum evaporation for cloud formation which releases tremendous amounts of
dynamical energy. If we are successful in getting more measurements from MF radar
on a continuous basis, we will be able to get invaluable insights into the dynamical

coupling of the atmosphere.

The study of long period waves in the present work has been a preliminary assess-
ment of planetary wave activity as seen by MF radars. Further work will be focused
on studies related to tropical latitudes and paying attention to the QBO and specific

oscillations such as Kelvin waves.
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Further work is also planned with the aim of correlative data analysis from Antarc-
tic Stations, in order to investigate the behaviour of waves at periods less than 12 hours.
We hope to analyse the data from Arctic Stations and to investigate the yet unan-

swered questions of the existence of Lamb waves in the northern high-latitude region.
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Appendix A

Equatorial Mesospheric Planetary

Waves

This is a reprint of the paper,
S. Kovalam, R. A. Vincent, I. M. Reid, T. Tsuda, T. Nakamura, K. Ohnishi, A.
Nuryanto and H. Wiryosumarto, ‘Longitudinal variations in planetary wave activity

in the equatorial mesosphere’, Farth Planets and Space 51, 665-674.
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Long-Term MF Radar Observations
of Solar Tides

This is a reprint of the paper,
R. A. Vincent, S. Kovalam, D. C. Fritts and J. Isler (1998), ‘Long-term MF radar
observations of solar tides in the low-latitude mesosphere: Interannual variability and

comparisons with the GSWM’, Journal of Geophysical Research 103, 8667-8683
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Long-term MF radar observations of solar tides in the
low-latitude mesosphere: Interannual variability and

comparisons with the GSWM

R. A. Vincent and S. Kovalam

Department of Physics and Mathematical Physics, University of Adelaide, Adelaide, Australia

D. C. Fritts

Colorado Research Associates, Boulder

J. R. Isler!

Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder

Abstract. Long-term MF radar wind measurements in the 80-100 km height

range made at three equatorial and subtropical sites (Adelaide, Christmas Island,
and Kauai) are used to produce climatologies and to study interannual variability
of solar tides. Twelve years of data were available for Adelaide and up to 6 years at
the other sites and are analyzed in 30-day intervals. The climatological values are
compared with the Global Scale Wave Model (GSWM). Good agreement between
the measured and model amplitudes and phases is found for the diurnal tide, but
the semidiurnal model values agree less well with the observations. The diurnal
tidal amplitudes and phases show strong seasonal variability. Maximum amplitudes
are attained in March, and subsidiary maxima are observed in July/August and
October, while the phase shows an annual cycle at Adelaide and Kauai, with
the phase advancing by ~4-6 hours from summer to winter. Amplitudes of
the semidiurnal tide rarely exceed 10 m s~!. The phases undergo rapid shifts
around the equinoxes at Adelaide and Kauai, but there is a more complicated
phase variation at Christmas Island. The diurnal tide shows strong interannual
variability in amplitude, especially near the March equinox. There appears to
be an association with the quasi-biennial oscillation (QBO) in zonal winds in the
equatorial stratosphere, with the amplitudes being larger than the climatological
average in years when the stratospheric winds are eastward and smaller than average
when the QBO is in its westward phase. In contrast, the phase of the diurnal tide,

as well as the semidiurnal tide, shows little systematic interannual variability.

1. Introduction

Tides play an important role in the middle atmo-
sphere. In the mesosphere and lower thermosphere
(MLT), in particular, tidal amplitudes can be so large
that they dominate the wind field. Like other internal
atmospheric waves they transfer momentum from their
source regions to the regions in which they are dissi-
pated and so affect the mean circulation and structure
of the atmosphere [Teitelbaum and Vial, 1981; Lieber-
man and Hays, 1994].

1Now at Physics Department, Wagner College, New York.

Copyright 1998 by the American Geophysical Union.
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Observations indicate that there can be significant
variability in mesospheric tidal parameters on both
short [e.g., Nakamura et al., 1997), planetary-wave [e.g.,
Fritts and Isler, 1994), intraseasonal [Eckermann et al.,
1997], semiannual [Vincent et al., 1988; Burrage et al.,
1995a], and interannual timescales [e.g., Vincent et al.,
1988; Burrage et al., 1995a; Fritts and Isler, 1994]. It
is important to quantify this variability if the causes
are to be understood. Longer-term variations in tidal
parameters have also been reported for the lower at-
mosphere. Hamilton and Garcia [1984] demonstrated
a quasi-biennial oscillation (QBQ)-like modulation of
semidiurnal surface pressure fluctuations at Batavia
(6°S, 107°E), while Vial et al. [1994] reported a cor-
relation between diurnal pressure variations and the El
Nifio-Southern Oscillation (ENSO) phenomenon.
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Here we present MF radar observations made at three
locations centered about the equator. The stations are
Kauai (22°N, 160°W) in the Hawaiian Islands, Christ-
mas Island (2°N, 157°W) in the central Pacific, and
Adelaide (35°S, 138°E) in southern Australia. The lo-
cation of these radars makes them especially suitable
for studies of the propagating diurnal tide, which is
equatorially confined. Kauai is located near the maxi-
mum in the wind field of the (1,1) mode, while diurnal
tidal winds at Adelaide are also strongly influenced by
this mode. The equatorial location of Christmas Island
makes it ideal for studying the influence of symmetric
and antisymmetric modes that contribute to the EW
and NS wind components, respectively.

Wind observations in the 60-100 km height range
have been made since January 1984 at Adelaide and
since February and October 1990 at Christmas Island
and Kauai, respectively. The observations are essen-
tially continuous at all the stations, except for some
short breaks due to equipment malfunctions. However,
a long break occurred at Adelaide when the radar was
off the air between February and November 1993. Over-
all, data spanning 12 years are available at Adelaide in
the period 1984-1995 and for up to 6 years in the period
1990-1995 at the other sites.

The long-term nature of these observations makes
them very suitable for climatological studies of tidal os-
cillations in the MLT region and for comparisons with
tidal model results. When comparing with tidal models
it is important to average tidal parameters over as long
a time interval as possible because models are usually
constructed using climatologies of water vapor, ozone,
temperature, and winds and hence are representative
of “average” conditions in the lower and middle atmo-
sphere. The observations are also very suitable for in-
vestigations of the degree of interannual variability and
of investigating the relationship between tidal parame-
ters and other long-term variations in the atmosphere,
such as the QBO in the zonal winds in the equatorial
middle stratosphere.

The seasonal variability of the solar tides have been
studied in a variety of ways in the past decade, in-
cluding the use of two-dimensional linear mechanistic
models [e.g., Vial, 1986] and general circulation mod-
els [e.g., McLandress, 1997]. Here we have chosen to
make a detailed comparison of observed tidal ampli-
tudes and phases with values derived from the global-
scale wave model (GSWM) described by Hagan et al.
[1995] and Hagan [1996]. The GSWM is a state-of-
the-art two-dimensional, steady state, numerical tidal
model, and the results are readily available to the com-
munity. Qur comparisons provide an important evalu-
ation of the model and will help with the model’s evo-
lution. It uses heating rates for water vapor computed
by Groves [1982] for the months of January, April, July,
and October. Ozone heating rates are derived from the
CIRA Reference O3 atmosphere [Keating et al., 1990]
using the parameterization reported by Strobel [1978];
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see Hagan [1996] for details. Background winds and
temperatures used in the GSWM are derived from the
CIRA-86 model atmosphere. The GSWM also incorpo-
rates seasonal variability in parameterizations of eddy
dissipation.

The observations and data analysis techniques are
discussed in section 2. In section 3 the results for the di-
urnal and semidiurnal tides are presented and compared
with the results of the GSWM. Strong interannual vari-
ability is found to be a feature of the diurnal tide and
we show that this appears to be linked to the QBO in
stratospheric zonal winds. Comparisons with other ob-
servations, notably satellite observations are discussed
in section 4 and conclusions presented in section 5.

2. Observations and Analysis

All the radars used in this paper use the spaced-
antenna technique to measure winds in the MLT region.
It is important to note that the radars are essentially the
same in performance and layout, although the Adelaide
system uses somewhat larger antennas than the other
two systems; the overall similarity reduces potential dif-
ficulties in interpretation when data obtained with dif-
ferent techniques are used. See Vincent [1984], Vincent
and Lesicar [1991] and Fritts and Isler [1992] for details
of the respective systems. Briefly, wind measurements
are taken with a time resolution of a few minutes over a
height range of 60-98 km during the day and from the
70-98 km height range at night. Data are acquired at
2-km height intervals, although the radar pulse length
of about 25 us means that the actual height resolution
is about 3-4 km. All systems use coherent integration
to improve the signal-to-noise ratios, which improves
their performance at night when the ionization is low.
The lack of ionization at night means that winds are
observed only above a lower boundary of about 78 km,
with the majority of observations made at 80 km and
above. Consequently, since we are interested in de-
termining tidal oscillations with periods of 12 and 24
hours, the analysis is restricted to the 78-98 km height
region.

The wind data were harmonically analyzed using time
series constructed from hourly-average values. Time
series for the zonal (EW) and meridional (NS) wind
components were each least square fitted with prevail-
ing and 48-, 24-, and 12-hour harmonic components.
Hence each wind component is represented as a func-
tion of time by the expression

3
AB)=ao+ D Amcos(2mt/Tm + Pm)

m=1

1)

3
=a,+ Z {amcos(2nt/Ty) + bsin(2nt /Ty, )}

m=1

where a, is the prevailing component and A4,, and ¢,,
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are the amplitude and phase of the mth harmonic com-
ponent with a period of Tj,,. All points were given equal
weighting in the fitting process and each height was
treated separately. The harmonic components were de-
termined in segments of 30-day duration, with each seg-
ment moved on by 15 days, and the process repeated.
The paucity of data at night means that the tidal pa-
rameters are least well determined at the lowest heights
between 78 and 82 km.

Time series of the amplitudes and phases of the tides
were generated, which were then used to study interan-
nual variability. In order to compare with the GSWM
model, the amplitudes and phases were averaged to
form annually averaged 30-day values. Mean ampli-
tudes were constructed by taking the arithmetic means
while the mean phases were derived from the vector
sums. Little difference was found between arithmetic
and vector-averaged amplitudes although the latter val-
ues were slightly smaller. All phases are given in local
solar time (LST) of the maximum. The mean Christ-
mas Island and Kauai tidal parameters were calculated
over the period from 1990 to 1995. The Adelaide aver-
ages refer to the full 12-year period from 1984 to 1995,
as there was little significant difference with the values
derived from the interval from 1990 to 1995. The re-
spective standard deviations were used as indications of
the reliability of the tidal amplitudes and phases. For a
given harmonic component the amplitude standard de-
viation for the nth 30-day interval, determined from N
years of data, is defined as

>
OAn =

1 (Ain - A_n)2

. 2
where A4, is the mean amplitude. The corresponding
value for phase was taken as

Opn = sin~? (;=") (3)
where
)DNIVEED D
ro = \J i (ai— an)zj\" i (bi —bn)? @)

3. Results
3.1. Diurnal Tide

The annual average tidal parameters are first com-
pared with the GSWM values for the relevant months.
Figure 1 shows the comparison as a function of height
between the diurnal amplitudes and phases as deter-
mined at the three sites and the values given by the
GSWM. Taking the two equinoctial months of April
and October first, it is apparent that there is relatively
good agreement between the model and observed phases
in both absolute phase and in the phase gradients. The
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biggest discrepancies in phase occur at Adelaide in Oc-
tober when the measured phases tend to be in advance
of the model values by 1-3 hours below 90 km. The ma-
jor difference in the amplitudes occurs at Kauai, where
the observed NS amplitudes are smaller than the model
values, although the EW amplitudes agree well.

In the solstitial months of January and July, the
model results again reproduce a number of the basic
features of the observations. At Adelaide the observed
EW phases are retarded in January by about 3 hours
relative to their values in July; this phase shift does not
occur in the model. At Kauai, the phases are advanced
by a similar amount, which is also the general tendency
of the model at that latitude. The biggest difference
in phase occurs in January when the phases at Ade-
laide become quite evanescent in structure above 90 km,
whereas the model phases continue to show a propagat-
ing structure. Model and observed amplitudes are in
reasonable agreement, although measured amplitudes
at Christmas Island are generally larger than model val-
ues, especially below 90 km. Similar to the equinoctial
situation, the Kauai NS amplitudes are smaller than
model values.

A latitudinal cross section of the amplitudes and
phases as measured and computed at a height of 86 km
is shown in Figure 2. This height was chosen because
it is the height at which the gains of the receiving sys-
tems were optimized and consequently it is the height of
maximum data return. The model captures the essen-
tial features of the observations. At the equinoxes, the
basic structure is that of the (1,1) fundamental propa-
gating mode, with wind values maximizing near +20°.
At the solstices the largest amplitudes are attained in
the summer hemisphere. An interesting feature of both
the observations and model phases is that the tidal
phase structure is more asymmetric in January than
it is in July, with the EW winds in one hemisphere
tending to be more out-of-phase with the EW winds in
the other hemisphere. In fact, the observations show
an even more asymmetric structure than the model. In
January the EW phases differ by 6-7 hours between
Adelaide and Kauai, and the NS phases differ by only
~4-5 hours, rather than the 12 hours expected between
hemispheres for the NS component if a purely symmet-
ric mode was dominant.

3.2. Semidiurnal Tide

Comparisons between the observed amplitudes and
phases and model values (Figure 3) show they agree
less well for the semidiurnal tide than for the diurnal
tide. In April and October the amplitudes at the three
stations tend to be relatively constant with height, al-
though showing weak maxima near 85 km. Model am-
plitudes are also essentially constant with height. There
are also significant differences between the observed and
GSWM phase structure. At Adelaide in both April and
October the phase gradients indicate the presence of
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Figure 1.

Vertical profiles of amplitudes and phases for the diurnal tide compared with the

Global Scale Wave Model (GSWM). Solid lines (observations) and solid circles (model) represent
zonal components, and dashed lines and open circles the meridional components.

interfering modes with quite short vertical wavelength
(~20-40 km), whereas the small phase gradient with
height in the model indicates domination by a single,
long vertical wavelength mode. The observed phase
structure at Kauai also shows significant variation with
height, although the phase gradients where the ampli-
tudes are largest, and hence the phases most reliable,
are similar to the model values. However, in absolute
terms the observed phases differ by 34 hours from the
model values. Somewhat surprisingly, given the small

amplitudes, the model and observed values are in better
agreement at Christmas Island. In both April and Octo-
ber, the observed and model phase structures are quite
similar, and the absolute phase differences are smaller
than at the higher latitude sites. The phase gradients
are indicative of dominance by a mode(s) with a vertical
wavelength of the order of 60 km or greater.

In January and July and comparing Adelaide and
Kauai first, the amplitudes tend to be largest in the
summer hemisphere, that is July at Kauai and January
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Figure 2. Latitude cross sections of the diurnal tide at 86 km. Solid and dashed lines represent
the zonal and meridional wind components from the GSWM. The solid and open symbols are
the zonal and meridional data for Adelaide (diamonds), Christmas Island (triangles), and Kauai

(squares).

at Adelaide, although the NS component at Kauai in
January is significantly larger than the NS component
at Adelaide in July.

At Christmas Island there is fair agreement between
the GSWM and the observations in January and July.
The model predicts amplitudes less than 10 m s~! and
weak growth with height, which is basically what is

observed. The model also predicts that the NS and
EW components will be in-phase in January and out-
of-phase in July, which is basically what is observed
above 82 km.

The latitudinal structure of the GSWM semidiur-
nal tide at 86 km is compared with the observed val-
ues in Figure 4. There is a symmetric structure in
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Figure 3.

Vertical profiles of amplitudes and phases for the semidiurnal tide compared with

the GSWM. Solid lines (observations) and solid circles (model) represent zonal components, and
dashed lines and open circles the meridional components.

January with the EW components being in-phase be-
tween hemispheres and the NS components being out-
of-phase. The opposite situation occurs in July, indicat-
ing stronger asymmetry in that month. The observed
amplitudes are comparable with the GSWM results, ex-
cept in the summer hemisphere where the observed am-
plitudes are up to 3 times larger than the model values.
In both April and October the observed phase structure
indicates a simpler phase structure than appears in the
model, with symmetric modes appearing to predomi-
nate.

3.3. Seasonal Variations

A better appreciation of the seasonal variations in the
tides comes from height-time contour plots of the annual
composite amplitudes and phases computed from the
30-day fits for each of the stations. Figures 5 and 6 show
plots for the diurnal and semidiurnal tides, respectively.

At Adelaide, the diurnal tide undergoes the same sea-
sonal behavior in both components. There is a strong
maximum in amplitude in March, with secondary max-
ima in July/August and October. The phase in both
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Figure 4. Latitude cross sections of the semidiurnal tide at 86 km. Solid and dashed lines
represent the zonal and meridional wind component from the GSWM. The solid and open symbols

are the zonal and meridional data for Adelaide (diamonds), Christmas Island (triangles), and
Kauai (squares).

wind components undergoes a 4-6 hour advance from At Kauai, the seasonal changes are rather similar to
summer (January) to winter (July) and then back again, those observed at Adelaide. There are amplitude max-
although around the June solstice there is a period when ima in March, July/August, and October, although un-
the phase retards by about 1 hour. like the situation at Adelaide, the maxima are similar
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Figure 5a. Time-height cross section of the amplitude (left) and phase (right) for the zonal
component of the diurnal tide at Adelaide (top), Christmas Island (center) and Kauai (bottom).

in magnitude. The seasonal phase changes mirror those
observed at Adelaide, with the phases of both compo-
nents advancing by about 6 hours going from January

to July and then retarding again.

The situation at Christmas Island is very different.
The EW component shows a weak maximum in March,

but is otherwise constant at low values. The NS com-
ponent has its strongest amplitudes between Febru-
ary and September, with maximum values attained in
March and July/August. The phases of both compo-
nents steadily retard with time around the December
solstice. The NS phase then advances from February
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Figure 5b. As for Figure 5a, but for the meridional component.

to reach minimum values in June. EW phases are rela-
tively constant for much of the year, but a rapid phase
transition is evident in November when the amplitudes
are at their weakest. At heights where the amplitudes
are largest, and hence the phase determinations most
reliable, the EW and NS components tend to be out-of-
phase.

For the semidiurnal tide, beth the amplitudes and
phases show an essentially annual cycle at Adelaide.
Largest amplitudes are observed near the summer (De-
cember) solstice and then trend downward to attain
minimum values around the winter solstice. There is an
accompanying phase advance of 6 hours from summer to
winter, with particularly rapid transitions in March and
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September/October. The semidiurnal tide at Adelaide
shows nearly “classical” behavior, with approximately
equal component amplitudes and with the EW phase
leading the NS value by 3 hours, as expected in the
southern hemisphere.

Seasonal variations are somewhat more complicated
at Kauai with the two wind components showing dif-
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As for Figure 5a, but for the semidiurnal tide.

ferent seasonal variations. The NS amplitudes have
two maxima, one in June/July and the other centered
on December. The corresponding phase undergoes an
abrupt retardation by 3 hours in April/May when the
amplitudes are weak and then has a similar advance
in August/September. The EW component also has
a maximum in amplitude in June/July, with minima
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Figure 6b.

observed in April/May and August, and another maxi-
mum in October/November, although the latter is con-
fined to heights near 85 km. The EW phase again
has rapid phase transitions in April/May and Septem-
ber/October.

At Christmas Island the EW amplitude shows little
systematic variation throughout the year, maintaining
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As for Figure 5b, but for the semidiurnal tide.

values between 3 and 7 m s~!, whereas the NS com-
ponent exhibits an annual cycle with maximum values
of about 10 m s~! observed in June. For much of the
year the NS amplitudes are only about 4 m s~!. The
relevant phase behavior is similar to that of the ampli-
tudes. The EW phase shows very little variation with
height and not a great deal of variation with season.
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The NS phase on the other hand, shows a sharp phase
advance by 4-6 hours in February at the time when the
amplitudes are increasing and then an abrupt reversal
in July/August as the amplitudes decrease. In the later
part of the year the NS phase is more erratic but is
close to the EW values, which suggests a more linear
polarization at this time.

3.4. Interannual Variability

Strong interannual variability has previously been
noted in tidal parameters, especially in the diurnal tide
observed with radars at Adelaide and Kyoto [Vincent
et al., 1988] and on a more global scale from satellite
data [Burrage et al., 1995a]. Fritts and Isler [1994] re-
ported large interannual variability at Kauai in Octo-
ber/November. At Adelaide, the variability was par-
ticularly prominent in monthly mean March equinox
amplitudes when the meridional amplitude was about
20 m s~! in March 1984 and over 40 m s~—! in March
1985 [ Vincent et al., 1988]. Examination of the 12-year
sequence of data from Adelaide shows an approximately
biennial variation in the amplitude of the diurnal tide,
and confirmed the earlier findings of the strong inter-
annual fluctuations in amplitudes in March and April.
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This suggests that the diurnal tide may be in some way
linked to the QBO in zonal winds at the equator.

To test this hypothesis, the data in each year were
partitioned according to the direction of the winds at
the 30 hPa level derived from Singapore radiosonde ob-
servations. Since the period of the QBO varies between
22 and 34 months [Andrews et al., 1987, each year be-
tween 1984 and 1995 was classified either as “eastward”
or “westward” according to the predominant direction
of the QBO in that year. In years when the change
in the wind direction took place near the middle of
the year, the direction around the time of the March
equinox, when the largest interannual variations were
observed, was used to classify the year. Time series of
the amplitude and phase of the diurnal tide at Ade-
laide for each year and classified according to the phase
of the QBOQ are displayed in Figure 7. Clearly, in years
when the QBO winds are mainly eastward, the diurnal
amplitudes in March/April are always larger than the
12-year average values (thick line); in years of westward
QBO the amplitudes are almost always smaller than
the long-term average. It is noted that this association
is evident not only at the time of maximum amplitude
in March/April, but that it carries over to the time of
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Plots of the amplitude (left) and phase (right) of the diurnal tidal amplitude at

Adelaide at 86 km for years when the zonal mean wind QBO is eastward (top) and westward
(bottom). The thick lines represent the 12-year mean values.
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Figure 8. Time series of the residual amplitudes

of the NS diurnal tide at Adelaide averaged over the
84-88 km height range (solid line and left scale). The
dashed line shows the zonal winds at 30 hPa observed
at Singapore (right).

minimum amplitudes in May/June. However, at other
times of the year there is no clear pattern and little ev-
idence for any correlation with the stratospheric QBO.

Another way of showing the relationship between the
zonal mean wind QBO and the diurnal tide is to pro-
cess the tidal data by subtracting the 12-year average
value of each 30-day interval from the individual 30-day
values to leaving the “residual” values. A time series of
the residual amplitudes for the NS component of the
diurnal tide averaged over the 84-88 km height range
are shown in Figure 8, where it is compared with the
30 hPa radiosonde winds from Singapore. Variations
of the EW component are very similar. The amplitude
time series have been slightly smoothed by interpolat-
ing over short data gaps and by applying a three-point
(1/4,1/2,1/4) filter. The general in-phase relationship
between the tidal amplitudes and the QBO is readily
apparent.

The shorter amounts of data available for both Christ-
mas Island and Kauai make it more difficult to clearly
observe any correlation between the strength of the di-
urnal tide and the QBO at these locations, although
a QBO-like effect is observed in October/November
[Fritts and Isler, 1994]. At Christmas Island there ap-
pears to be an association similar to that found for
Adelaide, but only in the zonal wind component. In
March/April and in the period June to August the am-
plitudes are larger than the mean in the 4 years when
the stratospheric QBO is eastward, while it is smaller
than the mean value in these months in the 2 years
when the winds were westward.
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4. Discussion

In this paper, comparisons between solar tidal pa-
rameters measured in the MLT region at three radars
located in equatorial (Christmas Island) and subtrop-
ical (Kauai and Adelaide) locations are presented and
the results compared with output from the GSWM de-
scribed by Hagan et al. [1995].

The diurnal tide observed at Adelaide and Kauai
exhibits three amplitude maxima during the year, in
March, in July/August, and in October. The EW com-
ponent at Christmas Island also shows the same sea-
sonal variation, but the NS component is large between
March and August and is weak at other times of the
year. There is good agreement with the GSWM di-
urnal tidal model results, especially in the equinoctial
months of April and October. The main features are re-
produced as a function of height, season, and latitude.
A significant discrepancy is the relatively small merid-
ional amplitudes of the diurnal tide at Kauai, which is
situated at a latitude where the amplitude of the dom-
inant (1,1) propagating mode is expected to be large.

The observations from these three stations can be
compared with tidal amplitudes derived from wind mea-
surements in the MLT region using instruments on
the upper atmosphere research satellite (UARS). The
satellite measurements provide a global perspective, al-
though the observations have low temporal coverage due
to the slow precession of the satellite. Estimates of the
(1,1) diurnal tide made with the high resolution Doppler
imager (HRDI) from more than 3 years of data show
a strong semiannual variation in amplitude with max-
ima in March and October and minima in December
and June [Burrage et al., 1995a)]. Amplitudes at 95 km
at 20° latitude are much larger than those observed at
Kauai, with maximum values ranging between 50 and
100 m s~!, depending on the year. Minimum values are
about 20 m s~1. The phase shows a much smaller sea-
sonal variation, being essentially constant all year with
only a small phase retardation of a few hours observed
near the June solstice.

Khattatov et al. [1997] report a novel method of
reducing HRDI wind data using an assimilation tech-
nique. A tidal model is used to get a first guess to the
tidal amplitude and phase and this guess is modified
until the tidal estimates are consistent with the obser-
vations. The method overcomes the inadequate local
time coverage due to HRDI only measuring daytime
winds between 50 and 100 km, and it makes no as-
sumption about which tidal modes are involved so that
hemispheric asymmetries are readily apparent. Ob-
servations for 1992 and 1993 were combined to pro-
duce composite monthly averages. Maximum merid-
ional wind amplitudes are observed in February in the
southern hemisphere subtropics when amplitudes ex-
ceed 70 m s~!, although Khattatov et al. [1997] re-
mark that the large amplitude may be due to inade-
quate sampling and aliasing from other wave motions.
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Other amplitude maxima appear in March, July, and
October in the southern hemisphere, which is broadly
in line with the Adelaide observations (Figure 5). In
the northern hemisphere, maximum amplitudes occur
in the 20-30° latitude band in the months of March and
August/September, rather similar to what is observed
at Kauai (Figure 5).

The WINDII instrument on UARS provides wind
measurements during both the day and night in the
~90-110 km height range for the O(1S) (greenline)
emission. McLandress et al. [1996] discuss tidal es-
timates from WINDII observations. To overcome the
lack of adequate local time coverage, the data were
grouped into overlapping 2-month intervals for the years
1992 and 1993. At 20°N the tidal winds maximized in
March and September/October in the NS wind compo-
nent and in March and August/September in the EW
component. Maximum amplitudes are attained near 95
km and in March attain values greater than 60 m s~
for the NS winds and greater than 35 m s~! for the
EW component. The phases observed by WINDII at
20°N show an annual variation similar to that observed
at Kauai. The diurnal amplitudes at 35°S also max-
imize in March and October, with peak values above
35 m s~! in both wind components. The altitudes of
maximum amplitude (~90-92 km) are somewhat lower
than at 20°N. The phase of the EW wind component
also tends to show an annual variation with the phase
advancing from summer to winter in a similar manner
to that observed with the Adelaide MF radar. However,
the phase of the NS component derived from WINDII
does not change very much and, if anything, tends to
retard in going from summer to winter.

The 5°-wide latitudinal bins used for gridding the
satellite data and the sharp gradients of the diurnal
tidal amplitude in the vicinity of the equator means
that the UARS observations are less suitable for com-
paring with the MF radar observations made at Christ-
mas Island [Khattatov et al., 1997]. However, there
are tidal estimates from meteor observations made at
Christmas Island against which the MF radar observa-
tions can be compared. Chang and Avery [1997] report
diurnal tidal estimates made with the meteor echo de-
tection and collection (MEDAC) technique [Avery et
al., 1990] from August 1988 to December 1993. Their
results show many similarities to those presented here,
but also some differences. The annually averaged ampli-
tudes derived from the meteor observations are signifi-
cantly larger than the MF radar observations with val-
ues as large as 50 m s~! found in April at heights above
90 km. The phase changes with height also indicate
large or even evanescent tidal structures. The shortest
vertical wavelengths, ~50 km, were found in April. Al-
though some variations in phase tilt are evident in the
MF data, in the 82-96 km height range where the obser-
vations are most reliable, the results (Figure 1) imply
upward energy propagation throughout the year with
average vertical wavelengths ranging between 30 and
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75 km. Another interesting feature is that the zonal
and meridional diurnal oscillations tend to be in-phase
for the observations made with the MEDAC system. In
contrast, the MF results show either a quadrature re-
lationship, with the meridional component leading (as
might be expected for a northern hemisphere site), or a
nearly out-of-phase behavior. Chang and Avery [1997]
discuss a number of factors that might influence the
MEDAC results. Further comparisons between the MF
radar and a more advanced MEDAC system recently
installed at Christmas Island will help resolve these dif-
ferences.

With regard to the semidiurnal tide, the GSWM com-
pares less well with the observed tidal amplitudes and
phases. The measured amplitudes tend to be larger
than the model results, especially at heights below
90 km. The observed vertical phase structure is quite
well reproduced in the model for all three sites, but
the absolute phase can differ by several hours from
the observed values, particularly in April and Octo-
ber. Estimates of semidiurnal tidal parameters using
HRDI/UARS data have been restricted to a height
layer near 95 km where atmospheric emissions can be
observed during both day and night [Burrage et al.,
1995b]. Although this altitude is near the maximum al-
titude range of the MF radars, there is reasonable agree-
ment between the satellite phase estimates at 40°S and
the corresponding values at Adelaide. WINDII obser-
vations averaged around a latitude circle at 35°S show
good agreement in phase, both in absolute values and
vertical structure with the Adelaide observations in the
90-100 km height range [McLandress et al., 1996]. How-
ever, while both the Adelaide and WINDII observations
show an annual cycle in amplitudes, the maximum am-
plitudes occur at different times. WINDII finds maxi-
mum amplitudes in excess of 25 m s~! in the February
to April period in the NS component and between April
and June in the EW component. At Adelaide, in con-
trast, maximum amplitudes occur around the December
solstice and are no more than 15 m s~! in magnitude.
McLandress et al. [1996] also find an annual cycle in
amplitude in the NS component at the equator with
maximum values in June/July, which agrees with the
Christmas Island observations and the GSWM. Again,
however, WINDII values are more than twice as large
as the radar amplitudes.

An interesting aspect of the present study is the
strong interannual variability that is evident in the di-
urnal tide. The effect is strongest at Adelaide at the
March equinox. Comparisons with the QBO in zonal
winds in the equatorial middle stratosphere show that
the amplitudes are larger (weaker) than the 12-year av-
erage at Adelaide in the years when the winds are pre-
dominantly eastward (westward). These findings are
not dissimilar to recently reported QBO-like variations
in the strength of the mesospheric semiannual oscilla-
tion (MSAO) in zonal winds [Burrage et al., 1996a; Gar-
cia et al., 1997]. Radar and satellite observations show



VINCENT ET AL.: LONG-TERM MF RADAR OBSERVATIONS OF SOLAR TIDES

that the westward winds in the equatorial mesosphere,
which occur at the equinoxes, are stronger (weaker)
than the long-term average when the QBO is eastward
(westward).

The causes of tidal variability are not well under-
stood, but among the possibilities for the QBO effect
are changes in forcing, changes in the background atmo-
sphere, and changes in dissipation. Hagan [1996] used
the GSWM to study the comparative importance of dif-
ferent heat sources and found that absorption of solar
infrared radiation in the troposphere was the dominant
source. Absorption of ultraviolet radiation in strato-
spheric ozone acts in an out-of-phase manner to sup-
press the diurnal tidal amplitudes in the MLT region,
although the phases are insensitive and are determined
primarily by the water vapor forced component. Al-
though a QBO has been observed in total ozone, the
variation is quite complicated and not always well de-
fined, with different phases at equatorial and extratrop-
ical latitudes [e.g., Hasebe, 1983]. How the QBO in total
ozone would manifest itself in the tidal field is not clear.
One possible way is through the changes to the ozone
profile caused by changes in the sense of vertical ad-
vection, which “stretch” and “compress” tracer profiles
during different phases of the QBO [e.g., Andrews et al.,
1987]. These would produce changes in the amount of
interference between the ozone-generated tide and that
generated by water vapor.

Numerical experiments discussed by Burrage et al.
[1995a] using the GSWM show that the amplitude of
the diurnal tide in the MLT region is comparatively
insensitive to changes in the background atmosphere.
However, changes in tidal dissipation caused by changes
in turbulence and gravity wave drag appear to produce
quite significant amplitude variability. Modeling stud-
ies show that the QBO variations in the mesospheric
semiannual oscillation appear to be caused by selective
filtering of small-scale gravity waves by the underlying
winds [Burrage et al., 1996a). Variations in mesospheric
gravity-wave fluxes and dissipation on QBO timescales
could induce changes in tidal amplitudes on similar
timescales. The diurnal tide, with its short wavelength
at low latitudes would be expected to be particularly
affected. It is intriguing that the variations in the QBO-
like variations of the westward propagating diurnal tide
and the MSAOQO are so similar; the tidal amplitudes are
largest when the MSAO westward winds are largest,
and vice versa. This suggests some link between the
two phenomena. One possibility is that momentum de-
position by the dissipating diurnal tide would cause a
westward acceleration of the zonal winds, with the semi-
annual variation of tidal amplitudes accounting for the
semiannual variation in the wind field. The analysis
of Lieberman and Hays [1994] suggests, however, that
tidal dissipation effects are only evident above 90 km,
whereas the MSAO peaks near 80 km.

A number of factors need to be considered when as-
sessing the comparisons between the tidal parameters
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derived from the MF radar observations presented here
and those obtained from satellite measurements. As dis-
cussed above, there are many similarities between the
two data sets, but there are also a number of differ-
ences that may be due to either geophysical and/or in-
strumental factors. It is especially noteworthy that the
amplitudes derived from the radars are smaller than the
satellite values, especially for the diurnal tide and espe-
cially above 90 km. In part, that difference is caused
by the fact that the HRDI and WINDII analyses have
focused on data taken in the years 1992-1993. These
are years when the diurnal tide was larger than average
and therefore the satellite climatologies do not reflect
the strong interannual variability that has been demon-
strated.

Another geophysical factor that can influence radar/
satellite comparisons is that of nonmigrating tides.
Satellite measurements provide a global perspective, al-
beit with limited temporal resolution, while a radar pro-
vides excellent temporal resolution of the tidal wind
fields, but only at one location. The tidal field at
that location results from a superposition of migrat-
ing and nonmigrating components. The possible in-
fluence of nonmigrating modes in the MLT region is
only now starting to be better measured and modeled.
From an examination of winds measured by HRDI at
different longitudes, Khattatov et al. [1996] estimated
that nonmigrating modes may have amplitudes of up
to 30 m s~!. Williams and Avery [1996] examined the
global distribution of latent heat release by diurnal os-
cillations in deep convective clouds to investigate the
generation of diurnal nonmigrating modes. They con-
cluded that a number of nonmigrating modes are likely
to be important in the mesosphere. The GSWM has
been used to investigate the effects of mean winds and
dissipation on upward propagating nonmigrating diur-
nal tidal components [Hagan et al., 1997a,b]. The re-
sults suggest that, while the nonmigrating components
are smaller than the migrating diurnal tide, they will
produce measurable longitudinal variability. These re-
sults may have particular relevance to the Kauai data,
which give significantly smaller amplitudes than either
the GSWM values or HRDI/WINDII measurements
show for latitudes near 22°. Modeling and observa-
tional studies reported by Hagan et al. [1997b] show
that the migrating component of the diurnal tide is com-
paratively suppressed in the Pacific sector by the aggre-
gate effects of the nonmigrating components. Tempera-
ture measurements made in Hawaii during the Airborne
Lidar Observations of Hawaiian Airglow (ALOHA-93)
campaign show large temperature perturbations on a
diurnal timescale [Dao et al., 1995]. The significance of
this observation is that temperature perturbations as-
sociated with the dominant (1,1) mode at a latitude of
22° should be very small. Nonmigrating modes are a
possible cause of these large temperature fluctuations,
although they may also be due to tide/gravity wave in-
teractions.
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Instrumental factors must also be considered in as-
sessing the differences in tidal parameters. Intercom-
parisons between winds measured by HRDI and MF
radars show that MF radar winds tend to be smaller
in magnitude than the satellite values [Burrage et al.,
1996b]. Intercomparisons between colocated MF and
meteor radar systems at Adelaide showed a similar dif-
ference above 90 km [e.g., Cervere and Reid, 1995;
Valentic et al., 1997]. A point-by-point comparison
showed that the wind excursions seen in the meteor
data tended to be larger than those in the MF data,
but there was excellent agreement in the mean winds
and harmonic fits. A reappraisal of the spaced antenna
technique as applied at MF showed that the wind speed
can be underestimated if the radar echoes are saturat-
ing or “clipped,” a situation which occurs if the receiver
gains are too high [Vincent et al., 1995]. Some of the re-
jection criteria used in the spaced antenna analysis pro-
grams are also likely to lead to lower mean wind values.
High receiver gains were a factor in all the MF radar
systems used in this study, a situation that was likely
to cause signal saturation at heights above 90 km. It is
only within the last year that their operating parame-
ters were changed to alleviate this instrumental factor.

5. Concluding Remarks

The climatologies of tidal parameters presented here
and derived from many years of MF radar wind obser-
vations taken in the equatorial and subtropical MLT
region, show both good and poor agreement with the
GSWM. These results may help to improve the model,
especially for the semidiurnal tide. While there is con-
siderable consistency in the phase of the diurnal tide
from one year to the next, the long record of observa-
tions shows a strong interannual variability in the am-
plitudes, especially around the time of the March am-
plitude maximum. The cause of this interannual vari-
ability, which appears to be linked to the QBO in zonal
winds in the equatorial stratosphere, is not clear. Some
of the differences found with satellite-derived tidal am-
plitudes above 90 km may be due to a number of factors,
both instrumental and geophysical. The role of nonmi-
grating components is especially uncertain. The causes
of tidal variability, both spatial and temporal, will be-
come clearer as the radar network expands and more
long-term observations are obtained.
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