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Abstract

This thesis provides a thorough analysis of cut-off low phenomenon over Aus-
tralia by using the VHF radar system, operating at a frequency of 54.1 M Hz.
The radar, operated by the Atmospheric Physics Group in the Department of
Physics and Mathematical Physics at the University of Adelaide, provides an
excellent tool for the investigation of such a phenomenon.

Among the severe weather phenomena over Australia, cut-off low systems and
their impacts on the environment and economy are the important features. Com-
prehensive understanding of cut-off low necessitates the climatological behaviour
as well as synoptic scale and mesoscale studies of some unique cases.

In the evolution of cut-off lows the vertical motion of the air is one of the most
important parameters. In order to evaluate the long term vertical velocity at the
Buckland Park site, the contamination of vertical velocity by folding a fraction of
horizontal velocity into it due to a very slight tilt in the beam off-zenith direction,
must be eliminated. This is done by determining the slope of VHF transmitting
Co-Co antenna array by three different methods and the radial velocity data
were corrected against the slope. The analysis of the long term vertical velocity
is found to be appreciatively in good agreement with the Flatland VHF radar
site in Illinois Colorado, USA found by Nastrom and VanZandt [1994].

The climatology of cut-off lows over South Australia, was determined using
20 years of data (i.e. 1974-1993). The impacts of the cut-off low such as: precip-
itation, thunderstorm and shower activities reveal its importance for the region.

Three unique cases were chosen for further studies. The studies involved
synoptic scale discussion and mesoscale discussion. A common feature of these

and the other cut-off low systems studied was the presence of the minor troughs
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and minor ridges, where they manifested themselves in the cloud patterns, mean
sea level pressure charts (MSLP) and VHF radar data analysis. These features
were consistent with those observed by Brouwning [1990] and Sanders and Bosard
[1985].

The key point about these studies is that without the high time and spatial
resolution provided by the radar it would not be possible to see synoptic and
mesoscale features in such detail. A limitation of the studies here has been
the absence of wind data from below 2 km. The recent development of a VHF

boundary layer radar will help to overcome this deficiency.
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Chapter 1

Introduction

1.1 Overview

The cut-off low is important considering the severe weather phenomena over
Australian region. The evaluation of the importance of such a system and its
impacts on the environment and economy have been our concern. Comprehensive
understanding of cut-off low necessitates the climatological behaviour as well as
synoptic scale and mesoscale studies of some unique cases.

The vertical motion of the air is one of the most important parameters in the
evolution of the cut-off lows. The weather analysis in the Australian region has
been based on the rawinsonde data and therefore it is focused on synoptic scales.
The vertical velocity at the major meteorological centres is evaluated indirectly
from divergence or vorticity equations through different models and consequently,
suffers from poor temporal and spatial resolution.

An emerging technology that provides high temporal and spatial resolution
wind data is the radar wind profiler. Wind profilers have been designed to mea-

sure the vertical velocity directly above the radar site. They measure the radial

1
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velocity along the radar beam. The representativeness of the measurements of av-
erage vertical profiles of the vertical wind, in terms of actual vertical atmospheric
motions is open to question. One possible complicating factor that can affect
the accuracy of average vertical wind measurements arises from slight tilts of the
pointing accuracy of the vertical beam resulting from the slope of ground under
the transmitting antenna. Very slight inaccuracies in the vertical beam direction
can severely contaminate the measurements. Although the land of transmitting
Co-Co antenna array is normally flat, it may not be perfectly level resulting in
some small bias in the vertical velocity. Correcting the radial velocity to be

representative of air vertical velocity has been our concern.

The mechanism of apparent mean vertical velocity being weighted toward
downward motion in a gravity wave [Nastrom and VanZandt, 1994] and determi-

nation of this bias in long term vertical velocity is also our interest.

During the last half of the century, satellites have allowed us to see and map
the Earth’s surface and its surrounding atmosphere. Detailed probing of smaller
scale (i.e. mesoscale) phenomena, such as cut-off lows, requires high temporal
and spatial resolution, and is beyond the capacity of remote measurements from
space. These important studies can be achieved via ground-based measuring
techniques, one of which is VHF Doppler radars or simply wind profilers. Regular
radiosonde measurements from the meteorological upper-air network, have poor
time-resolution for studying rapidly evolving meteorological phenomena. These

are the areas in which this thesis is concerned.

It is worthwhile beginning with the characteristic of the Atmosphere itself
and then proceeding with evolution and behaviour as well as techniques of mea-
surements. The structure of this thesis is such that the introduction relevant to

each topic is addressed in the appropriate chapter. Consequently, this overview
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is necessarily brief.

1.2 Background

The term “RADAR”, an acronym for RAdio Detection And Ranging, was devised
by the United States Navy in November 1940. This code name was suggested
by both Lieutenant-Commander S. M. Tucker and Lieutenant-Commander F. R.
Furth who took steps to have it put into effect. A letter dated 19th November
1940, and signed by Admiral H. R. Stark, Chief of Naval operations, made the
word official. It came into use quickly in 1943, and was officially adopted by the
Allied Powers. Since the end of the Second World War, it has received general
international acceptance [Swords, 1986].

Radars use ranges of frequencies which are divided into different bands as the

following table:

Table 1.1: Radar Bands and their corresponding Frequencies and Wavelengths.

[ Band Code Frequency Range Wavelength |
Medium (MF) 0.3 - 3 MHz 1000 — 100 m
High (HF) 3 - 30 MHz 100 — 10 m
Very High (VHI) 30 -300 MHz 10-1m
Ultra High (UHF) | 300 - 3000 MHz 1-0.1m
Super High (SHF) 3 — 30 GHz 10 -1 cm
Extra High (EHF) | 30 GHz and Higher | 1 cm and Lower

The frequency (or wavelength) should be compatible with the size of the tar-

get. Too low a frequency (i.e. too large the wavelength), say, less than 100 kH 2,
yields an ambiguity in the detection of the target. The higher the frequency,
the higher the resolution of the detected object will be. Production of very nar-
Now,

row beam widths, is another advantage of very high frequency radars.

depending on the size and type of targets to be detected, a variety of radars with
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different frequencies are used worldwide. For instance, for atmospheric purposes,
Doppler radars using the VHF and UHF bands are being used to detect clear air
turbulence (CAT).

The available techniques reflect to a degree the evolution and development of
experimental capabilities including those conducted from the ground and those
conducted from space. Those conducted from the ground have the advantage of
logistic simplicity, but provide data only at a single point of region of the global
atmosphere. Those from orbit space provide the global coverage that ultimately
becomes essential for many parameters.

Four categories of techniques can be usefully defined [Spencer, 1976]:

1. Ground-based measurements.

s In sity measurements.

3. Remote measurements from aircraft, balloons, and
rockets.

4. Remote measurements from space.

There are several ground-based techniques for measuring winds such as meteor
radar for study of dynamics in the height range from 80 to 100 km and partial-
reflection spaced antenna radar which can give information in the 55 to 105 km
region. VHF radars can be used to measure motions from the troposphere to
the lower stratosphere, and, given enough power, in the mesosphere and above.
Atmospheric motions can also be measured by Lidar techniques following the
movement of patterns of aerosols or Na, for example, or by Doppler techniques
using Fabry-Perot interferometers. Acoustic methods (anomalous sound prop-

agation) as well as UHF and VHF Boundary Layer radars have been used to
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measure temperatures and winds.

In summary, it appears that there are several ground-based techniques that
have the capability for relatively continuous and low-cost monitoring of con-

stituent concentrations.

Radar investigations are based on the scattering of electromagnetic waves by
fluctuations of the refractive index caused by turbulence. The signal-to-noise
ratio is higher at longer wavelengths than at shorter wavelengths commonly used
with weather radars [Spencer, 1976] for clear air measurements. The refractive
index fluctuations are caused by electron density variations in the mesosphere and
by temperature variations in the stratosphere. Individual gravity wave groups
can be identified unambiguously because of their great amplitude. Thus, the
radar provides a good opportunity to observe the vertical amplitude and phase
variation of gravity waves which are generated in the troposphere and propagate
at relatively high horizontal phase speeds through the middle atmosphere to

thermospheric heights.

Radars operating in the Doppler mode, in the VHF or UHF bands, to ob-
tain the backscattered signal from the middle atmosphere (10-110 km) are called
“Mesosphere-Stratosphere-Troposphere (MST)” or “Stratosphere- Troposphere
(ST)” radars. The atmospheric dynamics can be investigated by recording both
the amplitude and phase of the reflected signal by MST/ST Doppler radars. The
radial velocity of the scattering medium can then be determined from the Doppler
shifted power spectrum of the returned signal. Briggs, [1968a,b] and Réttger and
Vincent, [1978] showed that horizontal wind velocity in the troposphere can be
determined by spaced-antenna (SA) techniques through the movement of the

diffraction pattern observed on the ground, using a “full-correlation” analysis.

The Doppler radars operating in the SHF (super high frequency, 3-30 GHz)
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band are called “Weather Radars” or “Centimeter Radars”. They generally mea-
sure the radial speed of the hydrometeors rather than that of the clear-air. It has
even been suggested that a powerful weather radar can detect clear-air echoes

[Doviak and Zrnic, 1984].

1.3 The Atmosphere

The envelope of air surrounding the earth is bound to it more or less permanently
by virtue of the earth’s gravitational attraction. The earth’s atmosphere extends
from the solid or liquid surface of the earth to an indefinite height. The atmo-
sphere may be subdivided vertically into a number of atmospheric layers, which

will be discussed here.

1.3.1 Vertical Temperature Structure

In the 18th century it was assumed that temperature decreased with height
through the whole atmosphere because it was known to do so in the lower atmo-
sphere. The first high-altitude balloon measurements ruined this simple picture,
showing a temperature increase above the tropopause into the stratosphere to
about 55 km, above which the temperature started to decrease again. The up-
ward temperature decrease in the troposphere is responsible for overturning (i.e.
changing the atmosphere); hence its name, from the Greek prefix tropos (turn).
The stratosphere is so called, because it tends to remain layered, or stratified,
without rapid upward and downward mixing.

The troposphere contains the greater part of the mass (=~ 90% of the atmo-
sphere. It is characterized by marked vertical motions, appreciable water vapour

content, cloud, precipitation and other meteorological phenomena. As a result,
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it is of great concern to meteorologists. In the troposphere, which contains all

phenomena recognizable as weather, there is an average lapse rate (i.e. —d1'/dz)

of 6.5 K km™!.

The tropopause is often spoken of as the level of the first significant tempera-
ture minimum in the atmosphere’s vertical structure, but in fact the tropopause
is not a continuous surface and there is often an overlap and abrupt change in
height between two quite separate tropopauses. It has a height of approximately
18 km at the Equator, known as tropical tropopause, 13 km at midlatitutes and
8 km at polar regions, known as polar tropopause, with breaks occurring in the
vicinity of jet-streams.

The stratosphere is the region above the troposphere. It extends from the
tropopause to altitudes of about 50-60 km. In any particular locality, the tem-
perature generally remains reasonably constant up to about 20 km and this is
sometimes called the isothermal layer. The temperature then increases slowly
to about 32km, above which it rises rapidly. The stratosphere is almost free
of clouds. The maximum temperature corresponds to the upper boundary of
the stratosphere, the so called stratopause. The pressure at stratopause is only
about 1 hPa. The warmth of this layer is derived from photo-chemical processes
that take place as the result of the absorption of solar ultra-violet radiation (0.2
- 0.3 u) by the minor constituent ozone. Consequently, the ozone causes the
stratosphere.

The ozone layer, serves a highly important function for life on earth. This
layer protects life from most of the high energy radiation from space, which is

deadly to life.

The stratopause marks the lower limit of the mesosphere. The temperature

generally decreases with height in the mesosphere until it reaches a value of about
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-95°C at about 80 km which is the lowest in the upper atmosphere. This level,
the top of the mesosphere, is called the mesopause, where the pressure has a value
of about 107% APa.

The mesopause marks the end of what can be regarded as homogeneous at-
mosphere. Up to this level the gaseous composition of the atmosphere is nearly
constant, except for variable amounts of water vapour and ozone. Sometimes
the region below the mesopause is known as the homosphere. The homosphere
therefore includes the troposphere, the stratosphere and the mesosphere.

Beyond the mesopause or homosphere there is the thermosphere, in which
the nitrogen and oxygen of the atmosphere interact with short-wave solar radi-
ation and dissociate into atoms and ions. During this process, the temperature
rises in the higher layers to about 1000°C. The upper limit of the atmosphere
is not exactly specified. The interactions between the top layers of the atmo-
sphere and solar radiation reach their maximum at a height of about 1000 km
(t.e. exosphere). The vertical temperature distribution through the layers of
the atmosphere show two temperature maxima in addition to that at the earth’s
surface (Figure 1.1).

We have mentioned that it is important to study the various constituents
of the atmosphere as a whole. However, almost all the clouds and weather that
affect our daily lives occur in the troposphere. For this reason, we shall now direct

most of our attention to atmospheric processes that occur in the troposphere.

1.3.2 Scales

There are different methods of scaling the atmospheric phenomena with spatial
and temporal scales and ranges from molecular scale on which all atmospheric

exchanges occur to the smallest scale of interest to meteorologists, micrometeoro-



1.3. THE ATMOSPHERE 9

Temperature (K)
200 210 220 230 240 250 260 270 280 290 300 310 320
1 1 ] 1 1 L 1 1 1 1 1

120
I
110- L 10
100 - 05e-7 s
- 10
904 THERMOSPHERE
——————————————————————————————————————————— = 5
80} - 10
Vamny
~~ —_ [+
E 70+ - 06e-5 C?E . %
= ) -10 7
Q MESOSPHERE = o
9 60 >, =)
E =1 [75]
o= & 5]
2 50 - 0le-3 8 10 E
40
4 - 10!
30 STRATOSPHERE [ 22
20
- 102
______________________________ Ode-1_ _ _ _ _ _ _ ]
104
TROPOSPHERE ;
0 i 1 1 = :2‘:" I 1 3 10

-80 -70 -60 -50 40 -30 -20 -10 O 10 20 30 4
Temperature (°C)
Figure 1.1: Vertical division of the atmosphere and a model temperature pro-

file for mid-latitude equinox, and associated nomenclature, based on the U.S.
standard atmosphere (1976) with a dimension added for atmospheric density.



10 CHAPTER 1. INTRODUCTION

Disturbances Scale (Il‘lggsdf‘) (2{1951;1;?1 (I;lgétf)
| 10,000 km oc
: MACRO
o 5] 2 - MASO--
sl Bl U oo [syNoPTIC
6* el § i o B
-l _
- B e E """""" a
5 e 100 km
| I - MESOB 1 pgso
8 = Ep MESO |
= E 10 km
5 . Y p
5 ] 28 L
Il
gl g | 1w | micro a
a
<1 I . - MISO---
] ] E 100 m B
- ) MICRO P
z 8
@ 5 | own | T 0
=] 3
s v }-MOSO--
=
L] L] Im B
MUSO

Figure 1.2: Horizontal scaled comparison of different atmospheric phenomena

based on, Ligda [1951], Orlanski [1975] and Fujita [1981] (after Fujita [1986]).



1.3. THE ATMOSPHERE 11

logical scale, ending with planetary scales. A simplified model of scales proposed
by Ligda [1951], Orlanski [1975] and Fujita [1981] are presented on Figure 1.2.

In this thesis we have investigated in the mesoscale and synoptic scale region.

1.3.3 Thermodynamics of the Atmosphere

Motion in the atmosphere, thermodynamics, potential temperature, equivalent
potential temperature and instability are some of the work presented in this
thesis. So it is appropriate to introduce their definitions and terminologies. Ior

thermodynamics and potential temperature, please see Appendix A.

1.3.3.1 Instability

A method of estimating the vertical instability is known as the parcel method in
which, it is assumed that a parcel of air is displaced vertically from its initial
position without mixing with the surrounding air. If the forces existing after
displacement tend to return the parcel to its initial position, the atmosphere is
said to be in stable equilibrium. On the other hand, if the parcel tends to be
accelerated away from the initial position, the atmosphere is said to be in unstable

equilibrium. Finally, if the net force is zero, neutral equilibrium prevails.

The atmospheric instability may be expressed in terms of the lapse-rate of
potential temperatures. Taking logarithm of (Equation 19, App.A) and differen-

tiating with respect to z, we find that:

100 _ 10T R10p "
002 T 0z c,pdz '
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Applying the hydrostatic equation:

Op = —pg0z (1.2)

and the equation of state, Equation A.9 , yields:

Tog 0T g

e _ o 1.3

00z 0z i Cpd (13)
By substituting for —9T/0z = +~, Environmental Lapse Rate, and

g/cpd = 74, Dry Adiabatic Lapse Rate, (i.e. 9.8 km™!), the above equation

becomes:

T 06
99, - T (1.4)

Hence the instability criteria may be written as follows:

o (00/0z) < 0 (i.e. ¥ <4 and § increases with height) stable.
o (00/0z) =0 (i.e. v =4 and 8 is constant with height) neutral.
e (00/02z) <0 (i.e. ¥ > 4 and 0 decreases with height) unstable.

The treatment above has ignored the moisture effects, which is a reasonable
assumption in the stratosphere and upper troposphere but not for the lower
troposphere. Considering the moisture effects, for a pseudo-adiabatic process,
the expression for Saturation Adiabatic Lapse Rate (SALR) will be:

1_|_ﬂ
%zw{l—“‘”—} (1.5)

el2r,
+ cpa RqT?

where, L=latent (hidden) heat (Jkg™!'), r,= saturation mixing ratio (gkg™*) and

€ = M,/My = 0.622, where M, and M, are the molecular weights of water vapour
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and dry air respectively.

The bracketed term is a function of the pressure and temperature and so, 7,
is not a constant but is always less than ;. However, it approaches v; as the
pressure increases or the temperature decreases. The latter is the case of upper
troposphere and stratosphere.

The additional terminology which sometimes is used to describe the vertical
instability through thermodynamic diagrams (i.e. skewed T-log p), Figure 1.3, is
given below. The word absolutely as used here implies the condition of stability
or instability, regardless of moisture content, whereas, the word conditionally

implies a dependence on moisture content.

1) vy<9 absolutely stable,
(2) a>v> conditionally unstable
3B)y> absolutely unstable

The simplified illustration of the above terminology of instability criteria is shown
in Figure 1.4.

Holton [1992], states that the vertical acceleration of the parcel of air will be:

2
% = —N?%6z (1.6)
where,
g oo
N2 = aa (1.7)

is a measure of the static stability of the environment. Therefore, if N > 0 (i.e.
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Inp

Temperature ———

Figure 1.4: A simplified skeletal illustration of a skew T-log p diagram and abso-
lute stability (1), conditional instability (2), and absolute Wnstability (3) in relation
to “Dry Adiabats” and “Moist Adiabats”.

(80/9z) > 0) the parcel will oscillate about its initial level with period:

T =27 /N. (1.8)

The corresponding frequency, N, is the buoyancy frequency (also often re-
ferred to as the Brunt-Vaisald frequency). If N = 0 (z.e. (06/8z) = 0) the parcel
will be at neutral equilibrium. On the other hand, if N* < 0 (i.e. (00/0z) <0,
potential temperature decreasing with height) the displacement will increase ex-

ponentially in time.

In the case of dry air, the potential temperature, 6, is a useful, conserved
quantity. The temperature which is conservative with respect to dry and pseudo-
adiabatic processes is the equivalent potential temperature, 0. (also known as
pseudo-equivalent potential temperature). The equivalent potential temperature
is defined [Holton, 1972] as the final temperature which a parcel of air attains

when it is lifted dry adiabatically to its lifting condensation level, then further
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up pseudo-wet adiabatically (with respect to water saturation) to a great height
(dropping out condensed water as it is formed), then finally brought down dry
adiabatically to 1000 kPa. The resultant latent heat is used to warm the parcel.
Bolton [1980], following the work of Betts and Dugan [1973], Betts and Miller
[1975] and Simpson [1978], recommended the following formula for computation
of equivalent potential temperature for a water-saturation pseudo-adiabatic pro-

cess.

3.376
Ty,

0. = O exp [( - 0.00254) X T (1 +0.81 x 10-37«)] (1.9)

where, r is the mixing ratio at the initial level; ,, is the potential temperature

for moist air as:

; (1.10)

1 0.2854(1—0.28)(10_37')
6 —T < 000)

and 77, is the absolute temperature at the lifting condensation level given by any

of the following three formula:

|
T a7t
Tp—56 800

Ty, = 56 (1.11)

where, T is the absolute dew point temperature (K).

i3 +55 (1.12)

1
= 71 _Ia(Uji00)

T-55 2840

where, U is the relative humidity (%).

B 2840
"~ 3.5InT — Ine — 4.805

i +55 (1.13)

pXT
62247

where, e = is the water vapour pressure (hPa).
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Bolton [1980] also recommended that the maximum error is 0.3 K, the main
contribution to the error arising from neglect of variation of the specific heat of
dry air (c,q) with temperature and pressure, an error which also affects the value

of the potential temperature (i.e. §).

1.4 Observation systems

The measurement of meteorological parameters at the ground surface of the in-
habited portion of the Earth is relatively easy and straightforward. The diffi-
culty in obtaining the measurements arises when it comes to uninhabited areas
such as, oceans, deserts, forests and polar regions. The Automatic Weather Sta-
tions (AWS) are able to measure some of the quantities in aforementioned areas.
Upper-air measurements are relatively difficult because of the remote nature of
such observations.

Essentially, there are two types of measurements one, in situ measurements,
in which, the sensors are placed within the environment such as, balloon borne
radiosondes, rocket sondes and aircraft measurements while, the other, remote
sensing measurements, in which the effects of the environment on the passage
of electromagnetic or sound waves are observed. The remote sensing methods
can be fulfilled through the means of either, ground-based devices (i.e. Radars,
Lidars and Sodars) or, space-based devices like satellites.

Balloon-borne radiosondes are used world wide at upper-air meteorological
stations. Using this method, the atmospheric parameters such as, temperature,
pressure and humidity are measured at the place (i.e. in situ measurement) with
relatively high spatial resolution but, poor temporal (i.e. 12 hourly interval) res-

olution. The balloon is assumed to travel with the mean wind. The atmospheric



18 CHAPTER 1. INTRODUCTION

wind is measured by tracking the radiosonde transmissions via radio direction-
finding. It can also be done by tracking a reflector which is suspended underneath
the balloon with radar measuring the range, zenith angle and azimuth angle of the
reflector. The accuracy of measurements decreases with height as the balloon’s
range increases. Sometimes, the measurements are done at 10s of kilometers

away from the initial surface spot as the upper high winds cause the balloon to

drift.

Remote measurements of temperature and humidity from space are carried
out by satellites equipped with Infra-Red (IR) and Visual (VI) sensors. There
are mainly two types of meteorological satellites, the geostationary satellites
and polar-orbiting satellites. The former, located at altitude of about 35000 km
mainly over the Equator with relatively low horizontal resolution of about 5km
providing continuous global observations (processed half hourly) such as, GOES,
GMS, and Meteosat. The latter, orbiting the Earth from about 850 km alti-
tude through polar regions with higher horizontal resolution (i.e. 1km). In the
case of presence of clouds, the atmospheric winds can be measured by observing
cloud drifts. Both systems have relatively low vertical resolution of the order of

kilometers.

Among the ground-based remote sensing devices are the weather radars. Sim-
ply, the electromagnetic waves emitted from an antenna are interrupted for a
predetermined period of time to permit a pulse of these waves to reach a target
(i.e. hydrometeors) and return to the same antenna before the next pulse is
transmitted. The range to the target is determined from measuring the trans-
mission/reception time delay. The indicators are mainly two types, Plan-Position
Indicator (PPI) or Range-Height Indicator (RHI) in which, the former is used for

presentation quite similar to a map or chart, displaying the target in both range
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and azimuth while, the latter displaying the target in range and height along the
azimuth of the radar beam. The conventional weather radar can locate rain and
indicate its intensity from the amplitude of the returned signal.

The wind profilers operating in UHF and VHF bands, detecting the returned
signals from disturbed air with different refractive index, are being widely used.
Horizontal and vertical wind velocities can be determined from the Doppler shift
of the echoes.

As the result of the strong absorption and scattering of sound waves in the
atmosphere and the fading out of the power, the acoustic radars (Sodars) are
mainly used for observations of the boundary layer structure. They have a good
vertical resolution. Since the acoustic wavelength and hence, the velocity, are
temperature dependent, transmitting the acoustic wave simultaneously with the
electromagnetic wave from radar (e.g. VHF radar), the temperature profile of
the atmosphere can be constructed. This is done by varying the transmitted

acoustic frequency and observing the altitude of enhancement of echoes via the

Radio Acoustic Sounding System (RASS).

Pulsed Doppler Laser radars or simply Lidars, are designed based on the
scattering (and hence, reflecting back) of light by aerosol particles (e.g. dust,
salt particles, volcanic eruptions, etc). The principles of the wind measurement

by Lidars are identical to that of wind profilers.

For more information about observation systems, the reader is referred to:
Hubert [1979], Hubert and Witney [1971], Homer [1970], Battan [1973], Doviak
and Zrnic [1984], Skolnik [1990], Woodman and Guillen [1974], Golden et al.
[1986], Viisdld [1988], Browning and Szejwach [1994], Matuura et al. [1986],
May et al. [1989a], Hogg et al. [1983] and Bilbro et al. [1984].

As the work presented here has utilised the wind profiler, this technique will
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be discussed in the next chapter.



Chapter 2

Wind Profiler Technique

2.1 Introduction

This chapter gives a general overview of the coherent radar technique with spe-
cial emphasis to mesosphere, stratosphere, troposphere (MST) radar operating
in the VHF band. Some basic introduction to Doppler radar measurements and
the radar equations are followed by the data analysis in terms of the correlation
and spectrum analysis. The techniques for the measurement of wind velocities,
namely, the different modes of the Doppler method as well as the spaced antenna
(SA) method are surveyed. A brief discussion about comparisons of spaced an-
tenna (SA) method with other wind measuring methods will bring the chapter

to a close.

21
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2.2 Measurement Techniques and Correspond-

ing Altitude Observations

Briefly, to study the atmosphere, there are two groups of experimental techniques,
the remote sensing techniques and the in-situ techniques. The advantages of the
former, which senses the state of the atmosphere from a distance, is the significant
time resolution while the latter has the advantage of measuring the parameters
in a well-defined and predictable manner. Both have some disadvantages, the
former generally suffers from some uncertainty, and the latter as well as having
very poor time resolution, has measurements normally taken 10’s of kilometers
away from the launched spot.

There are two further distinctive types of remote sensing experiments, the
passive experiments and the active experiments. The passive experiments are
those which simply receive or monitor some state or constituent of the atmo-
sphere like most satellite-borne apparatus, while active experiments are those
which sound the atmosphere with some form of radiation. The radar and lidar
experiments fall into the active category. Although, the passive experiments (e.g.
satellite measurements) have the disadvantage of relatively poor height and time
resolution, they are able to achieve excellent hemispheric coverage.

As well as being able to make measurements with excellent temporal and spa-
tial resolution, the atmospheric radars are relatively inexpensive and can operate
at remote areas unattended for long periods. The restriction of altitude cover-
age (i.e. generally, inability to sample at more than a small number of spatially
separated locations), however, is a disadvantage of atmospheric radars.

Medium frequency (MF) and high frequency (HF) radars operate mainly at

frequencies between 2 and 6 M Hz and receive partial-reflection returns for the
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roughly mesospheric region from below 60 km to 100 km [Vandepeer and Reid,
1995]. The pioneers of investigations of this region are Gardner and Pawsey [1953]
and Gregory [1956]. The ionization and refractive index discontinuities with
vertical scale of the order of half the radar wavelength causes the backscatter from
turbulence and gravity waves. The range of altitudes observed by atmospheric

radars is summarized in Figure 2.1

14[A
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Meteor radar
~ 100} HF/MF Thermosphere
S Meteor radar
~ VHF  yHF (PMSE/MSE)  VHF/UHF
% 80} MF (ISR) Mesopause
N
=
S VHF (day) Mesosphere
< 60
Stratopause
40}
Stratosphere
20} ¢
VHF Ué\'l . Tropopause
‘V Troposphere
Frequency

Figure 2.1: The altitude ranges observed by atmospheric radars (revised from

Vandepeer [1993]).

Very high frequency (VHF) radars were first used in the late 60’s and early
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70’s (Flock and Balsley [1967]; Woodman and Guillen [1974]).

MST radars make use of scattering and reflection from variations of humid-
ity, temperature and electron density. Essentially, MST radars can observe the
three dimensional wind vector, atmospheric reflectivity and stability, as well as
morphology of turbulence and waves. The continuous measurements with MST
radars offer very good quality and quantity of wind velocities [Gage and Van-
Zandt, 1981]. MST radars operate at frequencies around 50 M Hz and are also
called VHF radars (frequency band between 30 M Hz and 300 MHz). Typical
peak powers of VHF radars are between 1 kW and 1 MW. Range resolutions
down to about 100 m and time resolutions down to some 10 second are possible.
The antenna arrays with typical dimensions of 1000 m? to some 10,000 m? point
close to the zenith direction. The basis of the so-called “MST radar technique”,
which is applicable to pulsed, coherent radars, has been described in detail by a
number of authors such as: Balsley [1981], Gossard and Strauch [1983], Réttger
(1984], and Réttger and Larsen [1990].

Ultra high frequency (UHF) radars operate at frequencies from 400 to 900 M H z.
The “profilers” operating at the lower frequency are covering from 500mto 10 km.
The “Boundary layer” radars operating at the higher frequencies are covering
up to 4 km with high spatial resolution. The backscatter for these radars results
from water vapour, precipitation, and aerosols. The Doppler shift of the resulting
power spectrum determines the wind velocity. The maximum observable height

for the determination of the wind velocity is considered to be around 95 km [Hines

et al., 1993].
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2.3 Mechanisms of Scattering

Under suitable circumstances MST radars are capable of obtaining echoes from
both thermal and non-thermal fluctuations in the atmospheric refractive index.
In both cases the echoes are returned from structure in the medium with a scale
along the beam comparable to one-half of the wavelength of the transmitted
frequency. The thermal (or incoherent or Thomson) fluctuations arise from the
statistical fluctuations of a medium in thermodynamic equilibrium, and non-
thermal fluctuations are associated with either turbulent or laminar (coherent)

structure.

Basically, all radar echoes arise from scattering or reflection from inhomo-
geneities in the atmospheric dielectric constant, €, or index of refraction, n. These
inhomogeneities result from the mixing produced by the action of turbulence and
internal gravity waves, and are due to the existence of stable reflecting layers. The
dielectric constant of free space is €0 = (107%/36 7 Fm™"'). A relative dielectric

constant can be defined by:

g, = £/gg (2.1)

and the refractive index, n, is related to this dielectric constant by:

n = \/lirEr (2.2)

where the relative permeability, p,, of air is approximately unity. The atmo-
spheric refractive index for radio waves propagating through the lower and middle

atmosphere is given by Gage and Balsley [1980] as:

n—1

_ 3.73x107'e N 776 x1076P N,
N T2 7 2N,
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Figure 2.2: Typical altitude profiles of the wet, dry and ionization terms (adapted
from Sato [1988]).

where, T is the absolute temperature (degrees Kelvin), e is the partial pres-
sure of water vapour (hPa), P is the atmospheric pressure (hPa), N, is the
number density of free electrons (m=2) and N, is the critical plasma density
(m™%)=1.24x10"2f (M Hz?%), in MKS units for the radio frequency, f. The three
terms on the right-hand side of Equation 2.3 are referred to as the “ wet”, the
“dry” and the “ionization” terms respectively. The refractive index equation is

dominated by the wet term in the lower troposphere due to the relatively large
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amount of water vapour present in that portion of the atmosphere. Above the
tropopause, however, its influence is negligible. The dominance of the dry term
begins from the mid-troposphere upwards into the stratosphere, where the effect
of ionization begins to become significant. At these altitudes, the final term, the
ionization term, dominates. This term undergoes the diurnal variation as a result
of the ionization produced during the day and the recombination occurs during
the night. The altitude dependence of each of these terms is illustrated in Figure
2.2.

The scatter observed by atmospheric radars can be separated into four distinct
categories. The “Bragg scatter” or “ turbulent scatter” results from variations
in the refrative index with scale projected along the line of sight of the radar
equal to one-half the radar wavelength distributed randomly throught the volume
illustrated by the radar. A radar with operating wavelength Ap obtains signal
returns from irregularities whose outer scale, L, and inner scale, I,(= (v3/ed)1/4,
where v is kinetic viscosity of turbulence), fall in the range: Apin < AR/2 < Amaz,
where Min and M. are related to I, and I, respectively. It is more precise to
specify C12nl, < Ag/2 < Cy2nL, [Balsley and Gage, 1980], where C; and C,
are constants of the order of unity and have empirical values of 0.94 and 0.75,
respectively. “Fresnel scatter”, or “diffuse reflection”, [Réttger, 1989] occurs from
collections of extended stable horizontal layers. Fresnel scatter produces much
stronger and more coherent scattered signals. “Fresnel reflection” or “specular
reflection”, occurs from a single horizontally extended layer or sheet, which gives
rise to backscattered signals. The returned signal may be quite strong and steady
in amplitude and phase over relatively long periods. It is responsible for “slow
fading” of radio signals. The Fresnel scatter, and Fresnel reflections are also

known as partial reflections. The effects of these scattering mechanisms can be
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Figure 2.3: Effects of Bragg scatter, Fresnel reflection and scatter upon the at-
mospheric refractive index (adapted from Rottger [1989]).
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distinguished by examining the returned power profile, as illustrated in Figure
2.3. An alternative (and much weaker) form of scatter arises when the incident
electro-magnetic field interacts directly with free electrons which are forced to
oscillate with the electric field. It is called “incoherent scatter” or “T;)mpson

scatter” or “thermal scatter”. The oscillating electrons re-radiate at a similar

frequency to the incident radiation.

2.4 Atmospheric Pulsed Radar Theory

Consider a pulsed electromagnetic wave being transmitted at the time #, (see
Figure 2.4) with the duration of At (the pulse width). The pulse travels in a
nondispersive propagation medium (e.g. atmosphere) with the speed of light,
¢, and is backscattered from various ranges. The pulse shape is typically either
smoothed trapezoid, triangular, boxcar or Gaussian shaped. The pulse reaches a
range r, after a time t, = ro/c. A target at r, can scatter or reflect the signal
in some directions. A small fraction of the signal returns to the location of the
receiver (or transmitter) and is sampled after the time ¢, = 2¢, = 2r,/c. For the
monostatic radars (i.e. transmitter and receiver are at almost the same location),

this yields the basic relationship:
r=ct/2 (2.4)

enabling the range of any radar target to be determined by measuring the round-
trip time, t. The returns sampled over the time interval #; to ¢; + At originate
from the range of heights indicated by the shaded region. This region is typically

referred to as a “range gate” and is given by:
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Ar = cAt/2. (2.5)

As echoes from the range between r, — Ar/2 and r, reach the receiver simul-
taneously at time ¢, the range Ar is called the “range resolution”. The range
resolution is increased by decreasing the pulse duration, Af. The smaller the
Ar, the better the detail along a profile can be resolved. The “bandwidth” of
the receiving system, however, provides a lower limit for the pulse duration, and
consequently, a lower limit for the range resolution, Ar. Figure 2.4 shows most
of the echo power results from the range r,, and minimum power is received from
the range r, £ Ar/2. Accordingly, the resulting range weighting function of the

single range gate centered around r, is a triangle.

Radar pulses are normally transmitted periodically in order to sample the
signal returns from each range gate with high temporal resolution. The trans-
mission period is called interpulse period, ¢;,,, in which, the reciprocal is denoted
as pulse repetition frequency (PRF), f, = 1/t;,,. This leads to the definition
of the “duty cycle” or “duty factor” of the transmitter as a ratio of the pulse
duration to the interpulse period, D = At/t;,,. The duty cycle is a measure of
transmitter versus receiver activity (e.g. with the peak power of transmitter, P,

the average power will be DP).

Pulse repetition puts a limit on the maximum range that can be observed
without ambiguity due to “ range aliasing”. The effect is illustrated in figure 2.4,
where echoes of the pulse from range r, and the previous pulse from range rs,
are both received at time t3, consequently, contributing to the echo power from
that range. Echo power from the upper range is weak and obscured, while that

of lower range is relatively strong and dominate. The maximum range that can
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b k I b 5 TME

Figure 2.4: Range-time diagram of Doppler pulsed radar. Pulse echoes travel
with a constant speed of ¢, from the scattering layers in the atmosphere. At
is the pulse width, t,,,, is the interpulse time between pulses. i, > At (after
Raéttger [1984]).

be observed without ambiguity, is a function of the interpulse period:

Pmaz = Clipp/2 = ¢/2fp. (2.6)

The pulse duration or pulse width determines the minimum detectable range
as half the resolution, r,,;, = Ar/2, while, the pulse resolution, Ar, is chosen
due to the instrumentally entailed transition between the transmission and the

reception. The shorter the pulse width, the better the range resolution, and the
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lower the PRF, the better the maximum range. However, the combination of low
PRF and short pulses result in a very low duty cycle and average power, which
reduces the maximum range. The short pulses have a greater band width and
allow more background noise to enter the receiving system. The effect of range
aliasing can be overcome by using “pulse coding”, or by using a non-periodic
lipp- Pulse coding [ Woodman, 1980; Réttger, 1984; Sulzer and Woodman, 1985]
involves assigning a unique “code” to each transmitted pulse so that the receiving

system can distinguish the signal returns from each pulse.

2.5 Radar Equation for Scattering and Reflec-
tion

The returned power of echoes is very important in the design of radar sys-
tems. The relationship between transmitted power and received power is called
the radar equation [Tatarskii, 1971; Doviak and Zrnic, 1984; Sato, 1989 |. The
radar equation operating at a wavelength A for an isolated hard target at a range r
with scattering cross-section, ¢ (perpendicular to the direction of incident beam)
and also with transmitting power, P;, from an antenna of effective aperture area

A, with gain G = 47 A./)?, shows the r~* dependence of received power as:

GP, aAg
P = 4rr? 4nr? (2.7)
o aPtAZ
" dmarrdt (2:8)

where a is the efficiency factor (loss) for the system.

In the case of the isotropic volume scatter, the volume illuminated by the
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radar beam increases with the square of the range. According to Balsley and

Gage [1980], the radar equation reveals the r~2 dependence of received power as:

2P AA
p =2, (2.9)

7r?

where the 7 is the volume reflectivity.

Gage and Balsley [1980] also determined r~2 dependency of received power of
the radar equation from a single discontinuity by partial (Fresnel) reflection as:

a2PtAz

P = )
AN2p2 el

(2.10)

where o is the amplitude reflection coeflicient of the discontinuity. With the

appropriate values for 5 and p, the magnitude of the returned power is specified.

In real atmosphere, however, the range dependency of power returns is likely

to lie somewhere between r=2 and r~* that is, r=3 [Doviak and Zrnic, 1984 ].

2.6 Doppler Shift and Coherency

The transmitted pulse wave incident on the atmospheric scatterers or reflectors,
forces molecular vibrations to occur at the same time as the electric and magnetic
fields. In the case of stationary scatterers, or moving along a surface of constant
range, r, the vibrations of molecules will be at the same frequency as the incident
wave. For monostatic radars, if scatterers are moving toward the transmitter at
velocity v, their vibration frequencies are higher by v/, since the target molecules
experience more rapid fluctuations of electric and magnetic fields. The vibrating

molecules generate electromagnetic fields radiating outward from the scatterers
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and toward the transmitter with the increase of frequency of the magnitude of:

fd B —QUT/)\ (2.11)

where v, = dr/dt is the radial velocity, defined positive as the range increases
away from the radar. This frequency change is called the “Doppler shift”, which is
higher (i.e. positive Doppler shift) if the target is moving towards the transmitter
and lower (i.e. negative Doppler shift) if the target is receding. In the above
formula, firstly, the target’s electric vibrational frequency is increased by v, /),
and secondly, the frequency of its radiation field in the direction of the receiver

is increased by v, /A.

The Doppler shift of the Equation 2.11 can be expressed as the rate of change
of phase, ¢, of the returned signal [Low, 1996] by:

1 dg

fd:%%

(2.12)

since the radar signal is pulsed at a frequency f, = PRF, the radar echo is
sampled at a rate ¢;,,, this yields the maximum Doppler frequency to be resolved
by pulse-to-pulse analysis (Nyquist frequency) as fs,.,, = PRF/2 = f,/2 =
1/2tipp. From the Equations 2.11 and 2.6, the maximum unaliased measurable

radial velocity can be derived as:

[or | =B, 42 (2.13)

max 4 8rma1;

Equation 2.13 reveals that, the higher the PRF, the higher the maximum

radial velocity observable and illustrates an important point in profiler design.

For MST radars operating in the lower VHF band around 50 M H z, the radial
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velocities with quasi-vertical radar beams, do not exceed several 10m s~ and the
Doppler frequency will barely exceed 10 Hz. Applying a large enough PRF (i.e.
PRF > 1 K Hz), the radar echo will be heavily oversampled, that is, its phase and
amplitude does vary little from pulse to pulse. This is called the “coherency” of
radar echo, in contrast to an “incoherency” of radar echo, which randomly changes
in phase and amplitude from one pulse to the next. This coherency in the echoes
allows us to improve the signal quality by simply adding together a number, n.,
of sequential samples. This coherent averaging reduces the total noise power
by removing high-frequency components from the signal, as well as deduce some
obvious experimental advantages. The “sampling rate” which is defined by f,/n.,
determines the time resolution of echo measurements. By substituting the f,/n.
into Equation 2.13, the largest radial velocity measurable is given:

_ M

|’l),,« |ma.z‘ - 4nc -

(2.14)

The degree of coherent averaging is an important factor in radar experiments,
and its selection is determined by the nature of the turbulent irregularities being

observed.

2.7 Data Analysis Techniques

There are two ways of analysing the raw data, sampled time series of electromag-
netic field variations at the receiving antenna system on the ground; the frequency
domain and the time domain. Each has advantages and disadvantages. A brief
discussion of each will follow, as in the three case studies of cut-off lows discussed

in this thesis, the raw data analysis of two of the most recent ones (i.e. 1995) are
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carried out in the frequency domain and the other (i.e. 1992) in time domain by

David J. Low at the(fniversity of,4delaide.

2.7.1 Frequency Domain Analysis

In the frequency domain, the pulse-to-pulse time-varying echo strength time series
is reduced, which is the most important aspect of this technique. In order to avoid
ambiguity in the Doppler shift arising from Fourier transform of a single discrete
wave form, the returns from each transmitted pulse are mixed with sine and
cosine phase-locked signals from a local oscillator. The Fourier transform of the
resultant signals, which are called the “in-phase” and “quadrature” components,
respectively, give the complex time series, z;.

Figure 2.5 illustrates a typical power spectrum. The central frequency corre-
sponds to the transmitted signal with Doppler shifted frequencies on either side.
A positive Doppler shift corresponds to motion towards the antenna while, a
negative Doppler shift corresponds to motion away from the profiler. The noise
power <N >, or equivalently the average background signal level N, is one of the
four basic quantities (moments) measurable from the power spectrum. The math-
ematical details can be found in the reviews by Zrnic [1979], Doviak and Zrnic
[1984]) and Woodman [1985]. The area under the peak above the noise level, the
signal power < P>, is another moment and the mean Doppler shift, f;, which can
be converted to a velocity using Equation 2.11 being the other moment. Finally,
the width W, of the peak, which is related to the degree of turbulence in the
sampled volume [Hocking, 1983a], is the last measurable moment. The central
peak, which is the reflections from stationary targets, caused by sidelobes of the
beam, is called “ground clutter”. Other contaminations such as: aliasing, inter-

ference, ocean wave echoes, or mixed scattering with reflection modes, and their
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Figure 2.5: A typical power spectrum and measurement parameters (revised from

Low [1996]).

eliminations are discussed by Rottger [1980a], Rastogi and Holt [1981], Rastog:
and Rottger [1982], Hocking [1983a], and Hocking [1983b]. The signal-to-noise
ratio (SNR) defined by <P>/<N> is an important derivedl parameter. Analy-
sis in frequency domain allows the identification of multimodal spectra such as:
combined clear-air and precipitation echoes, as well as the removal of spectral

artifact.
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2.7.2 Time Domain Analysis

According to the Wiener-Khinchine theorem, the power spectrum and autocor-
relation function of a sampled signal contain similar information about the lower
spectral moments, distributed over frequency in the power spectrum, and concen-
trated in the small lags of the autocorrelation function [Woodman and Guillen,
1974; Bowhill, 1983]. The m-th lag value of the autocorrelation function of the

N-point complex time series Z; defined by:

1 N-m-1
R(m) = i > ZiZiim (2.15)
k=0

where x denotes cojugation. There is a direct relationship between the n-th
classical spectral moment, M,, and the n-th derivative of the autocorrelation

function at zero lag:

M, = RM(0)/(2x4)". (2.16)

Figure 2.6 illustrates a typical autocorrelation function, displayed as ampli-
tude p and phase ¢ components as a function of the lag 7. The random back-
ground noise appears as a “spike” of size N in amplitude at zero lag. Ground clut-
ter produces almost constant amplitude platform(c), where the expected (pseudo)
Gaussian is superimposed. The interpolated zero-lag value of this Gaussian cor-
rected for clutter, is a direct measure of the signal power P, while its width
W; is a measure of the echo lifetime. According to Hocking [1983b] and May
[1988], it is advisable to set the time series length, n,, to a value between 25 and
50 times the autocorrelation width to reduce the effects of small-scale temporal
variability, whilst retaining a representative data record. Eventually, the mean

frequency shift is given by the slope of the autocorrelation phase through Equa-
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Figure 2.6: A typical autocorrelation function and measurement parameters

(adapted from Low [1996]).

tion 2.12. The Doppler velocity is thus derived by applying Equation 2.11. The
SNR is defined by P/N and is usually expressed in decibel (dB) units by taking
1010910(P/N)

Woodman [1985] gives a detailed evaluation of the signal power and Doppler
velocity from the zero and first lag values of p and ¢ respectively through the

single delay autocorrelation approach.
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2.8 The Measurement of Winds

The main task of VHF/UHF radars is the measurement of the three-dimensional
wind field of the atmosphere. For radars working at vertical beam mode, the
Fresnel reflection is the main mechanism, whereas, for those working off-zenith
beam mode, the scattering from irregularities generated by isotropic turbulence
is an essential mechanism. Gage and Green [1978] were the first to point out
the importance of Fresnel reflection for the VHF radars that was confirmed later
by Rottger and Liu [1978] and Rottger and Vincent [1978], who observed the

enhancement in the returned signal power.

By measuring the Doppler frequency of Bragg scatter echoes, the wind velocity
vector can be determined [ Wilson and Miller, 1972; Gage and Balsley, 1978]. This
method is usually referred to as the Doppler method. The other method uses a
vertical-beam antenna for transmission and at least three horizontally spaced,
vertical-beam receiving antennas. The echoes, which in the low VHF band are
typically a result of Fresnel scatter or reflection, are cross-correlated to determine
the wind velocity [Briggs, 1977; Réttger and Vincent, 1978 in the technique
known as the spaced antenna (SA) method. These two methods are described in
more detail in the next section and appendix A, respectively. Both methods are
based on the same physical mechanism (Taylor hypothesis), in principle. Namely,
echoes scattered or reflected from moving irregularities in different directions show
a different Doppler shift, which is measured with the Doppler method to deduce
the velocity. Fading signal amplitudes or a drifting diffraction pattern at the
ground will result from the interference pattern of echo amplitudes from moving
scatterers or particular reflecting regions located in different directions. The

fading pattern is measured with the spaced antenna method in order to deduce



2.8. THE MEASUREMENT OF WINDS 41

the velocity. The other techniques of wind measurements will not be reviewed

here.

2.8.1 Doppler Technique

The radial velocity of scatterers can be measured through autocorrelation or
spectral analysis. May et al., [1989b] and May and Strauch [1989] discussed the
accuracy of various estimators for the Doppler shift in the estimation of winds.
With the Doppler method the Doppler shift of the backscattered radar echoes
is measured over a set of beam directions. Complex autocovariance of spec-
tral analysis, and further digital processing yield the radial velocities in different
beam-pointing directions. These line-of-sight velocities are then used to calcu-
late the three orthogonal wind components. The method is a simplified version
of the well-known velocity-azimuth display (VAD) method. With the assumption
of the uniform wind field, for a constant zenith angle, radial velocity will vary
sinusoidally with azimuth angle. Fourier analysis of the radial velocity taken at
several azimuths yields the three-components of wind field. However, profiling
radars usually observe the vertical velocity with better accuracy by using a ver-
tical beam. Using one vertical and four or more off-vertical beams enables us to
calculate the divergence of the wind field Clark et al., [1986]. More accurate es-
timates of the vertical velocity can be obtained by keeping the azimuth constant
and changing the elevation angle. This is known as the velocity-elevation display
(VED) technique. Extension to multiple azimuth angles enables us to measure
the full three-dimensional wind field. The measurement of the aspect sensitivity
of scatterers, which is a measure of atmospheric stability and thus allows the
detection of a stable layer (e.g. the tropopause), is also achieved by the VED

method.
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The most widely applied method is Doppler beam swinging (DBS) where, the
echoed Doppler-shifted frequency is measured with a narrow beam pointed in
different directions. Equations 2.12 and 2.14 yield [Rottger, 1984]:

_ A
T 4r 6t

T

(2.17)

According to Woodman and Guillen [1974], the mean rate of change of phase

for the scatterers is:

dag 1 [Im(p(61))
T PJL_] (2.18)

where p(6t) is the autocovariance function of the complex time series at time
shift 6¢, Im and Re stand for imaginary and real parts of the complex quantity
respectively. Fourier transform of the power spectrum of a time series which is

the autocovariance function [Bracewell, 1986], is found from:

n

p(81) = 3 P (f;) exrist (2.19)

i=1
where f; = (j — 1) /T and T is the data length of the time series.

Substituting Equations 2.18 and 2.19 in Equation 2.17 with the assumption

that the term inside the brackets is much less than unity, yields:

V.~ 52?:1 EP{J:)

SR> IIOR (2.20)

The vertical velocity (beam vertical) and horizontal wind (beam off-vertical)
can be deduced from Equation 2.20. The strong aspect sensitivity of the scatterers

at VHF band (~50 M Hz), can cause the effective pointing beam direction to be
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smaller than the physical direction. As mentioned by Strauch [1983] and Vincent
[1984], there is an optimum beam pointing angle. The recommended off-vertical
pointing angle for radars operating at VHF band, is 10° — 15°. The significant
sidelobe signals have to be rejected from the analysis.

Comparisons of Doppler wind measurements with rawinsondes have been car-
ried out with almost all existing radars. A fair to good agreement has always
been reported [Fukao et al., 1982; Larsen, 1983a]. Frisch et al., [1986] com-
pared wind velocities measured with a VHF and a UHF wind profiler and found
an almost one-to-one correlation. Fukao et al., [1982] came to the conclusion
that 430 M Hz, as well as 50 M Hz Doppler radar measurements of winds provide
more accurate, and more frequent wind profiles than do conventional rawinson-
des. Furthermore, the radars can measure the vertical velocities, providing more
important additional data than the indirect methods, which are typically used
to derive the vertical velocities from radiosonde data. Larsen [1983b] noted that
an MST radar can provide synoptically meaningful data and that the Doppler
radar measurements produce data of a quality that is at least comparable to the

estimates of accuracy for radiosonde data.

2.8.1.1 Comparisons of Spaced Antenna Method with other Wind

Measurements

Vincent and Réttger [1980] first showed that spaced antenna (SA)! winds in the
lower atmosphere are in good agreement with radiosonde winds.

Comparison of SA wind estimates with a number of other techniques have
been done to assure accuracy. Comparisons of upper atmospheric wind have

been made with rocket so:ndiﬁg by Vincent et al. [1977], with meteor drift by

IThe spaced antenna (SA) technique is discussed in appendix A.
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Figure 2.7: A comparison of SA winds with MARWINsonde: (top-left) wind
magnitude and (middle-left) wind direction. Time series of wind speed (top-
right) and wind direction (middle-right) at 3 km height . Sonde measurements
are marked by x’s, raw SA winds by dotted lines and two-hourly average SA
winds by solid lines. Altitude profiles of wind speed (bottom-left) and wind
direction (bottom-right) for profiler (solid line, x’s) and MARWINsonde (dotted
line). (adapted from Low [1996]).



2.8. THE MEASUREMENT OF WINDS 45

Cervera and Reid [1995] and with Doppler beam swinging (DBS) by Reid [1988];
Roéttger and Czechowsky [1980] and Van Baelen et al., [1990]. The comparisons
with all three techniques, SA, DBS and radiosonde have been made by Vin-
cent et al., [1987] and also with interferometric winds by Sheppard et al., [1993];
Holdsworth and Reid [1995b] and Vandepeer and Reid [1995]. All comparisons
have shown a good agreement, although Holdsworth and Reid [1995a,b] quoted
a slight underestimation (~ 5:5‘ Erom a modeling perspective.

A comprehensive comparison of all aspects of SA wind and a large number
of co-located radiosonde (MARWINsonde) for minimizing the effects of spatial
variation during the South Australian Frontal Experiment campaign (SAFEx),
has been carried out by Low [1996]. He pointed out that the wind direction
returned by the radar is in excellent agreement with the sonde measurements
(Figure 2.7, top-left), while the spaced antenna wind magnitude shows a distinct
“levelling out” around 30m s~ (Figure 2.7, middle-left). He mentioned that,
the previous comparisons by Vincent et al., [1987] have generally been made in
conditions of low or moderate winds. In high winds, however, radiosondes can
travel hundreds of kilometres laterally from their launch site, making precise
comparison with ground-based sensors difficult. He also added, the traces of the
behaviour displayed in Figure 2.7 can be seen in Figure 5 of Vincent et al., [1987]
and Figure B.3 of Rajopadhyaya [1994].

Figure 2.7 (top-right and middle-right) shows a comparison of spaced antenna
and MARWINsonde winds as a time series at 3 km height for about four days
during the SAFEx campaign [Low, 1996]. It shows that, the agreement between
the sonde and radar is generally excellent, given the bounds of inherent variability.

Finally, an example of altitude profile comparison is displayed in Figure 2.7

(bottom-left and bottom-right), which again displays excellent agreement [ Low, 1996].
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Chapter 3

Buckland Park VHF Radar

3.1 Introduction

In the atmosphere the presence of turbulence will cause the refractive index to
fluctuate around its mean value, both in time and in space. These fluctuations
will in principle produce scattering of radio waves, which is observable with a

radar sensitive enough to detect the very weak echoes.

It is known that it is technically feasible to construct radars which can uti-
lize those very weak echoes. This is accomplished by combining sufficiently large
antennas with high transmitter powers and sophisticated signal averaging tech-
niques, as well as appropriate choice of operating frequency. The need for high
gain antennas and short pulses (to achieve the required height resolution) sug-
gests the use of high radio frequency. It is known that if the atmospheric density
fluctuations are Fourier analysed, then the strength of the radar echo is pro-
portional to the magnitude of density fluctuations having a scale equal to half
the radar wavelength. The higher the radar frequency, the smaller the spatial

scale and it is high likely to be damped or not present at all, due to the effects

47
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of viscous dissipation. The choice of the half-wavelength of a radar is essential
in the so-called “inertial range” of the turbulence spectrum, where viscosity is
not important. The frequency variation of galactic and man-made noise are also
important in choosing the radar frequency. The frequency near 50 MHz is the
frequency of most existing radars which are designed to measure the atmospheric
wind fields and turbulence. With the above frequency, the “see” spatial scales
in the atmospheric structure will be of the order of 3 m. The effectiveness of a
radar depends on the product of the mean power transmitted and the area of the
antenna array. By varying the angle of the radar beam the strength of the echoes
can be studied as a function of off-vertical angle, in which, the strongest echoes
are sometimes found to be those for the beam directed vertically upwards.

In the past two decades radars have become powerful tools for studying the
properties of the lower, middle and upper atmosphere. These systems might be
a replacement of existing wind measuring instruments and methods. The VHF
wind profiling radar system has a variety of applications in atmospheric research

and meteorology such as:

Vertical structure of winds for synoptic studies of the troposphere and

stratosphere.

o Measurement of atmospheric stability and turbulence.

e Measurement of small scale phenomena.

Studies of frontal structure.

Studies of short-waves.

Tropospheric/Stratospheric exchange.
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e Studies of atmospheric wave generation, propagation and dissipation.

e Studies of gravity waves.

The time resolution of the profiler technology is as hfdh as a few minutes and
height resolutions as highas a few hundred meters for wind measurements. The
system can provide a cost effective replacement for balloon-borne wind measuring
instrumentation, allowing continuous tropospheric wind observations at remote

sites.

3.2 Hardware and Operating Parameters

The 54.1 MHz Buckland Park VHF radar (34°37' S, 138°29' E) is situated some
35 km north of Adelaide (34°55' S, 138°35' E) on a flat coastal plain and about
50 km from significant orography, Mountain Lofty (517 m height). It is located
adjacent to the 2 MHz MF radar [Briggs et. al., 1969]. The first result appeare
in Vincent et. al., [1987]. The VHF radar was initially designed to study tropo-
spheric winds and dynamics however, its versatility enables it to be used for a
variety of meteor experiments.

The VHF radar antenna consists of collinear coaxial (Co-Co) array which can
be used for both transmission and reception. The array is approximately 90 m
square and consists of 32 dipole rows. There are two sets of sixteen North-South
rows, each of 48 dipoles producing a beam with a half-power half-width of about
1.6°. Phasing the rows of antennas tilts the beam in an Eastward or Westward
direction. There are three other sets of antennas, called Yagi antennas, each of
sixteen 3-element antennas located adjacent to the main array (i.e. Co-Co array)

allowing spaced antenna (SA) measurements of the full three dimensional wind
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field. These Yagis are used for reception only. A site plan for VHF
spaced antenna radar system is shown in Figure 3.1. For more details, the reader

is referred to Vincent et. al., [1987).

Y,
]

T st

Figure 3.1: A site plan for a VHF Spaced Antenna radar system based
on the Adelaide VHF radar (adapted from Vincent and Reid [1994]).

During 1992/93 the power and time resolution of the VHF radar was up-
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graded. The transmitted peak power was increased from 4 kW to 32 kW and the
time resolution of the receiving system was reduced from 16 ms to 1 ms which is
very important in short duration echo detection. Typical operating parameters
of the VHF radar are summarised in Table 3.1.

The operating mode of the profiler usually consists of a five minute cycle, alter-
nating one vertical Doppler retrieval (64 seconds of data collection, plus analysis
time) with one spaced antenna run (128 seconds of data collection plus analysis).
This situation of cycles enables the estimations of vertical velocity from the nar-
row Doppler beam, together with the estimations of horizontal wind from the en-
hanced returned power of the SA method. As during the experiments there were
only three receiving channels available, the simultaneous measurements were not
possible. There were three channels (i.e. Rx0, Rx1 and Rx2). Channel Rx0 was
switching between reception on the large Co-Co array for Doppler measurements
and Yagi array for SA measurements. The switching was performed through a
simple logic chip setup in a box called logic box. For details of antenna switch-
ing control and the Co-Co array polar diagram model, the reader is referred to

Appendix A and Appendix B of Low [1996] respectively.

3.3 The Co-Co Antenna Array

The VHF array consists of 32 rows of Co-Co antennas, each of a length of 52
coaxial cable with the inner and outer conductors interchanged every half wave-
length [ Wheeler, 1956; Balsley and Ecklund, 1972]. As they are relatively cheap
to built and easy to maintain, Co-Co arrays are widely used. However, they are
less efficient than Yagi arrays. Due to the loss of signal in the coaxial cable used

for the Co-Co rows and feeders, the efficiency of the VHF Co-Co array is only
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Table 3.1: Typical operational parameters of the Buckland Park VHF radar in
Doppler (DBS) and spaced antenna (SA) modes, appropriate to the 1992 case
study of 6-9/10/92 (adapted from Low [1996)).

Radar system:

Operational frequency:
Transmission antenna (Tx):
Tx antenna area:

Tx antenna efficiency:

Tx beamwidth:

Beam steerability (v, x):
Peak Tx power:

DBS reception (Rx):
Pulse length:

Range resolution:
Range coverage:

PRF:

Average Tx power:
Coherent integrations:
Effective sample rate:

Record length:

Maximum unaliased velocity:

SA reception (Rx):
SA Rx effective area:
SA Rx spacing:

SA Rx beamwidth:
Pulse length:

Range resolution:
Range coverage:
PRF:

Average Tx power:
Coherent integrations:
Effective sample rate:
Record length:

Monostatic DBS/bistatic SA pulse radar

54.1 MHz (\ = 5.55m)

Coaxial-collinear dipole array (32 rows of 48 A/2 elements)
7900 m?

~ 0.3

1.6° half-power half-width

Vertical (0°,0°), East (86°,11°), West (266°,11°)

16 kW (from eight, 2 kW solid-state Tx modules)

On Co-Co array, parameters as above
6.7 ps

1000 m, but oversampled every 500 m

2.0-19.5 km inclusive (36 range gates)
4096 Hz

440 W (2.7% duty cycle)

1024 points

4 Hz (intersample period 0.25 seconds)
64 seconds (256 points)

22.2ms™!

3 Yagi arrays of sixteen 0.7A-spaced 3-element Yagi antennas
~ 150 m? (each Yagi array)

50 m equilateral triangle, at 176° and 236° from Yagi array Rx0
9° half-power half-width

6.7 s

1000 m, but oversampled every 500 m

2.0-14.5 km inclusive (26 range gates)

8192 Hz

880 W (5.4% duty cycle)

1024 points in hardware, then 4 points in software

2 Hz (intersample period 0.5 seconds)

128 seconds (256 points)
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30% while, that of Yagi’s with the similar aperture is about 80% (estimated).
Each row is centre fed and has 23 inner/outer interchanges either side of the
centre feed. Thus, each Co-Co antenna row contains 48 half wavelength dipoles,
making a total of 1536 dipoles. Taking into account the propagation velocity of
the signal in the coaxial cable, each element of it is cut to 0.67 of a wavelength,
giving a physical length of 88.7m to the antenna. The array is constructed on
an area of accurately leveled ground of 90 m by 90 m. The rows are separated by
half a wavelength with the exception of the two centre ones which are three times
that distance (i.e. 1.5 wavelength) apart; the area where transmitting caravan
is located. Thus the distance between the two end rows is then 88.7 m, giving a
square array of 88.7m?. Figure 3.2 illustrates the schematic ground plan of the

VHF radar system at Buckland Park, South Australia.

The Co-Co array is suspended a quarter of a wavelength above the ground.
Copper wire with a spacing of A/12 strung out on the ground, parallel to the
Co-Co antennas, produces a ground plane that is independent of the reflectivity

of the ground, which is necessary to maximize the efliciency of the array.

The center feeds to the Co-Co antenna have 70 pF fixed capacitors across the
inputs together with small lengths of coaxial cable or “capacitive tuning stubs”
in parallel with the 70 pF' capacitors. Fine tuning of each of the antennas is
provided by trimming the stubs to the required length. The balanced impedance
for each antenna should be 50 Q with zero phase. In order to get the vertically
directed beam, the electric length of the parallel feeder cables to each of the rows
of antennas should be of integral wavelength. If the beam is required to be tilted
in either an Eastward of Westward direction, phasing cables of the appropriate
length are introduced to successively delaying the signal to or from each row.

Relays controlled by a micro processor are used to switch the phasing cables in
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Figure 3.2: A schematic ground plan of the 54.1 MHz VHF radar system at
Buckland Park (34°37 S, 138°29’ E), South Australia.
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VHF CoCo Array Polar Diagram
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Figure 3.3: A contour diagram of the VHF Co-Co antenna polar diagram. Con-
tours are plotted at -1 dB, -3 dB, -5 dB, and every 5 dB thereafter to -25 dB. The
half-power(-3 dB) half-widths are about 1.6° in the East-West plane, and about
1.7° in the North-South plane. (adapted from Low [1996]).
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or out, or to switch the direction of the phase delay so that the beam may be
vertically dirccted or tilted, East or West. The simple geometry implies that the
phase delay 6 required between adjacent rows separated by | = A/2, to produce

a beam at zenith angle « is given by:

6= Twlsina = Tsina (3.1)

where X is the wavelength.

For example if a beam tilt of 30°is needed, then cables of length /4, A/2,
3M/4, and X are used to give successive 90° phase differences to each Co-Co

antenna.

The receiving antennas for the spaced antenna technique are three spaced
arrays each consisting of sixteen, 5-element Yagis. The Yagis are of an inexpensive
commercial type sold for television reception. The arrangement of the receiving
antennas is shown in the upper part of Figure 3.2. Signals from the three arrays
are fed to a small hut containing preamplifiers and then by underground coaxial
cables to the main radar building at the east end of the site. This building
contains the receivers, and all the computing, recording and control equipment.
Coherent averaging of several successive received pulses is used to improve the

signal to noise ratio (SNR).

A polar diagram of the vertical beam, a contour diagram of the ideal array,
with no phase errors, is shown in Figure 3.3. The half-power half-width is about
1.6° in the East-West plane, and about 1.7° in the North-South plane. The East-
West width is slightly narrower than the North-South width since losses along
the coaxial-collinear rows are more severe than losses in the transmission lines to

each row.
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3.4 The Transmitting and Receiving Systems.

The Buckland Park VHF pulse transmitter is housed in a small building at the
center of the Co-Co transmitting array. It was upgraded in three stages during
1992 and 1993, from 4kW to the design specification of 32kW. There are 16
channels, each capable of supplying 2kW of power to an FEast and West pair of
rows of the Co-Co array. The pulse repetition frequency (PRF) and pulse width
of the output power may be independently selected. Tables 3.2 and 3.3 list the
available values which may be selected for both parameters. All combinations of
PRF and pulse width can be selected without any reduction in pulse power. The
transmitting system is modular in design, a single channel comprises a power
amplifier (PA) module, exciter and a transmit/receive (T/R) switch. The T/R
switches isolate the transmitting system from the receiving system. They employ
state of the art solid state pin diodes to enable extremely fast switching (less
than 1ps). This is very important for the investigation of the lower atmosphere,

where very short duration pulses and hence, high range resolutions are needed.

Table 3.2: Available pulse repetition frequency (PRF) of the VHF radar trans-
mitting system.

PRF (Hz)
256
512
1024
2048
4096
8192

The Buckland Park VHF receiving and data acquisition system is housed in

the main VHF radar building at the east end of the site. This building contains
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Table 3.3: Available pulse width of the VHF radar transmitting system.

Pulse Width (us) | Range resolution
1.3 0.20 km
2.4 0.36 km
3.5 0.53 km
6.7 1.01km
12.8 1.92km

the receivers, and all the computing, recording and control equipment. The
receiving system holds 3 receiving channels, each with in-phase and in-quadrature
outputs, and 6 digitizing channels and 6 coherent averagers. The three receiving
channels are required for studies of the troposphere. Data are transferred via
direct memory access (DMA) to an IBM compatible PC for analysis and storage.

The usual operation of the radar is in one of two modes:

e Doppler Mode: Receiver 0 (Rx0) connected to the Co-Co array, Rx1 and
Rx2 are not used. The radar in this mode is used for either tropospheric
research (vertical beam) or meteor observations (East or West pointing

beam).

o Spaced Antenna Mode: Rx0, Rx1 and Rx2 are each connected to one of
the spaced Yagi arrays. Transmission is on the Co-Co array with a vertical
beam. This mode is used to study atmospheric winds using Full Correlation

Analysis (FCA) of spaced antenna data [Briggs, 1984].

For further detail of Buckland Park transmitting and receiving systems, the reader
is referred to Cervera [1996].

Although the transmitting Co-Co antenna array ground is flat at Buckland
Park, it is not perfectly level. Looking to vertical velocity, there is some small

bias. We will try to evaluate the slope of ground-level and antenna-level to correct
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this bias in vertical velocity measurements in the next step.
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Chapter 4

ST Radar Studies of Vertical

Motion

The vertical motion of the air is one of the most important parameters in me-
teorology. Wind profilers have been designed to measure the vertical velocity
above the radar site, directly. The horizontal spacing of the radiosonde sites be-
ing about 300 km ~ 400 km puts limits on indirect estimates of W to relatively
large-scale features. Wind profiling radars though, offer the unique capability of
measuring the high temporal (almost continuous), as well as spatial resolution

vertical velocity of the air.

Wind-profiling Doppler radars measure the radial component of motion in the
atmosphere along the radar beam. The representativeness of the measurements
of average vertical profiles of the vertical wind, in terms of actual vertical atmo-
spheric motions is open to question. One possible complicating factor that can
affect the accuracy of average vertical wind measurements arises from slight tilts
of the pointing accuracy of the vertical beam resulting from slope of the ground

under the transmitting antenna. Very slight inaccuracies in the vertical beam
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direction can severely contaminate the measurements. For example, assuming a

1

typical mean horizontal wind of 15 'ms™", a mere 0.05 degree off-vertical skew

of the vertical beam adds a 1.3¢m s7t

component of the horizontal wind to the
observed vertical velocity. Under some conditions, such a skew would heavily
compromise the accuracy of mean vertical velocity measurements. However, the
beam tilt of a few hundredths of a degree does not appreciatively affect instan-
taneous vertical velocity values. With the increasing use of profiler wind data,

it is important to evaluate the feasibility of making useful mean vertical velocity

measurements by assessing the impact of off-vertical beam on the measurements.

4.1 Buckland Park VHF Co-Co Antenna Array

Slope

In order to have a transmitted beam pointing close to the zenith with uniformly
phased antenna elements, the ground should be as flat and level as possible. The
maximum slope across the transmitting array was approximately found to be
less than 0.1 degrees from horizontal, with the low side on the south-east corner
[May, 1986]. It was decided to determine the slope of the antenna more precisely
and in different ways. Consequently, three different methods have been applied
for determination as follows: (i) The height measurements of ground and
the antenna level, (i) determination of gradient a plane surface fitted

to the surface data and (iit) correlation of w with © and v.
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4.1.1 The First Method

The height of the ground and antenna level for 30 different positions of array,
where the Co-Co lines meet each other in Figure 4.2, were measured by using
the visible hose and water method. At first, the heights were measured with
reference to the centre point of the array and then recalculated based on the
lowest point. Figure 4.1 shows the sketch of the antenna array positions with
the slope of different sides. The slope across the transmitting array was found
to be approximately 0.176 degrees from the horizontal, with the low side on the

south-west corner.

4.1.2 The Second Method

In this method the data obtained from the first method were surface plotted and
the best planesurface was fitted to the data surface. Consequently, the gradient
of the plawne surface was found. In this way, the azimuth angle (¢) from north
measured clockwise, is also determined.

The left hand plot of the Figure 4.2 shows the surface plot and the contour (gpm)
plot of the ground level of the Co-Co antenna array while, the right hand plot
with the best plane fitted to the surface, as well as a contour (gpm) plot of the
plah€surface. As it is shown, the highest point of the ground underneath the Co-
Co array occurs midpoint on the northern side. The zenith angle (#) is around
0.158 degrees and the azimuth angle is about 209 degrees. Obviously the ground
plane has a slope towards south-west.

The left hand plot of the Figure 4.3 shows the surface and contour (gpm)
plots of the level of the Co-Co antenna array, while, the right hand side shows

the best plane fitted to the surface, as well as contour (gpm) plot of the plane
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Figure 4.1: Diagram showing the slope of the Buckland Park VHF Co-Co antenna

array level in different directions.
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Figure 4.2: Surface plot of the ground level of the Co-Co antenna array and the
corresponding contour (gpm) plot (left). The best fitted plane surface to the
ground level and the corresponding contour (gpm) plot of the surface (right).
The zenith angle (6) and the azimuth angle (¢) are approximately 0.158 and 209
degrees respectively.
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Figure 4.3: Surface plot of the antenna level of the Co-Co array and the corre-
sponding contour (gpm) plot (left). The best fitted plake surface to the antenna
level and the corresponding contour (gpm) plot of the surface (right). The zenith

angle () and the azimuth angle (¢) are approximately 0.184 and 216 degrees
respectively.
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Figure 4.4: Surface plot of the antenna level of the Co-Co array (disregarding
the Transmitting Hut gap between the east and west portion of the array) and
the corresponding contour (gpm) plot (left). The best fitted plane surface to the
aformentioned antenna level and the corresponding contour (gpm) plot of the
surface (right). The zenith angle (8) and the azimuth angle (¢) are approximately
0.188 and 219 degrees respectively.
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surface. As it is shown, the northeast corner is the highest point of the Co-Co
array. Similarly, the southwest corner is the lowest point. The zenith angle (6)
is around 0.154 degrees and the azimuth angle is about 216 degrees. Obviously

the antenna planealso has the slope towards south-west.

Figure 4.4 is the same as Figure 4.3, but disregarding the Transmitting Hut
gap between the east and west portion of the array. In this case, the contours of
the fitted surface to the antenna surface are parallel, showing the slope towards
south-west with the zenith () and azimuth (¢) angles of 0.188 and 219 degrees,

respectively.

The surface plots and contour plots of each side of the array (east and west)
separately with fitted surface and relevant contour (not presented), show almost

the same results.

The result of this method is consistent with the first method. The zenith ()

angle lies around 0.18 degrees while, the azimuth (4) angle is about 210 degrees.

4.1.3 The Third Method
tobhe

Assuming the transmitting beam along off-vertical, V;, in Figure 4.5 with the

A

angle f from zenith and angle ¢ clockwise from north, thus:

Vi = weos(0) + Viysin(6) (4.1)

and

Vi = usin(¢) + vcos(¢) (4.2)

therefore,

V. = weos(0) + usin(¢)sin(0) + vcos(p)sin(6). (4.3)
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Plotting the radial wind, V;, versus zonal wind, u, gives the slope of u, which is
sin(¢)sin(0). Likewise, plotting the radial wind, V;, versus the meridional wind,
v, gives the slope of v, which is cos(¢)sin(#). The angles 6 and ¢ can be easily

determined from the slope of v and w.

S E

Figure 4.5: Three dimenS$ional geometry of probable beam direction.

The slope of the line of best fit to scatter plots of all the available winds
data (=~ 5405 hours) from 1991-1995, zonal versus radial (Figure 4.6) and merid-
jonal versus radial (Figure 4.8), reveals the zenith and azimuth angles. To show
the slope clearly, the radial wind is scaled in ¢m s~ in the plots. The scatter
plots for different heights up to 14.5 km are shown in Figures 4.7 to 4.9. As is
shown in Figure 4.10 (top), the slope of u and v with the appropriate errorbars
at different heights, tends towards 0° with height from possessing the negative
values at the lower troposphere. Consequently, the bottom figures of Figure 4.10
show the zenith and azimuth angles of the beam at different heights which is con-
sistent with the overall zenith angle of approximately 0.18° and azimuth angle of

approximately 210°, derived from the scatter plots of Figures 4.6 and 4.8.
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Scatter Plots of Hourly Wind Components (91-95)
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Figure 4.6: Scatter plots of about 5405 hourly zonal wind versus radial wind
for years 1991-1995. To manifest the slope clearly, the radial wind is scaled in
em s™'. The line of best fit shows the slope of the zonal wind.
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Figure 4.7: Scatter plots of about 5405 hourly zonal wind (m s™') versus radial
wind (em s™!) for different heights. The line of best fit shows the slope of zonal
wind at nominal heights.
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Scatter Plots of Hourly Wind Components (91-95)
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Figure 4.8: Scatter plots of about 5405 hourly meridional wind versus radial wind
for years 1991-1995. To manifest the slope clearly, the radial wind is scaled in
cm s™'. The line of best fit shows the slope of the meridional wind.
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Figure 4.9: Scatter plots of about 5405 hourly meridional wind (ms~') versus
radial wind (cm s7!) for different heights. The line of best fit shows the slope of
the meridional wind at nominal heights.
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Figure 4.10: The slope of zonal wind with the errorbars at different heights (top-
left) for years 1991-1995. The slope of meridional wind with the errorbars at
different heights (top-right) for the same times. Beam zenith angles at different
heights (bottom-left) and beam azimuth angles at different heights (bottom-right)
for the same period.
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Figure 4.11: Scatter plots of zonal wind (top-left), slope of zonal wind at dif-
ferent heights (middle-left) with the corresponding zenith angle (bottom-left)
for the first half of the data from 1991-1995. Scatter plots of meridional wind
(top-right), slope of meridional wind at different heights (middle-right) with the
corresponding azimuth angle (bottom-right) for the same period.
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Figure 4.12: Scatter plots of zonal wind (top-left), slope of zonal wind at dif-
ferent heights (middle-left) with the corresponding zenith angle (bottom-left) for
the second half of the data from 1991-1995. Scatter plots of meridional wind
(top-right), slope of meridional wind at different heights (middle-right) with the
corresponding azimuth angle (bottom-right) for the same period.
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The data were divided in two and the above procedure was applied for both
halves and the results are shown in Figures 4.11 and 4.12. The resultant angles

were almost the same as above.

Noting that echoes from rain droplets may have contaminated the data below
5 km, the data above 5km were extracted and analysed (Figure 4.13). Again a

zenith angle of 0.18° and azimuth angle of 210° appear dominant.

Separate analysis of wet-seasons (May-Sep) of years 1991-1995, Figure 4.14,

and dry-seasons (Nov-Apr), Figure 4.15, reveals the same results as before.

To check the possible effects of precipitation on the beam slope, the precipita-
tion and non-precipitation events have been extracted from the available data of
years 1991-1995. The results were consistent with the previous studies (Figures

4.16 & 4.17).

Finally, the analysis for different seasons, Figures 4.18, 4.19, 4.20 and 4.21,
accompanied by that of different months during the years of 1991-1995 (not pre-

sented), show approximately the same results.

From Equation 4.3, the vertical velocity of the air (w) can be derived as:

w =V, /cos(8) — usin(@)tan(0) — vcos(¢)tan(0). (4.4)

The available data using Equation 4.4 were corrected assuming 6 = 0.18° and
¢ = 210°. This time the Scatter plots of zonal wind (u) and meridional wind
(v) versus vertical velocity, Figure 4.22, reveal the slope of u vs w and v vs w
to be in the order of 105 , which is small enough to be assumed a$0°. Similar
analysis for wet-seasons (Figure 4.23), dry-seasons (Figure 4.24), precipitation
periods (Figure 4.25) and non-precipitation periods (Figure 4.26), also shows the

relevant slopes for u vs w and v vs w to be in the order of 10~°to 1078, verifying
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Figure 4.16: Scatter plots of zonal wind (top-left), slope of zonal wind at dif-
ferent heights (middle-left) with the corresponding zenith angle (bottom-left) for
the precipitation periods of years 1991-1995. Scatter plots of meridional wind
(top-right), slope of meridional wind at different heights (middle-right) with the
corresponding azimuth angle (bottom-right) for the same period.
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Figure 4.17: Scatter plots of zonal wind (top-left), slope of zonal wind at dif-
ferent heights (middle-left) with the corresponding zenith angle (bottom-left) for
the precipitation periods of years 1991-1995. Scatter plots of meridional wind
(top-right), slope of meridional wind at different heights (middle-right) with the
corresponding azimuth angle (bottom-right) for the same period.
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Figure 4.18: Scatter plots of zonal wind (top-left), slope of zonal wind at differ-
ent heights (middle-left) with the corresponding zenith angle (bottom-left) for the
spring seasons of years 1991-1995. Scatter plots of meridional wind (top-right),
slope of meridional wind at different heights (middle-right) with the correspond-
ing azimuth angle (bottom-right) for the same period.
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Figure 4.19: Scatter plots of zonal wind (top-left), slope of zonal wind at differ-
ent heights (middle-left) with the corresponding zenith angle (bottom-left) for the
summer seasons of years 1991-1995. Scatter plots of meridional wind (top-right),
slope of meridional wind at different heights (middle-right) with the correspond-
ing azimuth angle (bottom-right) for the same period.
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Figure 4.20: Scatter plots of zonal wind (top-left), slope of zonal wind at differ-
ent heights (middle-left) with the corresponding zenith angle (bottom-left) for the
autumn seasons of years 1991-1995. Scatter plots of meridional wind (top-right),
slope of meridional wind at different heights (middle-right) with the correspond-
ing azimuth angle (bottom-right) for the same period.
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Figure 4.21: Scatter plots of zonal wind (top-left), slope of zonal wind at differ-
ent heights (middle-left) with the corresponding zenith angle (bottom-left) for the
winter seasons of years 1991-1995. Scatter plots of meridional wind (top-right),
slope of meridional wind at different heights (middle-right) with the correspond-
ing azimuth angle (bottom-right) for the same period.
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Figure 4.22: Scatter plots of zonal wind (ms™!') (top) and meridional wind
(ms™) (bottom), versus vertical velocity (cm s™') after correction of data for
zenith angle of 0.18° and azimuth angle of 210° for the years of 1991-1995.
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Figure 4.23: Scatter plots of zonal wind (ms™!) (top) and meridional wind
(ms™') (bottom), versus vertical velocity (em s™') after correction of data for
zenith angle of 0.18° and azimuth angle of 210° for the wet-seasons (May-Sep) of
the years 1991-1995.
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Figure 4.24: Scatter plots of zonal wind (ms~!) (top) and meridional wind
(ms™') (bottom), versus vertical velocity (em s~!) after correction of data for
zenith angle of 0.18° and azimuth angle of 210° for the dry-seasons (Nov-Apr) of
the years 1991-1995.
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Figure 4.25: Scatter plots of zonal wind (ms™!) (top) and meridional wind
(ms!) (bottom), versus vertical velocity (cm s™!) after correction of data for
zenith angle of 0.18° and azimuth angle of 210° for the precipitation periods of
the years 1991-1995.
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Figure 4.26: Scatter plots of zonal wind (ms™') (top) and meridional wind
(m s™') (bottom), versus vertical velocity (cm s™') after correction of data for
zenith angle of 0.18° and azimuth angle of 210° for the non-precipitation periods
of the years 1991-1995.
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the infinitesimal slope. This means that # = 0.18° and ¢ = 210°are confirmed.

In order to investigate for other possible angles, the data were corrected
against randomly chosen zenith and azimuth angles. The corresponding slopes
were determined. Based on Figure 4.27, it is clear that the minimum slope of u
and v (~ 0.000°) is met at zenith angle of 0.18° and azimuth angle of 210°. Figure
4.27 also clearly shows the predominance of south-westerly winds over Adelaide’s
tropospheric region.

The zenith angle of 0.18° and azimuth angle of 210° which are consistent
for three different methods were chosen for the Buckland Park VHF Co-Co array
antenna slope. The data obtained from the afof\mentioned radar should be cor-
rected with the above angles through the Equation 4.4 to avoid the unrealistic
widespread subsidence as a result of folding a fraction of predominant south-

westerly wind over Adelaide into a slightly south-westward-pointing beam.

4.1.4 Comparison of Corrected and Uncorrected Data

In order to see the importance of the correction of data for the antenna slope,
a cut-off low event for 24-26 July 1995 was chosen. The hourly mean vertical
velocity for this case of a cut-off low with severe frontal structure and horizontal
cyclonic wind shear has been contoured both raw (uncorrected) and corrected
versus antenna slope. They are illustrated in Figure 4.28 & 4.29 respectively. As
it is shown in Figure 4.29, the regions of upward motion are more pronounced
and the meteorological pattern is quite clear whereas, the pattern in Figure 4.28
is not as clear. The case studies will be discussed in more detail later.

A comparison of raw data and corrected data through the above technique
(i.e. Equation 4.4) is also done by Low [1996] for a set of data from 1200 UTC on
27th August 1992 to 1200 UTC on 31st August 1992. He has pointed out that
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Figure 4.27: Graphs of slope of zonal wind versus zenith angle (A) and versus
azimuth angle (C). Slope of meridional wind versus zenith angle (B) and versus
azimuth angle (D). The slopes meet zero at about zenith angle of 0.18° and
azimuth angle of 210° .



94 CHAPTER 4. ST RADAR STUDIES OF VERTICAL MOTION

in broad terms, the correction has balanced regions of ascent and descent, rather

than the unrealistic widespread subsidence seen in raw vertical beam retrievals.

Hourly Vertwal Veloczty(cms N(R4— 26/07/95)(Uncorrected)

Height (km)

! ; , p 1| (A | 3 ": -, I‘ I
i u:@.::‘!u'ﬂ d?ﬂ' \ L ‘. 'F. ‘% N E&". YN
06 26:00 18 12
<——- Time ( UTC )
VHF Hourly Vertical Velocity(Upward, Solid and Downward, Dash—dotted)

25:00 18 12

Figure 4.28: Contours of hourly vertical velocity (cms™!) for 24-26 July 1995
without any correction. The upward motions are solid and downward motions
are dashed. Time is from right to left in UTC.

The blank area in Figure 4.29 is as a result of missing data of the horizontal
component of the wind. By instalment and operation of a new RDAS (Radar Data
Acquisition System), the missing data is minimised and the relevant contours will

be even more clear and informative.
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Hourly Vertical Velocity (cms™)(24—26/07/95)(Corrected)

Height (km)

18 12 06 26:00 18 12 25:00 18
<——- Time ( UTC )
VHF Hourly Vertical Velocity ( Upward, Solid and Downward, Dash—dotted )

Figure 4.29: Contours of hourly vertical velocity (cm s™") for 24-26 July 1995 with
correction versus antenna slope. The upward motions are solid and downward
motions are dashed. Time is from right to left in UTC.
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4.2 Long Term Mean Vertical Motion Observed

by Buckland Park VHF Radar

4.2.1 Background

Long term mean vertical motions in the troposphere and lower stratosphere for
sites in mountainous areas have been reported to have values of several cen-
timeters per second downward. They have often been attributed to the effect
of quasi-stationary lee waves. Nastrom and VanZandt [1994] conducted research
with a VHF radar at a site in central U.S.A. far from any mountains, called
Flatland (40.5°N, 88.5°W). They again showed mean vertical velocity, w, with
the value of several centimeters per second downward through the troposphere,
when averaged over periods ranging from hours to months, rather than nearly
zero as expected. They reviewed some of the suggestions that have previously
been advanced to explain these observations and found that each is inconsistent
with the observations in some respect, except that of quasi-horizontal flow along
gently sloping isentropic surfaces. It was found that flow along tilted isentropes

in the midtroposphere (near 5.6 km) could account for only about 1-2cm s=1.

Comparison of monthly mean vertical motions during the times of clear or
cloudy skies by Nastrom et al., [1990b], disproved that the w # 0 was related
to clouds as the results were the same. Since the intensity of convective activity
changed both with season and with time of day in midlatitudes, observations

indicated that @ # 0 was not attributable to convection.

The suggestion that non-zero mean vertical velocity is not due to tilted re-
fractivity surfaces as discussed by Palmer et al., [1991] was proven by Tsuda et

at., [1988]. They used oblique beams (i.e. 15°) with off-zenith angles much big-
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ger than any reflecting surfaces. Further McAfee et al., [1993] and Weber et al.,
[1992] found high correlation between the @ values measured by 50 M Hz and
404 M Hz radars. Their results were also inconsistent with effects from the tilted
refractivity surfaces as hypothesized by Palmer et al., [1991].

The biases of wind measurement, due to horizontal shears as discussed by
Kudeki et al., [1993] seem an unlikely mechanism for @ # 0 since they would
grow with height rather than go to zero at the tropopause, as observed.

Rejecting other hypotheses, then gravity wave effects will be almost the only
cause of non-zero mean vertical motions. Radar reflectivity is proportional to
static stability [Gage, 1990]. The apparent mean vertical velocity in the sam-
pling volume is then weighted toward downward motions in a gravity wave with
downward phase propagation or upward energy propagation.

Nastrom and VanZandt [1994], developed a model for the apparent vertical
velocity due to the mechanism of apparent mean velocity being weighted to-
ward downward motion in a gravity wave. Their model predicted a relationship
between the energy density of vertical velocity and w. For the horizontal homo-

geneity they found:

_ om o,
- 4.5
W= —B (4.5)

where m is the wavenumber, v is the frequency and @ is the gravity wave ampli-
tude.

It is noteworthy that w is independent of the radar operating parameters,
7 = 2nn/m (i.e. vertical range resolution) where, n is an integer and T' = 2n7 /v
(i.e. observation time interval). Nastrom and VanZandt [1994], extended the

analysis to a spectrum of waves and found:

2
o2 = % (4.6)
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where o2 is the variance of the vertical velocity, w.

These relations predict a correlation between mean observed vertical velocity
in radar observations, w, and the gravity wave amplitude for a monochromatic
wave (i.e. Equation 4.5) or the variance of vertical velocity, o2, for a spectrum of
waves (i.e. Equation 4.6). These predictions have been tested using observations
from the Buckland Park VHF radar. Buckland Park, like Flatland, is located in

a very flat plane and ideal for this comparison.

4.2.2 Data Sources

In order to investigate the correlation between mean observed vertical velocity in
radar observations and the variance of vertical velocity for a spectrum of waves,
all available Buckland Park VHF radar data from 1991 to 1995 with 5 minutes
interval were concatenated and the reliable data (i.e. data with signal to noise
ratio greater than —3dB) were selected for further analysis. The data were

equivalant to 5404 hours of continous data.

4.2.3 Data Analysis Method

To eliminate the effect of the slight tilt of the radar beam from vertical direction
due to the slope of the Co-Co array’s ground level and the array’s antenna level,
the data were corrected using Equation 4.4 by different windowing. Different
windowing gives us the opg)rtunity to choose a method of acquiring the most
reliable data.

First, every set of vertical velocity data were corrected versus the correspond-
ing set of horizontal components of wind (i.e. with 5 minute window) and then

hourly averaged, Figure 4.30.
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Figure 4.30: Mean vertical velocity (a), and number of hourly occurrences (b), at
Buckland Park VHF radar for 1991-1995 with 5 minute window, sorted according

to hourly variance of the vertical velocity. Hours with o2 > 0.05 m? s=% were not

used.
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Figure 4.31: Mean vertical velocity (a), and number of hourly occurrences (b),
at Buckland Park VHF radar for 1991-1995 with 5 minute w/1hour u and v
window, sorted according to hourly variance of the vertical velocity. Hours with
0?2 > 0.05 m?s~% were not used.
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Second, every set of vertical velocity data were corrected versus the corre-
sponding hourly-averaged components of wind (i.e. 1 hour window) and then

hourly averaged, Figure 4.31.
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Figure 4.32: Mean vertical velocity (a), and number of hourly occurrences (b),
at Buckland Park VHF radar for 1991-1995 without any corrections, sorted ac-
cording to hourly variance of the vertical velocity. Hours with o2 > 0.05 m? 52
were not used.

Finally, they were compared with the non-corrected hourly averaged vertical

velocity, Figure 4.32.

Apart from almost identical results irrespective of which way the data were
corrected and averaged, the 5-minute/ 5-minute window has the advantage of

simplicity and is therefore chosen as the primary method for further analysis.

The mean and the variance of vertical velocity were computed for each hour
at each level; the means were then sorted into bins depending on their associated

variance, and the mean of each bin is plotted in the above figures.
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4.2.4 Correlation of Mean Vertical Velocity with Vertical

Velocity Variance

Correlation between mean observed vertical velocity in radar observations, w, and
the variance of vertical velocity o2 for the spectrum of gravity waves is predicted
by Equations4.5 and 4.6. This prediction has been tested using observations from
the Buckland Park VHF radar. As Buckland Park is located relatively far from
significant orographic features, the data used should not include any orographic
effects. Figures 4.30a, 4.31a & 4.32a show vertical profiles of @ as a function of
hourly o2 for the data available from 1991 to 1995, inclusively. It is clearly shown
in these figures that, as o2 increases the magnitude of % increases throughout
the troposphere for small o2. Below about 7 km the largest values of o2, greater
than about 0.020 m?s~? apparently represent cases where falling precipitation
contaminated the observations [Pauley, et al., 1994]. Above this level, there is
no apparent correlation between o2 and w when o2 > 0.020 m?s~2, perhaps
signaling a breakdown of linear theory in the case of large amplitudes [Nastrom

and VanZandt, 1994].

The number of hourly data available as a function of height for different bins
of vertical velocity variances are shown in Figures 4.30b, 4.31b & 4.32b. The
number of events decreases with increasing vertical velocity variance throughout
the troposphere and lower stratosphere, with the exception of very low variances
(i.e. 02 < 0.005 m?s~2). The periods of very large variances are associated with
active features such as fronts and squall lines, jet-streams, short-wave troughs
and intense gravity wave activity such as in baroclinic storms. The number of
hours of data for all bins of o2 falls off slightly above about 7 km and then shows

a small secondary peak in the lower stratosphere. This peak is due to specular
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Figure 4.33: Mean vertical velocity (a), and the number of hourly occurrences
(b), at Buckland Park VHF radar for 1991-1995 with a 5-minute window, sorted
according to hourly horizontal energy. This analysis was carried out by running
the data through the 6 point mean.

reflections [Nastrom and VanZandt, 1994].

The same analysis as vertical variance (i.e. 02) has been carried out with
respect to total horizontal variances (i.e. 02 —f—ag). Vertical profiles of W versus
height and sorted according to various bins of horizontal energy with different
methods of corrections are plotted in Figures 4.33a, 4.34a & 4.35a. Similarly,
as the horizontal energy increases, the magnitude of W increases throughout the
troposphere beyond which they merge together around 0 cm s~'. Periods of very
large horizontal energy associated with intense gravity wave activity, where the
mean vertical velocity is reflecting, weighted toward downward motion with up-
ward energy propagation.

The number of hourly data available as a function of horizontal energy are
plotted in Figures 4.33b, 4.34b & 4.35b. The number of events decreases with
increasing horizontal energy in the troposphere beyond which the number of high

horizontal energy (i.e. 02402 > 40 m?s7?) increases perhaps, due to strong
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stratospheric biannual horizontal wind.
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Figure 4.36: Mean zonal wind (a), and meridional wind (b) at Buckland Park
VHF radar for 1991-1995, sorted according to hourly o2 and hourly o2, respec-
tively.

Zonal wind and meridional wind as a function of their hourly variances (i.e.
zonal wind variance, o2, and meridional wind variance, o?) for the available
data have been shown in Figure 4.36a & 4.36b. Clearly, as o2 increases, the
magnitude of ¥ increases throughout the troposphere and lower stratosphere.
The predominance of high velocity stratospheric westerly wind with very low
variance seems to be as a result of biannual horizontal wind in that region. The
predominance of high westerlies are self-evident from Figure 4.36a. Unlike zonal
profiles, the meridional winds are uncorrelated with their hourly variances (i.e.

2

02). The weak southerlies through the troposphere and lower stratosphere are

perceptible from Figure 4.36b.
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4.2.5 Long Term Mean Vertical Velocity

Vertical velocity of the air is the most important factor in now casting and fore-
casting in meteorology. The VHF radar measures the vertical velocity directly.
To check its reliability, this research has investigated 5 years (1991-1995) of avail-
able data. Figures 4.36a & 4.36b distinctly reveal the steadiness of southwesterlies
over the VHF radar. A small portion of this prevailing wind is folding into ver-
tical velocity as a result of the antenna tilt toward southwest. To eliminate this
phenomenon, the available data have been corrected using Equation 4.4.

To investigate the effect of precipitation on radar detection as an apparent
downward vertical velocity, the available data were split into two groups of “dry-
season” (November-April) and “wetseason” (May-September) and analysed sep-
arately. The results are shown in Figure 4.37a & 4.37b, respectively. The results
show a contradiction to the expectation of having stronger mean downward ver-
tical velocity during the wetseasons.

In order to be more accurate, the data were split into two groups of non-
precipitation and precipitation periods and analysed separately (Figure 4.37c &
4.37d). To choose the non-precipitation and precipitation periods, the South
Australian stations data received from the Bureau of Meteorology were used as
well as the regional meteorological daily analysed charts. The results show con-
sistency with the expectation, as the magnitude of @ is higher during the precip-
itation periods. Although, there is no contamination of precipitation during the
non-precipitation periods, the long term w still implies a considerable downward
motion.

Eventually, analysis of all available data are illustrated in Figure 4.38. As
the results show, the long term mean vertical velocity, @, is about —4 cm s~

at mid-troposphere, tending toward 0 ¢cm s~! near the tropopause and possessin
posp g pop p g
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Figure 4.37: Long term mean wind components of 1991-1995 for, a:) dryseasons
(Nov-Apr), b:) wetseasons (May-Sep), c:) non-precipitation periods and d:) pre-
cipitation periods. The vertical velocity has been corrected based on 8 = 0.180°
and ¢ = 210°. The zonal and meridional winds are in m s~ and vertical velocity
in e s, Eastwards, northwards and upwards are positive.
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Figure 4.38: Long term mean wind components of 1991-1995. The vertical ve-
locity has been corrected based on 6 = 0.180° and ¢ = 210°. The zonal and
meridional winds are in m s~! and vertical velocity in ¢m s~!. Eastwards, north-
wards and upwards are positive.
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slightly positive characteristics farther away.

Nastrom and VanZandt [1994] found that the value of @ was consistently near
—4cm s™! in the troposphere during all hours of the day and during all seasons
and approached zero near the tropopause. This investigation for Buckland Park

VHF radar reveals the same results for an even longer period.

In addition to the mathematical relationship between the instantaneous radial
velocity, V;, vertical velocity, w, zonal wind, u, and meridional wind, v, as in
Equation 4.4, an experimental relationship between the long term means of V,,

w, u, and v was found to be as follows:

(((w)(em s™) = (V) (ems™")) % 6.3 — ((T)(ms™)) % 1.5 = (w)(m sTH (4

This experimental relationship has been shown in Figures 4.37 and 4.38. In the
case of using the same scales for horizontal and vertical components of wind, the

above coefficients have to be changed accordingly.

4.3 Summary

Long-term averaging of vertical velocity is important for the evaluation of char-
acteristics of radar systems and for determining the properties of the atmosphere.
VHF radars have been designed to measure the radial component of the air mo-
tion along the radar beam, but the representativeness of these profiles in terms of
actual vertical atmospheric motions has been questioned. An important potential
complicating factor lies in the pointing accuracy of the vertical beam [e.g. Hua-
man and Balsley, 1996]. Slight inaccuracies in the vertical beam direction can

severely compromise the measurements, as discussed in section 4.1.4. However,
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this does not appreciably affect instantaneous vertical velocity values. In order
to evaluate the vertical beam tilt, three different methods were applied. The
results of the different methods were all consistent. A zenith angle of 0.18° and
azimuth angle of 210° were derived for the Buckland Park Co-Co transmitting
antenna array slope, and these correction factors applied to the evaluation of the

long-term vertical motion.

Different mechanisms have been proposed in the past to be responsible for
the contamination of vertical velocity. Nastrom and VanZandt [1994] tested a
number of these mechanisms and disproved that they were the cause of @ # 0 in
troposphere, although the Fresnel tilting process outlined by Larsen and Rottger
[1991] is important in short-term measurements at mid-latitudes. Nastrom and
VanZandt [1994] proposed that the non-zero long-term mean vertical velocity
arises from the scattering process itself. They suggested that the effects of ver-
tically propagating gravity waves can account for most of the apparent mean
downward motions measured with VHF radars. Gravity waves modulate the
static stability of the atmosphere, an important feature in the radar reflectivity.
The modulation is such that it enhances the reflectivity and hence, echo strength

at the phase of the wave where the (reversible) downward wave velocity is greater.

We need to compare our results with the studies described by Nastrom and
VanZandt [1994] for midlatitudes. They used measurements at the Flatland radar
site, which is similar to the Buckland Park radar site in having no orographic
effects. The apparent w # 0 for the Buckland Park site, after correction for
slight beam tilt, was found to be approximately -4 ¢cm s~" at mid-troposphere

! near tropopause and possessing slightly positive values

tending towards -0 cm s~
higher up. The results for dry-season, wet-season, non-precipitation periods,

precipitation periods, below 5km, above 5km etc. were checked and it was



110 CHAPTER 4. ST RADAR STUDIES OF VERTICAL MOTION

shown that the results could not be explained by precipitation effects.

In agreement with Nastrom and VanZand! [1994], we found a strong correla-
tion between the apparent mean vertical velocity and mean variances of vertical
velocity: The stronger the hourly averaged mean variance, the more negative the
observed mean vertical winds. More extensive analysis for radars as a range of
latitudes has been carried out by Shimomai and Balsley [1998] suggesting the
effects are a mid-latitude phenomena. It should be pointed out that such large
downward motions are not observed at lower latitude profiler sites [Balsley et
al., 1988; Gage et al., 1991; Shimonai and Balsley, 1998]. The results presented
in this work are in a good agreement with this recent result and extended the

finding to the mid-latitude of the southern hemisphere.



Chapter 5

Cyclones

5.1 Introduction and History

Contemporary studies of cyclones during the 19th and early 20th centuries, based
on the emerging thermodynamical-physical principles and fragmentary observa-
tions, established many significant features of cyclones [Kutzbach, 1979]. Ele-
ments of earlier investigations, together with new insights from observations and
theory, were assimilated into the grand concept of the polar front theory of cy-
clones and general circulation. Erik Palmen’s scientific career encompassed the
era during which theory and observations were brought together in a coherent
conception of global atmosphere [Newton, 1990]. Among the researchers of the
early days Carl-Gustaf Rossby was one of the most outstanding personalities,
certainly the best-known leader of such activities for a number of years [Riehl,
1990]. He had written an extensive monograph. [Rossby, 1941] on the general

circulation just before the onset of war.
As documented by Kutzbach [1979], a considerable knowledge of cyclone struc-

ture and behavior existed prior to World War I and many relevant thermodynamic
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and dynamic principles were understood. Kutzbach [1979] documents the interest
of the leading European and American meteorologists of the 19th and early 20th
centuries in description of the weather and airflow associated with cyclones and
identification of the physical processes that contribute to their development. The
“thermal theory of cyclones” appeared based on the work of Espy in the 19th
century. He believed that the decrease of surface pressure in storms is related
primarily to the release of latent heat in the ascending air near the storm center.
By the early 20th century, the dynamical perspective of cyclogenesis was led by
the theoretical work of Margules and Bjerknes and the observational studies of

Dines.

The importance of dynamical processes provided a basis for the polar front
theory of cyclogenesis which was developed by the Bergen school in Norway
[Bjerknes and Solberg, 1922] and instigated the discussions about the importance
of dynamic and thermodynamic processes in extratropical storms. According to
Brunt [1930], observational studies in the 1920’s supported the importance of
both, dynamic processes associated with low-level fronts and the existence of a
strong upper-level current, for the development of cyclones. He did not rule out

the importance of boundary layer heating and latent heat release.

Rapid advances in the understanding of cyclogenesis occurred from the 1920s
to the 1950s. The reduction of the surface pressure was shown to be provided by
the divergence caused by the upper-level trough/ridge systems, while low-level
convergence contributed to the vorticity increase that marked the rapid spin-up
of cyclones [Bjerknes and Holmboe, 1944]. The vorticity advection and thermal
advection patterns as key factors in cyclogenesis were focused by synopticians
[Petterssen, 1956]. The emphasis of dynamics, baroclinic instability, diabatic
processes [Sutcliffe, 1947 and Petterssen, 1956] and latent heat [Palmen, 1951;
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Krishnamurti, 1968 and Johnson and Downey, 1976], in the rapid deepening
of cyclones and the vertical extension of the vortex from the lower to middle

troposphere was the synopticians’ concern at the time.

The meteorological community still finds itself involved in a vigorous debate
concerning the relative importance of latent heat release, boundary-layer pro-

cesses and dynamical processes in the development of cyclones.

It is about three decades since meteorological satellites have been introduced
into meteorology. More cyclone structure behavior has been revealed since cloud
patterns have been seen in visible (VI) and infrared (IR) images by the early
polar-orbiting satellites. Cloud systems in cyclones over oceans have been ade-

quately documented from the viewing of the entire globe by satellite images.

Because of special importance of rapidly intensifying storms and some diffi-
culties of predicting them [Sanders, 1987], explosive cyclogenesis (defined roughly
as deepening in excess of 24 hPa in 24 hours [Sanders and Gyakum, 1980]) has
attracted much attention in the past decade. They showed that rapidly deepen-
ing storms are primarily maritime, cold season events and that they occur usually
somewhat downstream of a 500 2 Pa trough within or poleward of maximum west-
erlies and within or ahead of planetary scale troughs. They also occur predomi-
nantly near the region of strong sea surface temperature (SST) gradients. Sanders
and Gyakum [1980] concluded that explosive cyclones are baroclinic events. Cy-
clones display remarkable case-to-case variability, especially during the initial
development phase. They are born in a variety of ways, but their appearance at

death is remarkably similar.
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5.2 The Potential Vorticity

The potential vorticity (PV) introduced by Rossby [1940] and Ertel [1942], is

mainly used in the form:

p=1¢.v0 (5.1)
P

where P is potential vorticity, p is density, ¢, is absolute vorticity and 4 is isopo-

tential.

With the hydrostatic approximation, the PV is:

P~ —g(,000/0p (5.2)

where
ov Ou
Co=f+ <%>9 - <8_y>9 (5.3)

and f = 2Qsin¢ , is the Coriolis parameter.

For a frictionless, adiabatic process P is materially conserved. As discussed by
Charney and Stern [1962], quasi geostrophic potential vorticity, g, is a quantity
whose behavior on a horizontal surface approximates that of P on an isentropic
surface.

Figure 5.1 illustrates the climatological distribution of P and 6 in the atmo-
sphere below 100 hPa. Isentropic surfaces such as that with § = 330K have
PV values rising from 0 PYU (PVU=10"° K m~2kg~"' s~!) near the equator to
slightly greater than 1 PVU near the tropopause following the rapid transition
to stratospheric values. In the case of adiabatic and frictionless motion, the P
contours will be advected on each isentropic surface. Likewise, § contours are

advected on a P surface.Pplew.rdl%5° latitude, the P=2 PVU surface corresponds



5.2. THE POTENTIAL VORTICITY 115

100 s

200+

Ll

hPa 300-

|

3

(4

3

f

P

!.‘

o,

o

i -~
s
P

-

500¢ ! N

g

007 ~-. )

100 () bk 3 S

NP 60 3 £

Figure 5.1: A summary of the climatological P and § distribution below 100 A Pa
in the Northern Hemisphere winter. The dashed contours are those of 8, drawn ev-
ery 30 K. Values of P are given in terms of the unit PVU=10"% K m~2 kg~ s7',
and contours are drawn at 0, 0.5, 1, 2, 5 and 10. The “dynamical” tropopause

specified by 2 PVU, is indicated by stippling. (Adapted from Hoskins [1990])
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to the “dynamic” tropopause.

Generally, a positive P anomaly or a positive lower boundary 6 anomaly
NMo(thern

both correspond to cyclonic circulation in the/@cmu',»sphere. The static stability

is enhanced at the level of the anomaly and reduced above and below. Neutral

Rossby waves are possible on a P gradient on a 8 surface, equivalently, a  gradient

on a P surface. The tropopause is an example of such a region.

5.3 Organization of Cloud and Precipitation

During the past three decades, the availability of imagery from satellite and
radars has transformed the ability to observe clouds and precipitation. The
patterns of cloud and precipitation in cyclones can be interpreted dynamically
using relative-flow isentropic analysis and conceptual models. The imagery has
drawn attention to many synoptic-scale and mesoscale features not explained by

the classical model.

The geometry and dynamics of small scale concentrated flows from within
the air masses that come together and interact in the cyclone, determine the
cloud and precipitation distributions, as well as the structure and evolution of
the cyclone. It is helpful to carry out analyses of these concentrated airflows
within either moist (6,,) or dry (6) isentropic surfaces according to whether the
flow is saturated or not, rather than traditional isobaric surfaces which intersects
the flows as they ascend or descend through them. To a good approximation 6,

is conserved for moist flow and 8 is conserved for dry flow within cyclones.
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5.3.1 The Warm Conveyor Belt

There is a baroclinic slantwise motion producing the elongated band of cloud that
forms along the boundary of a major confluence zone at the leading edge of the
trough. Warm air enters the cloud belt from the convective boundary layer at its
equator-ward end. As this air travels along the axis of the cloud belt it ascends
into the middle and upper troposphere, producing low and medium-level cloud
and thus a belt of upper-level cirrus. According to Harrold [1973], this most
important cloud and precipitation-generating airflow is referred to as the warm
conveyor belt (WCB). Large quantities of heat, moisture and westerly momentum
are conveyed poleward and upward within this relatively narrow flow. Figure 5.2
illustrates a Northern Hemispheric well-defined cloud belt associated with WCBs,
in that the western and poleward edge tends to be quite sharp and to consist of
high cloud. Most of the cloud on the less well defined right edge is at middle
and lower levels. Towards its poleward end the WCB flow turns anticyclonically
as it overtakes and ascends the cold air ahead of the surface warm front, WW,
in Figure 5.2. The WCBs are mainly saturated flows of high wet-bulb potential
temperature, rising from the lower troposphere at their equatorward and into the
upper troposphere at their poleward end.

Recent detailed analyses by Hemler [1987] using wind profiler data have con-
firmed that the WCB generally corresponds to a belt of relatively strong winds.

Although the main component of motion within the WCB is indeed parallel
to the cold front, the relatively small and partly ageostrophic component perpen-
dicular to the front has an important bearing on the frontal structure [Browning,
1990]. According to Browning [1986], there are “rearward-sloping ascent” and
“forward-sloping ascent” configuration of WCB corresponding to the classical

ana-cold front and kata-cold front, respectively.
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Figure 5.2: Infrared (IR) image from a NOAA satellite at 1550 UTC 2 September
1987, showing an elongated belt of cloud (WW) associated with a major warm
conveyor belt. The belt of cloud labeled PP is associated with the cold conveyor
belt. (Courtesy of University of Dundee.)
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5.3.2 The Cold Conveyor Belt

Another well-defined cloud and precipitation-producing flow is the cold conveyor
belt (CCB) [Carlson, 1980]. Originating in the anticyclonic low-level flow to
the east-poleward of a cyclone, the air in the CCB travels westward just ahead
of the surface warm front, undercutting the WCB. At first, the air in the CCB
subsides and is very dry, so that the precipitation from WCB evaporates on falling
into it. As the air travels westward toward the cyclone center, the CCB begins
to ascend, reaching into middle troposphere near the apex of the warm sector.
When the CCB emerges beneath the western edge of the WCB, it may either
ascend antcyclonically and merge with the WCB, or part of it descend cyclonically
around the cyclone center. An example of the resulting cloud pattern is shown in
Figure 5.2, in which the cloud band associated with the polar air trough, CCB,
is labeled PP and that of WCB is labeled WW.

A partially schematic isentropic relative flow analysis for a cyclone is shown
in figure 5.3. The western boundary of the WCB is represented by a hatched
double line labeled LSW, LSW. The double-shafted arrow represents the relative
flow within the WCB as it ascends from 600 to 300 hPa (isobars shown dashed).
In the cold air behind the WCB solid streamlines depict descending flow on a dry
isentropic surface (dot-dashed isobars). The CCB protruding into this region is
represented by dashed streamlines ascending from 700 k Pa (isobars shown dotted
where the flow is beneath the WCB) to 400 2 Pa (dashed isobar). The CCB cloud
(F), where it protrudes to the west of the WCB, is represented by a hatched
double line labeled CC, CC, CC. A separate area of boundary layer stratus is
denoted by the unshaded scalloped boundary. The cloud associated with the
CCB is mainly confined to low and medium levels, with tops significantly lower

than those associated with the WCB; the cloud tops, however, become higher in
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500 km
=

Figure 5.3: Partially schematic isentropic relative flow analysis for a cyclone,
showing a CCB flow emerging beneath the western boundary of a WCB [Carison,
1987]. The symbols L, and Ls denote the locations of the cyclone center at the
surface and 500 2 Pa, respectively, and the encircled cross shows the location of
the 500 hPa vorticity maximum. Surface fronts are shown conventionally. Other
details are described in the text (adapted from Browning [1990]).
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the cross-hatched western part of the CCB where the ascending cloudy air flow

approaches a confluent asymptote.

5.3.3 Precipitation Associated with WCB and CCB

The broad zones of frontal precipitation usually contain mesoscale banded fea-
tures embedded within them. Two categories have been described: wide rain-
bands with shallow convective cells in middle or upper troposphere and narrow
rainbands confined to lower troposphere. The former typically 50 km wide, are
associated with enhanced slantwise ascent perhaps due to conditional symmetric
instability giving moderate-to-heavy rain over the region. The latter, only about
3 km across, are associated with upright line convection at the sharp surface cold
front, probably forced by a density current. The dry air with low wet-bulb poten-
tial temperature, 6,,, originating behind the cold front also plays an important
role in determining the pattern of cloud and precipitation. It often overruns the
WCB to form a shallow moist zone and potential instability.

One of the first detailed observational data sets showing the mesoscale cir-
culations associated with wide upper tropospheric rainbands was obtained by
Heymsfield [1979]. His observations apply to warm frontal rainbands and he
summarized his results as in Figure 5.4. Each rainband is associated with a
transverse circulation 100 kmm wide and 3 km deep situated in the WCB above

the warm frontal zone.

5.3.4 Comma Cloud

A pattern of development, often seen in satellite pictures, involves cyclogenesis

in cold air masses rearward of the polar front and poleward of the jet axis. The
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Figure 5.4: Schematic cross section through a warm front containing three warm
frontal rainbands (A1, A2, A3). The top and bottom of the warm frontal zone
are represented by thick solid lines. The large-scale flow relative to the front
1s represented by thin solid streamlines. The secondary circulations associated
with the rainbands (axes of bands are normal to the plane of the diagram) are
represented by dashed streamlines [Heymsfield, 1979].

disturbances are first seen in satellite imagery as a region of enhanced cumulus
convection. Subsequently, the convective elements spread and merge, and a more
or less solid comma-shaped cloud mass emerges. The final shape is not unlike
that of many developing frontal cyclones, but typically the cold air systems are
smaller in dimension. A satellite picture of such a system is shown in Figure 5.5.
The area of cloud associated with the emerging CCB constitutes the head of a

comma cloud pattern in Figure 5.3.

When a vorticity maximum in the polar air approaches a cold front, a variety
of cloud systems may develop. Depending on how close it approaches, it may

generate a comma cloud pattern entirely within the cold air or a wave on the

cold frontal cloud band [Browning, 1990].
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Figure 5.5: Example of comma-shaped cloud pattern (indicated by arrow) in a
polar air mass [Reed , 1979)].
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5.3.5 Some Aspects of Cloud and Precipitation Over Aus-

tralia

The aspects of the cloud and precipitation distribution over Australia has been
discussed by Wilson and Stern [1985], Garratt et al., [1985] and Ryan and Wilson
[i985]. In their studies of the summertime cool change of southeastern Australia,
two observational programs, each of one month duration, were conducted in the
area in early summer of 1980 and 1981. As a consequence of continental effects,

the WCB was found to have a relatively low moisture content.

The Southern Hemispheric subsynoptic and mesoscale model is consistent
with the models developed for the Northern Hemisphere. The Northern Hemi-
sphere studies carry several obvious implications for summertime frontal systems
in southern Australia. Firstly, the moist warm flow associated with the prefrontal
low-level jet in the Northern Hemisphere would be replaced by a hot, dry flow
with possible effects on the intensity of “line convection” (Browning and Harrold
[1970]; Hobbs et al., [1980]) and on reduced rainfall arising from that convection.
The air comprising this prefrontal high 8, flow has an initially low relative hu-
midity and the observed middle level cloud base is relatively high at 700 hPa
over southern Australia. Frictional convergence ahead of the surface cold front
would be affected more by the presence of the coastline at these latitudes, 35°S-
40°5, than at 50°N-55°N, because of the deeper and more frequently occurring

convective boundary layer over land.

In the Australian region numerous investigations relating to cut-off lows have
been carried out. May et al., [1990] studied the structure of cold fronts over
southern Australia using the both VHF radar data and rawinsonde observations.

Their studies confirmed the presence of deep, direct, vertical circulations across



5.4. TYPICAL SYNOPTIC STRUCTURE OF CUT-OFF LOW 125

the front as developed in theoretical models. FEckermann and Vincent [1992]
specifically studied different aspects of gravity-waves produced by cold fronts over
South Australia by using VHF radar observations. Frederiksen and Frederiksen
[1993] concluded that the three-dimensional instability theory is able to generate
analogs of a wide variety of Southern Hemisphere observed fluctuations, including
those associated with cyclogenesis, blocking and low frequency teleconnection
patterns. Hopkins and Holland [1997] studied the Australian East-Coast cyclones
and found a strong linear correlation between the Southern Oscillation Index and
heavy-rain events and East-Coast cyclones. May et al., [1994] used wind profiler
observation to analyse Tropical Storm Flo (1990) as it passed within 115 km of
the experimental site on Saipan. They resolved details of the circulation and
precipitation structure of the storm and its rainbands. Mills and Wu Bao-Jun
[1995] comprehensively studied the Cudlee Creek’ flash flood of 29th August 1992.
They concluded that the passage of the comma-head cloud over the Adelaide Hills
produced intense localised rainfall and flash-flooding in the Torrens River system.
Also in an in-depth investigation Griffiths et al., [1998] studied the Cudlee Creek
Cut-off low, especially with regards to the mesoscale analysis. May [1996] studied
the organization of convection in the rainbands of a slow-moving, weak, tropical

cyclone Laurence, which passed near Darwin, Australia, in December 1990.

5.4 Typical Synoptic Structure of Cut-off Low

In the normal sequence of events, a cyclone develops at the surface and gradually
builds to higher levels as the occlusion process takes place.
Quite frequently however, cyclone development may commence in the upper

levels. They may develop along with low level formation or sometimes develop
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independently. These more or less independent developments in the middle and
upper troposphere are called cut-off cyclones and are frequently seen on synoptic

charts.

The unstable behaviour of a progressive upper wave in a baroclinic wind cur-
rent is closely connected with the development of cyclones at the earth’s surface.
Growth of wave amplitude finally leads to wave degeneration in which warm

cut-off highs shift polewards, and cold cut-off lows move equatorwards.

The behaviour of upper waves as they change from a stable progression to
an unstable development is schematically illustrated in Figure 5.6 in which, a
thermal trough is seen at the rear of a weak contour trough (stage A). The thermal
advection at the rear intensifies the contour trough which in turn intensifies the
thermal advection further (stage B). In stage C, the warm air from the west
begins to merge with the warm air to the east of the trough. A ridge of high
pressure builds across the trough thus cutting off the cold air to the equatorward
and so causing a closed low. In stage D, a ribbon of isotherms is established to

the poleward of the cut-off low which attains thermal symmetry.

It should be noted that these unstable processes not only occur in the horizon-
tal plane but that they are three-dimensional processes. This three-dimensional
development has to be explored by analysis of isobaric maps at several levels, and
by the use of vertical cross sections placed in such a way as to picture the struc-
ture change during the development. Both analysis techniques applied together
allow a three dimensional understanding of unstable wave-development processes

in time and space.

An interesting feature of the cut-off low is that as the low is formed the
tropopause is also depressed and finally forms a tropopause ring or tropopause

funnel over it. Rising motions with cloud and rain occurs in the core of the cut-off
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Figure 5.6: Typical features of the development of a Cut-off Low for Southern
Hemisphere. Contours (solid) and isotherms (dashed) of an isobaric surface in
the middle troposphere (say, 500 hPa) during the development of a Cut-off Low.
CP stands for cold pool and L stands for low.
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Figure 5.7: Idealized sketch of the vertical cross section of a Cut-off Low. Heavy

line corresponds to tropopause, dashed lines are isotherms at 5 °C intervals, solid
lines are isentropes (K).
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low with sinking motions polewards of the low centre. Figure 5.7 schematically
illustrates an idealized vertical cross-section of a cut-off low and its associated

tropopause funnel.

5.5 Scope

The vertical motion of the air is the most important factor in the analysis, now -
casting and forecasting in meteorology. The instantaneous (or relatively short
time averaged) vertical motion is crucial in the analysis of cut-off lows. Wind
profilers are capable of measuring the vertical motion directly. Indirectly esti-
mated vertical motion through different means of analysis are too temporal and
horizontal averaged to be used for mesoscale structures.

As a matter of fact, wind profilers measure the radial velocity rather than
vertical velocity. To be assured about the representativeness of radial velocity as
a vertical velocity, the slope of the transmitting antenna array is essential. For
this reason, we decided to determine the accurate slope of the Buckland Park
transmitting Co-Co antenna array to be able to correct the radial velocity at a
later stage. In the next chapter we investigate antenna slope and then long term
vertical velocity of air to verify whether there is any bias in weighting the upward
and downward gravity wave energy propagation similar to that of Nastrom and

VanZandt [1994] for the Flatland wind profiler.
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Chapter 6

Climatology of Cut-off Low over

Australia

6.1 Introduction.

The climatology of cut-off lows in South Australia and its impact in all aspects is
very important, as in the study undertaken for 20 years (i.e. 1974-1993), 62.5% of
the cut-off lows have passed over South Australia. Significantly, high proportions
of precipitation, thunderstorm, shower and hail in South Australia are also due
to cut-off lows in this region.

The World Meteorological Organization’s (WMO) defined the cut-off process
as a sequence of events by which a cold low, originally within the westerlies,
becomes displaced equatorward in the atmosphere; and it frequently produces,
or is part of the production of, a blocking situation. A cold low (cold pool) which
has become displaced out of the basic westerly current and lies to the equatorward

of this current, is called a cut-off low (COL).

A region, or “pool”, of relatively cold air surrounded by warmer air is called

131
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the cold pool; the opposite of a warm pool. Cold pool is usually applied to cold
air of appreciable vertical extent that has been isolated in lower latitudes as part
of the formation of a cut-off low.

The COLs over Australia are classified depending on the place of their appear-
ance on the meteorological synoptic charts. In the case of appearance from north
or northwest, they are classified as Low Latitude origin Cut-off Lows (LLCOL).
If they appear from south or southwest then they are classified as High Latitude
origin Cut-off Lows (HLCOL).

The LLCOLs are mainly from recurved tropical cyclones or heat lows or West
Coast dips. As tropical cyclones move from ocean to land mainly over Western
Australia, they lose their energy supply of latent heat and weaken, turning into
cut-off lows. Some of them, which reach South Australia, have many common
features. There are some cases in which East Coast tropical cyclones recurve
westwards and then turn into cut-off lows.

During the hot season, there is a heat low spread over the northern part
of the Australian continent. As the upper troughs extend to lower latitudes,
they intensify the heat lows and force them to move south-east-ward across the
continent as a cut-off low which also sometimes passes over South Australia.

The HLCOLs are associated with cyclogenesis through baroclinic processes
[Reed, 1990].

The aim of the study of the climatology of cut-off lows among the others,
was to evaluate the importance of such a system and its impact in the South
Australian region from the point of:

Association with the severe weather ,

High potential of precipitation,

Relatively low movement,
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Damage to environment,

Influence on economy.

The flash-flood of the “Cudlee Creek” on 29th August 1992, an intense extra-
tropical cyclone, passed south of Adelaide, South Australia, was an example of a

cut-off low with associated impacts on the region.

The lack of investigation in these fields in the region was another reason for

choosing the cut-off low for further study.

6.2 Typical Synoptic Structure

As the name of cut-off low indicates, they are equatorward extensions of cold
troughs which become cut off from their source regions and remain as a cold low

well to the equatorward of the polar trough system.

An interesting feature of the cut-off low is that as the low is formed the
tropopause is also depressed and finally forms a tropopause ring or tropopause
funnel over it. Rising motions with cloud and rain occurs in the core of the cut-off

low with sinking motions to its poleward side.

The unstable behavior of a progressive upper wave in a baroclinic wind current
is closely connected with the development of cyclones at the earth’s surface.
Growth of wave amplitude finally leads to wave degeneration in which warm

cut-off highs shift polewards, and cold cut-off lows move equatorwards.

The behavior of upper waves as they change from a stable progression to

unstable development was discussed in chapter 5.
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6.3 Methodology

In order to study the climatology of cut-off lows, two sources of data were studied:

a) Twenty years (1974-1993) of South Australian 3-hourly synoptic charts
and 12-hourly four standard levels of upper air charts (i.e. 800 hPa, 700 hPa,
500 hPa and 300 APa levels) which had been archived, were manually inspected
at the Bureau of Meteorology and South Australian Archives (Tables 6.1 & 6.2).
These were used to plot the origin, paths, monthly variations, seasonal variations

and annual variations, and to generate statistics of cut-off lows themselves.

b) To generate statistics of some phenomena associated with cut-off lows
which could be distractive and hazardous to life and impact on the economy
of the region, such as: Precipitation, Thunderstorm, Shower and Hail, the 20-
year contemporaneous hourly observations of the 4 main stations (i.e. Woomera,
Ceduna, Adelaide Airport and Mt. Gambier) were analysed. The synchronous
3-hourly observations of the 21 other stations (Table 6.3) in the Card 7 format
supplied by the Bureau of Meteorology Research Center (BMRC) in Melbourne,

were also added to the analysis.

6.4 Origins

During the period of study (1974-1993), 208 cases of cut-off lows which passed
over Australia were found from the meteorological synoptic charts. They included

140 cases of LLCOLs and 68 cases of HLCOLS (Tables 6.1 & 6.2).

Depending on the statistical study of COL behavior, they will be discussed

as “Monthly and Seasonal characteristics” and “Yearly variability”.
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Table 6.1: Monthly Cut-off Lows for 20 years, from 1974 to 1993.
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JAN | FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC | Freq.

Freq. 14 1 16 16 21 16 18 19 15 19 29 14| 208

COLOA RelFreq. | 0.07| 005/ 008/ 008/ 010f 008] 009 009| 007 009 014] 007| 1.000
Ave. 070/ 055/ 080 080| 105/ 080 080| 095 075 095 145 070 104

Freg. 13 10 14 13 11 5 7 8 8 17 22 12| 140

LLCOLOA  |Rel.Freq. | 0.09| 007/ 0.10| 009| 008 004] 005 006/ 006 012 016 009] 1.000
Ave. 065/ 050/ 070/ 065 055/ 025 035 040| 040/ 085 1.10| 060 7

Freg. 1 1 2 3 10 11 11 11 7 2 7 2 68

HLCOLOA  |Rel.Freq. | 0.01| 001 003] 004| 015[ 016] 0.16] 016] 010/ 003 010 0.03] 1.000
Ave. 005| 005/ 010 0.5 050 055/ 055/ 055 035/ 010| 035 010] 34

Freq. 6 4 i/ 7 13 10 11 13 12 17 20 10| 130

COLOSA RelFreq. | 005/ 003| 005/ 005/ 010/ 008 008] 040{ 009/ 013] 015] 0.08] 1.000
Ave. 030 020| 035 035/ 065/ 050/ 055 065 060] 085 1.00] 050| 65

Freq. 5 3 6 5 6 2 3 5 5 16 15 8 79

LLCOLOSA |Rel.Freq. | 0.06| 0.04] 008) 006] 008 003| 004 006 006/ 020/ 019 0.10] 1.000
Ave. 025/ 015/ 030| 025/ 030] 010 045/ 025 025/ 080 075 040| 395

Freq. 1 i 1 2 7 8 8 8 7 1 5 2 51
HLCOLOSA |[RelFreq. | 002 0.02| 002| 004| 014| 016 0.6/ 016 0.14] 002| 0.0 0.04] 1.000
Ave. 005 005/ 005 010 035 040 040| 040 035 005 025 010f 255
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Table 6.2: Yearly Cut-off Lows for 20 years, from 1974 to 1993.

1974 ) 1975) 1976 1977 [ 1978 | 1979 1980 | 196¢ | 1982 1983 | 1984 | 1985 | 1986 | 1987 | 1988 1989 | 1990 | 1991 | 1992 | 1993 | Freq

Freg. N 15 18 10] 18 9 9 8 6 12 12/ 5 5 9 9 7 fo| 6 5 6 208

COLOA  [ReiFreq. | 005 0.07| 00| 0.05| 00| 0.04| 0.04| 0.04] 0.03) 0.06| 006 0.07| 0.02| 0.04| 0.04| 0.03| 0.05| 0.03| 0.07] 0.041.000

Ave. 092] 1.25 1.08] 0.83) 1.58) 075| 0.5 067 05 1| 1| 1.25] 0.42| 0.75| 0.75| 058| 083 05| 125| 067] 173

Freq. 0 " 7 & M| 5 8 3 3 8 of 9o 3 7 6 6 9 5 1 7 140

LLCOLOA |RelFreq | 0.07) 0.08| 0.05[ 0.04| 0.08| 0.04] 0.04 002 0.02] 006 0.06| 0.08| 0.02| 0.05| 0.04] 0.04| 0.06| 0.04] 0.08| 0.05/1.000

Ave. 083| 092) 05| 0.42| 0.92| 042) 042| 0.25( 025) 067| 0.75( 0.75| 0.25| 058 05| 05| 0.75| 042| 092| 08| 117

Freg. | | 4] 6 5 & 4 4 5 3 4 3 6 2 2 3 1 1 1 4 1| 68

HLCOLOA |RelFreq. | 0.01| 006] 0.09] 0.07] 0.2 0.06) 0.08) 0.07| 0.04) 0.06| 0.04| 0.09] 0.03] 0.03] 0.04| 0.01| 0.01] 0.01] 0.08| 0.01]1.000

Ave. 008) 033) 05| 0.42[ 067] 033 0.33] 042/ 025 0.33] 0.25| 05| 0.17| 0.17| 0.5 0.08] 0.08| 0.08| 0.33| 0.08| 567

Freg. | 8 8 5 s 12 7 7| 7 4 8 6 +t0f s 6 6 4 2 5 12 4 13

COLOSA  [RelFreq. | 0.04] 0.06( 0.04| 0.04| 009] 0.05] 005 0.05] 003] 00| 0.06] 0.08| 0.04| 0.05| 0.05| 0.03) 0.02| 0.04] 0.09| 0.03|1.000

Ave. 042) 067 042| 042| 1) 058) 05| 058| 025) 0.58| 05| 067| 042| 042) 05| 03| 0.08f 042| 092| 0.33f 108

Freg. | 4] 70 2 3 s 8 3 2 2 5 5 8 3 4 3 3 1 4 s 4 7w

LLCOLOSA [Rel Freq. | 0.05) 0.09] 0.03] 0.04| 0.06| 0.08| 0.04] 0.03] 003| 0.06| 0.8 0.08] 0.04] 005 0.04] 0.04| 0.01| 0.05[ 01| 0.05]1.000

Ave. 0.33| 058) 07| 0.25( 042| 042) 0.25( 0.17] 0.7) 0.42| 042 05| 025| 0.33) 0.25| 0.25| 0.08] 0.33| 067| 0.33] 658

Freg. | 1) 1) 3 2 7 2of 4 5 of 3 3 4 2o 2 3 i +f o 4 of s

RLCOLOSA Rel.Freq. | 0.02) 0.02) 0.08| 0.04[ 0.14] 0.04] 008 0.1| 0.04] 0.06[ 005 0.08| 0.04| 0.04| 0.06| 002 0.02| 0.02| 0.08]  0/1.000

Ave. 0.08) 008) 025] 0.17] 0.58| 0.17| 033 042 0.07| 025 0.25[ 0.33] 0.47] 0.17| 0.25| 008 0.08| 0.08] 033] 0| 425
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6.5 Monthly and Seasonal Characteristics

Cut-off low’s behaviour may be subject to change monthly or seasonally. Knowl-
edge of their monthly and seasonal variabilities is essential in the climatology of
cut-off lows.

Approximately, 130 of the 208 cut-off lows studied passed over South Aus-
tralia. Their seasonal distributions are shown in Figure 6.1. As it is shown, they
correlate very well with the overall Australian statistics and one can be the sam-
ple of the other. There are two peaks; the higher peak occurs in November and
the smaller one in May. According to Figure 6.2, the LLCOLs are responsible for

the November maximum and HL.COLs are responsible for the May maximum.

Monthly Cut—off Lows
T T T L

30[ T T T

&
Q

Frequency

70

o Il 1 I L I 1 i [l
JAN FEB MAR APR MAY JUN JUL AUC SEP ocT NOV DEC

Monthly Cut—off Lows over Australia (solid), over South Australia (dashed).

Figure 6.1: Monthly Cut-off Lows over Australia (solid) and over South Australia
(dashed) for 20 years of data (1974-1993).

Separating the two types of COLs from each other, the extraordinary simi-
larity can be seen between the sets of the same type of COLs over Australia and
South Australia. This similarity occurs even in those COLs which pass through

other states of Australia rather than the South Australia (Figures 6.1 & 6.4).
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Monthly Cut—aeff Lows over Australia
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Monthiy LLCOLs (solid) and HLCOLs (dashed) over Australia .
Figure 6.2: Monthly Low Latitude origin Cut-off Lows (solid) and High Latitude
origin Cut-off Lows (dashed) over Australia - for 20 years of data (1974-
1993).

Figures 6.2 and 6.3 show that there is a maximum season of HLCOLs in winter
(i.e. May - August) and minimum in summer, whereas maximum LLCOLs occur
in summer (i.e. November - March) and minimum in winter.

The November maximum coincides with the onset of the cyclone season over
north west of Australia, as well as the increase in the strength of the continental
heat low.

The May maximum is associated with the northward movement of storm

tracks during the winter.

6.6 Year to Year Variability

Yearly variabilities of COLs over Australia and South Australia are also important

features in the climatology of cut-off lows.
The number of COLs each year between 1974 and 1993 over Australia and

South Australia are shown in Figure 6.4. There is a very strong correlation
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Monthly Cut—off Lows over South Australia
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Monthly LLCOLs (solid) and HLCOLs (dashed) over South Australia.

Figure 6.3: Monthly Low Latitude origin of Cut-off Lows (solid) and High Lati-
tude origin of Cut-off Lows (dashed) over South Australia for 20 years
of data (1974-1993).

between both curves. There appears to be a periodical peak of about 7 years (i.e.
1978 - 1985 - 1992) in both time series.

The predominance of LLCOLs over the whole period except 1981 in which
the HLCOLs are more than that of LLCOLs is shown in Figure 6.5.

Almost the same results for COLs over South Australia are revealed in Figure
6.6.

The SOI is defined as:

SOTI = 10xmean(M S LPropiti(17.375,149.20w)y— M S L PDarwin(12.245,130.50E)) Where
SOT stands for Southern Oscillation Index, MSLP stands for mean sea level pres-
sure.

Negative SOI refers to “EINino” and positive SOI represents “LaNina”.

Plots of COLs (scaled by a factor 10, in order to be recognized) and the

Southern Oscillation Index (SOI) is shown in Figure 6.7. It is clear that they

correlate in such a way that as the heat island in Pacific Ocean moves towards
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Yearliy Cut—off Lows
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Figure 6.4: Yearly Cut-off Lows over Australia (solid) and over South Australia
(dashed).
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Yearly LLCOLs (solid) and HLCOLs (dashed) over Australia.

Figure 6.5: Yearly Low Latitude origin Cut-off Lows (solid) and High Latitude
origin Cut-off Lows (dashed) over Australia.
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Yeariy Cut—off Lows over South Australia
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Yearly LLCOLs (solid) and ALCOLs (dashed) over South Australia.

Figure 6.6: Yearly Low Latitude origin of Cut-off Lows (solid) and High Latitude
origin of Cut-off Lows (dashed) over South Australia.

west, it brings along heat and moisture which in turn, increases and intensifies

the LLO of COL.

Correlation of SOI without the lag with COL over Australia is 0.25, with LLO
of COLs 0.27 and with the HLO of COLs over Australia is 0.06, demonstrating
that low latitude origin of cut-off lows have better correlation with SOI. The heat
island in the Pacific Ocean is located adjacent to the equator. Moving the heat
island toward west (i.e. LaNina), brings heat and moisture toward low latitude
regions of Australia and has very low effects on high latitudes. Furthermore, the
Australian monsoon is weak during ElNino events and very active during LaNina

years and feeding into the low latitude origin cut-off lows.

As Figure 6.8 shows, the peak of almost all curves occur within about a
month of peak SOI. This overlaps the uncertainty from averaging and smoothing
(5 points smoothing) of data. As a result, it can be concluded that the onset of

positive SOI (i.e. LaNina) and cut-off lows (mainly, LLO) over Australia coincide.



142CHAPTER 6. CLIMATOLOGY OF CUT-OFF LOW OVER AUSTRALIA

S50/ and COL over Australia from (71974—17993)
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Figure 6.7: Southern Oscillation Index (solid) and 10 times Cut-off Lows over
Australia (dashed) as well as, 10 times Low Latitude origin Cut-off Lows over
Australia (dotted).

Cross—Correlation af SOJ and COLs with 20 months Leng
—r—r—r T T

—O. 4 | a 1 PO i PR —
—20 —70 (24 70 20

Cross—correlation of SO/ with COLs nwmber over Australia (solid),
LLCOL over Australia (da,sh_~dotted3, LLCOL_owver South Australia (dotted),
HLCOL over Australia (dashed), and HLCOL over South Australia (dash dot dot dotted)

Figure 6.8: Cross-correlation of Southern Oscillation Index with Cut-off Lows
over Australia (solid), Low Latitude origin Cut-off Lows over Australia (dash-
dotted), Low Latitude origin Cut-off Lows over South Australia (dotted), High
Latitude origin Cut-off Lows over Australia (dashed), and High Latitude origin
Cut-off Lows over South Australia (dash dot dot dotted).
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6.7 The Cut-off Low Tracks

Figure 6.9 illustrates the tracks of LLCOLs over Australia. The LLO of COLs
mainly originate from north and northwest. There are a few unusual tracks
which originate from northeast associated with east coast cyclones as well. These
are mainly tropical cyclones which detour towards south and southwest and are

driven to the continent.

Low Latitude Cut—Off Low Tracks Over Australia (71 974—1993}
O FEE = #5910 I o T A

Figure 6.9: Low Latitude origin Cut-off Low Tracks over Australia for 20 years
from 1974 to 1993.

Figure 6.10 shows the tracks of HLCOLs over Australia. As can be seen,
they origin from south and south west, rise to lower latitudes and then recurve
eastwards or southeastwards, covering mainly the southern parts of the Australian
continent.

Figure 6.11 illustrates the yearly COL tracks which in turn supports the yearly
maxima and types which were discussed earlier.

Approximately, 62% of COLs pass through South Australia. This includes
56% of LLO and 75% of HLO of COLs. This makes South Australia very sig-
nificantly affected by COLs. This means that the Buckland Park VHF radar in

B R 1 o o :'.“‘ ' = ;'-a—__'.__.? J \ TR ro
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High Latitude Cut—Off Low Tracks Owver Australia (1974—71993)
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Figure 6.10: High Latitude origin Cut-off Low Tracks over Australia for 20 years
from 1974 to 1993.

conjunction with the Boundary Layer radar can be very important means for the
forecasters in helping them allocate, distinguish and consequently, forecast the

COL systems. This will be discussed later on.

6.8 The Cut-off Low Speed

The parent systems of surface cut-off lows move fast, as long as the contours are
not closed on upper air charts. As the warm air rotates around the cold pool, the
movement slows down. the movement of COLs speeds up as the closed contours
on upper air charts open up. Figure 6.12 shows the histogram of the speed of
the COLS passing over South Australia, between latitudes of 26°S and 38°S
and longitudes of 129° E and 141° E, with the mean of 9.4m s~! and median of
8.7ms™ L.

The high speeds refer to the movement of COLs before being closed and after

being opened in the upper atmosphere, while low speeds refer to the movement



6.8. THE CUT-OFF LOW SPEED 145

ot 1978 Austrolian Cut~0ff Low Tracks ‘G‘Lﬂ? Australion Cul-0ff Low Tracks
Uit Tin

75 A5 T3 %"%ﬁ&iﬁ;}mﬁé;ﬂ&?’f qj’%

i

1879 Australion Cul-0ff Low Tracks (ot 1980 Austrokion Cut-0ff Low Tracks ot 1981 Australian Cut-0ff Low Tracks
0 -

TRpR

65
e

R
T

.....
' '

b tietind L2

LI |
(i}

1990 Austration Cut-0ff Low Trocks ” 1391 Australion Cut-0ff Low Tracks ‘9 1892 fustrolion Cut-0ff Low Trecks 1991 Austrolien (ut-0ff Low Tracks
= ! =010

5?3??}?_53'1?@%5??{6‘5?

Figure 6.11: Yearly Australian Cut-off Low Tracks. High Latitude origin Cut-off
Lows in blue and Low Latitude origin Cut-off Lows in red.
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Figure 6.12: Histogram of speed of Cut-off lows passing over South Australia
between latitudes of 26°S and 38°S and longitudes of 129° E and 141° E.

of COLs when the pattern is closed..

6.9 Synoptic Structure

Inspection of 20 years of mean sea level (MSL) charts and upper air Meteorological

charts (i.e. 800 hPa, 700 hPa, 500 hPa and 300 hPa) revealed that:

e a) In almost all cases an upper level cut-off low with closed contours ac-

companies a surface system.

® b) The surface cut-off low is intensified as far as the vertical axis of COL

tilts backwards towards the west.

e c) There is no change of intensification while the vertical axis of COL is

vertical.

o d) The surface COL is weakened as the vertical axis tends towards the east

and passes the MSL surface center.
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e ¢) If the upper closed low is located to the south west of a surface low, if
will drag the surface COL towards the higher latitudes and by intensifying

the surface COL, the upper one will also be intensified.

o f) There is almost always a closed cold isotherm (cold pool) in the 500 hPa
COLs. As the cold pool migrates from the COL center, the COL starts to

be opened up.

e g) The COL will move faster as it opens up and becomes a trough.

6.10 Impacts of Cut-off Low

Impacts of COLs on the South Australian region have been investigated by ana-
lyzing 20 year (1974-1993) 3-hourly synoptic data from 25 major South Australian
stations for Precipitation (PPTN), Thunderstorm, Shower and Hail by a variety
of statistical approaches such as: yearly average, yearly COL average and COL
percentage.

The stations and their related information are shown in Table 6.3. Their

locations are shown in Figure 6.13.

6.10.1 Precipitation

Precipitation is any or all of the forms of water particles, whether liquid or solid,
that fall from the atmosphere and reach the ground, including drizzle, rain, snow,
snow pellets, snow grains, ice crystals, ice pellets, and hail and is distinguished
from cloud, fog, dew, rim, frost and virga [Huschke, 1970].

Precipitation (PPTN) of the region is under the influence of two types of cut-

off lows from High Latitudes and Low Latitudes. As it is shown in Figure 6.14,
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Table 6.3: South Australian stations and their information.

No. | station Name Regional No. WMO no. Latitude(S) Longitude(E) Elevation
01 | Adelaide Aap. 023034 94675 34.95 138.53 6.0 (M)
02 | Arkaroola 017099 94676 30.31 139.33 340.0 (M)
03 Birdsville 017081 94482 25.90 139.35 43.0(M)
04 | Cape Borda 022801 94805 35.75 136.60 145.0 (M)
05 | Ceduna AMO 018012 94653 32.13 133.72 23.0(M)
06 Coober Pedy 016007 95458 29.04 134.72 215.0 (M)
07 | Cook 018110 94649 30.62 130.42 121.0(M)
08 | Hawker 019017 94673 31.89 138.42 315.0 (M)
09 | Keith 025507 94816 36.10 140.35 29.0(M)
10 Kingscote 022807 95807 35.71 137.52 5.0 (M)
11 | Kyancutta 018044 94657 33.13 135.57 58.0 (M)
12 | Lamer oo 025509 94688 35.33 140.52 99.0(M)
13 | Maitland 022008 94665 34.38 137.68 186.0 (M)
14 | Marla 016085 94477 27.30 133.62 322.0(M)
15 | Marree 017031 94480 29.65 138.05 50.0 (M)
16 | Moomba 017096 94481 28.10 140.20 39.0(M)
17 | Mt. Barker 023733 94806 35.05 138.51 330.0 (M)
18 | Mt. Gambier 026021 94821 37.82 140.77 65.0 (M)
19 pt. Lincoln 018070 95661 34.60 135.88 6.0 (M)
20 | pe. Augusta 019066 94666 32.53 137.78 4.0(M)
21 | pt. Pirie 021043 94669 33.19 138.01 4.0(m)
22 | Renmark 024016 94687 34.17 140.75 20.1(M)
23 | Snowtown 021046 94670 33.78 138.22 103.0 (M)
24 |Whyalla ap. 018103 95664 33.06 137.52 10.0(M)
25 | Woomera 016001 94659 31.15 136.82 165.0 (M)
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there is a PPTN maxima around the York Peninsula which is influenced by the
two types of COLs, as well as being influenced by moisture from Spencer Gulf
and Saint Vincent Gulf.

The highest rate of PPTN belongs to Mt. Gambier, where an orographic
effect is mostly responsible. Low latitude cut-off maxima in the far north of the
state, around Marla, produces the third maxima there.

Figure 6.15 supports the idea of COL responsibility for PPTN maxima in the
far north. The far south of the state, around Mt. Gambier, is less affected by
COL. The York Peninsula region is the area within the region most affected by
COLs, as this area is under the passage of both types of cut-off lows.

The highest percentage of cut-off low precipitation takes place on York Penin-
sula where both types of cut-off lows pass through.The maxima at the far north
shows that the area is mostly affected by low latitude origin of cut-off lows and
a high proportion of PPTN belongs to COL. The far south is the least affected
by COLs (Figure 6.16).

Comparison of Figure 6.14 with Figures 6.17 and 6.18, which are the yearly
mean PPTN and yearly median PPTN, respectively, obtained from Regional
Meteorological Center (RMC), reveals the strong similarity between them. The
regions of highest precipitation are almost identical in these three charts, verifying

the analysis.

6.10.2 Thunderstorm

In general, thunderstorm (sometimes called electric storm) is a local storm invari-
ably produced by a cumulonimbus cloud, and always accompanied by lightning
and thunder, usually with strong gusts of wind, heavy rain, and sometimes with

hail. These storms are of short duration, seldom over two hours for any one storm
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[Huschke, 1970].

To extract Thunderstorm events from the 3-hourly synoptic reports of sta-
tions, the numbers: 13, 17, 29, 91, 92, 93, 94, 95, 96, 97, 98 and 99 from the
present weather, “ww”, of WMO synoptic codes as well as, number 9 from past
weather “W1” and “W2” of the same code which were representative of thunder-
storm, were chosen.

Figure 6.19 shows the maxima over the far north, which is due mainly to the
passage of Low Latitude cut-off lows, and the central and far south of the state.

According to Figure 6.20, the contribution of COL thunderstorm in the far
north is greater than elsewhere. Figure 6.21 reveals the highest percentage of

COL thunderstorms in the center of the state and around York Peninsula due to

the passage of both COLs.

6.10.3 Shower

Showers (also known as precipitation from a convective cloud) are characterized
by the suddenness with which they start and stop, by the rapid changes of inten-
sity, and usually by rapid changes in the appearance of the sky, in the form of
“rain showers”, “snow showers” and “sleet showers” [Huschke, 1970].

To analyse the number of showers from the 3-hourly synoptic reports of sta-
tions, the numbers: 25, 27, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89 and 90 from the
present weather, “ww”, of WMO synoptic codes as well as, number 8 from “W1”
and “W2” of the same code which were representative of shower, were chosen.

The region of highest number of showers is mostly along the shore. The high
rate of showers at Adelaide area in Figure 6.22, is due to the passage of both
types of COLs.

The maxima at Mt. Gambier is obviously due to orographic effect as there is
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not much contribution of COLs there. Relatively high rates of showers in the far
north is due to the passage of low latitude origin of COLs. Figures 1.23 and 1.24

support the idea of the passage of COLs over the region.

6.10.4 Hail

Hail, precipitation in the form of balls or irregular lumps of ice having a diameter
of 5mm or more (smaller particles of similar origin may be classed as either “ice
pellets” or “snow pellets”), is always produced by convective clouds, and nearly
always cumulonimbus clouds [Huschke, 1970].

To depict the number of hail events from the 3-hourly synoptic reports of
stations, the numbers: 25, 27, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89 and 90 from
the present weather, “ww”, of WMO synoptic codes which were representative
of hail, were chosen.

The highest rate of number of events of hail occurs in the southern part of
the state in the mountainous region, where the temperature is lowered as the air
is forced to lift over the mountains Figure 6.25.

The average and percentage of COL hail in Figures 6.26 and 6.27 are not
reliable as the number of events are very small during the COL events and non

COL events.

6.11 Summary

The surface cut-off lows over Australia for a period of 20 years from 1974 to
1993 has been investigated. The results show that there are two types of cut-off
lows passing through Australia, one which is called low latitude origin cut-off

low (LLCOL), originates mainly over the northwestern part of the continent and
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then passes across Australia, the second called high latitude origin cut-off low
(HLCOL) comes mainly over the southwestern part of the continent and passcs
through.

The correlation between SOI and COL over Australia is 0.25. The South
Australian region is under the effect of both types of COLs. The Northern part
is affected by LLCOLs while the Central part and especially around the York
Peninsula region and Adelaide is affected by both LLCOLs and HLCOLs. The
fact that more than 15% of precipitation and thunderstorm activity and 8% of
shower activity ‘in Adelaide is due to COLs, makes the COL very important for
the economy of the region.

In almost all cases an upper level COL with closed contour have accompanied
the surface system.The surface COLs were intensified as far as, its core tilted
towards west, weakened while its core tilted towards east and consequently, no
change as vertical. Almost always there were a cold pool in the 500 2Pa COL
centers and as it migrated from the center, the COL were opened up and moved

away faster.
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LOCATION OF STATIONS ON A MAP OF SOUTH AUSTRALIA
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Yearly Average Precipitation Map of South Australia from 1974-
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Figure 6.15: Yearly Cut-off Low Precipitation Map of South Australia from 1974-
1993.
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Figure 6.16: Percentage Cut-off Low Precipitation Map of South Australia from
1974-1993.
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YEARLY MEAN PRECIPITATION MAP OF SOUTH AUSTRALIA ( RMC )
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Figure 6.17: Yearly Mean Precipitation Map of South Australia from the Regional
Meteorological Centre (RMC).
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Figure 6.18: Yearly Median Precipitation Map of South Australia from the Re-
gional Meteorological Centre (RMC).
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Figure 6.19: Yearly Average Thunderstorm Map of South Australia from 1974-
1993.
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Figure 6.20: Yearly Average Cut-off Low Thunderstorm Map of South Australia
from 1974-1993.
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Figure 6.22: Yearly Average Shower Map of South Australia from 1974-1993,
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Figure 6.23:
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Figure 6.24: Percentage Cut-off Low Shower Map of South Australia from 1974-

1993.
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Chapter 7

Wind Profiler Observations of a

Cut-off Low over South Australia

7.1 Introduction

Upper air weather analysis in the Australian region has been based on rawinson-
des ascents and therefore is focused on synoptic scales. Satellite measurements,
such as TOVS thermodynamic retrievals and cloud drift winds, have been assim-
ilated into numerical analysis schemes and add significant mesoscale features. An
emerging technology that provides high temporal and height resolution wind data
is the radar wind profiler. Of particular note here is the NOAA demonstration
network that has provided mesoscale data, both in analysis [Spencer et al., 1996]
or with improved numerical guidance.

The Bureau of Meteorology has been receiving real time data from a profiler
in Darwin and occasionally from the University of Adelaide’s research radar at
Buckland Park. However, both of these are research radars. The Bureau has

been evaluating an operational prototype wind profiler at Mt Gambier in 1993.
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The purpose of this investigation is to take some research data from the Adelaide
profiler and analyse the data using tools that will be available to the forecaster.
It also illustrates some of the potential and helps develop operational techniques
to utilize the profiler data. This elucidates the mesoscale structure embedded
within cut-off lows. It is this mesoscale structure that is most closely associated

with weather elements.

To date, much of the published profiler-based studies of mid-latitude systems
have focused on fronts. Examples of these include the detailed structure of a
front near the frontal head [Shapiro et al., 1985], observations of Australian fronts
linked to the Cold Fronts Program conceptual models [Wilson and Stern, 1985;
Ray and Wilson, 1985; Ray et al., 1985; Ray et al., 1989; May et al., 1990], upper
level fronts [Larsen and Réttger ,1982], and the structure of upper level baroclinic
waves and jet streaks [Neiman et al., 1991]. Until recently, relatively few papers
have focused on forecast applications, with the notable exception of Beckman
[1990] where profiler and satellite data were used to distinguish mesoscale devel-
opment and assess the departure of systems from numerical forecasts, and the
diagnostic study of Spencer et al., [1996]. These profiler studies of mid-latitude

storm systems highlight mesoscale structure.

Wind profilers are becoming operational instruments (e.g. NOAA demonstra-
tion network). Even single instrument provides unique mesoscale data that effect
subsequent weather evolution, which is often associated with mesoscale structure.
This study focuses on cut-off lows, fronts, and troughs which are often associated

with severe weather [e.g. Mills & Russell, 1992].
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7.2 Data Sources

In order to study cut-off low systems as by the wind profiler data, operational
analyses from 1991-1995 were examined and 7 well defined cases of cut-off lows
were found. Of these, 3 significant cases were selected for detailed study as they
had reasonably complete data. This will be discussed in chronological order. The
operational parameters of the Buckland Park radar in Doppler (DBS) and spaced

antenna (SA) modes were as summarized in Table 3.1.

In order to study the synoptic characteristics of the cut-off lows, the oper-
ational 3-hourly MSL charts (except 1500 UTC) as well as 12-hourly upper air
charts (i.e. 850 hPa, 700 hPa, 500 hPa and 300 hPa) of the South Australian
Regional Forecasting Centre (SARFC) were examined for the relevant periods.
These analyses were supplemented by three-hourly GMS Infrared satellite im-
ages over South Australia. T'welve-hourly radiosonde data from Adelaide Airport
(34.58S, 138.32E) for the period of study were used to derive the temperature

profiles and virtual potential temperature profiles.

7.3 Case Study I: 6-9 October 1992

A cut-off low over South Australia from 6th to 9th of October 1992 has been
studied in this section from two points of view, focussing firstly on the synoptic

behavior and then on the mesoscale characteristic.

In relevant figures of this chapter triangles are used to show the positions of

minor troughs (7') and minor ridges (R).
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7.3.1 Synoptic Discussion

Although the surface cut-off low seems to have originated from the north-western
part of the Australian continent the upper air charts show (Figures 3&4, AppendizB),
it is actually a high-latitude type. That is, it is an extratropical cyclone. It was
located at 31.5S, 131.6E just off the shore of the Australian Bight at 1800 UTC
06 October (Figure 1a, Appendiz B). At this time it was moving southwards at
about 5m s7!. The vertical axis of the system was inclined towards the west, up
to the tropopause. The vortex has closed contours at 850 hPa and 700 hPa (Fig-
ures 3A1 & 3A2, Appendiz B). There was strong warm advection in the front and
strong cold advection at the rear of the upper low producing a strong baroclinic
zone over the surface level of the cut-off low (Figures 3A1 to 343, Appendiz B).

On the satellite imagery, there are three almost parallel strips of clouds of
which two were associated with the north-westerly flow and the third southeast-
erly (Figure 7.1). The eastern band (labeled C') is warm and moist and related
to the jet-stream and consisted of mainly high clouds. The band labeled B is the
warm conveyor belt (WCB) with high wet-bulb potential temperature (6,,) or
moist isentropes [Harrold, 1973] and extended from northwest to southeast and
turned anticyclonically at the poleward end. The band labeled A is associated
with air of the cold conveyor belt (CCB) [Carlson, 1980] with low 6, and consists
of mainly low and middle type of clouds.

There are many minor troughs and minor ridges as a wave train is embedded
within the WCB cloud band of the cut-off low system. These minor troughs are
similar to the wide precipitation bands analyzed by Sanders and Bosart [1985].
These minor troughs and ridges are seen in the satellite image (Figure 7.1). The
wave train is clearly seen in the reanalysis of the MSLP charts (Figure 7.2). The

minor troughs (demarcated by T') in Figure 7.2 are almost coincident with the
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Figure 7.1: The GMS Infrared satellite imagery for 0631 UTC 07 October 1992.
The letters A, B and C denotes the cloud band strips. The almost parallel lines
demarcate the minor troughs (7') and minor ridges (R).
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Figure 7.2: MSLP chart for 0600 UTC 06 October 1992. The minor troughs are
shown by solid lines and minor ridges are shown be dashed lines appropriate to
the above satellite image. The isobar intervals are 2 2 Pa.
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minor cloud bands in the satellite image of Figure 7.1. Similarly, minor ridges
(demarcated by R) in Figure 7.2 are almost coincident with the cloudless bands
or shallow clouds of Figure 7.1. These series of minor troughs and ridges can be

followed in the preceeding MSLP charts (Figures 1 and 2, Appendiz B).

A jet-stream with a core speed of more than 70 ms™', shown on the 300 hPa
chart in Figure 344, AppendizB is located on the northern side of the system over
the closed 500 APa contour. The isolated clouds over central Australia on the
satellite image of 1831 UTC 06 October 1992 (Appendiz B) is stretched towards
southeast by this jet-stream. This band of cloud (labeled C in Figure 7.1) is

clearly seen on image of 1831 UTC 07 October (Appendiz B).

The front edge of the south-easterly cloud band (CCB) was coincident with
the upper cold pool (CP) at 700 hPa and 500 hPa in Figures 3A2 & 3A3. This
band gradually rotates clockwise (cyclonically), around the upper closed low over
a surface weak low. The surface cut-off low was stretched horizontally to produce
an elongated low with two centres, one of which is the main one and the other
weaker and located underneath the rounded cloud at the western edge of CCB
(Figures 1&2, AppendizB). This center is weak and nearly barotropic. In contrast,
the main center is in a baroclinically favourable environment with respect to the
upper low, and growing. Consequently, the rounded edge cloud which is visible on
the satellite images is superimposed on this weak, barotropic low and weakening
further.

The warm air wraps around, producing a main ridge to the eastern portion of
the weak low. This in turn gradually separates the smaller vortex from the main
parent low.

The trailing vortex of the surface cut-off low (WCB) passed over the profiler
at about 0000 UTC 08 October for about 12 hours (demarcated MT' & ST in
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Figure 7.2), while the main center remained well south at about (39°S, 135°50'E).
Although, at this stage there was no closed low analysed on the MSLP synoptic
charts, the profiler horizontal wind data verified the existence and the passage of
the system which was clearly shown on the satellite images (Appendiz B). This is
one of the capabilities of the profilers to show the existence of mesoscale vortices.

As Figures 3 & 4, Appendiz B shows, on the lower tropospheric charts, there
was a cold advection' ahead and warm advection in the rear of the east cloud
band (labeled C' in 7.1), producing the reverse solonoids and hence, slowing down
its movement and consequently, merging with the WCB band (labeled B).

At the next stage the edge vortex was being weakened and filled out whilst
another vortex was being generated at the triple point (defined as: where, CCB
intersects WCB marking the cold front, the warm front and the occluded front).
This process of filling up the tip vortex and regeneration of a new vortex is clearly
shown on satellite imagery of 1231 UTC 08 October and 1831 UTC 08 October
(Appendiz B), respectively. The sequence of dissipation and regeneration of new
vortex seems to be continued as long as there is baroclinicity and feeding the
system. This is happening while the vertical axis of the main system is tilted
backward (i.e. westwards) causing the positive absolute vorticity advection over
the surface cut-off low. Should the vertical axis turns forward (i.e. towards
east), the negative absolute vorticity advection superimposes over the surface
cut-off low and the whole system fills out. To illustrate the cloud bands and also
the dissipation and regeneration of new vortex, all satellite images are shown in

Appendix B.

To determine the minor waves on the surface charts, the MSLP charts and

!Normally, advections on the isobaric charts are determined from the intersections of
isotherms and contour lines and also the strength of advection is proportional to the inter-
secting angle.
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upper air charts (i.e. 850 hPa, 700 hPa, 500 hPa and 300 hPa) have been reanal-
ysed with more detail for this case study period. Surface data over the land, in
which there are sufficient data available, clearly shows the existence of the short

waves, as are seen in the surface reanalysis charts of Figures 7.2 and also Figures

1& 2, Appendiz B.

7.3.2 Mesoscale Discussion

This section focuses on the mesoscale structure of the cut-off low, and in particular
on the presence of short-waves on the main trough and the weather associated
with them.

In the case of the closed low (e.g. cut-off low), it may be expected that there is
upward vertical motion everywhere within the low. However, as the wind profiler
hourly-averaged vertical velocity data illustrate (Figure 7.3) there are sequences
of upward and downward motion during the passage of the cut-off low.

These are caused by small waves embedded within the cut-off low. These
small waves produce minor troughs and minor ridges which are responsible for the
aforementioned updrafts and downdrafts, respectively. Although the horizontal
wind velocity measurements of the profiler start from on average 2 km, the waves
are visible in the horizontal wind time-height cross-section (Figure 7.4).

Normally, during the synoptic analysis of the system, most of the shallow
waves are smoothed out. However, they can be easily distinguished by the profiler
vertical velocity analysis.

A word of caution is needed when considering vertical velocities. When there
is precipitation, the wind profiler may detect echoes from the precipitation as well

as the clear air and consequently, the vertical velocity is biased [Atlas, 1973; Fukao

et al., 1985; Wakasugi et al., 1986; Wakasug: et al., 1987; Steiner and Waldvogel,
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VHF Hourly Vertical Velocity (cm s )(06—09,/70,92)
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Figure 7.3: VHF hourly vertical velocity (cm s™'), Upwards (solid, dark-shaded),
Downwards (dash-dotted, light-shaded), for 6-9/10/1992. The triangles show the
positions of minor troughs (T') and minor ridges (R).
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the “tail” of the wind -vector) for 6-9/10/1992.
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1987; Gossard, 1988; Gossard et al., 1990; Sato et al., 1990; Rajopadhyaya et al.,
1993]. These precipitation echoes can be used to retrieve raindrop and ice size
distributions, but it is difficult to do this in real-time because of computational

constraints.

Comparison of the time-height cross-section of one hourly averaged vertical
velocity of the profiler (Figure 7.3) with the MSLP charts reveals the link between
the series of minor ridges and troughs with the vertical motions measured by
the Buckland Park wind profiler so that, ridges produce downward motion and

troughs produce upward motion.

There is a minor trough (Figure la, Appendiz B) at about 1800UTC 06/10/92
(T3) with updrafts to about 7Tkm. A minor downdraft which is seen at Ts in Figure
7.3 seems to occur as a result of precipitation echoes. A minor ridge (Figure
1b, Appendiz B), with the downdraft associated with it to high levels passed at
about 2130UTC (R;). An intense trough (Figure 1d, AppendizB) passed over the
profiler at about 0200 UTC 07 October (13) with again apparent downdrafts from
rain droplets at about 3 kmn. This trough continues to about 0600 UTC. A strong
ridge (Figure le&1f, AppendizB) followed this trough (Rs) at about 0700UTC. A
trough (Figure lg, Appendiz B) with the contamination from precipitation in the
lower troposphere passed over at about 1200 UTC on the same day (T4), followed
by a ridge (R4) about 4 hours later (Figure 1k, Appendiz B). At about 4 hours
later (Figure 2i, Appendiz B) a trough (75), preceding a ridge (Figure 2y & 2k,
Appendiz B) at about 0230 UTC 08 October (Rs), passed through. The passage
of the main trough (Figure 21, Appendiz B) started from 0700 UTC 08 October
onwards (MT') associated with the heavy rain, with a break from a minor ridge
(R) about 2 hours later (Figure 2m, Appendiz B). Finally, a secondary trough

(ST) with high vertical velocity marks the passage of the cut-off low by about
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1200 UTC 08 October 1992 (Figure 2n, Appendiz B).

The minor waves are separated by periods-ranging from-a couple of hours to
a few hours. Obviously, the longer the wavelength, the larger the duration of the
waves.

A time-height cross-section of the one-hourly averaged profiler horizontal
wind, Figure 7.4, shows the larger duration waves very well. Passage of the
trailing vortex of the cut-off low was illustrated on profiler horizontal wind data
in Figure 7.4. As it is shown the wind directions are changing cyclonically as
a result of the passage of the main trough (MT") and secondary trough (ST).
This is illustrated clearly in Figure 7.5, where the wind directions change from

southerly to northerly component.

VHF FHowrly Averaged Meridional Wind (m s™') for (06—09,°70,/92)
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Figure 7.5: Profiler hourly-averaged meridional wind (m s™') for 6-9/10/1992.
Southerly components are in solid or dark-shaded and northerly components are
in dash-dotted or light-shaded.

If the high level clouds warrant, satellite images can clearly show the existence
of short waves within the main cloud bands. The existence of minor troughs and

ridges on the satellite images are exhibited by strips of bright and dark regions,
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respectively (Figures 5 to 15, Appendiz B). As an example, at 0631 UTC image
of 07 October, Figure 7.1, the sequence of waves can easily be distinguished with
the help of surface analysis and profiler data.

Figure 7.6 shows that the CCB cloud band which has easterly direction has
not passed over the profiler, as there is no easterly component of wind. It is
located south of Adelaide over the Ocean. The average zonal wind confirms the

passage of only WCB over the profiler.

VHF Howrly Averaged Zonal Wind (m s™') for (06—09/70,/92)
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Figure 7.6: Profiler hourly zonal wind (m s~!') for 6-9/10/1992 with westerly
components, solid and easterly components, dash-dotted.

The location of a jet-stream equatorward of the cut-off low is very important
for the development of the cyclone. An isotach analysis of the wind profiler
(Figure 7.7) shows the existence of a jet-stream with the core speed of more than
50 m s~! meandering around the cut-off low and extending down as low as about
5 km. This jet-stream is also illustrated on 300 hPa charts of figures 344 & 3B4
& 4C4 & 4DA4.

Enhancement(s) of the returned power or signal-to-noise ratio of the profiler
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VHF Hourly Averaged Isotach (m s™') for (06—089,/710,/92)
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Figure 7.7: Profiler hourly isotach for 6-9/10/1992, with jet-stream level, solid.

data reveals the position of the tropopause or multiple tropopauses in a verti-
cal column [Gage and Balsley, 1978; Gage and Green, 1979; Gage and Green,
1982a; Riddle et al., 1983; Green and Gage, 1984; Riddle et al., 1984; Gage et
al., 1986; Sweezy and Westwater, 1986; Low, 1996]. Figure 7.8 shows both, the
profiler estimates of the tropopause height and rawinsonde tropopause measure-
ments are consistent. The reduction in the height of the tropopause is one of the
characteristics of a cut-off low. This is illustrated in Figure 7.8. As it is shown,
the tropopause declines to about 8 km over the cut-off low vortex to exhibit the

"tropopause funnel” in Figure 7.8.

7.3.3 Retrieval of Horizontal Temperature Gradients and

Advections

Vertical wind shears measured by the Buckland Park VHF Doppler wind profiler

were used in conjunction with the geostrophic thermal wind equation to retrieve
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VHF Hourly Averaged Signal to Noise Ratio for (06—09/10,/92)
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Figure 7.8: Profiler hourly Signal to Noise Ratio for 6-9/10/1992, positive, solid
and negative, dash-dot-dot-dotted, as well as Tropopause (rawinsonde, double-
solid & pofiler, double-dashed).
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the horizontal thermal gradients and associated advections for our three cases
studies. The single station thermal retrieval technique has been utilized for many
years using twice-daily rawinsonde wind measurements [Oliver and Oliver, 1945;
Saucter, 1955] but not with the vertical and temporal resolution offered by wind
profilers. In quasi-balanced flow regimes, this simple thermal retrieval technique
can aid the operational community by monitoring baroclinic features and asso-
ciated temperature advections on an hourly basis, rather than on a 12-hourly?®
basis currently available through the operational rawinsonde network [Neiman

and Shapiro, 1989].

It is in regions of concentrated baroclinity and thermal advections where
weather phenomena of interest (i.e. clear air turbulence, clouds and precipi-

tation) most often occur.

Isobaric temperature gradients and advections were retrieved using the geostrophic
thermal wind equation [Holton, 1979] with the assumption that the geostrophic
vertical wind shear (0v,/0p) is given by the observed shear (Ov/0p). According
to Neiman and Shapiro, [1989], the single-station retrieval isobaric temperature
gradient V, T can be expressed as

7 Vip(z + Az, 1), ] — Vp(z — Az, 1),1]

T(zt) = 2Lk
Vi T(z,1) R p(z + Az, t) — p(z — Az, t)

(7.1)

where V = u + 7v and the profiler winds measured in height coordinates were
expressed as a function of pressure using the standard atmosphere (Appendiz A),
R is the gas constant (287 J kg™' K~1); f the Coriolis parameter at -35 degrees
latitude (~ —8.36504e — 05s71), p = [p(z + Az, t) + p(z — Az,1)]/2, the mean-

layer pressure; ¢, y§ and k are unit vectors along zonal, meridional and vertical

2Sometimes, 24-hourly.
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directions, respectively; V,T = 10T, /08z + j0T,/dy; and Az is one vertical grid
length (500m). The magnitude of the baroclinity at height z and time ¢ is
obtained from the z and y components of the retrieved temperature gradient,
such that

ar
Az

1/2
¥, Tz )] = { ()7 + [fg«z,t)r]?} | (2)

Temperature advection profiles were calculated from the retrieved tempera-
ture gradient profiles and the wind profiler mean-layer winds. The mean-layer

wind velocity is

7 _ Vip(z + Az, 1), 8]+ Vplz — Az 1),

5 (7.3)
The temperature advection were derived as
p— A T
7.VTT(z,t) = H(z,t)—z(z,t)r —I—E(z,t)A—(z,t)T . (7.4)

Az Ay

The time-height cross-section of the derived temperature gradient displayed
in Figure 7.9, and the derived temperature advection in Figure 7.10 match very
well with the upper air charts and shows the thermal troughs and ridges. As
Figures 7.9 shows there are relatively higher temperature gradients ahead of the
minor troughs. Derived temperature gradient and advection are useful means for
diagnosis of weather systems [Neiman and Shapiro, 1989] as well as the prediction

of the thermal structure of the atmosphere as compared with the radar values.
As the temporal resolution of the rawinsonde data of the closest station to

the profiler (i.e. Adelaide Airport ) is 12-hourly, the time-height cross-section of

temperature in Figure 7.11 and the time-height virtual isentropic cross-sectional
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cold advection; dashed lines indicate neutral temperature advection.
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analysis in Figure 7.12, for the period of study, do show the differences in the

thermal structure of the atmosphere.

Radiosonde Temperature (°C) for (06—09,/70,92)
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Figure 7.11: Time-height cross-section of Adelaide Airport temperature (°C)

between 1200 UTC 06 October and 0000 UTC 09 October 1992.

The strong temperature gradient and undulations in Figure 7.12 show the

strong baroclinity during the passage of the main trough and secondary trough

between 0600-1200 UT'C 08 October 1992 at lower troposphere inclining back-

. 0
wards higher up at upper troI}éphere.

7.4 Case Study II: 25-27 July 1995

This case study is about “comma cloud” (section 5.3.4) while, the main band

(WCB) has passed through the profiler at the time of observation. The radar

configuration figures are the same as Table 3.1.
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Virtual Potential Temiperature (K) for (06—09/70,/92)
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Figure 7.12: Time-height analysis of Adelaide Airport virtual potential temper-
ature (K) between 1200 UTC 06 October and 0000 UTC 09 October 1992.

7.4.1 Synoptic Discussion

The surface cut-off low originated from the southwest was of the high latitude type
or more simply, an extratropical cyclone. Superimposing the upper air charts 3
(Figure 2, Appendiz C) on top of the surface low, the axis of the system is aligned
verticaly while, on 26th July the axis inclined towards east advecting negative
absolute vorticity and consequently, weakening and filling up the system. As the
upper air charts show (Figure 2, Appendiz C), the system is baroclinic with warm
advection in the front and cold advection at the rear.

As the satellite imagery (Figure 7.13) shows the comma cloud consists of
ribbons of convective clouds. These ribbons of convective clouds are “minor
troughs” and in-between are “minor ridges” with lower level clouds or sometimes

clear sky.

The detailed analysis of the surface chart of the same time, Figure 7.14, verifies

3Unfortunately, at that time the Bureau of Meteorology had been launching radiosonde once
a day (0000 UTC) as a result, upper air charts for 1200 UT'C' can not be presented.
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+30) 200
ool GMS IR 25 JUL 95

Figure 7.13: The GMS Infrared satellite imagery for 1832 UTC 25 July 1995.
The almost parallel lines demarcate the minor troughs (T') and minor ridges (R).



190CHAPTER 7. WIND PROFILER OBSERVATIONS OF A CUT-OFF LOW OVER SOUTH Al

|
|
H |
|
A w o |
L\ !
- |
b !
i
o 2 N c ] *
!
0
L
//
muxi‘é“’u??.% ’?"%Etﬂ%e RFG L o Vi /
MiSeL. Analysis /
2% o g5 18 UT( \ _ ‘ | /
155°E 150°F 00 AR/ 10

Figure 7.14: MSLP chart for 1800 UTC 25 July 1995. The minor troughs are

shown by solid lines and minor ridges are shown be dashed lines appropriate to
the above satellite image. The isobar intervals are 2 hPa.
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the existence of such features. These features are followed in the preceding and
proceeding charts (Figures 1a-h, AppendizC). Although Figures 7.2 and 7.14 look
the same, the satellite imageries, Figures 7.1 and 7.13 illustrate the differences.
The first two are strips of minor troughs and ridges in the WCB while, ribbons

of troughs and ridges as a wave in the comma cloud can be seen in the last two.

7.4.2 Mesoscale Discussion

This section focuses on mesoscale the structure of the comma cloud of the cut-off
low and in particular on the ribbons of clouds called troughs and ridges as waves

and also the weather associated with them.

VHEF Howurly Vertical Velocity (ecm s™') for 26—27/7,/95
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Figure 7.15: VHF hourly vertical velocity (cms™), Upwards (solid, dark-shaded),
Downwards (dash-dotted, light-shaded), for 25-27/7/1995.

Profiler hourly vertical velocity (Figure 7.15) shows the existence of sequences
of upward and downward motion within the center of the low and the comma
cloud. These upward and downward motions are produced by troughs and ridges,

respectively. Comparison of MSLP charts (Figure(la-h) with vertical velocity
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(Figure 7.15), with time adjustments reveals the existence of a wave. Considering
the effects of precipitation on detected echoes by VHF radar, these fluctuations

of vertical velocity illustrate the positions of troughs and ridges.
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Figure 7.16: Reverse time-height cross-section of the profiler spaced-antenna wind
field, displayed as windbarbs (flag 25m s, barb 5m s~!and half-barb 2.5m s~ !at
the “tail” of the wind -vector) for 25-27/7/1995.

There is another extra-tropical cyclone system southwest of the comma cloud
which had an influence on this system and slows down the movement and also
pushes the system over land southwest of the Australian Continent. The main
trough of comma cloud passed over the profiler from about 2030 UTC 25 July
1995 to 0430 UT'C 26 July 1995. In Figure 7.15, the rain echoes can be seen at
about 2200 UTC' 25 July and 0200 UT'C 26 July.

The passage of stronger waves especially the main trough is illustrated by
profiler spaced antenna (SA) horizontal wind (Figure 7.16) with marked cyclonic
shear associated with the passage of the trough and marked anticyclonic shear
associated with the passage of the ridge. As Figure 7.16 shows, the disturbance

caused by the main band extended upto about 10km height. The horizontal wind
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Figure 7.17: Profiler hourly meridional wind (ms~!) for 25-27/7/1995. Southerly
components are in solid and northerly components are in dash-dotted.

shear is also shown in profiler’s meridional component of wind (Figure 7.17 with

a sharp change in direction at the passage of the secondary trough (ST).

The existence of a jet-stream with the core speed of more than 60 m s~ is

meandering equatorward of the cut-off low and shown on 300~ Pa upper air charts
(Figures 2A4 & 2B,, Appendiz C) is verified from the profiler’s horizontal wind
(Figure 7.18). As the core of the jet-stream did not pass over the profiler, the
wind speeds are much lower than that shown on the 300 APa charts. The height

of the jet detectable by isotach analysis is about 10 km as shown in Figure 7.18.

Finally, the decline of the tropopause over the cut-off low is shown by en-
hancements of the returned power of the profiler echoes [Gage and Balsley, 1978;
Gage and Green, 1979; Gage and Green, 1982a; Riddle et al., 1983; Green and
Gage, 1984; Riddle et al., 1984; Gage et al., 1986; Sweezy and Westwater, 1936;
Low, 1996]. This feature of the tropopause funnel is shown by a double-dashed
line on the profiler image (Figure 7.19) with the rawinsonde tropopause of Ade-

laide Airport superimposed by double solid lines. As it is shown in the Figure
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VHF Hourly Averaged Isotach (m s™') for (256—27,/7,/95)
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Figure 7.18: Profiler hourly isotach, equal wind speed for 25/27/7/1995, with

jet-stream level, solid.
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7.19, the tropopauses match each other illustrating the tropopause funnel over
cut-off low. The secondary tropopause inclination shown in the Figure 7.19 at
about 1400 UT'C 27 July 1995 is due to the passage of the system which was

located southwest of the comma cloud of the cut-off low.

7.4.3 Retrieval of Horizontal Temperature Gradients and
Advections

The algorithm of derivation of temperature gradient and temperature advection

for a single station is discussed in section 7.3.3.
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Figure 7.20: Time-height analysis of horizontal temperature gradients
(°C(100 km)~*) retrieved from the Buckland Park wind profiler vertical wind
shears between 1200 UTC 06 October and 0000 UTC 09 October 1992. Flag,
5°C(100 km)~"); barb, 1°C(100 km)~'); and half-barb, 0.5°C(100 km)~"). The

convention for designating the direction of ¥V, T and horizontal wind is identical.
Time-height cross-section of the derived temperature gradient in Figure 7.20,
and the derived temperature advection in Figure 7.21 match very well with the

upper air charts and show the thermal troughs and ridges. Comparing Figures

7.20 and 7.16 shows the coincidence of the thermal trough and contour trough.
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This can be followed through upper air charts in Figure 2, Appendiz C show-
ing that the system of comma cloud is barotropic at almost all levels. Derived
temperature gradient and advection from a single station do show the thermal

structure of the atmosphere [Neiman and Shapiro, 1989).

Retrieved Temperature Advection (°C Day™' ) for (25—-27,7,795)
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Figure 7.21: Time-height analysis of horizontal temperature advection (°Cday~?)
retrieved from the Buckland Park wind profiler vertical wind shears between
1200 UTC 06 October and 0000 isUTC 09 October 1992. Solid contours (light-
dashed) indicate warm advection; dash-dotted contours (dark-dashed) indicate
cold advection; dashed lines indicate neutral temperature advection.

As the temporal resolution of the rawinsonde data of the closest station to
the profiler (i.e. Adelaide Airport ) is 12 hourly the time-height cross-section of
temperature in Figure 7.22 and the time-height virtual isentropic cross-sectional
analysis in Figure 7.23, for the period of study, do show the anomaly in isotherms
during the passage of comma-cloud.

The absence of a strong temperature gradient in Figure 7.23 verifies that the
system of comma-cloud is barotropic during the passage of the main trough and
the secondary trough between 1200 UT'C 25 July 1995 - 0600 UT'C' 26 July 1995

at almost all levels.
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Figure 7.22: Time-height cross-section of Adelaide Airport temperature (°C)
between 1200 UTC 06 October and 0000 UTC 09 October 1992.
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7.5 Case Study III: 29 September-02 October

1995

The larger velocity is measurable (Equation 2.14) when The higher the pulse
repetition frequency (PRF) is used. Limitations of the previous studies were on
the highest velocity with lower PRF. In order to detect higher velocities, the
“Configuration Parameters” of the transmitting and receiving system of profiler
were changed for the preceding case study. For Doppler mode, the PRF was
doubled (i.e. from 4096 Hz to 8192 Hz) and also the number of data points
was doubled (i.e. from 256 to 512 points). The higher the PRF, the lower the
maximum range that can be observed (Equation 2.6). As a result, the maximum
height decreased to 14.5 km (i.e. twenty six in 500 m intervals). The data acquired
from this experiment were Fourier transformed and the signal power, noise power

and velocity for further analysis were extracted from the spectrum.

The cut-oft low was analysed in a similar manner to the preceding case studies.
The results are very similar to the previous cases, and consequently, only a brief
discussion is presented here.

As the satellite imagery (Figure 7.24) and detailed analysis of MSLP chart
(Figure 7.25) show, the system supports the idea of short waves as minor troughs
and minor ridges embedded within the cut-off low.

The horizontal time-height cross-section of the profiler’s wind (Figure 7.27)
clearly shows the passage of the minor troughs and minor ridges with matching
vertical velocity fluctuations. As this figure shows, the main trough with the
depth distinguishable up to about 11 km height, passed over the profiler at about
0000 UT'C 30 September 1995. There are data missing at 0400 UT'C-06 UTC' 30
September and 0500 UT'C-0700 UT'C' 01 October 1995 due to the downloading of
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0001 GMS IR

Figure 7.24: The GMS Infrared satellite imagery for 2132 UTC 29 September
1995. Lines show the minor troughs (7') and minor ridges (R).
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VHF Hourly Vertical Velocity (cm s7')(29,/9,/95-2/10,/95)
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Figure 7.26: VHF hourly vertical velocity (cms™"), Upwards (solid, dark-shaded),
Downwards (dash-dotted, light-shaded), for 29/9-2/10/1995.
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the raw data from the computer.

The thermal structure of the system shows a strong baroclinity at almost all
levels with the warm advection in front and cold advection at the rear of the
cut-off low. Similar to the other two case studies, the tropopause funnel was also

seen over this cut-off low.

7.6 Summary and Conclusion

Of the severe weather phenomena over Australia, the cut-off low systems and their
impacts on the environment and economy are the important features. Three ex-
amples of cut-off low systems were studied in this chapter using the data obtained
with the VHF radar wind profiler and using meteorological charts from the Bu-
reau of Meteorology, as well as satellite imagery. These case studies were chosen
because they illustrated different aspects of the synoptic and mesoscale features
associated with the cut-off lows. All three cases were from high latitude origin
type cut-off low system and strongly baroclinic with the warm advection at the
front and cold advection at the rear of the system. Case I concentrated on a
cut-off low which passed south of the radar site and the features of the “warm
conveyor belt” were particularly evident. Case II was chosen because the center
of the low passed nearby the radar site and the “comma cloud” passed over the
profiler. The comma cloud consisted of ribbons of convective clouds caused by
“minor troughs” and also “minor ridges” in between troughs. Finally, the cut-off
low studied in case III showed many of the features of case I and case II and was
discussed here in less detail. The retrieval single-station temperature gradients

and advections were also investigated.

A common feature of these and the other cut-off low systems studied was the
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presence of the minor troughs and minor ridges. These manifested themselves in
the cloud patterns and MSLP charts. The minor troughs were similar to the “wide
precipitation bands” found by Sanders and Bosart [1985]. The passage of these
ridges and trough lines were evident in the radar horizontal wind and vertical
wind data, especially at low level heights. These undulations were particularly
evident in the retrieval of temperature gradients (e.g. 7.20).

These studies involved synoptic-scale discussion and meso-scale discussion.
The retrieved single-station temperature gradient and temperature advection
were also investigated. These studies were consistent with the finding of Brown-
ing [1990] that says, where a velocity mazimum in the polar air approaches a cold
front, it may generate a comma cloud pattern entirely within the cold air (i.e. the
second case study) or a wave on the cold frontal cloud band (i.e. the first case
study).

The strength of the backscattered signal observed by the radar was used to
derive tropopause heights. These case studies illustrated very well the capability
of radars to trace the height of that tropopause and to see the decrease and
then increase in height as the cut-off low passed nearby. This is the so called
tropopause funnel.

The key point about these studies is that without the high time and spatial
resolution provided by the radar it would not be possible to see synoptic and
mesoscale features in such detail. A limitation of the studies here has been
the absence of wind data from below 2 km. The recent development of a VHF

boundary layer radar will help to overcome this deficiency.
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Chapter 8

Summary and Conclusion

8.1 Summary

In the past two decades radars have become powerful tools for studying the prop-
erties of the atmosphere. These systems might replace existing wind measuring
instruments and methods.

This thesis has been concerned with the theory and application of VHF wind
profilers to studies of the cut-off low phenomenon over Australia. Since the
vertical motion of the air is an important factor in meteorology in general and
the evolution of a cut-off low in particular, we have concentrated on the vertical
motion of the air.

The overview and background for the work presented in this thesis was pro-
vided in chapter 1. A brief description of the atmosphere was provided in terms
of profiles of the temperature structure. The physics and thermodynamics of the
atmosphere were presented. Different types of observation systems for measuring
the meteorological parameters at the ground surface and the upper-air levels were

discussed.

205
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In the atmosphere the presence of turbulence will cause the refractive index
to fluctuatc around its mean value, both in time and in space. These fluctuations
will, in principle, produce scattering of radio waves, which are observable with a

radar sensitive enough to detect very weak echoes.

The general overview on coherent radar techniques with special emphasis to
mesosphere, stratosphere, troposphere (MST) radar operating in the VHF band,
was given in chapter 2. Some basic introduction to Doppler radar measurements
and the radar equations were followed by the data analysis in terms of the cor-
relation and spectrum analysis. The techniques for the measurement of wind
velocities, namely, the different modes of Doppler methods as well as the spaced
antenna (SA) method were also surveyed. A brief discussion about comparisons
of spaced antenna method with other wind measurements brought the chapter to

a close.

Chapter 3 describes the Buckland Park VHF radar, which is capable of a
variety of applications in atmospheric research and meteorology. The hardware
and operating parametres are discussed as well as aspects and properties of the

Co-Co antenna array.

All phenomena happening within a cut-off low such as: heavy precipitation,
flooding, thunderstorm and lightning are due to the vertical motion of the air.
The long term averaging of vertical velocity of a site is essential for the evalu-
ation of the radar system behaviour. Wind profiling Doppler radars have been
designed to measure the radial component of motion in the atmosphere along
the radar beam. One possible complicating factor that can affect the accuracy of
average vertical wind measurements arises from slight tilts of the vertical beam
resulting from the slope of the ground under the transmitting antenna or phasing

errors between antennas. Small inaccuracies in the vertical beam direction can
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fold a fraction of horizontal wind into vertical velocities and severely contaminate
the measurements. However, a beam tilt of a few hundredths of a degree does
not appreciatively affect instantaneous velocity values. In order to evaluate the
vertical beam tilt, three different methods were applied: (i) The height measure-
ments of ground and the antenna level by using the visible hose and water, (ii)
determination of gradient of a plain surface fitted to the surface data and (iii)
correlation of w with % using the five years of available data from 1991 to 1995
(~ 5405 hours). Zenith angle of 0.18° and azimuth angle of 210°, which were
consistent for three different methods, were derived for the Buckland Park Co-Co

transmitting antenna array slope.

The mechanism of the apparent mean vertical velocity being weighted to-
ward downward motion in a gravity wave [Nastrom and VanZandt, 1994] and
determination of this bias in long term vertical velocity is also of interest. In
order to evaluate the mean vertical velocity of air at the Buckland Park site,
the available data for 5 years (i.e. 1991-1995) were corrected against the zenith
angle and azimuth angle relationships discussed in chapter 4 and then averaged
at different heights. The long term mean vertical velocity, @, was found to be

about —4 ¢m s~! at mid-troposphere, tending towards 0cm s™!

near tropopause
and possessing slightly positive characteristics farther away. The results for the
Buckland Park site were quite consistent with the Nastrom and VanZandt [1994]

for Flatland VHF radar.

In chapter 5 discussion about cyclones in general, and organization of clouds
and precipitation at the warm conveyor belt (WCB) and cold conveyor belt (CCB)
in particular, were presented. A very brief discussion about comma cloud was
also presented. Some aspects of clouds and precipitation over Australia were

discussed. The chapter came to an end with the typical synoptic structure of
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cut-off low.

The climatology of cut-off lows over South Auslralia is important in meteo-
rology by informing forecasters about the frequency and potential of cut-off low
for their impacts on the environment. An investigation of 20 years (1974-1993) of
Australian continental charts revealed aspects and characteristics of cut-off lows
such as: origins, monthly and yearly frequency, their tracks and their speeds.
These issues were discussed in chapter 6. In order to investigate the impacts
of cut-off lows over South Australia, 20 years (1974-1993) of 3-hourly synoptic
data from 25 major South Australian stations were analysed for precipitation,
thunderstorm, shower and hail.

The synoptic and mesoscale discussion of three distinct case studies were
presented in chapter 7. In the synoptic analysis the minor troughs and minor
ridges were found to be embedded in the WCB and comma cloud. In mesoscale
analysis three components of velocities and signal to noise ratio (SNR) were inves-
tigated. The vertical thermal structure of cut-off low were investigated through
the retrieval of single-station horizontal temperature gradients and temperature
advections, as well as the upper air charts. The three dimensional structure of

cut-off low systems were discussed in this chapter.

8.2 Conclusion

The cut-off low phenomenon over Australia was investigated in this thesis. In
order to eliminate the contamination of vertical velocity from folding of a frac-
tion of horizontal velocity into it due to a very slight tilt in vertical beam from
zenith, the slope of the beam was found through three different methods with

the consistent results of zenith angle of 0.180° and azimuth angle of 210°. The
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long term vertical velocity over the Buckland Park VHF wind profiler site was
investigated after the data were corrected against the slight tilt of beam. The
results were found to be consistent with Nastrom and VanZandt [1994].

The climatology of cut-off lows over South Australia through 20 years (1974-
1993) of data analysis revealed some of its aspects and characteristics in the
region. The fact that more than 156% of precipitation and thunderstorm activity
and 8% of shower activity in Adelaide is due to cut-off lows, makes the cut-off
low very important for the economy of the region.

The synoptic scale and mesoscale investigation of three distinct case studies
of cut-off lows clearly showed the presence of the minor troughs and minor ridges
in the WCB and comma cloud. These results were consistent with Browning
[1990]. These waves manifested themselves in the cloud pafterns and mean sea
level pressure charts, as well as VHF radar data analysis. The minor troughs
were found to be similar to the “wide precipitation bands” found by Senders and

Bosart [1985].

8.3 Suggestions for Further Work

The work presented in this thesis provides a thorough investigation of a number
of cut-off lows using the VHF wind profiler of the time at Buckland Park. At the
time, there were only three receivers and it was impossible to use the high gain
of the receivers because of the saturation from Co-Co antenna receiver. Conse-
quently, missing data were inevitable. The new RDAS (radar data acquisition
system ) having 6 receivers allows us to minimize missing data. Further inves-
tigation using the new RDAS as a campaign with Bureau of Meteorology for a

pre-prepared cut-off low will undoubtedly, improve the results of this work. Tt is
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worth mentioning that having the Buckland Park field station equipped with the
weather elements recording facilities such as: anemograph, thermograph, baro-
graph, pluviograph or ombrograph or recording rain gauge and rain-intensity
gauge, will upgrade the investigations.

Another limitation of the studies presented in this thesis has been the absence
of wind data from below 2 km. The recent development of a VHF boundary layer
radar will help to overcome this deficiency.

During the massive analysis of Buckland Park VHF radar data for different
case studies in order to choose the optimum ones, the author came across some
odd aspects of atmosphere. These are presented in Appendix D. As was discussed,
the importance of the work to meteorology is evident and there are also some
particular applications to aviation from the point of view of efficiency of flights
and economy. A thorough investigation for each aspect shown is suggested for

further work.



Appendix A

Spaced Antenna Technique

The spaced antenna (SA) technique dates back to the early ionospheric measure-
ments of velocity (e.g. Briggs et al, [1950]). The principles of the measurement
of horizontal velocities with SA method are described in detail by Briggs [1977]
and the theoretical details are presented by Briggs [1984] and Schminder and
Kurschner [1984] and recently reviewed by Briggs [1993]. The vertical velocity
is still measured by the Doppler method with vertical beams. Briggs [1980] and
May [1990] have shown that the DBS and SA method are basically equivalent.
They demonstrated that although the mathematics of the data analysis are quite
different, both techniques use the amplitudes and phases of radar returns from
different angles for their derivatives. Royrvik [1983] concluded that a smaller
and less sensitive radar system benefits most by using the SA technique, while a
large antenna system is not very efficient in the SA mode and is used to better

advantage in DBS mode.

The SA technique is based on correlation techniques. In this technique the
electromagnetic pulses are continuously transmitted to the atmosphere vertically.

The returned echoes are received by at least three sets of antennas located tri-
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Figure A.1: A typical “hill” moving with a speed V in a direction which makes an
angle ¢ with the y-axis (a). The records obtained might look something like those
of (b). A simple representation of the diffraction pattern (c) by a line of maximum
which is perpendicular to the velocity vector V. A geometrical construction to
obtain velocity from its components (d). (adapted from Briggs [1984]).
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orvays
angularly, called Yagiv/\. The initial assumption of the analysis is that the atmo-

spheric irregularities have a certain shape and random nature and move with a
constant speed in a fixed direction. It is worthwhile to represent a pattern by
contour lines of an arbitrarily measured real quantity. It is assumed that pattern
contains irregular “hills” or “ridges” and “valleys” or “troughs”. Figure A.1(a)
shows a typical “hill” moving with a speed V in a direction which makes an angle

¢ with the y-axis.

Suppose the measured quantity is recorded as a function of time by three
sensors located at O, X and Y. The sensors form a right angled triangle with
separation (, and 7, in the x and y-direction, respectively. The sensor at O
records a “section” through the “hill” along the dotted line 0’0" parallel to the
direction of movement. Similarly, the sensors at X and Y record along X e

and Y'Y", respectively.

The records obtained might look something like those of Figure A.1(b). The
maximum corresponds to the points marked X,,, On and Y, in Figure A.1(a).
To a good approximation, the “line of maximum” (i.e. X;,O0,Y,) may be taken
as straight, if the “hill”is large compared to the separation of the sensors O, X
and Y. Furthermore, it tends to be perpendicular to the direction of the motion
of the pattern. Hence, the diagram of Figure A.1(a) can be replaced by the much
simpler one of Figure A.1(c). From this diagram the time differences 1, of Figure

A.1(b), can be calculated as:

(osing
= .
T (A.1)
and
g, = Tocosd (A.2)
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recalling, V, = (o/t, and V, = no/t,, then:

Ve = V (A.3)
sing
and
Vv
= A.
Vo= 2ed (A.4)

which clearly shows that V, and V, are not components of V. The V can be
obtained from V; and V, in Figure A.1(d) as:

/A

/Vx:a + VH: '

By using the average time displacements in the above equations, the average

V= (A.5)

velocities which are generally called “apparent velocities” can be estimated.

Cross-correlation of the signals at each antenna allows measurement of the
time delays between antennas, which can be used to calculate the “apparent”
velocity of the scatterers. Application of the full correlation analysis (FCA),
corrects for the effects of turbulence to produce the “true” velocity [Briggs, 1968a;
Briggs, 1968b]. Hocking et al., [1988] reviewed all the applications, and Larsen
and Rottger [1988] described the possibilities for utilizing the spaced antenna
method for wind profiling. For detailed description of FCA, readers are addressed
to Briggs [1984].

The spacing of antenna in SA systems, is important corresponding to the
choice of zenith angle in DBS system. The antenna spacing should be compara-
ble to the mean pattern scale, which presents some difficulties since pattern scale
varies in altitude and time, whereas, antenna spacing is usually fixed. Optimum

spacing must be determined experimentally, although studies show that tropo-
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spheric and lower stratospheric VHF pattern scales of around 50 m are typical
[Vincent et al., 1987; Van Baelen et al., 1990]. The observed pattern scale is also
dependent on the beamwidth of the transmitting antenna. Errors in wind esti-
mations of SA technique were discussed by May [1988] considering the statistical
variation in derived parameters and Holdsworth and Reid [1995a] by modeling

the effects of sampling rate and antenna spacing.

1 in hourly average

Vincent et al., [1987] quoted precisions of about 1m s~
independent FCA derived wind analysis during quiet periods, demonstrating the

ability to be reproduced.

The application of the SA method has both advantages and disadvantages
compared with other methods. Aspect sensitivity argues in favor of the SA
method since it uses vertical-beam antenna and, as a result, an increase in the
signal-to-noise ratio (SNR). Antenna sidelobe effects are also less important.
However, a beamwidth of at least a few degrees must be used. A VHF or UHF
spaced antenna system can also be used in the interferometer mode, which yields

additional information about the spatial structure of waves and turbulence.

The data are usually analysed by correlation techniques in the time domain,
motivated by the original idea that the time displacements for the pairs of an-
tennas would indicate horizontal motions [Briggs et al., 1950]. However, Costa
and Fougere [1988] and Liu et al., [1990] have pointed out that an essentially
equivalent analysis can be carried out in the frequency domain. The conversion
of the equations of correlation analysis from the time domain to the frequency
domain can only be carried out explicitly if a functional form for the correlation
function is assumed, and if the form is such that the required Fourier transforms

can be evaluated analytically [Briggs and Vincent, 1992].

The application of either the spaced antenna and / or the Doppler method has
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advantages and limitations, and there obviously is a trade-off between accuracy,
simplicity and cost-effectiveness in the planning and operating of a VHF / UHF

radar system.

A.1 The Standard Atmosphere

A hypothetical vertical distribution of atmospheric temperature, pressure, and
density which, by international agreement, is taken to be representative of the
standard atmosphere for different purposes. The air is assumed to obey the
perfect gas law and the hydrostatic equation, which, taken together, relate tem-
perature, pressure, and density variations in the vertical. It is further assumed
that air contains no water vapour, and that the acceleration of gravity does not
change with height. This last assumption is equivalent to adopting a particular
unit of geopotential height in place of a unit of geometric height for representing
the measure of vertical displacement.

The current standard atmosphere which has been adopted by the International
Civil Aeronautical Organization (ICAO)‘;\taking the place of the U.S. Standard

Atmosphere. The parametric assumption and physical constants used in prepar-

ing the ICAO Standard Atmosphere are as follows:

e Zero pressure-altitude corresponds to that pressure which will support a col-
umn of mercury 760 mm high. This pressure is taken to be 1.013250%10°
dynes cm™%, or 101325 Nm~?% or 1013.250 h Pa (and is known as one stan-

dard atmosphere or one atmosphere).
o The gas constant for dry air is 2.8704x10°erg g=* K~ or 287.04 J kg~ K 1.

e The ice point at one standard atmosphere pressure is 273.16 K.
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The acceleration of gravity is 980.665 cm s~% or 9.80665m s™2.
The temperature at zero pressure altitude is 15 °C or 288.16 K.
The density at zero pressure altitude is 1.2250 kg m™>.

The lapse rate of temperature in the troposphere is 6.5 °Ckm™1.
The pressure altitude of the tropopause is 11 km.

The temperature at the tropopause is — 56.5 °C.

The lapse rate from 11 km to 25 km is 0 °Ckm™".

The lapse rate from 25 km to 47 km is + 3.0 °Ckm™"; temperature at 47 km

is 4+ 9.5°C.
The lapse rate from 47 km to 53 km is 0 °C km™".

The lapse rate from 53 km to 75 km is — 3.9 °C km™'; temperature at 75 km

is —76.3 °C.
The lapse rate from 75 km to 90 km is 0 °C km™".

The lapse rate from 90 km to 126 km is + 3.5 °C'km~!; temperature at

126 km is + 49.7 °C (molecular-scale temperatures).

The lapse rate from 126 km to 175 km is + 10.0 °C km™'; temperature at

175 km is 539.7 °C (molecular-scale temperatures).

The lapse rate from 175 km to 500 km is + 5.8 °C' km~!; temperature at

500 km is 2424.7 °C (molecular-scale temperatures).

The U.S. Extension to the ICAO Standard Atmosphere is essentially a recompu-

tation of the above data from the surface to 300 km.
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A.2 Thermodynamics of the atmosphere

Motion in the atmosphere, thermodynamics, potential temperature, equivalent
potential temperature are important features for which it is appropriate to intro-

duce their definitions and terminologies.

A.2.1 First Law of Thermodynamics

The conservation of energy for a thermodynamic system, which states that the
heat added to or subtracted from a system must equal the change in the internal
energy plus the work done by the system. This is the first law of thermodynamics.

The law is defined mathematically as:

dH = du + dw (A.6)

where,

dH = an infinitesimal amount of heat added per unit mass,
du = change in internal energy per unit mass,

dw = pda, work done by a unit mass of the system.

Substituting for dw, the Equation A.6 becomes:

dH = du + pda. (A7)

It may be shown that internal energy is a function of temperature for ideal

gases, which satisfy an equation of state:

po = RyT (A.8)
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or

p=pRsT (A.9)
where,

a = V/M is the specific volume of mixture of atmospheric gases,
p = M/V is the specific mass of mixture of atmospheric gases,

R, = 287.04 J kg™* K~! is the gas constant for dry air.

Tf the volume is kept constant, the Equation A.7 implies that the heat added

becomes internal energy. The added internal energy is:

du = ¢, dT (A.10)

where, dT is the change of temperature and ¢, is the specific heat at constant
volume (i.e. ¢, = (dH/dT )a=const.)- For actual gases, c, slowly varies with tem-
perature. However, for the atmospheric range of temperature, c¢,q is considered
to be approximately constant.

Substituting in Equation A.7, the first law of thermodynamics becomes:

dH = ¢,dT + pdo. (A.11)

Differentiating the Equation of state, pa = RT', giving:

pda + adp = RdT. (A.12)

Substituting for pde into Equation A.11, yields:

dH = (¢, + R)dT — adp. (A.13)
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For an isobaric process dp = 0, and Equation A.13 becomes:

d
(d—j;—> —c, + IL. (A.14)
p=const

According to the definition of the specific heat at constant pressure, (dH/dT)p=const =

¢y 80, the Equation A.14 becomes:

¢ =c¢,+ R. (A.15)

Utilizing Equation A.15, the alternative form of the first law of thermody-

namics becomes:

dH = ¢,dT — adp. (A.16)

A.2.2 Potential Temperature

An adiabatic process is defined as a thermodynamic change of state of a system
in which there is no transfer of heat or mass across the boundaries of the system.
Replacing dH equal to zero and substituting from Equation of state (i.e. A.8)

for o in Equation A.16 for dry air, gives:
Cpd 77 — Rd— =0 (A17)

where, ¢,q = 1005.7 & 2.5J kg=' K~ [Bolton, 1980], is the specific heat for dry
air at constant pressure. Integrating (A.17) from an initial state (p, T) to a final

state (ps, T5), gives Poisson’s equation relating temperature and pressure for an
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adiabatic process in dry air:

3|3

_ (%)R/%d. (A.18)

p

As the potential temperature, 0, is the temperature a parcel of dry air would
have if brought adiabatically from its initial state to the (arbitrarily selected)
standard pressure of 1000 hPa, (A.18) follows that:

P R/cpd
o=T (—) . (A.19)

P
Introducing a non-dimensional term, kg, for dry air as, kg = R4/cpa = 0.2854+

0.0007 [Bolton, 1980], the Equation A.19 yields:

k4 0.2854
=T (p—) or  6=T (1—0@> ; (A.20)
p p

It is evident from the definition that potential temperature will be constant

during an adiabatic process in dry air, and hence, is superior to the temperature,

T.
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to 1800UTC

)

07 October 1992 (h). Isobars are drawn in 2 hPa intervals. Minor troughs (T')

Figure B.1: MSLP surface charts from 1800UTC 06 October 1992 (a
and minor ridges (R) are also shown.
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Figure B.2: MSLP surface charts from 2100 UTC 07 October 1992 (ai) to 1800
UTC 08 October 1992 (o). Isobars are drawn in 2 hPa intervals. Minor troughs
(T) and minor ridges (R) are also shown.
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Figure B.7: GMS infrared satellite imagery for 0631 UTC 07 October 1992.
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Figure B.8: GMS infrared satellite imagery for 1231 UTC 07 October 1992.
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Figure B.9: GMS infrared satellite imagery for 1831 UTC 07 October 1992.
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Figure B.11: GMS infrared satellite imagery for 0631 UTC 08 October 1992.
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Figure B.12: GMS infrared satellite imagery for 1231 UTC 08 October 1992.
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Figure B.13: GMS infrared satellite imagery for 1540 UTC 08 October 1992.
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Figure C.1: MSLP surface charts from 0900 UTC 25 July 1995 (a) to 0900 UTC
26 July 1995 (h). Isobars are drawn in 2 hPa intervals. Minor troughs (7') and

minor ridges (R) are also shown.
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Figure C.4: GMS infrared satellite imagery for 1233 UTC 25 July 1995.
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Figure C.6: GMS infrared satellite imagery for 0032 UTC 26 July 1995.
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Appendix D

Unique Features Observed by
Wind Profiler

Wind profilers are capable of depicting the unique and very important features of
the atmosphere from the viewpoint of “nowacasting”, “analysis” of meteorolog-
ical charts, “forecasting”, and “aviation”. These features could not be depicted

otherwise with the normal meteorological facilities at forecasting centers.

The ability to take measurements with a very high temporal and spatial res-
olution is one of the special characteristics of wind profilers. They are relatively
inexpensive and cost effective and can operate at remote areas unattended for

long periods.

During the massive analysis of Buckland Park VHF radar data for different
case studies, the author came across some odd aspects of the atmosphere and
decided that, it would not be good to represent only selective ones with a limited

discussion.
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Figure D.1: VHF hourly averaged windbarbs (knts) on 16th and 17th August
1992, showing a split  sharp trough. The lower portion of the trough is moving

ahead of the main trough by almost a day. The position of troughs is shown by
vertical arrows.

D.1 Split Trough

A splitted trough is shown in Figure D.1. The upper portion of trough is sharper
than the lower part (location is shown by vertical arrows). The lower portion
is moving ahead (time scale is backward!) of the main trough by almost a day.

These features might cause confusion for the forecasters.

D.2 Vortex aloft

A vortex at high altitudes without showing any sign or trace at low altitudes
is shown in Figure D.2. The vortex which is centered at about 11 km height at
about 14:00 UTC 27th May 1993, is characterized by two distinctive troughs.
One of the troughs is elongated eastward and slightly upward while the other,

stretched westward and downward to about 5km. The center position of the
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vortex relative to the ground is shown by vertical arrows. There is no indication

of either the vortex or the trough below 5 km height.

VHF Howurly Averaged Windbarb (knts) for (1 9-29/6,/93)
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Figure D.2: VHF hourly averaged windbarbs (knts) showing a vortex at about
11 km at 14:00 UTC with two elongated troughs.

D.3 Eastward Oriented Trough

Figure D.3 shows two cases of eastward oriented troughs one of which, is extended
from low levels up to about 11 km height while, the other extended from low levels

to about 5 km with relatively shallow slope.

Figure D.4 illustrates an eastward oriented trough expanding up to about

10 km height.
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VHF Hourly Windbarb (knts) for (01—15/10/92)
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Figure D.3: VHF hourtly averaged windbarbs (knts) showing two troughs extend-
ing eastward and upward.

VAF Howurly Windbarb (knts) for (071—-13,/70,92)
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Figure D.4: VHF hourly averaged windbarbs (knts) showing an eastward oriented

trough.
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D.4 Westward Oriented Trough

The westward oriented trough is well shown in Figure D.5 & D.6. In both figures
the trough is clearly marked and extended from low levels westward and upward

up to about 8 km height with relatively sharp slope.
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Figure D.5: VHF hourly averaged windbarbs (knts) showing the westward ori-
ented trough.

D.5 Upper Shallow Trough

Shallow troughs are clearly detectable by a wind profiler. Figure D.7 shows a
shallow trough at high altitudes from 8 km to about 11 km without showing any

trace of a trough at low levels.
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D.6 Upper Deep Trough

Figure D.8 manifests a sharp and deep trough aloft starting from about 4 km,
extending to about 11 km height, being very sharp at about 9 km. Below this,

there is no evidence of trough. This figure also shows a classic ridge around 06

UTC 11 October 1992.
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Figure D.8: VHF hourly averaged windbarbs (knts) showing a deep trough ex-
tending from 4 km to 9 km height. Position of a ridge is also shown to be at
about 06 UTC 11th October 1992.

Figure D.9 illustrates another deep and sharp trough at higher altitudes. The

trough starts from 2.5 km with the distinct clockwise break in wind direction
upto about 8 km.

An spectacular elongated trough is demonstrated in Figure D.10 in which,
the length from nose of trough (relevant position is shown by an arrow) to tail is
about 2 days. The trough is extended from low levels to as high as about 12 km

height.
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D.7 Disturbance Aloft

A clear disturbance is shown in Figure D.11 at high levels (~ 7 km) without any
indication of such a disturbance underneath. This anomaly is confined at a very

shallow layer. The appropriate position is shown by a vertical arrow.
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Figure D.11: VHF hourly averaged windbarbs (knts) reveals the existence of a
shallow disturbance aloft at about 7 km height. The relevant position is shown
by a vertical arrow.

D.8 Expansion of Polar Front Jet-stream to Low

Levels

The Polar Front Jet-streams (PFJ) while meandering about the troughs or Cut-
off Lows, sometimes, expand to low levels as well, producing a potential danger
for aviation if they occur close to airports. Figure D.12 clearly shows an expansion
of a PFJ as low as about 3 km. In this figure, a narrow vertical trough is also

evident. The positions are marked by vertical arrows. The appearance of PFJ
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to low levels can also be easily detected from Figures D.1, D.5, D.6, D.9, D.11,

D.14 & D.15.
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Figure D.12: VHF hourly averaged windbarbs (knts) showing the expansion of
the Polar Front Jet-stream (PFJ) to low levels. The position of a narrow vertical
trough is also shown by a vertical arrow.

D.9 Easterly Shallow Layer Aloft

An easterly layer at higher altitudes is shown in Figure D.13. Above and below
this layer wind components show westerly directions. This layer can be very
important for aviation from economic point of interest. The layer shown, is as

deep as about 3 km (i.e. from 8 km to 11 km) and as long as about 2 days.

D.10 Multiple Troughs

Figure D.14 proclaims an odd multiple trough, one of which extends eastward

and slightly upward with low slope while, the other extends straight upward. The
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VHF Hourly Averaged Windbarb (knts) for (11-28/710/94)
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Figure D.13: VHF hourly averaged windbarbs (knts) reveal an easterly layer

about 8 to 11 km deep and about 2 days long.

positions of troughs are shown by vertical arrows.

D.11 Short Waves

Short waves can be easily detected from the profilers’ data, as is shown in Figure

D.15. The position of a short wave with a ridge and a trough is shown by arrows

in this figure.

D.12 Comments

The unique features which are demonstrated in this chapter, reveal the existence

and importance of such phenomena. Some of these features are associated with

the weather and some are not. Besides being helpful in the analysis of meteo-

rological charts, these aspects of the atmosphere have interests in nowacasting,
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Figure D.14: VHF hourly averaged windbarbs (knts) manifest a multiple trough
aloft. The positions are shown by vertical arrows.

VHE Hourly Averaged Windbarb (knts) for (17—-28,10,/94)
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forecasting and more importantly, in aviation. Being alert to the existence of
these kinds of phenomena and ultimately, prediction of the aspects caused by
them, can indobtably, save lives and properties as well as resources.
A network installation of these inexpensive profilers will inevitably reveal a
clearer image in the lower range of the meso-scale structure of the atmosphere.
These dynamic pictures of the atmosphere produced by the wind profilers
may in turn, be able to prevent and/or explain some of the mystery accidents of

aviation.
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Addendum

To the thesis submitted for the degree of
DOCTOR OF PHILOSOPHY

BY

Alireza Kazempour, M.Sc.
Page 92 at the end of section 4.1.3 should be added:

o It should be noted that the bistatic radar geometry used for the spaced
antenna measurements will influence the results. Because of the sepa-
ration between the transmitting and receiving antenna, the radial ve-
locity measured from the Doppler shift of reflections received on the
large array will not be the same as the radial velocity associated with
the horizontal velocity measured from the spaced antenna signals. The
difference between these two angles will decrease with increasing ob-
servation height. An approximate calculation based on the geometry
specified in Figure 3.2 and Table 3.1, confirms such an offset to be the

correct order of magnitude.



At the end of the section 5.2 should be added:

Page

Page

The paper by Hoskins et al [1985] has been enormously influential on
the use and significance of isentropic potential vorticity maps in the
area of cut-off low. However, as archived data were used for analysis of
cut-off lows in this thesis, the isentropic potential vorticity maps were

not available for further analysis.

126 after the first paragraph should be added:

Modern theories and observations explicitly recognize that cyclogenesis
arises from the interaction between finite-amplitude disturbances such
as an upper-level short-wave trough and a pre-existing baroclinic zone
or front. Nowadays, such disturbances are identified with cyclonic P
anomalies. Hoskins et al [1985] discuss the sequence of events that
follow from the advection of an upper-level cyclonic P anomaly over a

low-level cyclonic P anomaly.

126 last sentence should be replaced by:

Generally, the maximum (non-convective) ascent occurs in the warm

conveyor belt on the eastern and poleward sides of a cut-off low [ Hoskins

et al, 1985].

Section 6.1 after the second paragraph should be added:



e To make the definition of cut-off low more concrete, the cut-off low is
identified as a pressure minima or geopotential minima in this thesis.
Although, the Geostrophic relative vorticity, ¢, , minima and satel-
lite imagery have got advantages (M.R. Sinclair, [1994], M.R. Sinclair,
[1995], M.R. Stnclair, [1996]) we have used the traditional methods with
excluding the stationary or quasi-stationary heat-lows and orographic
troughs (lee troughs) from data to eliminate bias. Furthermore, a sim-
ilar derivation of cut-off low statistics was made for higher levels of 700
hPa, 500 hPa and 300 hPa to eliminate the shallow topographic per-
turbations and low level pressure reductions to mean sea level (MSL)

charts.

Bibliography should be added:

e Hoskins, B.J., Mclntyre, M.E. and Robertson, A.W. (1985), “On the
use and significance of isentropic potential vorticity maps”, Quart. J.

R. Met. Soc., 111, 877-946.

e Sinclair, M.R. (1994), “An objective cyclone climatology for the South-
ern Hemisphere”, Mon. Wea. Rev., 122, 2239-2256.

e Sinclair, M.R. (1995), “A climatology of cyclogenesis for the Southern
Hemisphere”, Mon. Wea. Rev., 123, 1601-1619.

e Sinclair, M.R. (1996), “Reply to Rao and Gan (1996)”, Mon. Wea.
Rev., 124, 2615-2618.





