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CHAPTER 1

The wimosphere consists essentinlly of o mixture of guses. Within these guses
tiny solid varticles of dust and smoke are suspended. In addition, waler oceurs
not only as o vapour, byt also in solid and liquid forms.

1.1 Tue ComposiTioN OF THE ATMOSPHERE

The composition of dry air by volume at sea
level at locations remote from large cities and
forest fires is:

* Nitrogen 78%, Oxygen 21%, other
gases 1%.

In general gases of the atmosphere are
present in the same proportions up to an
altitude of about 80 km. However there are
some important exceptions such as water
vapour, ozone and carbon dioxide, These
gases are found in the following quantities in
the lower levels of the troposphere:

¢ Water vapour 0 - 5%
Essential for cloud formation and is the main
source of the greenhouse effect;

* Carbon dioxide 9.037%
Absorbs infrared (IR) radiation and
contributes to the greenhouse effect;

* Ozone 0.001%

Toxic and very reactive. Low level ozone is
the main gaseous constituent of airborne
pollution.

Water vapour is the most important gas as
far as meteorology is concerned. The amount
of water vapour in the air (often expressed as
relative humidity) varies greatly between the
oceans and deserts, between ground level and
higher altitudes, and between cold and hot
regions. Even though water vapour makes up
only a small percentage of the atmosphere,
the energy released/consumed as it changes
from gas to liguid to ice and back again,
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Flgure 1.2

A cioss section of the
atmosphere illustrafing
vasntions of air pressure
and mass with height,

drives many severe weather systems such as
thunderstorms, tornadoes and cyclones.

1.2 Vernicat Divisions OF THE ATMOSPHERE

The atmosphere can be divided into four
layers based on the mean variation of
temperature with altitude as depicted in
Figure 1.1.

* The Tioposphere, the lowest layer is deeper
over the tropics than the poles. It is
mainly heated from below by the earth’s
surface. Tropospheric temperature
decreases with height. The upper
boundary of the troposphere is known as
the tropopause.

s The Stratosphere is heated by ozone that is
concentrated between 50 000 feet (15
km) and 100 000 feet (30 km) above the
earth’s surface. The ozone absorbs heat
from the sun. Temperature in the
stratosphere increases stowly at first then
more rapidly with altitude, The upper
boundary of the stratosphere is known as
the stratopause.

*  The Mesosphere is a region of decreasing
temperatures with height. The coldest
region of the atinosphere occurs at the
top of this zone. The upper boundary of

the Mesosphere is known as the
FEsOpause.

*  The Thermosphere is characterised by rising
temperatures with height.

1.3  THE TROPOSPHERE

The troposphere contains most of the mass
of the atmosphere. It is characterised by
marked vertical air motions, appreciable
water vapour, cloud and weather and is the
region where most flights take place.
Temperatures generally decrease with height
in the troposphere but shallow layers in
which the temperature increases with height
often occur. Such layers are called
temperatare inversions.

1.4 THE TroPOPAUSE

‘The boundary between the troposphere and
the stratosphere is called the tropopause.
Although Figure 1.1 depicts the tropopause
as an oval shape the configuration is far more
complex. Its altitude varies with latitude, the
season and the movement of weather
systems. The tropical tropopause typically
exists at an altitude of 60 000 feet (18 km).
At high latitudes the polar tropopause is
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Tha Atmosphere

found at approximately 26 000 feet (8 km).
Between these two regions there is a sloping
middle-latitude tropopause, with breaks and
overlaps occurring in the vicinity of jet
streams.

1.5  THE WeiGHT OF THE ATMOSPHERE

The pressure exerted by the atrmospheric
gases at any altitude depends on the weight
of the air particles above that point, Figare
1.2 shows that the atmospheric pressure near
mean sea level is about 1013 hectopascal
(hPa) while at an altitude of 50 km the
pressure 18 only about one hPa, indicating
that only about one-thousandth of the mass
of the atmosphere exists above 50 km,

Pigure 1.2 shows atmospheric pressure
decreasing more rapidly with height in the
lower layers. At an altitude of 18 500 feet
(500 hPa) one half of the atmosphere’s
molecules would already be below you.That
is, half of the mass (weight) of the
atmosphere is contained in the layer below
500 hPa.

1.6 THE INTERNATIONAL STANDARD
AtmosphzrE (I1SA)

To enable comparison between aircraft
heights over a wide range of meteorological
sitations the International Civil Aviation
Organization (ICAQ) has adopted an
International Standard Atmosphere (ISA); it
is a model atmosphere for which the average
variation of temperature with height is
specified. From this the corresponding
variations of pressure and density can be
deduced. It specifies a sea-level pressure of
1013.25 hPa and temperature of 15°C, with
a fixed lapse rate for temperature of 1.98°C
per 1000 ft up to 36 090 feet (the theoretical
tropopause height of the ISA), where the -
temperature is assumed to be -56.5°C.,

For practical purposes the ISA can be
assumed to have sea level pressure of 1013
hPa at a temperature of 15°C and a lapse
rate of 2°C per 1000 feet up to 36 000 feet
with a corresponding temperatare of
-57°C.

The ISA is used for altimetry and as a
reference for aircraft performance standards.



CHAPTER 2

The transter of heut energy from one region to another is the major influence on the world’s
weather and climate. The enormous amount of energy involved in this redistribution is apparent
in the ferocity of tornadoes and cyclones and in vigerous frontal systems. It is also evident in the

broad scale winds that sweep across the earth’s surface.

2.1 Incoming SotAr RaDIATION

The energy emitted by the sun is often
called short-wave radiation because
approximately 99% of the sun’s energy is
emitted in the shorter wavelengths. Tt is
important to discriminate between different
wavelengths because atmospheric processes,
which are driven by radiation are often
strongly influenced by wavelength.

The percentages of the total energy
emitted in various wavelengths from the sun
are:

* 9% in the ultraviolet wavelengths;
* 45% in the visible;

+ 469% in the near infrared.

Of this radiation, on average:
* 20% is absorbed in the atmosphere by
clouds and gases;

* 31% is reflected back to space;

» 49% is absorbed by the earth’s surface
{(sunny day 75%, cloudy day 15%).

Most of the ultraviolet (LJV) radiation is
absorbed by ozone in the stratosphere while
water vapour in the lower atmosphere absorbs
much of the near infrared radiation. Very little
of the visible radiation is absorbed. Clouds
and dust, can absorb varying amounts
depending on prevailing conditions. Some of
the radiation reaching the earth’s surface is
also reflected away. Solar radiation may also be
scattered in all directions by gases and particles

in the atmosphere. Some of this scattered
radiation is lost to outer space, and some is
scattered back to the earth’s surface. Solar
radiation reaching the earth indirectly by
scattering is called sky radiation. Thus the total
radiation reaching the earth’s surface consists
of direct radiation and sky radiation, and is
known as global solar radiation.

2.2 OutcoING TERRESTRIAL RADIATION

Just as the sun emits energy due to its
temperature, the earth too, emits energy
called terrestrial radiation. Because the earth
is much cooler than the sun, the terrestrial
radiation emits in that part of the
electromagnetic spectrum known as long-
wave radiation.

The atmosphere is less transparent to
long-wave radiation than it is to the short-
wave radiation leaving the earth’s surface,
with 90% being absorbed. Substances that
absorb only small amounts of solar radiation,
for example carbon dioxide, water vapour
and clouds, are significant absorbers of
terrestrial radiation.

Efficient absorbers of radiation are also
good emitters of radiation, for example
clouds absorb terrestrial radiation from the
earth’s surface. They also emit long-wave
radiation some returning back to the earth’s
surface and some to space.
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2.3 RapiatioN Baiance Anp Hear
EXCHANGE

The earth radiates energy to space
constantly but only the daylit side of the
earth receives incoming radiation, On the
dark side of the earth there is a net loss of
radiation occurring, whereas on the
daytime side there is a net gain by the
earth-atmosphere system. Overall, a heat
balance is maintained.

This balance does not usually apply at
specific latitudes. Due to the angle of the
earth’s surface to the sun, latitudes near the
cquator receive more energy than latitudes
near the poles. In fact between the equator
and 35° north and south more energy is
absorbed than is radiated to space, There is
an energy surplus in this region. Similarly,
an energy deficit occurs in regions between
latitude 35° north and south and the poles.

If there were no exchange of heat
between different latitudes, areas near the
equator would get hotter and hotter while
areas near the poles would continue to
cool, leading to an increasing meridional
(from equator to pole} temperature
gradient. What actually occurs is a transfer
of heat from low to high latitudes by means
of atmospheric and oceanic circulations.

This north/south transfer of heat occurs
through a number of processes. Large-scale
eddies in the atmosphere (high and low-
pressure systems) transfer heat between
tropical and polar regions by the movement
of cold air equatorward and warm air
poleward. Ocean currents also carry heat
energy away from tropical regions towards
the poles.

The redistribution of the sun’s energy
within the atmosphere can oceur through
the following processes:

+ conduction transfer of energy by
contact, through molecualar
motion;

energy transferred by the
horizontal movement of air;

» advection

* convection energy transferred by the

vertical movement of air;

* latent heat  absorption and release of
heat energy through
evaporation, freezing and

condensation of water;

transfer of energy by
electromagnetic waves (short

» radiation

and long).

Conduction

Thermal conduction is an efficient means of
transferring heat through solid materials but
is poor for gases. In the atmosphere it is
important in transferring heat to air in direct
contact with the earth. These layers are
usually only a few centimetres thick.

Convection

‘Thermal convection lifts heat away from the
surface of the earth (having been heated by
conduction}, Rising air forms currents often
referred to as thermals. The thermals not
only transport sensible heat aloft; they also
transfer upwards latent heat stored in water
vapour. Convection is responsible for the
formation of curnulus clouds,

Advection

Advection of heat occurs most notably with

the horizontal movement of large air masses,

Australians living south of the tropics will be
well aware that in general summer northerly

winds bring hot conditions while wintertime
southerly winds are cold.

Latent heat

Water molecules are strongly bound together
in both the solid and liquid state but in the
gas state, bonds are weak. A change fiom
liquid water to water vapour requires the
bonds to be broken, taking an enormous
amount of heat energy.

To appreciate the energy required to
break the strong bonds that hold water
together consider this: it takes 4.2 joules of
heat energy to raise the temperature of a
gram of water by 1°C at standard
temperature and pressure, but to change the
gram of water (without increasing the
temperature) into water vapour requires

N P . pr— - 4 -
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takes 600 times more energy to break the
bonds than it does to raise the temperature
of water by 1°C.

The heat energy used to break the bonds
is absorbed by the water vapour. The
absorbed heat maintains separation of the
molecules, required for the gas state. Because
the energy is absorbed and effectively stored
within the molecules, it is called latent heat.
Thus water vapour transports large amounts
of latent heat energy from one region to
another,

When water vapour condenses latent heat
is released into the surrounding air, thus
warming it. The warmer, less dense air
becomes buoyant and rises. It is the warming
power of latent heat that powers
precipitating weather systemns, e.g.
thunderstorms, tropical cyclones and
SnowWstorms.

Figure 2.1 illustrates the phase changes of
water and the amount of latent heat released
and absorbed during those changes. Note
that the heat energy required to break the
molecular bonds of ice for a phase change to
water (80 units) is much less than that
required to achieve a phase change of water
to water vapour (600 units).

Frost is formed by deposition, when water
vapour changes directly to ice (releasing 680
units of energy). The same process occurs in
the freezing compartment of a refrigerator.

Figure 2.1

Fhe diagram shows the
nhase changes of water,
meliing, avaparation,
eondensation, freezing,
sublimation and
deposition. 1t also shows
the quantity of latent heat
absorbed ond relensed by
ehanges of state. Noe thot
when ica sublimotes
directly to woter vepour the
fotal lntent heat ahsorbed
will be 680 its.

Latent heat absorbed

Latent heat absorbed

Melting 80 units >

Melling

Sublimation

Freezing

Deposition
80 units Freezing

Evaporation 600 units >

Evaporation

Condensation

Condensation 800 units

<

Latent heat released
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CHAPTER 3

Simply stated, temperaiure is the meusure of the internal heat ensygy of o substunce. Adding
o sublructing heot chonges temperaiure and the degree of chunge is dependent on the
moleculor moke-up of the substunce. For example, for the sume heat input, o land surface
gels hotley thun o water suriace, The effec! becomes obviows when compuring temperniures
over bilumen and grassy verges on g hot day. Such contrasting surfuce temperatures have
significont impac! on the development of weather systems.

Chonges in oir lomperature glfec? air densily and hence aircroft performance,

3.1 Measuring TEMPERATURE

Temperature scales are based on two
internationally agreed fixed points: the
freezing point and the boiling point. The ice
point or freezing point is the temperature at
which pure ice melts under a pressure of one
standard atmosphere.

~ The boeiling point is the temperature at
which pure water boils at a pressure of one
standard atmosphere.

Temperature scales common to aviation
are the Celsius scale on which the ice point
is 0°C and the beiling point 100°C and the
Fahrenheit scale on which the ice point is
32°F and the boiling point 212°E To convert
from one to the other use the following
formulae:

+ C = 0.555 (F-32)
e.g. to convert 95°F to °C:
C = 0.555 (95-32) = 35°C

+F=(18xC)+ 32
e.g. to convert 35°C to °F:
F= (1.8 x 35) + 32 = 95°F

Many flight computers provide direct
conversion of temperature from one scale to
the other.

In scientific literature reference is
sometimes made to the Kelvin temperature
scale, On this scale, the ice point is at 273.16
Kelvin. As the divisions of the Kelvin scale
are the same as the Celsius scale, conversion
is achieved by subtracting 273 from the
Kelvin temperature, i.e. 280 Kelvin is 7°C.

3.2 SurrAck AIR TEMPERATURE

For meteorological purposes, surface air
temperature 1s the temperature of the air
measured 1.25 m above the ground. It is
usually measured in a shelter that protects
the thermometer from radiation from the
sun, sky, earth and any surrounding objects,
and at the same time allows free ventilation
of the shelter with outside air. Common
shelters are the louvered screen type called a
Stevenson screen or a system of metal shields
with forced ventilation {(often used with
Automatic Weather Stations (AWS)).

3.3 Upper AIR TEMPERATURE

Temperatures are also measured in the free
air at various heights above the surface.
These are referred to as upper air
temperatures and are referenced by altitude
in feet or pressure levels in hectopascal, i.e.
the 18 500 feet or 500 hPa temperature.

3.4 AIRcrRAFT MEASURED TEMPERATURE

The aircraft temperature probe measures’s
outside air temperature (OAT) — sometimes
referred to as the static air temperature
(SAT). However, when in flight, the effects
of friction and compression, result in the
indicated temperature being significantly
higher (warmer) than the actual OAT. The
indicated temperature is referred to as the
total air temperatures (TAT) and has to be
corrected to obtain the true OAT
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Figure 3.1
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3.5 Dyt VARIATION OF Surrace

AIR TEmPERATURE

The change in surface temperature from day
to night is referred to as the diurnal
variation. During the twenty-four hour
day/night cycle temperature changes are legs
pronounced over the sea than over the land.
The diurnal variation in sea-surface
temperature is usually less than 1°C, and the
air temperature near the water surface is
usually similar,

On the other hand, in desert regions in
the interior of continents, surface air
temperatures may vary by 26°C from day to
night. In Figure 3.1, typical inland diurnal
change of temperature i depicted ranging
between A and B. Near the coast, however,
the diurnal variation of temperature depends
largely on the direction of the wind, being
largest if the wind is off the land and small if
it is fiom the sea. Local land and sea breezes
also tend to reduce the tange of temperature
variations near the coast.

The divrnal variation of surface air
temperature tends to be greatest if calm
conditions prevail, Ifit js windy, mixing of
the air occurs through a deeper layer. Mixing
within the atmosphere enables the gain of
heat by day and the loss by night to be
shared by more molecules of the
atmospheric gases. As a result, the diurnal
range of temperature is reduced during
windy conditions,

Cloudiness also reduces the diurnal range
of temperatore. During the daytime clouds
reflect radiation back to space while at night

Typical lapse rate

tsothermai layer

>

N\ Maximum temperaturs
N (Daytime)
N\

Inversion layer

0

20
Temperature (°C)

they act like a blanket keeping the air near
the earth’s surface warmer. Diurnal variation
of surface air temperatures is therefore
relatively small during cloudy conditions,

The type of surface (open fields, forests,
deserts and oceans) and the ability of the
underlying material to conduct heat to or
from the atmosphere affects the diurnal
range of air temperature in the lower layers.
However, the nature of the neighbouring
terrain is also Important, because the
temperatare at a particular place may be
affected by the flow of warm or cold air
from adjacent areas.

3.6 TEmPERATURE VARIATION [N THE

VErTICAL WiTHIN THE TROPOSPHERE

As already mentioned in Chapter 1, the
temperature decreases with altitude in the
troposphere at about 2°C per 1000 feec
(6.5°C per kilometre). This means that, if’
the temperature at seq level is 15°C, on
average it will decrease to a valye of -15°C
at 15 000 feet (i.e. a fall of 30°C).

The rate of change of temperature with
altitude is called the temperature lapse rate.
Although the typical lapse rate (Figure 3.1
line E to D) is for decreasing temperature
with height there are many variations,
Actual lapse rates, particularly near the
earth’s surface, vary markedly fiom the
average.

Thin layers of air in contact with the
ground, if heated by conduction and
radiation from very hot surfaces will have
lapse zates far exceeding the average, i.e, a
temperature of 44°C at 1.25 m above a
runway surface temperature of 81°C has
been observed at Melbourne Airport. In
such conditions the lapse rate would be
extreme within a few centimetres of the
ground. However, because air js 2 poor
conductor of heat, extreme lapse rates are
ot sustained to any depth. Similarly,
shallow layers of air in contact with very
cold surfaces may have extreme reversed
lapse rates (temperature warms with
heighe),
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Inversions

When temperatures increase with altitude an
inverston is said to occur across the affected
layer, i.e. the normal change of temperature
in the troposphere has been inverted or
reversed (Figure 3.1 line B to C).

Inversions limit vertical development of
cloud and trap pollutants resulting in
reduced visibility. They also constrain or trap
air within confined boundaries and therefore
are often associated with turbulence and
wind shear.

The troposphere, where the vast majoriey
of weather develops, is contained by the
tropopause inversion as illustrated in

Figure 1.1.

Isothermal layers

‘When temperatures do not change with
altitude (the temperature lapse rate is zero)
the affected layer is said to be isothermal, i.e.
the temperature remains the same for some
vertical distance as illustrated by the line
between D and C in Figure 3.1.



CHAPTER 4

Air density is o mojor fuctor in nerodynamic performance and engine efficiency. Increuses
in air temperature, humidily or altilude are coupled 1o decreases in air density.

Low air density decreases aircraft

performance in a number of ways:

+ the lifting force of an airplane’s wings or
helicopter's rotor decreases;

+ the power produced by the engine
decreases;

¢ the thrust of a propeller, rotor or jet
engine decreases.
All three reduce climb rates and can

drastically reduce maximum take-off weight.

4,1  THe Denstty OF Dry AR

The density of dry air having a pressure of
1013.25 hPa at 15°C is 1.225 kg per cubic
metre. :

For dry air the density is related to
pressure and temperature by the fundamental
gas equation:

P
RT

where D
P s the pressure,

is the density,

T is the absolute temperature, and

R is a constant.

The equation shows that, for a fixed
temperature:

+ The density of dry air will increase as
pressure increases {as air is compressed it
occupies a smaller volumney);

* With constant pressure, density will
decrease as temperature increases. To retain
the same pressure the air must occupy a
larger volume.

4,2 Tde Density OF Moist Air

Water vapour is a less dense gas than dry
air, so the combination of water vapour

and dry air (called ‘moist air’) is slightly
less dense than dry air at the same
pressure and temperature. The density
difference is only neticeable in very moist
air in the lower layers of the atmosphere
in the tropics. The difference can be as
much as one to two per cent.

4.3  Txe Variation ofF AR Density Wit
HEiGHT

The density of air at 18 500 feet is about
half the surface value. It then drops to
about one quarter at 40 000 feet, and about
one tenth at 60 000 feet as depicted in
Figure 4.1.

4.4 Density ALTiTupE

Density altitude is the pressure altitude (the
standard height of a pressure level in the
ISA) corrected for temperature deviation
from the ISA. It is computed from the
pressure altitude and the outside air
temperature.

—164 000
— 131 000
Air
molecules

—98000% .

&

E

=

[53 -

T - -
—60000 | * - Density 10%
—40000 |- - ,_)_ "~ 1+ |pensity 25%
__20000 i

Figure 4.1

The diagram illustotes
the ropid decrense of
density with height.
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4 Chopter 4
Aircraft performance deterioration accordance with the company
P pany
resulting from low air density can occur operations manual to conduct the
g ty P
when there are large deviations between passenger flights. The helicopter’s
the ISA altitude and the density alticude. operator was unaware that the
by p
This most often happens at elevated assenger flights were being conducted.
pp p ger g g
aerodromes when the air temperature is
high. Low air pressures accentuate the Significant factors
problem, 1. The pilot was inexperienced.
The following incident reports from the 2. The density alticude and relative
Australian Transport Safety Bureau (ATSB) humidity were high.
111ustr:1.te that density Vau'atzons must be 3. The wind conditions were gusty.
taken into account, especially on hot days.
4. There was no documented data or
Incident 1 guidance available to the pilot to assist
Sequence of events him in assessing the expected
While the pilot was conducting the performance of the helicopter during [
takeoft from Fossil Downs Station, the the takeoff.
environmental conditions may have 5. The pilot did not adequately plan the
changed such that the power required takeoff to account for the weather
to maintain the helicopter’s departure conditions and helicopter landing site
profile exceeded the power available characteristics.
from the engine. As a result, the main 6. The pilot used an inappropriate takeoff
rotor RPM decayed and the helicopter technique.
descendefi onto the ground. 7. The helicopter was probably at or close
The pilot had not adequately . .
to maximum all up weight and had
assessed the power needed to conduct . .
inadequate performance to complete the
the takeoff and had used an L
; . ] takeoff in nil wind.
mappropriate takeoff technique for the .
environmental conditions and 8. The weather conditions had changed
helicopter weight. There was 2 since the first takeoff and did not assist
misunderstanding between the operator the helicopter during the second takeoff,
and the customer as to the use of the
helicopter. The pilot inadvertently
believed he was authorised in
Flgure 4.2

Two air columns having the
sume sutface pressure hut
vith ditferant densitias.

The fess dense {warmer)
columa is higher because
Jess danse cir sequirss
greuter depth to produce
the same suruce pressure.
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Incident 2

Sequence of events
The aircraft took off from runway 30
and began climbing at a shallow angle,
which a witness reported was below the
normal climb profile. When the aircraft
reached a point about 100 m beyond
the upwind threshold of the runway,
the tower controller informed the pilot
of inbound traffic directly ahead of the
aircraft, At that time, the tower
controller also noticed that the aircraft
was exhibiting “wobbles’ and became
concerned for its safety. Witnesses
reported that the aircraft slowly climbed
to about 300 ft and then seemed to lose
altitude. The aircraft then continued
tracking outbound in a shallow climb
on runway heading, before the right
wing dropped. The aircraft then rolled
to the right, assumed a steep nose-
down attitude and began rotating. After
one tuen, the aircraft impacted the
ground in a steep nose-down inverted
attitude. A fireball engulfed the aircraft
immediately after impact. The four
occupants received fatal injuries.

An instructor assessed the pilot’s
flying skills as sound, but added that the
pilot tended to be over-confident.
Another instructor said that although
the pilot’s aircraft handling met the

_ required standard, he tended to be
castial and to chat during flight. He
added that the pilot did not always
concentrate sufficiently on the task in
hand, and did not always prepare fully
for cross-country flights.

Aircraft performarnce

According to performance charts, the
aircraft was capable of takeoff and climb
from runway 30 with 15 degrees of flap
selected, and climb at maximum gross
weight under the prevailing environmental
conditions. However, with a density altitude
of 3400 feet and the aircraft gross weight
just below MTOW, the pilot would have
needed to monitor take-off and chimb
performance closely.

Environment

The density altitude of 3400 ft and the
atreraft’s gross weight (just below the
maximum permitted} combined to
adversely affect the aircraft’s acceleration
and climb performance. This was evident
from the witness reports stating that the
aircraft’s angle of climb seemed to be
shallower than normal for single-engine
light aircraft departing on runway 30.The
brief loss of altitude before the right wing
dropped was probably the result of the pilot
raising the flaps.

As the aircraft was lower than the
normal climb profile, rising terrain ahead
might have affected the pilot's assessment of
the aircraft’s nose attitude with respect to
the horizon or its rate of climb with respect
to terrain, leading him to select a higher
nose attitude than he swould have selected
otherwise.

In warmer than standard temperature
conditions the density altitude will be
higher than the standard pressure altitude.
This means that the aircraft performance
will be the same as if it were operating at a
higher altitude. Consider a column of air
(Figure 4.2) conforming to the ISA, with a
density decrease with height coincident
with standard temperature and pressure.
Now consider another column with the
same surface pressure of 1013 hPa but with
a higher than standard mean temperature.
The second column must be less dense
than the ‘standard ISA’ column (A) because
of a higher mean temperature.

Aircraft performance at the same
aftitude will be less in column B conditions
than in column A even though the surface
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pressure is the same, The reduction in Alice Springs when the temperature is
performance is due to lower density. 43°C and the station level pressure is 941.4
An approximate method for calculating hPa will effectively be taking off at an
density altitude is to add 120 feet to the acrodrome 3579 feet higher than indicated
pressure altitude for each degree Celsius by standard ISA pressare values and
that the actual temperature is above the ISA performance will thus be lower than
standard for that level. indicated by ISA standards. In comparison
High density altitudes are a particular an aircraft leaving Canberra on the -8°C
problem in Austratia during summer, Some day will have higher performance than
extreme values for Australian aerodromes indicated by ISA conditions.
are shown in Table 4.1. An aircraft leaving
Table 4.1 it ] i P
Some extreme values of -:-.;_A?rpd.rpngé-‘ ! g Jantly
R S R Y 4900 1247 1389 ot
Broken Hill | 44 972.9 4800 1000 1120 lower
(onbera 43 941.7 5500 1850 2012 fower
Canbemo -8 963.4 - 1100 1850 1389 higher
Alice Springs | 43 941.4 5600 1901 200 lower
Alice Springs | - 2 956.6 - 100 1961 1583 highsr
Concorry 46 980.4 4500 633 909 lower

4.5  DensITY/TEMPERATURE AND ALTIMETRY

Altitude indicated by altimeters depends on
density (thus temperature) beneath the -
aircraft. Since altimeters are graduated to the
standard atmosphere any variation in
temperature from standard will cause
altimeters to indicate higher or lower than
actual altitude (Figure 4.3).

As an approximation, an atmosphere 10°C
colder than the ISA requires the altitude to
be lowered by roughly 4% to give the true

altitude, i.e. at an indicated altitude of 5000
feet in temperatures 10°C colder than ISA -
true altitude would be 4800 feet.

Pilots have met with disaster because they
Jatled to allow for the differences between indicated
and frue altitude. In cold weather when you must
clear high terrain, take time to compute true
altitude (FAA, Aviation Weather).

NOTE: Refer to the guide for Visual Flight
Rules (VER) for detailed altimetry information,

Figure 4.3

Indicefed aliitudes depends an oir
temperature below the aireroft.
Each columa in this diogram has
equel pressure ot top and botfom,
indicated aliitude is the some for
ench aixcraft. In 1SA (average)
conditions the oltimeter indicotes
octuol aftitude (contre column),
higher thon actval eititude in
colder/denser air {left column}
end in woemer/less dense air
lower thon actuat oltitude {right

True Altifude

Alfimeter indicates - 10 000 feet

10 000 feet /- e

Average

column).

1013 hPa 1013 hPa

1013 hPa
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Atmospheric pressure is o mensure of the total weight of the aimosphere above

the point of meosurement.

Surface pressures nornally range between
1040 hPa and 970 hPa. However, extreme
values of 1084 hPa and 870 hPa have been
recorded. The variations of pressure are
closely related to the generation of wind and
changes in the weather. The intimate
relationship between pressure and height is
utilised by the pressure altmeter for
determining the height of aircraft.

5.1 Txe MeaSUREMENT OF ATMOSPHERIC
PRESSURE

Two main types of barometer are used to
measure atmospheric pressure, the mercury-
in-glass and the aneroid barometer. The
mercury barometer was traditionally more

accurate but considered fragile and
cumbersome to transport. Aneroid
barometers are more compact and rugged
and for this reason are more commonly
used. Modern digital aneroid barometers are
proving extremely accurate and reliable.
Aneroid cells are used in altimeters.

5.2  Vaniation Or Pressure WitH AtriTupe

The rate of pressure decrease with altitude is
not linear (as shown in Figure 5.1). Near
mean sea level, the pressure decreases by one
hectopascal for a rise of about 30 feet. At
about 16 000 feet the same pressure decrease
is equivalent to a rise of approximately 50
feet. Only approximate figures can be given

B0 e {RPA e ———184000 Figure 5.1
Yariotion of pressure with
cliitude in the sfandard
ofmosphere.
40 H — 131 000
30
£
=
=
)
'S 20
I
10
0

100 300 500
Pressure (hPa)

700 800
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Figure 5.2

Regular pressuie voriations
for Barwin during
Septamber, with ¢ period
of about twelve hours.

because of the impact of temperature
variations.

5.3 ApJusTMENT OF RECORDED PRESSURE

To StanpaRD LeveLs

To compare station level pressure (SLP) at
different elevations, it is necessary to reduce
the recorded pressure to mean sea level
(MSL) pressure,

Reduction to MSL pressute is done by
adding the weight of the ISA column of air,
between the recording station and sea level,
to the measured pressure. Because the
temperature and density chosen for the
column are based on the imaginary ISA,
inland mean sea level pressures are
hypothetical. However the computed values
give satisfactory results for most regions.

Pressures from numerous stations, adjusted
to MSL pressure, are used for the production
of weather charts. The weather charts
comprise smooth curved lines of mean sea
level pressare called isobars (lines of equal
atmospheric pressure). Isobars depict weather
systems such as highs and lows.

In parts of Africa and Antarctica the
elevation of meteorological stations is well
above one kilometre. These stations, after
obtaining SLP, compute the approximate
altitude at which 850 Or 700 hPa pressures
occur above them. Synoptic weather charts
are then drawn at these levels.
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2.4

Atmospheric pressure at a given locality
varies continually. The variations may be

VARIATIONS OF SURFACE PRESSURE

rregular or regular.

Irregular variations are primarily
associated with the development, decay and
passage of pressure systems. Sometimes
purely local effects can force irregular
pressure changes. An example of such an
effect is a low-pressure trough in the lee of
terrain. The air movement up and over the
terrain causes a pressure reduction on the lee
side. Thunderstorms and temperature
variations can also cause pressure changes.

Regular oscillations have a period of
about twelve hours generated by the
alternate heating and cooling of the earth’s
atmosphere by the sun. This produces a
rhythmic expansion and contraction of the
atmosphere. Pressure maxima occur around
1000 and 2200 local mean time, with
minima at about 0400 and 1600. The
changes are not perfectly symmetrical and
vary considerably with locality.

In the tropics, the diurnal variation of
pressure is more evident than in higher
latitudes. Figure 5.2 illustrates the diurnal
pressure vartations (about 5 hPa) for a typical
September day at Darwin, Australia.

3.5

The rate of change of pressure between
locations is termed the pressure gradient.
Isobar spacing on weather maps reflects the

PRESSURE GRADIENT

pressure gradient. Isobars close together are
indicative of strong-pressure gradients and
strong wind. Conversely, isobars far apart are
mdicative of weak-pressure gradients and
light wind.

A synoptic chart is depicted in Pigure 5.3
showing tightly spaced isobars around a low.-
pressure system near Perth indicative of a
strong-pressure gradient and strong winds
while well separated isobars around a high
pressure system centred near Adelaide are
indicative of a weak-pressure gradient and
light winds.
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5.6 THE PRESSURE ALTIMETER

Before we go further, a clear definition of

the following terms (illustrated in Figure

5.4) in relation to aviation is necessary:

* Heijght is the vertical distance above a
specified datum, wsually ground level;

» Elevation is the vertical distance above
mean sea level (MSL) of a point on the
earth's surface;

«  Altitude is the vertical distance above
MSL.

The pressure altimeter operates on the
principle that pressure decreases with
height.

The pressure altimeter is basically an
ancroid barometer calibrated to read
heights above a specified pressure datum.

5.7  Pressure VaLues AND AdriTupe

Because aircraft performance specifications
are often given in terms of ISA conditions
{Section 1.6) actual atmospheric conditions
are sometimes expressed in terms of ISA
deviation. For example, if the ISA
temperature at 36 000 feet is -56°C and if
the actual temperature at a pressure altitude
of 36 000 feet was -52°C, this would be
expressed as ‘[SA plus 4.

Apart from being a reference for aircraft
performance standards, the main use of the
ISA is for calibrating aircraft altimeters so
that pressure values are converted to altitudes
by a standard internationally agreed method.

5.8 ALTIMETER SETTINGS

1013 hPa — The mean sea level pressure of
the [SA

With this setting, the altimeter display
will indicate the aircraft altitude, in the ISA
atmosphere, above the 1013 hPa level. This
is the pressure altitude. Pressure altitudes
are generally quoted in hundreds of feet
and called flight levels. In aviation weather
forecasts the prefix FL is used to denote
flight levels. For example, the pressure
altitude of 12 500 feet is FL125.

QNH — An altimeter set to QNH will
read zero at sea level. In flight the QNH

), 5 knots
10 knots ]
>15 knots 7 ~ 71016
} 20 knots e 1020
>\ 25 knots
1024
} 30 knots_- 4012
1008 1028 L
10E4 b ) /
‘ H 1030
Cedh
Rerth ¢ W\ Adelaide
Pressure (hPay) D

Figure 5.3

Isobar spacing and wind spead. Wind barbs are shown crossing the isobats into the region of fow
pressuse, The wind neer Perih is fram the narth-northeost {(NKE) ot 30 knots while the wind neor
Ceduna is from the noréheast at 5 keots.

will indicate the approximate altitude
above sea level. This is the pressure value
given in all meteorological forecasts and
observations and in the Automatic
Terminal Information service (ATIS).
QFE — An altimeter set to QFE will
read zero when the aircraft is on the
runway. In flight, the QFE setting will
indicate the approximate height of the
aircraft above the aerodrome. This setting is
calculated by adjusting the SLP to the
aerodrome reference level, assuming ISA
conditions. QFE is not used in Australia

b b 4 b . Figure 5.4
1l may be used i some other countries. Altituds, alevation ond
height
A
Altitude
Elevation
MSL‘_‘L—r o P Ny
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Figure 5.5 -
Shows thiee aircraft with D o Subscale . 00
ltimeter subscales set fo D 2800 WS' {) ) l- _____________ X set o QFE 3300
QFE 984 hPa, GHH 995 S | oubseale el
hiPa, and to 1013.2 hP. a 2500 set to QNH ﬁﬂ; 3000
The lfi-hand scal S 3
indicates the octuel height Subscale o
of the aircsaft abave seo % 2000 - A setfo10182hPal T 2500 2
level while the right hond O =
scale indicotes the pressure © o
altitude (the oltitude 1500 Al altimeters — 2000 2-
indicated by the altimeter). D o= =
A threa vircroft altimeters _QE’ read 2500 f g.
indicate 7500 feet. — 1000 — Aemdmme' — 1500 @
g : reference point =
= 0
3] 1]
< 500 — 1000 =
2 30 - : QFE = 984 hPa | gop
:'3 ONH = 995 hPa . A= R e B =] 500
< |SA datum = 1013.2 hPa

Figure: 5.6

Changing grourd pressure
alters cltitude of aircroft
flying on & sef QR

Examples of different altimeter settings
are shown in Figure 5.5,

A guide for calculating altitude changes
with respect to pressure changes in the
standard atmosphere is:

* the average change from the surface to
about 12 000 feet is 30 feet per
hectopascal;

+ the average change between 12 000 and
20 000 feet is 43 feet per hectopascal.

5.9  Fuine WiTH CHAnGING GROUND

PRESSURES

If a constant altimeter reading is maintained
then the aircraft must be following a
constant pressure swface. But pressure
surfaces usually slope so the aircraft will be

o 5
ﬁﬁ Aircraft maintaining indicated 500 a
A

A

5000

QNH = 1010 hPa

-.~:~q:—:f§ o TR e

Aoy

e the 010 hPa QNH level 5200

5000" abov

QNH = 1020 hPa

descending when flying towards lower
surface pressures, and ascending when flying
towards higher surface pressures.

Consider the following example illustrated
in Figure 5.6. An aircraft flying at 5000 feet
above A, sets QNH at 1010 hPa. The aircraft
flies to B where QNH is 1020 hPa. The
altimeter will indicate that the aircraft is still
at an altitude of 5000 feet but the aircraft
will actually be 300 feet higher.

Alternatively, an aircraft flying above B at
5300 feet sets QNH at 1020. This aircraft
would arrive at A with the altimeter still
reading 5300 feet but be 300 feet lower then
indicated,

5.10 LocaLISED PRESSURE VARIATIONS

Sometimes purely local effects can give a
pressure change of two to three hPa with
consequent effect on the altimeter reading of
up to 100 feet.

An example of such an effect is a low-
pressure trough in the lee of high terrain.
The air movement up and over the terrain
causes a pressure reduction immediately in
the lee. A strong wind flow will produce a
greater effect. Thunderstorms are another
source of comparatively large, localised
pressure variations
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Verticul motion of air is un important facior in the development of weather. Sometimes rising air
is made visible by the development of clouds or by the rising dust in dus? devils. Viclent vertical
motion ¢un be seen in toradees. At other fimes rising air meay occur in the absence of any
visuel clue, Subsiding oir is normally relatively gentle and associated with clear conditions
(except in ussociotion with mountain waves and downburst aciivily from convective clouds).

The strength of vertical motion in the
atmosphere is largely determined by the
vertical stability of the atmosphere. A stable
atmosphere will tend to resist vertical
motion, while an unstable atmosphere will
assist it. When the atmosphere neither
resists nor assists vertical motion it is said to
have neutral stability,

Vertical motion and instablity are largely
responsible for atmospheric turbulence and
cloud formation.

6.1  Apiasaric Processes Anp Lapse RaTEs

To explain the stability or instability of the
atmosphere, we consider here what happens
to an iraginary ‘parcel’ of air displaced
vertically from one level to another. The
parcel will expand when it moves to lower
pressure (higher altitude) and contract
when it moves to higher pressure (lower
altitude),

Draring displacement it is assumed the
parcel undergoes an adiabatic temperature
change, i.e. no heat from the external
environinent is added or subtracted.
Adiabatic heating is demonstrated when
using a bicycle pump. Compression heats
the air and thus the outer casing of the
pump. The reverse occurs when air escapes
from a tyre. It cools due to rapid expansion.

Accurate measurements of heating or
cooling during these processes are difficult
because some mixing normally occurs with
air outside the parcel, and heat may also be
lost or gained through radiation. However,
these examples are very useful in explaining
how the atmosphere behaves.

The rate of change of temperature with
height for a vertically displaced parcel of air
is termed the adiabatic lapse rate. Two
different lapse rates apply: the dry adiabatic
lapse rate (DALR) and the saturated
adiabatic lapse rate (SALR).

The DALR is the rate at which the
temperature of unsaturated air changes as a
parcel ascends or descends through the
atmosphere, The DALR is approximately
3°C/1000 feet. In other words until air
becomes saturated, it behaves ke dry air,

The SALR is the rate at which the
temperature of a parcel of air saturated with
water vapour changes as the parcel ascends
or descends. The SALR is often taken as
1.5°C/1000 feet, although the actual figure
varies according to the amount of water
vapour present and also the temperatuze
(higher temperature air can contain more
water vapour),

The SALR is less than the DALR because
as a parcel of saturated air ascends and cools

A
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Figure 6.1

A temperature altitude
graph, with the fapse rofe
disployed by o fhick hlack
line. tn the layer A to B
the temperotuss increoses
with height, os it does in
the fayer immedintely
above B. Fisewhere the
temperature decreosss with
height. DALR and SALR
fines are depicted os thin
dofted fings. The thick
dashed fine depicts the
displacement of o
sefurated porcel rising
from C o £, ofong the
SALR.

the water vapour condenses into water
droplets, releasing latent heat into the parcel,
thus slowing the cooling. Conversely if 2
saturated parcel descends and warms, latent
heat is absorbed from the parcel, thus
reducing the rate of warming (generally
termed evaporative cooling).

6.2

Alr rises if it is warmer than its surroundings.
Technically air doesn't rise because it is
warmer; it rises because warm air is less dense
than cold ait, and thus more buoyant,

If the vertical temperature distribution of
an air mass is known, the rate of change of
temperature with height can be determined
and thus the stability.

The atmosphere is considered to be stable,
unstable, nentral or conditionally unstable as
follows:

DetermiNING STABILITY

10 000 (I
— Conditionally
8 unstable
=
o
‘@ Stable for dry
T

and saturated ajr

<

000 == T m—m——————

if, because of the vertical temperature
distribution (lapse rate) a lifted parcel is
cooler and therefore denser than the
surrounding air, the parcel will tend to
sink. Thus the environment is defined as
being stable;

if because of the vertical temperature
distribution a lifted parcel is warmer and
less dense than the surrounding air, the
lifted parcel will continue to rise, In this
case the environment js defined as being
unstable;

if the lapse rate is such that a lifted parcel
is the same temperatare as the
surrounding air, conditions are said to be
neutral; :

in some situations the atmosphere is stable
for unsaturated parcels of air but unstable
if saturated. This is called conditional
instability.

Actual Japée rate

Stable for dry
and saturated air

Unstable for a
saturated parcel
but stable for
unsaturated air

Neutral stablity

/ for dry air

20

Temperature (°C)
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Referring to Figure 6.1, stable, unstable,
neutral and conditionally unstable layers can
be determined by comparing the
temperature lapse rates (black line) with the
DALR and the SALR.

+ any parcel (dry or saturated) forced to rise
and cool at the DALR. or SALR,, between

A and B will remain cooler than the

environmental temperature and would

therefore sink once forcing had ceased.

The layer is said to be stable;

s a parcel forced to rise and cool through
the neutrally stable layer between B and
C at DALR will continue to rise only if
forcing continued, because it would be
neither warmer or cooler than the
enviromment;

s any saturated parcel rising through the
conditionally unstable layer from C to
D at SALR would remain warmer than
the environment and thus continue to rise
and cool at the SALR.. On the other
hand, an unsaturated parcel would cool at
the DALR,, remain cooler than the
environment and sink once any forcing
had been removed;

+ like the layer from A to B, all parcels,
saturated or unsaturated rising between D
and E would only continue to rise if they
were forced upward, since the layer is
stable.

In-general when the environmental lapse

rate:

* is between the DALR and the SALR the
atmnosphere is considered to be
conditionally unstable;

¢ is less than the SALR the atmosphere is
considered to be absolutely stable;

* is the same as the DALR it is considered
to be neutrally stable;

* s greater than the DALR it is considered
to be absolutely unstable.

6.3 THE “SkewT-LooP’ AEROLOGICAL
DiaGRAM

The Australian Bureau of Meteorology
mainly uses the ‘SkewT-LogP' acrological
diagram to determine stability.

Although an understanding of the
aerological diagram is not a pre-requisite for
pilots, it is discussed here because such
diagrams are freely available over the internet
and are used extensively by glider pilots to
calcalate thermal activity. The diagrams are
also useful for a better understanding of the
changes that occur in the atmosphere on a
daily basis.

The diagram’s name reflects the
parameters associated with the vertical and
horizontal axes. Atmospheric pressure (hPa)
is plotted along the vertical axis using a
logarithmic scale. This represents the
variation of atmospheric pressure with
height observed in the earth's atmosphere.
The pressure scale is along the left-hand side
of the diagram. Temperature (0°C) is shown
along the horizontal axis, increasing from left
to right. The lines of constant temperature
are ‘skewed’ from the lower left to the upper
right of the chart.

The diagram is used for determining the
stability of the atmosphere above a specific
location by comparing the actual lapse rate
with the DALR and SALR lines (thin
dashed lines discussed later) on the chart.
The stability is of interest in relation to
rising air parcels, because if the atmosphere is
unstable and moist, showers or
thunderstorms may be a consequence,
depending on the magnitude and depth of
instability and tnoisture availability. Rain
occurs when the atmosphere is moist but
stable, and there is a mechanism for
continuous lift.

Since the pressure and volume of the
rising parcel will change according to the
lower pressure encountered higher in the
atmosphere, the temperature and dew-point
will also change. If it is known how much
these parameters change we can predict if
the parcel will be warmer or cooler than the
actual lapse rate and thus the stability of the
parcel can be determined. For this reason
dashed lines of dry adiabats, moist adiabats
and mixing ratio are displayed on the
diagram, A parcel will rise parallel to one of
the lines depending on whether it is
unsaturated or saturated. The dew-point will
follow the mixing ratio lines (dew-point
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decreases about 0.6°C per thousand feet) to
the level of saturation. Thus:

* dry adiabat lines depict the DALR. They
represent the path for an unsaturated
parcel of aix;

* moist adiabat lines depict the SALR. They
represent the path for a saturated parcel of
air;

* mixing ratio lines depict the dew-point rate
of change (and the path) for an
unsaturated air parcel (Dew-point
temperature is the temperature a parcel of
air would have to be cooled to, for it to
become saturated).

A parcel will generally subside (sink)
along a dry adiabat, undergoing
compressional warming and quickly
becoming warmer than the surrounding air
and hence becoming stable.

6.4 TEMPERATURE INVERSIONS

Temperature inversions are of interest

because:

+ they generally limit vertical development
of clouds;

* they trap pollutants that reduce visibility;
* noticeable changes in aircraft performance

sometimes occur when flying through
them;

* twbulence is frequently encountered
when flying through and/or near
inversions.,

* fog and low cloud often form in light
winds, within low-level inversions, when
moisture levels are high.

Three common causes of temperature

mversions in the lower atmosphere are:

» radiation from the earth’s surface:

* subsidence (sinking air) associated with
high pressure systems;

¢ frontal systems.

Subsidence, radiation and frontal inversions
are evident in the Perth soundings in Figure
6.2,

For the latest sounding (red line):
* 2 radiation inversion exist from the surface

to about 980 hPa;

* a frontal inversion lies just above 600 hPa.

For the previous sounding (blue line):
* a subsidence inversion existed near 800
hPa,

Other features to note in the figure are:
* the tropopause for the latest (red)
sounding is near 360 hPa;

* the tropopause for the previous sounding
(blue) was near 410 hPa,

[ —
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Figure 6.2

Shows twa saparale sets of temperature and dew-point temparoture plats. The red plot is for 02/07/2001 ot 2300 UTC and the blue piot is for
02/07/2001 ot 1100 UTC. The two plots show changes in fempesature and moistute, and from this can b infarred changes in the stobifity duedng o
welva-hour period. The barbs an the right-hend side show the variation in wind dizection and speed (knots) with height for the time of the latest plot.
Solid triangles represent o wind speed of 50 knats; g single lice represeats 10 knots while  half line sepresents 5 knots. So at 400 hPa the wind is 65
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indicative of significant wind shear of approximately 25 knots ot the top of the inversion. Mso note thai winds inceease with height to o meximum of 155
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Figure 6.3

A temperature olfitude
graph showing the lopse
rafe of the fime of suface
minimum tempayature, os
o thick bfack fins, BCD.
The ling ACD represents the
lapse rate of the time of

_surface moximem
temperature, Loyer BC is
the inversion layer.

Sutface radiation inversions
Surface inversions form on clear, light-wind
nights and are strongest around sunrise. They
form as air in contact with the ground cools
by conduction. Because air is a poor
conductor, strong surface inversions tend to
be shallow, typically a few hundred feet
thick, and can occasionally have a
temperature increase with height of up to
10°C from the surface to the top of the
inversion. Deeper radiation inversions may
extend many hundreds of feet if light
turbulent winds mix the very cold surface air
into the warmer air above, Figure 6.3 shows
the structure of a radiation inversion with a
shallow layer of cold air under warmer air,

The rapid decrease in density associated
with strong surface radiation inversions can
have a noticeable affect on climb
performance, especially for light aircraft.

Surface inversions can also be associated
with strong wind shear when the less dense
air at the top of the inversion tends to flow
over the colder air, rather than mixing with
it. An aircraft climbing through the top of an
inversion may experience a sudden increase
in wind speed and/or direction and
tarbulence,

Within the inversion layer visibility may
be reduced by trapped particles of smoke

and dust. Fogs are prone to form within
radiation inversion layers.

Subsidence inversions

Subsidence inversions (depicted in Figure
6.4) frequently occuar with high-pressure
systems that cause 2ir in the upper levels to
sink and thus warm. When the upper layer
Warms at a greater rate, an inversion is
formed. A typical subsidence inversion in the
Australian region occurs at an altitude of
4000 to 6000 feet. Subsidence inversions are
strongest and lowest on the eastern flank of
high pressure systems.

Subsidence inversions can be of significance

to aviation because:

* thick haze and smoke can be trapped
beneath the inversion so that descent
through the inversion is coincident with
markedly reduced visibility;
convective currents are inhibited so that
Jow-level convective clouds are limited in
their vertical development. Cloud tops
therefore spread out below the inversion
fayer to form a solid layer of stratus or
stratocumulus cloud. With slow moving
high-pressure systems this cloud layer may
persist for several days especially during
winter (sometimes referred to as anti-
cyclonic gloomy;

* persistent low stratus cloud may form, if
surface conditions are moist and light
winds mix the air to saturation below the
inversion;

* they provide ideal environments for fog
because:

the atmosphere is generally clear above

the inversion;

- winds below the inversion are light;

~ pollutants are trapped within the
inversion layer providing an abundance
of condensation nuclei;

- humidity is often high;

- conditions are favourable for radiztion
inversions to form below a subsidence
inversion.
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Frontal inversions
Frontal inversions (depicted in Figure 6.5)
form at the frontal surface in the upper
atmosphere between the cool and warm air
separating two air masses. Similar inversions
occur on a more local scale at the sea breeze
front. The inversion itself is not as significant
to aviation as the weather that accompanies
it. However turbulence and wind shear
typically occur at the interface zone between
cooler and warmer air that may upset

+ smooth flight.

Figure 6.4

A temperature altitude
graph typicat of o
subsidence inversion. The
fopse tate {shown as a
thick black ling} shows
nigh-level warm air
overlying low-level cooler
air. The demarcation zone
between the warm and
coof it is referred to os
the subsidence inversion.

Figure 6.5.

A temperature altitude
graph showing 1he lapse
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inversian af upper evels,
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CHAPTER 38

CLOUD

; An appreciation of doud types and formution processes cun alert pilois to associated
phenomenu significant to aireraft operations.

A cloud is a visible aggregate of tiny water
droplets and/or ice crystals suspended in the
atmosphere and can exist in a variety of
shapes and sizes. Heavy precipitation, severe
winds, turbulence and aircraft icing
accompany some clouds.

8.1  CLoup CLASSIFICATION

There are ten main cloud types, categorised
as low, middle or high according to the
height of the cloud base. These are listed in
Table 8.1.

8.2  CLoup HEIGHT

Cloud base heights are reported in feet.
Typical base heights above mean sea level are
listed in Table 8.1. Under hot inland
conditions the bases of cumulonimbus and
cumulus clouds may be observed at even
higher levels than those stated in the table.
Note: height of cloud bases for:

+ ARFOR (ARea FORecast)
are above mean sea level;

+ TAF (Terminal Area Forecast)
are above aerodrome elevation;

+ METAR/SPECI observations
are above acrodrome elevation.

8.3  Cioup FormatioN

Cloud formation requires significant
amounts of water vapour, adequate
condensation nuclei and a cooling
mechanism to bring air to saturation.

The most efficient way to cool air is by
lifting it to higher altitudes. Ascent may be
initiated when:

s air warmer than its environment becomes
buoyant and rises {convection);

» air is forced to flow up and over higher
terrain (orographic);

s air is forced to rise over frontal surfaces
{(widespread ascent):

+ winds converge at low levels (sometimes
widespread but can be local).

If the rising air is warmer than the
surrounding atmosphere and condensation
occurs, a camuliform type of cloud is
.produced. If the rising air remains cooler
than the surroundings atmosphere and
condensation occurs, cloud formation is

(lres (i Tahle 8.1
- {loud classification and
Cirrostratus G| 20000 1o 40 000 typical base heights ohave
Grrocwmalus (¢ mean seo level.
DD Altostratus As
8500 to 20 COO ft
Aftocumulus Ac
Himbostratus MNs | From 500 to 8500 f, sometimes up to 20 000 &
{ Cumulonimbus {b .
from 2000 to 5000 i, sometimes dowia to 1000 ft o up to 10 000 ft
Cumulus w
Stratocumulus Sc {1 2000 to 5000 {, semetimes down fo 500 ft or up to 8000 fi
Stratus St | 500 te 2000 fi, sometimes just above the suiface and up to 4000 &
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Cumulus cloud forms

Condensation level

E
g Buoyant bubble
T
Bubble breaking away
Water vapour
Film of hot air

Figure 8.1

Ascent of o buoyent air bubble. Initiclly @ flm of very hot gir is estoblished over the ground.
Brerkaway bubbles of air sccur ovar hot sposs. .

Figure 8.2

Threa examples of cloud Lenticular

formatian due 1o the lifting
of moist ait.

Cumulus

cloud \

Orographic

cloud \

stratiform. Two other important mechanisms

for cooling air are:

* the mixing of warmer air with cooler air
(turbulent mixing);

* air contacting cooler surfaces
(conduction}.

Convective ascent

Air will rise from the surface by convection

when bubbles of surface air are heated more

than their surroundings as iHlustrated in

Figure 8.1. Suitable conditions commonly

occur when:

+ strong surface heating occurs during the
day:

+ a relatively cold air stream moves over a
warmer surface.

Cumuliform clouds may form if the
surface air is moist enough and by rising, the
air is cooled to saturation.’The depth of
convection is determined by the moisture
content of the rising air and the temperature
distribution of the environmental air.

Buoyant bubbles carry with them
moisture that will condense to form cloud if
it reaches the condensation level.

Ovrographic ascent

Orographic ascent is the forced vertical
motion of air by mountains or raised terrain.
The type of cloud formed depends on the
stability of the atmosphere and moisture
content of the surface layer. Some examples
of cloud formation are depicted in

Figure 8.2.

Orographic cloud forms on higher
ground when moist air condenses below the
ridge-top in stable conditions. Cumulus
clouds form when air flowing over high
terrain condenses above the hilitops when
the atmosphere is unstable. Lenticular clouds
form above hilitops when wave motion in
the atmosphere lifts moist air to saturation in
a generally stable atmosphere. In the
lenticular case, cloud forms in the up motion
section of the wave and dissipates in the
downward flow past the wave. It is the wave
formation that creates the lens shape of the
lenticular cloud.
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Widespread ascest

Widespread ascent frequently occurs when
one air mass slides up and over another. This
may occur with the slow convergence of air
from a region of high pressure to a region of
low pressure. Widespread ascent also occurs
in the frontal zones and within troughs of
low pressure. Figure 8.3 illustrates the clouds
that may form if the lifted air is moist
enough, namely stratus (St}, cumulus (Cu),
cumulonimbus (Cb), altocumulus (Ac), when
a mass of cold air forces warm moist air to
be lifted. The cold air acts like a wedge.

Turbulent mixing

Air flowing over terrain is generally
deformed by frictional forces into a series of
eddies similar to water in a fast flowing
stream. Strong low-level inversions have the
capacity to contain the turbulence in a
confined layer, leading to cooler air from the
base of the inversion mixing with warmer air
from near the top of the inversion, effectively
cooling the entire layer. If at some point
within the layer saturation occurs, stratus or
stratocumulus cloud may form. Figure 8.4
depicts the formation of cloud by mixing air
to saturation below an inversion.

At higher levels some forms of
altocumutus as well as cirrocumulus occur in
the turbulent region between two horizontal
air currents moving from different directions
or at different speeds.

Low ragged stratus clouds may form
below cumulonimbus and nimbostratus
through the process of turbulent mixing.

Conductive cooling

Contact cooling (conduction) is primarily
responsible for the formation of dew, fog and
frost. Dew will form when temperature falls
to the dew-point and winds are so light that
turbulent mixing does not occur. Fog is
more likely to occar when winds are light
but sufficiently strong to promote turbulent
mixing of shallow saturated aiz. Fog
formation is discussed in detail in

Chapter 13.

Cb

T Ac

Frontal zone -

Cold alr

8.4  Croup Bast Anp Tops

Three calculated examples of cloud base and
tops are included here to assist in
understanding some cloud formation
processes.

In Chapter 7 (section 7.5) a method for
approximately calculating cloud base was
given using dew point, temperature and the
DALR. Meteorologists use aerological
diagrams to carry out these calculations
graphically. A detailed description has been
given in Chapter 6. ' :

Calm Light wind
Gentle mixing

No mixing

.

——  Smooth air

Stratus or stratocumulus

Height

Inversion top

TE

Turbulent air

Warm air

4
SC‘@ ,?Q'/ng

2

Figure 3.3
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and cooled to seturation.
the saiusated air is
buoyant, camulus clouds
form. 1§ buoyarcy can be
maintained through ¢
considerable depth of the
tioposphere shen
thenderstoem clouds {Cb)
will form,

Figure 8.5

{ontact cooling
{conduction) of o shallow
layet of gir leading to
suturation and the
formoation of dew in calm
wind condifions {A}. Light
winds {B) promote mixing
of cool ais To higher Jevels,
bringing a thicker fayer of
air o saturation, thus feg
foms.

Figure 8.4

Air sraoped beneath an
inversion mixed by the
wind rosults in cloud
gevalopment below the
invarsion fop.
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If the temperature and humidity profiles
of the atmosphere are known, we can
determine, using stability considerations:

s whether cloud will form if air is lifted,;
+ the type of cloud that is likely to form;

+ the height of cloud base and tops.

Convective ascent

For convection to occur a saturated parcel
lified from the surface must be warmer than
the temperatare of the surrounding
environment. Using Figure 8.6 as an
example, with a surface temperature of 20°C
an air patcel forced to rise and cool at the
DALR would remain cooler than the
environment and thus it would tend to sink.
However when the surface temperature
reaches 24°C the parcel will rise and cool at
the DALR to about 5000 feet and be cooled
to 9°C. The original dew-point of 12°C will
now be 9°C (0.6°C per 1000 feet), thus
saturation occurs. The saturation level is
represented on the diagram as the
condensation level; it represents the cloud
base. Further lifting will cause the parcel to
cool at the SALR. (along a path following

Approximate height in feet

the heavy dashed line). Because the parcel is
now warmer than the environment it will be
buoyant and free to rise until it reaches the
equilibrium level where it becomes cooler
than the environment.

The development of cumulonimbus
cloud is frequently halted by the tropopause
inversion, resulting in a massive and often
spectacular anvil top.

If camulus development is capped by a
strong subsidence inversion the rising cumulus
cloud will spread out into a deck of
stratocumulus cloud as depicted in Figure 8.7.

Forced ascent

Forced ascent may occur:

+ when air flows up mountain slopes
{orographic ascent);

+ when air is forced to rise in the vicinity
of cold or warm fronts;

» when air converges at lower levels of the
atmosphere, usually into regions of low
pressure.
in the following example (Figure 8.8}

surface air is forced to ascend over a range of
hills or a cold front.
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Figure 8.8.
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The previous examples are approximate
because they assume the rising parcel of air
does not mix with the surrounding air,
whereas some mixing of environment air
usually occurs. Turbulent mixing is ignored,
as well as interactions between downdrafis
and updrafts. Furthermore, vigorously rising
air often does not stop suddenly when it
reaches the same temperature as the
environment (equilibrium level). With
vigorous convection the overshooting tops
may go beyond the equilibrium level by a
few thousand feet.

8.5  Croup ComposiTioN

Cloud droplets

Droplets initially form when water vapour
condenses onto minute particles called
condensation nuclei, such as dust, smoke
particles or sea salt that are suspended in the
atmosphere. Droplets may grow to visible
size in a fraction of 2 second. However, the
process then slows down, For further
growth, collisions and fusing together of
existing droplets must occur.

Supercooled 1water droplets

Supercooled water drops are common
between 0°C and -20°C and may occur to -
35°C in the atinosphere, Aircraft flying in
cloud composed of supercooled water drops
are susceptible to icing (Chapter 11).

Ice crystals

Ice crystals form and grow either by the
direct change of water vapour to ice
(deposition) or by the freezing of
supercooled water droplets onto ice crystals,

Suowflakes

Snowflakes consist of aggregates of ice
crystals. These may occur in a variety of
shapes and forms depending on the
temperature and the environment in which
they form. The largest snowflakes occur
when the temperature is slightly below
freezing point and the atmosphere’s moisture
content is high.

8.6  PrecipITaTION

Precipitation is defined as liquid or solid
particles falling and reaching the ground.
Snow, ice and water droplets that fall from a
cloud but do not reach the ground are called
virga. Precipitation can be associated with
many aviation hazards, including very poor
visibility, water ingestion, poor braking and
flooding of runway surfaces. Unsealed
airstrips may be unsuitable for air traffic for
some days after heavy rain.

Drizzle

Drizzle consists of fairly uniform
precipitation, composed exclusively of fine
drops of water very close to one another. It
is often observed to drift with the air.

Rain

Rain is composed of larger water droplets
than drizzle, Drops tend to fall through the
air straight to the ground. Clouds that are
many kilometres in thickness produce large
raindrops. Rain falls from clouds that are
produced by widespread vertical motion,
rather than convective motion. Because of
the widespread nature of rain clouds, the
precipitation tends to be continucus. On the
other hand the intensity can vary over time.

Showers

Showers are a product of convective clouds.
They are characterised by their abrupt start
and finish and by the rapid and sometimes
large variations in the intensity of the
precipitation. Between showers, sunny breaks
may appear unless stratiform clouds fill the
intervals between the cumulus clouds.
Showers may consist of water drops, hail or
SnOwW.

Snow

Snow is precipitation in the form of
aggregated ice crystals called snowflakes.
Most of these are branched and are
sometimes star-shaped.

O



procen e

{lovd

37

Hail

Hail consists of ice stones with diameters
mostly ranging from a few millimetres to
over two centimetres. Much larger hail can
fall from severe thunderstorms. During the
Sydney hail storm of 1999, hail stones
measured up to 9 cm. Larger hail stones have
been recorded. Hailstones may fall singly or
frozen together in irregular masses and are
composed of clear ice or alternate clear and
opague layers.

Ice Pellets

Transparent, roughly globular grains of ice
about the size of raindrops. The interior may
be liquid and their shell may burst on
striking a hard surface. These are partially
frozen raindrops.

Soft Hail, Graupel and Snow Pellets

These are white, opaque, round or conical
pellets of diameter less than 6 mm. A central
crystal is covered with frozen cloud droplets
(rime). They may have low density, are easily
compressed and may shatter on striking a
hard surface. ‘

8.7  CLOUD DISPERSAL

Cloud development will naturally begin to
weaken once any of the processes leading to
its formation cease to operate. Other factors
leading to cloud dispersal are:

* warming due to subsidence;

* precipitation and mixing with drier
serrounding air;

* insolation often leads to the dissipation of
low-level clouds, including fog, low
stratus, stratocumutlus and small cumulus,
If sufficient solar radiation penetrates past
or through clouds to the ground both the
surface temperature and the mixing
condensation level will rise. As a
consequence the base of the cloud will
also rise, the thickness of the cloud
decrease and eventually the cloud will
disappear completely. This process is
sommetimes referred to as ‘burning off”.

Fair weather cumulus formed over the
land by convection due to insolation is 2

daytime phenomenon. It usually appears in
the late part of the morning, reaches
maxitmum development during the
afternoon and clears rapidly when the
ground cools towards evening,

8.8  Visual ipentieicatioN O Croups

Although the classification of clouds into
typical forms is of great use, the problem of
identifying clouds is not always an easy one.
It does not overcome the difficulties that
arise from the gradual transition between the
various types of clouds.

Reliable observations of cloud can best be
made, by keeping a close and continuous
watch on their development and by
observing associated weather. It is not always
sufficient merely to make a brief
examination of the skv.

The definitions, two-letter abbreviations
and associated weather conditions for the 10
cloud genera are as follows:

Cirvocumulus, Ce

Thin, white patch, sheet or layer of cloud
without shading, composed of very small
elements in the form of grains or ripples,
joined together or separate and more or less
regularly arranged. The elements have an
apparent width of less than one degree
(apparent width of Httle finger at arm
length). Composed of ice crystals.
Cirrocumulus clouds are not very common.

Cirrostratus, Cs

Transparent whitish veil of fibrous or smooth
appearance, totally or partly covering the sky
and generally producing halo phenomenon
(a luminous white ring around the sun or
moon usually with a faint red fringe on the
inside). Composed of ice crystals, Aircraft
condensation trails can spread out and form
a thin layer of cirrostratus.

Cirrus, Ci

Detached clouds in the form of white
delicate filaments of white or mostly white
patches or narrow bands. These clouds have a
fibrous or silky appearance. Composed of ice
crystals,
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Altostratus, As

Greyish or bluish cloud sheet of fibrous or
uniform appearance totally or partly
covering the sky and having parts thin
enough to reveal the sun at least vaguely as
would be seen through ground glass.
Precipitation in the form of rain or snow can
occur with this type of cloud.

Nimbostratus, Ns

Dark grey cloud layer generally covering the
whole sky and thick enough throughout to
hide the sun or moon. The base appears
diffuse due to more or less continuously
falling rain or snow. At times it may be
confused with altostratus cloud, but its darker
grey colour and lack of a distinct lower
surface provides a distinction from altostratus
cloud. Heavy continuous rain or snow
usually accompanies nimbostratus cloud.

Altocumulus, Ac

A layer or patches of cloud composed of
flattened globular masses, the smallest
elements of the layer being the apparent
width of two fingers at arms length.
Altocumulus clouds are usually thin, and
either white or grey in colour. The elements
are arranged in groups in lines or in waves,
which may be joined to form a continuous
layer or appear in broken patches. Coronae
(one or more coloured rings around the sun
or moony} are a characteristic of this cloud,
while irisation {coloured bands
predominantly green and pink often with
pastel shades) may appear along the thinner
edges of the elements. In an unstable
atmosphere the vertical development of
altocumulus may be sufficient to produce
precipitation in the form of light showers.
Virga (precipitation not reaching the
ground) is often a feature of altocumulus.

Cumulonimbus, Cb

Heavy, dense clouds with rounded towers,
rising to considerable vertical extent. At least
part of its upper portion is fibrous or
striated, often appearing as an anvil or vast
plume. The base of the cloud appears dark
and stormy looking. Low ragged clouds are
frequently observed below the base. Other

varieties of low clond, cumulus and
stratocumulus can be in close proximity to
cumulonimbus. Lightning, thunder, strong
wind squalls and even tornados are
characteristic of this type of cloud.
Cumulonimbus can produce moderate to
very heavy showers of rain, snow or hail. A
green tinge to the cloud often indicates the
presence of large hail.

Cumnulus, Cn

Detached clouds, generally dense and with
sharp outlines, developing vertically in the
form of rising mounds, domes or towers, of
which the upper part often resembles a
-cauliflower. The sunlit parts of these clouds
are mostly brilliant white; their base is
relatively dark and nearly horizontal.
Precipitation in the form of showers of rain
or snow may occur with large cumulus.
Given the right conditions, cumulus clouds
will grow into cumulonimbus clouds.

Strafocunnlus, Sc

Grey or whitish patch or sheet of cloud that
has dark parts composed of rounded masses
or rolls that may be joined or show breaks
between the thicker areas. Most of the
rounded masses have an apparent width of
more than 5 degrees (the apparent width of
three fingers at arms length). The associated
weather, if any, is very light rain, drizzle or
snow. Stratocumulus is often observed to
form from the spreading out of the tops of
curnulus,

Stratus, St

Generally, grey cloud layer with a uniform
base. Precipitation in the form of drizzle may
occur. Stratus may appear as shreds or
fragments below the base of nimbostratus or
altostratus. Stratus sometimes forms by the
lifting of fog. Stratus cloud also occurs at
frontal surfaces and in precipitation, although
in these cases it tends to be patchy rather
than a continuous deck.

Figure 8.9 depicts many of the classical cloud
forms and some variations.
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Cirrus Cirrus, cirrostratus, small cumulus.
Photo© §. £. Trologgon Phote©@ 6. E. Trolaggon

Cirrocumulus, cirrostratus. Cirrocumulus, cirrostratus.
Photo®@ 6. E. Trolaggen Proto© G, E. Trafoggan

Cirrostratus, altostratus, ragged stratus. Cirrus, altocurmnulus and stratocumulus.
Phate©6. € Troleggan Fhoto @6, £ ictaggan

Altostratus, altocumulus. Altocummlus, cirrostratus.
Photo©6. E Trologgan Photo®4. E Tralaggan

Figure 8.9
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i -/
Altostratus, cumulonimbus, cumulus.

Fhato@6. E Tralaggan

Altocumulus.
Phote©@6. £ Trokeggen

Altostratus, cumulus, stratocumulus, stratus.
Fhota©6. E Tiolaggon

Altostratus, cumulus, steatocumulus,
Phato®6. E Trotaggan

Cuamulus,
Pho'a©6. E Trologgan

Cumulus.
Pheto©6. € Tralaggon

Cumulus.
Fhote®6. ETiolaggon
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Figure 3.9
Cloud types

3 33 %3 L s

Cumulus. Cuwmnulonimbus, anvil, cumulus, cirrus.
Pheto®6. £ Trolaggen Phota 6. E Trekaggon

T 7
Cumulus, stratocumulus. Stratocumulus.
Phato©6. £ Tralaggen Photo@6. £ Trdlaggan

Cumulus tending to be stratocumulus. Stratocumulus.
Phta®0. £ Tralaggon Phato@6. £ Tralangan

Stratocumulus. Stratocumulus.
Phato@8. E Trologgen fhato®6. E Traloggan
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Figure 8.9
(foud typas

Stratus close to the ground, possible fog Stratus obscuring hills.
below. Phote®G, E Trataggan

Phofo®6. £ Trologgan

> =5, e LR

Fog obscuring the ground. Altostratus or nimbostratus with rain
Phete@6. E Tratapgen reducing visibﬂity.
© Pholo©6. £ Trataggan

e Tee X5

Stratocumulus with altostratus above., Altostratus or nimbostratus with rain is
Photec@. £ Trokoggon reducing visibility.
Fhoto©4b. T Traloggan

7
Cumulus, lenticular. Lenticular,
Phata®$. £ Trelaggan Phate@Bardon Ridkardson

{
|
|
!
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Figure 8.9
Cloud types

Wall cloud beneath cumulonimbus. Wall cloud beneath cumulenimbus.
Photo@©Bordon Gamedd Phato®bardoa Garrodd

Hail falling from cumnulonimbus. Cumulus, cumulonimbus, anvil.
Fhoto©Gordon Gamadd Pheto@Gudon Gorradd

Cirrus anvil projecting from cumulonimbus.  Showers below a line of large cumulus.
Photo©6. E Traloggan ThatoD6. E Tiokaggan

d

Hook signature of a microburst. - Wall cloud beneath a cumulonimbus,
Fhoto©Gardon Garrodd heavy rain,
Photo@8. E Trolognon
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Manmmatus beneath cumulonimbus.
Photo®0, E Trotoggon

Fog

Fog is whitish cloud in contact with the
ground; reducing visibility to below 1000
metres. It s discussed in Chapter 13.

The following ATSB report clearly
indicates that VFR flight into cloud is
potentially dangerous and can be fatal.

Witness reports indicate that the pilot
had established the aircraft below the
cloud layer some distance from Jerilderie.
The most likely reason for this was in
order to make a visual approach to
Jerilderie. However, in the area of the
cold front, instrument meteorological
conditions extended from the base of the
cloud layer to the ground. With visibility
rapidly reducing, the pilot had the option
of continuing straight ahead and
chmbing in instrument meteorological
conditions to the lower safe altitude of
3300 feet, or turning back to remain in
visual conditions. The pilot initiated a
_left turn and entered instrument
meteorological conditions close to the

\J

7
Heavy precipitation from cumulus.
Proto©6, E Traoggon

ground. The turn would have required
the pilot to fly with sole reference to
flight instruments. The transition from
visual flight to flight by sole reference to
nstruments may take several seconds,
and an aircraft in a turn will generally
loose altitude until the pilot takes
corrective action. However, as the aircraft
was at low altitude when it began the
turn, it probably struck the ground
before the pilot had completed his
transition to instrument flight.

Although the pilot held an instrument
rating, he had minimal experience of
flight in actual instrument meteorological
conditions. He may not have previously
experienced the conditions that
confronted him on this occasion. The
combination of rapidly deteriorating
weather, gusting winds and low altitude
in conjunction with low experience and
recency with actual flight in instrument
meteorological conditions would have
required a high level of skill and
experience.
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8.9  FLYING CONDITIONS IN CLOUD

Flying conditions in cloud vary greatly A summary of cloud type and associated flying conditions

appears in Table 8.2.

Table 8.2 Flying conditions associated with clouds.

Cirrus

serip- of

High level cloud. White.

Little unless associatad

: Teing

Assaciated Flying Conditions

Indicafes the possibility

even chova doud.

it
{Ci) Fibrous er threadlike with o jet strem. of formation of pessistent
CppeaiOnGe. contrails.
Anvil dirrus Thick fibrays anvil Top part of Turhulance assaciation Usually too high i fiying ‘over the tep”
{<i) shaped cirus. cumulanimbus, with b, Con ba severe for significont icing. of winulus sky gives

warning of (b below.

common base.

Cirrostratus High leve! cloud. “Nil. Ifincreasing and Hay be it on anfeiing Usuaily too high foe ndication of formation
{Cs) White. Shaet ot layer. thickening may indicate cloud — usuolly only light. | significont fcing. of persistent conteails.
Halo phenomena. deterioration of weather.
Cirrocumulus | High level cloud, Waite. Nit Globslar foem of cloud Tao high for sigrificant Indicates formation of
€ ' indicofes pressnce icing. Ctoud vsually conrails.
of turbulence. dissipates sopidiy.
Thin Middle fevel claud. Generally nil. tight rain, Little in clowd. Distingt Seme risk. Usually fight | May thickea and lower
attostratus Bluish shaet or fayer. usually nat rgaching the bumps felf on entering fima as cloud particles into thick As or Ns,
{As) Sun oppears os through ground, may be o lenving dovd. small and femp. usually
ground gless. encountered fow.
Thick Bluish grey sheet Light to modesate Generatly light in cloud; Definite sisk. May lower and thicken
allostratus o layer. Sun oppears a3 rain of SO, may be moderate to Moderate rime. into Ns
{As) through ground glass savere at fronts, over (lear ice possible in Beware of
through thinner portions, highlands. Bumps on fowar fevels of cloud, embedded (b,
entering or faoving.
Altocumulus | Middle level cloud. Kl Usuaty light. Moy be light sime. il
{Ad) White ta grey.
Aftocumulus Lens or almond shaped. Hit Form of ctoud indécafes Moy be light time, Nil
lenticularis Forms in crests of waye form in atmosphete
mountain waves. with conseguent
turbulence, usually not
SVare,
Altocumutus | Tustet or casile shaped Possitle rain showers. Hoderate to severe. May be fight rime, Indicates instabilily in
castellonus profraberances on upper loyers.
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Associafed Flying Conditions

Cloui Typo | Bii Dosci, o Clond | Assooted Weather |- Turblenco | ling | Gonoral
Himbostratus | lew or middle levak cloud. Heavy continuous rain Senerally light in Definite risk. Ct or (b may be
{hs) Grey. Sheet or loyer. o1 SNOW, dloud; moy he modercie Moderate rima. embedded in o lorge
Stsr: obscured., 10 severe of frants, {tear ice probable expanse of Ns
over highlands. Bumas on | in lower levels of in serag sitections,
enfering or laoving. eloud, periculorly when
turbufence present.
Aecumlation of ice
may he greot due
o extensive cloud
cavatage.
Cumulus Low tevel cloud, Nit Light 1o modercfe. Liile risk. Freering Usuolly isolated or
{fine weather) | Cellulor, Flot bose. Jeve! usuolly ohove well scottered:
{Co). o | Small veriical extent. daud. dissipate at night.
‘ Couliflower shaped.
Large cumulus | Eow fevel cloud, Shovers of sain Hoderate to sevare both Dedinite icing risk. {an be as dangerous
{Cu) - | Celluloe. Flat bose. OF S90W. in ond helow cloud. (leor ice just above os (b,
S Lerge verticat extent, Violent on entering treezing height.
{aufiflower like bubbling. o lsoving,
Cumulonimbus|  Low level cloud. Thunderstorms, Fightning, | Severe both in and below |  Definite risk, Mast dongerous,
Withor . | Cellulor. Very lorge vertcal showsrs of sain, cloud, Yery violent on Dangercus clear ice
Without = | extent. Tops fibrous snow or hail. entaring 0z [eaviag. likely.
onawil | orstioted: moy be
() in shape of anvil.
Stratocomulus | Low lavel doud. fhay be drizzle. tight to moderale beneoth | Occasienal rims if Change in gir density
{Sc} Hosty grey. ond in doud — bumpiness |  freezing height Jow through the inversion
e passing through invession | enough. couses change in
at doud fop, smaoth aircroft performance.
above '
Stratys. tow fevel cloud. Moy be diizzfe. Light. Moy be inversion Usually il, Changg i oir density
{s1}. Greyish, ganerally thin as with Sc. through inversicn cousas
o sheet ot loyer, Sun, change in aiecralt
if visible, ey performance. Af fake off
discernible, Moy be importonf fo ctoin
tagged. ample flying speed
eoily in climb;
care in descent.
FOG (loud on the ground. Visibility below Hil Hil Very poos visibility
HIB0 metres.
Ohliterates view

of ground.

B




CHAPTER ¢

- WIND

Wind flows over the earth’s surface in much the sume way as water tlows in a stream.
The natural tendency is for smooth flow but when restrictions and obstructions are encountered
 the flow may become chaotic with reverse flows, swirls, vorfices, waves and wind shear that can
quickly overcome a pilot’s ubility fo control an aircraft.

9.1  Measurement OF Winp

It is sometimes difficult to obtain truly
representative values of surface wind speed
and direction because the motion of the air
is affected by such factors as the roughness of
the ground, the type of surface, the presence
of buildings and other obstructions to air
flow as well as the stability of the
atmosphere.

In addition, wind speed normally increases
with height. It is therefore necessary to
specify a standard height for making surface
wind measurements, so that winds at
different locations can be compared.

The standard exposure for surface wind
instruments is over level open terrain 30 feet
above the ground. Open terrain is defined as
an area where the distance between the
instrument and any obstruction is at least ten
times the height of the obstruction.

Aerodrome meteorological observations
(METAR/SPECI) report wind speed and
direction averaged over the 10 minutes up to
the time of the report. Wind direction relates
to true north and is the direction from
which the wind is blowing. Speed is
reported in knots. A reported wind of
31510KT indicates that the wind is blowing
from the northwest at a speed of 10 knots.

NOTE: The Bureau of Meteorology’s
Automatic Weather Information Broadcast
(AWIB) reports one minute updates (of the
two minute mean) with wind direction
relative to magnetic north.

9.2  Pressure ANp WIND

The relationship between pressure and wind
is one of the fundamentals of meteorology.

Buys Ballot’s law describes one aspect of the
relationship for large-scale flow:

If an observer stands with his back to the
wind the lower pressure is on his right in the
southern hemisphere, on his left in the
northern hemisphere.

An observer in the southern hemisphere
standing with his back to the wind (imagine
standing at any point A in Figure 9.1) the
low-pressure region will be on the right and
the high-pressure region will be to the left.

For large-scale flow as depicted in Figure
9.1, Buys Ballot’s is a useful law, but it often
does not apply to small-scale flow. For
example the rule may not apply to winds
that are deflected by terrain or locally
generated winds such as sea-breezes and
katabatic winds.

Air moves in response fo pressure-
gradient forces that build up between areas
of high and low pressure. The greater the
pressure difference, the greater is the
pressure-gradient force and hence the

faster the air tends to flow

Figure 9.1

Painks & are reference
points to opply Buys
Batfot's low, i.e. with wind
to your hack high prassure
is fo the laft and fow
pressure fo the tight.
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Chaptar 9

Figure 9.2

The diagrom shows the
variation in eaith speed
and the Coeiolis deflection
between Melbourne ond
Sydrey lotitudes. Fora
peison stonding f point A
who wonis to fite o missile
to hit point B {directly
noith) the missile woutd
have fo be aimed toward
point €, (to the eight of the
target), This is bacouse the
saith is rotofing much
foster north of the storting
point. So by the fime the
missite hos traveled
northward to the Sydney
latitude, the original torget
hos shifted 37 kitometres
to the right.

Sydney latitude

(8)

Coriolis deflection

Melbourne fatitude

Tt might be thought that the wind should
flow divectly across isobars from high to low
pressure. However, the observed behaviour is
that the wind two to three thousand fect
above the surface, usually flows parallel to
the isobars, while the surface wind blows
slightly across the isobars, so there must be
some other factors to consider.

There are two other forces acting on the
airflow. The first, the Coriolis force, is due to
the earth’s rotation. The second, the frictional
force, is due to the frictional drag of the
earth’s surface.

9.3 CorioLis Force

The earth’s rotation creates an apparent force
that deflects the wind from a straight path
across the earth’s surface. This force is called
the Coriolis force.

The Coriolis force acts on any object
moving across the face of the earth
(including rivers), due to the varying
eastward speed of the earth’s surface from
pole to the equator as indicated in Figure
9.2, Consider Figure 9.2: Sydney (Jatitude 34
degrees south) travels at 750 knots eastward.
Melbourne (latitude 38 degrees south) travels
at only 710 knots eastward. If a projectile is
fired, due north, from 38 degrees south, it
has an easterly speed thvough space of 710
knots. But the point due north has an
easterly speed 40 knots greater. If it takes the
projectile half an hour to reach 34 degrees
south, it will be 37 ki west of the target —

—803 knots

5 kTS- 234 knois

an apparent deflection (from the dotted line}

to the left of the intended path.

Coriolis force has the following properties:

* it acts perpendicular to the motion,
deflecting motion to the left in the
southern hemisphere (to the right in the
northern hemisphere);

* it is directly proportional to the wind
speed: zero when the air is stationary and
at a maximum when the wind speed is at
a maximum;

+ the magnitude depends on latitude: it s
zero at the equator and large near the
poles. To make sense of this consider the
difference in speed between 15 and 30
degrees south (872 - 782 = 90 knots) and
the difference between 15 degrees north
of the pole and the pole (234 - 0 = 234
knots}. The deflection then is obviously
greater near the pole.

Although the Coriolis force affects all air
motion, on all scales, its effect is minimal for
very small-scale air movement and very
important for large-scale circulations.
Deflections are not perceivable over very
short distances but they are important over
longer distances. Pilots must make
navigational corrections to allow for the
Coriolis effect.
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9.4  FrictioNaL Foree

Frictional forces retard wind flow near the
earth’s surface. The depth of the atmosphere
through which frictional forces act varies
with the degree of stability and the
roughness of the surface, but is generally
accepted to be 2000 to 3000 feet. The
fricrionally affected layer is called the friction
layer or the boundary layer.

The result of frictional retardation is that
the Coriolis force is reduced and no longer
counters the pressure gradient force. The
wind therefore flows slightly across the
isobars in the direction of the pressure
gradient force; that is, towards lower pressure.

The reduction in wind speed in the
friction layer and the extent of cross-isobar
flow, caused by the Coriolis force, depends
on the roughness of the underlying surface.
Over the sea, where the friction is less than
over the land, the surface wind speed is
reduced to about two-thirds of the wind
above the friction layer, and the flow is at an
angle of about 10 degrees to the isobars.
Over the land, the sutface wind may be only
half or even one-third of the wind above the
friction layer and the cross-isobar angle of
the flow will be 25 to 30 degrees before
allowing for topographical or diurnal effects.
See Figures 9.3 and 9.4 for example of the
balance of forces in the southern hemisphere
when friction is included.

Surtace wind flows
across isgbars (hPa)

10190
1006
Weaker Pressure
Coriolis gradient
force force
‘Frictional
force
1008 Surface wind flow
across isohars (hPa)
1010
Weaker Pressure
H Coriolis gradient
force force
Frictional ¢
forcse

Figure 9.3

Surface wind Howing
across isobars fowards fow
pressure {southern
hemisphere cose).

Figure 9.4

Susface wind flowing
across isohors away from
high pressure {southern
hemisphere cose).



50 Chopter 9
9.5  Wnp Fiow ABove THE FRricrion Laver If the isobars are curved as is the case
Free of the friction-layer, winds blow parallel around Pm}jsiﬁle sylz‘st(-ems-, geflelallyhthe b
to isobars either as straight, cyclonic or pressure gra HENC 10KCe 1§ greater than ¢ .
. . : Coriolis force around lows and the Coriolis
anticyclonic flow. force is greater then the pressure gradient
Straight-line flow for?e HI‘OLIIlld highs leading to cyclonic and
When the pressure gradient and Coriolis anticyclonic flow.
force are in balance, straight-line flow Curved, cyclonic flow
occurs, 1.e. wind doesn’t flow toward low or T L
) . When the pressure gradient force is greater
high pressure (Figure 9.5). than the Coriolis force, the flow follows
. a curved path around low pressare
Figure 9.5 Coriolis (Figute 9.6).
Steoight line ﬁpw force .
{southern hemisphere). $010 H A Curved, anticyclonic flow
Wind flows parallel When Coriolis is the larger force, curved
to isobars (hPa)\ flow is around high pressure (Figure 9.7).
1006 3 » These relationships break down in the
1002 equatorial region when Cotiolis force
becomes so small that its influence is
998 negligible. At the equator Coriolis force is
L Pressure zero, and is negligible from there to about
gradient 15 degrees latitude,
force Because the relationship between wind
speed and pressure gradient breaks down in
Figure 2.6 equatorial regions isobaric charts are not
Wing flowing parallel to Wind flow paralfel 1010 used there to represent weather patterns.

isobars araund fow
presstire, in a clockwise
direction, ahove the friction
tayer, in the southern
hemisphere,

Figure 9.7
Anti-cyclonic Hlow above
the friction Joyer in the
seuthern hemisphere,

to isobars (hPa)

3 1006
C Pressure

Coriolis

force € | gradient
force

10086

Wind flows parallel
to isobars (hPa)

.1010

L Prassure
H Coriolis gradient
force force

Instead streamline charts that show wind
direction are used rather than the pressure
pattern.
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9.6

If there is a net gain or loss of air above an

CONVERGENCE AND DIVERGENCE

area in a column from the earth’s surface to

the top of the atmosphere, the surface

pressure will change. A loss of air leads to a

fall in pressure and 2 net gain of air is

associated with a pressure rise. Falls and rises
in surface pressure often result from surface
convergence and divergence respectively:

+ convergence occurs when there is a net
horizontal inflow of air into a surface
region (termed horizontal convergence).
The accumulated mass of air near the
surface leads to up motion;

» divergence occurs when there is a net
horizontal outflow of air at the surface
(termed horizontal divergence). The
deficit of air at low levels leads to
downward motion.

Developing surface depressions and
troughs of low pressure are associated with
convergence in the lower troposphere and
divergence aloft. The divergence aloft must
be greater than that of convergence near the
earth’s surface for the surface pressure to fall.
Figure 9.8 shows how horizontal divergence
at X is associated with horizontal
convergence at A. This is linked with upward

.motion.

By contrast, developing anticyclones and
ridges of high pressure are associated with
convergence aloft and divergence in the
lower troposphere. These effects are linked
with downward motion of the air. Figure 9.8

P !

Convergence

I JC

Dlvergence

Figure 9.8

Convergence and divergence asseciated with up oad down motion
in the atmosphere. Up mation is occurring at A above the
convergent low-pressura region, while rising air diverges ot X,
Down motion oceurs aver a high pressure divergent iegéon ot B
while in the upper oir convergence cccurs of ¥,

shows the horizontal convergence atY is
greater than the horizontal divergence at B,
when swiface pressure is increasing.

If a rapid fall of pressure occurs at A, a
low-pressure area develops and boundary
layer air is accelerated towards that region by
the action of the pressure gradient force.
Slow upward motion {ascent) may then take
place over a wide arca. Thick masses of cloud
and precipitation may occur if the moisture
content of the air is high enough.

A rapid rise of pressure near B leads to the
development of a high-pressure area in that
region. Slow downward motion (subsidence)
over a wide area inhibits cloud development.

9.7

Backing and veering are the two terms used
to describe changes in wind direction. If the

Backing AnD VEERING

wind direction changes in an anticlockwise
direction it is said to back. If it changes in a
clockwise direction it is said to veer. In
Figure 9.9, if the wind changes from a N'W
to SW direction the wind has backed.
Veering would occur if the wind changed
from the SW to the NW.

NW . Nw

fo) ]

i o

Y [ =

[& =

A b

« ! i

'}

SwW SW

9.8  Gusts AND SQUALLS

Gusts are increases in wind speed lasting for
just a few seconds and are indicative of
instability and turbulence in the boundary
layer. In the absence of any showers,
thunderstorms or frontal systems the strength
of wind gusts is typically 30-40% greater
than the mean wird but can be up to 100%,
with the latter more likely at lower mean
wind speeds. However, wind gusts can be
much higher in the vicinity of showers
thunderstorms and frontal systems. These
phenomena frequently superimpose locally
generated winds over the mean winds. Pilots

Figure 9.9

Backiag and veering of
wind direction.
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Figure 9.10

Recoeding of wind speed
ond disaction iHustioting

the general variability of ag
wind direction and speed S
over fime ond p
superimposed gusfs, 5
o
&
5 360
- o N
g 270 TR ﬁiﬁ!ﬁ' H‘?ﬂ? Abr"l‘.]r#;nimA ','i’l.‘-'fﬁﬁxt“!&w&’%
8 180 . S S

Wind direction and speed recorded over a 21 hour period.

should be aware that wind gusts significantly 9.9 WiND SHEAR
stronger than the mean wind are possible
particularly during thé take off and landing
stages of a flight in the vicinity of showers
and thunderstorms. For surface winds in
excess of 30 knots, pilots should also expect

Wind shear is manifested by a marked
change in wind direction and/or speed as
depicted in Figure 9.11.

Wind shear is often signatured by clouds
. moving in different directions at different
moderate or stronger turbulence, particularly o .
. . . levels and by smoke plumes rising vertically
if there is rough terrain nearby. _
before streaming off at acute angles.
Waterspouts and tornados are

manifestations of wind shear as are dust

The wind recording in Figure 9.10
depicts the variability of wind speed and
direction over a 21-hour period. The peak

. devils and gust fronts.
gusts have occurred with the passage of gus °

On 2 small-scale low-level wind shear is

showers. : . . .
manifested as eddies and gustiness in the

Squalls are strong winds that rise suddenly, i .
general wind flow. On the larger scale wind

shear occurs when two air masses moving
at different speeds and/or from different

last for some minutes, and then rapidly die
away again. Technically, the term squali
applies to an increase of at least 16 knots L ; o
. . . directions come into contact, one sliding
Figure 9.11 over the mean wind speed, the wind speed

Wind shear induced by during the time of the squall must be 22
verfical occeleration inthe  knots or more, and the duration must be at Thunderstorm outflows, land/sea-
same ditection or by o least one minute breezes, low-level jets, frontal systerns,

marked change in wind mourntain waves and inversions are

direction o both. frequently associated with wind shear

' capable of upsetting the flight of an aircraft.
An extreme example of low-level wind

over the other.

Directional and
speed shear _

Directional shear

shear was experienced on approach to
Hobart Airport on 21 January 1997, when
a shallow southeasterly wind change moved
in beneath strong northwesterly winds. The
plane experienced a wind change fiom
31531KT to 17911KT in the four seconds
it took to descend from 736 feet to 704
feet. The wind shear was accompanied by
severe turbulence that caused great
consternation to crew and passengers.
Wind shear in the form of microbursts,
in the vicinity of thunderstorms, has proved

to be particularly hazardous to aircarft in
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the circuit areas of aecordromes. The
phenomenon is discassed in detail in
Chapter 12.

Significant wind shear is often
encountered in the vicinity of and with
frontal systems, low-level jets, strong and
gusty surface winds, temperature inversions,
mountain waves, sea-breezes and near
obstacles that deflect and block wind flow.

Although wind shear may be present at
all levels in the atmosphere, its occurrence
in the lowest 2000 feet is of particular
importance to aircraft landing and taking
off. It can significantly impair aircraft
performance and is particularly hazardous
to aircraft approaching stalling speeds,
especially in large jets where the lag
between applying and achieving thrust is
most noticeable.

Wind shear is often evident at low levels
when upper level winds are decoupled
from low-level winds. Low-level inversions
can cut off, almost completely, the
downward transter of the horizontal wind
energy or momentum to the boundary
layer. Thus differences between surface flow
and that above an inversion can be large. An
aircraft descending through an inversion as
llustrated in Figure 9.12 would pass
through a zone of turbulence before
experiencing a dramatic loss of lift and
airspeed. In such a strong wind shear
situation, significant turbulence would be
generated across the top of the inversion.

Steeply banked turns, particularly for
slow aircraft, may be hazardous in a low-
level shear sicuation. If the aircraft is already
close to stall, dipping one wing into air
even a few knots slower could be
potentially disastrous as indicated from an
ATSB report of a fatal accident.

The weather report indicated that wind
conditions at the time were fresh and
gusty from the east with a significant
wind shear in the lower levels. The wind
speed at 2000 feet above sea level was 22
knots, and at 3000 feet was 46 knots. The
surface wind at the time of the accident
was reported to be about 15 knots, but
had become blustery and gusting to
about 35 knots within about an hour of
the accident. Consequently, it is likely
that the wind strenggh and direction
were variable and unprediceable at the
heights at which the pilot was operating,.

In the absence of any associated
aircraft mechanical fault, the evidence
was consistent with the pilot losing
control of the aircraft while maneuvering
at low level in adverse wind conditions.
The pilot’s eagerness and lack of
experience may have influenced him to
operate the aircraft in 2 manner
inappropriate for the weather conditions
at the dme.

& Temperature profile

Upper winds

Figure 9.12

An aiscsaft initially flying info steong winds, experiencas some furbulence and Joses it o it
descends into en inversion layer where winds are fight.
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9.10 Sea-BREEZES

The basic cause of a sea-breeze is the
differential heating rates of land and sea under
conditions of strong incoming solar radiation.
During a sunny day the land heats more
rapidly than the sea for two main reasons:

- 1
Low pressure

980 hPg — -~
990 hiPa
1000hPa —\ MO0
1010hPa Ao —

High pressuré

e R T T

Figure 9.13
The stiuciure of @ sec-breeze circulation.

Figure 9.14
A well-developed sea-hreeze frontal zone depicting cumnulus clouds forming in the fising uir and
o glider toking odventage of the lif.

Sea-breeze
zone

o land has a lower ‘specific heat’ than water.
This means it requires less heat to raise
the temperature;

+ incoming heat affects only a shallow layer
of earth because earth is a poor conductor
whereas in water heat is spread through a
significant depth by absorption,
conduction and turbulent mixing.

The affect of differential heating over land
and sea is shown in Figure 9.13.The warm
air above the land expands and rises, thus the
pressure aloft becomes greater than the
pressure at the same height over the sea. As a
result, the air aloft tends to move towards the
top of the cooler column over the sea.

At sea level, the pressure over the sea is
higher than that over the land because the
air is denser and thus tends to move from the
sea to the land, i.e. a sea-breeze develops. The
circulation is completed as the cold air above
the sea descends to replace the air moving
towards the land.

At latitudes greater than about 20 degrees,
the Coriolis force becornes strong enough to
change the direction of the sea-breeze
circulation, 1.¢. a sea-breeze that starts off as
an easterly will, over time, turn northeasterly.
The same is true for a sea-breeze starting off
as a westerly. It will, over time, turn
southwesterly. The turning typically occurs
over a period of a few hours.

The greater the temperature contrast
between land and sea, the greater is the
potential for strong sea-breezes to travel well
inland. However, the sea-breeze infiltration
will be slowed and hindered by any opposing
general wind, Glider pilots sometimes use
the inland penetrating sea-breeze front to
retain lift over distances of hundreds of
kilometres (Figure 9.14). In Australia sea~
breezes have been reported as far inland as
400 km, reaching places such as Canberra,
Kalgoorlie and Renmark.

The sea-breeze front may penetrate inland
and 5ift moist and unstable air sufficiently to
trigger thunderstorins.

Sea-breezes from adjacent coastlines may
converge over land as illustrated in Figure
9.15. The convergence accentuates vertical
motion, which in turn can trigger showers

P,
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Coast line

%

Figure 9.16

The interactien hatwesn prevailing winds and the sea-breeze can
genergte circulotions sometimes seen as dust devils.

Land

Figure 9.18

The Ceriolis force can influence the direction of the saa-bresze
aver time.

and thunderstorms, particularly in the tropics
where plentiful water vapour exists.

Dust devils may be observed along the
sea-breeze front as illustrated in Figure 9.16.
These small rotating columns of air should
be avoided because they exhibit strong
horizontal and vertical wind shear at low
levels.

Prevailing winds may oppose the sea-
breeze and delay its development, in some
cases preventing it from reaching the land. If
the prevailing wind is approximately in the
direction of the sea-breeze, the resultant
wind speed will be increased. On the other
hand, the sea-breeze may take up a direction
somewhere between that of the prevailing

Coast line

. pctual sea-breeze

2 L ek @
2 o e

8, S

"—5': -'...f"e.d\.

e --"‘@9,

‘g_ &
Land
Figure 9.17

The expected sea-breeze direction is modified by the prevailing
wind.

wind and the preferred direction of the sea-
breeze. This is illustrated in Fig. 9.17, where
the lengths of the arrows are proportional to
the wind speeds.

As the temperature differences become
greater in the emly afternoon, the local
pressure gradient between the sea and the
land becomes steeper and so the sea-breeze
increases. As 2 result, the impact of the
Coriolis force is increased and the sea-breeze
will end up flowing nearly parallel to the
coast (Figure 9.18).

On a smaller scale, lake breezes may be
generated by the same mechanisms as a sea-
breeze,

Sea-breeze influences should be
considered when selecting the operational
runway at coastal aerodromes. The direction,
strength and time of onset of the sea-breeze
should be taken into account when planning
take-off and approaches at airfields subject to
sea-breezes.

9.11 Llanp BRregzss

In coastal regions at night, land breezes may
develop. These flow from the land to the sea.
Radiation cooling from the land takes place
much more rapidly than from the adjacent
water. Eventually, the temperature of the land
may fall below that of the water. The air in
contact with the land then cools more
rapidly than the air over the sea. The pressure
at higher level above the land, then becomes
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Figure 9.19
The stiuctuee of o lond
breeze cisculation with _
high pressure ever the seo . R
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Figure 9.20

A cold layer of ait falling
down a slope {kotahatic
wind).

lower than that at the same level over the
sea. As a result, the air tends to move from
the sea towards the land at these higher
levels, At sea level the situation is reversed.
The pressure over the sea is lower than that
over the land due to the transfer of air aloft.
Consequently, the air in the lower layers

tends to move from the land towards the sea,

i.e. a land breeze will develop. The complete
circulation is shown in Figure 9,19,

In general, land breezes are not as strong
as sea-breezes. The temperature differences
are smaller and so the local pressure gradient
ts weaker. Air rising over the sea may force
moist air to rise, leading to showers or
thunderstorms off the coast towards dawn.

COId surface N

Warm air

Inversion layer

9.12 Katasatic Anp ANABATIC WinDs

When air over sloped terrain is cooled by

conduction it becomes denser than near free

air and drains to lower levels (Figure 9.20).

The winds generated are known as katabatic

winds. They depend on:
the degree of cooling along the slope (the
colder the surface, the greater the
potential for the generation of very dense
air and hence greater wind speed);

* the roughness of the slope {the smoother
the slope the greater the potential for
uninterrupted and thus stronger flow);

» the steepness of the stope (gentle slopes
are more favorable for katabatic
development because steep slopes cause
the wind to become turbulent, resulting
in mixing with surrounding air and the
consequential breakdown of continual
downward movement of cold air).

The reverse effect occurs on slopes on
sunny days. Air in contact with a slope
warms by conduction and ascends (not
necessarily following the slope). Such
ascending winds are called anabatic winds.
The upward flow will be strongest in the
early afternoon and over sun facing slopes.
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9.13 Downstoprt WINDS

Downslope winds are initiated by cool air
from behind or above a slope falling to the
base of the hill, spreading out and dissipating
as gusty winds. Gusts at the foothills are
often observed to be two to three times
stronger than the prevailing wind and have
been observed to 60 knots at some
Australian locations. Turbulent and reverse
flow winds are also observed for some
kilometres downstream. They are more
common in summer than winter and are
strongest overnight and into the early
MOrmng.

6.14 Tue Foun Winp

When moist air is lifted by a mountain
range, the air may satorate (cloud forms). If
precipitation occurs on the windward side,
the overall moisture content of the air
passing over the mountain will be reduced.
In consequence the cloud base will be
higher downwind of the mountain and
descending air will be drier and thus
warmer. Figure 9.22 depicts this effect. The
air rises at the DALR to the base of the
cloud on the windward side of the
mountain; it then initially cools at the SALR.
within the cloud before warming at the
SALR. to the base of the cloud on the
leeward side. Below the cloud the air warms
at the DALR.. In this example, the.surface air
is 1.5 degrees warmer on the leeside than
the windward side.
The significant features of the Féhn effect
are:
+ lower cloud base and precipitation on
windward slopes;

+ higher cloud base on lee slopes;

+ higher temperatures and hence lower
density at low levels in the lee of the
mourntain.

Prevailing wind direction
<+

Warm air Temperature Inversion

- =

Gusty and turbulent

winds }\l

Figure 2.21
Gusiy and turbutent winds generated by cool air, surging down o mountain slope info o wormer
9ir moss on Fhe {se side.

A
Cools at SALR AWarms at SALR
1500 feet-} 10.3°C  cemee ] [

oy
1000 feet 12 C]k

Cools at DALR !

>
i5°C Y

Figure 9.22

Cool maist oir flowing over o mountoin range with precipitation occurring on e windward side.
The cloud bas is higher on th lea side due to reduced moisturs. Descending oir becomes
wasmer on the lee side.

9.15 Osstruction To Winp FLow By
Buitpines AnD TREE LINES

Any obstruction to wind flow, inclading
buildings and trees will produce disturbed
air, manifested as wind shear and turbulence,
that can significantly effect aircraft
operations. Effects may become very marked
in strong winds on the lee side of
obstructions. Figure 9.23 shows some of the
effects, which are:

+ flow is disturbed to approximately three
to four times the height of the
obstruction {h) and 50 h downstream
(beyond the scale of Figure 9.23);



58

(hopter ¢

h = height of barrier

Figure 9.23

Aieflow near a solid {impermeable) cross wind burrier {Hote: The horizontal scale s different fo
tha verticaf scale).

¢+ a cushion of air with weak eddies extends
2 h to 5 h upwind;

+ wind is accelerated above and leeward of
the barrier, the greatest increases in speed
being at approximately 2 h to leeward and
2.5 to 4.5 h above the ground;

+ strong eddies occupy the area up to 10 h
to 15 h downwind to 2 h above the
ground.

If the airflow passes through gaps in the
barrier, such as with an open stand of trees,
then the disturbance effects are greatly
reduced. The eddy area in the lee of the
barrier will be much smaller and usually
does not extend above the height of the
barrier.

These effects should be especially -
considered when landing or taking off in
confined spaces in light aircraft, balloons,
gyrocopters and helicopters.

The following excerpt from an ATSB
report of a fatal accident highlights the
danger.

An examination of the wreckage indicated
that the aircraft had impacted the
embankment in a moderately nose-high,
left wing-low attitude. Damage to the
propeller indicated that the engine was
delivering significant power at the time of
impact. There were no known flight
control deficiencies and the evidence
indicated that the aircraft was capable of
normal flight prior to the accident.

Local procedures required that pilots
conduct right circuits when operating on
runway 19.Tall trees adjacent to the
aerodrome induced localised mechanical
turbulence, windshear and downdrafts
when the wind was from the southeast.
At the time of the accident, the wind
was recorded on the Gold Coast Seaway
as 150 degrees at 15 knots, gusting to 18
knots. It is likely that the aircraft entered
an area of turbulence and high sink rate
generated by the prevailing wind over
the adjacent trees. Given the evidence of
significant power at the time of impact, it
is possible that the pilot had initiated a
go around at a stage in the approach
from which it was not possible to
establish a positive rate of climb.

9.16 OsstrucrioN OF AIrRFLow By
Raisep TERRAIN

Mountain ranges obstruct wind flow in a
similar mannerx to barriers such as trees and
buildings but the effects are generally
magnified. Ranges stop, deflect or disturb air
flow depending on the speed of the air flow,
the angle of impingement, the stability of the
atmosphere and the structure of the range
itself.

Disturbances are particularly noticeable
when strong winds flow over, around or
through rugged and steep terrain of
significant elevation. Sometimes, even in
moderate winds of 15 to 20 knots, airflow is
significantly disturbed to great heights and
turbulent eddies form in the lee of elevated
terrain dangerous to aviation operations.

Blocking of wind flow

Wind flow at low levels {(below ridge top),
within a cool stable layer can be blocked by
terrain of any height. Blocked (stalled) air
can stagnate in front of terrain or flow at low
level around it. Some low-level air may
escape through valleys or over lower ridge
tops.

Within the blocked flow, winds tend to
stagnate or flow parallel to the terrain
contours. This phenomenon is sometimes
ased to advantage to pilot hot air balloons
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along ranges even when oncoming prevailing
winds are across the ranges.

Blocking has been observed windward of
the Mount Lofty Ranges (in South Australia)
when ridge top winds from the west have
been as strong as 30 knots while below, at
surface level have been observed to flow
parallel to land contours (roughly
northeasterly) up to 13 knots.

Blocking is depicted in Figure 9.24. It is
most often observed to occur in the early
hours of the day, before surface heating
erodes the low-level inversion, thus
decreasing stability at low levels.

Low level jets

Exceptionally high wind speeds sometimes
occur at low levels in the eadly hours of the
morning.

They are referred to as low-level jets
because wind speeds, much greater than the
pressure gradient and therefore the isobar
spacing would suggest, are concentrated into
narrow bands just above the earth’s surface.

The jets occur when surface radiation
inversions are strongest, i.e. in the early hours
of the morning. The inversion is effective in
shielding the flow above from surface
frictional effects, allowing the wind speed to
increase in a narrow stream near the top of
the inversion.

The most broad-scale and persistent of
these is the low-level nocturnal jet that
extends over southern Queensland and the
Northern Territory during winter. The
maximum core of this jet is often located
between Daly Waters and Tennant Creek
(Figure 9.25) with a maximum speed around
50 knots above the surface but below 3000
feet, usually strongest around dawn and
dissipating by 10 or 11am.

Low-level jets are not confined to the
broad-scale as just described. They are
frequently observed on a much smaller scale
just ahead of cold fronts and along physical
barriers such as hills and escarpments with
the conditions of stability as already stated.
Funnelling of the wind through valleys and
ravines also produces similar effects on a
local scale.

The wind shear and turbulence associated

with the jets can be hazardous to light
afrcraft operating at low level and especially
hazardous in the take-off and landing stages.

Mountain waves

Airflow over a ridge or mountain range may
disturb flow downstream to a great height. It
should also be noted that lines of
thunderstorms present massive barriers to
wind flow and can thus act to generate
waves sitndlar o mountain waves.

Figure 9.24

Fow epproaching o
moumain hoerisr. Lovier
stabla loyers of air, being
denser thon upper toyars,
flow alorg or oround the
barrier. The higher fess
dense git layers ftow ever
the bareier.

figure 9.25

The arientation of o low-level jat above the surface hut helow 3000 fest.
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Consider the situation of wind flow across 9,17 JET STREAMS
a mountain ridee, as shown in Figure 9.26. . . . .
5 B e High speed, confined rivers of air called jet
The flow upwind of the ridge is smooth and . L
. 3 . . . streams are most common in the vicinity of
horizontal. At the ridge line the airflow is
. . the tropopause. They can be of benefit to
lifted and follows the shape of the ridge. On . . o
s . . flights travelling in the same direction but
the other side a dramatic change in the flow . . .
hinder those travelling against the flow. They
takes place. The flow does not return to . . -
. . are frequently associated with turbulence
horizontal flow but continues as a wave that . .
) {discussed in Chapter 10).
may be smooth or may contain dangerous . .
g The World Meteorological Organization
tarbulent zones that are described in .
Chapter 10 (WMO) has defined 2 jet stream as a strong
&] X . .
P - . . narrow current, concentrated along a quasi-
The conditions required for mountain . .
. horizontal axis in the upper troposphere or
waves, apart from flow near perpendicular to | .
. in the stratosphere, characterised by strong
the mountain, are: . . ;
. vertical and lateral wind shears and featuring
¢« wind strength of at least 25 to 30 knots . .
. . one or more velocity maxima. The speed of
near the mountain top; .
_ . ) ) ‘ the wind must be greater than 60 knots.
* wind speed increasing with height; A number of jet streams may occur at
+ a stable layer. different latitudes and levels in the
If the air stream is sufficiently moist at any ~ atmosphere as depicted in Figures 9.27 and
level’ C}_oud may forln in the ascendilig 9.28. The _JE:t strearns Of most Ielevance to
sections and produce almond or Jens-shaped ~ aviation are the:
clouds called lenticular clouds. However if * subtropical jet stream 5T
the air is dry the first indication of wave + middle latitude jet stream called the polar
motion may be a rapidly increasing or front jet stream (PE]).
decreasing altimeter reading.
Further discussion on mountain
~ waves and related turbulence follows
in Chapter 10.
Figure 9.26 &
. e
Smooth mountein wove 2
S8

formation is erhanced by o
stoble Joyer near the ridge
fop. Lenticulor clouds can
form in the crest of the
waves (see Figure 10.8 for
iurbulerce zones reloted to
mountain woves).
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Figure 9,27

The dingram depicts o
constant lavel 300 hfo
chart with shading
indicating the position and
strength of the ST ond PF)
af 300hPa, Winds ouiside
the shoded areas are less
than 60 kaots,

Figure 9.28

A SIGWX chart. Mote the
ST! axis varies in height
{{given in flight levels (FL)
and thousands of feet, .e.
£1390 = 39 000 feet))
from EL390, F1370, FL400
to FL420 across the
hustralion region while the
STJ core varigs from FL300
fo FL320.
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Subtropical jet stream

The subtropical jet stream is usually observed
at about 40 000 feet (200 hPa),
approximately vertically above the axis of the

“subtropical surface high pressure belt. This is

located on average near latitude 30. It moves
poleward in summer and equatorward in
winter, The subtropical jet stream is not
associated with a front in the lower
troposphere. Typical speeds of the subtropical
jet stream in the Australian region are about
120 knots, though the maximum can be over
200 knots,

Polar jet stream

The polar front jet is associated with
individual outbreaks of cold air from the
polar regions and occurs mainly in winter
when it is often over the southern half of
Australia or poleward of the Australian
continent. When the PFJ is over Australia,
the jet core tends to be at about 30 000 feet
{near 300 hPa) with a typical speed of 80
knots. If the PFJ is south of Australia, the
core is usually below 30 000 feet. A
northwesterly PF] will have a cold front
associated with it, though weak cold fronts
may not have an associated PEJ. A
southwesterly PFJ usually follows the passage
of a cold outbreak.

Note that the jet streamn winds depicted in
Figure 9.27 are for the 300 hPa only, and
may not be representative of the maximum
winds of the jet streams.

Jet core maximum wind speeds are
depicted in Significant Weather (SIGWX)
charts (see Figure 9.28). The SIGWX chart
displays axis heights and speeds of jet streams
and also indicates tropopause heights.

Jet streams can merge together into one
broad belt of high speed winds. This feature
is observed when the north moving polar jet
encounters the northwest subtropical jet.
They may also split, typically around high
pressure systems.
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Turhulence occurs when winds fluctunte ropidly over short distunces. Fluciuations are
somelimes so slight they have liitle affect on Hight. However turbulence cun moke
wircraft roll and piich violensly, and/or cuuse severe jolis, leading to loss of conirol,

injuries to crew and pussengers and to airframe damage.

The reactions of aircraft are dependent on levels in cumulonimbus and sometimes even
their type, configuration and the speed at well above the tops. Further discussion of
which they encounter turbulent zones. thunderstorm turbulence is covered in
Aircrew and passenger reactions are Chapter 12.

compounded by the aircraft’s response and In large cumulus clouds, the strongest

the human reaction (physiological and turbulence is usually found in or near the
psychological) to aircraft movement. heavy precipitation.

The five basic mechanisms that cause Turbulence associated with thermal
smooth flow to become turbulence are: activity usually does not cause serious
convection, topography, Kelvin-Helmholtz problems for aircraft, but the ride can be
waves, frontal zones and aircraft in flight rough. While gliders seek out thermals to
{wake). provide lift, light aircraft travelling at two or

three times the speed of the glider may
10.1  ConvecTion expetience bumpiness sufficient to cause

discomfort to passengers. Faster aircraft will
experience more frequent bumps but will be
in the turbulent area for a shorter time and

Turbulence associated with convection
ranges from light thermal activity to extreme
turbulence that may be experienced in
mature thunderstorns.

When air is sufficiently moist, clouds form

the larger aircraft will have greater inertia
due to larger mass to partially offset the extra
bumpiness.

The flight path of a slow moving, light
aircraft is shown dotted in Figure 10.1.

in thermals and give visible clues to the
strength of the rising currents of air. On
other occasions rising dust indicates the
presence of thermal activity, but often A larger aircraff, at greater speed would
experience smaller vertical variations and
shorter, sharper bumpiness.

One aspect of thermal activity is the

variability of currents caused by different

thermals are active in clear air.

Figure 10.1
Deviations in the flight
path of en aircroft gs it
: encaunters up and dowa
surfaces and changes in the surface cover. On  mofion in the vicinily of

a warm day a ploughed field, because it heats  conveciive douds.

Within a single rising air current, flight
conditions may be smooth, but turbulence is
felt where there is a significant differential in
vertical speeds, i.c. where one vertical
carrent is rising quickly relative to adjacent

air. When the adjacent air is descending, the
difference is accentuated. Hence turbulence
is usually most severe in and around mature
thunderstorms that have strong updrafts and
downdrafts associated with them.

Moderate or severe turbulence can occur
near the ground in 2 mature thunderstorm
due more to the mechanical effect of the

cold downdraft than any low-level
convection. Turbulence also occurs at high Tl TR B T e R T
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Figure 10,2

The desirad poth of an
aircreft appronching an
airfield compased with the
actuel path taken due fo
the affects of convacticn
currents sesulting fom the
heating of different
suifoges,

Figure 10.3

Convective currents, dising
into the oir in the form of
dust devils. High bosed
fair weather cumulus
¢louds have developed in
the fising oir.
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more, produces stronger currents than green
grass. Similatly a bitumen surface produces
stronger currents than a water sugface. These
effects can produce changes in lift over a
very short distance as illustrated by the
deviation path shown by the dashed line in
Figure 10.2.

Small-scale but extreme turbulence may
be experienced in dust devils {rotating
columns of warm air with central updrafts,
made visible by rising columns of dust).
These phenomena are often found over hot
surfaces, when winds are light. High speed
rotating winds may also occur at the
intersection of sea breeze fronts or other
regions where wind shear exists. Wind speeds
within these compact phenomena
commonly reach 30 knots but extremes of
50 knots have been recorded. Dust devils are

—B}tumen Road '
e ;

i R

generally short lived and have diameters of
less then 30 metres or so. They may only
reach a few hundred feet into the air,
However, over desert areas in summer dust
devils may extend to a few thousand feet and
last for several hours. Figure 10.3 shows the
near ground disturbances of thermally driven
dust devils rising a considerable distance into
the atmosphere.

When the atmosphere is deeply unstable,
vigorous upward currents can ‘punch’ into
the upper troposphere and lower stratosphere
above cumulonimbus tops as iflustrated in
Figure 10.4. The action creates a wave well
above cloud tops, somewhat like a bow wave
traveling in front of a boat. Such waves can
induce severe wind shear and turbulence
across short boundaries in clear air. It is
thought that a similar process generated the
turbulence that caused the following
incident,

On 6 July 1996 Qantas Flight 69, en
route from Cairns to Tokyo,
encountered severe turbulence at
approximately 31 000 feet within the
outer circulation of a developing
typhoon. The incident occurred
without warning as the aircraft was
flying in clear aix, and the on-board
weather radar showed no returns in the
vicinity. It lasted 30 seconds and
produced accelerations greater than
gravitational acceleration (-2.23g,
1+2.45¢ for a turbulent period of 2.125
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Fi 10.4
Turbulence encounter T;g‘;.m -
+ % deseigg?;grturzg‘lgéimbus
Smooth flight TR, 7. Smooth flight clouds with tops below the

Lenticular clouds
sometimes presen

seconds) and resulted in 30 people
requiring medical attention.

This case could well have been included
in the Clear Air Turbulence (CAT) section of
this chapter as the encounter was in clear air
and 10 000 to 15 000 feet above cloud tops.
Rather than being CAT as such, the incident
is categorised as turbulence near
thunderstorm tops (TNTT).

Conservative guidelines saggested to avoid
TNTT (Pantley and Lester, 1990} are:

« avoid thunderstorm by 20 nautical miles

(37 kilomnetres);

« do not fly within the anvil or in the
thunderstorm tops;

+ if flying over thunderstorms is
unavoidable the distance an aircraft should
maintain above the tops depends upon the
wind speed. For a wind of 100 knots (at
flight level) the distance should be 10 000
feet, for each increment of 10 knots above
or below 100 knots, 1000 feet should be
added or subtracted respectively.

A further guideline s to pass thunderstorms
on the upwind side.

cruise level of an aitcraft

............... and out of rador range.
AL T Vigorous updrafts are
generating atmaspheric

e éé:(“{)-eam waves well above the cloud
U fogs.

Mechanical turbulence can also be
generated when prevailing winds flow over
and around large comulus and
cumulonimbus clouds. The deviated winds
combine with updrafts and downdrafts active
within the cells to generate complex
turbulent patterns (Figure 10.5).

Direction .
of movemen?

Figure 10.5
Tutbulent winds within and araund o large comulus dout,
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Figure 10.6

Wind flowing aver and eround o hifl develops eddies on the lee side. Persistent and stroag
downdraft winds may be experienced to the fee of mountains even in the absence of

mountain waovas.

Figure 10.7

Wave formation
propogaiing fo the
tropopause and well
downstrearn of a mountain
tidge with associated
regions of wind shear and
turbulence. Persistent
strang winds ond eddies in
the le2 of obsiocles may
also be present with
MouAigin woves.

10.2 TopocraPHY AND OROGRAPHY

Obstructions to wind flow such as buildings,
rough terrain and mountains produce
turbulence of mechanical origin. Often the
turbulence is contained near to the
obstruction but at other times it propagates
well downstream and well above the '
obstruction by way of wave motions.

The severity of mechanically induced
turbulence and waves is dependent on the
wind speed, atmospheric stability, and size
and shape of the obstacle.

In the lee of mountain ranges strong
winds produce down currents and turbulent
eddies. The effects are magnified by steep
terrain. Figure 10.6 depicts disturbed wind
flow around a hill.

Aircraft approaching mountains, lines of
trees or buildings from downwind need to
ensure adequate clearance to avoid
turbulence and downdrafts. A margin of at
least the height of the hill or obstruction
should be allowed.

The following incidents are testimony to
the fact that adequate clearance should be
maintained at all times when flying near
hills:

+ August 2001, The pilot of a helicopter
was fatally injured when he lost control
after the helicopter was danaged in
severe mountain turbulence and crashed
on the north slope of Mount Archer,
Queensland,;

* An aircraft flying in light turbulence
and poor visibility near Cooma at 4000
feet began to lose height for no apparent
reason. The pilot applied full power and
put the aivcraft in a climbing attitude.
But, to his horror, there was no
noticeable gain in height! The severity of
the turbulence increased causing a wing

v

Rotor cloud
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to drop as much as 35 degrees. As the
aircraft continued to sink, at full power,
the pilot noticed trees at about his level,
the angle of attack was increased but the
rate of climb was barely positive. The
undercarriage hit trectops but fortunately
the pilot recovered control and climbed
out of trouble.

As already discussed, air often flows in
complex ways over and around mountains
and obstacles. At times variations can
propagate well into the upper levels of the
troposphere in the form of atmospheric
waves. The waves can be likened to sea waves
varying between very long, slow waves and
very short, fast waves, depending on the
shape of the mountain, the strength of the
wind and stability of the atmosphere.
Mountain waves {gravity waves) are among
the most hazardous phenomena aircraft can
encounter. There are often no visible clues to
their presence, thus encounters can be
sudden and catastrophic.

The waves can break and overturn just as
ocean waves do as is depicted in Figure 10.7,
Wave breaking can occur from a few
thousand feet above the surface to the
tropopause and possibly beyond. Resultant
shearing generates severe turbulence of great
danger to aircraft as illustrated by the
following incidents:

* In 1992 2 DC8 cargo jet suftered
severe damage when it encountered
extreme clear-air tutbulence at 9.5 km
(31 000 feet) over the Colorado
Rockies. The jet fost an engine and part
of a wing, but fortunately made a
successful landing. It is believed that the
aircraft encountered wave break
turbulence or a horizontal vortex tube
(FVT). VT are small scale (possibly
less than 200 m wide) confined regions
of turbulence generated when high-level
jet streams and mountain waves interact.
{Terry L. Clark and Lawrence E Radke,
2001)

« In 1966, mountain wave induced
turbulence ripped apart a BOAC Boeing
707 while it flew near Mt Fuji in Japan.

Rotors of whirling atr sometimes form at
the crest of waves. Severe turbulence can be
associated with the rotors and is strongest in

. the first wave crest. If cloud is present it will

appear as a ragged rolling cloud called a
rotor cloud, depicted in Figure 10.7. The
cloud will not be there in a dry atmosphere.

The presence of stationary clouds, formed
in rows down wind of ranges, visually
identifies wave motion and the potential for
severe turbulence.

Wavelengths vary from 5 to 50 km.

Amplitudes depend on the size and shape
of the mountain.

Vertical speeds may be more than 15
knots and have been measured at more than
40 knots. Large vertical currents are
associated with:

* strong winds;
+ large amplitude waves;

¢ short wavelength waves.
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In Figure 10.8 a series of lenticular clouds Aircraft flying parallel to a range will
can be seen lying paralle] to the black line experience continuous down or contintous
AB.They have formed at the crests of up motion when waves are present. Should
mountain waves. Five short black lines on the pilot notice strong downdraughts, a
the images mark some of the lenticular quick diversion downwind will put the
clouds that remained stationary over a two- aircraft into a region of rising air. Glider

hour period. While the marked clouds (and pilots use this procedure to considerable
others) remain stationary over the two-hour  advantage to establish high altitude records
period, other clouds move from left to right.  or to stay in the ai far longer than possible
The movement can be determined using with thermal activity,

grid BA, AD, BC and AC.

In 1996, three people were fatally injured 10,3 Kewvine- HeLmuorrz Waves
'h 2 red ]
when @ (,:esma 08 euico unte‘le ee In regions of marked wind shear where

{mountain) waves. The investigation
report concluded, “It is probable that the

maxirmum climb performance rate of the

there is a significant change in wind speed
across a small distance, Kelvin-Helmholtz
waves may develop. It appears that friction
between the air masses breaks the flow across
the boundaries into short waves {much
shorter than mountain waves) that can break

aircraft was not capable of overcoming
the strong downdrafts in the area at the
time”{extract from an ASTB report).

and cause severe turbulence.

Mountam waves
e =

Satehte 1mages of mounan waves fl\re of whloh are marked with short lmes

Figure 10.8

Two satellife images taken two fiowrs apait. The giid lines between points A, B, Cand D have been superimposad over tha imoge for ease of tracking the moverment of
dovds. Nete the stotionory lenticulor clouds morked with five small fines.
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Cloud signatures known as Kelvin-
Helmbholtz billows sometimes show the
presence of these waves. An example of these
billows can be seen in Figure 10.9. The
cloud pattern clearly shows breaking waves
similar to those referred to eatlier in Section
10.2. It is not unusual to see this pattern of
cloud in low to mid levels of the
atmosphere.

Turbulence associated with these waves is
of most significance at high levels where it is
frequently experienced in the vicinity of
upper level jet streams. This type of
turbulence most often occurs just below and
poleward and just above and equatorward of
the jet core (maximum wind speed), as
illustrated in Figure 10.10.

The turbulence associated with Kelvin-
Helmholtz waves is particularly dangerous to
aircraft because it often occurs as CAT
remote from topographic and convective
influences. It is important to note however
that this type of turbulence may also occur
in the presence of cirrus (non-convective)
cloud.

At times mountain waves interact with jet
stream winds, The interaction forms confined
regions of severe wind shear known as
horizontal vortex tubes. They have the
potential to produce severe wind shear and
turbulence at high levels.

Figure 10.9

Kelvin-Helmholiz billows gssociated with wave mation, above a laya: of fog. In this cose fog has
fermad befew on inversion in light winds. Semefime ofte: fag formation, drier winds above fhe
inversion hove stiengthened fo o fevel where sufficient wind shaor ond subsequent turhalence

mixes air ocross the inversion.
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Figure 10.10

The jet core of 180 knots situated close o breaks in the teopapause and in the region of
minimum temperatures (-50°€ te -70°C), Potential severe turhulence regions are indicoted by
the sheded ateos abave end below the jef core,
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Figure 10.11

A 256 hPa analysis of
wind sneed essociated with
o sublropical jet stream
(ST9) end o southern aim
of o polor jet streom (PES)
cosmbining over
southeostern Austealio. A
depiction of the height of
the 250 hPa fevel shows
high and Jow cenires with
a matked trough culting
acioss ihe coninent,
Severe turbulence reports
viere received from oirceoft
flying within the area
designated by the shost
dushed lines endirding o
poetion of the treugh. Nofe
the sherp change in wind
direciion and speed across
the trough; it is in this
region that severe
turbulance was
encountered.

Figure 10.12

An airceaft changing Hight
tevel from B to A to oveid
upper level frontal
turbulence.

Legand
for wind speed
-  5knols
10 knots
25 knols

50 knots
| 100 knots

T
1 3
y 1 Five reports of severe

~ ¢ turbulence in this area

250 hPa Analysis
11 April 1997 00UTC

60 knois

60 Knots

CORTFARR02

CAT can occur in the vicinity of upper
level troughs {where wind shear is great) as
illustrated in Figure 10.11. Here an upper
trough has interacted with a sub-tropical jet
stream to produce a very sharp gradient in
wind speed and direction. In this case severe
turbulence reports were received from five
aircraft flying across the trough line. Note
the jet core speed of 130 knots observed
over Brisbane at this level (250 hPa) and the
sharp variation of wind speed and direction
across the trough line,

Cold air

Upper frontal zong>

U,

%‘% Warm air

Surface frontal zong %,
A\

10.4 FrontaL ZONES

Frontal zones, including cold fronts and gust

fronts from thunderstorms, may be associated

with significant wind shear and turbulence.

The intensity of turbulence in these regions

is determined by:

+ the speed of movement of the cold front
or gust front;

+ the degree of mechanical interference;

» vertical and horizontal wind shear across
the frontal zone;

» storms generated on the front.,

In vigorous cold fronts, a narrow zone of
turbulent air will extend several thousand
feet above the surface. In the absence of
cloud and weather along a front, aircraft
flying at low levels through this zone will
encounter turbulence for only a short time.
However, because frontal zones slope back
and become broader with height, an aircraft
flying well above and behind the surface
front might be caught in a turbulent zone
for some time. Figure 10.12 illustrates two
possible flight paths. An aircraft with a
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planned route B to C could be caught in 2
turbulent zone for a long period of time,
while an aircraft tracking B to D would
experience turbulence for only a short time.

10.5

Al aircraft produce wake turbulence when
aerofoils are producing lift. In order to

WaKe TURBULENCE

produce Lift, a pressure difference between
upper and lower sufaces of the wing must
exist. The pressure differences cause air to
circulate around the wings and toward the
wing tips. The circulations are then shed from
the wing tips and evolve into a pair of
counter-rotating vortices trailing behind the
aircraft as depicted in Figure 10.13.

Each vortex is a mass of rotating air and
consists of a core and a flow field about the
core. When moisture levels are high enough,
the cores of these spinning currents, which
can reach speeds of 300 feet per second
(180 knots), become visible, shooting from
the wings as thin strands of condensed
water vapor.

Aircraft encountering the powerful
swirling vortices will experience some
degree of turbulence, with short wingspan
aircraft being most susceptible. At cruise
levels encounters are unlikely to be severe
but at low levels they are particularly
dangerous to aircraft arriving or departing
from airports, as the proximity to the
ground means that any temporary loss of
control could have devastating results.

NEW YORK, Nov. 16 2001- Just after
takeoff, American Airlines Flight 587
flew into the wake of a jetliner ahead of
it. The plane shook, then hit a second
wake before rattling again and plunging
into a 20-second nosedive,

in calm wind situations the trailing
vortices slowly descend and typically roll
apart at about 2 to 3 knots as depicted in
Figure 10.13 A. Cross winds can shift
vortices over runways (Figure 10.13 B).

If the ambient cross wind counters the
roll apart speed the upwind vortex may
persist in the runway vicinity and continue -
to pose a threat for some time (aircraft-

 S—
Cross winds
shift vortices

B

Vortices can bounce
C off the ground

Figure 10.13

Vorfices trailing behind
gircroft. &, in calm
conditions vorticas roll
apart. B, ¢ross winds shift
vorfices ncross the funway.
€ undar cerfoin conditions
of atmospheric stahility,
vortices <on bounce off
the ground.

separation.minima suggested by CASA of up
to 3 minutes are indicative of the threat
period) while the downwind vortex will
move away faster - possibly toward parallel
runways. Crosswinds of greater than 5 knots
will push both vortices downwind.

Wake turbulence poses the greatest risk
when ambient winds are light or calm.
Atmospheric turbulence, generated by windy
conditions, hastens the break down of
vortices.

Under certain atmospheric conditions
vortices may rebound off the ground (Figure
10.13 C). A tail wind can move the vortices
forward into the touchdown zone.

The dissipation rate of the vortices, the
path that they travel and whether or not
they rebound or drift across runways is
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largely dependent on the atmospheric
stability, wind strength, wind shear and
tarbulence.

Wake turbulence incidents continue to be
reported at Australian airports (19
occurrences between 1998 and 2000). One
incident occurred when a2 CL600
encountered the wake of a 737. The aircraft
pitched up and banked 45 degrees causing
the stall warning and stick shaker to activate,
but fortunately the crew recovered control.
There have been several reports of wake
turbulence incidents causing momentary
loss of control of flight, only evasive action
by alert crews have prevented serious
accidents.

Helicopters also produce wake
turbulence. Helicopter wakes may be of
significantly greater strength than those from
a fixed wing aircraft of the same weight. The
strongest wake occurs when the helicopter

is operating at slower speeds.

The strength of the vortex is governed
by the weight, speed and shape of the wing
of the generating aircraft.

Typically, for each nautical mile behind
the generating aircraft, the vortices will have
descended between 100 and 200 feet.
These vortices generally persist for up to
80 seconds over the runway, but in light or
calm air this period may be up to three
minutes.

10.6  CuassiFicarion OF TURBULENCE

Turbulence intensity Is specified according to
the effect of the wind gusts upon the aircraft
and its occupants as light, moderate, severe
and extreme. A guide to these specifications
is outlined in Table 10.1 below. Be aware
that for a given turbulence situation, there
will be a broad range of aircraft and
passenger reactions, depending on the size,
shape, weight, alticude and speed of

the aircraft,

Light 5-149 0.15-0.49 300-1199 | Rhythmic burapiness. Listle effect on loose objecis.
Momentory chonges in alfituda and attitude.
Moderute 15249 0.50- 99 1200-209% | Rapid bumps or jolfs. Unsecured objecis rmave,
Appreciable chonges in olfitude ond altitude. | Appreciable strain on seatbelfs.
Severe =25 1.00-1.99 7100 -2999 | Lorge abrupt changes in eltitude and attitude. | Unsecured obiects are tossed about,
Moraentary loss of contral. Passangers viotently forced aguinst seat bels.
Extreme = 200 > 3000 Prodticolly impossible 1o control aircroft Unsecured objecs tossed about.
Moy causs stiuctural damage. Passangers forced vinfantly against seat bels.
Table 10.1

A goide to aitcioft reactions end in-cabin response to fluctuations in wind spaed.
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Jee uceretion on aircraft remains one of the most significun? meteorolegicn! huzards fo

@

sufe and efficient aircraft operations. Every year many pilols werience serious reductions
in performance of their aircraft as o direct result of ice formation on the girframe or within
the engine induction system.

Aircraft flying through cloud in sub freezing
ternperatures are likely to experience some
degree of icing. Parked aircraft are also
susceptible to icing in cold conditions.

A pilot can lessen the chance of icing
becoming a serious problem by de-icing
parked aircraft, selecting appropriate flight
routes, remaining alert to the possibility of
ice formation and knowing how and when
to operate aircraft de-icing equipment.

The following extract is taken from an ATSB
report.

The aircraft was en route from Albury to
Melbourne, cruising at FL150.
Approaching the Eildon Weir VHF
ommnidirectional radio range (VOR)
navigation aid, the crew was instructed
to hold for approximately 10 minutes.
The crew reduced power to allow the

airspeed to decrease to 154 knots, which

was the selected holding speed. Prior to
entering the holding pattern the speed
fell below 154 knots. The pilot in
command advised the co-pilot, who was
the handling pilot, to monitor his
airspeed. The co-pilot increased power
and recorded data showed that the speed
stabilised at approximately 144 knots.
The co-pilot increased power a second
time and the airspeed began to increase
towards the target speed of 154 knots.
The aircraft then passed over the Eildon
Weir VOR.. The co-pilot selected
heading mode on the autopilot and set
the outbound heading for the holding
pattern. The airspeed at the
commencement of the holding pattern
was 149 knots. As the turn progressed
the speed decreased from 149 knots to

141 knots over a period of 21 seconds.
At that speed the aircraft began to
vibrate and buffet and six seconds later,
at an airspeed of 136 knots, the autopilot
disconnected. One second lates, at about
136 knots, the aircraft began to roll
rapidly to the left, and started to pitch
nose down, consistent with an
aerodynamic stall. The pilot in command
took control of the aircraft and regained
normal flight at FL133.

At the time of the occurrence the
aircraft was in cloud, and icing
conditions. The engine anti-ice and
propeller de-ice systems were selected
“on”.The crew had not used the de-
icing boots on the wings. The crew
believed that an ice induced propeller
imbalance had caused the vibration,

11.1  THe lane Hazarp

Accumulation of ice can lower aircraft

performance in many ways. It can:

+ increase the stalling speed of the aircraft
by changing the aerodynamics of the
wing and tail as well as increasing the
weight;

* make it ahmost impossible to operate
control surfaces and landing gear;

+ destroy the smooth flow of air over the
aircraft;

+ increase drag and decrease Lift;

+ cause engine failures;

+ cause propeller vibrations;

+ damage compressor blades of jet engines
(chunks of ice can inject into the engine);

73
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DRAG INCREASES

Jarnmed control surfaces

Comms interference

Reduced visibility

Decrease of power

THRUST DECREASES
WEIGHT GROWS

Vibrations

Figure 11.1

Some sffects of icing on 0
ghrcroft in flight.

produce errors in instrument readings of
air speed, altitude and vertical speed;

+ interfere with communication systems;
« reduce visibility,

Some of these effects are illustrated in
Figure 11.1.

Wing and tail surfaces

Ice accumulations on wing and tail surfaces
disrupt the flow of air around these aerofoils.
Icing results in a loss of lift and an increase
in drag causing the aircraft to stall at a higher
airspeed than normal (see Figure 11.1). The
weight of the ice deposit can also be
important,

Experiments have shown that ice deposits
of only one centimetre on the leading edge
of acrofoils can reduce lift by as much as 50
per cent, increase the drag by an equal
amount and thus greatly increase the stalling
speed. It should be noted that deposits of
one centimetre or more can accwnulate in a
minute or two in heavy icing situations.

Propellers

The accumulation of ice on the propeller
hub and blades reduces the efficiency of the
propeller. Increased power settings may then
fail to produce sufficient thrust to maintain
flying speed and more fuel is consumed. An
even greater hazard is the vibration of the
propeller caused by the uneven distribution
of even a small amount of ice on the blades.
Propellers with low revolution speed are

more susceptible to icing than propellers
with high revolutions per minute. Ice usually
forms faster on the hub of the propeller than
on the blades.

Helicopter rotors

fce accamulations on helicopter rotors can
be extremely hazardous because of reduced
Iift and the unbalancing effect caused by
uneven ice distribution.

Drop-tip tanks

On jet aircraft, ice uswally forms first on
wing tips and, if fitted, drop tanks. Diop
tanks are good collecting surfaces on other
types of aircraft as well. The greatest effect of
icing on these surfaces is to increase the drag
on the aircraft.

Pitot tube and static-pressure ports

Icing of the pitot tube and static pressure
potts may cause inaccurate airspeed and
altimeter readings. When icing is observed
on any part of the aircraft, the pilot should
expect that the static ports are accumulating
ice as fast or faster than other areas of the
aircraft.

Radio antennae

The principal danger of ice accumulation on
an exposed radio antenna is the probable loss
of radio communication. Ice loading on the
antenna may cause it to break and flail the
fuselage.

Windshields and canopies

The formation of ice or frost on windshields
and canopies is most frequent during takeofTs
and landings, but it also occurs aloft.

Carburettor icing

Carburettor icing is the formation of ice in
the throat of a carburettor caused by the
sadden temperature drop due to fuel
vaporisation and pressure reduction as air
accelerates into the carburettor. The
temperature reduction can be as much as
30°C with significant icing possible at
temperatures well above 0°C. Carburetror
heaters can eliminate the problem.
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Fuel system

Turbine fuel absorbs a considerable amount
of water when the air humidity is high.
Sometimes icing of the fuel system can
occur when flying in cold air where the fuel
temperature is below the freezing
temperature of water.

Induction system

Ice forms in the induction system in
conditions favourable for formation of
airframe icing. Induction icing can form in
clear air too, when the relative humidity is
high and the outside air temperatures are
10°C or colder.

Inlet guide vanes

Ice formation on the inlet guide vanes can
reduce the airflow to the compressor and
hence engine thrust. In severe cases the
airflow reduction can be severe enough to
cause a ‘flame-out’.

Engine damage

The shedding of large ice accumulations
from components ahead of the intake of jet
engines can cause damage to the engine.

11.2  lane Tyees Anp CAuSEs

Two classifications of icing structural
{airframe) icing and engine (induction) icing
are discussed.

Understanding the causes of structural and
engine icing requires an understanding of
moist air and cloud formation as discussed in
previous chapters,

Induction Icing

Induction icing refers to icing that interferes
with the power plant of the aircraft and can
occur at temperatures above 0°C, Iis effects
are described in section 11.1.

Structural icing
Structural icing refers to ice that accurnulates
on the exterior parts of the airframe and
attachments such as pitot tubes and static
ports. Structural icing occurs when water
droplets present in cloud at temperatures less
than 0°C {supercooled water droplets) freeze
on impact with aircraft surfaces.

Ice forming on aircraft surfaces can be
categorised as: ‘
¢ clear or glaze ice;

» yime ice;
* 2 combination of clear and rime ice.

There is also another category that is usually
associated with parked aircraft, namely hoar
frost.

The size and temperature of the
supercooled droplets that impact on the
aircraft determine the category of ice that is
formed.

Small supercooled water droplets freeze
rapidly on contact with an aircraft’s sub-zero
surface resulting in a white, opaque deposit
of ice with a rough lumpy appearance called
rime. The opaque appearance is due to air
trapped between individual ice particles,
during the almost instantaneous freezing
process.

Large supercooled droplets freeze relatively
stowly on contact with an aircraft's subzero
surface and tend to flow back over the
sutface resulting in a transparent sheet of ice
which may be smooth or rippled called clear
ice. The characteristics of clear and rime icing
are discussed in sections 11.4 and 11.5.
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An understanding of the water and ice
structure of clouds with respect to
temperature and cloud type will help a pilot
identify meteorological situations with the
potential for hazardous icing conditions.

11.3  THE lCING ENVIRONMENT

The distribution of supercooled water
droplets and ice within a cloud varies with
temperature. Figure 11.2 iltustrates the
typical structure of supercooled water and
ice in cloud with respect to temperature
(Temperatures associated with icing type
should be treated as approximate).

It is important to note the decrease in
the number of supercooled droplets with
decreasing temperatuses.

Droplet size is also important. In general
the largest supercooled droplets are found at
altitudes just above the freezing level. The
size of supercooled droplets tends to decrease

with decreasing temperatures and/or
increasing altitude.

Figure 11.2 relates the three most common
temperature zones to icing type:

+ 0°C to -15°C clear or glaze ice;

¢ -10°C to -15°C  mixed clear and
rime;

+ -10°C to -20°C

Note: These figures are approxiniate

rime,

environmental air temperatures, Zones may
overlap by about 5°C. Note also that rime
may occur at temperatures colder than -
20°C. At altitudes where the air temperature
is colder than -35°C, supercooled water
droplets are rare and the chance of ice
formation is very small. In general, icing is
not a significant threat at altitudes where the
air temperature is colder than -20°C except
in large curnulus and cumulonimbus clouds
where strong updrafts can rapidly transport
large supercooled droplets to colder aleitudes.

Figure 11.2
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The rate of ice accumulation is directly
proportional to the amount of supercooled
liquid water in clouds. The worst-case
scenario involves large supercooled droplets,
remperatures close to freezing and clouds
with a large number of drops. This is most
jikely in large cumulus and cumulonimbus
clouds.

Droplet size and numbers are characteristic

of different cloud types. The relationships

petween cloud type and icing are:

o stratocumulus — occasional rime if
freezing level is low enough;

o large cumulys — clear ice at altitudes
higher than the freezing level;

. pimbostratus — moderate rime and clear
ice probable in lower levels of the
cloud; Beware of clear icing in freezing
precipitation below cloud (refer to
11.11)

o cumulonimbus — dangerous clear ice;

o altostratus — light to moderate rime
depending on cloud thickness. Clear ice
possible in lower levels of the cloud;

o altocumnlys — light rime.

11.4  CLEAR lcine

Clear or glaze ice is a transparent sheet of ice
which may be either smooth (figure 11.3) or
rippled. It most often forms in the
temperature range of 0°C to -10°C.

Clear icing is probably the most
dangerous form of icing, because its clarity
can lead to the perception that surfaces are
simply very wet, it adheres tenaciously to the
surfaces on which it forms and the rate of
accretion can be rapid, particularly on slower
flying aircraft.

It is most commonly experienced in
- cumuliform cloud (where large supercooled
- water droplets are often encountered) and
" below cloud in freezing rain.

- 11.5 Rime

" Rime is a white opague deposit of ice with
- a rough lumpy appearance. While rime may
" be encountered between 0°C and -40°C it
- most frequently forms in the temperature
range of -10°C to -20°C.

As the droplet freezing process is almost

instantaneous, rime tends to form on leading

edges such as wings, fins, and air intakes
(Figure 11.4) while the air bubbles trapped
between individual ice particles account for
its brittle nature.

The small supercooled water droplets
responsible for rime formation are normally
encountered in stratiform clouds between
-10°C and -20°C, although it should be
recognised that cumuliform clouds also may
produce rime at temperatures below -10°C.
In warmer temperature, deposits of rime are
generally very slow to accumulate.

The main hazards posed by rime are
distortion of the airflow and consequent
reduction in aerodynamic efficiency of the
wings, build-up of ice on the air intakes and
blocking of pitot heads, static sources, and
venturis.

11.6 Mo lawns

As the name implies mixed icing is a
combination of clear ice and rime. Its

rappearance varies but the rime component

creates some degree of opaqueness, It
commonly forms in the temperature range
of -10°C to -15°C.

Figure 11,3

A cross saction of on
gerofoil showing cleor ice
adhering o the surfuce,

Figure 11.4

A cross saction of on
nerofoil showing rime
adhering to the lsading
surface.

Figere 11.5

A cross section of an
gerofoil showing claor ica
and rime adhering to the
sutface,
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Mixed icing occurs when supercooled
droplets vary in size or are mixed with snow
or ice particles, a combination of clear ice
and rime can rapidly form.

Mixed icing can lead to the formation of
irregular shapes on airfoil leading edges as
Hlustrated in Figure 11.5.

11.7 Hoar Frost

Hoar frost is a white, feathery, crystalline
depaosit of ice that forms by deposition on
surfaces having temperatures below zero.

Hoar frost can form on an aircraft in
flight when passing quickly from cold dry, to
warm moist air. The water vapour in the
warmer air can change directly to ice (refer
deposition process 7.7). The ice will quickly
disappear if the aircraft continues in the
warmer air but in the interim formation on
the windshield or canopy can severely inhibit
visibility.

Hoar frost usually oceurs in clear air when
ant aircraft is on the ground and its skin
temperature falls below the frost point of the
surrounding air (below 0°C). The weather
conditions conducive to this are calm and
clear nights. Under these conditions the
sutface of the aircraft, like a car, radiates
strongly. Air in contact with the skin then
cools (by conduction) to the frost point.

Frost should be removed from the aircraft
before take off. Frost not removed in the
pre-flight inspection can be dangerous,
inhibiting visibility and modify the airflow
over the wings so that the speed at which
stalling can occur is increased.

11.8 lane InNTENSITY

Icing intensity ranges from trace, light,
moderate to severe. These terms are defined
below with reference to the potential
danger:

» Trace: Ice becomes perceptible. It is not
hazardous unless encountered for an
extended period of time.

» Light: The rate of accumulation may
create a problem if flight is prolonged in
this environment.

»  Moderate: The rate of accumulation is such
that even short encounters become
potentially hazardous.

+  Severe: The rate of accumulation is such
that short encounters are hazardous and
immediate flight diversion is necessary.

11.9 Heatring OF AIRCRAFT SURFACES

The occurrence of aircraft icing is dependent
on the temperature of the aircraft. Aircraft
skin temperatures can be warmer than the
environmental temperature due to
compression heating at leading edges and
frictional heating over the rest of the
airframe. The faster the aircraft the greater
the heating, At a true airspeed of 500 knots
the effect may be as much as plus 25°C.

11.10 OROGRAPHIC EFFECTS.

The effect of mountains on air movement is
likely to cause an increase both in the depth
of a cloud layer and the liquid concentration
within the cloud. Icing may therefore occur
more rapidly over mountainous terrain, s
severity will be increased if frontal systems
are also in the vicinity.

11.11 Freszing RA;N

One of the most severe forms of clear icing
occurs when an aircraft below cloud base
encounters supercooled rain or drizzle. This
phenomenon, known as freezing rain or
freezing drizzle, may result in an aircraft
becoming enshrounded in a clear ice layer in
a matter of seconds.

Such conditions can occur ahead of a
warm front or sometimes behind a cold
front when warm moist air aloft overruns
sub-zero air at lower levels. Rain falling from
or through warm air into sub-zero air can
become supercooled. On impact with an
aircraft the supercooled raindrops flow over
exposed surfaces and freeze as clear ice.

The most severe icing occurs near the top
of a shallow cold layer beneath a thick layer
of warm air. The supercooled raindrops are
much larger than cloud drops and thus lead
to rapid accumulation of clear ice.
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Figure 11.6 illustrates a wedge of warm
air penetrating into sub-freezing regions
around a frontal system. Rain falling into
sub-zero conditions is cooled and modified
to freezing rain conducive to the formation
of clear ice on aircraft,

11.12 On-Grounp fcine

On-ground icing is common in Northern
Europe and Canada and less common in
Australia. However, on-ground icing
conditions have been reported and have
been the cause of airport closures at a
number of Australian locations including
airports in Tasmania and in the higher areas
of New South Wales and Queensland.
Tullarnarine in Victoria has been closed for
several hours due to the possibility of ice
having formed on parked aircraft.

Failure to inspect and clear ice from
parked aircraft before flying can pose serious
risk to the safety of operations. Although no
known fatalities have occurred in Australia
some infamous accidents have claimed
passenger aircrafl overseas when captains
have elected to take off before clearing ice
and snow from their aircraft as reported in
the August 2002 Aircraft & Aerospace
magazine as follows.

As the jet began its take off roll the
captain assumed snow would blow off
the wings as the jet built up speed. But it
did not build up enough speed. The
temperature on the upper surface of the
wing mimics a refrigerator, in that the
partial vapour pressure created on the
top of the lifting surface causes the air to
cool further, making the snow crystals
bond to the surface like stucco cement,
and compromising its aerodynamic
efficiency with every grudging increase
in speed. The doomed Air Florida flight
became airborne riding on the ground
eftect of a cushion of air compressed
below the wing, but as the captain
panicked and pulled the nose up this was
lost. Engines screaming, the jet began to
sink back to the ground before spearing
into the Potomac River,

Besides losing aerodynamic lift there is also
the danger of ice jamming control surfaces.

Sub-zero temperatures

Freezing level
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Figure 11.6

Feeezing rain benenth o wedge of warm gir ot o frental zone. Accumulation of clear ice can be
rapid in these conditions.



CHAPTER 12

In regions where the troposphere is sulficienily moist and unstuble and where thers is o lifting
mechanism fo iniliute convedtion, convective clouds can grow fo greu! heights und develop info
thundessiorms. Thundersiorms are conveciive clouds (or aggregations of convective clouds) in
which elecirical discharge cun be seen as lighining ond heord os thunder.

Thunderstorms consist of one or more
dynamic building blocks called convective
cells. A cell is a compact region of relatively
strong upward air motion and has a distinct
life cycle.

12.1  THunpEerstorm CELLS

There are two basic types of thunderstorm
cells, the ordinary and the supercell.

The ordinary thunderstorm cell

Most thunderstorm cells are of this type and
form in an environment of weak vertical
wind shear. This type of cell is normally 5-
10 km in horizontal extent and usually
short-lived in its mature stage (15-30 min-
utes) due to its updraft becoming exhausted
of moisture. It has been observed that the
ordinary thunderstorm cell can sometimes
produce severe weather for a short time if
the updrafi or downdraft is strong enough.

The supercell

The supercell is a larger (10-40 km across),
more organised convective cell that forms in
a suitable environment of strong vertical
wind shear, strong instability and large
moisture supply. The supercell can last for
several hours (up to seven hours has been
observed) in its mature stage because of the
way in which it interacts with the environ-
mental vertical wind shear to maintain a
strong, deep, persistent, rotating updraft of
moist boundary layer air. Although relatively
rare, the supercell has the capacity to pro-
duce extremely severe weather.

12.2  THUNDERSTORM STRUCTURES

The ordinary cell is the most common
component of single cell or multicell
thunderstorms. Supercells tend to occur on
their own but can occasionally be present in
multicell thunderstorm systems.

Non-severe storms usually exhibit short
lifetimes of an hour or less, and occur
typically in environments with weak vertical
wind shear, They may occur as a single cell or
as a small cluster of cells.

The Bureau of Meteorology defines severe
thunderstorms as being associated with one
or as more of the following phenomena:

+ heavy rain and flash floods;
+ hail with diameter equal to or greater than
two centhmetres;

» tornado occurrence;

+ wind gusts equal to or greater than 48
knots.

Storms meeﬁng these criteria are not
uncommo in Australia. They do not have to
be large or long-lived to produce severe
weather, _

Visually, it is difficult to pick the storm
that will produce severe weather. All
thunderstorms have the potential to be a
hazard to aviation no matter what their size.
Some types of thunderstorms known to be
severe include:

+ pulse severe thunderstorms;

» cool season thunderstorms;

* the organised multicell thunderstorm;

¢ thunderstorms associated with convective
systems and complexes;

s squall line thunderstorms;

« supercell thunderstorims.
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Figure 12.1

A mutficelt thunderstorm
with characteristic avtflow
fifling previously
unatfected air fo saturation
in the vicinity of the
original call. Close knit
orgonised muitiple cefl
storms may be initiofed in
this way.

Figure 12.2

Clustess of thunderstorms
forming in the vicinity of a
covargence zone, along g
frough of low pressuze,
lusteated by o sotellite
imoge with a synoptic
chort overday. tn the lower
right hend erea of the
sufellite image o complex
of thiee storms can be
seen. Note olse the seriss
of storm compleyes olong
the trough line and the
huge arees they affect.

New cell development
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Pulse severe stormns

These are ordinary cells that produce a short

pulse of strong updraft or downdraft. Pulse

downdraft severe storms are of particular

interest to aviation due to their association

with downburst and microburst activity.

Downdraft storms are subdivided further

into:

« ‘Wet Downburst Severe Storm. _
Downbursts occurring in the vicinity of
heavy showers;

* Dry Downburst Severe Storm,
Downbursts occurring below virga (rain
not reaching the ground).

Downburst effects are discussed later in this
chapter.

Cool season severe thunderstorms

Cool season thunderstorms are frequently
observed in southern Australia to produce
damaging straight-line winds and sometimes
tornadoes. These storms are smaller than
their warm season counterparts and exhibit
weaker radar signatures (refer to Chapter 16},
but they have essentially the same structure,
Cool season severe storms are observed to
form along cold fronts or pre-frontal troughs
or occasionally in the cold air behind a front,
in environments exhibiting only moderate
buoyancy but strong vertical windshear.

The Organised Multicell Thunderstorm
Organised multicell thunderstorms consists
of two to six ordinary cells. The degree of
organisation of this thunderstorm type gives
it a relatively long life and a greater chance
of producing severe weather over a broad
area, difficult to navigate around. It tends to
form in environments with moderate vertical
windshear, Such an environment encourages
strong low-level storm-relative inflow and
gust-front convergence, leading to repeated
new cell growth, Figure 12.1, 12.10 and
12.11 illustrate how downdrafts from one
cell or group of cells can life moist air and
spawn new cell development.

Convective systews and complexes
Convective systems and complexes consist of
a large number of cells (clusters) at various
stages of development, organised either as a

large cluster of thunderstorm cells or as a
squall line (discussed later). These
thunderstorm syseems are capable of
producing severe weather, especially flash-
floods, hail and strong downdrafts. Such
cloud systems may exceed 500 km in
diameter.

Squall lines

Squall lines occur when cells are arranged in
long lines (frontal or non-frontal) and
adjacent cells are so close together they form
line thunderstorms. Such storms are often
accompanied by strong surface wind gusts;
hence the name squall line. Mid-latitude
squall-line thunderstorms are observed
regularly over parts of southern Australia and
sometimes produce severe weather.

Squall lines develop initially along a linear
lifting mechanism such as low pressure
troughs, along the intertropic convergence
zone or with significant wind shear regions
with other convergence producing weather
systems which may be a front but is more
likely to be a pre-frontal trough as depicted
in figure 12.2.

Squall lines can be particularly dangerous
to aircraft in flight since they can present a
wall of severe weather difficult to penetrate
safely and too wide, high and long to
negotiate. Cloud bases can change rapidly
and are often very low, so flying beneath the
cloud, with a good chance of encountering

“strong downdraughts, hail, rain and poor

visibility, severe turbulence and low cloud is
a potentially hazardous procedure.

Supercells

In some storms, the balance between
buoyancy and wind shear approaches an
optimum, leading to the development of
long-lived thunderstorms (several hours)
with strong rotation within their cores. These
storms are known as "Supercells” and are
responsible for the majority of damage
caused by severe thunderstorms. Supercell
thunderstorms may produce very large hail,
extraordinary wind gusts, powerful tornadoes
and heavy rainfall. These supercells may
develop rapidly from an ordinary cell or line
of cells and move off in a different direction
to other thunderstorms in the vicinity,
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Figure 12.3

Stages in the life cycla of g
single isoloted
thundersiomm call, At A the
developing coll is
dominoied by updeaft. At B
ihe mature cell is
producing peecipitetion and
dowadradt kos developed
next to the updraft. This is
the most intense phase of
the coll with respect fo
draft speeds, precipitation,
lightring, etc, At C the
dissipating cell shows enly
weok remnants of updraft,
being dominated by
downdraft o5 o pool of

roin-cooled gir sprends out *

ot the surfuce, choking off
the updraft. Nete the
etosion of cloud in the
downdeaft aien. A single
celf takes approvimetely
40 to 60 minutes fo go
through this life cycle,

L.

Towering cumulus Mature

A . - B

12.3  Like Cvcie OF AN ORDINARY
THUNDERSTORM CELL

The life cycle of the ordinary thunderstorm

cell divides quite neatly into three stages

determined by the magnitude and direction

of the predominating vertical motions. The

stages are:

+ the towering cumulus stage —
characterised by an updraft throughout
the cell;

* the mature stage — characterised by both
updraft and downdraft, at least in the
lower half of the cell (this is the stage of
maximum lightning activity);

* the dissipating stage — characterised by
downdrafts throughout the cell.

The towering cumulus stage

‘The towering cumulus stage typically has
(See Figure 12.3A) updraft strength of 2000
to 4000 feet/minute, which is sttonger than
ordinary convection. This stage is therefore
considered to be the beginning of the
thunderstorms cell's life eycle when the cell
is dominated by updrafis.

At this stage there is a significant
concentration of rain or ice (or both)
suspended within the updraft at or slightly
above the cloud freezing level. Therefore, the
first radar echo in an ordinary thunderstorm
cell will come from near the freezing level.
Lightning is seen rarely at this stage.

Dissipating
G

The mature stage

The mature stage (see Figure 12.3B) begins
when precipitation starts falling from the
cloud base. Meanwhile the updraft continues
and often reaches its greatest strength in the
upper parts of the cloud. Upon reaching the
equilibrium level (refer to Chapter 8, Figure
8.6), the updraft spreads out into the
characteristic anvil, Depending on the
updraft speed, some overshoot of cloud tops
often occurs, protruding above the anvil. At
the mature stage updrafts can reach a
maximum intensity of 8000 to 10 000 feet
per minute,

Downdrafts associated with the
precipitation arise from two main processes:
+ frictional drag by precipitation particles;
* chilling of unsaturated air by evaporation

of raindrops and cloud droplets.

The mature stage is the most intense
period of the thunderstorm’ life cycle. Up
and downdrafts and turbulence are at their
maximum, lightning is most frequent
throughout the cell, precipitation is most
intense, maximum radar reflectivity is
observed and storm tops are at their highest.

Dissipating stage

The dissipating stage (See Figure 12.3C)
begins when the downdraft’s low-level
outflow spreads out and ‘undercuts’ the
updraft, cutting off its source of warm,
IOist air.
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Continuous
downdrafis

Direction of
movement &

Continuous updrag

The dissipating stage is dominated by
downdraft. Therefore, the well-defined
cumuliform cloud towers that characterise
the first two stages disappear and only ragged
clouds remain. After the precipitation stops,
the anvil aloft may be the only remmnant of
the storm cell. Eventually the anvil
evaporates and disappears.

The cumulus stage typically lasts 10-15
minutes; the mature stage 15-30 minutes and
the dissipating stage 30 minutes or so.
During this time, the storm may travel many
kilometers in the direction of the mid-level
winds in which it is embedded.

12.4 Necessary ConpiTioNs For
THUNDERSTORM DEVELOPMENT

There are three necessary conditions for

thunderstorms to develop. They are:

»  Low-level moisture — sufficient water vapour
in the near-surface layers to allow
significant buoyancy once air from this
level has reached the Level of Free

Convection (LFC). The LFC is the level at
which a parcel of saturated air becomes
warmer and therefore more buoyant than
the surrounding air and begins to rise
freely.

« Instability — a deep layer of conditionally
unstable air above the LFC which allows
the parcel of saturated air to continue to
rise to a considerable height, i.e. to the -
20°C level and beyond.

« A lifting mechanism — to lift a parcel air
from near the surface to its LFC,
Discussed further in section 12.5.

For supercell development, the vertical
wind structure must be such that the updraft
and downdraft remain separated for a long
period. Figure 12.4 shows the organised
structure of a supercell severe thunderstorm,
with separate regions of continuous up and
downdrafts.

Figure 12.4

An updrafi feeds info a celf
from near graund level,
Within the cell the updiaft
sises and otates in o
mannet that alfows
downdrafts 1o descend
awoy from the updraft
region. Separation of up
end downdrafis allows the
updiafi to continuelly feed
the storm.
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12.5 Lirming MECHANISMS AND PREFERRED
Zones FOrR THUNDERSTORM
DEVELOPMENT

Lift is required to initiate thunderstorm
updrafts, because the atmosphere is never
sufficiently unstable for deep moist
convection to begin spontaneously. Lift is
most often initiated by low-level air mass
convergence near the surface. There are
many lifting mechanisms that force
convergence and induce lifting of the air.
Some regions where lift can be expected are
in the vicinity of:
+ fronts;
+ pre-frontal troughs;
+ casterly troughs {an Australian feature of
warmer months);

* orography;

* convergence between locally generated
winds;

* convergence between synoptically and
locally-generated winds;

» thunderstorm outflow.

Fronts

Air mass convergence is a feature of cold and
- warm fronts. Moving or stationary frontal
zones have convergent zones across the
frontal wind field discontinuity as illustrated
in Figure 12.5.

Pre-frontal troughs

Air mass convergence occurs in the vicinity
of pre-frontal troughs in southern Australia,
Pre-frontal troughs frequently form ahead of
cold fronts over Australia in the warmer
months as depicted in Figure 12.6.

----------

Converging winds —
Wind flow «........yr
Convergent zone

Figure 12.5

A convergent zone in the vicinity of o cold front. Note the converging northarly and southwesterly
winds in the southern sector and the convarging northeasterly ond southeostarly winds in the
notthern sector. The shaded area outlines the region of maximum convergence, coincident with
the most ikely area for thundersiorm development.

Converging winds —>
Wind flow «u....... »
Convergent zone

Figure 12.6

A convergent zone In the region of o pre-froniol #ough. Hote the converging nottherly winds
with the westerly winds flowing into the trough. The shaded oreo outlines the region of
meoximum convergence, coincident with the area most likely for thunderstorm development.
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Easterly troughs
Convergence occurs along or ahead of a
trough in the easterlies.

Troughs frequently form in easterly winds
over the Australian continent, especially
during the warm season. For example in
Southeast Queensland, 2 common ares for
thunderstorm updraft initiation is near a
small surface low at the junction of an inland
trough and a coastal front, as depicted in
Figure 12.7. Convergence produces strong
uplift. Easterly winds from the ocean inject
large quantities of moisture into the system.

It is interesting to note that easterly winds
from the Pacific Ocean can, over several
days, inject moisture far inland, across
Queensland, New South Wales and the
Northern Territory and into South Australia.
If trough lines develop when the high levels
of moisture are present, extensive
thunderstorm systems often become
established. The systems usually peak in the
mid afternoon with maximum surface
heating. They often collapse during the night
only to re-form during the next day.

GConvergent zone .~

Converging winds -
Wind flow

Figere 12.7

A common synoptic pattern for thuadarstorm initiation in Sautheost Queensland, with an accompanying image depicting thunderstorm activity. A small susface low on
the inland trough cembines with the coostal front te gensrate ¢ convergent zone and uplift. The sotellite image shows toweriag comulus ond cumuloaimbes douds, Of

porticular interest is the thuaderstorm with tops to 4¢ 000 feat. The b
also o signotre of fhe potential for severs weather,

anded siucture is indicative of over-shoating tops {fops rising beyond the equilibrium level). It is
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Figere 12.8

Exanzple of the inland
{easterly) trough octing as
& thunderstoem [iffing
mechanism in HSW. The
staims end o farm reor
the trough line ond move
towards the eost in the
stearing flow (mid-level
flow). Orogrophic-induced
cenvergence also may aloy
a rofe here.

Figure 12.9
Schematic depiction of
lifting mechanisms in
motntainous ferrain,

- Leeside convergence FE

Orography

Thunderstorims frequently occur adjacent to
topographical features due to low-level
lifting. The lift is produced through local
convergence of topographically forced
winds. Some examples are depicted in
Figure 12.9.

Convergence between locally-generated winds
Local winds generated by differential heating
include sea, land breezes and lake breezes,
mountain-valley winds, urban heat island
winds and winds generated at a
clear/overcast sky boundary, a wet/dry soil
boundary or a vegetated/bare soil boundary,
Examples are:

» differential heating over varying terrain
leading to convergence over local hot
spots;

* convergence of sea-breezes generated on
opposite sides of istands or peninsulas, e.g.
Cape York Peninsula and Melville Island
(see the example in Figure 9.16).
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Convergence between synoptically and
locally-generated winds

This is exemplified by convergence
between synoptic easterlies and the
northwest sea-breeze over Darwin in
summer, often revealing itself as a line of
cumulus by midday. Many Australian coastal
regions experience strong sea-breeze
convergence inland from the coast during
summer, Although the cool air behind the
sea-breeze often suppresses convection at
the coast, convergence at the leading edge
acts as a lifting mechanism a little further
inland. If the atmosphere is conditionally

poundaries

unstable and moisture sufficiently high,
thunderstorms may be triggered at the sca-
breeze front,

Thunderstors outflow

Finally, thunderscorms themselves play a very
significant role in new updraft initiation by
generating low-level convergence along their
cold air outflow boundaries. Often these
outflow boundaries appear on the satellite
picture as arc cloud lines consisting of
cumulus clouds (Figure 12.10). Even old
outflow boundaries as far as 300 km from
their parent thunderstorm can generate
significant low-level convergence.

Colliding outflow boundaries can produce
intense low-level convergence and hence lift.
Vertical speeds of 3200 feet per minute have
been measured in these situations, This low-
level lift is 2 common storm 1nitiator,
especially in the tropics. Obviously flying at
low levels between or beneath storms with
vertical velocities of this strength would be
extremely uncomfortable and even
dangerous.

The images in Figure 12.10 and Figure
12.11 are one hour apart. Within this time
the gap between the two storm complexes
has been filled with new convection and the
clouds have moved further east.

Figure 12,10

Frample of hwo arc coud
fines generated by outflows
from Fundersiosm
comptlexes. The lower arc
cloud hos havelled
appraximately 350 km
from the source tegicn. The
thunderstorm clouds
{cumulonimbus} have taps
at -63°C conresponding to
height of 45 000 feet.

Figure 12.1]

Example of outflow
collision and enhonced
uplift forcing new
thundesstorm development.
The span of the outflow
fiom the fower complex is
near 550 kilometres in
gicmeter. The twe storm
complexes in this image-
span on azed of more shen
800 kilomatres.



9%

Chopte: 12

The following excerpt from the
magazine Flying Australia highlights the
potential danger of flying between
thunderstorms.

The narrow corridor in which I was
flying was like an upside down chasm.
The turbulence was extreme — it was
difficult even keeping my headphones on
— it was impossible to adjust the power
settings — because of the jarring action of
the turbulence — I remember a sense of
complete helplessness — I felt that the full
scale deflection of the control column
had no effect — every time 1 sensed a
clearing — it was not to be — throughout
this | was hand flying the aircraft, and
with great difficulty, the auto pilot didn’
stand a chance in these extreme
conditions.

Just prior to this experience the pilot
had thought that he had been flying for
long enough to believe he could handle
just about any situation. But the
perceived level of ability did not match
the reality.

12.6 THUNDERSTORM HAZARDS

Hazardous weather conditions can be packed
into very concentrated zones in and around
thunderstorms. Hazards include microbursts,
severe wind shear and turbulence, large hail,
icing, lightning, tornadoes, heavy rain and
poor visibility. Lesser known hazards can
inclade engine water ingestion and marked
variations in altimeter readings.

The capacity for thunderstorms to
congregate into huge complexes over short
periods of time is a danger in itself. Late
morning clear skies may be filled with active
thunderstorms by eartly afternoon.

Turbulence

“It was impossible to adjust the power
settings and synchronise the propellers
because of the jarring action of turbulence”
{Excerpt_from Flying Australia).

All thunderstorms are characterised by
internal turbulent flows generated by up and
down-draught winds, with most of them
possessing the potential to produce extreme

turbulence that potentially poses 2 significant

threat to aircraft. The most likely areas in the

vicinity of a thunderstorm where turbulence

may be encountered are:

* updraft/downdraft boundaries within the
cloud;

¢ the leading edge and upper surface of the
gust front (where strong vertical and
horizontal wind shears exist);

+ funnel clouds extending from cloud base
(sometimes reaching the ground as
tornadoes);

+ the upper parts of the updraft within the
cloud (note - the airflow in the updraft
near cloud base is usually quite smooth).

Pilots should monitor the movement and
development of thunderstorms in order to
avoid them by at least 20 nm (37 km).

Updvaft winds

Updrafts tend to be strongest in the middle
and upper parts of the storm, but the updraft
beneath a growing cumulus may be strong
enough to suck a glider or light powered
afrcraft into the cloud.

Updraft/downdraft Wind Shear

Wind shear between adjacent up and

downdrafts within thunderstorms can

generate extreme turbulence. The danger in

extreme turbulence is two-fold:

+ severe loadings may be imposed on the
aircraft structure

* violent changes in aircraft attitude may
induce stall or other conditions in which
an attempted recovery may exceed the
design limitations of the aircraft.

Straight line downdraft winds

As a thunderstorm goes through its life
cycle, the wind field under the cloud
undergoes significant changes. During the
early part of storm growth, the surface winds
converge beneath the cloud. However, the
onset of the downdraft transforms the sub-
cloud enviropment. When the mass of cool
descending air strikes the ground, it rushes
outward in all directions. The outward
flowing cold air undercuts the warmer
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Storm movement

Moderate to
severe turbulence

Shelf cloud

environmental air and continues to move moderate to severe turbulence is at the
outward, forced by the downdraft. leading edge of the gust front. At the gust
The forward edge of the boundary, the front a roll cloud is sometimes observed,
gust front (Figure 12.12), is like a miniature with strong upward motion on the leading
cold front because it separates regions of air edge, and general rotation along its
having distinctly different properties, As it horizontal axis.
spreads horizontally, it forces the warmer air Measurements of the wind gusts at the
to risc and can lead to the formation of new  leading edge of the cold outflow occasionally
convective clouds and thunderstorms. exceed 100 knots.
The strongest lift coincident with Although the wind gusts accompanying

Figure 12,12

Schemotic of a gust fronk
advancing aheod of o
thunderstorm, with regians
of tolf doud formation ond
turhulence. Note that the
strongest fift and most
severs turbulence is of #he
gusé frant that is
sometimes saen os g roll
cloud. The soll dloud moy
be abserved fo be moving
upwards or rioting aloag
g herizentel oxis, due to
the stiong vertical wind
sheor between the inflow
{thick black fines) and the
outflow (thin fines). Low
dloud {shelt cloud)
attached to the moin bose
is often abserved af the
feading edge of ¢
supercall,

Figure 12.13

A toll cloud at the leading
edgs of o fhundesstarm
gust front (Phote; ©
Inflow Images).
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Figure 12.14
Schemetic of downburst, &
mass of cold air felling
from ¢ cloud hits the
ground and spreads out.

the arrival of the cold outflow are quite
pronounced at the surface, the wind speeds
are usually strongest 450 feet to 1200 feet
above the ground, due to frictional
retardation nearer to the surface associated
with surface roughness.

The initial depth of the cold outflow
varies between 1800 to 4500 feet. The
outflow gradually weakens and becomes
shallower as it flows away from the
thunderstorm.

Low-level horizontal, wedge-shaped cloud
called shelf cloud (Figure 12.12) is often
observed attached to the convective storm’s
cloud base. At times the cloud looks much
like a curtain, with a hanging terraced
appearance, with several layers of cloud. It
can be assoctated with turbulence and sharp
wind shifts. Up-motion can usually be
detected on the forward flank of the shelf
cloud while the underside appears turbulent.

Wind shear, associated with downbuyst
dand microburst

Downburst and microburst are terms used to
describe small scale but particularly
concentrated downdrafts that are associated

initial impact

Figure 12,15

The path of en girccaft
taking off into o
microbuisk. At first the
aircroft experiences ¢ head
wind, followed by g short
period of decreosed head
wind, then a downdrafi,
and finally an increosing
tail wind, possibly lecding
to disoster.

Ouispread Stage

with severe wind shear, as distinct from the
broader gust fronts.

The term microburst describes the size of
the downburst that is usually considered to
have horizontal dimensions of less then four
kilometres. It is important to acknowledge
that microbursts are not only associated with
thunderstorms. Although not as intense,
microbursts can also occur under
altocamulus cloud and high-based cumulus
cloud.

Downburst winds differ from tornadic
winds in that they originate fiom the cloud
base and diverge when they contact the
ground. Tornadic winds converge toward the
cloud base. Microburst ground damage is
typically in a straight line {trees are flattened
all in the same general direction). Tornadic
damage is usually along a narrow, well-
defined path with debris often laying in
disorganized patterns,

When a downburst hits the ground
(Figure 12.14) it displays characteristics
similar to that of a concentrated stream of
water from a tap which impacts on the base
of a sink, flattening and spreading rapidly
outward, with a very turbulent region at the
outer edges,

BE AWARE — Downbursts are 2 real
threat to the safety of aircraft of all types.
The rapid change in wind speed and/or
direction poses a very real threat to aircraft
during take-off and landing. Wind speeds to
146 knots have been recorded with
downburst activity. The lifetime of a
downburst typically lasts 5 to 15 minutes,

Increasing tail wind

Strong downdraft
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Increasing headwind

If a downburst occurs over an airport:

* during take-off the aircraft first
encounters a strong headwind that is the
laterally spreading section of the
downburst, then a downdraft, which is the
vertically descending section of the
downburst, and finally a region of strong
tail wind (see Figure 12.15);

» during landing the aircraft flies into a
strong head wind, then enters a region of
strong downdraft before encountering a
strong tail wind (see Figure 12.16).

In the United States during the 1970s and
early 1980s a number of large passenger jets
crashed just after take-off or just before
landing. The microburst has been established
as the major factor in those accidents.

The following extract from an ATSB
report illustrates the dangers associated with
wind shear and thunderstorm activity.

During the approach the co-pilot
requested a wind check from the
aerodrome controller. The controller
advised the crew that the runway 03-
threshold wind was 300 degrees at 12
knots, giving a crosswind of 12 knots.
The controller requested the crew to
advise the spot wind at 1000 ft, and the
co-pilot reported that the 1000 ft spot
wind was 280 degrees at 35 knots.

On short final, at approximately 500 f
above ground level, the pilot in
command discontinued the approach
when the aircraft experienced turbulence
rendering the approach unstable.

The subsequent inspection of runway

Strong downdraft

Figure 12,16

the path of an aircralt
caught in a microbuist
while approaching to fand.
The aircraft beginning 1he
descent experiences g
steong headwind, then o
downdraft and finatly o
steong toil wind.

Increasing tail wind

24 revealed a scrape mark on the runway
approximately 490 metres from the
threshold of runway 24. The scrape mark
was approximately 30 metres in length
and was located approximately 18 metres
left of the runway centreline just outside
the outer edge of the runway
touchdown zone markings. Examination
of the manufacturer's data for the B747-
200 series showed engine number 1 to
be 21.2 metres outboard from the aircraft
centreline, This was consistent with
position of the scrape mark on

runway 24,

At the time of the occurrence the
environmental wind was strong, and the
investigation concluded that it was likely
that the downdrafts and associated
surface outflows fiom the entrained
convective activity were distorted in the
direction of the prevailing airstream, and
that this accounted for the gusting
conditions that were present at the time
of the occurrence.

The flight data recorder fitted to EBS
was not equipped to record the aircraft's
groundspeed, and the investigation was
unable to determine the actual external
winds that affected it during the
approach and landing. However, from the
meteorological data that was available, it
was probable that the roll rate
encountered by EBS as it commenced
the landing flare resulted from an
encounter with low-level windshear. It is
likely that this was produced by a
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Figure 12.17

A sevare thundersterm
microburst wind analysis
for Richmond {Austrakia)
for 3 Dacember 20061, The
plot is of wind gusis from
SPEC! repotls across the
fife snam of the microburst.
The fiest point (af 13
minutes) and the lost (of
18 minutes) are indicotive
of wind gusts before and
atter the micioburst event.
The microbusst had o fife
spon of about 5 minutes
{between the 13 minute to
14 minutes plots), Wind
gusts before and offer the
event were about 20 knots
but for ¢ wilé 5 minue
pariod, wind qusts varied,
with gusts of 50, 94, 44
and &0 knots recorded.

Microburst Wind Gust Analysis
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downdraft from one of the convective
storm cells passing through the terminal
area at the time.

Although the pilot in command
responded in a timely manner with
appropriate control input, under the
dynamic conditions that were
encountered, it is unlikely there was
sufficient available aileron/spoiler
authority to counteract the high rate of

roll that had suddenly been experienced.

This resulted in the number 1 engine
pod momentarily striking the ground as
the aircraft touched down.

Low-level windshear may occur as a
result of thunderstorms, land/sea breezes
low-level jet streams, mountain waves
and frontal systems. There have been
accidents and incidents associated with
low-level wind shear in Australia. Pilots
should be aware that it is a phenomena

El

that may occur at any location, is difficult
to predict, and can present a hazard to
aircraft on approach and departure.

The analysis in Figure 12.17 is indicative
of winds experienced with microburst
activity and emphasises the point that aircraft
should stay well clear of downbursts.

‘There are two types of microburst: the dry
micioburst and the wef microburst,

Dry micobnrst

Dry microbursts develop in environments
characterised by dry low-levels and moist
mid-Jevels. As the name suggests,
precipitation at the surface is either very
light or does not occur at all, but virga may
be evident,

The dry microburst is initiated by
evaporative cooling. If the air underneath a
cloud is relatively dry then rain and ice
crystals falling from the cloud will quickly
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Dry microburst

Moist air

P
™

Dry air

Dry microburst

Figure 12,13

A model of the evolution of
a dry micraburst
characierised by moist oie
overlying dry air.

Gust front

evaporate and chill the air. The cooled air
will be heavier than the surrounding
environmental air and will accelerate
downward, as depicted in Figures 12.18 and
12.19.

Dry microbursts typically impact at
ground level when wind shear is weak and

Figure 12.19

A series of dry miciebussts
felfing from high-hosed
cumudus cloud. Hote thot
fitle precipitation is
tenching the ground. The
siaight line orcow depicts
the initintion stoge of o
microhurst while the curved
finos show the impact
stage of a micioburst
{Phofo: © Inflaw Imagss).

the air is dry and warm through the sub-
cloud layer.

Dry microbursts can develop in the
absence of lightning and thunder. High-
based cumulus and altoculumulus have been
observed to produce damaging dry
microbursts.
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Wet microburst Precipitation
The wet microburst is accompanied by Alrcraft encountering very heavy rain,
significant precipitation at the surface. Wet particularly during take off and landing may
microbursts occur with a range of experience dramatically reduced
thunderstorm types, , performance due to the weight of water on
The wet microburst develops in the airframe. Another problem with heavy
environments characterised by weak vertical  rain occurs with large quantities of water
wind shear and deep moisture capped by a lying on runways as is evident from the

dry layer as depicted in Figure 12.20. Water following extracts from an ATSB report.
drops evaporating in the dry layer cool the

air that then falls through the cloud. The Extract 1

Although the touchdown was normal

Figure 12.20 falling air, combined with the drag of falling ’ i

A et miccoburst friggered  raindrops, produces strong downburst winds. the aireraft failed to stop ?nd overran the
by eveporation of cloud When the downburst hits the ground it rumway end, before colliding with the
droplets near dW_Ui‘ E’I(’ﬁ- spreads out and away from the rain shaft as perimeter fence.

The cooked, heovier it depicted in Figures 12.20 and 12.21. Extract 2

fuels the microbusst.
The aircraft overran the end of runway

Wet Microburst 211 after landing. The runway was wet
from very heavy rain. The crew had
flown the approach with flaps 25
selected, and had intended to select idle
reverse thrust after touchdown. The
aireraft encountered very heavy rain on

Penetrating downdraft

Dry air

Iate final approach and deviated above
the glidesiope. Just before touchdownn,
the captain instructed the first officer
(the flying pilot) to go around. As thrust
was being increased, the main wheels

Microburst

Microburst initiation

Figure 12.21

A wet miceobust. Natice
the lower-level doud
spiending ous away from
the muin rein region. It is
a litle shellower close to
the rain shafi ond than
appers 1e roll upward.
Fuither fo the feft there
appears fo be several
similar flot and upward
olfing regions. {Photo: ©
{immy Beguora).
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contacted the runway. The captain then
retarded the thrust levers and the crew
commenced manual braking about 7
seconds later, Reverse thrust was not
selected. Touchdown occurred zbout
1,000 m along the runway and the
afrcraft entered the overrun at 88 knots,
Partial dynamic hydroplaning had
occurred during the landing roll. This,
along with the absence of reverse thrust,
reducing the stopping forces available to
slow the aircraft. The aircraft nose
landing gear and one main landing gear
separated during the overrun sequence.

In a thunderstorm with a strong updraft,
water and ice particles, and even large
hailstones are suspended or carried upward
by the updrafts. Thus, a thunderstorm
becomes an elevated storehouse of
precipitation. When the amount of ice and
water in storage becomes too large to be
supported, or the updraft weakens, heavy
precipitation begins.

The speed at which a raindrop approaches
the ground depends not only on its size, but
also on the strength of the downdrafe. A
raindrop five millimetre in diameter falls at
about 1800 feet per minute in still air. In a
downdraft of 2000 feet per minute, such a
drop will approach the ground at a speed of
3800 feet per minute. The effect then, of a
downburst on the rainfall rate, can be
likened to turning a tap on and doubling the
volume of water being delivered to the
ground. Similatly if there are many large
drops in a strong thunderstorm downdraft,
large quantities of water will accumulate
quickly at the surface and possibly flood
runways.

The most intense rain often occurs within
a few minutes of the first rain reaching the
ground and can remain heavy for a period of
five to fifteen minutes, before decreasing
slowly. Rainfall rate depends on the position
of the storm relative to the observer on the
ground, and on its movement.

The rainfall pattern in a thunderstorm
reflects the stages of development and
location of the constituent cells. At a fixed
point on the ground, the duration of the rain
depends on several factors. Precipitation will
occur for long periods when thunderstorms:

o are slow-moving;
+. are large, or

« form in a line so that several cells move
over the same area.

Tornadoes

A tornado is a rapidly rotating column of air
extending from the ground to the base of a
large cumulus or cumulonimbus cloud. t is
usually visible as a funnel cloud, which may
or may not reach the ground. It is capable of
producing very destructive winds on the
ground. If the rotating column does not
reach the ground the phenomenon is not a
tornado and is classified as a funnel cloud
only. However it s still a hazard to aircraft.

Tornadoes are the most violent of
atmospheric phenomena and the most
destructive.

The strongest tornadoes develop in
association with supercell thunderstorms. If
the environmental wind shear is suitable, the
strong updrafts within these storms
occasionally take on a rotation, which can
intensify into a tornado. Tornadoes can also
occur with individual non-supercell
thunderstorms and with squall line
thunderstorms, but these are usually weaker.
An aircraft entering 2 tornado is almost
certain to suffer structural damage.

While en-route, 35 mimutes into the
flight, the bi-plane crashed near Santa
Clara. The plane was seen spinning out
of control before it hit the ground. A
strong gust of wind, possibly a small
tornado, tore off the top part of the left
wing {http://www.planecrashinfo.com/)

Hail

While hail posses a serious threat to aircraft
flying within a thunderstorm, hail may also
be met outside the cumulonimbus cloud
under the cirrus anvil and obviously beneath
the storm,

Aircraft on the ground and in flight can
sustain severe damage from the impact of
hail as testified in the following aircraft
accident report.

The aircraft sustained a broken
windshield and loss of power to both
engines after penetrating a thunderstorm
and encountering hail. The plane crash
landed on a highway and exploded in
flames due to total and unique loss of
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thrust fiom both engines while the
aircraft was penetrating an area of severe
thunderstorms with heavy precipitation
and hail
{http://www.planecrashinfo.com/).

Hail is primarily a phenomenon of mid
latitudes. It is rare in polar regions because
the air is too cold to contain sufficient
moisture, and is seldom unstable enough to
generate strong updrafts. In the tropics, hail is
rare because of the high freezing level. Large
hail is virtually unknown in the tropics
because updrafts within tropical storms are
seldom strong enough to suspend ice
particles long enough for them to grow into
large hailstones. Large hailstones grow inside
intense thunderstorms that have updrafis
strong enough to hold hailstones aloft in the
hail-growing regions of the thunderstorm
sufficiently long for them to grow large.

Although the region where hailstones
grow is at a temperature below fireezing,
most of the cloud is in the form of
supercooled liquid water rather than ice. A
supercooled drop will freeze if it comes into
contact with freezing nuclei or collides with
an ice particle. Thus 2 frozen drop of watex
or a snow crystal can initiate the
development of a hailstone.

Hailstones grow by sweeping up both
supercooled droplets and the occasional ice
particle. When a supercooled drop strikes an
ice surface, two things happen: it spreads out
on the surface and it freezes. If it freczes
quickly, it will not have time to spread very
much, and will thus remain a rounded lump
of ice on the surface of the parent hailstone.
If it freezes slowly, it will have time to spread
as a thin coating. There are many variations
between these two, and therefore many
variations in the shape of hailstones.

Feing

Updrafts in 2 thunderstorm support liquid
water in the form of large supercooled
droplets. Supercooled water may freeze on
impact with an aircraft body and cause
engine air intake problems. It may also block
external instrument sensors such as pitot
tubes. The abundance of large supercooled

water droplets in thunderstorm cloud
between 0°C and -20°C makes for ideal
conditions for severe icing to occur. Icing
affects are discussed in detail in Chapter 11.

Low cloud and reduced visibility
Generally visibility is near zero within a
thunderstorm cloud. Below the
thunderstorm, visibility can be significantly
reduced in precipitation, dust and lower
cloud. The hazards are increased when
reduced visibility is associated with wind
shear turbulence, hail and lightning,

Lightning

Lightning is a transient, high-carrent
electrical discharge caused by electric charge
separation. This occurs both within the
thunderstorm cloud and between the cloud
and the ground. If charge separation
becomes sufficiently large, the potential
difference is discharged by a lightning stroke.
This can be either within the cloud, or
between the cloud and ground.

Well over half of all discharges occur
within the clouds. Cloud-to-ground
lightning is less frequent than intra-cloud,
but with severe thunderstorms can
nevertheless be very frequent. Ground
strokes are the primary hazards to people or
objects on the ground. Storm clouds of
modest size produce a few flashes per minute
while severe thunderstorms can produce
hundreds of strokes per minute,

Lightning can cause both direct and
indirect damage to aircraft. Direct effects
include puncturing of the fuselage, burning,
melting or distorting aircraft metallic and
non-metallic parts. Indirect effects include
temporary or permanet damage to avionics
equipment. The worst scenario would be a
lightning strike causing a fire in the fuel
tanks. Nearby lightning strikes may
temporarily blind the pilot making both
visual and instrument flying difficult. The
following extract from. an ATSB report
highlight the danger of lightning to aircraft
operations.

A subsequent inspection revealed the
aircraft had sustained a lightning strike
on the nose. The nose cone bonding
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strip had been destroyed and the
resulting heat damage had ruptured the
nose cone structure. The current had
taken multiple exit paths through out the
aircraft, rendering most electrical services
inoperative, before exiting at various
points on the tail surfaces.

Air pressure changes

Pressure changes associated with a
thunderstorm downdraft are usually very
rapid. With the approach of the storm the
pressure often falls steadily, before rising
rapidly with the onset of the gust front and
arrival of the cold downdraft and
accompanying heavy precipitation. The
pressure then falls back to normal as the
storm moves away. This cycle of pressure
change may occur over a time span of 10 to
15 minutes. If the pilot does not have a
corrected altimeter setting, the altimeter may
be more than 100 feet in error as is indicated
in Figure 12.22,

Engine water ingestion

Turbine engines have a limit on the amount
of water they can ingest. Severe
thunderstorms may contain areas of high
water concentration, held aloft by strong
updrafts, which could result in flameout

and/or structural failure of engines.

Avoidance of thunderstorms is the only safe

measure to be effective in preventing engine
damage or flameout as attested by the
following extracts from safety reports.

Eaxtract 1

After penetrating a thunderstorm massive

amounts of water caused both engines to
lose power. Although the engines were
restarted the crew could not recover and
crashed into a field. The crash was due to
engine failure due to massive ingestion
of water into both engines, crew error
and an unwise decision to enter an area
of thunderstorms
(hetp://www.planecrashinfo.com/).

Exctract 2
The aircraft suffered a flame-out of both
engines in torrential rains while on
approach to Yogyakarta, The crew made
an emergency landing in the Bengawan
Sole River, in shallow water. The plane
circled several times before diving in a
steep course towards the river. The
plane’s left wing struck a river bank
before it plunged into the water
thttp:/ /www.planecrashinfo.com/}.
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Figure 12,22

Pressure variations with
the possage of a
thundesstorm o Richmond
on 3 Decamber 2001,
From a pre-stowm QHH of
near 1007 hPa, g rapid
fise in pressure of thiea
hPo occwrred coincident
with the maximum wind
gust. The three hPa change
is equivalent fe on altitude
thange of epproximately
90 feet {Chapter 5).



CHAPTER 13

Nireralt operations can be severely vesiricied by poor visibility. For the Visval Flight
Rated (VFR) pilot it is no? only the specified visibility in forecusis thot is of interest, it is
also the air to air and air to ground visibility that is of vlmost importance o safe
flight. Many accidenis have occorred when VFR pilots have continued flight into
wegther below Visual Meteorclogical Conditions (VMC).

In any one situation the perceived visibilily can vary greaily depending on the
observers point of view and the prevailing weather conditions.

13.1  MereoroLoGtcAL VIsIBILITY

Visibility reported in aerodrome weather
reports and specified in forecasts refers to
ground-level observations and forecasts of
the greatest horizontal distance at which a
dark object can be seen and recognised.

Visibility is intended as a measure of
atmospheric transparency. ¢ does not
depend on the general level of
illnmination, so that night-time estimates
will not vary from daytime estimates
under the same meteorological
conditions.

The fact that meteorological visibility is
assessed at eye level by an observer on the
ground is worth emphasising. An air traffic
controller in the tower 100 feet or more
(Brisbane is 230 feet) above ground level
and the pilot on ‘“finals’ will have a very
different view. For example, in shallow
mist or fog patches, the ground-level
visibility may be significantly less than that
from the tower.

In summary, the ground-level visibility
is the visibility used in aerodrome weather
reports and forecasts. It is a human
assesstnent and Is intended as 2 measure of
atmospheric transparency in a horizontal
plane.

NOTE: Meteorological visibility
should not be confused with the
Meteorological Visual Range (MVR)
which is measured by an instrument called
a visiometer which, in Australia is installed

on some automatic weather stations. It is a
laser instrument that measures the
translucency of the air across a very short
base line of about half a metre. In Australia
this figure is included in the remarks
section of the Automatic Weather Report
{AWR) and, whilst providing useful
information, should be used with care
because of the very small sample of air it
measures.

13.2  Runway VisuaL Ranee (RVR)

RVR is the maximum distance in the
direction of take-off or landings at which
the runway can be seen from a position
corresponding to the average eye-level of
pilots at touch-down. RVR is
instrumentally derived and hence only
used at those airports suitably equipped.

Values of RVR are included in ATIS
(Afr Traffic Information Service) reports
in critical visibility conditions when an
accurate assessment of the pilot’s view
on ‘finals’ is required to assist a safe
landing,

13.3  In-FueHt VisiBiLiry
In-flight visibility changes as the angle of

view varies. For example when over-flying
an aerodrome, the runway complex may
be clearly visible through fog or mist but
as slant angle decreases the runway may
become obscured. Figure 13.1 depicts

1%
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Agrodrome
invisible

Aerodrome
clearly visible

High slant angle

Low slant angle .

Figure 13.1

Variohions of visibitity due
to chenging viewpoints,

Figure 13.2
Pellutents trapped unde
inversion loyer will reduce

visibilizy.

how high slant angles determine whether
a pilot sees through less fog or mist than
would be the case with low slant angles.

On other occasions a layer of cloud may
reduce air-to-ground visibility while the
horizontal visibility on the airfield is good.

Air-to-air visibility may be reduced by
cloud, precipitation, dust, smoke, and haze.
For instance, pollutants may be trapped
under an inversion and reduce visibility.
Flying above the inversion, at A in Figure
13.2, will ensure good forward visibility
while flying within the inversion at B, will
drastically reduce forward vision. A pilot at A
may not be able to see the ground.

Tnversion layer

13.4  Cioup VisSIBILITY

“On average, VFIX pilots who enter cloud,
takes just 120 seconds to lose control and
begin an uncontrolled spiral dive.” A quote
from an aviation Weather-Wise Seminar
(run by CASA), highlights the requirement
that VFR pilots do not enter cloud.

Visibility within clouds may vary from
less than 10 m to over 1000 m. In high
cirrus visibility is generally greater than
1000 m while in middle-level clouds such
as altostratus visibility ranges from about
1000 m down to 20 m.Visibility in low
clouds is generally less then 30 m and may
fall below 10 m in cumulonimbus and
nimbostratus. '

The following ATSB report cleatly
indicates continued flight into non-visual
meteorclogical conditions can lead to
disaster.

Witnesses on a property 9 km west-
north-west of Oberon reported
hearing an aircraft overhead. They
could not see the aircraft because of
fog and mist but heard it circle their
house twice. The engine noise
increased followed by the distinct
sound of an impact. They subsequently
found the wreckage of an aircraft
approximately 250 m west of the
house. The occupants of the aircraft
were fatally injured.

The pilot obtained the correct
weather forecasts for the flight. The
investigation found no record of the
pilot having updated his weather
information during the flight,
Consequently, although he expected a
gradual deterioration of the weather he
would not have had any warning of
the more rapid deterioration, and
greater severity of conditions.

It is likely the pilot only realised
that the weather was significantly
different from the forecast when he
was tracking across the higher terrain
south-east of Oberon. Due to his lack
of exposure to similar weather, it is

possible he delayed making a decision
to divert until too late. Having flown
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into those conditions the pilot then
found himself trapped between the
ridges and the cloud base, unable to
continue or turn back. His instrument
flight skills would have been
inadequate to attempt flight in cloud
under those conditions. When the
aircraft entered cloud the pilot was no
longer able to rely on external visual
references and probably became
spatially disorientated. The aircraft
subsequently entered a left turn,
descended rapidly and collided with
the ground. The accident was
consistent with loss of control
following flight in instrument
meteorological conditions by a non-
instrument rated pilot.

The significant factors:

+ Weather conditions deteriorated more
rapidly and more severely than was
initially forecast in the weather reports
obtained by the pilot.

» ‘The pilot was unaware of amended
weather information that accurately
forecast the deterioration in weather
conditions.

« The pilot continued flight into non-
visual meteorological conditions.

13.5 Precipitarion VisisiLiry

Visibility in rain will depend on the diop
size and the rate of rainfall. Therefore
reductions in visibility will be greatest in
very heavy rain (large droplets) and in
drizzle (many small droplets). Heavy rain is
also often associated with low cloud below
the main base, which reduces visibility
even further.

Some guidelines to visibility in
precipitation are listed below. These figures
are approximate, as visibility will vary
greatly dependent on drop size, rate of
fall, total moisture content of the
prevailing atmosphere and the influence of

the prevailing visibility. However the
figures are of interest because they
emphasise the fact that visibility in any
form of precipitation can be reduced to
well below safe operating conditions for

VER pilots:
o drizze 400 — 3000 m;
» light rain greater than 10 km;
+ moderate rain 5 — 10 kmy;
+ heavy rain greater than 1000 my
+ heavy rain in 50 — 500 m;
tropical regions
+ moderate snow 400 — 1000 m;

* heavy snow less than 400 m.

13.6 Foe

Fog is the most frequent cause of low
visibility at airports. As such, it is one of
the most important hazards to aviation.
Widespread fog may obscure ground
features so that visual en route navigation
is impaired, but the major problem is its
effect on landing and take-off.

Fog is defined as a concentrated
suspension of very small water droplets
causing horizontal ground level visibility
below 1000 metres. In extremely cold
climates the suspension will be ice crystals
and the fog is called ice fog. Fog is
actually a cloud occurring at ground
level.

Fog forms in the same basic ways as cloud.

Either:

+ a2 moist air mass is cooled beyond its
saturation point and condensation

OCCUrs; or

o extra moisture is added to make the air
saturated at that temperature.

Most fogs are initiated when moist air is
cooled by contact with an underlying cold
surface, whereas clouds form as a result of .
moist air being cooled by lifting. In
addition, some turbulent mixing of air
must occur to transfer the cooled air to
higher levels before fog will form to any
depth.
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Radiation fog Because cold air sinks into valleys
Radiation fog forms when moist air is {(katabatic effect), these are preferrved areas for
cooled below its dew-point by contact radiation fogs, especially if a stream or river
with 2 cold land surface that is losing heat adds moisture to the air. From the air, fog
by radiation. The ideal conditions are: can be seen like 2 smooth carpet snaking
» high relative humidity at low levels so that  through the valleys while the surrounding

little cooling is required for saturation; hill tops are clear (see Figure 13.3).

+ cloudless, or near cloudless skies to allow Anticyclones provide the most favourable
large heat loss at the surface; weai.cher situ-ations for rac.iiatio-n fog,
+ light winds to promote cooling through a P sfrncilarly 1f.the P receding siituat_ion has

few hundred feet of the surface (a calm blol.lg ’ a.mOJSt Al mass to the area. .

. . . Moisture in the ground can also contribute,
wind tends to restrict the fog to low-lying ) I nieht afier a veriod of rain s
pockets) s0 a clear, c?a tn nig  a pe

a particularly favourable situation.

The mixture of ingredients is often The depth of radiation fog varies from a
critical. Small particulate matter assists the few feet to over 1000 feet. As an example, a
process by providing condensation nuclei, so typical thick radiation fog at Canberra is 700
a fog that would not form in open to 1000 feet in depth.
countryside may form under the same Radiation fog usually disperses a few
circumstances near a city where small hours after sunrise. An exception occurs
pollution particles provide the necessary when the fog is very thick or when middle
nuclei. If the wind is dead calm, the cooling  Joud has moved over the fog and effectively
may take place through a depth of a few blocks the heating effect of the sun.
centimetres and a heavy dew is the only
result. The small amount of turbulence Advection fog
caused by the sun’s first warming rays may Advection fog like radiation fog primarily
tip the delicate balance and change fine and ~ forms by cooling from below. The
clear conditions into an all-enveloping difference is that the moist air flows over a
shroud. cold surface.

Figure 13.3

Fog reducing visibility and
abscuring Tower ground,
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Moist air may flow from a relatively warm
sea to a cold land mass to form advection
fog. A radiation cooling process over the land
may well assist in the formation and
maintenance of this fog, but it is still usually
called an advection fog.

Another example of advection fog is
moist air flowing from warm seas to
relatively cold seas. This occurs most
frequently when moist air streams move
poleward over colder ocean waters. The fog
resulting from this advection process is called
sea fog. Sea fog is often widespread and
persistent even in moderate strength winds.
It can be a real problem to aircraft operations
from a ship or to land-based aircraft engaged
in maritime search and rescue or
reconnaissance operations. Sea fog may drift
inland aver coastal aerodromes in a lght on-
shore wind stream.

Radiation/advected fog
Often it 15 difficult to distinguish between
processes that result in fog enveloping an
area. Frequently, fog initiated by radiation is
transported {advected), by locally generated
winds that are often at a peak at sunrise.
Sometimes radiation, advection and upslope
processes, along with local turbulent mixing
of low-level air to saturation, combine to
produce fog. It is this complexity that makes
the forecasting of the onset and cessation of
fog, at any point, quite a challenge.

Other types of fog are less common but
worth noting,. '

Steam fog

Steam fog forms when a cold moist air mass
flows over a much warmer water body. The
evaporation of water from the warm water
surface causes the air above the surface to
become saturated. Because the surface is
warmer, convection currents give the
steamning appearance.

Frontal fog

Frontal fog oceurs at the boundary of two air
masses rather than within a single air mass as
in the case of the previously discussed types. It
occurs as cloud reaching or descending to the
surface at the frontal edge, or forms in

precipitation when the air becomes saturated.
Such fogs usually form rapidly and are very
extensive. The danger of such fogs to aviation
is that, unlike radiation fog where the visibility
above the fog is good, 2 frontal fog will be
associated with generally poor weather such as
dense cloud and precipitation. Fortunately,
such fogs are not common.

Sea fog

Sea fogs are usually advection fogs. They are
rare in the Australian region but when they
do occur they are often widespread and
petsistent even in moderate strength winds.
They can occur at any time of the year. Sea
fog has been known to persist for several
days around the Australian coastline. The
main dangers to aviation presented by sea
fog, are when it drifts inland over coastal
aerodromes during daytime, usually with a
sea breeze, or obscures the sea surface for
seaplane operations.

Upslope fog

Upslope fog is formed when moist air forced
up a terrain slope cools to saturation. The
process is similar to terrain-induced cloud in
that cooling is due to forced lifting of moist
air by terrain.

Mist
Mist obscures the visibility between 1000
and 5000 metres.

Fog and low-stratus cloud

Fog frequently lifts from the surface to form
low-stratus cloud. From the VFR. pilot’s
viewpoint, low-stratus cloud can pose as
many problems as fog particularly when very
low to the ground.

The only real distinction between stratus
and fog is the height at which it occurs.
Upslope fog would appear as stratus to an
observer beneath.

Stratus cloud often occurs at frontal
surfaces and in precipitation, although in
these cases it is sometimes patchy rather than
a continuous deck. On some occasions low-
stratus cloud and fog occur together. For
example, a fog layer may be markedly thicker
at the top. From the ground this would
appear as fog or mist topped by a layer of
low-stratus cloud. '
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Figure 13.4

Thick dust caised to
theusonds of feet ghovs
the surface by strong winds
over central Ausholic.
Flicio-©Helan Oifford

Figure 13.5

Extensive dust banketing
Alice Springs.

Phote@5teve Strike Outhodk
Fhatagraphics

13.7 Locauly Raisep Dust Anp Dust Storms

Dust storms such as those pictured in
Figures 13.4 and 13.5 can cause major
disruptions to flight in dry inland areas of
Australia. Occasionally dust becomes a
problem well away from the source region.
‘This can occur when strong winds in
conjunction with an unstable atmosphere
lift and transport dust many hundreds of

kilometres across Australia. At other times
dust raised locally from freshly ploughed
paddocks restricts visibility over contained
areas, The locally raised dust has been
known to severely restrict visibility at
airports int Australia,

Very strong, gusty winds combined with
instability will generate dust storms, defined
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as blowing dust with prevailing visibilicy
less than 1000 metres. A severe dust storm
will reduce visibility below 200 metres.
Such storms can be both widespread and
deep. The depth depends on the height to
which the atmosphere is markedly unstable,
but is commonly well over 10 000 feet. An
upper, dense pall of dust may cover areas
remote but downwind of the storm even
though surface visibility is reasonably good.

Aircraft with marked ceiling limitations
will have to contend with poor surface
visibility and with poor in-flight visibility.
The horizon can be obscured, necessitating
instrument guidance for safe flight, More
powerful aircraft will be able to get above
the dust but may have to fly a considerable
distance to find a suitable airfield to land.
Dust particles may cause damage to engine
systems.

Dust storms are usually 2 daytime
phenomena because low-level thermal
instability and gustiness decrease at night,

13.8 Snow Anp Browme Snwow

Flying in moderate or heavy snow is
equivalent to flying in cloud in terms of
horizontal visibility. Even though air-to-
ground visibility may be reasonable in snow
conditions, the pilot should not be deceived
into thinking horizontal visibility may be
better at a lower level.

Pilots in Australia will not often
encounter blowing snow (snow raised from
the ground by wind). However, it can occur
in the Australian Alps and the Antarctic.
Because such conditions are associated with
strong winds and poor visibility, landing may
be hazardous.

13.9  Smoke

Smoke haze can be a serious hindrance to
visual navigation. It reaches its peak during
periods of prolonged anticyclonic weather,
when light winds and subsidence inversions
allow pollution levels to build up and for
visibility to be reduced.

Burning of grasses during the dry season
in northern parts of Australia can result in a
pall of smoke, as depicted in Figure 13.6,
which can persist over areas for many
weeks.

Bushfires in southern Australia often Figure 13.6
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Extensive smoke hoze over

inject thick smoke into the atmosphere,
reducing visibility over wide areas and for
prolonged periods.

the Northem Territory
durirg the dey seosen.
{Photo: © Dave Tuyford)



CHAPTER 14

SYSTEMS AND
PATTERNS

Major weather systems are driven by the fendency for the afmosphere fo correct for
lurge-seale imbalances in the world’s heat budget. These imhalances arise from fhe
uneven exposure of the earth to the sun’s radiation. I varies significuntly between polar
and equatoril regions, from day to day and season by season.

_k Polar \ 4
/*""’“"= 3 '.".‘-‘ cell * v -...'... 7"“\\

@d latitude

MONSOON -
~ CIRGULATION oW

Figure 14.1

tn this model of atmaspheric circulations there ore three mafor convective cells between the equator and poles. Easterly winds predominate near the equator
and ot the pales. Elsewhere westorly winds dominate. Surface low- -pressuee systams agpsar under the rising poris of the calls, with high-pressure areos under
the descending parts.
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Tropic of Cancer

Equator

Tropic of Capricorn

Arctic Circle

Antarctlic
Circle

North Pole
ey High latitudes
REGION
= "éf Middle latitudes
EMPERATE ZONE
5 I ‘
F % N
3 5
% éf?é’ TROPICS Low latitudes
S TEEDL,

Middle latitudes

POLAR REGION
High latitudes

South Pole

Figure 14,2

The major gir moss source
regions of the world; palar
regions ot high lotitudes,
temperate zones ot middle
[ntitudas and the topical
z0n¢ strefching ecross ihe
equator.

~ Seasonal variations are cleatly evident in
the mid latitudes while, in the tropics,
marked variations exist between wet and dry
$easons.

These imbalances and rhythmic variations
of radiation across the earth’s surface lead to
complex circulations of winds as illustrated
in a simplified way in Figure 14.1. This
figure depicts three cells between the tropics
and the poles coincident with rising and
descending air over surface low- and high-
pressure zones.

These vertical circulations, combined with
the rotation of the earth and the associated
Coriolis effect, give rise to major pressure
and wind zones. They are, starting at the
equator and moving poleward:

+ the doldrums in the equatorial trough;

+ the trade winds (feeding out of the
subtropical high-pressure belt and into the
equatorial troughy);

« the subtropical high-pressure belt;

+ the westerlies;

» the belt of sub polar low-pressure systems.

The seasonal cycle is caused by the
north/south movement of the sun shifting
the latitude of the maximum
heating/cooling regions,

The marked differences in the ability of
land and sea surfaces to gain and lose heat
lead to variations within this basic pattern.

14.1

When air remains over a large uniform

AR Mass SOURCE Recions

region for some days, it tends to acquire the
characteristic temperature and moisture
content of the surface below. If the air is
colder than the underlying surface, it will be
warmed. Similarly, dry air which remains
over the ocean will be moistened. The effect
of the surface may be distributed upwards
through a layer several kilometres deep by
the processes of conduction, convection and
turbulence.

The properties of an air mass arriving at a
point will depend on the original source
regioﬁ/and on the properties of the surface.
Any changes that may have occurred during
transit will mainly be due to heating or
cooling due to conduction, evaporation of
moisture or drying of the airmass,

Air mass source regions are specified by
the originating geographic zone {depicted in
Figure 14.2) and whether it is continental or
maritime. The source regions are:

s fropical - generally refers to warm air
originating from tropical regions;

» polar - generally refers to cold air
originating from high latitudes;

maritime - If the source region is over
water, the dew-point will be high;

+ continental - If the source region is over
land, the air will be relatively dry.
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14.2  Ciassieication OF AR Masses

In the Australian region three main types of
air mass can be distinguished:

+ Tropical maritime—Tm;

+ Tropical continental—T<¢;

+ Polar maritime—Pm.

Figures 14.3 and 14.4 depict the source
regions of the air masses and the general
direction from which they reach or leave the
Australian region.

14.3 Moboirication Of Air Masses

An air mass will be modified by moving

over:

 a warm sufface - resulting in heating from
below. Thermal instability then develops
in the lower layers and distributes the heat
upwards;

* a cold surface - this will cool the lower
layers and increase stability;

\ Polor maritime (Pm).

Figure 14.3
S A Tm The Firee major air-mass
),.H“\A’ L W fypes influencing Austolia,
Al Tropical maritime {Tm},
@ Trapical continental {Tc,

« a moist surface ~ this will add moisture to
the lower levels of the airmass;

s a dry surface - this will reduce the moisture
in the lower levels of the airmass.

In general the characteristics of air masses
change slowly. For instance, cool air
penetrating the tropics will modify slowly.
Some time will pass before it can be labelled
as a tropical air mass.

Figure 144

R satellite imoge with air
mass types, overloyed by
a weathsr mop and
reloted frontod systems.
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Figure 14,5

A cofd front with ¢ wedga of cold gir uadercutting wares moist oir af a frontal zone. Ahead of the

Ac

14.4  Maiy FRONTAL ZONES

It is not always possible to find a definite
boundary between two air masses. Often a
gradual transition is observed over many
kilometres. However when one air mass
moves rapidly into another a distinct
boundary becomes established. Such a
boundary is called 2 front. Fronts are
designated as cold or warm. When one front
overrides or undercuts another an occluded
front occurs. Refer to Section 14.9,

Cold fronts occur when cold dense air
advances equatorwards from the poles,
causing warm zir to be forced aloft over the
sloping surface of cold dense air.-

Ci

Cb Ac

Warm Air

tron, air is fiffed fo safuration. In on unsiable otmosphere cumulonimbys douds form near the
front coincident with the zona of maximum Jiffing.

Warm Air

Figure 14.6

A warm front with werm oir dsing over cooler eit, sotureling and forming stratus and possibly
cemulonimbus clouds with heavy rain. The frenfal surface hos a shallower slope than the cold
front shown in Figure 14.5 and is therefore less likely to trigger active thunderstorms necr the

suiface front,

Warm fronts occur when warm air of
lower density moves polewards, sliding up
and over cooler denser air.

In general cold fronts are steeper than
warm fronts. On average a cold front has a
slope of about one kilometre in the vertical
over a distance of about 75 km. In the case
of a warm front the slope is about 1 in 250.

The weather associated with fronts varies
markedly. It depends on the characteristics of
the air masses and the way in which they
interact. :

Cold and warm front models where
developed by a number of meteorologists
working at the Geophysical Institute in
Bergen, Norway in the twentieth century.
Although the models apply particulaily to -
northern hemisphere they can be applied to
the commonly observed southern
hemisphere cold fronts and infrequently
observed warm fronts.

14.5 THe MobeL Cowp Frony

Cold fronts are characterised by
cumulonimbus clouds, gusty turbulent
winds, heavy rain and sometimes
thunderstorms. When the cold front interacts
with moist unstable air, a squall line
accompanied by sudden showers and a
vigorous wind shift may occur.

‘Within a very short distance a steep cold
front produces the same amount of lifting as
oceurs over a much broader zone in advance
of a warm front. It is therefore accompanied
by a narrower band of cloud and
precipitation than a warm front. The cloud
and weather associated with a typical cold
front are shown in Figure 14.5.

14.6  THe Moorr Warm FronT

If the warm air is moist, the approach of a
warm front may firse be heralded by a sheet
of cirrus and cirrostratus cloud that
continually becomes denser. Middle level
clouds, such as altostratus and altocumulus,
then appear.

Rain or snow may first fall as the
altostratus cloud reaches its greatest density.
Sometimes, however, precipitation evaporates




Major Weother Systems and Patters

HE

before reaching the ground and virga can be
seen below the main cloud base.

The precipitation intensifics as
nimbostratus cloud develops, T.ower clouds
ate also often present in the cold air.
Evaporation of raindrops accompanied by
turbulence leads to the development of these
lower clouds.

The cloud and weather associated with an
idealised warm front are shown in Figure
14.6.

14.7 Formanion OF PoLar Low-PRressugr
Systems AnD Frowts

Over middle and high latitudes low-pressare
systems form along the marked discontinuity
between the cold polar air and the warmer
temperate zone air, As cold air moves north
and warm air moves south waves develop
along this boundary. Some of the waves
undergo little or no change and eventually
die out. However others increase in
amplitude with great masses of polar and
temperate/tropical air being carried away
from their source regions. These waves may
grow in amplitude until they eventually fold

into closed low-pressure systems. Figure 14.7
depicts the development of a low in the
southern hemisphere,

14.8 Weatner Associatep WitH Matuge
Low-PRrESSURE SysTems AND FronTs

The weather associated with fronts depends on
a number of factors, including the
characteristics of the air masses and the way in
which they interact with one another: in
practice many variations may occur. For
instance, if’ the warm air is dry and stable,
cloud development may be limited and
precipitation may not occur.

Consider the typical weather that would be
experienced if traversing fromY to X at stage
B in Figure 14.7.

+ With the approach of the warm front there
is a fall in pressure and an increase in
cloudiness and precipitation, as well as in
humidicy.

* In the warm sector the cloudiness depends
on the temperature, moisture and stability.
The temperatare, however, remains
refatively warm but can depend on the

B c

WARM

K’f

4 WARM :
W

LOW

Figure 14.7

with o wava baginaing to form.

Development af ¢ fow-pressure system of middle and high lositudes is depictad by five illustsations. A and B show the front separating worm air from cold poler ais

As the wove develops, o fow of increasing infensity forms around i, os in diagroms C to £. The vestical cross section through XY is shown in Figure 14.8.
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Figure 14.8

A cross seckion X to ¥ of
Figure 14.7 B, thuough tha
weim secior ond the worm
ond ¢old frants.

Figure 14.9

A visible satellite imoge
with some frantal and
dloud features masked,

Cb

Ac

Warm air

Cs

Cu

Cold air

amount of rainfall and cloudiness. The
barometer shows a marked fall occurs as the
cold frontal zone approaches.

With the approach of an active well-
developed cold front, the winds ahead of
the front will begin to freshen with the
approach of cumuliform clouds. The cloud
base will become lower as the front comes
closer and cumulonimbus clouds will
develop with increasing precipitation.
‘With the passage of the cold front a
vigorous squall can occur with a sharp
change in wind direction as the cold air
arrives.

+ A marked rise in pressure occurs
immediately after the passage of the cold
front and normally there will be rapid
clearing of heavy showers. More isolated
showers may continue if the air behind the
front is moist and unstable.

Figure 14.8 depicts an idealised cross
section X -Y through the frontal systems
represented in Figure 14.7 D,

Figure 14.9 depicts a visible satellite image
with cold, warm and occluded fronts. Cloud
features associated with the systems are
named.
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14,9 Occiuped FronTs

When a cold front moves faster than the
warm front and overtakes it the warm
sector between the two fronts is closed,
forming an occluded front causing the
original warm sector air to be lifted. Tiwo
different kinds of occluded fronts are
possible.

If the air behind the cold front is the
colder of the two cold air masses, it will
undercut the cold air under the warm
front. A cold front occlusion is produced in
this way. Figure 14,10 illustrates how this
may occur.

In Figure 14.10 a warm front occlusion
is also shown. In this case, the air under the
warm front is the colder of the two cold
air masses. As a result, the air behind the
cold front rides over the very cold air
mass.

14.10 Wearner Associated WiTH OccLuped
Fronts

In both types of occlusions warmn air is
pushed aloft. Clouds and precipitation will
occur if there is sufficient lifting of the
Warm. air.

Some of the characteristics of both cold
and warm fronts may often be present, as is
indicated in Figure 14.11 that depicts a

“cold front occlusion.

Cold front occlusion Warm front occlusion

Colder

Figure 14.10

fccluded fronts. Cold air undescyts wosmer air in o cold front occlusion while cold ir overrides
colder air in the warm front occlusion case. In both coses the warmer ait is liftad.

In practice, more complex cloud and
precipitation patterns occur. However, the
model provides a useful guide to the
atmospheric processes that occur.

14.11 WearHer Maps

The weather map is compiled from
hundreds of weather observations taken
simultaneously (synoptic data).

Its dominant features are the smooth,
curving patterns of sea level isobars - lines
of equal atmospheric pressure adjusted to
mean sea level. The weather map is used to
identify weather systems such as highs,
lows (including tropical cyclones), fronts
and troughs.

The weather map is a fairly simple
representation of the location of the larger

Figure 14.11
Cold front acelusion.
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Figure 14.12
fAean sea level
anglysis patterns
showing suiface wind
dicection.

Figure 14.13

Typical lines showr on
weather maps.

surface weather systems. As such the weather

map does not and cannot show all weather

features and in particular will not show local

variations of importance to aviators. For
exarnple the isobar spacing will not give a
good indication of wind speed when
decoupling of winds at low levels has
occurred, as discussed in Chapter 9.

Nevertheless weather maps provide a
useful guide to the weather and are
particularly valuable when used in
conjunction with aviation area (ARFOR)
and terminal (TAF) forecasts.

Typical features illustrated on weather
maps as depicted in Figure 14.12 are:

* a high or anticyclone — a closed area of
high pressure with centre designated
by H;

a ridge of high pressure — an elongated area
of high pressure;

a low — a closed area of low pressure
with centre designated as L (sometimes
called 2 cyclone but in Australia the term
cyclone is reserved for intense tropical
low-pressure systerms);

a trough of low pressure — an extended avea
of low pressure not associated with a
front;

a col — a region between two high and
low-pressure systems;

a tropical cyclone — a non-frontal low-
pressure system that develops over
tropical waters with winds in excess of .
34 knots.

Lines and symbols on weather maps (Figure

14.13):

cold front — represented by a line faced
with barbs pointing in the direction of
movement; ’

warm front — represented by a line with
semicircles pointing in the direction of
movetnent;

stationary front — represented by a line
with alternating, back to back, barbs and
semicircles. In this case, the wind flow
will be parallel to the frontal zone, and
on the synoptic chart the stationary front
will be parallel to the isobars;

tropical cyclone — represented by two swirls
flowing into a black circle;

ant oceluded front — represented by a line
with semicircles and barbs pointing in
the direction of movement;

Cold front Warm front

D-r OO0
D—r EZIr=
D—> ZTHPI

e W00

Yeyey

Qccluded front

g h

e e e s ™

Trough of low pressure

Stationary front

Tropical cycione

WARM AIR

COLD AR

— 1016 —
lsohars
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Subpolar fows

Easterly winds

Figure 14,14

Gengral wind regimes and
pressure pefferns.

Subpolar lows

* a trough of low pressure — represented by a
dashed line;

* isobars — represented by thin lines
interrupted by the pressure value,

14.12 GroeaL Winp Recimes AnD WEATHER
PATTERNS

Some of the typical features of the weather
patterns depicted in Figure 14.14 are:

+ Easterly winds over the tropics and
subtropics. Important features of the
tropical easterlies include the southeast
and northeast trade winds, monsoon lows
and sometimes tropical cyclones (known
as hurricanes in the Americas and
typhoons in Asia).

* High-pressure belts in the mid latitudes
contain centres of varying strengths that
generally move from west to east.
Fluctuations in the intensity of highs
(anticyclones) strongly influence the
behaviour of the trade winds and the
development and decay of tropical lows.

+ Westerly winds on the polar side of the
high-pressure belts with embedded fronts
and troughs traveling from west to east.

* Subpolar lows usually centred between
latitudes 50-60 degrees south and north.

L
1

Eastrly winds

*+ A high-pressure area over Antarctica
associated with extremely cold and dense
air, is ringed by easterly winds that form
the boundary with the subpolar low-
pressure belt.

These features vary in intensity and
location according to the season. For
instance, in austral summer the high-pressure
bele is usually found just south of Australia,
while the subtropical easterlies cover most of

" the continent. Monsoon flows and associated

lows over the tropics bring significant
summer rain to the north (the wet season)
and tropical cyclones may develop, In austral
winter the high-pressure belt is usually
located over the continent, allowing
westerlies and strong cold fronts to affect
southern Australia.

It is important to understand that
significant exceptions can occur. For
example when strong high-pressure systems
move slowly across the oceans well south of
Australia, closed or ‘cut off” lows may then
move across southern Australia or intensify
over the Tasman Sea causing prolonged
heavy rain,

All weather systems have a life cycle of
development, maturity and decay. They
occasionally become stationary or even
reverse their usual direction of travel.
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Figure 14,15

A sequence of Tour wintee
fime surface wenthar
charfs,

14,13 Stuoving Forecast WEATHER Maps

The forecast weather map is called the
prognostic chart, often refered to as the
PROG. The transient nature of weather
systems is clearly evident in the four panel
prognostic patterns illustrated in Figure
14.15. Studying these weather maps we see a
combination of isobaric patterns and frontal
systems continuously changing. Of interest is
the progression of systems, generally from

west to east in southern Australia. A
summary of weather conditions experienced
at 9 pm for major centres is tabulated in
Table 14.1.

REMEMBER: Prognostic weather charts
should be used with some caution, as errors
do occur due to limitations in data, the
forecast computer models, and the inherent

complexity of the atmosphere.

Mean Sea
Level
Pressure
Prognosis

lssued;
August 14,
2004

“Spm Friday - -
=

]
Z e (F 1016
— 1024 — - '

hecloPascal Rt
{hPe} ngﬁi A024
- —— - ozs——?
trough ’“ﬂ-f L
032 7
7 ,f_——_—.*:f'f-{
celd front o T

il
warn front

T pmSodey
Peith Southsrly winds. Light Southerly winds, Fight Southerly winds. Kight variabla winds.
Showers. {vemight Fog. Ovarnight Fog, Fine.
Adelaide Strong noriwest winds. Strong southwest winds. Strong southwest winds, Strong southwast winds.
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14.14 Upper LeviL CIRCULATIONS

The closed circulation systems (highs and
lows) and clearly defined troughs and fronts
comumon at mean sea level tend to
disappear or be smoothed out in the upper
air. Upper-level features tend to lag behind
surface features, i.e. an upper trough
associated with a surface front will lie
further westward. Furthermore winds tend
to increase with height up to the
tropopause where jet streams are commorn
(see Chapter 9 section 17).

Figure 14.16 depicts the surface and 300
hPa weather charts for 16 August 2001.
The surface chart shows the wind north of

the subtropical ridge has an easterly
component and south of the subtropical
ridge with a westerly component. Along
the subtropical ridge winds are light and
variable. The 300 hPa chart depicts the axis
of the subtropical and polar jets, the height
of the tropopause and 300 hPa surface and
jet stream maximum wind speeds {at 300
hPa).

By comparing the two charts in Figure
14,16 differences can be seen in the flow
pattern between low and high levels, There
are of course many variations between
these two levels. Some of the features to
look for are:
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Figure 14.17 14.15 TropicAL WEATHER PATTERNS
Convenient

topical regions. Broadly speaking, the tropics span the lower

latitude areas of the earth where most heat
LOW energy is received from the sun. Large scale

S ‘ _
currents in the oceans and weather systems

b Westerlies . .
- in the atnosphere develop in response to
OPICAL HIGH PRESSURE BELT T this imbalance in order to redistribute the
/ A/ ‘/NE Trades excess heat polewards, The tropics are
i s w defined geographically as the area between
MO[\FSOO Ei) the Tropic of Cancer (23.5°N) and the
CIF{Cﬁ \TION DOLDRUMS O Tropic of Capricorn {23.5°5) (Figure 14.2);
v\' S g \ : ‘V\ \ o within this zone the sun is directly overhead
SE Trades s during some part of the year.
- _ However, in meteorology it is more
SUBTROR ESSURE BELT —— convenient to define the tropics as that
e region equatorward of the belt of high
—F — r"V ,% , pressure (Figure 14.17), i.e. the belt of high |
Westerlies = pressure that circles the globe between 25°-
LOW LOW 45° latitude. This belt contains several
sepatate high-pressure cells (or anticyclones)
that move north and southward with the
* the closed circulations at the surface and $easons,

the broader features at higher levels;

s the location of surface features compared 14.16 THe Haptey CELL

to those at higher levels; In simple terms, the Hadley cell s a large-

* the shift in the position of the subtropical  scple circulation consisting of warm air rising

ridge; near the equator moving poleward in the
+ the wind speeds near the surface upper troposphere before gently sinking

compared to those at 300 hPa including (subsiding) to form the subtropical high-

the sub-tropical jet stream. pressure belt (Figure 14.18). Surface winds

Figure 14.18
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Hliowing equatorward from the subtropical
ridge, are deflected westwards by the
Coriolis effect forming the so-called trade
winds (southeast winds in the southern
hemisphere, northeast in the northern
hemisphere). These winds converge near the
equator into the Intertropical Convergence
Zone (FT'CZ} within a zone of low pressure
called the near-equatorial trough: this area is
the location of the upward branch of the
Hadley cell.

During the year, the Hadley cells in each
hemisphere move north and south in
response to the position of the sun relative to
the earth. The location of each cell is also
influenced by the temperature differences
arising from the uneven distribution of land
and sea surfaces in each hemisphere. The
oceans, which cover more than 70 per cent
of the earth’s surface, have a higher heat
capacity than the continents and thus heat
and cool more stowly. Temperature
fluctuations are therefore much less over the
oceans and movements of the Hadley cell are
relatively small. Conversely, the very large
seasonal changes in temperature over the
continents results in substantial movement of
the Hadley cell.

The descending air of each Hadley cell
reaches the earth’s surface in the subtropical
high- pressure belt of each hemisphere. The
centre of each belt of high pressure also
moves north and south about a mean
position at about latitude 30°.

Although the average seasonal positions of
the Hadley cell are well marked, especially in
monsoonal regions, there are often large
variations from week to week and day to
day.

14.17 THt SourtHERN OSCILLATION

In addition to the Hadley cell, there is also
an east-west vertical circulation in the
Australia-Pacific region known as the Walker
circulation (Figure 14.19). The Pacific
Ocean, which covers about one-third of the
earth’s surface, is significantly warmer on the
western side than the eastern side near South
America, This gives rise to a zonal
circulation with the rising branch over the

Typical Walker circulation paitern

air
¢lreulation
in a vertical
plane at the
equater -

air
circulatton
in a vertical
plane at the
equator

£ warmer sea cooler sea typleal summear T~ sqn’ace
positions of high winds
pressure systems
Indonesian “maritime continent” to the Figure 14.19

northwest of Australia, and the descending The Walker circulation.
branch over the eastern Pacific Ocean.
At intervals of several years, the

temperature gradient across the Pacific

"Qcean is reduced. The seas north of

Australia cool as the warm water moves
eastward into the central Pacific, while the
cold current off South America warms by 5
degrees or more. Pressures become higher
than normal over the western Pacific and
lower over the eastern Pacific. This pressure
variation is called the Southern QOscillation,
one measure of which is the departure from
average of the pressure difference between
Parwin and Tahiti (the Southern Oscillation
index or SOI). The rising branch of the
Walker circulation moves eastwards
enhancing upward motion in the central
and eastern Pacific suppressing the monsoon
in the Australia-Indonesian area. This
phenomenon has become well known in
recent years as El Nifto. [t can cause
dramatic changes in the world’s weather:
drought conditions prevail in Africa,
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Figure 14.20

Average January and July
sed-leve] pressure
distributiens ond suiface
wind flow pattemns, The
doshed line represents the
posifion of the Intertropical
Convargence Zone {ITCZ).

Australia and South-East Asia and monsoon
rains are generally much reduced.
Meanwhile there are increased numbers of
tropical cyclones in the central Pacific and
increased rainfall and potential for flooding
in the Americas.

The converse phenomenon, when waters
become warmer than normal over the
western Pacific and colder in the east, has
been named, La Nifa. Pressures are lower
than normal and the upward branch of the
Walker circulation is enhanced over the
western Pacific, with increased subsidence
and higher pressure over the eastern Pacific.
This results in a more active monsoon and

‘increased rainfall over the Indonesta-

Australian region, and drought conditions are
exacerbated in the central and eastern Pacific
The combined cycle in the atmosphere
and ocean has become known as the El

Nifio Southern Oscillation (ENSQO)
phenomenon,

14.18 THE EQUATORIAL TROUGH

The trade winds of each hemisphere blow
equatorward from the subtropical high-
pressure belt towards a zone of relatively low
pressure, This is known as the eguatorial
trough. The mean position of the centre of
the equatorial trough is not at the equator,
but at about latitude 5°N.
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14.19 Tt Averace MEeaN SeA-LeveL
CIRCULATION

As discussed earlier, pressure systerns move
north and south with the apparent motion
of the sun relative to the earth. The two
extreme positions of the axis of high and
low pressure occur on average in January and
July.

In Iower latitudes, the Coriolis force (see
section 9.3) becomes very small (decreasing
to zero at the equator) and the time-scale
for geostrophic balance is large, Therefore
the pressure gradient force dominates and
there is a relatively large cross-isobar
component of flow towards low pressure
i.e. towards the equatorial trough. Often the
pressure gradients are weak and the wind is
then strongly influenced by local effects
{e.g. sea-breezes, topography} and friction.

When an airstream crosses the equator
and enters the other hemisphere, the
Coriolis force increases with latitude, but
the direction of the deflection is reversed.
The easterly trade winds therefore tend to
change to equatorial westerlies after
crossing the equator on their way towards
the equatorial trough. This effect can be
seen in Tigure 14.20. In some regions {e.g.
the Atlantic), easterlies may occur on both
sides of the equatorial trough., In these areas
the equatorial westerlies are absent.

Figure 14.20 depicts for January and July
the monthly mean wind flow around the
earth and the position of the ITCZ along
different meridians. Notice that the ITCZ
passes over northern Australia and Southern
Africa in January. Later in the year it moves
northwards and extends over South-East
Asia and Northern Africa in July. Larger
movements occur in these regions than
elsewhere because deep heat lows develop
over these continents,

The average monthly MSL pressures and
the corresponding wind patterns conceal
the daily variations that occur.
Nevertheless, they provide a useful
background in understanding tropical
meteorology.

14.20 Tue Trape Winps

Most of the regions between the subtropical
high-pressure belts and the equatorial trough
are occupied by the trade winds. In the
southern hemisphere Coriolis deflection
towards the left produces the southeast trade
winds. Similarly in the northern hemisphere
the air moving equatorward is deflected
towards the right by the Coriolis force and
the northeast trade winds develop.

The winds do not necessarily blow
exactly from these directions, Differences in
pressure gradients and the Coriolis force
cause the wind direction and speed to vary
from time to time and from place to place.
Nevertheless, the trade winds are generally
noted for their persistence and steadiness.

Over ocean areas the trades are
characterised by cumulus clouds with bases
at about 3000 feet and tops at 6000 to 9000
feet. On coastlines facing the trade winds,
the vertical cloud development is greater and
there is a tendency to showers, especially if
the wind speed increases or there is elevated
terrain. On the other hand, the lee side of
mountain ranges may sometimes be almost
free of low clouds.

The restricted cloud development and the
generally fine weather associated with the
trades are linked with the trade wind
inversion caused by subsidence associated
with the subtropical high-pressure belt. This
inversion places a ‘lid’ on cumulus
development, especially over ocean areas.

However, as the air moves equatorward
over warmer seas, the trade wind inversion
level begins to rise and weaken and low-
level moisture increases. Vertical cloud
development then increases as the instability
extends to greater altitudes. Precipitation
becomes heavier and more frequent in the
vicinity of the equatorial trough.

14.21 Te MoNsoons

Continents tend to warm up quickly in
summer and to cool rapidly in winter, in
contrast to the seas which maintain a more
even temperature throughout the year. When
large continental and ocean areas are

123
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Figure 14,21

Monsoon regions,

involved, atmospheric circulations may
develop on a large scale. This is particularly
true of the monsoon wind pattern that in
simple terms may be thought of as a huge
sea-breeze-like circulation linking the
summer and winter hemispheres.
Meteorologically, the defining characteristics
of a monsoon are the persistence of the
prevailing surface wind flow and its seasonal
reversal. Although it strictly relates to the
wind field, the term ‘monsoon’ tends to have
a collequial connotation relating to the
associated cloud and heavy rainfall.

In early summer in Australia, air from the
winter (northern) hemisphere begins to flow
from the oceans towards the hot continent,
Moist maritime air crosses the coastline and
becomes more and more unstable as it is
heated from below. By the time of the
summer solstice, heating of the surface is at a

- maximum, Strong pressure gradients due to
decreasing pressure in the monsoon trough
accelerate the poleward moving airstream
and strengthen the low-level wind speed,
while the Coriolis force induces a marked
westerly component to this flow. The
anticyclones in the upper atmosphere, above
the surface trough, also intensify; the Coriolis
force acting on the equatorward moving air
produces a cross-equatorial easterly flow of
jet-stream strength. Great vertical cloud
development occurs, often accentuated by
the presence of mountain ranges; deep layers
of stratiform cloud are also present. Frequent
heavy rain, thunderstorms and violent squalls
take place over wide areas of the continent
and adjacent ocean areas.
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In winter, over Australia, the situation is
reversed. High pressure dominates over the
coaler land and air flows offshore and
equatorward. Subsidence Is widespread, the
air 1s drier and the weather is generally fine.

14.22 Monsoon REGIONS

The main monsoon regimes are in the
tropical areas of Africa, India, eastern Asia,
and Indonesia-Australia, the best developed
being over southern and eastern Asia (Figure
14.21}. In December-January, the outflow
from the winter Siberian high-pressure
system leads to northerly or northeasterly
flow across southern China, Burma and
India. The air then moves across the Indian’
Ovcean towards the equatorial trough lying
south of the equator. The Siberian
anticyclone weakens in March as the sun
moves northward and land temperatures
begin to rise.

In northern Australia the ‘dry season’
occurs during the southern hemisphere
winter when south-east trade winds extend
over the region. In spring, rising
temperatures gradually lead to the
establishment of an inland heat low,
southward movement of the subtropical
ridge and a weakening of the southeast
trades.

From about October the ‘wet season’
commences with isolated thunderstorms in
the moist air north of the heat low over
northern parts of the continent. The
northwest monsoon normally arrives over
the north-western and northern regions of
Australia in late December. Widespread
stratiform cloud with heavy rain, embedded
thunderstorms, and violent squalls may
persist for several days, The heaviest
precipitation usually occurs between Janunary
and March when the monsoon trough is
well established over the northern part of the
continent. During April, the monsoon
trough retreats northward and isolated
thunderstorms occur over the land in the
moist unstable ecasterly airflow. By May,
southeast trade winds become established
once more as the subtropical ridge migrates
northward,
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14.23 Tre Monsoon TRouGH

The monsoon goes through a series of active
and non-active cycles over a varying time-
scale in the order of a few weeks. Active
periods are characterised by fresh westerly
winds in a deep layer (up to the mid-tropo-
sphere) with more widespread and heavy
rainfall. Break periods have weaker and shal-
lower westerly winds with little or no deep
stratiform cloud and generally isolated or
scattered thunderstorm activity; falls may be
locally heavy but the rain is not widespread.
The monsoon trough is the breeding
ground for low-pressure systems and tropical
cyclones in the Pacific and Indian Oceans.
Whenever the trough is over warm water,
there is a risk of tropical cyclone formation.

14,24  WearHer IN THE Tropics

The temperature in the tropics varies much
less from summer to winter than it does in
higher latitudes. This is mainly due to the
fact that the midday sun is never far from its
zenith,

Another factor is that oceans cover most
of the tropics. The annual temperature
variations of the oceans are relatively small,
being less than 3°C almost everywhere in
the tropics. Even over the tropical continents
the annual range of mean monthly
temnperature is less than 10°C. By contrast, it
is 15°C or more elsewhere.

The apparent annual movement of the sun
between the Tropics of Cancer and Capricorn
results in the tropics experiencing the midday
sun directly overhead twice during the year.
In some areas this leads to two periods of
above-average temperature, although the
opposite effect may occur when cloud and
precipitation reduce the temperature.

In general, horizontal temperature
gradients in the subtropical high-pressure belts
are considerably weaker than those observed
in the poleward westerlies. As a result, cold
fronts are often less well-defined than those in
middle latitudes. The temperature
discontinuities across fronts weaken as they
move toward the equator. Fronts extending
into the trades are often more easily identified

as a ‘surge’ of stronger winds associated with
the high pressure behind the front and
sotnetimes as a wind shear line. These surges
ate strongest in winter and are responsible for
episodes of strong winds over the tropical
oceans. In the spring and early summer, fronts
can trigger widespread tropical thunderstorm
activity when they reach the moist unstable
air over northern Australia,

14.25 CONVERGENCE ZONES

Although frontal activity is rarely evident in
the tropics, widespread cloud and rain
frequently occur. Low-level convergence in a
depression or trough causes the air to rise
leading to convective cloud development and
precipitation. This effect is accentuated if
divergence takes place in the upper
troposphere, for example ahead of an upper-
level trough. Convergence may also occur
when two air streams approach each other
from different divections. This pattern often
occurs on a small scale with sea breezes and
thunderstorm outflow boundaries. When
moist tropical 2ir is forced to rise, organised
lines of cumulus or cumulonimbus clouds
may develop in the vicinity of the
COnVErgence zone.

14,26 WearHer [N THE EQuaTORIAL TROUGH

"The equatorial trough is a region of light
and variable winds (known as the doldrums).
Local thunderstorms may develop due to
surface heating and orographic effects over
land and localised low-level convergence
over the sea. Rain squalls also occur.

Convergence zones within the equatorial
trough may lead to more widespread cloud
and precipitation. The tops of cumulus and
camulonimbus clouds spread out at higher
levels and form sheets of altostratus and
cirrostratus cloud. While rain from
thunderstorm cells can be very heavy, it only
occurs over relatively localised areas. The less
intense rain from the altostratus cloud may
fall over wide areas and for longer periods
and is responsible for the larger proportion
of tropical rainfall.
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14.27 THe INTERTROPICAL CONVERGENCE ZONE Variations in temperature that occur
Convergence occurs on a very large scale throughout the day depend largely on the
when the trade wind systems of cach prevailing wind direction. Where steady on-
hemisphere meet in a narrow zone, This is shore winds occur, the daily range of
known as the intertropical convergence zone temperature is small. By contrast, the climate
(ITCZ). It can occur where the northeast and 7 be of 2 continental type if the prevailing
southeast trade winds approach each other wind is off-shore and a relatively large range

. . of temperature may occur.

and also in the westerly wind zone straddled perature may )
between two near-equatorial troughs. The sea-breeze has an important effect on

The ITCZ can produce extremely bad the temperature and precipitation in the
weather conditions over a wide area. Vertical tropics. I_t can also 1_e1nfoxce § pLevaI-hn-g on
cloud development extends throush the shore wind. In regions where the air is
troposphere f; the high tropical tripopause moist and unstable, the sea breeze can lead to

i increased vertical motion, resulting in
{at altitudes of 55 000 feet and more). The &
doud base mav be down to a few hunded afternoon showers or thunderstorms. In a
¥ s
feet. The zoneyo f bad weather may similar way, 2 land breeze may produce off-
L . . shore thunderstorms around dawn.
sometimes be several hundred kilometres in
width with general heavy rain, frequent
thunderstorms and violent wind squalls. 14.29 Tropical DISTURBANCES
The term tropical disturbance refers to any
14.28 DiurNAL AND LocAL EFFECTS feature of the flow that 1s associated with
Diurnal and local effects are very important active con‘vec.tlon.These are casily identified
in the tropics. They can exert a greater on a satellite image as persistent cloud
influence on the weather than synoptic scale clusters or areas of clouc?mess ona sa}telhte
disturbances. Topographic effects often photograph. The most vigorous tropical
accentuate diurnal variations in temperature, disturbances are the intense cyclonic storms
wind and rain that form over warm tropical waters.
192
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14.30 Tropicat WeaTHER ANALYSIS AND
FoRrecasTING

Streamnline and isotach analysis is genérally
used in the tropics because isobaric charts do
not satisfactorily represent the wind field. A
streamline is a line which is parallel to the
direction of the wind at all points along it.
Daily synoptic streamline charts show many
features which are absent from mean annual
or monthly charts owing to the smoothing
which occurs when average values are taken.
An isotach is a line that joins points of equal
wind speed.

A number of characteristic streamline
patterns can be identified on streamline
syneptic charts. In addition to the broad
wind streams associated with straight or
curved flow, there are so-called singularities
i.e. outdrafts {outflows associated with
anticyclones or highs), indrafts (inflowing
cyclonic circulations), neutral points (areas of
light wind equivalent to cols in isobaric
charts) and wave patterns and convergence
zones. Isotachs are contours of constant wind
speed superimposed on the streamline. Thus
the wind velocity can be determined at any
point in a streamline-isotach analysis or
prognosis chart. Figure 14.22 depicts a
typical summer streamline chart.

:

14.31 TroricaL CYCLONES

Tropical cyclones are non-frontal low-
pressure systems that develop over the warm
(greater than 26°C) waters of the tropics.
Tropical cyclones do not form near the
equator. They usually develop within the
latitude band 5°-20° but can develop as far
as 30° from the equator. A tropical low is
classified as a tropical cyclone when the
maximum mean winds around the centre
reach gale force (average winds 34 knots or
more). In Australia, the term ‘Severe Tropical
Cyclone’ is used when the maximum winds
reach hurricane force (64 knots or more). In
other parts of the world, a tropical cyclone is
called a *tropical storm’; a ‘severe tropical
cyclone’ is called a *hurricane’ in the
Americas and a ‘typhoon’ in the northwest
Pacific. Tropical cyclones typically extend to
the tropopause at altitudes of up to 70 000

teet and range in size from about 80 o 500
km diameter but may be over 1000 km in
diameter. Their lifetime cycle can range from
one to thirty days with an average of six to
seven days. The structure of a cyclone is
depicted in Figure 14.23,

In the southern hemisphere the cyclone
season runs from November to April with
the peak in January to March. In the
northern hemisphere the cyclone season
runs from June to November, with the peak
in August to October, Qutside these seasons,
tropical cyclones are rare.

Figure 14,23

A southern hemisphere
cyclene structura. The top
diagiom represents an
eegle’s view, the middle
diageam is o cross-section
of cloud and nimospheric
mation, while the bottam
diogrom represents the
pressuse and wind strrctyre
across the cyclone,
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Cloud

Satellite and radar imagery of tropical
cyclones show that they are made up of an
approximately circular mass of cloud with a
cloud and precipitation minimuam in the
centre. The cloud mass is made up of thick
stratiform cloud with embedded convective
cells of cumulonimbus and cumulus forming
long narrow bands spiralling towards the
centre. The bands may be 20 to 40
kilometres wide and hundreds of kilometres
long. In the southern hemisphere they spiral
inwards in a clockwise direction, and in the
northern hemisphere, anticlockwise.
Meteorologists use satellite data to estimate
the intensity of tropical cyclones (in the
absence of aerial reconnaissance and surface
observations). Cyclone intensity is related to
the width of the spiral bands and the extent
to which they wrap around the centre, the
size and location of the eye within the
central dense overcast cloud shield, and cloud
top temperature differences between the eye
and the surrounding cloud mass.

Surface winds

1o be identified as a tropical cyclone, the
winds must be at least 34 knots around the
eye. As a cyclone develops, the area of gale~
force winds expands outwards to 100 to 600
kilometres and can be highly asymmetric.
The winds increase rapidly towards the
center with the strongest winds occurring in
a narrow band surrounding the eye, This
region can be extremely turbulent and gusty.
Maximum winds can reach 150 knots or
more, The variation of wind and pressure at
a location in the path of a storm centre is
shown in Figure 14.23. The sharp dip at the
centre is associated with the eye.

Central pressure

Central pressures in a teopical cyclone are
usually below 1000 hPa. One of the lowest
surface pressures ever recorded was 870
hPa in Fyphoon Tip that occurred in the
northwest Pacific Ocean in October 1979.
Pressures decrease with increasing rapidity
towards the centre with pressure gradients

reaching one to two hectopascal per
kilometre.,

The eye

The eye is an area of relatively calm
conditions. Normally it is 2 region of clear
sky or scattered low cloud with light winds
and no rain. The eye is sharply delineated
from the surrounding areas of stronger
wind, rain, and heavy cloud. It can range in
size from 10 to 100 km {average 30 km) in
diameter, usually decreasing as the strength
of the cyclone increases. It is surrounded
by a ring 10 to 40 km wide of heavy
cloud (the eye wall) in which is embedded
the strongest winds and heaviest rain.
Severe tutbulence in the eye wall,
particularly at low levels, is extremely
dangerous to aircraft,

14.32 Tropicat CycLone LiFe CycLe Anp
Movement

Formative stage

A tropical cyclone usually develops in a
pre-existing low-pressure trough over
warm ocean water where the sea sinface
temperature exceeds 26°C, The wind shear
between the lower and upper atmosphere
is low, and there is an abundang supply of
atmospheric moisture for vigorous
convective cloud growth. The system
becomes more circular, the pressure in the
centre decreases and winds increase. Figure
14.24 depicts the stages of tropical ¢yclone
development,

Immature stage

The pressure falls below 1000 hPa and
winds increase to 34 knots. The
convective clouds form into spirals and
the eye develops. Continued development
can result in the pressare falling below
970 hPa and winds exceeding 63 knots,
The diameter of the storm may increase
while the eye contracts as the storm
strengthens.

Mature stage

At this stage the cyclone is at its maximum
size and strength and the central pressure is
steady. There may be fluctvations in eye
diameter as the eye wall expands and
contracts due to internal forces.
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Decaying stage

When a cyclone has its energy supply
interrupted, by moving over colder water or
over land, it reaches the decaying stage. The
System may persist over land as a rain-
bearing depression or move into higher
latitudes and interact with frontal systems, It
may move into a region of increasing wind
shear that disturbs the vertical alignment of
the system causing the upper and lower
circulations to become separated.

|Approx. 80 km
le

(a} Formative stage

b} Immature stage

500 to 1000 km :

|
!
!
[
I
f
F

{c) Mature stage

Surface pressure over 1600 hPa, falling
- Eyo forming in cloug {see Figure 1 4.23)

Winds to gale force, usually in one Quadrant,
about 55 km from centre

Surfacs pressure under 1000 hPa, failing
Eye in cloud
1000
1004 < Gale or hurdcane winds and rain shield
1008 within approximately 55 km of centre
Spiral bands (see Figure 14.23) of cloud and rain
( .

Surface pressurs very low, steady
Eye in cloud

Hurrcane winds and rain shield, within
approximately 200km of centre

Gale-force winds within
approximately 600 km of centra

Spiral bands becaming less distingt

Winds and weather Wworst and most extensive in
the feft hand front Quadrant
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Movement

Tropical cyclones develop in the tropics
cquatorward of the subtropical ridge. They
usually follow 3 path to the west, diverging
from the equator then tracking more
poleward before being caught up in the
westerlies of the mid Iatitudes. In some cases,
they may mitially travel eastwards or even
follow a looping track, Movement in any
direction is possible. Speed of travel in the
tropics is usually slow and increases towards
higher latitudes.

Figure 14.24

Stages of frapical cyclone
development.

e
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3]

Meteorological sutellite imaging equipment views large segments of the earth and its oceans
enabling mensurements of numerous aimospheric parameters, including cdoud formations.

There are two main types of meteorological

satellite:

+ geostationary (has an orbital speed equal
to the earth’s rotation, so that it remains at
the same position above the equator);

+ polar-orbiting (they orbit the earth in a
north/south direction).

Satellites are able to produce several types
of cloud images, the main two being visible
(VIS) and infrared (IR) images that are
available on the Bureau of Meteorology web
page at (http://www.bom.gov.au).

Although satellite images can be displayed
in colour, the following discussion focuses on
black and white images, as it is these images
that are provided to the aviation industry by
the Bureaun for flight planning purposes.

15.1 VISIBLE IMAGES

Visible images are similar to those taken by a
standard camera with black and white film.
They measure sunlight reflected by the '
earth’s surface, clouds, smoke or other
reflecting surfaces. When the sun is not
shining on the earth the image or part
thereof is black or very dark and clouds
cannot be seen,

The grey-scale of visible images
differentiates between levels of reflectivity as
depicted in Figure 15.3.The brightest and
most reflective surfaces (ice, snow;, thick
cloud tops) are in white shades, and the least
reflective surfaces (oceans and earth) appear
in grey/black shades. In general clouds are
seen as white objects against the darker
background of the earth’s surface.

Very thin clouds can be transparent to
visible light and thus exhibit weak
reflectivity. They are often barely discernable.

Small clouds may not be detected if their
size is below the resolution of the satellite

{usually around one kilometre for visible
images).

Texture (apparent roughness) displayed by
the upper surfaces of clouds on visible
imagery results from variations in cloud
thickness and shadow. Shadows and
highlights are characteristic features of visible
cloud imagery giving it a three-dimensional
appearance; this appearance is completely
lacking in IR imagery. In unstable air, the
tops of some convective clouds are often
higher, than others. Early in the morning and
late in the evening when the sun angle is
low, the higher tops cast small shadows on
the cloud layers at lower levels.

15.2 INFRARED IMAGES

Infrared images depict heat radiation emitted
by objects at the infrared wavelengths,
beyond the red part of the spectrum, and
around 11 microns. They display the
temperatures of cloud tops or the earth’s
surface. If there are several layers of cloud at
a location then the temperature displayed is
of the highest and coldest cloud as depicted
in Figure 15.2. Cold cloud tops (-30°C or
colder} appear white. The earth’s surface
(+30°C or warmer) appears black.
Temperatures in between -30°C and +30°C
are shown in shades of grey.

For infrared images the brightness, or the
whiteness, of the image is purely dependent
on the infrared radiation from surfaces, i.e. it
depends on the temperature of the radiating
surface.

The resolution for infrared images is less
than that for visible images, and is usually
five kilometres.
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Chopter 15

Tuble 15.1

(loud types and sotellite
imoge signotuses,

15.3 CONCURRENT VIEWING OF
INFRARED AND VISIBLE IMAGES

Concurrent viewing of infrared and visible

images helps determine the make-up of
significant cloud formations and weather

thunderstorms, cyclones, low cloud and areas
where no cloud exists (see Figares 15.1 and
15.2). Images can also show areas of dust,
smoke and volcanic ash. Although images do
not show turbulence per se they can show
clouds associated with turbulence, i.e.

features such as frontal regions,

- Clowdfype | | _ TONE: Visible fmages | TONE: Infrored images -
Cumnulus Smafl eloments ar groups of elemants. IF Cu elements ara below Fhedium brighiness, Dork tong; usuolly difficult o detect
(v sensor resolution, land or oceen areas eppear mottled or slightly

bighter thon if clovd free.
Mrutocumulus Closed calt pottem (VIS imagery) over acenas in aseos of told oit Cantre of calls in pattern bright, Surfnes uniferm datk grey; cellulor
St advecion. Cell size vories depending on inversion height, Become grey foward the edges where shiuctute not evident. Can be difficult
Brayity woves often present when viewed in mofios, tloud thins. if cells ore below sensor 1o detect when doud taps are low,
Fhountain wove smoll lee vorlex petterns may be present resolution they may eppeor smaath. and clasa 10 ground temparaturg?
in dlouds. 0s if shrafus,
Comulus Cu Irregular shaped elements or groups of elements. Fraquently Biight. Relatively bright; depeads on
{grouped) organised info fines or apen silulor pattems in areas of cold toldnass of doud tap,
air advecticn aver aceans.
Cumulonimbus Blabular or carmot shopad depending on verfical wind sheor, Very bright: distint shadows and Biight white in centre or adjacent fo
4 Wind shear: upwind edge sharp: opposita dowm wiad, anvil highlights when su angle fow. epwind boundary of onvil. Dorker
edga indistingt, fowoid dovnwind edge.
Foy & Stratus Smooth: fops: boundusies offen sharp ond defined by fopography. Unifoim medium grey tors i thick: Unifosmn doik grey shode: varies with
Fy &St maifled if thin, season, Difficult to detect since
temperature s usuclly dose to
sungunding lend or seo femparatuse;
con appear darker than serrounding
Jand ot night.

Atostratus Smooth tops, boundories can be regged o smooth, often in fayers. tight grey; agpears motiled or stdated Uaiform medium grey tons; depends
& Alocumulus When in cmbination with deep convection, tops oppear bumpy if sun | deperding on thickaess o loyered on height. Can appear darker than
As & Ac angle is low. Cellular sinucture of Ac foo small for sensors ta resolve stechure. sunounding srow-covered fand in

ond therefare cannot be distinguished from As. Gravity waves common potar regions.
when loyers #hin.

Cirtws Bonded fibrous stucture 50 - 100 kn in width. Feotures of undarying | Dark grey o grey tone depending on Light grey in tone. Fibrous stcture
G tereein and cumulus clouds are somatimes detectoble shicugh clouds. | underlying surface. nos as evident gs in VIS.
Cirrocumulus €loud elements formed by thick dease convadive dus, doud Light grey 1o white, Vihite tone,

0 elemants aften are globulet o elangated and ofien hove detectoble
shadows.

Anvil Cirrus Smoath textured except where cvesshoating tops cost shodows. Sharp | Brightest over gensrafing cell with Brightest aver generofing cell with
Chor Cs distinct upwing edge to plumes, Bownwind edge filmy, fibrous and decreasing biightness dovmwind, deareasing brightaess dowawind,

indistingt.

Circoshralus Gengrolly smogth and uniform tops hut somesimas fibraus in Appears light giey when thin end Vories fiom white to grey. Bifficult to
s appesionce. Moy he in long bands of on extensive sheet, whiter os thickness increcses. distinguish from midale level dlouds.
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mountain wave clouds and therefore can

indicate turbulent regions (see Chapter 10).
On satellite images.

+ High, thick clouds are white on both
visible and infrared images because they are
very cold and reflect sunlight strongly.

+ Low cloud is difficult to detect in infrared
images because there is little contrast
between the temperature of the earth and
the cloud top. Low-stratus cloud and fog
are particularly difficult to detect in
infrared immages. However daytime visible
images show low cloud and fog very
clearly because both phenomena are highly
reflective. QOcean areas vary in temperature
so on IR images the oceans appear as

1. Oceans are black in the VIS

and shades of grey in the [R.

il
2. lend surkaces are black or very

ttork in the 1R aad lighter
shodes of gray in the VIS,

3. The VIS dlouds hove fexture
while the 1R hos o Hotter
appeatance.

-5
By

Brightnass ar whiteness is
about the sama fos IR and VIS
for high cloud assacioted with
the tropical cyclone aad fops of
thundasstorm clouds in the
north end over the Tosman See.

tow cloud south of the
continent appaars dull gray in
the IR but bright and speckled
in the VIS, indicotive of smofl
cemolus of sfratocumulus
cloud.

Middle level dovd Ac ond As)
in the viciniy of the tropical
cyclone appears in mid shades
(ielotively worm) in the IR ond
bright in the VIS.

'Ln

&

shades of grey whereas on VIS images
ocean areas are uniformly dark (except for
sun glint);

» High and low layers—VIS images can

show shadows and highlights while IR
images reveal the temperature differences
of different layers;

+ Cloud texture is the degree of apparent

roughnesss displayed on the upper surfaces
in the VIS image. It is due largely to
shadow. Clouds with a smooth surface are
usually stratiform. Mottled appearance may
be due to variable thickness as in
stratocumulus, Uneven or bumpy cloud

tops usually indicate cumuliform cloud;

Visible end infrared images
for the same time for
8 Becember 2000.
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+ the fibrous texture of cirrus also shows up observations, If a cloud layer is stable in its
on IR images, but otherwise cloud texture lower levels and unstable aloft, for example, a
is usually not a characteristic of IR surface observer will report a stratiform cloud
imagery. type, while the imagery shows cumuliform.
Certain features only become apparent by Table 15.1 sets out general criteria for
animating a sequence of images. This identifying cloud type based on image tone
technique is invaluable for the interpretation and structure.
of many weather features (e.g. movement and The following two satellite images in
development of fronts or genesis of tropical Figures 15.1 depict the difference in
cyclones) as well as differentiating between appearance between VIS (top) and IR
¢loud and ground. (bottom) images taken in the early afternoon
When using satellite imagery, the viewer in sammer.
must remember that the satellite sensors Further examples of the difference
typically only sense the top feature, e.g. the top between infrared and visible satellite images
of clouds. Apparent inconsistencies can occur (taken on a late spring afternoon) are shown
when the images are compared with actual in Figare §5.2.
15.2 An overview of the imuges

VIS ord IR image with
lower dloud types in the
southwest sector and high
cusmulonimbus clouds and
active thenderstorm in the
nonhwess seclor,

7 Low(warm)
cloudtops

High(cold)
cloudtops

Bath images show bright white fops of
cumutonimbus clouds {onvils) forming
aleng the trough.

T. Aovil dirrs Ts usuelly seen os bright
white, aften in o canot shape.

2. Cumutus cloud behind the front in
the colder southerly wind stream
south of Austratic appeors os o field
of many inegularly shaped cefls of
various sizes,

3. Strotocumulus cloud in the
southwest corner of the imoges
appears as pofches (due to white
near the centres, end fight grey
near the edge, where the cloud is
thinaer}, producing o pebbly or
honeycomb oppearance. On 1R, S¢
is medium to dark grey. If breaks in
the Sc loyer are very small,
appeaiance wilt be continvous
unifosm grey.

4. Altostratus cloud {fhick) in the
southenst cornez of the images is
displayed in the VIS as dull white
with a faitly uniferm surfoce. In the
IR &s uppears mid white,

5, 1t is difficult to determine the
make-up of the doud adiacent to
the southsast coest even when
compoting the BR and VIS images.
It appecrs o be mainly thin
altosiratus with potches of
alfocumulus. Ground observations
from the oreo indicoted altosteatus
overlying sitatocumulus and Jow
steafus, Roin wos tending to
showers of the time of the images.




CHAPTER 16

'WEATHER WATCH
RADAR

The Bureau of Meteorology operates o number of dedicated weather watch radars
around Australio, These are supplemented hy pari-time wind-finding radars, which have
routine periods when weather watch coverage is not avuilable. A selection of images
from these radars is freely available on the Bureau of Meteorology web site,
hitp://www.bom.gov.av.

The images are useful in determining
precipitation areas, type and strength of
precipitation, whether there are showers,
thunderstorms, hail, general rain or frontal
systens moving across an area.

Sequences of images (looped images)
indicate the position and rate of movement
of frontal systems or individual precipitation
cells.

16.1 How WeatHer WarcH Rapar WoRKs

RADAR (RAdio Detection And Ranging)
is a system whereby pulses of radio waves are
transmitted by an antenna in a highly
focused beam and are reflected off targets
and returned to a receiver via the same
antenna. For weather watch radar, the targets
are precipitation (rain, hail, snow or drizzle).
The radar attempts to locate all areas of rain
within range of the antenna by sweeping the
radar beam just above horizontal. The radar’s
computer determines the direction of the
precipitation from the antenna, and the
distance to the precipitation from the time
taken for the radar signal to return to the
receiver. Not only is the location of the
precipitation determined, but also the
‘reflecting power’ of the rainfall (which
depends on the size of the raindrops and
their concentration) is calculated, thus
providing an estimate of rainfall intensity. In
sumumary, the display produced by the radar's
computer gives a horizontal map of the

’ —}5,‘3&1"‘- E Figure 16.1
. ;‘;% ' A typicol Austrolion Bureay
5 ‘i?i:%’"‘;' * b J of Meteorology rader
BRI e - displey. In this exampla
R ihe sador hos detected

o3 E) w
Ladduda - e

O . reinfall rates vorying from
. - light to moderate.
e N T T o

" Joroonta
& X - Newluay,  MadensTy L adaey 3w
et By LB Cargumn do .. K ST
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e
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s

«
. Temaven

Sellick 06/11/05 05:50UTC 000.0el 256k -1
-’ 2 x _: T
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location of rain and an estimate of how
heavily it is falling. Note that the radar does
not ‘see’ clouds but the rainfall those clouds
produce. These areas of precipitation, which
the radar ‘sees’, are often called radar echoes
because the radar beam reflects off them.
The radar display shows a topographic
base map of the area surrounding the radar
site with the coastline, major rivers and
town names and with range rings at 50
kilometre spacing. A colour bar at the base
of the image shows rainfall intensity levels.
The radar echo intensity level provides an .
approximate indication of rainfall rate. The
following values can be used as a general
guide but they are not always accurate.
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Approx. Rainfalt which reduces the echo intensity;
Level Colour Intensity (mm/hr) o
0 clear Notvisible Under 0.9 - the radar beamn becomes further
1 Off-white 0.5 from the ground with distance (partly
2 " Sky-blue 15 because of the earth’s curvature), thereby
3 Light Blue 25 missing the lower parts of any rain;
4 Blue 4 - the beam can lose power when
5 Light Cyan 8§ passing through heavy rain, thus reducing
6 Cyan 10 the echo intensity further out from the
7 m Dark Gyan 18 radat.
8 i~ Yellow 20
g Yellow-orange 85 The presence of significant echoes at long
10 |5 Orange 50 range probably indicates the presence of
11 EEE Orange-red 80 large amounts of rain at high levels above
12 Red 120 the ground (e.g. a thunderstorm).
13 Dark Red 200 The presence of obstructions (permanent
14 I Marcon so0 echoes) such as mountains and buildings,
1 Dark Brown 1
5 Ml parkBrow over 360 within the range of the radar can block
Above the intensity indicator - the the radar beam, thus significantly reducing
location, range and time (UTC) to the the echo intensity from rain on the other
nearest 10 minutes of the image is given. side of the obstruction,
Below the intensiry indicator - the actual The radar may sometimes show echoes
time of the image transmission is given in from non-precipitation targets such as
UTC along with local EST, CST and WST. aircraft, large fires, swarms of insects, flocks
of birds or the land or sea surface. Surface
16.2  Limitations OF RADAR INTERPRETATION echoes may be particularly noticeable
when unusual atrnospheric conditions
The following important points should be
: g 1mp p ) bend the radar beam back down to the
taken into account when interpreting radar . .
. surface, or when high winds cause rough
images: . o
gest . seas as depicted in Figure 16.2.
* The intensity of echoes tends to decrease The radar ; " b
with increasing distance from the radar. © radar Images seen. on the web are
This is because: actually composites derived from a
’ . number of successive rotations (scans) of
- the radar beam broadens with . .
_ . _ the radar antenna, each at a slightly higher
distance, thus decreasing the proportion ) . .
o LR elevation angle. The image is made up of
of the beam which is filled with rain, , )
a number of concentric bands, with
Figure 16.2 . | echoes at short ranges being derived from
. ! -
Rough sea (seo woves) L high-angle antenna scans and longer-
depicted os precipitotion 5 range echoes coming from the lower
echoes. elevation angles. As a genetal rule, the

Rarebery

'Euham_ 8 s

elevation angles and the range boundaries
between the concentric bands are chosen
to give an area of coverage broadly
centred on about 10 000 feet altitude. In
practice, the vertical extent of the
coverage will increase with distance due
to the antenna beam width (e.g. two
degrees} while earth curvature effects at
longer ranges will further modify its
shape. While the settings are chosen for
the best all-round compromise, there will

SO
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be occasions when precipitation echoes
whose altitude is above or below the
radar’s vertical coverage will not be seen
at all, or may be displayed at reduced
strength,

* The intensity of drizzle may be
underestimated because of the small
droplets or because the precipitation is
actually below the radar bearn.

¢ Virga, or rain not reaching the ground, at
a distance from the radar will return light
echoes indicating rainfall in the area
when in fact the rain is not reaching the
surface.

* Occasionally, solar interference creates
false radial images as depicted in Figure
16.3.

* Other radars may interfere, resulting in
images similar to those depicted in Figure
16.4.

* On occasions 2 relatively thick film of
water may flow over the radar dome
reducing beamn efficiency and reflectivity
levels. Very heavy rain and hail directly
falling over the radar dome can greatly
reduce the effectiveness of the radar as is
indicated by the acute attenuation
depicted in Figure 16.5. The images are
only one minute apart but the second
image was taken with severe rain and/or
hail falling over the radar dome. At this
time the radar cannot ‘see’ surrounding
storm activity. The example highlights
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Figure 16.4
Rodar interference,

Figure 16.5

Rodar imagas one minute
apait showing acute
aftenuation of echoes due
to very heavy rain and/or
hail falling aver the adar
dome, Nate: these imoges,
ofthaugh diffesent from
those aveilable on tha web
site, are indicotive of the
problem of acute
attenuafion.
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Capa 2,

Geambier 0170205 ¢
Rain Rate 1T 1
Light

Figure 16.6
Extensive ureos of light to modaate rain,

the importance of viewing a sequence of
radar irmages.

16.3 Rapar Features To Warck For

Rain Bands

Radar echoes from widespread rain are
usually extensive and fairly uniform in
intensity.

The estimated rainfall intensity usually
appears as light to moderate because of the
smaller raindrop size produced in such rain-
bands as depicted in Figure 16.6. Because
of the extensive rain echoes, the range of
the radar echoes may be reduced,

Shotwers from Cumulus Clouds

Radar echoes from showers falling from
comulus clouds appear as sharp-edged cells
on the radar display as depicted in

Figure 16.7.

Heavy Precipitation from Thunderstorms
Radar echoes from the rain and hail
produced in thunderstorms have very
sharp-edged cells with intense cores
indicating heavy rainfall.

Very heavy rainfall with hail is depicted
in Figures 16.5 and 16.8. The rainfall rates
exceed 100 mm per hour. Rainfall rates of
such high intensity are indicative of severe
storm. activity.
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Figure 16.7
Light o heovy showers.

Ralr Rate

B
Light Moderate

Figure 16.8

Severe thunderstorms fo the noith of Batemans Boy associoted
with Jarge hoil, domeging winds and hecvy rin,

Thunderstorm precipitation cells can
appear as isolated cells or in clusters or
lines. Bach cell tends to last for 30 minutes
or more. Fast moving cells, rapidly growing
cells, a bow in the direction of movement
of a line of cells and/or a long-lived cell
moving in a2 markedly different direction to
others may indicate the potential for severe
weather (large hail, damaging winds and/or
very heavy rain). Also, a very slow moving
cell or the repeated passage of a number of
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cells over a particular location could Tropical Cyclones

indicate potential for flash-flooding. Tropical cyclones produce widespread
Figure 16.9 shows a radar image of a heavy rain. The tendency for the rain
: severe thunderstorm. Note the tight colour bands, often with embedded cells, to spiral
E gradient indicative of very strong updrafts around the rain-free cyclone ‘eye’ produces
] and heavy falls of rain and hail: See also the 2 characteristic radar pattern (Figure 16.11).
5_ large solid anvil indicating a very well- Identification of the ‘eye’ is very useful in
‘ developed storm in Figure 16.10. monitoring the rate and direction of

movement of the tropical cyclone, An IR
satellite image (three hours after radar
image) is presented in Figure 16.12 (see
Chapter 15 for interpretation).

Figure 16,10

A comulonimbus cloud
typical of the type
essacicted with severe
sterms ond rodar images
simitar to Figure 14.9.
Photo © Andrew Wotson

‘ Figure 16,9
Thunderstorms with hail.
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Figure 16,13

Location of Bureau of
Meteorology taders, both
vieather watch and wind

finding. : %g AKathgr!:e \"\
, A= B MorningtorTis g

. EHaHs Creek . '
B enna tCreek

Longreach

Springs

Norfolk Is &

Metboli

Mt Gambierﬂw\/ée;.? E;st Sale

Weather Watch Radars

4 High resolution Doppler radar
4 Dedicated weathsr watch

B Shared with windfinding

Tahle 1

Routine pesiods when
weother watch coverage is
not ovaiiohle.

Eustern Duylight Time
Eastern Standard Time
Central Duylight Time
Central Standard Time
Woestern Standard Time

©05:15 - 06:45.
04:15 - 05:45pm
03:15 - 04:A5pm
03:45 - 05:15pm
02:45 - 04:15pm
01:15 - 02:45pm

10:15 - 11:45pm
0915 - ]0:4Spm
09:45 - 11:15pm
08:45 - 10:15pm
07:15 - 08:45pm

* Note that the 17:15UTC fight is perfaimed one hou: earfisr in WA

04:15 - 05:45am
03:15 - 04:45am
03:45 - 05:150m
02:45 - 04:150m
1215 - 01:450m

23:15-00:45

10:15 - 11:450m
0%:15- 10:450m
09:45 - 11:15am
08:45 - 10:150m
07:15 - 08:450m

16.4 Avaiasiury Or Rapar Dara

Radar images on the internet are normally
updated every 10 minutes however, note
that there are full and part-time radars as
indicated in Figure 16.13.

Full-time Weather Watch Radar should
be online at all times, with images updated
approximately every 10 nuinutes, unless
there are technical difficulties or scheduled
maintenance.

Part-time Wind-finding Radar have
routine periods when weather watch
coverage is not available. This normally
occurs, up to 4 times a day, for
approximately 1.5 hours as shown in
Table 1. During these periods these radars
will be engaged in tracking of high-level
balloons for the measurement of winds in
the upper atmosphere.
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CHAPTER 17

VOLCANIC ASH

Volcanic ash is hazardous to aircroft; iis effects range from a peculiar odour in the cabin to
engine failure. The volcanic ash and corrosive guses from an erupting veleuno cun cover a wide
aren and remain in the atmosphere for days.

Volcanic ash is composed of pulverised rock, predominantly silica (in the form of tiny glass
shards) in most cases. It is usvally electrically charged resulting in lightning, and is
accompanied by corrosive guses such as hydrochloric acid and sulphur dioxide, which over time

converts into droplets of sulphuric acid.

The frst significant aviation encounter with
volcanic ash occurred in June 1982, A British
Airways 747, flying over Indonesia at night,
encountered ash from Mt Galunggung, lost
power in all four engines and suffered severe
damage (including windscreen abrasion that
severely restricted visibility). The aircraft
descended to 12 000 feet before the crew
was able to restart some engines and make
an emergency landing in Jakarta. Three
weeks later a similar incident happened
involving a Singapore Airlines 747, which
lost power in two engines. It also made an

emergency landing.

‘While it was known that aircraft had
experienced problems with ash in the past
these problems had been restricted to
abrasion of cockpit windows and blockage of

pitot-static tubes. The June 1982 incident
alerted the aviation industry to the possibility
that volcanic ash clouds have the potential to
cause a major accident. Figure 17.1 shows
eruptions and ash cloud that have resulted in
over 30 aircraft encounters with volcanic
cloud since 1982, and have cost millions of
dollars in damage and diversion costs.

17.1  EFrFect OF AsH ON AIRCRAFT

The most critical effect of volcanic ash on
aeroplanes is engine damage. The heat of the
engine can cause the silica in the ash to melt
and fuse into a glass-like coating on
components further back in the engine,
causing loss of thrust and possible flameout.
I addition volcanic ash can abrade engine
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Figure 17.1

Mosaic of vofcanic ash
clouds from sojelfite
imegary and space shuitla
phatos, 1979 - 2001 with
encounters since 1982
depicied by rad dots. Note:
nof all ancountess are
shown in Figure 17.1,
exact locations are
unknown for soma
incidents and it is proboble
that many minor incidents
go unreported,
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Figure 17.2

Locations of active
volcanoes (that have
erupfed since 1900)
depicted os triongles; the
lorger triongles are
volcanoes for which the
Dorwin VAAE hos issuad
voleanic ash advisorias
since it wos estehiished in
Febrrory 1993,

Ak

&

Indian Ocean

parts and contaminate electrical systems,
avionics equipment, hydraulic systems and
fuel.

A pilot approaching an ash cloud may not
be able to distinguish the ash from other
clouds such as cumulonimbus. Indications
that an aircraft has entered a volcanic ash
cloud include the appearance of smoke or
dust in the cockpit, and fine ash collecting
on flat surfaces. Pilots have reported an acrid
odour similar to electrical smoke and the
smell of sulphur. Qutside the cabin, lightning
and St. Elmo’s Fire may be observed around
the aircraft along with a bright orange glow
around jet engine inlets, torching from the
tailpipe, and flameouts. The windscreen can
become eroded and opaque very rapidly and
there is 2 likelihood of electrical equipment
overheating and warning lights coming on.
There have been incidents when volcanic
ash has activated cargo fire warning systems.

Even with very small concentrations of
airborne volcanic ash gradual deterioration
of aircraft components will occur over time,
Small volcanic ash particles can remain
suspended in the atmosphere for many days
after an eruption.

17.2  INTERNATIONAL AIRWAYS VOLCANG

Warch (IAVW)

In response to the incidents over Indonesia, a
major international effort has been underway
to track volcanic ash clouds and warn aircraft,

TR s kT L e

+ - Pacific Ocean

&

- *Darwin

The International Civil Aviation
Otganization (ICAQ) took the lead in
implementing the International Airways
Volcano Watch (IAVW). This involved the
establishment of nine Volcanic Ash Advisory
Centres (VAAC), as well as recommended
practices and procedures covering the
observing and reporting of volcanic activity
and ash clouds, the issuance to aircraft of
warnings and, as necessary, information
regarding the closure of air routes. The
Bureau of Meteorology operates one of the
VAACs in Darwin. The other VAACs are
located at Anchorage, Buenos Aires, London,
Moentreal, Tokyo, Toulouse, Washington and
Wellington.

VAACs use satellite detection techniques,
combined with ground reports from
volcanological agencies, pilot reports via
special AIREPs, meteorological knowledge
and numerical models to track and forecast
the movement of volcanic ash clouds. When
volcanic ash clouds are detected within the
area of responsibility of the Darwin VAAC,
an area that extends to 10 degrees north
covering Indonesia, Papua New Guinea and
parts of the Philippines, the VAAC issues 2
volcanic ash advisory. Volcanic ash advisories
are distributed to meteorological watch
offices, air traffic control authorities, and the
opetations centres of major airlines in the
region.

Many volcanoes to the north and east of
Australia are active (depicted in Figure 17.2),
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The Darwin VAAC which issues volcanic ash
cloud advices as detailed in Chapter 18
monitors these volcanoes.

17.3 DetectinG VOLCANIC AsH

It is critical to understand that aircraft radar
and meteorological weather watch radar, will
not detect volcanic ash. Thus visual pilot
reports are extremely important.

Although enhanced satellite imagery can
be used to track volcanic ash plumes, it can
be difficult to distinguish between volcanic

ash clouds and water/ice clouds such as
cumulonimbus. The example given in Figure
17.3 shows some cloud and the ash plume
from Mt Rinjani on the island of Lombok,
Indonesia, from an eruption on 2 July 1994,
The ash plume can be clearly seen stretching
from FLombok west across the island of Bali.
This eruption had a major impact on the
heavily used airspace north of Australia.

An ash plume from an eruption at
Rabual, Papua New Guinea is shown in
Figure 17.4.

Figure 17.4

Volearic doud rising befors spreading
out from an erupticn of Rabuol, Papua
New Guines on 19 September 1994,
This photo shows the large white
billowing eruption plume is corried in
¢ westerly direction by the weak
prevailing winds. At the bose of the
eption calume is a layer of yelfow-
browin ash being distributed By fower
level winds. A shasp boundary moving
aytward from the centre of the
eruption in the lower ctoud is a pulse
of faterally-moving ash which results
from @ volcanic explosion. Picure
taken from Spoce Shuttle Discovary,
(fmage courtasy of HASA).

Figure 17.3
Yoleanic ash cloud
streeming fo the wast,
fram Mount Rinjani.
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Ash cloud can remain in the atmosphere 17.4  More INFORMATION
at dangerous concentrations for several days o .
. . . More comprehensive information on
until the particles gradually disperse and .
) volcanic ash, the JAVW and recommended
eventually fall out under the influence of ..
. . o general procedures to mitigate the effect of
gravity. During this time ash clouds can _ . _ ,
. volcanic ash s available in ICAO Document
travel thousands of kilometers. After the : . N
) . . 9691 Manual on Velcanic Ash, Radioactive
eruption of Cerro Hudson in Chile on the . . .
. Material and Toxic Chemical Clouds, and
15 August 1991, ash cloud circled the ;
: ICAQO document 9766, Handbook on the
southern hemisphere and was detected five . ,
. . International Airways Volcano Watch.
days later over southern Australia as depicted
in Figure 17.5.
Figure 17.5

Asir dlovd from the
aruption of Cerro Hudson
in 1991 in Chile is
depicted over o six-doy
peticd. Some encounters
over Austsalio are depicted
by red dois.

e




CHAPTER 18

EOROLOGICAL

SERVICES FOR
AVIATION

The purpose of meteorological services to aviation is to provide aircraft operators with the
meteorologica! information necessaiy for safe, regular and efficient air navigation and to
support other uevonautical activities.

These services are provided within the
technical and regulatory framework of the
International Civil Aviation Organization
(ICAQ) and the World Meteorological
Organization (WMO). In particular, the
Convention on International Civil Aviation
{the Chicago Convention) sets out uniform
standards and practices in the provision of
meteorological services to international
aviation to which Australia, as a signatory to
the convention, adheres. The Convention
also requires that each signatory state
designate a Meteorological Authority, which,
in Australia’s case, is the Bureau of
Meteorology {the Bureau}. While the
Convention applies specifically to
international aviation, its obligations are
given effect in domestic law through a
number of Acts of the Australian Parliament,
including the Meteorology Act 1955 which
describes the Bureau’s function in supporting
civil aviation, and the Civil Aviation Act
1988, under which the Civil Aviation Safety
Authority (CASA) is the regulator of
domestic civil aviation.

18.1  METEOROLOGICAL SERVICES TO AVIATION

Meteorological services to aviation include
observations, forecasts, warnings and advice
both in the vicinity of aerodromes and en-
route, and specialised briefings and displays
of meteorological conditions. These services

are provided to aircraft operators, to search
and rescue operations, and to Airservices
Australia for use in air traffic management
and for further dissemination to aircrew and
other aeronautical units.

When a forecaster makes a prediction, the
most probable conditions on the basis of the
available information are described. The
confidence the forecaster has in the
prediction will depend on a number of
factors such as the location, availability of
observations, the season, the complexity of
the particular situation, the elements being
forecast and the period of the forecast.
Elements, such as fog and low cloud are
usudlly more difficult to predict with
precision than others, such as upper wind
and temperature.

Pilots who make the most effective use of
weather services are usually those who
understand forecast imitations. These pilots
look upon forecasts as professional advice
rather than categorical statements and take
every opportunity to secure amendments
and update their forecasts.

Amendments are usually not made unless
expected changes from the original forecast
are operationally significant, since there is a
need to stress important amendments and
eliminate unnecessary communication loads.
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18.2  AvaiLasutry O METEOROLOGICAL
INFORMATION

The availability of meteorological
information is set out in the Airservices
Australia publication Aeronautical
Information Publication (AIP) and the
CASA publication VFR. Flight Guide.
Briefing services are available as indicated in
these publications.

Information for flight planning purposes
should be obtained through Airservices
Aupstralia at
http://www.airservicesaustralia.com - click
on Pilot Briefing Services.

Additional services such as radar, satellite
images and a description of the Bureau’s
aviation weather products are available at
http://wwwbom.gov.au/.




ACCRETION

The process of supercooled water droplets
freezing on impact with a snow-flake, ice particle
or other cold object. Ice can accumulate on
airframes by way of accretion

ADIABATIC COOLING

Cooling of a parcel of gas by expansion, with no
heat exchange between the parcel and
surrounding air.

ADIABATIC HEATING

Warming of a parcel of gas by compression, with
no heat exchange between the parcel and
surrounding air,

ADIABATIC PROCESS

A process where a parcel of air changes
temperature due to a change in pressure and
volume (expansion and compression), with no
heat exchange between the parcel and
surrounding air.

ADVECTION
The horizontal transport of any property in the
atrmnosphere by the movement of air.

ADVECTION FOG

Fog resulting from the movement of moist air
over a cold surface and the consequent cooling of
the air to dew-point. Also refers to fog being
transported by local winds from one locality to
another.

AIR DENSITY
The mass of air per unit volume.

AIR MASS

An extensive body of air with horizontally
uniform temperature and moisture characteristics;
in addition the vertical temperature and moisture
variations are approximately the same over its
horizontal extent.

ALTIMETER .
An instrument used to determine altitude from
atmospheric pressure,

ALTITUDE
The vertical distance from mean sea level to an
object aloft.

ALTOCUMULUS
Middle level layered cloud with rippled elements,
generally white with some shading.

ALTOCUMULUS CASTELLANUS
level cloud with vertical turret type development
that forms from altocumulus clouds,

AETOSTRATUS
Middle level cloud appears as a grey sheet.

ANABATIC WIND
An uphill wind generated by the heating of a
sloping surface.

GLOSSARY OF TERMS

ANEMOMETER
An instriment used to measure the speed of the
wind,

ANEROID BAROMETER
An instrument used to measure atmospheric
pressure.

ANOMALOUS PROPAGATION

The non-standard propagation of a beam of
energy, radio or radar, under certain atmospheric
conditions, appearing as false (non-precipitation)
echaes.

ANTI-ICING EQUIPMENT

Aircraft equipment, such as heating elements and
flexible rubber strips, used to prevent or clear
structural icing,

ANTICYCLONE (HIGH)

A closed area of high pressure. The wind rotates
about the centre anticlockwise in the southern
hemisphere and clockwise in the northern
hemisphere. '

ANVIL

The upper portion of a cumulonimbus cloud that
becomes flat and spreads-out under the
tropopause: sometimes for hundreds of kilometers
downstream from the parent cloud. It appears
smooth or fibrous and often resembles a
blacksmith’s anvil. It indicates the mature or
decaying stage of a thunderstorm.

AIRCRAFT ICING
Any deposit of ice forming on an aircraft.

ATMOSPHERE

The gaseous portion of the physical environment
that encircles the earth. The divisions of the
atmosphere include the troposphere, the
stratosphere, the mesosphere, the fonosphere, and
the exosphere,

ATMOSPHERIC PRESSURE
The total weight of the atmosphere above the
point of measurement,

BACKING
A counterclockwise shift in the wind direction.

BAROMETER

An instrument for measuring atmospheric
pressure. Two examples are the aneroid barometer
and the mercurial barometer.

BLOWING DUST
Dwust that is raised locally by the wind.,

BLOWING SNOW
Snow that is raised locally by the wind to more
than 2 metres.
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BOILING POINT

The temperature at which a liquid changes to the
vaporous state. The boiling point of pure water at
standard pressure is 100°C

BOUNDARY LAYER

The lowest layer of the earth's atmosphere,
usually below 3,000 feet where frictional
influences between the earth and atmosphere are
large.

BUOYANCY

The property of an air parcel that allows it to
rises freely from one level to another in the
atmosphere.

BROXEN CLOUD
The amount of sky cover for a cloud layer,
between five and seven okta.

BUYS BALLOT'S LAW

Describes the relationship of the wind direction
to the pressure distribution. In the southern
hemisphere, if an observer stands with his/her
back to the wind, lower pressure is to the right.

CALM
Stilt air,

" CARBURETTOR ICING

Occurs when moist air is drawn into the
carburetor and is cooled below 0°C and the
moisture freezes.

CEILOMETER
A cloud height measuring system.

CELSIUS TEMPERATURE SCALE

A temperature scale where water at standard
pressure of 1013.25 hPa, has a freezing point of
0° and a boeiling point of +100°, Abbreviated as
°C.

CHANGE OF STATE
‘The change in the form of water, i.e. water to
vapous, ice to water, ice to vapour and vice versa.

CIRROCUMULUS

High-level cloud composed of ice crystals;
appearing from the ground as very small elements
in the form of grains or small ripples.

CIRROSTRATUS

High-level cloud composed of ice crystals,
appearing from the ground as a transparent sheet
or veil and creating the halo phenomena around
the sun or moon.

CIRRUS

High-level cloud, composed of ice crystals;
appearing from the ground as white tufts or
filaments.

CLEAR AIR TURBULENCE
Non-convective, wind shear turbulence,
encountered in air where no clouds are present;
abbreviated as CAT.

CLEAR ICE

A glossy, clear, or translucent ice formed by the
relatively slow freezing of large supercooled water
droplets. The droplets spread out over an object,
such as an aircraft wing's leading edge, prior to
complete freezing and forms a sheet of clear ice.

COLD AIR ADVECTION
The horizontal movement of colder air into a
location of warmer air,

COLD FRONT
The leading edge of an advancing cold air mass
that is replacing warmer air.

CONDENSATION
Change of state from vapour to liquid.

CONDENSATION NUCLEI
Tiny particles upon which vapour condenses.

CONDENSATION LEVEL
The level that an adiabatically lifted air parcel will
become saturated.

CONDITIONAL INSTABILITY
Stable unsaturated air that will become unstable if
saturated.

CONDUCTION

The transfer of heat through a substance or
between one substance and another, by being in
contact with another.

CONSTANT PRESSURE CHART
A weather chart representing conditions on a
constant pressure surface.

CONTACT COOLING
The process where heat is conducted away from
warmer air to a colder surface.

CONTINENT
A larpe land mass.

CONTINENTAL AIR MASS
An air mass with continental characteristics.

CONTOUR
A line joining points of equal value on a surface,

CONTRAIL
Acronym for CONdensation TRAIL.

CONVECTIVE CLOUD
A cloud with vertical development that forms in
an unstable environment.

CONVECTIVE CONDENSATION LEVEL
The lowest level at which condensation will
occur as a result of convection due to surface
heating; abbreviated as CCL.

CONVERGENCE

The condition that exists as a result of the net
horizontal inflow of air into a region.
Convergent winds at lower levels are associated
with upward motion.
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COORDINATED UNIVERSAL TIME
The standard world time beginning at
Greenwich, England, home of the Royal
Observatory. Abbreviated as UTC,

CORIOLIS FORCE (EFFECT)

An apparent force on a moving particle that
arises solely from the earth's rotation acting as a
deflecting force. It acts to the left in the southern
hemisphere and to the right in the northern
hemisphere. It is greatest at the poles and
nonexistent at the equator.

CUMULONIMBUS

A vertically developed cummulus cloud, often
capped by an anvil-shaped cirriform cloud. Also
called a thunderstorm cloud, it is frequently
accompanied by heavy showers, ightning,
thunder, and sometimes hail, tornadoes or strong,
gusty winds; abbreviated as CB

CUMULUS

Clouds characterised by their flat bases and dome
or cauliffower shaped upper surfaces. Small,
separate cumulus are associated with fair weather;
abbreviated as CUL

DENSITY
The weight of air per unit volume.

DEPOSITION
The state where water vapour changes directly to
ice.

DENSITY ALTITUDE
The altitude at which a given density is found in
the standard atmosphere.

DEW

Water condensation in the form of small water
drops that form on grass and other objects near
the ground when the temperature has fallen to
the dew point.

DEW POINT,
The temperature to which air must be cooled to
become saturated,

DIURINAL
Pertaining to differences that accur from day to
night during a twenty-four hour cycle

DIVERGENCE

Horizontal outflow of air from 2 particular
region. Divergence at lower levels is associated
with a downward movement of air,

DOLDRUMS

A nautical term for the equatorial rrough. This
area typically has calm or light and variable
winds.

DOWNBURST

A severe localised downdraft of wind from a
thunderstorm or shower with a diameter of
greater then 4 kilometres. This outward burst of
cool air creates damaging winds at or near the
surface.

DOWNDRAFT
A descent of cool air associated with cumulus
cloud.

DOWNSLOPE WiIND

Gusty winds directed down a slope, often used to
describe winds produced by processes larger than
the scale of the slope.

DRIFTING SNOW
Snow particles blown from the ground by the
wind to a height of less than two metres,

DRIZZLE

Slowly falling precipitation in the form of tiny
water droplets with diameters less than 0.5
millimeters. It usually falls from stratus or
stratocurnulus clouds and is often associated with
low visibility and fog. In aviation observations
and forecasts if is reported as DZ.

DRY ADIABAT

The line on a chart that depicts the lifting of dry
air. As a parcel rises adiabatically, its pressure
decreases and its temperature falls due to the
expansion of the air parcel. When an air parcel is
unsaturated and rises, the temperature decreases
at a rate of about 3°C per 1000 feet).

DRY LINE
The boundary between dry and moist air masses.

DUST

Small particles of earth or other matter suspended
in the air. In aviation observations and forecasts it
is reported as DU

DUST DEVIL

A small, rapidly rotating column of wind, made
visible by the duse, dirt or debris picked up. It
usnally occurs in arid or semi-arid areas and is
most likely to develop on clear, dry, hot
afternoons in response to surface heating it is
reported as PO,

DUSTSTORM

A condition characterized by strong winds and
dust-filled air over a large area. Visibility is
reduced to below 5000 metres. In aviation
observations and forecasts it is reported as DS,

ECHO

In radar, a general term for the appearance, on a
radar display, of the radio signal reflected from a
target.

EDDY
A small disturbance in the wind that can produce
turbulent conditions.

ELEVATION
The distance between mean sea level and a point
on the earth’s surface,

EQUATOR
The geographic circle at O degrees latitude on
the earth’s surface.
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EQUILIBRIUM LEVEL
The level at which 2 parcel of air is no longer
buoyant and ceases to rise in the aemosphere.

EQUATORIAL TROUGII

The guasi-continuous area of low pressure
between the subtropical high pressure belts of the
northern and southern hemispheres.

EVAPORATION
The physical process by which a liquid, such as
water is transformed into the gaseous state,

EYE

An area of clear skies that develops in the centre
of a tropical cyclone, charaterised by light winds
and no rainfall.

EYE WALL
An organized band of that surrounds the eye, or
centre, of a tropical cyclone.

FAHRENHEIT TEMPERATURE SCALE
The temperatore scale where water at the
standard sea level pressure of 1013.25 hPa hasa
freezing point of +32° and a boiling point of
+212°. (Abbzeviated °F).

FEEDER BANDS
The lines or bands of thunderstorms that spiral
into and around the centre of a tropical cyclone.

FEW

The term used to indicate cloud of between one
octa and two octa, based on the summation layer
amount for that layer.

FOEHN
A warm, dry downslope wind descending the lee
side of a mountain range.

FOG

A visible apgregate of small water droplets
suspended in the atmosphere at or near the
surface of the earth, reducing horizontal visibility
to less than 1000 metres. In aviation observations
and forecasts it is reported as FG.

FREEZING DRIZZLE

Drizzle, falling as a liquid, but freezing on impact
with the colder ground or other exposed surfaces
to form 2 coating of glaze. In aviation
observations and forecasts it is reported as FZDZ.,

FREEZING POINT

The temperature at which a Hquid solidifies
under any given set of conditions. Pure water
under the standard pressure of 1013.25 hPa,
freezes at 0°C or 32°F

FREEZING PRECIPITATION

Any form of liquid precipitation that freezes
upon impact with a solid surface, such as the
ground or other exposed surfaces.

FREEZING RAIN

Rain that falls as liquid and freezes upon impact
to form 2 coating of glaze on the colder ground
or ather exposed surfaces. In aviation
observations and some forecasts it is reported as
FZRA.

FRICTION
The drag or resistance of the earth on the
atmosphere.

FRICTION LAYER (or boundary layer)
"The thin Jayer of atmosphere adjacent to the
earth's surface affected by friction. Surface
friction is effective in slowing down wind up to
about 3,000 feet above the ground. '

. FRONT

The transition zone or interface between two air
masses of different densities.

FRONTAL PASSAGE

The passage of a front over a specific point on
the surface. A change in dew point and
temperature, a shift in wind direction, and a
change in atmospheric pressure reflect it.

FUNNEL CLOUD

A violent, rotating columm of air visibly
extending toward the ground (but not in contact
with it) from the base of a towering cumulus or
cumulonimbus. In aviation observations and
some forecasts it is reported as FC.

GEOSTATIONARY SATELLITE

A weather satellite in a west to east orbit at an
altitude of 35786 km that maintains the same
position over the equator.

GEOSTROPHIC WIND
The horizontal wind at which the Coriolis force
exactly balances the horizontal pressure force.

GRADIENT WIND

Any steady horizontal air motion along curved
paralkel isobars or contours in an unchanging
pressure or contour field, assuming there is no
friction and no divergence or convergence.

GREENWICH MEAN TIME
Abbreviated as GMT, but now replaced by
Coordinated Universal Time (UTC).

GROUND CLUTTER

A pattern of radar echoes from fixed ground
obijects such as buildings, hills or other objects on
or close to the ground,

GUST
A sudden increase of wind speed, of at least 10
knots, lasting for only a few seconds.




Glossary of Weathe: Terms

151

GUST FRONT

The leading edge of & small scale pressure dome
separating the outflow of cool, gusty surface
winds (produced by thunderstorm downdrafis)
from the environmental winds.

HAIL

Precipitation that originates in convective clouds,
such as cumulonimbus, in the form of balls or
irregular pieces of ice. In aviation observations
and forecasts it is reported as GR.

HAZE :
Dust and/or smoke particles suspended in the air.
In aviation observation and in forecasts it is
reported as HZ,

HIGH PRESSURE SYSTEM

An area of pressure maximum with diverging and
anti-clockwise winds in the southern hemisphere
and clockwise in the northern hemisphere.

HOARFROST
A deposit of interlocking ice crystals formed by
direct deposition on objects,

ICING
The forming or depositing of ice on an object or
within afrcraft carburetors.

- INFRARED
Long wave, electromagnetic radiation emitted by
all objects. May be referred to as IR

INSOLATION

Solar radiation or heating received at the earth's
surface, The name is derived from INcoming
SOLar radiATION.

INSTABILITY

The state of the atmosphere, when air parcels
displaced vertically, will freely accelerate upward,
often forming cumulus clouds and possibly
thunderstorms.

INSTRUMENT FLIGHT RULES N
A set of regulations governing the procedures and
operational control of aircraft, conducting 2 flight
by instruments rather than by sight. Abbreviated
as JEFR

INTERNATIONAL STANDARD
ATMOSPHERE

A hypothetical vertical distribution of
atrnospheric temperatare, pressure and density
that by international agreement is taken to be
representative of the atmosphere for purposes of
pressure altimeter calibrations, aircraft
performance calculations, ballistic tables etc.
Abbreviated as ISA.

INTERTROPICAL CONVERGENCE
ZONE

A region where southeast and northeast trade
winds meet. Usnally located between 10 degrees
north and south of the equator. It is a broad area
of low pressure. It fluctuates in location, so that
during the southern hemisphere summer, the
ITCZ moves southward over northern Australiz.
Abbreviated as [TCZ.

INVERSION

An increase in temperature with increasing
altitude, which is opposite to the usual decrease
of temperature with increasing altitude.

ISOBAR
A line on a chart connecting points of equal
pressure.

ISOTACH
A line on a chart connecting points of equal
wind speed

ISOTHERM
A line on a chart connecting points of equal
temperature,

JET STREAM

An area of strong winds, concentrated in 2
relatively narrow band, most commonly abserved
in the upper troposphere and near breaks in the
tropopause.

KATABATIC WIND

A drainage wind generated by air being cooled
by conduction along a slope. The cooled air flows
downbhilt as a katabatic wind.

KELVIN-HELMHOLTZ WAVE
A waveform disturbance that arises from Kelvin-
Helmhboltz instability. :

KELVIN-HELMHOLTZ INSTABILITY
An instability of the basic flow of a fluid in two
parallel streams of different speed and densities.

KELVIN-HELMHOLTZ BILLOWS
Cloud forms that arise from Kelvin-Helmholtz
waves.

KELVIN TEMPERATURE SCALE

A temperature scale, with a freezing point of
+273° and 2 boiling point of +373% It is used
primarily for scientific purposes. Abbreviated as
°K. ‘

KNOT
A unit of speed equivalent to 1.852 kilometers
per hour.

LAND BREEZE

A diurnal coastal or lake breeze that blows
offshore. It is caused by the temperature
differences between water surfaces and adjacent

land.
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LAPSE RATE
The rate of change of temperature with height in
the atmosphere.

LATENT HEAT
The energy released or absorbed during a change
of state.

LATITUDE

The angular distance, subtended at the earthAf
center, along the meridian from a point on the
garth to the equator. The equator is designated as
zero degrees and the poles as 90 degrees

LEE/LEESIDE/LEEWARD
The side of an obstacle that is furthest away from
the wind.

LENTICULAR CLOUD

A cloud resembling a smooth lense with sharp
outlines and more or less isolated, Lenticular
clouds are mostly caused by mountain waves,
They are indicative of turbulence down-stream of
a barrier.

LEVEL OF FREE CONVECTION

The level at which a parcel of saturated air
becomes warmer than the surrounding air and
begins to rise freely. Abbreviated as LFC.

LIFTING CONDENSATION LEVEL
The height at which a parcel of moist air
becomes saturated. Abbreviated as LCL.

LIGHTNING

A rtransient, high-current electric discharge with
path lengths measured in kilometres. Lightning
can occur between cloud and ground, between
clouds, within a single cloud, or between a cloud
and surrounding air.

LONGITUDE

The location east or west in reference to the
Prime Meridian, which is designated as zero
degrees longitude. Time zones are correlated to
longitude. :

LOW LATITUDES
The latitude belt between the equator and 30
degrees north and south of the equator.

LOW LEVEL JET
A strong wind concentrated in relatively narrow
bands near the surface. Abbreviated as LLJ.

LOW PRESSURE SYSTEM

An enclosed area of low pressure that has
converging winds rotating clockwise in the
southern hemisphere and anticlockwise in the
northern hemisphere.

MARITIME AIR MASS

An air mass sourced from the sea that has
developed over and originated over an extensive
water swiface,

MECHANICAL TURBULENCE
Distupted air-flow caused by frictional
interference.

MERIDIONAL FLOW
Atmospheric circulation in which the north and
south component of motion is pronounced.

METAR

The primary observation code used in aviation
for reporting surface meteorological data. Also
known as Aviation Routine Weather Reports.
Abbreviation for METeorological Aerodrome
Report.

MICROBURST :

A severe downburst of wind, usually from a
thunderstorm. It covers an area less than 4
kilometers in diameter and is of short duration,
usually less than 5 minutes,

MIST
A collection of small water droplets suspended in
the atmosphere.

MIXING RATIO

An absolute measure of the amount of water
vapor in an air parcel for a given temperature and
pressure.

MOIST ADIABAT

The line on a chart that depicts the change in
temperature of saturated air as it rises and
undergoes cooling due to adiabatic expansion. As
saturated air rises, the temperature changes at a
rate about 2°C per 1,000 feet. ‘

MONSOON

The seasonal shift of winds created by the great
annual temperatare variation that occurs over
large Jand areas compared with associated ocean
surfaces. The monsoon is strongest on the
southern and eastern sides of Asta.

MOUNTAIN WAVE

An atmospheric gravity wave that forms in the
lee of mountains. Sometimes it is marked by
lenticular clouds above and to the lee side of
mountain barriers.

MULTICELL STORM

A storm system composed of two or more
convective cells at various stages of their life
cycle.

NIMBOSTRATUS
Low or middle level thick cloud with heavy
precipifation or snow.

OCCLUDED FRONT
A front formed when one front overtakes
another.

OROGRAPHIC LIFTING
Where the flow of air is forced up and over
barriers such as highlands or mountains.
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PARCEL
A small self~contained volume of air responding
to meteorological processes as a single entity.

PILOT REPORT
A report of in-flight weather by an aircraft pilot
or crew member. Referred to as an AIREP

POLAR AIR MASS

An air mass that forms over a high latitude
region. Continental polar air (Pc) is formed over
cold surface regions and is typically very stable
with low moistuze.

POLAR FRONT
A semi-continuous, semi-permeanent boundary
between polar and subtropical air masses.

POLAR-FRONT JET

A jet streamn associated with cold fronts and
occurs mainly in winter. Its core tends to be at an
altitude of 30 000 feet over Australia; abbreviated
as PE]

POLAR-ORBITING SATELLITE
A satellite whose orbit passes over both of the
earth’s poles.

PRECIPITATION
Any and all forms of water, liquid or solid, that
falls from clouds and reaches the ground.

PRE-FRONTAIL SQUALL LINE

A line of thunderstorms that precedes an
advancing cold front, in the warm sector, having
an orientation more or less parailel to the cold
front.

PRE-FRONTAL TROUGH

An elongated area of relatively low pressure
preceding a cold front that is usually associated
with a shift in wind direction,

PRESSURE ALTIMETER

An aneroid barometer calibrated to indicate
altitude in feet instead of units of pressure. It is
read accurately only in a standard atmosphere and
when the correct altimeter setting is used.

PRESSURE ALTTTUDE

The altitude in the ISA at which a given pressure
will be observed. It is the indicated altitude of a
pressure altimeter,

PRESSURE GRADIENT
The pressure change that occurs over 2 fixed
distance.

PREVAILING WIND
A wind that blows from one direction more
frequently than any other during a given period.

PROGNOSTIC CHART
A forecast weather chart. Commonly known as 2
prog chart.

QUASI-STATIONARY FRONT
A front which is nearly stationary or moves very
slowly.

RADAR

Acronym for RAdio Detection And Ranging. An
electronic instrument used to detect distant
objects and measure their range by detecting
scattered or reflected radio energy.

RADIATION

The process by which energy is propagated
through any medium by virtue of the wave
motion in that medium. Electromagnetic
radiation, which emits heat and light, is one
form.

RADIATIONAL COOLING

The cooling of the earth’s surface and the
adjacent air. It happens when the earth’ surface
suffers a net loss of heat due to outgoing
radiation.

RADIATION FOG

Fog that is created when radiational cooling at
the carth's surface lowers the temperature of the
air near the ground to or below its dew-point.

RAIN

Precipitation in the form of liquid water droplets
greater than 0.5 mm diameter. I widely
scattered, the drop size may be smaller. It is
reported as RA in an observation and forecast.

RELATIVE HUMIDITY

The ratio of the existing amount of water to that
which could be held by a parcel of air, It is
usually expressed as a percentage.

RESOLUTION

In zelation to radar, it is the ability to read two
distinct targets separately. The clearer the
resolution, the nearer the two objects can be to
each other and still be distinguishable.

RIDGE
An elongated area of high pressure.

RIME

Ice formed by the rapid freezing of supercooled
water droplets when they contact an exposed
object, forming a white opaque granular deposit
of ice.

ROLL CLOUD

Low-level, horizontal, tube-shaped cloud. Usually
associated with a thunderstorm gust front, they
are completely detached from the base of the
cumulonimbus cloud.

ROTOR CLOUD

A cloud formation found in the lee of a
mountain or similar barrier. The air rotates
around a horizontal axis, creating turbulence.
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RUNWAY VISUAL RANGE

The maximum distance at which the runway, or
the specified lights or markers delineating it, can
be seen from a position above a specified point
on its centerline. Abbreviated as RVR.

ST. ELMO’S FIRE

A luminous and often audible electric discharge
that is sporadic in nature. It occurs from objects,
especially pointed ones, when the local electrical
field is high. It often occurs during stormy
weather and might be seen on the extremities of
aircraft, ightning rods, and steeples.

SANDSTORM

Low-level blowing sand: that reduces visibility. In
aviation observations and some forecasts it is
reported as SS.

SATURATE

To charge something to the point where no
more can be absorbed, dissolved, or retained. In
meteorology, it is used when discussing the
amount of water vapor in a volume of air,

SATURATED ADIABATIC LAPSE RATE
(SALR)

The rate of decrease of temperature for saturated
air being lifted adiabatically

SCATTERED

The amount of sky cover for a cloud layer
between three and four okta, based on the
summation layer amount for that layer.

SEA-BREEZE
A diurnal coastal breeze that blows onshore.

SEA-BREEZE FRONT

The discontinuity in femperature and humidity
that marks the leading edge of the intrusion of
cooler, more moist marine air associated with a
sea-breeze,

SEA FOG

Advection fog that forms in warm moist air,
cooled to saturation by the underlying colder
water surface,

SEA LEVEL

The height or level of the sea surface after
averaging out the short-term variations due to
wind waves, It is used as a reference for elevations
above and below.

SEA LEVEL PRESSURE
The atmospheric pressure at mean sea level.

SEVERE THUNDERSTORM

A thunderstorm with winds measuring 48 knots
{90 km/h} or greater, 2 cm hail or larger, or
tornadoes. Severe thunderstorms may also
preduce torrential rain and fiequent lightning,

SHEAR

Wind shear refers to the change in wind speed or
direction within a short distance. It can occur
vertically or horizontally.

SHOWER

Precipitation from a convective cloud that is
characterised by its sudden beginning and
ending, changes in intensity, and rapid changes in
the appearance of the sky. It occurs in the form
of rain {(SHRA), snow (SHSN), or hail (SHGR).
In aviation observations and some forecasts it is
reported as SH.

SKEW T-LOG P DIAGRAM

A thermodynamic diagram with a skewed
temperature scale and the logarithm of pressure as
coordinates. It is used to evaluate and forecast air
parcel behaviour. Some values that can be
determined are the Convective Condensation
Level {CCL), the Lifting Condensation Level
{LCL), and the Level of Free Convection (LFC).

SMOXE

Small particles produced by combustion that are
suspended in the air. A transition to haze may
occur when the smoke particles have traveled
great distance and when the larger particles have
settled out. The remaining particles become
widely scattered through the atmosphere. In
aviation observations and some forecasts it is
reported as FUL

SNOW

Frozen precipitation in the form of white or
translucent ice crystals in complex branched
hexagonal form. It most often falls from
stratiform clouds, but can fall as snow showers
from cumuliform ones. It usually appears
clustered into siowflakes. In aviation observations
and some forecasts it is reported as SN.

SQUALL

A sudden onset of strong winds with speeds
increasing to at least 16 knots and sustained at 22
or more knots for at least one minute. The
intensity and duration is longer than that of a
gust. In aviation observations and some forecasts
it is reported as SQ.

SQUALL LINE
A narrow band or line of active thunderstorms,
either continuous or with breaks, that is not
associated with a cold front,

St. ELMOS FIRE
A corona or point discharge, that occurs when
the environmental electric field is high.

STABLE ATMOSPHERE

A state of the atmosphere occuring when a rising
air parcel becomes denser than the surrounding
air. It will then return to its original position.
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STANDING WAVE
An atmospheric wave that is stationary with
respect to the atmosphere.

STEAM FOG

A type of advection fog that is produced by
evaporation when cool air passes over a warm
wet surface and the fog rises, giving the
appearance of steam.

STRATIFORM

Clouds that exhibit extensive horizontal
development, in contrast to the vertically
developed cumuliform type. -

STRATOCUMULUS

A low cloud composed of layers or patches of
cloud elements. It can form from cumulus clouds
becoming more stratified and often appears as
regularly arranged rounded, or roll-shaped
elements with relatively flat tops and bases. It is
light or dark gray in color, depending on the size
of the water droplets and the amount of sunlight
that is passing through it. Abbreviated as SC.

STRATOPAUSE

The boundary zone between the stratosphere and
the mesosphere. Characterised by a decrease in
temperature with increasing altitude.

STRATOSPHERE

The layer of the atmosphere located between the
troposphere and the mesosphere, characterized by
a slight temperature increase and absence of
clouds.

STRATUS
A sheet like cloud that does not exhibit
individual elements. Abbreviated as ST.

SUBLIMATION
The process of ice changing directly into water
vapour.

SUBSIDENCE
A sinking or descending motion of air

SUBTROPICAL JET

A band of relatively strong winds concentrated
above an altitude of 30 000 feet over the
subtropical high pressure belt.

SUPERCELL

A severe thunderstorm characterised by a
rotating, long-lived, intense updraft. They are
capable of producing extremely large hail,
damaging straight-line winds, and violent
tornadoes,

SUPERCOOLING
The reduction of the temperature of any liquid
below the freezing point.

SURFACE BOUNDARY LAYER

The lowest layer of the earth's atmosphere,
usually up to 3,000 feet where the wind is
influenced by the friction of the earth's surface
and the objects on it.

SYNOPTIC CHART

Any map or chare that depicts meteorological or
atmospheric conditions over a large area at a
given time.

THERMOSPHERE

A thermal classification, it is the layer of the
atmosphere located between the mesosphere and
outer space, It is a region of steadily increasing
temperature with height, and includes all of the
exosphere and most, if not all, of the ionosphere.

THUNDER
The sound emitted by rapidly expanding gases
along the channel of a lightning discharge,

THUNDERSTORM

Produced by a cumulonimbus cloud,
characterized by thunder, lightning, gusty surface
winds, turbulence, hail, icing, precipitation,
moderate to extreme up and downdrafis, and
under the most severe conditions, microbursts
and/or tornadoes.

TORNADO

A rotating column of air in contact with and
extending between a convective cloud and the
ground. It is the most destructive of all storm-
scale atrnospheric phenomena although
microbursts can be just as severe over a shorter
life time.

TRADE WINDS

Two belts of prevailing wind that blow from the
subtropical high pressure centres towards the
equatorial trough. Primarily lower-level winds,
they ate cheracterised by their great consistency
of direction. In the northern hemisphere, the
trades blow from the northeast, and in the
southern hemisphere, from the southeast.

TROPICS

The region of the earth located between the
Tropic of Cancer, at 23.5 degrees north and the
Tropic of Capricorn, at 23.5 degrees south,

TROPICAL AIR MASS

An air mass that forms in the tropics or
subtropics over the low latitudes. Maritime
tropical air is produced over oceans and is warm
and humid, while continental tropical air is
formed over arid regions and is very hot and dry.

TROPICAL CYCLONE

Tropical cyclones are non-frontal low pressure
systems that develop over tropical waters with
winds of 34 knots or more. In Australia the term
severe tropical cyclone is used when winds reach
or exceed 64 knots.
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TROPICAL DISTURBANCE

An area of organized convection, originating in
the tropics or occasionally the subtropics, that
maintains its identity for 24 hours or more, but
has no closed wind circulation, It is often the first
developmental stage of a tropical storm, or
cyclone.

TROPIC OF CANCER

Located at 23.5 degrees north. The most
northern point on the earth where the sun is
directly overhead on the 21 june.

TROPIC OF CAPRICORN

Located at 23.5 degrees south. The most southern
point on the earth where the sun is directly
overhead on the 22 December,

TROPOPAUSE
The boundary zone or transition layer between
the troposphere and the stratosphere.

TROPOSPHERE

The lowest layer of the atmosphere located
between the earth’s surface to approximately
35000 feet into the atmosphere. Characterised by
clouds and weather, temperature generally
decreases with increasing altitude.

TROUGH
An clongated area of low atmospheric pressure.

TURBULENCE

The irregular and instantaneous motions of air
made up of small eddies that travel in the general
air-flow. Atmospheric turbulence is caused by
apparent random fluctuations in the wind flow.

UNSTABLE ATMOSPHERE

An atmosphere in which air parcels rise
buoyantly. Occurs when a rising air parcel
becomes less dense than the surrounding air,

UPDRAFT
A small-scale current of air with marked vertical
motion.

VALLEY BREEZE

An anabatic wind, it is formed during the day by
the heating of the valley floor. As the ground
becomes warmer than the surrounding
atmosphere, the lower levels of air heat and rise,
flowing up the mountainsides,

VAPOUR PRESSURE

The pressure exerted by gaseous molecules, In
meteorology, it is that part of total atmospheric
pressure due to water vapour content.

VEERING
A clockwise shift in the wind direction.

VIRGA

Streaks or wisps of precipitation, such as water oz
ice particles, that fall from clouds but evaporate
before reaching the ground.

VISIBILITY

A measure of the opacity of the atmosphere, and
therefore, the greatest distance one can see
objects with the vnaided eyesight.

VISUAL FLIGHT RULES

Raules that govern an aircraft flight under
conditions that allow navigation by visual
reference to the earth’s surface at a safe altitude
and with sufficient horizontal visibility;
abbreviated as VFR.

WAKE TURBULENCE
A disruption of airfflow behind a moving alreraft,
causing turbulence.

WALKER CIRCULATION .
An east-west circulation induced by the contrasts
between the warm waters of the western Pacific
and the cooler waters of the eastern Pacific.

WARM ADVECTION
The horizontal movement of warmer air into a
location.

WARM FRONT
The leading edge of an advancing warm air mass
that is replacing a relatively colder air mass.

WATER VAPOUR
Water in gaseous form. It is one of the most
import constituents of the atmosphere.

WAVELENGTH
The distance between two successive wave crests
separated by a trough.

WEATHER FORECAST
A prediction of the future state of the
atmosphere.

WHIRLY WIND

A small-scale, rapidly rotating column of wind,
formed thermally and most likely to develop on
clear, dry, hot afternoons. Often calied a dust
devil when made visible by the dust, dirt or
debris it picks up.

WHITEOUT

Occurs when visibility is near zero. Clouds and
the surface seem to blend; the horizon is erased
and a completely white vista is created.

WIND DIRECTION
The direction from which the wind is blowing.

WIND SHEAR
A wind direction and/or speed change over a
vertical or horizontal distance.
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altocumulus 37, 77
altostratus 37,77, 112
anabatic winds 56
aneroid barometers 17
anticyclone 116
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atmosphere
composition -2
moisture content 29
vertical divisions 1,2
vertical stability 21-7
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atmospheric pressure 2, 3, 17-20

adjustment of recorded pressure to standard
levels 18

and wind 47-8

changes in thunderstorms 99
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variation with altitude 17-18
variations of surface pressure 18

Australian Transport Safety Bureau (ATSB)
repotts 14, 44, 53, 73, 934, 96-7, 98-9, 102-3

Automatic Weather Information Broadcast
{AWIB) 47

B

backing 51

barcmneters 17

blocking of wind flow 58-9

blowing snow 107

buildings, wind flow obstruction 57-8

Buys Ballots law 47

C

canopies, ice accumulation 74
carbon dioxide 1
carburettor icing 74
Celcius scale 9
central pressure, tropical cyclones 128
cirrocumulug 37
cirrostratus 37
cirrug 37
clear air turbulence (CAT) 65, 67, 69, 70
clear icing 77
cloud 31-46
flying conditions in 45-6
TAF reports 157
tropical cyclones 128
water and ice structure 76
cloud base and tops 33-6
cloud classification 31

cloud composition 36
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cloud dispersal 37
cloud droplets 36
cloud formation 31-3
cloud height 31
cloud types
and icing 77
and satelﬁté image signatures 132
visual identification 37-44
cloud visibility 102-3
col 116
cold front occlusion 113
cold fronts 70, 86, 112, 116
condensation 29
conditional instability 22, 23
conduction 6
conductive cooling 33
contact cooling 33
continenial air masses 110
convection 6
and turbulence 63-5
convective ascent 32, 35
convective systems and complexes 83
convergence 51, 86
between locally-generated winds 88

between synoptically and locally-generated
winds 89

convergence zones 125

intertropical 121, 123, 126
cool season severe thunderstorms 83
Coriolis force 48, 50, 123
camulonimbus 38, 77, 112, 128
cumulus 38, 77, 128

showers from, radar image 138
curved, anticyclonic flow 50

curved, cyclonic flow 50

D
decaying stage, tropical cyclone 129
density
dry air 13
moist air 13
density altitude 13
and aircraft performance 14-16
extreme values in Australia 16
deposition 30
dew 33
dew-point 29-30

dissipating stage, ordinary thunderstorm cell -
84-5

diurnal varjation
surface air pressure 18
surface air temperature 10
divergence 51
downburst 923
downdraft winds 90-1
downslope winds 57
drizzle 36
drop-tip tanks, ice accumulation 74
dry adiabatic lapse rate (DALR) 21, 23, 57
dry air, density 13
dry microbursts 94-5
dust devils 21, 55, 64

dust storms 106-7

E

easterly troughs, and thunderstorm initiation 87
El Nifio 121

El Niito Southern Oscillation (ENSO} 122
elevation, definition 19

engine damage, from ice accumulation 75
engine water ingestion 99

equatorial trough 122

equatorial trough weather 125

eye, tropical cyclones 128
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F
Fahrenheit scale 9
flying conditions in cloud 456
fog 33,44
and low-stratus loud 105
impact on visibility 1036
Féhn wind 57
forced ascent 35
forecast weather maps 118
formative stage, tropical cyclones 128
freezing process 30
freezing rain 78-9
frictional force 49
frontal fog 105
frontal inversions 27
frontal zones 112-15
and turbulence 70-1
fronts, and thunderstorm development 86

furel systemn, icing hazard 75

G

gaseous state (water) 29

gases in atmosphere 1

global wind regimes and weather patterns 117
graupel 37

ground pressure changes, and altitude 20

gust fronts 70, 90, 91

gusts 51-2

H

Hadley cells 126-1

hail 37, 97-8

heat exchange processes 5-7

heating or aircraft surfaces 78

height, definition 19

helicopter rotors, ice accurnulation 74
high pressure ridge 116

high pressure system 116

hoar frost 78

f
ice crystals 36
ice pellets 37
icing 73-9
during thunderstorms 98
on-ground 79
orographic effects 78
types and causes 75-6
icing environment 76-7
icing hazards 73—4
icing intensity 78
immature stage, tropical cyclones 128
in-flight visibility 1012
induction icing 75
induction system, ice formation 75
infrared images (sateltites) 131, 132

concurrent viewing with visible images
132-4

inlet guide vanes, ice formation 75

International Airways Volcano Watch (IAVW)
142-3

International Civil Aviation Organization
(ICAQ) 142

Intertropical Convergence Zone (ITCZ) 121,
123,126

inversions 11, 24-7

ISA (International Standard Atmosphere)
3,14, 19 :

mean sea level pressure 19
isobars 117

isothermal layers 11

J
jet strearns 602

jets, low-level 59
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K

katabatic winds 56

Kelvin scale 9
Kelvin-Helmholtz billows 69
Kelvin-Helmholtz waves 68—70

L

La Nifia 122

land breezes 55-6

latent heat 67

Level of Free Convection {LEC) 85

tife cycle of ordinary thunderstorm cell 84
dissipating stage 84-5 '
mature stage 84
towering cumulus stage 84

life cycle of tropical cyclones 128
decaying stage 129
formative stage 128
irnmature stage 128

mature stage 128

lifting mechanisms and preferred regions for

thunderstorm development §6-90
lightning 98-9
liquid state (water) 29
localised pressure variations 20
locally raised dust 1067
low cloud and reduced visibility 98
low level jets 59
low pressure systems and fronts 116
polar 113
weather associated with 113-14
low pressure trough 116, 117

low-stratus cloud 105

M

major weather systems and patterns 109-29
maritime air masses 110
mature stage
ordinary thunderstorm cell 84
tropical cyclone 128
mean sea-level circulation 123
mean sea-level (MSP) pressure 18
of ISA 19
mechanical turbulence 65
mesophere 1,2
METAR reports 31, 47
meteorological visibility 101
Meteorological Visual Range (MVR) 101
micrabursts 93
dry 94-5
pressure variations 99
wet 96
mist 105
mixed icing 77
moist air 29-30
density 13
moisture content of the atmosphere 29
monsoon regions 124
monsoon teough 125
monscons 123—4
mountain ranges, obstruction of wind flow 58
mountain waves 55-60, 68
movement, tropical cyclones 129

multicell thunderstorms 82, 83
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N
neutral stability 22, 23

nimbostratus 37, 77, 113

nitrogen 1

0
cccluded fronts 115, 116
weather associated with 115
on-ground icing 79
ordinary thunderstorm cells 81
life cycle 84~5
Organised Multicell Thunderstorm 82, 83
orographic ascent 32
orography
and icing 78
and thunderstorm development 88
and turbulence 668
outflow collision 89
outside air temperature (OAT) 9

oxygen 1

ozone 1

P
pilot tube, ice accumulation 74
polar air masses 110
polar jet stream 62
polar Iow~pressur;: systems and fronts 113
pre-frontal troughs 86
precipitation 36-7
and aircraft performance 967
from thunderstorms, radar images 138-9
precipitation visibility 103
pressure altimeter 19
pressure altitudes 19
pressure gradient 18
pressure values and altitude 19
prognostic weather charts 118
propellers, ice accumulation 74

pulse severe storms 81-3

Q
QFE 19, 20
QNH 19, 20

R

radar 135

radar data, availability 140
radar features to watch for

heavy precipitation from thunderstorms
138-9

rain bands 138
showers from cumulus cloud 138
tropical cyclones 139
radar interpretation, limitations 1367
raciation 6
solar 5
terrestrial 5
radiation/advected fog 105
radiation balance and heat exchange 67
radiation fog 104
radio antennae, ice accumulation 74
rain 36
rain bands 138
raised terrain, obstruction of air flow 5760
relative humidity (RH) 29
rime 77
runway visual range {RVR) 101

runways, water lying on 967

i61
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)
satellite imagery 131-4

saturated adiabatic lapse rate (SALR)
21-2,23,57

sea-breezes 54-5
sea fog 105
severe thunderstorms 81-3
showers 36
SkewT-LogP aerological diagram 23—4
smoke 107
snow 36, 107
snow pellets 37
snowflakes 36
soft hail 37
solar radiation 5
solid state (water) 29
Southern Oscillation 121-2
SPECI reports 31, 47
squall lines 83
squalls 52
stability of the atmosphere 22-3
stable atmosphere 22, 23
static air temperature (SAT) 9
static-pressure ports, ice accumulation 74
station level pressure (SLP) 18
stationary front 116
stcamn fog 1053
straight line downdraft winds 90-1
straight-line flow 50
stratocumulius 38, 77
stratosphere 1,2
stratus 38
structural icing 75-6
subsidence inversions 26-7
subtropical jet stream 62
supercell thunderstorms 81, 85, 97
supercooled water droplets 36
surface air pressure 17, 18
surface air temperature 9

diurnal variation 10
surface radiation inversions 26

surface winds, tropical cyclones 128

T

tail surfaces, ice accumdation 74
temperature 9-11

ternperature altitude graphs 22, 26, 27
temperature inversions 11, 24-7
temperature scales 9

temperature variation in the vertical within the
troposphere 10—11

terminal acrodrome forecasts (TAF) 31
terrain, obstruction of air flow 57-60
terrestrial radiation 5
thermosphere 1, 2
thunderstorm cells 81

life cycle 84-5
thunderstorm development

lifting mechanisms and preferred zones 86-90

necessary conditions for 85
thunderstorm hazards 90

air pressure changes 99

dry microburst 94-5

engine water ingestion 99

hail 97-8

icing 98

lightning 98-9

low cloud and reduced visibility 98

precipitation 967

straight line downdraft winds 90-1

tornadoes 97

turbulence 90

wet microburst 96

wind shear associated with downburst and
nHcroburst 92—4

thunderstorin outflow 89
thunderstorm structures 81-3
thunderstorms §1-99
danger of flying between 90
heavy precipitation from, radar images 138-9
topography, and turbulence 668
tornadoes 97
total air temperature {TAT) 9

towering cumulus stage {ordinary thunderstorm

cell) 84
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trade winds 123
trees, wind flow obstruction 578
tropical air masses 110
tropical cyclones 116, 127-8
central pressure 128
clouds 128
eye 128
life cycle and movement 128-9
radar images 139
sutface winds 128
tropical disturbances 126
tropical weather 125
tropical weather analysis and forecasting 127
tropical weather patterns 120
diurnal and local effects 126
tropopatse 23
troposphere 1, 2
vertical temperature variation 10-11
trough of low pressure 116, 117
turbulence 63—72
and convection 63-5
area forecasts 164
classification 72
from thunderstorms 90
trontal zones 701
Kelvin-Helmholtz ‘waves 68—70
topography and orography 66—8
wake 71-2

turbulence near thunderstorm tops (TNTT) 65

turbulent mixing 33

u

ultraviolet (UV) radiation 5
upper air temperature 9, 167.
upper level circutations 11920

upslope fog 105

v
veering 51
vertical stability of the atmosphere 21-7
visibility 101--7
cloud 102-3
in-flight 101-2
meteorological 101
precipitation 103
visible images (satellites) 131, 132

concurrent viewing with infrared images
132—4

voleanic ash 141-4
detection 143

effect on aircraft 1412

w
wake turbulence 71-2
Walker circulation 121
warm front occlusion 113
warm fronts 86, 112-13, 116
water, states of 29
weather maps 115-17
forecast 118
typical features 116-17

weather patterns and global wind regimes 117

weather watch radar 135-40
availability 140
operation 135-6

routine periods when weather watch
coverage is not available 140

wet microbursts 96
widespread ascent 33
wind 47-62

and pressure 47-8

Coriolis force effect 48, 50

frictional force 49
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wind direction 51
wind flow, above the friction layer 50
wind flow cbstruction 58-9
by buildings and trees 57-8
by raised terrain 57-60
wind gusts 51-2, 901 .
wind measurement 47
wind regimes and pressure patterns 117
wind shear 52-3

associated with downburst and microburst
92—4

wind speed 47, 49, 51, 52
windshields, ice accumulation 74

wings, ice accumulation 74



