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Preface

AviaTioN WEATHER is published joinidy by the FAA Flight Standaids Service
and the National Weather Service (NWS,. The p blication began in 1943 as CAA
Bulletin No. 25, “Meteorology for Pilots,” which at the G contimed weather
knowledge considered essential for most pilots. But as wrcraflt flew farther, faster,
and higher and as meteorolegical knowledge grew, the bulletin became obsolete. ¢
was revised in 1954 as Pilots’ Weather Handbook” anu again in 1965 under its
present title.

All these former editions suffered from one commaon problem. They dealt in
part with weather services which change continually in keeping with current tech-
niques and service demands. Therefore, each edition became somewhat outdated
almost as soon as published; and its obsolescence grew throughout the period it
remained in print.

Lo alleviate this problem, the new authors have completely rewritten this edition
streamlining it into a clear, concise, and readable book and omitting all reference
to specific weather services. Thus, the text will remain valid and adequate for many
years. A companion manual, Aviation WeaTHER SErvices, Advisory Circuliar 00-45,
supplements AviatTion Weatiier. This supplement (AC 00-45) periodically is updated
to reflect changes brought about by latest techniques, capabilities, and service demands.
It explains current weather services and the forinats and uses of weather charts and
printed weather messages. The two manuals are sold separately; so at a nominal cost,
a pilot can purchase a copy of the supplement (AC 00-45) periodically and keep
current in aviation weather services.

C. Hugh Snyder, National Weather Service Coordinator and Training Con-
sultant at the FAA Academy, directed the preparation of Aviation WeaTiter and
Aviation WEATHER Services. Te and his assistant, John W. Zimmernan, Jr., did
much of the writing and edited the final manuscripts. Recognition is given to these
meteorologists on the NWS Coordinator's stafl who heiped write the original manu-
script, organiz. the contents, and plan illustrations: Milton Lee Harnson, Fdward
A. Jessup, Joe L. Kendall, and Richard A. Mitchem. Beatrice Emery deserves special
recognition for her relentless effort in typing, retyping, proofing, correcting, and
assemoling page after page of manuscript. Many other offices and individuals have
contributed to the preparation, editing, and publication of t} two volumes,
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Introduction

Weather is perpetual in the state of the atmosphere. All flying takes place in
the atmosphere, so flying and weather are inseparable. Therefore, we cannot treat
aviation weather purely as an academic subject. Throughout the book, we discuss
each aspect of weather as it relates to aircraft operation and tlight safety. However,
this book is in no way an aircraft operating manual. Each pilot must apply the
knowledge gained here to his own aircraft and flight capabilitics,

The authors have devoted much of the hook to marginal, hazardous, and violent
weather which becomes a vital concern. Do not let this disproportionate time devoted
to hazardous weather discourage you fromn flying. By and large, weather is generally
good and places little restriction on flying., Less frequently, it becomes a threat to
the VFR pilot but is good for IFR flight. On some occasions it becomes too vielent
even for the TFR pilot.

It behooves every pilot to learn to appreciate good weather, to recognize and
respect marginal or hazardous weather, and to avoid violent weather when the atmo-
sphere is on its most cantankerous behavior. For your safety and the safety of those
with you, learn to recognize potential trouble and make sound flight decisions before
it is too late. This is the real purpose of this manual.

AviaTiION WEATHER is in two parts. Part I explains weather facts every piiot
should know. Part Il contains topics of special interest discussing high altitude,
Arctic, tropical, and soaring weather, A glossary delines terns for your reference
while reading this or other weather writings. o get a complete opérational study,
you will reed in addition to this manual a copy of AviATION WEATHER SERVICES,
AC 00-45, which is explained in the Preface.

We sincerely believe you will enjoy this book and at the same time increase
your flying safety and economy and, above all, enhance the pleasure and satisfaction
of using today's most modern transportation.

xm



Part ONE

WHAT YOU SHOULD KNOW
ABOUT WEATHER
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Chapter 1

7 THE EARTH PpES )
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THE EARTH’S ATMOSPHERF

Planet Earth s unique in that s atmosphere
sustuins Jife as we know it Weather the state of
the atmosphere g ANYoiven e and plarce
strongly influences anr daily routine asowell as onr
general Bife patterns, Virtaally all of our activities
are allected by weather, but of all man's endeav-
o8, wone s influenced more intimnztely by weather
than aviation,

Weather is complex and at times difficult 1o un-

derstand, e restliss atmosphere is alimost con-

Stantly i motion as it strives reach cquitibrinn.

These never-ending air movements set up chain
reactions which culininate jn g continuing variety
of weather, Later chapters in this hook dejve into
the atmosphere in motion. his chapter laoks brief.

Iy at our atmosphere in wens of s Composition ;
vertical stracture : (he stanclard atmosphere: and of
special concern o you,

the pilot, density  and
hypoxia.



COMPOSITION

Air is a mixture of several gases, When com-
pletely dry, it is about 78%6 nitrogen and 219 oxy-
gen. The remaining 19 is other gases such as
Argon, Carbon Dioxide, Neon, Helium, and others.
Figure | graphs these proportions. However, in na-
ture, air is never completely dry. It always contains
some water vapor in amounts varying from almost
zero to about 5% by v~lume. As water vapnr con-
tent increases, the other gases decrease propor-
tionately.

VERTICAL

We classify  the aunosphere oo layers, or
spheres, by characteristics exhibited in these lay-
ers. Figure 2 shows one division which we use in

this book. Since most weather occurs in the tropo-

sphere and since most flying is in the troposphere
and stratosphere, we restrict our discussions mostly
to these two layers.

The TROPOSPHERE is the layer from the sur-
face to an average altitude of about 7 miles. Tt is
characterized by an overall decrease of wemperature
with increasing altitude. The height of the tropo-
sphere varies with latitude and seasons. It slopes
from about 20,500 feet over the poles to about

THE STANDARD

Continual fluctuations of temperature and pres-
sure in our restless atmosphere create some prob-
lems for engineers and meteorologists who require
a fixed standard of reference. To arrive at a stan-
dard, they averaged conditions throughout the at-
mosphere for all latitudes, seasons, and altitudes.

The result is a STANDARD ATMOSPHERE with

2

PRy

Figury 1. Composition of a dry atmosphere. Nit:ogen
comprises about 789,; oxygen, about 217, and other
gases, about 177, When water vapor is added, the per-
centages doorear. proportionately. Water vapor varies
from almost none to about 59 by volume.

STRUCTURE

65,000 feet over the Equator: and it is higher in
surmer than in winter

At the top of the troposphere is the TROPO-
PAUSE, a very thin laver markine the boundary
between the troposphere and Che layer above. The
height of the tropopause and cettain weather phe-
nomena are related. Chapter 13 discusses in detail
the significance of the tropopause to flight,

Above the tropopause is the STRATOSPHERE.
This layer is typihied by relatively small changes in
temperature with height eveept for a warming
trend near the top.

ATMOSPHERE

specificd sea-level temperature and pressure and
specific rates of change of temperature and pres-
sure with height, Tt is the standard for calibrating
the puessure altimeter and developing aireratt per-
tormance data. We refer to it often throughout this
book.
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troposphere and the stratosphere,

DENSITY AND HYPOXIA

Airis matter a: d has weighi, Since it is Laseous,
it is compressible. Pressure the atmosphere exerts
on the surface is the result of the wetght of the air
above, Thas, air near the sinface s mach more
dense than air at hich altitudes, This decrease of
density and pressure with height enters frequently
into our discussions in later chapters.

The decrease inair density with increasing height
has a physioloyical effect which we cannot nnore,
The rate at which the lungs ahsorb oxveen depends
on the partial pressure exerted by oxygen in the

air. The atmosphere is about one-fifth OXVECD, SO
the oxygen pressure s about one-tifth the total
presoure-at any given altitude. Norally, our lungs
are accustoned o oan oxyien pressure of aboat 3
pounds per square inch. Bui, since air pressure de-
creases as altitude inereases, the ONVLCI pressure
also decreases. A pilot continuously waining adii-
tude or mking o prolonged Mignt at hieh altoode
without supplemental oxyeen will likelv saffer from
HYPONTA—2 deficiency of oxygen. The effects
are a feeling of exhaustion: an pairnient of

3



vision and judgment; and finally, unconsciousness.
Cases are known where a person lapsed into un-
consciousness without realizing he was suffering
the eflects.

When flying at or above 10,000 feet, force
yourself to remain alert. Any feeling of drowsiness
or undue fatigue may be from hypoxia. If you do

not have oxygen, descend to a lower altitude. If
‘atigue or drowsiness continues after descent, it is
caused by something other than hypoxia,

A safe procedure is to use auxiliary oxygen dur-
ing prolonged flights above 10,000 feet and for
even short flights above 12,000 feet. Above about
40,000 feect, pressurization becomes essential.
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Chapter 2
TEMPERATURE

Since carly childhood, you have expressed the
comfort of weather in degrees of temiperature,
Why, then, do we stress temperature in aviation
weather? Look at your flight computer; tempera-
ture enters into the computation of most param-
cters on the computer. In fact, temperature can

be critical to some flight operations. As a founda-
tion for the study of temperature effects on avia-
tion and weather, this chapter deseribes commonly
used temperature scales, relates heat and tempera-
ture, and surveys temperature variations both at
the surface and aloft.



TEMPERATURE SCALES

Two commonly used temperature scales are
Celsius (Ceutigrade) and Fahrenheit. The Celsius
scale is used exclusively for upper air temperatures
and is rapidly becoming the world standard for
surface temperatures alo.

Traditionally, two common temperature refer-
ences are the melting point of pure ice and the
boiling point of pure water at sca level. The melt-
ing point of ice is 0° C or 32” F; the boiling point
of water is 100° C or 212° F. Thus, the difference
between melting and botling is 100 degrees Celsius
or 180 degrees Fahrenheit: the ratio between de-
grees Celsius and Fahrenheit 1s 100/180 or 5/9.
Since 0° F is 32 Fahrenheit degrees colder than 0°
C, you must apply this difference when comparing
temperatures on the two scales. You can convert
from one scale to the other using one of the
following formulace:

C= 5—{1-’ —
9

9

F=:C+ 32

wu

where C is degrees Celsius and F is degrees Fahren-
heit. Figure 3 compares the two scales. Many flight
computers provide for direct conversion of temper-
ature from one scale to the other. Section 16, Avia-
Tion WisTher Skrvices has a graph for temper-
ature conversion.

Temperature we measure with a thermometer.
But what makes a thermometer work? Simply the
addition or removal of heat: Heat and teinperature
are not the same; how are they related?

HEAT AND

Heat is a form of energy. When a sabstance con-
tains heat, it exhibits the property we measure as
ternperature—the degree of “hotness”™ w “Coid-
ness.” A specific amount of heat absorbed by or
removed from a substance raises or lowers its tems-
perature a definite amount. However, the amount
of temperature change depends on characteristics
of the substance. Each substance has its unique
temperature change for the specific change in heat.
For example, if a land surface and a water surface
have the same temperature and an equal amount
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Firioer 3,
are the Fahrepheit and the Celsins. 9 degrees on the
Fahrenheit scale equal 5 degrees on the Celsius,

The two teimperature seales in connon use

TEMPERATURE

of heat 1s added, the land surface becomes hotter
than the water surface. Conversely, with equal heat
loss, the land becomes colder than the water.

The Farth receives energy from the sun in the
for.n of solar radutan, The Farth and its atmo-

55 percent of the radiation

sphere reflect about
and absorh the remaining 45 pereent converting it
to heat, ‘The Earth, in turn, radiates cuergy, and
this outgoing radiation is “terrestrial radiaton.” It
is evident that the average heat gained from in-
coming solar radiation must equai heat lest through



terrestrial radiation in order to kep he (...
from getting progressively hotter or colder. How-
ever, this balance is world-wide; we must consider

regional and local imbalances which create temper-
ature variations.

TEMPERATURE VARIATIOIS

The amount of solar energy recei ¢ @ hv any re-
gion varies with time of day, with sew., s -, and with
latitude. These differences in solar energy create
temperature variations. Tewperatures aiso vary
with differences in topographical surface and with
altitude. These temperature variations create forces
that drive the atmosphere in its endless rotinns.

DIURNAL VARIATION

sturnal variation is the change in temperature
from day to night brought about by the daily rota-
tion of the Earth. The Farth receives heat Huring
the day by solar radiation but continually loses
heat by terrestrial radiation.Warming and cooling
depend on an imbalance of solar and terrestrial
radiation. During the day, solar radiation exceeds
terrestrial radiation and the surface becomes
warmer. At night, s¢ 1 adiation ceases, but ter-
restrial radiation con ' ics and cools the surface,
Cooling continues after sunrise until solar radiation
again exceeds terrestrial radiation, Minimum tem-
perature usually occurs after sunrise. sometimes as
much as one hour after. The continued cooling
after sunrise is one reason that fog sometimes forms
shortly alter the sun is above the horizon, We will
have more to say about divmal variation and wopo-
graphic rurfaces,

SEASONAL VARIATION

In addition to its daily rotadon, the Farth re-
volves in a complete orbit around the sun once each
vear. Since the axis of the Earth tilis to the plane
of orbit, the angle of incident solar radiation varies
seasonally  between  hemispheres. The Northern
Hemisphere s warmer in Juneo July, and August
because it receives more solar enerey than does the
Southern Hemisphere, During Decernber, January,
ali'l February, the opposite is true: the Southern
Hemisphere receives more solar energy and s
warmer, Figures 4 and 5 show these seasonal sur-
face temperature variations.

VARIATION WITH LATITUDE .
The shape of the Earth causes a geographical
variation in the angle of incident solar radiation.

Since the Earth is essentially spherical, the sun is
more nearly overhead in equatorial regions than at
higher latitudes, Equatorial regions, therefore, res
ceive the most radiant energy and are wirnest,
Slanting rays of the sun at higher latitudes deliver
less enerey over a given area with the Teast being
received at the poles. 'Phus, tenperature varies with
latitude from the wann Equator o the cold poles.
You can see this average temperatare gradient in

£

figures 4 and 5.

VARIATIGNS WITH TOPOGRAPHY

Naot related to movement or shape of the carth
are temperature viniations induced by water and
terrain. As stoted carlier, water absorbs and radi-
ates energy with less temperature change than does
Tad. Large, deep water bodies tend to jnmimize
temperature changes, while continents Tavor Targe
changes. Wet soil such as tnswamps and marshes
is almost as elfective as water<in suppressing tem-
perature changes, Thick vegetation tends to control
temperature changes since 10 contains some water
and also insalates aeamst heat transfer between the
ground and the atmosphere. Arid, barren surfaces
permit the meatest wempesnture changes.

These topographical influences are both dinrnal
and seasonal. For example, the difference between
a datly maximum and ninimam may be 102 or
less over water, near ashore line, or over a swamp
or marsh, while a ditfc ence of 507 or more s
common over rocky or sandy deserts. Figures
and 5 show the seasonal topogrphical variation,
Note that in the Northern Hemisphere in July
temperatures iare warimer over continents than over
occeans: in January they are cold: over continents
than over oceans, The opposite is ‘rue inc the South-
ern Hemisphere, but not as pronounced hecause of
more water smface in the Soathern Hemisphere,

To compare Land and water effect on seasonal
temperatire variation, look at novthern Asia and at
southern: California near San Diceo, Tn the aeep
continental interior of northern Asia, July averace
temperature 1s about 07 Foand Januay average,
307 1. Seasonal ranee i abont 807 1. Near
San Dicgo, due to the proximity of the Pacifie

about

7
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Fioure 4. World-wide average surface temperatures in July. In the Northern Hemisphere, continents generally are
warmer than oceanic areas at corresponding latitudes. The reverse is true in the

Southern Hemisphere, but the contrast
is not so evident because of the sparcity of land surfaces.
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Fiouke 5. World-wide average surface temperatures in January when the Northern Hemisphere is in the cold season and
the Southern Hemisphere is warm. Note that in the Northern Hemisphere, continents are colder than o canic areas at
corresponding latitudes, and in the Southern Hemisphere continents are warmer than oceans.




Ocean, July average is about 70° F and January av-
erage, 50° I, Seasonal variation is only about 20° F,

Abrupt temperature differences develop along
lake and ocean shores. These variations gencrate
pressure differences and local winds which we will
study in later chapters. Figure 6 illustrates a possi-
ble effect.

Prevailing wind is also a factor in temperature
controls. In an area where prevailing winds are
from large water bodics, temperature changes are
rather small. Most islands enjoy fairly constant
temperatures. On the other hand,  temperature
changes e more pronounced  where prevailing
wind is from dry, barren regions.

Air transfers heat slowly from the surface up-
ward. Thus, temperature changes aloft are more
gradual than at the surface. Let's look at tempera-
ture changes with altitude.

VARIATIOCN WITH ALTITUDE

In chapter
mally decreases with inereasing altitude throughout
the woposphere. This decrease of tem perature with

1. we learned that temperature nor-

altitude is delined as lapse rate, The average de-

crease of temperature-—average lapse rate-—in the
troposphere is 27 C per 1,000 feet. But since this
is an average, the exact value seldom exists. In
fact, temperature sometimes increases with height
through a layer.
altitude 1s defined as an inversion, i,

Aw tnercase in temperature with
lapse rate
is inverted,

An inversion often develops near the wronnd on
clear, ool nights when wind s ficht, The gronnd
radiates and cools much faster than the overlying
air. Alr in contact with the ground becomes cold
while the temperatune a fv\\ hundred feer above

clumges very dicde, Thus, wanpesire ineceases

80°F

Ficure 6.
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Temperature differences create air movement and, at times, cloudiness.



with height. Inversions may also occur at any alti-
tude when conditions are favorable. For example,
a current of warm air aloft overrunning cold air

Fiourx

aloft.

SURFACE

mvzns:on\ .

-

near the surface produces an inversion aloft, Figure
7 diagrams temperature inversions both surface and
aloft. Inversions are common in the stratosphere.

7. Inverted lapse rates o “inversions.” A lapse rate is a decrease of temperature with height. An inversion is an
increase of temperature with height, i.e., the lapsc rate is inverted. Shown here are a surface inversion and an inversion

IN CLOSING

Temperature affects aircraft performance and is
critical to some operations. Following arc some op-
erational pointers to remember, and inost of them
are developed in later chapters:

L.

10

The aircraft thermometer is subject to in-
accuracies no matter how good the instru-
ment and its installation, Position of the
aircraft relative to the sun can cause errors
due to radiation, particularly on a parked
aircraft. At high speeds, aerodynamical ef-
fects and fricti~n are basically the causes of
iraccuracies.

High temperature reduces air density and
reduces aircralt perfurmance (chapter 3).
Diumal and top.ographical temperature
variations create local winds (chapter 4).

t.

5

Diurnal cooling is conducive to fog (chap-
ter 3).

Lapse rate contributes to stability (chapter
6), cloud formation (chapter 7), turbulence
(chapter 9), and thunderstorms (chapter
11).

An inversion aloft permits warm rain to fall
through cold air below. Temperature in the
cold air can be critical to icing (chapter
10).

A ground based inversion favors poor visi-
bility by trapping fog, smoke, and other
restrictions into low levels of the atmo-

sphere (chapter 12).



Chapter 3

ATMOSPHERIC PRESSURE

AND ALTIMETRY

When you understand pressure, its measure-
ment, and effects of temperature and altitude on

pressure, you can more readily grasp the signil-
icance of pressure and its application to altimetry.

ATMOSPHERIC PRESSURE

Aumospheric pressure is the force per unit arca
exerted by the weight of the atmosphere. Since air
is not solid, we cannot weigh it with conventional
scales. Yet, Toricelli proved three centuries ago
that he could weigh the atmosphere by halancing
it against a column of mercury. He actually mea-
sured pressure converting it dircctly to weight,

MEASURING PRESSURE

The instrument ‘Toricelli designed for measuring
pressure is the barometer, Weather services and the
aviation conumunity usc two types of barometers in
measuring pressure—the mercurial and aneroid.

1



The Mercurial Barometer

The mercurial barometer, diagrammed in figure
8, consists of an open dish of mercury into which
we place the open end of an evacuated glass tube.
Atmospheric pressure forces mercury to rise in the
tube. At stations near sca level, the column of mer-
cury rises on the average to a height of 29.92 inches
or 760 millimeters. In other words, a column of
mercury of that height weighs the same as a col-
umn of air having the same cross scction as the
column of mercury and extending from sea level
to the top of the atmosphere.

Why do we use mercury in the barometer? Mer-
cury is the hcaviest substance available which re-
mains liquid at ordinary temperatures. It permits
the instrument to be of manageable size. We could

ATMOSPHERIC
PRESSURE

Ficure 8. The mercurial baromcter. Atmaspheric pres-
sure forces mercury from the opea dish upward into the
cvacuated glass tube. The height of the mercury column
is a measure of atmospheric pressure,

12

use water, but at sea level the water column would
be about 34 feet high.

The Aneroid Barometer

Esscntial features of an aneroid barometer illus-
trated in figure 9 arc a flexible metal cell and the
registering mechanism. The cell is partially evac-
uated and contracts or expands as pressure changes.
One end of the cell is fixed, while the other end
moves the registering mechanism. The coupling
mechanism magnifies movement of the cell driving
an indicator hand along a scale graduated in pres-
sure units.

Pressure Units

Pressure is expressed in many ways throughout
the world. The term used depends somewhat on its
application and the system of measurement. T'wo
popular units are “inches of mercury™ or “milli-
meters of mercury.” Since pressure is force per unit
arca, a more explicit expression of pressure is
“pounds per square inch™ or “grams per square
centimeter.” The term “millibar”  precisely  ex-
presses pressure as a foree per unit area, one milli-
bar being a force of 1,000 dynes per square
centimeter. The millibar is rapidly becoming a
universal pressure unit,

Station Pressure

Obviously, we can measure pressure only at the
point of measurement. The pressure measured at a
station or airport is “station pressure™ or the actual
pressure at field elevation. We know that pressure
at high altitude is less than at sea level or low alti-
tude. For instance, station pressure at Denver is
less than at New Orleans. Let's look more closely
at some factors influencing pressure.

PRESSURE VARIATION

Pressure varies with altitude and temperature of
the air as well as with other minor influences which
we neglect here,

Altitude

As we move upward through the atmosphere,
weight of the air above becomes less and less. 1f
we carry a baroineler with us, we can measure a
decrease in pressure as weight of the air above de-
creases. Within the lower few thousand fect of the
troposphere, pressure decreases roughly one inch
for cach 1,000 fect increase in altitude. “The higher
we go, the slower is the rate of decrease with height,
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LOW
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Ficure 9. The aneroid barometer. The aneroid consists of a partially evacuated metal cell, a coupling mechanism, and an
indicator scale. The cell contracts and expands with changing pressure. The coupling mechanisin drives the indicator

along a scale graduated in pressure units,

Figure 10 shows the pressure decrease with height
in the standard aunosphere. These standard alti-
tudes are based on standard temperatures. In the
real atmosphere, temiperatures are seldom standard,
so let’s explore temperature effects.

Temperature

Like most substances, air expands as it becomes
warmer and shrinks as it cools. Figure 11 shows
three columns of air—one colder than standard,
onc at standard temperature, and one warmer than
standard. Pressure is equal at the bottom of each
column and equal at the top of each column,
Thercfore, pressure decrease upward through cach
column is the samne. Vertical expansion of the warm
column has made it higher than the column at
standard temperature. Shrinkage of the cold col-
ummn has made it shorter. Since pressure decrease
is the same in cach column, the rate of decrease of
pressure with height in warm air is less than stan-
dard; the rate of decrease of pressure with height
in cold air is greater than standard. You will soon
sce the importance of temperature in altimetry and
weather analysis and on aircraft performance.

Sea Level Pressure

Since pressure varies with altitude, we cannot
readily compare station pressures between stations
at different altitudes. T'o make them comparable,
we must adjust them to some common level. Mean
sca level seems the most feasible common reference.
In figure 12, pressure measured at a 5,000-foot sta-
tion is 25 inches; pressure increases about 1 inch
for each 1,000 feet or a total of 5 inches. Sea level
pressure is approximately 25 + 5 or 30 inches. The
weather observer takes temperature and other ef-
fects into account, but this simplificd example ex-
plains the basic principle of sca level pressure
reduction,

We usually express sea level pressure in millibars,
Standard sca level pressure is 1013.2 millibars,
29.92 inches of mercury, 760 millimeters of mer-
cury, or about 14.7 pounds per square inch. Figures
23 and 24 in chapter 4 show world-wide averages
of sca level pressure for the months of July and
January, Pressure changes continually, however,
and departs widely from these averages. We use a
sequence of weather maps to follow these changing
pressures,

13
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Figure 10. The standard atmosphere. Note how pressure decreases with increasing height; the rate of dec

rease with height
is greatest in lower levels.
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EQUAL PRESSURE

WARM
STANDARD

EQUAL PRESSURE

Figurz 11. Three columns of air showing how decrcase
of pressure with height varies with temperature. Left
column is colder than average and right column, warmier
than average. Iressure is equal at the bottom of cach
column and equal at the top of each column. Pressure
decreases most rapidly with height in the cold air and
least rapidly in the warm air.

Pressure Analyses

We plot sea level pressures on a map and draw
lines connecting points of equal pressure. These
lines of equal pressure are fsobars. Tence, the sur-
face map is an isobaric analysis showing identifi-

able, organized pressure patterns, Five pressure
systetns are shown in figure 13 and are defined as
follow:

i LOW--a center of pressure suttounded on
all sides by higher pressure: abso called
cyclone. Cyelonie curvature i the cunvature
of isobars to the left when you stand with
lower pressure to your left,

2. HIGH—-a center of pressure sinrounded on
all sides by lower pressure, also called an
anticyclone, Antieyelonic curvature s the

curvature of isobius 1o the right when you

stand with lower pressure to vour left,

TROUGI -

sure with the lowest pressupe along a line

marking maximum cyclonic curvatue,

4. RIDGE~-
sure with the highest presswre along a line

©

an clongated area of low pres-

an elongated area of high prese

marking maximum anticyclonic curvatere,
COL.- -the neutral area between twa highs
and two lows,

[, ]

It also s the intersection of

¢ trougls and a ridee, The col on o pressure
surface is analogous to a mountain prass on
a topographic surface,

Upper air weather maps reveal these siune types
of pressure patterns alolt for several levels. "They
also show temperature, moisture, and wind at cach
level. In fact, a chart is available for a level within
a few thousand feet of your plinned cruising ali-
tude, Aviarion Wearier Services hists the approx-
imate heights of upper air maps and shows details

of the surface map and vach upper air chart

A Pressure
at 5000 of
25 INCHES

T T T T T T

Ficuze 12. Reduction of station pressure to sea level. Pressure increases about 1 inch per 1,000 feet from the station
clevation to sea level,
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Ficure 13,

Chapter 4 of this book ties togetier the surfuce
chart and upper air charts into a three-dimensional
picture.

An upper air map is a constant pressure analysis.
But, what do we mean by “constant pressure”?
Constant pressure simply refers to o specific pres-
sure, Let's arbitrarily choose 700 millibars, Fvery-
where above the carth’s surface, pressure decreases
with height; and at some height, it decreases o this
constant pressure of 700 millibars. ‘Therefore, there
is a “surface” throughout the atmosphere at which
pressure is 700 millibars, We call this the 7J0-
millibar constant pressure surface. However, the
height of this surface is not constant, Rising pres-
sure pushes the surface upward into highs and
ridges. Falling pressure lowers the height of the
surface into lows and troughs. These systems mi-
grate continuously as “waves” on the pressure sur-
face. Remember that we chose this constant
pressure surface arbitrarily as a reference. It in no
way defines any discrete boundary.

16
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Pressure systems.

The National Weather Seivice and
weather services take rowine scheduled upper air

militiry

observations- -sometimes called soundines. A hal-
loon carries aloft a radiosonde instiiment which
consists of mmatire radio rear casd sensing ele-
ments. While in thieht, the radiosonde transois
datay from which aspecialist detenmines wind, tem-
perature, maistore, and heicht at selected pressie
surfaces.

We routinely collect these observations, plot the
heights of a constant pressure surface on a map,
and draw lines connecting points of equal heighu
These lines are height contours.
height contour?

dut, what is a

First, consider a tepographic map with contours
showing vaniations in clevation, These are height
contours of the terrain surface The Earth surface
is a fixed reference and we contour variations in
its height.

The same concept applies to height contours on
a constant pressure chart, except our reference is a



constant pressuve surface. We simply contour the
heights of the pressure surface, For example, a 700-
millibar constant pressure analysis is a contour
map ol the heights of the 700-millibar pressure sur-
face. While the contour map is based on variations
in height, these variations are small when com-
pared to flight levels, and for all practical pur-
poscs, you may regard the 700-millibar chart as a
weather map at approximately 10,000 fect or 3,048
meters.

A contour analysis shows highs, ridges, lows, and
troughs aloft just as the isobaric analysis shows such
systemms at the surface. What we say concerning

pressure patterns and systerns applies equally to an
isnharic or a contour analysis.

Low pressure systems quite often are regions of
poor fiying weather, and high pressure areas pre-
dominantly are regions of favorable fiying weather,
A word of caution, however—use care in applying
the low pressure-bad weather, high pressure-good
weather rule of thumb; it ali too frequently fails.
When planning a flight, gather all information pos-
sible on expected weather, Pressure patterns also
bear a direct relationship to wind which is the sub-
ject of the next chapier. But first, let’s look at pres-
sure and altimeters.

ALTIMETRY

The altitneter is essentially 2 aneroid barometer.
The dilTerenee is the scale. The altimeter is grad-
uated to read increments of height rather than
units of pressure. The standard for graduating the
altimeter is the standard aunosphere.

ALTITUDE

Altitude serms ke a simple term; it means
height. But in aviation, it can have many meanings.

True Altitude

Since existing conditions in a real atmosphere
are seldom standard, altitude indications on the
altimeter are seldom actual or true altitudes. True
altitude is the actual or exact altitude above mean
sea level. 1 your altimeter does not indicate true
altitude, what does it indicate?

Indicated Altitude

Look again at figu.e 11 showing the effect of
mean temperature on the thickness of the three
columns of air. Pressures are equal at the bnottoms
and equal at the tops of the three layers. Since the
altimeter is essentialiy a barometer, altitude indi-
cated by the altimeter at the top of cach column
would be the same. To see this efTect more clearly,
study figure 14, Note that in the warm air, you fly
at an altitude higher than indicated. In the cold
air, you are at an altitude lower than indicated.

Height indicated on the altimeter also changes
with changes in surface pressure. A movable seale
on the allimeter permits you to adjust for surface
pressure, but you have no means of adjusting the
instrument for mean temperature of the column of

air belov you. Indicated altitude is the altitude
above mean sea level indicated on the altimeter
when set at the local altimeter setting. But what is
altimeter sctting?

INDVMCATED ALTHITUDE 10,000 feet

w ‘
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29.92 in.
Ficure 14, Indicated altitude depends on air tempera-

ture below the aircraft. Sice pressure is equal at the
bases and equal at the tops  f each column, indicated
altitude is the same at the top of cach column, When air
is volder than average (right), the altimieter reads higher
than true altitude. When air is warmer than standard
(left), the altimeter reads lower than true altitude.
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Altimeter Setting

Since the altitude scale is adjustable, you can set
the altimeter to read true altitude at some specified
height. Takeoff and landing are the most critical
phases of flight; thercfore, airport elevation is the
most desirable altitude for a true reading of the
altimeter. Altimeter setting is the value to which
the scale of the pressure altimeter is set so the al-
timeter indicates true altitude at field elevation.

In order to ensure that your altimeter reading is
compatible with altimeter readings of other aircraft
in your vicinity, keep your altimeter setting current.
Adjust it frequently in flight to the alt' eter set-
ting reported by the nearest tower or weather re-
porting station. Figurc 15 shows the trouble you
can encounter if you are lax in adjusting your al-
timeter in flight. Note that as you fly from high
pressure to low pressure, you are lower than your
altimeter indicates.

Figure 16 shows that as you fly from warm to cold
air, your altimeter reads too high—you are lower
than your altimeter indicates. Over fliut terrain this
lower than true reading is nu great problem; other
aircraft in the vicinity also are flying indicated

THAN YOUR ALTIMETER

When Pressure

rather than true altitude, and your altimeter read-
ings are compatible. If flying in cold weather over
mountainous areas, however, you must take this dif-
ference between indicated and true altitude into
account. You must know that your true altitude
assures clearance of terrain, so you compute a cor-
rection to indicated altitude.

Corrected (Approximately True) Altitude

If it were possible for a pilot always to determine
mean temperature of the column of air between
the aircraft and the surface, flight computers would
be designed to use this mecan temperature in com-
puting true altitude. However, the only guide a
pilot has to temperature below him is free air
temperature at his altitue.. Therefore, the flight
computer uses outside air temperature to correct
indicated altitude to approximate true altitude,
Corrected altitude is indicated altitude corrected
for the temperature of the air column below the
aircraft, the correction being based on the esti-
mated departure of the cxisting temperature from
“tandard atm--pheric temperature. It is a close
approximation to true altitude and is labeled true
altitude on flight computers. It is close enough to

. \\ |/ /,
LOWERS o \f e
Evoue— YOU ARE LOWER - ——
— - ~

998mb

29.84”
(1010.5mb)

INDICATES

e 29.96"
ST (1U14,6mb)

Figurk 15, When flying from high pressure to lower pressure without adjusting your altimeter, you are losing true altitude,
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Fiourz 16.

Effect of temperature on altitude. When air is warmer than average, you are higher than your altimeter indi-

cates. When temperature is colder than average, you arc lower than indicated. When flying from warm to cold air at a

constant indicated altitude, you are losing true altitude.

true altitude to be used for terrain clearance pro-
vided you have your altinicter sct to the value re-
ported from a nearby reporting station.

Pilots have met with disaster because they failed
to allow for the difference between indicated and
true altitude. In cold weather when you must clear
high terrain, take time to compute true altitude.

FAA regulations require you to fly indicated alti.
tude at low levels and pressure altitude at high
levels (at or above 18,000 feet ut the time th's book
was printed). What is pressure altitude?

Pressure Altitude

In the standard atmosphere, sca level pressure is
29.92 inches of mercury or 1013.2 millibars. Pres-
sure {alls at a fixed rate upward through this hypo-
thetical atmosphere. Thercfore, in the standard
atmosphere, a given pressure exists at any specified
altitude. Pressure altitude is the altitude in the
standard atmosphere where pressure is the same as
where you are. Since at a specific pressure altitude,
pressure is everywhere the same, a constant pres-

sure surface defines a constant pressure altitude.
When you fly a constant pressure altitude, you are
flying a constant pressure surface.

You can always determine pressure altitude from
your altimeter whether in flight or on the ground.
Simply set your altimeter at the standard altimeter
setting of 29.92 inches, and your altimeter indicates
pressure altitude.

A conflict sometimes occurs near the altitude
separating flights using indicated altitude from
those using pressure altitude. Pressure altitude on
one aircraft and indicated altitude on another may
indicate altitude separation when, actually, the two
are at the same true allitude. All flights using pres-
sure altitude at high altitudes are IFR controlled
flights. When this conflict occurs, air traffic control-
lers prohibit IFR flight at the conflicting altitudes.

DENSITY ALTITUDE

What is density altitude? Density altitude simply
is the altitude in the standard atmosphere where
air density is'the same as where you are. Pressure,
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temperature, and humidity determine air density,
On a hot day, the air becomes “thinner” or lighter,
and its density where you are is equivalent to a
higher altitude in the standard atimosphere—thus
the term “high density altitude.” On a cold day,
the air becomes heavy; its density is the same as
that at an altitude in the standard atmosphere
lower than your altitude—*low density altitude.”

Density altitude is not a height reference; rather,
it is an index to aircraft performance. Low density
altitude increases performance. High density alti-
tude is a real hazard since it reduces aircraft per-
Joimance. 1t alfects performance i three ways.
(1) It reduces power because the engine takes in
less aiz to support combustion. {2) Tt reduces thrust
berause the propeller gets less grip on the light air

or a jet has less mass of gases to spit out the ex-
haust, (3) It reduces lift because the light air
exerts less force on the alrfoils,

You cannot detect the effect of high density alti-
tude on your airspeed indicator. Your aircraft lifts
off, climbs, cruises, glides, and lands at the prescribed
indicated airspeeds. But at a specilicd indicated
airspeed, your true airspeed and your groundspeed
increase proportionally as density altitude becomes
higher.

The net results are that high density altitude
lengthens your takeoll and landing rolls and re-
duces your rate of climb. Before lift-off, you must
attain a faster groundspeed, and therefore, you
need more runway; your reduced power and thrus.
add a need for still more runway, You land at a
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Ficure 17.

Effect of density altitude on takeofl and climb, High density altitude lengthens takeoff roll
and reduces rate of climb,
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faster groundspeed and, therefore, need more room
to stop. At a prescribed indicated airspeed, you are
flying at a faster true airspeed, and therefore, you
cover more distance in a given time which means
climbing at a more shallow angle. Add to this the
problems of reduced power and rate of elimb, and
you arc in double jeopardy in your climb. Figure
17 shows the elfect of density altitude on takeoff
distance and rate of climb.

High density altitude also can be a problem at
cruising altitudes. When air is abnonally warm,
the high density altitude lowers your seivice eciling.
For example, if temperature at 10,000 feet pres-
sure altitude is 20° G, density altitude is 12,700

feet, (Cheek this on your flight computer.) Your
alreralt will peiform as theagh ic were at 12,700
indicated with a normal temperatiee of - -8° C,

To compute density altitade, set your allimeter
at 29.92 inches or W32 Lillibars and vead pres-
sure altitude Drom your altimieter, Read outside air
teiperatire and then use your flight computer to
get deasity altitude. On an airport served by a
weather olserving station, you usually «an get den-
sity alutude for the airport from the obsenver. See-
tion 16 of Avianrion Weariier Services has a
graph for computing density altitude 3 vou have
no flight computer handy,

IN CLOSING

Pressure patterns can be a clue to weather causes
and movenient of weather systems, but they give
only a part of the total weather picture. Pressure
decreases with inereasing altitude. The altimeter is
an aneroid barometer graduated in increments of
ahitude in the standard atmosphere instead of units
of pressure. “Temperature greatly affects the rate of
pressure decrease with height; therefore, it influ-
ences altimeter readings. ‘Temperature also deter-
mines the density of air at a given pressure (density
altitude). Dlensity altitude is an index 1o aireraft
perfornance. Always be alert for departures of
pressure and temperature from normals and come
pensate for these abnornnalitics,

Following are a few operational reminders:

I, Beware of the low pressure-bad weather,
high pressure-good weathier rule of thuinb.
It frequetly fails. Always get the complete
weather picture.

2. When flying from high pressure 1o low pres-
swre at constant indicated altitude and with-
out adjusting the altimeter, you are losing
true altitude.

3. When temperature is colder than standard,
you are at an altitude lower than your al-
timeter indicates. When  temperature s
warmer than standard, you are higher than
your altitncter indicates.

4. When flying cross country, keep vour altim-
eter setting current. This procedure assures
more positive altitude separation from other
aircraft,

When dlving over high terrain in cold

weather, compute your true altitude 1o en-

)

sure terrain clearance,

6. When your aireraft s heavily loaded, the
temperature is abnonmally warm, and/or
the pressure is abnormally low, compute
density altitude, Then check your airerafly
manual to ensure that you can become air-
borne from the available runway, Check
further to determine that vour rate of climh
pertaits clearance of obstacles beyond  the
end of the runway, This procedure s ad-
visable for any airport regardless of altitude,

7. When pluming takeoll or landing at a
high altitude airport regardless of load,
determine density altitnde. The procedure
is.especially eritical when wemperature s
abnormally warn or pressure abnormally
low, Make certain you have sufbicient run-
way for takeotT or landing roll, Make sure
you can clear obstacles heyvond the end of
the runway aflter takeoff or in event of a
go-around.

8. Sometimes the altimeter setting is taken
from an instrument of questionable reli-
ability. However, if the instrumient can
cause an crror in altitude reading of more
than 20 feet, it is removed from service,
When altimeter setting is estimated, be pre-
pared for a possible 102 10 20-fost differ-
ence between field elevation and your al-
timeter reading at touchdown,
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Chapter 4
WIND

DifTerences in temperature create differences in
pressure. These pressure diffesences drive a com-
plex systein of winds in a never ending attempt to
reach equilibriumn. Wind a'sa transport water
vapor and spreads fog, clouds, and precipitation,
To help you relate wind to pressure patterns and
the movement «” weather systems, this chapter ex-

plains convection and the pressure gradient foree,
describes the eifects of the Conolis and frictionsl
forces, reliates convection and these forces to the
general circulation, discusses local and small-s-ule
wind systems, introduces you o wind shear, and
associates wind with weather.

CONVECTION

When two sirfaces are heated unequally, they
hieat the overlying air uncvenly, “T'he warmer ® air
expands and becomes lighter ur less dense tha the
cool* air, "The more dense, cool air is drawn to the
ground by its greater gravitational force lifting or

’Frequc:{ly throughout this book, we refer tu air as

warm, cool, or cold. These terms refer to relative tem-
peratures and not to any fixed temperature reference or

forcing the wann air upward inuch as oil is forced
to the top of water when the two are mixed. Figure
18 shows the convective process. The rising air
spreads and cools, eventually descending 1o com-

to temperatures as they may aflect our comfort, For ex-
ample, compare air at —10° F to air at 0° F; relative 1o
cach other, the - 10*F air is cool and the 0* F, warm.
90* F would be cool or cold relative 10 100° F,
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plete the convective circulation. As long as the
uneven heating persists, convection maintains a
continuous “convective current.”

The horizontal air flow in a convective current
iIs "wind." Convection of both large and sall
scales accounts for systems ranging fiom  hemi-

/
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sphesic circulations down to local eddies. “This hor-
izontal flow, wind, is sometimes called “advection.”
However, the term “advection” more commonly
applies to the transport of atmospheric properties
by the wind, i.c, warm advection; cold adveetion
advection of water vapor, cte,
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Ficure 18,

Convective curtent resulting from uneven heating of air by contrasting sutface temperatures. The coal, heavier
R Y [4

air forces the warmer air aloft establishing a convedtive cell. Convedtion continues as long as the uneven heating persists

PRESSURE GRADIENT FORCE

Pressure ditlerences must ereate a foree i ordes
to diive the wind. This force is the gresvane gracient
foree. Vi force s from hicher pressure o lower
pressure and iy perpendicular to sobars or con-
tws. Whenever a pressure ditferer - e develops over
an area, the pressure gradient fecce begins imoving
the air diiectly acioss the sobans, Fhe doser the
spacing of isobars, the stonger s the presane gra-
dient force. The stongre the pressure gradient
force, the stronger s the wind. Thas, closely spaced
isobars miean sttong wing.; widely spaced isobars
mean lighter wind. From a pressure analysis, you
can get a general idea of wind speed from contour
or isetar spacing.
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Becanse of uneven heatine of the Farth, surfoce
pressure is Jow in wiart equaional renians and hivh
i cold polar regions, A pressare wradient develops
frong the pales to the Foguator T the Fanth did not
rotate, this pressure gradient foree would he the
only force acting on the wind, Circalation would
be two giant hemisphenic convective currents as
shown in bigure 1490 Cold air o would sink av the
poles; wind would blow straight from the poles 1o
the Equator; wann air at the Fquator would he
forced upwand; and high level wirlls would blow
directly oward the poles. Towever, the Earth does
1otate; and because of its wotation, this simple cir-
culation is greatly distorted.



Firoure 19, Circulation as it would be on a nonrotating globe. Intense heating at the Fqguator lowers the density. More
dense air flews from the poles toward the Equator foreing the less dense air aloft where it flows toward the poles. he
circulation would be two giant hemispherical convective currents.

CORIOLIS FORCE

A moving mass travels i a straieht line antil
acted on by some ontside force. However, if ane
views the moving mass from o qotating plationn,
the path of the moving mass relative to his plat-
form appears 0 be deflected or curved. To illos.
trate, start rotating the tumtable of arecord player.
Then using a piece of chalk and a ruler, diaw a
“straight’ line fron the centr o the outer edee of
the turntable, To you, the chalk traveled in o
striieht line. Now stop the tuntible; on it the
line spirals outward from the center as shown i
figure 20. To o viewer on the turntable, some “ap-
parent” force deflected the chialk o the right,

A similar apparent force deflects moving parti-
cles on the earth. Because the Earth is spherical,
the deflective foree is much more complex than the
simple turntable example. Abhough the toce iy
termed “apparent,” 1o us on Earth, it is very real
The principle was first explained by a Frenchoan,
Coriolis, and carries his name- -the Conolis {orcee.

The Coriolis foree affects the paths of aireraf;
tissilesy flying bards: ocean enrrentss and, most

nnportant to the study of weather, air currents.
The foree deflects an 1o the right i the Northern
Hetasphere and to the leftin the Southern Hei-
sphere. This hook concentrates mostly on deflection
to the vight in the Northen Hemisphere,

Coriolis foree is at a right angle te wind divection
and direetly proportional to wind speed. That is, as
wind speed increases, Contolis foree inereases, At a
given latitude, doable the wind specd and yvon dou-
ble the Coriolis force. Why at o given latinade !

Conolis force varies with Ititude from zero at
the Equator o a maxinmim at the poles. T indla-
ences wind direction evervwhere exeept immediately
at the Equator: but the effeets are more pronouneed
in middle and high Ltitudes,

Remember that the pressure gradient foree drives
the wind and is perpendiculiar o isohars. When o
pressare gradient foree is hrst established, wind be-
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PATH ON RECORD

Fiavur 200 Apparent deflective force due to rotation of a horizontal platform. Flie “space path™ s the path tihen by
picce of chalh. The * path on the tecond™ s the line taced on the sotiating record. Relative to the e onedy the chalk appeared

to curve, an space it aveled ina staighit tine,

gins to blow from higher 1o lower presaure directly
across the robas, Plowever, the instant air hegios
moving, Conolis foree deflects it 1o the right. Soon
the wind is deflected a full 07 and is paralle] to
the tobars or contours. At this time, Coniolis foree
exactly balinees pressure gradient force as shown

in figure 21 With the oaces i balane e, wind will
remiin proallel o sobars ar contoms Safaee frie-
tion disrupts this balance as we discuss Later: b
first let’s see how Coriolis force distorts the heti.
tious global circalation shown in lieoe 19,

THE GENERAL CIRCULATION

As anis forced aloft at the Equator and begins
its hich-level ek northward, the Coniolis foree
turns it to the peht or o the cast as shown in
figure 220 Wind becomes westerly at about 307
Latitude temporanily blocking funther nonthwind
movensent. Sunilatly, as air over the poles begins
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its low-level journey southwind toward the Eoqua-
tor, it hikewise is dellected 1o the dight and beconws
an east wind, halting for a while its southerly prog-
ressalso shown in hgare 220 As aresalt, air liter-
allv “piles up™ ot about 307 and 60° Ltinede
both hemispheres. Phe added weight of the air in-
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Fiaure 21.

Effect of Coriolis force on wind relative to isobars. When Coriolis force deflects the wind until it is parallel o

the isobars, pressure gradient balances Coriolis force.

creases the pressure into semipermanent high pres-
sure belts, Figures 23 and 24 are maps of mean
surface pressure for the months of July and Jan-
uary. The maps show clearly the subtropical high
pressure belts near 30° latitude in both the North-
ern and Southern Hemispheres.

The building of these high pressure belts creates
a temporary impasse disrupting the simple convec.
tive transfer between the Equator and the poles.
The restiess atmosphere cannot live with this im-
passe in its effort to reach equilibrium. Something
has to give. Huge masses of air begin overturning
in middle latitudes to complete the exchange.

Large masses of cold air break through the north-
ern barrier plunging southward toward the Trop-
ics. Large midlatitude storms develop between cold

outbreaks and carry warm air northward. The ro-
sult is a midlatitude band of migratory storms with
ever changing weather. Figure 25 is an attempt to
standardize this chaotic circulation into an average
general circulation.

Since pressure differences cause wind, scasonal
pressure variations determine to a great extent the
areas of these cold air outbreaks and midlatitude
storms. But, seasonal pressure variations are largely
due to scasonal temperature changes. We have
learned that, at the surface, warm temperatures to
a great extent determine low pressure and cold
temperatures, high pressure. We have also learned
that scasonal temperature changes aver continents
are much greater than over oceans.

During summer, warm continents tend to be
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N. POLE

LOW LEVEL POLAR EASTERLIES

HIGH LEVEL SUBTROPICAL WESTERL\IES
! ]

30° LAT.

' EQUATOR

Ficure 22.  In the Northern Hemisphere, Cariolis force turns high level southerly winds to westerlies at about 30° latitude,
temporarily halting further northerly progress, Low=level northetly winds from the pole e turned 1o casterlies,
porarily stopping further southward movement at about 60° Lutitude. Air tends to Spile up’ at these two latitudes ere
a void in middle latitudes. The restless aunosphere cannot live with this void; something has o pive.

tem-

LY

a0 o a0 160 "0 e 140 wo 0o 0

- e R T T L T
‘ e Oy B 0% N

| ; E*’E’ Hoh, W .
i xﬁ'* -

THAY 83

2 e s Y N.r]-"‘
S8 uad Yot T RS

2 ] 2 -« ©

Fioure 23.  Mean world-wide surface pressure distribution in July. In the warm Northern Hemisphere, warm land areas
tend to have low pressure, and cool oceanic arcas tend to have high pressure. In the cool Southern Hemisphere, the pat-
tern is reversed; cool land arcas tend to have high pressure; and water surfaces, low pressure,
is not so evident in the Southern Hemisphere because of relatively small amounts of land.
belts are clearly evident at about 30° latitude in both hemispheres.

However, the relationship
The subtropical high pressure
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Mean world-wide surface pressure distribution in Janonary, In this season, the pattern in Ggure 23 is reversed.

In the cool Northern Hemispheie, cold continental arcas are predominantly arcas of high pressure while warm occans
tend to be low pressure areas. In the warin Sonthern Hemisphere, land areas tend to have low pressure; and oceans, high
pressure, The subtrapical hizh pressure belts are evident in both hemispheres. Note that the pressure belts shift southward
in January amd northward in July with the shift in the zone of maximum heating.

areas of low pressure and the relatively cool oceans,
high pressure. In winter, the reverse is true—high
pressure over the cold continents and low pressure
over the relatively warm oceans. Figures 23 and 24
show this scasonal pressure reversal. The same pres-
sure variations oecur in the warm and cold seasons
of the Southern Hemisphere, although the effect is
not as pronounced because of the much larger
water areas of the Southern Hemisphere.

Cold outhreaks are strongest in the cold season
and are predominantly from cold continental areas.
Summer outbreaks are weaker and nuac likely to
originate from cool water surfaces. Since these out-
breaks are masses of cool, dense air, they character-
istically are high pressure areas.

As the air tries to blow outward from the high
pressure, it is deflected to the right by the Coriolis
force. Thus, the wind around a high blows clock-
wise. The high pressure with its associated wind
system is an anticyclone.

The storms that develop between high pressure
systems are characterized by low pressure. As winds
try to blow inward {oward the center of low pres-
sure, they also are deflected to the right. Thus, the

wind around a low is counterclockwise. The low
pressure and its wind svstemis o eyclone. Figure
26 shows winds blowing paradlel to isobars (con-
tours on upper level chas). The winds are clock-
wise around highs and counterclockwise around
lows.

The high pressure belt at about 307 north Iau-
tude forces air outward at the surface to the north
and to the south. The northbound air beecomes en-
trained into the midiatitude stonns, The southward
moving air is again deflected by the Coriolis foree
becoming  the well-known  subtropical  northeast
trade winds, In nidlatitudes, high level winds are
predominantly from the west and are known as the
prevailing westerlies. Polar easterlies dominate low-
level circulation north of aboat 60° latitude.

These three major wind belts are shown in -
ure 25, Northeasterly trade winds carry tropical
storins from east to west. The prevailing westerlies
drive midlatitude storms generally from west to
cast. Few major storm systems develop in the comn-
paratively small Arctic region; the chief influence
of the polar easterlies is their contribution to the
development of midlatitude storms.
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Ficure 25. General average circulation in the Northern Hemisphere. Note the three belts of prevailing wind
casterlies, the prevailing westerlies in middle latitudes, and the northeasterly “trade’ winds. The belt of prevailing west-
crlies is a mixing zone between the North Pole and the Equator characterized by migrating storms,

Our discussion so far has said nothing about fric-
tion. Wind flow patterns aloft follow isobars or con-

the polar

tours where friction has little effect. We cannot,
however, neglect {riction near the surface,

FRICTION

Friction between the wind and the terrain sur-
face slows the wind. The rougher the terrain, the
greater is the frictional effect. Also, the stronger the
wind speed, the greater is the friction. One may not
think of friction as a force, but it is a very real and
cifective force always acting opposite to wind
direction.

As frictional force slows the windspeed, Coriolis
force decreases. However, friction does not affect
pressure gradient force. Pressure gradient and
Coriolis forces are no longer in balance. The
stronger pressure gradient force turns the wind at
an angle across the isobars toward lower pressure
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until the three forces balance as shown in figure
27. Frictional and Coriolis forces combine to just
balance pressure gradient force. Figure 28 shows
how surface wind spirals outward from high
pressure into low pressure crossing isobars at an
angle.

The angle of surface wind to isobars is about 10°
over water increasing with roughness of terrain, [n
mountainous regions, one often has difficulty relat-
ing surface wind to pressure gradient because of
immense {riction and also because of local terrain
effects on pressure,
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Air flow around pressure systems above the friction layer. Wind (black arrows) is parallel to contaurs and

circulates clockwise around Ligh pressure and counterclockwise around low pressure.

THE JET STREAM

A discussion of the weneral cireulation is incom-
plete when it does not nention the “jet stream.”
Winds on the average inerease with height through-
out the troposphere culminating in a maximum
near the level of the tropopause. These maximum
winds tend to be further concentrated in narrow

bands. A jet stream, then, is a narrow band of
strong winds meandering through the atmosphere
at a level near the tropopause. Since it s of interest
primarily to high level flight, further discussion of
the jet stream is reserved for chapter 3, “IHigh
Altitude Weather,”

LOCAL AND SMALL SCALE WINDS

Until now, we have dealt only with the general
circulation and major wind systems. Local terrain
features such as mountains and shore lines influ-
ence local winds and sweather.

MOUNTAIN AND VALLEY WINDS

In the daytime, air next to a mountain slope is
heated by contact with the ground as it receives
radiation from the sun. This air usually becomes

warmer than air at the same altitude but farther
from the slope.

Colder, denser air in the surroundings settles
downward and forces the warmer air near the
ground up the mountain slope. This wind is a “val-
ley wind” so called because: the air is flowing up
out of the valley.

At night, the air in contact with the mountain
slope is cooled by terrestrial radiation and becomes
heavier than the surrounding air. 1t sinks along the
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Ficure 27,

Surface friction slows the wind and red-. »s Coriolis force but does not affect pressure gradie

nt force; winds

near the surface are def'=cird across the isobars toward lower pressure.

slope, producing the “mountain wind” which flows
like water down the mountain slope. Mountain
winds are usually stronger than valley winds, espe-
cially in winter. The mountain wind often continues
down the more gentle slopes of canyons and alleys,
and in such cases takes the name “drainage wind.”
It can become quite strong over some terrain con-
ditions and in extreme cases can become hazardous
when flowing through canyon restrictions as dis-
cussed in chapter 9.

KATABATIC WIND

A katabatic wind is any wind blowing down an
incline viiien the incline is influential in causing the
wind. Thus, the mountain wind is a katabatic
wind. Any katabatic wind originates because cold,
heavy air spills down sloping terrain displacing
warmer, less dense air ahead of it. Air is heated and
aried as it flows down slope as we will study in
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later chapters. Sometimes the descending air he-
comes warmer than the air it replaces.

Many katabatic winds recurring in local areas
have been given colorful names to highlight their
dramatic, local effect. Some of these are the Bora,
a cold northerly wind blowing from the Alps to the
Mediterranean coast; the Chinook. figure 29, 4
warn wind down the east slope of the Rox kv
Mountains often reaching hundreds of miles into
the high plains: the Taku, a cold wind in Alaska
blowing off the Taku glacier: and the Santa Ana,
a warm wind descending from the Sierras into the
Santa Ana Valley of California,

LAND AND SEA BREEZES

As frequently stated earlier, land surfaces warm
and cool more rapidly than do water surfaces;
therefore, land is warmer than the sea during the



Fizuze 28, Circulation around pressure systems at the surface. Wind spirals outward from high pressure and inward to
low pressure, crossing isobars at an angle.

- [2.000

- 5000

Ficure 29. The *“Chinook” is a katabatic (downslope) wind. Air cools as it moves upslope and warms as it blows down-
slope. The Chinook occasionally produces dramatic warming over the plains just cast of the Rocky Mountains.
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day; wind blows from the cool water to warm
land—the “sea breeze” so called because it blows
from the sca. At night, the wind reverses, blows
from cool land to warmer water, and creates a
“land breeze.” Figure 30 diagrams land and sca
breezes.

WARL AR COOLING
AMND DESCENDING

COOLER AIR OVER WATER } )

MOVING TOWAPD LAND

Land and sea breezes develop only when the
overall pressure gradient is weak., Wind with a
stronger pressure gradient mixes the air so rapidly
that local temperature and pressure gradients do
not develop along the shore line.
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Ficuke 30. Land and sca breezes. At night, cool air from the land flows toward warmer water—the land breeze. During
the day, wind blows from the water to the warmer land—the sea breeze.

WIND SHEAR

Rubbing two objects against cach other creates
friction. If the objects are solid, no «xchange of
mass occurs between the two, However, if the ob-
jects are fluid currents, friction creates cddies along
a common shallow mixing zone, and a mass trans-

34

fer takes place in the shallow mixing layer. This
zone of induced eddies and mixing is a shear zone.
Figure 31 shows two adjacent currents of air and
their accompanying shear zone. Chapter 9 relates
wind shear to tuibulence.
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Wind shear. Air currents of diffeving velocities create friction or “shear” bhetween them Mixing in the shear

zonc tesults in a snarl of eddies and whirls.

WiIND, PRESSURE SYSTEMS, AND WEATHER

We already have shown that wind speed is pro-
pottional to the spacing of isobats or contours on
a weather map. However, with the same spacing,
wind speed at the sarface will be less than aloft
because of suface friction

You also can determine wind direction from a
weather map. If you face along an isobar or con.
tour with fawer pressure on your left, wind will be
blowing in the ditection you are facing. On a sur.
face map, wind will cross the isobar at an angh
toward lower pressure; on an upper awr chart, it
will be parallel w the contour.

Wind blows counterclockwise {Northem Hemi-
sphere) around a low and clockwise around a high.
At the surface where winds cross the isobars at an
angle, you can see a tansport of air from high w0
low pressure. Although winds ate virtually parallel
1o contours on an upper air chart, there still is a
slow transport of air from high to low pressure.

At the surface when air converges into a low, it
cannot g2 outward against the pressure gradient,
nor can it go downward into the ground; it must

o upward.® Therefore, a low or nough is an area
of rising air,

Rising air is conducive to cloudiness and pre-
cipitation; thus we have the general association of
low pressure-bad weather, Reasons for the inclem-
ent weather are developed in Later chapter.

By similar reasoning, air moving out of o hich o
ridge depletes the quantity of air Thu b and ridees,
therefore, are areas of deseending an Descendine
air favors dissipation of cloudiness: hence the as -
ciation, high pressure gocd weather,

Many times weather is more closely asociated
with an upper air pattern than s ith features show
by the surface map. Although features on the two
chaits are related, they seldom are identical. A

*You may recall that earlier we said air "piles up” in
the vicinity of 30° latitude increasing pressure and fonn.
ing the subtropicval hivh preaare Lelt. Why, then, dosss
not air flowing into a low or trouel increase pressure and
fill the systein? Dynamic forces maintain the low or
trough; and thesw forces ditfer from the forces that maia-
tain the subtropical high.
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weak surface systern often loses its identity in the
upper air pattern, while another system may be
more cvident on the upper air chart than on the
surface map.

Widespread cloudiness and precipitation often
develop in advance of an upper trough or low. A
line of showers and thunderstorms is not uncom-
mon with a trough aloft even though the surface
pressure pattern shows little or no cause for the
development.

On the other hand, downward motion in a high
or ridge places a “cap” on convection, preventing
any upward motion. Air may become stagnant in a
high, trap moisture and contamination in low lev-
cls, and restrict ceiling und visibility, Low stratus,
fog, haze, and sinoke are not uncommon in high
pressure arcas, However, a high or ridge aloft with
moderate surface winds most often produces good
flying weather,

Highs and lows tend to leen from the surface
mnto the upper atimosphere. Due to this slope, winds
aloft often blow across the associated surface sys.
tems. Upper winds tend to steer surfuce systems in
the general divection of the upper wind flow.

An intense, cold, low pressure vortex leans less
than docs a weaker system. The intense low be-
comes oriented almost vertically and is clearly evi-
dent on hoth surface and upper air charts. Upper
winds encirele the surface low and do not blow
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across it. Thus, the storm moves very slowly and
usually causes an extensive and persistent area of
clouds, precipitation, strong winds, and yreoerally
adverse flyiug weather. The term cold low some-
tmes used by the weatherman deseribes such a
system.

A contrasting analogy to the cold low is the
thermal low. A dry, sunny region becomes quite
warn from intense surface heating thus generating
a surface low pressure area. The warm air is car-
ried to high levels by convection, but cloudiness is
scant because of lack of moisture, Since in warm
air, pressure decreases slowly with altitude, the
warm surface low is not evident at upper levels.
Unlike the cold low, the tiiermal low is relatively
shallow with weak pressure gradients and no well
defined cyclonic circulation. Tt penesally supports
good flying weather, However, during the heat of
the day, one must Le alert for high density altitude
and convective turbulence,

We have cited three exceptions 10 the low
pressures bad weather, high pressuic pood weather
rule: (1) cloudiness and precipitation with an
upper air trough or low not evident on the surface
chart: (2) the contaminated high: and (3) the
thertaal low. As this book progresses, you can fur-
ther relate weather systems more specifically to
{li;ht operations.,



Chapter 5
MOISTURE, CLOUD FORMATION,
AND PRECIPITATION

Imagine, if you can, how casy flying would be if  variety of hazards unmatched by any other weather
skies everywhere were clear! But, flying isn't always clement, Within Earth's elimatic range, water is in
that easy; moisture in the atmosphere creates a the frozen, liquid, and gascous states,

WATER VAPOR

Watcr evaporates into the air and becomes an measure water vapor and express it in different
ever-present but variable constituent of the atmo-  ways. Two commoniy used terms are (1) relative
sphere. Water vapor is invisible just as oxygen and  humidity, and (2) dew point.
other gases are invisible, However, we can readily

37



RELATIVE HUMIDITY

Relative humidity routinely is expressed in per-
cent. As the term suggests, relative humidity is
“relative.” It relates the actual water vapor present
to that which could be present.

Temperature largely determines the maximum
amount of water vapor air can hold. As figure 32
shows, warm air can hold more water vapor than
cool air. Figure 33 relates water vapor, temper-
ature, and relative hunidity. Actually, relative hu-
midity expresses the degree of saturation. Air with
10066 relative humidity is saturated; less than
100%% is unsaturated.

If a given volume of air is cooled to some spe-
cific temperature, it can hold no more water vapor
than is actually piesent, relative humidity  be-
cotnes 10074, and saturation occurs. What is that
temperature?

DEW POINT

Dew point is the temperature to which air must
be cooled to kecome saturated by the water vapor
already present in the air. Aviation weather reports
normally include the air temperature and dew
point temperature. Dew point when related to air
temperature reveals qualitatively b oaw close the air
is to saturation.

TEMPERATURE-DEW POINT SPREAD

The difference hetween air temperature and dew
point temperature is popularly called the “spread.”
As spread becomes less, relative humidity increases,
and it is 1006, when temperature and dew point
are the same. Surface temperature <lew poim
spread is important in anticipating fog but has lit-
tle bearing on precipitation. "T'o support precipita-
tion, air must be saturated thiough thick lavers
aloft.
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Ficuke 32,

Blue dots illustrate the increased water vapor capacity of warmer air. At each temperature, air can hold a

specific amount of water vapor—ho more.
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RELATIVE HUMIDITY AND DEW POINT

Ficewe 330 Relative humidity depends on both temperature and water vapor. In this figure, wites vipor is constant but
temperature varies. On the left, relative bumidity is 50%; the warmer air coold hold twice as nch witer vapor as is
actually present. As the air cools, center and right, relative huniidity increases. As the air cools to 37° F, its capacity (o
hold water vapor is veduced to the amount actually present. Relative hunaidity is 10097, and the air is now “saturated.”
Note that at 1007 humidity, temperature and dew point are the same. The air cooled o saturation, i.e., it cooled o
the dew point.

Sometimes the spread at ground level may be ers of precipitation trailing beneath clouds hut
quite lange, yet at higher altitudes the air s sat- evaporating hefore reaching the ground. Qur never
urated and clouds form. Some rain may reach the  ending weather cycle involves a continual reversible
ground or it may evaporate as it falls into the drier - change of water fiom one state to another. Lets
air. Figure 34 s a photograph of “virga”--stream- take a closer look at change of state,

CHANGE OF STATE

Evaporation, condensation, sublimation, frecz- vapor. Condensation is the reverse process. Subli-
ing, and melting are changes of state. Evaporation mation is the changing of ice directly to water
is the changing of liquid water to invisible water  vapor, or water vapor to ice, bypassing the liquid
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Floene 34, Virga. Precipic

State in-each process, Snow or jee crystals resuly
from the sublimation of Witter vapoy (lhm'tl)‘ to
the solid wate, 3w areall familia withy freezing
and reeling Processes,

LATENT HEAT

Any change of wage mvolves o heat tiinsaction
with no chanee iy, temperature, Figure 45 diagrams
the heat [BNEINTITITN betweey (he ditlerem stites.,
Evaponationg tequites ey ehrey that comes from,
the nearest aivailable heat source. This heat energy s
Knoswn as the “latent heat of vaporization,” and is
rermoval cools gl MUECC T comes [yop, An exam.
ple iy the cooling of vour lmdy by eviapordion of
persphation,

What Lecones of this heay Cnerey used hy evap-
oration? ":lll‘lL')' cannot be ereated or dt-sn'n)‘l'(l. 50
itis hidden or stored in the jnvisible water vapor.,
When the water vapor condenses 1o liquid water
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ation from the cloyg evaporates in drier air helow and does not reach he ground,

or sublimates direetly 1o jee, ey originally e
in the vvaporation reappeas Basnt aund s released
to the atmosphere, "his CRCTEY S M ltent B and
IS quite significant as e I iy gy chiaptery,
Melting and frecsing involve (e exchunge of
“latent hear of fusion™ in 4 sitnilar tanmer The
latent heay of Fsion s 1 ) e than that of ¢o,.
densation EYAPOLON: howe ey, TR IETIRNTIN
oW way plavsan PO 1ol 1y g oD wenthe,

As air becomes Saturated, wope vipor heaing 1o
condense on (he nedrest available st What
sutfaces e iy e atmosphere o whic Wintep
Vapor may candenye?

CONDENSATION NUCLE!

The atnosphere iy peve completely el ay,
abundance of microscopic soljd Pteles suspended
in the air ape condensation surfaces, Tl par-
ticles, sucly ag sty dust, anl combustiog bypraluets
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Heat tansactions when witter chanves state, Blue arrows indicate changes thit absoth heat, The absorbed

Ficvae 3%
heat temains boddens o lateat™ vl aveverse chanee occurs, The ced arrows shosw hanees that velease Lacent hear bk
to the surronndmges The heat exchange oconrs whenever water chamges state even when there is no change in temperatare.

These heat exchanges phay o portant rales in sppressingg tenperature changes and in developing instabidity,

are Ccondersation ancden.” Some condensation -
et bave anadbiniee for water and can induce cone-
densation o sehlimation even when anr s almost
but not completets timated

As water vapor condenses or sublimates on ocone-
densation nucler hguid or e particles hegin to
wrow. Whether the partcles ane lignid or dee does
not depend entiiely on temperatie, Liqpud water

thay be present at temperatures well belony freeszing,

SUPERCOOLED WATER

Freezue s comples and figuid water diaplets
often condense o persise a temperatiaes colder
than O Co Wiater dioplers colder than 07 C e
supercooled. When they stihe an exposed ohject,
the impact indnces freezing Tinpact freezing of
supercooled water can resadt in atrerad Cicing,

Supercooled witer drops very often are in abun-
danee in clouds at temperatures hetween 07 Cand

157 Cowith decreasing amounts at colder tem-
peratures. Usuallye at wemperatares colder than
- 157 G sublimation is prevalent: and clouds and
fog may be mostly ice erystals with a lesser amount
of supercooled  water, However, strong vertical
currents may carry supercooled  wiler o great
heights where temperatures are much colder than

3 (L Sll]n'llnul"(l witter had been obaerved ot

temperatines colder than IR O

DEW AND FROST

Daring clear nichts with litde ar uo wind, vere-
tation often cools by radiation 1o tempename at
or below the dew point of the adjacent wir, Mois-
ture then colleets on the Jeaves st as it does ona
pitcher of dce water in o wir oo Heavy diew
often colleets on grass and plants whea none col-
lects on pavements or laoee solid objects, These
more massive objects absorh abundant Beai dorine
the day, lose it slowly during e pichit, and ool
below the dew poing only i nther extieme cases,

Frost forms in ek the same wav as dew The
diflTerence is that the dew point of sarronndine g
must e colder than freezine. Wt viper then
sublunates diveetly as ice erystals or frost rather
than condensing as dew, Sometinges dew forms and
Lter freezes: however, frozen dew s casthy dis-
tingrished from frost. Frozen des s liod and
transparent while fiostis white and opacque.

To now, we have said Hude about elouds, Whin
brings about the condensation or sublinmtion that
results in cloud formation?
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CLOUD FORMATION

Normally, air must become saturated for con-
densation or sublimation to occur. Saturation may
result from cooling temperature, increasing dew
point, or both. Cooling is far more predominant.

COOLING PROCESSES

Three basic processes may cool air to saturation,
They are (1) air moving over a colder surflace,
12) stagnant air overlying a cooling surface, and
(3) expansional cooling in upward moving air.
Expansional cooling is the major cause of cloud

formation. Chapter 6, “Stable and Unstable Air”
discusses expansional cooling i detail,

CLOUDS AND FOG

A cloud is a visible aggregate of minute wate:
or ice particles suspended in w110 the cloud s on
the ground, it is fog. When entive layers of air cool
to saturation, fog or sheet-like ¢lowds result. Satara-
tion of a localized updraft produces a tewering
cloud. A cloud mav be composed entirely of liquid
water, of jce erystals, or a mixture of the two.

PRECIPITATION

Precipitation is an all inclusive term denoting
drizzle, rain, snow, ice pellets, hail, and ice erystals.
Precipitation oceurs when these particles grow in
size and weight until the atmosphere no longer can
suspend them and they fall. These particles grow
primarily in two ways.

Ficure 36.
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PARTICLE GROWTH

Once a water droplet or dce onystal forms, 1t
continues to grow by added condensation or subli-
mation directly onto the particle. This is the slower
of the two methods and usually results v drizele o1
very light rain or snow.,

Growth of raindrops by coilision of cloud droplets.



Cloud particles collide and merge into a larg-
er drop in the more rapid growth process. This
process produces larger precipitation particles and
does so more rapidly thun the simple condensation
growth process. Upward currents enhance the
growth rate and also support larger drops as shown
in figure 36, Precipitation formed by merging
drops with mild upward currents can produce light
to moderate rain @nd wow. Strong upward cur-
rents support the largest drops and build clouds to
great heights. They can produce heavy rain, heavy
snow, and hail.

LIQUID, FREEZING, AND FROZEN

Precipitation forming and remaining hqud falls
as rain or drizzle. Sublimation forms snowflakes,
and they reach the ground as snow if wemperatures
remain below freezing.

Precipitation can change its state as the tem-
perature of its envitonment changes. Falling snow

may melt in warmer layers of air at lower altitudes
to form rain. Rain falling through colder air may
become supercooled, freezing on impact as freezing
rain; or it may freeze during its descent, falling as
ice pellets. Tee pellets always indicate freezing rain
at higher altitude.

Sometimes strong upward currents sustain Jarge
supercooled water drops until some freeze; sub-
sequently, other drops freeze to them forming
hailstones.

PRECIPITATION VERSUS
CLOUD THICKNESS

To produce significant precipitation, clouds usu-
ally are 4,000 feet thick or more. The heavier the
precipitation, the thicker the clouds are likely to
he. When arriving at or departing from a terminal
reporting precipitation of light or greater intensity,
expect clouds to be more than 4,000 fect thick.

LAND AND WATER EFFECTS

Land and water surfaces underlving the atmo-
sphere greatly affect cloud and precipitation de-
velopment. Large bodies of water such as oceans
and Latge lakes add water vapor to the air. Expect

the greatest frequency of low ceilings, fog, and pre-
cipitation in areas where prevailing winds have an
over-water trajectory. Be especially alert for these
hazards when moist winds are blowing upslope.

COLD AIR

LSRN
SHOWERS

N é_\.?%? W
N

LY
LS (X%

FOG

WARM AIR

Ficure 37.

Lake cffccts. Air moving across a sizeable lake absorbs water vapor. Showers may appear on the leeward side

if the air is colder than the water. When the air is warmer than the water, fog often develops on the lee side.
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In winter, cold air frequently moves over rela-
tively warm lakes. The warm water adds heat and
water vapor to the air causing showers 1o the lee
of the lakes. In other seasons, the air may be warm-
er than the lakes. When this occurs, the air may
become saturated by evaporation from the water
while also becoming cooler in the low levels by
contact with the cool water. Fog often hecomes
extensive and dense to the dee of a lake, Figure 37
illustrates movement of air over both warnn and
cold lakes. Stong cold winds across the Gheat

Lakes often carry precipitation to the Appalachians
as shown in figure 38.

A lake only o few miles across can mfluence con-
vection and cause a divrnal Huctuation in doud-
iness. During the day, cool air over the Take blows
toward the land, and convective clouds form over
the land as shown in figure 39, o photogaph of
Lake Okeechobee in Florida, At nigin, the pattern
reverses: clouds tend 1o form over the lake as cool
air from the land flows over the lake creating

convective clouds over the water.

COLD '

MOISTURE ArLT
WARIA AR RISIE.CH

LAKE ONTARIO

i e
i
{ -
- |
!
i
i
. |
|
. i
‘ ‘
APPALACHIAN
; MOUNTAINS
by
' |

Ficuse 38, Strong cold winds across the Great Vakes absorh water vapor and may carry showers as far eastward
as the Appalachians.
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Fioure 39. A view of clouds from 27,000 feet over Lake Okeechobee in southern Florida. Note the lake effect. During
daytime, cool air from the lake {lows toward the warmer land forming convective clouds over the land.

IN CLOSING

Water exists in three states—solid, liquid, and
gascous. Water vapor is an invisible gas. Condensa-
tion or sublimation of water vapor creates many
commmon aviation weather hazards. You may
anticipate;

1. Fog when temperature-dew point spread s
5° F or less and deereasing,

Lifting or clearing of low clouds and fog

when  temperature-dew  point spread s

increasing.

3. Frost on a clear night when temperature-
dew point spread is 5° F or less, is decreas-
ing, and dew point is colder than 32° F,

4. More cloudiness, fog, and precipitation
when wind blows from water than when it
blows from land.

2

5.

6.

8.

Cloudiness, foy, and precipitation over high-
er terrain when moist winds are blowing
uphill.

Showers to the lee of a lake when air is
cold and the lake is warm. Fxpeet fog 1o
the lee of the lake when the air is wanm
and the lake is cold.

. Clouds to be at least -£.000 feet thick when

signibeant precipitation is reported. The
heavier the precipitation, the thicker the
clouds are likely to twe

Icing on vour aircraft when flying through
liquid clouds or precipitation with temper-
atare freezing or colder.
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Chapter 6

STABLE AND UNSTABLE AIR

To a pilot, the stability of his abreraft is a vital
concern. A stable aiveraft, when distibed from
straight and level fhight, returns by dself 10 a
steady balanced flicht. An unstable aireraft, when
disturbed, continues to move away from a normal
flight attitude.

So it is with the atmosphere. A stable aumo-
sphere resists any upward or downward displace-

ment. An unstable aunosphere allows an upward
ot downward disturbance to grow into a vertical or
convective current,

This chapter first exaunines fundamental changes
in upwatd and downward movine air and then re-
lates stable and unstable air o clouds, weather,

and flying.

CHANGES WITHIN UPWARD AND DOWNWARD MOVING AIR

Anytime air moves upward, it expands because
of decreasing atmospheric pressure as shown in
figure 10. Conversely, downward moving air s
compressed by increasing pressure. But as pressure
and volume change, temperature also changes.

When air expands, it cools; and when com-
pressed, it warms. These changes are adiabatic,
wicaning that no heat is removed from or added
the air. We frequently use the tenns expansional
or adiabatic cooling and com pressional or adiabatic

47



Ficure 40,

Decreasing atmospheric pressure cautes the
balloon to expand as it rises. Anytime air nioves upward,
it expands.

heating. The adiabatic rate of change of temper-
ature is virtually fixed in unsaturated air but varics
in saturated air,

UNSATURATED AIR

Unsaturated air moving upward and downward
cools and warms at about 3.0°C (54°F) per
1,000 fect. This rate is the “dry adiabatic rate of
temperature change” and is independent of the
temperature of the mass of air through which the
vertical movements occur. Figure 41 illustrates a
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“Chinoock Wind"—an excellent example of dry
adiabatic warnming.

SATURATED AIR

Condensation occurs when saturated air imoves
upward. Latent heat released through condensation
(chapter 3) partially ofTsets the expansional cool-
ing. Therefore, the saturated adiabatic rate of cool-
ing is slower than the dry adiabatic rate. The
saturated rate depends on saturation temperature
or dew point of the air. Condensation of copious
moisture in saturated warm air releases  more
latent heat to offset expansional cooling than does
the scant moisture in saturated cold air. Therelore,
the saturated adiabatic rate of cooling is less in
warm air than in cold air.

When saturated air moves downward, it heats
at the same rate as it cools on ascent firovided
liquid water evaporates rapidly enough o main-
tain saturation. Minute water droplets evaporate at
virtually this rate. Larger drops evaporiate more
slowly and complicate the moist adiabatic process
in downward moving air.

ADIABATIC COOLING AND
VERTICAL AR MOVEMENT

If we force a sample of 4ir upward into the
atmosphere, we must consider two possibilities:

(1) The air may become colder than the
surrounding air, or

(2) Even though it cools, the air may remain
warmer than the rrounding wir,

If the upward movinge i becoraes colder than
surrounding air, it sinks: but if it remains warmer,
it is accelerated upward ac a convective current,
Whether it sinks or rises depends on the ambient
or existing temperature Lipse rate (chapter 2).

Do not confuse existing lapse rate with adiabatic
rates of cooling in vertically moving aie. ¥ The
difference between the existing lapse rate of a
given mass of air and the adiabatic rates of cooling
in upward moving air determines if the air is stable
or unstable.

*Sometimes you will hear the dry and moist adiabatic
rates of cooling called the dry adiabatic lapse rate and
the moist a-liabatic lapse rate. In this book, lapse rate
refers exclusively to the existing, or actual, decrease of
temperature with heiglt in a real atmosphere. The dry or
moist adiabatie lapse rate signifies a prescribed rate of
expansional ¢ rvoor comy sessional heating. An adia-
batic lapse - becsmes real only when it becomes a
condition brought abaut by vertically moving air,
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CHINOOK WIND

" ADIABATIC HEATING

§/2° PER 100"

CLEAR AND DRY

Figure 41,

Adiabatic warming of downward moving air produces the warm Chinook wind.

STABILITY AND INSTABILITY

Let’s use a balloon to demonstrate stability and
instability. In figure 42 we have, for three situa-
tions, filled a balloon at sea level with air at 31° C
—the same as the ambient temperature, We have
carried the balloon to 5,000 feet. In cach silugliox\,
the air in the balloon expanded and cooled at the
dry adiabatic rate of 3° C for cach 1,000 feet to a
temperature of 16° C at 5,000 feet.

In the first situation (left), air inside the bal-
loon, even though cooling adiabatically, remains
warmer than surrounding air, Vertical motion is
favored. The colder, more dense surrounding air
forces the balloon on upward. This air is unstable,
and a convective current develops.

In situation two (center) the air aloft is warmer,
Air inside the balloon, cooling adiabatically, now
becomes colder than the surrounding air, The bal-
loon sinks under its own weight returning to ts
original position when the lifting force is removed.
The air is stable, and spontancous convection js
impossible.

In the last situation, temperature of air inside
the balloon is the same as that of surrounding air.
The balloon will remain at rest. This condition is

neatrally stable; that is, the air is neither stable
nor unstable.

Note that, in all three situations, tem perature of
air in the expanding balloon cooled at a fixed rate.
The differences in the three conditions depend,
therefore, on the temperature differences between
the surface and 5,000 feet, that is, on the ambicent
lapse rates.

HOW STABLE OR UNSTABLE?

Stability runs the gamut from absolutely stable
to absolutely unstable, and the atmosphere usually
is in a delicate balance somewhere in between, A
change in ambient temperature lapse rate of an air
mass can tip this balance. For example, surface
heating or cooling aloft can make the air more
unstable; on the other hand, surface cooling or
warming aloft often tips the balance toward great-
cr stability,

Air may be stable or unstable in layers. A stable
layer may overlie and cap unstable air; or, con-
versely, air near the surface may be stable with
unstable layers above,
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Ficure 42, Stability related to temperatures aloft and adiabatic cooling. In cach situation, the haltoon is filled at sca level
with air at 31° €, carried manually to 5,000 feet, and released. In cach case, air in the halloon expands and cools 10 16° C
{at the dry adiabatic rate of 3% 0 per 1,000 feet). But, the temperature of the surrounding air oloft in each situation is
different. The balloon on the left will rise. Fven though it cooled adiabatically, the balloon remains warmer and lighter
than the surrounding cold air; when released, it will continue upward spontancously. ‘The air is unstable; it favors vertical
motion. In the center, the surrounding air is warmer. The cold balloon will sink. It resists our forced ifting and cannot
rise spontancously. ‘The air is stable it resists upward motion, On the right, surtounding air and the halloon are at the
same temperature. '} he balloon remains at rest since no density difference exists to displace it vertically. The air is neatral-
ly stable, i.e., it neither favors nor resists vertical motion. A mass of air in which the wemperature decreases rapidly with
height favors instability ; but, air tends to be stable if the temperature changes little or not at all with altitude,

CLOUDS—STABLE OR UNSTABLE?

Chapter 5 states that when air is cooling and first
becomes saturated, condensation or
begins to form clouds. Chapter 7 explains cloud
types and their significance as “signposts in the
sky.” Whether the air is stable or unstable within
a layer largely determines cloud structure.

sublimation

Stratiform Clouds

Since stable air resists convection, clouds in stable
air form in horizontal, sheet-like layers or “strata”
Thus, within a stable layer, clouds are stratiform,
Adiabatic cooling may be by upslope flow as illus-
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trated in figure 43; by lifting over col '}, more dense
aiv; or by converging winds, Cooling by an under-
lying cold surface is a stabiliziog process and may
produce fog. I clouds are w remain stratifornm, the
layer must remain stable after condensation occurs.

Cumuliform Clouds

Unstable air favers convection. A “cuinulus”
cloud, meaning “heap,” fornms in a convective up-
draft and builds upward, also shown in figure 43,
T'hus, within an wnstable layer, clouds are cumuli-
form; and the vertical extent of the cloud depends
on the depth of the unstable Layer,



STABLE AIR

e

Ficure 43.

When stable air (left) is forced upward, the air tends to retain horizontal flow, and any cloudiness is flat and

stratified. When unstable air is forced upward, the disturbance grows, and any resulting cloudiness shows extensive ver-

tical development.

Initial lifting to trigger a cumuliform cloud may
be the same as that for lifting stable air. In addi-
tion, convection may be set off by surface heating
(chapter 4). Air may be unstable or slightly stable
before condensation occurs; but for convective
cumuliform clouds to develop, it must be unstable
after saturation, Cooling in the updraft is now at
the slower moist adiabatic rate because of the re-
lease of latent heat of condensation. Temperature
in the saturated updraft is warmer than ambient
temperature, and convection is spontancous. Up-
drafts accelerate until temperature within the cloud
cools below the ambient temperature. This condi-
tion occurs where the unstable layer is capped by
a stable layer often marked by a temperature in-
version. Vertical heights range from the shallow
fair weather cumulus to the giant thunderstorm
cumulonimbus—the ultimate in atmospheric in-
stability capped by the tropopause.

You can estimate height of cumuliform cloud
bases using surface temperature-dew point spread.
Unsaturated air in a convective current cools at
about 54°F (3.0°C) per 1,000 feet; dew point
decreases at about 1°F (5/9° C). Thus, in a con-
vective current, temperature and dew point con-

verge at about 4.4° F (2.5° C} per 1,000 feet as
illustrated in figure 44. We can get a quick estimate
of a convective cloud base in thousands of feet by
rounding these values and dividing into the spread
or by multiplying the spread by their reciproeals.
When using Fahrenheit, divide by 4 or multiply
by .23; when using Celsius, divide by 2.2 or multi-
ply by .45, This method of estimating s reliable
only with instability clouds and during the warmer
part of the day.

When unstable air lies above stable air, convee-
tive currents aloft sometimes form middle and high
level cumuliform clouds. Tn relatively shallow lay-
ers they occur as altocumulus and ice crystal cirro-
cumulus clouds. Altocumulus  castellanus  clouds
develop in deeper nudlevel unstable layers.

Merging Stratiform and Cumuliform

A layer of stratiform clouds may sometimes form
in a nildly stable layer while a few ambitious con-
vective clouds penetrate the layer thus merging
stratiform with cwnulifornin. Convective clouds may
be alimost or entirely embedded in a massive strati-
form layer and pose an unseen threat to instrument
flight.
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WHAT DOES IT ALL MEAN?

Figure 44. Cloud base determination. Temperature and

dew point in upward moving air converge at a rate of
about 4° F or 2.2° C per 1,000 feet.

Can we fly in unstable air? Stable air? Certainly
we can and ordinarily do since air is seldom neu-
trally stable. The usual convection in unstable air
gives a “bumpy” ride; only at times is it violent
enough to be hazardous. In stable air, flying is
usually smooth but sometimes can be plagued by
low ceiling and visibility. It behoves us in preflight
planning to take into account stability or instability
and any associated hazards. Certain observations
you can make on your own:
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Thunderstorms are sure signs of violently

unstable ai.. Give these storms a wide berth,

Showers and clouds towering upward with

great ambition indicate strong updrafts and

rough (turbulent) air. Stay clear of these
clouds.

Fair weather cumulus clouds often indicate

bumpy turbulence beneath and in theclouds.

The cloud tops indicate the approximate

upper limit of convection; flight above is

usually smooth,

Dust devils are a sign of dry, unstable air,

usually to considerable height. Your ride

may be fairly rough unless you can get
above the instability,

Stratitorm clouds indicate stable air. Flight

generally will be smooth, but low ceiling

and visibility might require IFR,

Restricted visibility at or near the surface

over large areas usually indicates stable air,

Expect a smooth ride, but poor visibility

may require IFR.

Thunderstorms may be embedded in strati-

form clouds po:ing an unsecn threat to in-

strument {light.

Even in clear weather, you have some clucs

to stability, viz.:

a. When temperature decreases uniformly
and rapidly as you climb {approaching
3° € per 1,000 fect), you have an indi-
cation of unstable air,

h. If temperature remains unchanged or
decreases only slightly with altitude, the
air tends to'be stable.

c. If the temperature increases with alti-
tude through a layer—an inversion—the
layer is stable and convection is sup-
pressed. Air may be unstable bencath
the inversion.

d. When air ncar the surface is warm and
moist, suspect instability, Surface heat-
ing, cooling aloft, canverging or upslope
winds, or an invading mass of colder air
may lead to instability and cumuliform
clouds.



Chapter 7
CLOUDS

Clouds, to alimost everyone, have some meaning.
But to you as a pilot, clouds are your weather
“signposts in the sky.” They give you an indication
of air motion, stability, and moisture. Clouds help

you visualize weather conditions and potential
weather hazards you might encounter in flight.
Let's examine these “signposts” and how to identify
them.

IDENTIFICATION

For identification purposcs, you nced be con-
cerned only with the more basic cloud types, which
are divided into four “families.” The families arc:
high clouds, middle clouds, low clouds, and clouds
with extensive vertical development. The first three
families are further classified according to the way
they are formed. Clouds formed by vertical currents
in unstable air are cumulus meaning accumulation

or heap; they are characterized by their lumpy,
billowy appearance. Clouds formed by the cooling
of a stable layer are stratus mcaning stratified or
layered; they are characterized by their uniform,
sheet-like appearance.

In addition to the above, the prefix nimbo or
the suffix nimbus means raincloud. ‘Thus, stratified
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Ficure 45,

CIRRUS. Cirrus arc thin, feather-like ice crystal clouds in patches or narrow bands. Larger ice crystals

often trail downward in well-defined wisps called “mares’ tails.” Wispy, cirrus-like, these contain no significant icing or
turbulence. Dense, banded cirrus, which often are turbulent, are discussed in chapter 13.

clouds from which rain is falling arc nimbostratus.
A heavy, swelling cumulus type cloud which pro-
duces precipitation is a cumulonimbus. Clouds
broken into fragments are often identified by add-
ing the suffix fractus; for example, fragmentary
cumulus is cumulus fractus.

HIGH CLOUDS

The high cloud family is cirriform and includes
cirrus, cirrocumulus, and cirrostratus. They are
composed almost entirely of ice crystals. The height
of the bases of these clouds ranges from about
16,500 to 45,000 feet in middle latitudes. Figures
45 through 47 are photographs of high clouds.

MIDDLE CLOUDS

In the middle cloud family are the altostratus,
altocumulus, and nimbostratus clouds. These clouds
are primarily water, much of which may be super-
cooled. The height of the bases of these clouds
ranges from about 6,500 to 23,000 fcet in middle
latitudes. Figures 48 through 52 are photographs
of middle clouds.
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LOW CLOUDS

In the low cloud family are the stratus, strato-
cumulus, and fair weather cumulus clouds. Low
clouds are almost entircly water, but at times the
water may be supercooled. Low clouds at sub-
freezing temperatures can also contain snow and
ice particles, The bases of these clouds range from
near the surface to about 6,500 feet in middle lati-
tudes, Figures 53 through 55 are photographs of
low clouds.

CLOUDS WITH EXTENSIVE
VERTICAL DEVELOPMENT

The vertically developed family of clouds includes
towering cumulus and cumulonimbus. These clouds
usually contain supercooled water above the freez-
ing level. But when a cumulus grows to great
heights, water in the upper part of the cloud freczes
into ice crystals forming a cumulonimbus. The
heights of cumuliform cloud bases range from
1,000 feet or less to above 10,000 fcet. Figures 56
and 57 are photographs of clouds with extensive
vertical development,



Fioure 46. CIRROCU}JULUS.
or patches of cottor

irrocumulus are thin clouds, the individual clements appearing as sinall white flakes

. May contain highly supercooled watcr droplets, Some turbulence and icing.

Ficure 47, CIRROSTRATUS. Cirrostratus is a thin whitish cloud layer appearing like a sheet or veil, Cloud elements
are diffuse, sometimes partially striated or fibrous. Due to their ice crystal makeup, these clouds are associated with halos—
large luminous circles surrounding the sun or moon, No turbulence and litile if any icing. The greatest problem flying in

cirriform clouds is restriction to visibility, They can make the strict use of instruments mandatory,
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Ficuxe 48, ALTOCUMULUS, Altocumulus are composed of white or gray colored layers or patches of solid cloud.
cloud clements may have a waved or to!l-]ikc appegrance, Some turbulence and small amounts of icing.

Ficure 49, ALTOSTRATUS. Allostratus is a bluish veil or layer of clouds. It is often associated with

sometimes gradually merges into cisrostratus, The sun may be dimly visible through it. Little or no
crate amounts of ice, | ’

altocumulus and
turbulence with mod-




Fiaure 50. ALTOCUMULUS CASTELLANUS. Altocumulus castellanus are middle level convective clouds. They
are characterized by thuir billowing tops and comparatively high bases. They are a good indication of mid-level insta-
bility. Rough turbulence with some icing,
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g CLOUDS. Sranding fenticular altncumulus clouds are

crests of waves created by barriers in the wind flow, The clonds show litle movement, hence the name
ver, can be quite strong Hlowing through such clonds. They are chinracterized by their smooth, pol-
{ very strong turbulence and should be avoided. Chapter

Ficure 51, STANDING LENTICULAR ALTOCUMUI.L'

formed on the
yianding. Wind, howe
ished edges. The presence of these clouds is a goad indication 0l

9, wTurbulence,” further explains the significance of this cloud.
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Ficure 52. NIMBOSTRATUS. Nimbostratus is a gray or dark massive cloud laver, ditfused by more or less continuons
rain, snow, or ice pellets. This type is classified as a middle cloud although it may merge into very fow stratus or steate-

cumulus. Very little turbulence, but can pose a serious icing problem if temperatures ane near or helow frecang.
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Ficure 53. STRATUS. Swratus is a gray, uniform, sheet-like cloud with relatively low bases. When associated with fog
or precipitation, the combination can become troublesome for visual flying, Little or no turbulence, but temperatures
ncar or below freczing can create hazardous icing conditions.
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Fiouke 54, STRATOCUMULUS. Stratocumulus bases are globular masses or rolls unlike the flat, sometimes indefinite,
bases of stratus. They usually forin at the top of a layer mixed by moderate surfiore winds, Sometimes, they form from
the breaking up of stratus or the spreading out of cumulus. Some turbulence, and possible icing at subfieczing temperatures.
Ceiling and visibility usually better than with low stratus.

Fiaure 55. CUMULUS. Fair weather cumulus clouds form in convective currents and are characterized by relatively
flat bases and dome-shaped tops. Fair weather cumulus do not show extensive vertical development and do not prodoe,
precipitation. More often, fair weather cumulus indicates a shallow layer of instability. Somes turhulence and no sipnif-
icant icing.
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Ficure 56, TOWEKING CUMUILUS. Towering cumulus signifies a relatively deep layer of unst

able air. It shows
considerable vertical development and has billowing cauliflocer tops. Showers can result from these clouds. Very strong
turbulence; some clear icing above the freczing leve '

.

S >

Fioier 57, CUMULONIMBUS. Cumulonimbus are the ultimate m
velaped clouds of Large dimensions with dense boiling tops often crowned with thick veils ol dense cirrus (the anvil). N
the entire spectram of flying hazards are contained in these clouds including violent turbulence. They should be
at all times! "This cloud is the thunderstorm cloud and is discussed in detail in chapter 11,

anifestation of instahility, They are vertically de-
carly
avoided
“Thunderstorms.”
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SIGNPOSTS

The photographs illustrate some of the basic
cloud types. The eaption with cach photograph
deseribes the wype and its significance to flight. In
closing, we suggest you take a second look at the
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IN THE SKY

cloud photographs, Study the deseriptions and po-
tential hacards posed by eaeli type and learn to use
the clouds as “signposts in the sky”



Chapter 8

AIR MASSES AND FRONIS

Why is weather today clear and cold over Okla-
homa while it is warm and maoist over Alibama?
What caused the Tine of thunderstonns that yon
circtnnavigated over castern Arkansas? Alr masses
and fronts provide the answer. Yon can better plan

the safety and economy of flicht whea vou can
eviduate the expected effects of air asses and
fronts. This chapter explains air masses sod Tronts
and relates them o weather and flighe planning,

AIR MASSES

When a body of air comes to rest or moves
slowly over an extensive wea havine airdy uniform
properties of temperature and wosture, the air
takes on those properties. Thus, the air over the
area becomes somewhat of an entity as illustrated
in figure H8 and has fairly uniform horizontal dis-
tribution of its properties. The arei over which the
air anass acquires its identifying distribution of
moisture and temperature s its Usource region,”

Source regions are many and varied, but the best
source regions for air masses e Luge snow or jce-
covered polar regions, cold notthern oceauns, trop-
ical oceans, and large desert areas. Midlatitudes
are poor source regions because transitional distur-
bances dominate these latitudes giving little oppor-
tunity for air masses to stagnate and take on the
properties of the underlying region.
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Fiocuwe 5S8.

Horizonta! uniformity of an air mass. (Properties of air at Al, A% elc., are about the same as those at A;

properties at B!, B?, etc., are about the samc as those at B.)

AIR MASS MODIFICATION

Just as an air mass took on the properties of its
source region, it tends to take on properties of the
underlying surface when it moves away from its
source region, thus becoming modified.

The degree of modification depends on the speed
with which the air mass moves, the nature of the
region over which it moves, and the temperature
difference between the new surface and the air
mass. Somne ways air masses are modified are:
(1) warming from below, (2) cooling from below,
(3) addition of water vapor, and (4) subtraction
of water vapor:

1. Cool air moving over a warm surface is
heated from below, generating instability
and increasing the possibility of showers.

2. Warm air moving over a cool surface is
cooled from below, increasing stability, If
air is cooled to its dew point, stratus and /or
fog forms.

3. Evaporation from water surfaces and fall-
ing precipitation adds water vapor to the

air. When the water is warnmer than the
air, evaporation can raise the dew point
sufficiently to saturate the air and form
stratus or fog.

4. Water vapor is removed by condensation
and precipitation.

STABILITY

Stability of an air mass determines its typical
weather characteristics. When one type of air mass
overlies another, conditions change with height.
Characteristics typical of an unstable and a stable
air mass arc as follows:

Unstable Air Stable Air
Cumuliform clouds Stratiform clouds
and fog

Showery precipitation Continuous precipi-
tation

Reugh air (turbu- Smooth air
lence)

Good visibility, ex-
cept in blowing
obstructions

Fair to poor visibility
int haze and smoke

FRONTS

As air masses move out of their source regions,
they come in contact with other air masses of dif-
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ferent properties. The zone between two different
air masses is a frontal zone or front. Across this



zone, wind often

temperature, humidity and
change rapidly over short distances.

DISCONTINUITIES

When you pass through a front, the change from
the properties of one air mass to those of the other
is sometimes quite abrupt. Abrupt changes indicate
a narrow frontal zone. At other times, the change
of properties is very gradual indicating a broad
and difTuse frontal zone.

Temperature

Temperature is one of the most easily recog-
nized discontinuities across a front. At the surface,
the passage of a front usually causes noticeable
temperature change. When flying through a fror.-,
you note a significant change in temperature, espe-
cially at low altitudes. Remember that the temper-
ature change, even when gradual, is faster and
more pronounced than a change during a flight
wholly within onc air mass. Thus, for safety, ob-
tain a new altimeter setting after flving through
a front. Chapter 3 discussed the effect of a
temperature change on the aireraft altimeter.

Dew Point

As you learned in Chapter 5, dew point temper-
ature i1s a measure of the amount of water vapor
in the air. Temperature-dew point spread is a
measure of the degree of saturation. Dew point and
temperature-dew point spread usually differ across
a front. The difference helps identify the front and
may give a clue to differences of cloudiness and/
or fog.

Wind

Wind always changes across a front. Wind dis-
continuity may be in direction, in speed. or in both.
Be alert for a wind shift when flving in the vicinity
of a frontal surface; if the wind shift catches you
unaware it can get you off course or even lost in
a short tine. The relatively sudden change in wind
also creates wind shear, and you will study its sig-
nificance in the next chapter, “Turhulence.”

Pressure

A front lies in a pressure trough, and pressure
generally is higher in the cold air. Thus, when you
cross a front directly into colder air, pressure
usually rises abruptly, When you approach a front
toward warm air, pressure generally falls until you
cross the front and then remains steady or falls

slightly in the wann air. Iowever, pressure pat-
terns vary widely across fronts, and your course
may not Le dircetly across a front. The important
thing to remember is that when crossing a front,
you will encounter a difference in the rate of
pressure change: be especially alert in keeping vour
altimeter setting current.

TYPES OF FRONTS
The three principal types of fronts are the cold
front, the warm front, and the statonary front,

Cold Front

The leading cdee of an advancing cold anr mass
is a cold front, At the surface, cold air is overtaking
and replacing warmer air. Cold [ronts move al
about the speed of the wind component perpen-
diculur to the front just above the frictional layer,
Figure 59 shows the vertical cross section of a coid
front and the symbol depicting it on a surface
weather chart. A shallow cold air mass or a slow
moving cold front may have a frontal slope more
like a warm front shown i heure 60,

Warm Front

The edge of an advancing wann air mass is a
warm front-—warmer air is overtaking and replac-
ing colder air. Since the cold air is denser than
the wanmn air, the cold air hugs the ground. The
warm air shides up and over the cold air and lacks
direct push on the cold air. Thus, the cold air is
slow to retreat in advance of the warm air. This
slowness of the cold air to retreat produces a
frontal slope that is more gradual than the cold
frontal slope as shown in figure 60. Consequently,
warm fronts on the surface are seldom as well
marked as cold fronts, and they useally move about
half as fast when the general wind flow s the
same in cach case.

Stationary Fronts

When neither air mass is replacing the other, the
front is stationary. Figure 61 shows a cross section
of a stationary front and its syinbol on a surface
chart. The opposing forces excerted by adjacent air
masses of different densities are such that the
frontal surface between them shows little or no
movement. In such cases, the surface winds tend to
blow parallel to the frontal zone. Slope of a sta-
tonary front is normally shallow, although it may
be steep depending on wind distribution and density
difference.
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COLD T~y

WARM

Fioure 59. Cross section of a cold front (above) with the weather map symbol (below). The symbol is a line with pointed
barbs pointing in the direction of movement. If a map is in color, a blue line represents the cold front. The vertical scale
is expanded in the top illustration to show the frontal slope. The frontal slope is stecp near the leading edge as culd air
replaces warm air. The solid heavy arrow shows movement of the front. Warm air may descend over the front as indicated
by the dashed arrows; but more commonly, the coid air forces warm air upward over the frontal surface as shown by

the solid arrows.

FRONTAL WAVES AND OCCLUSION

Frontal waves and cyclones {areas of low pres-
sure) usually form on slow-moving cold fronts or
on stationary fronts. The life cycle and movement
of a cyclone is dictated to a great extent by the
upper wind flow.
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In the initial conditien of frontal wave devclop-
ment in figure 62, the winds on both sides of the
front are blowing parallel to the front (A). Small
disturbances then may start a wavelike bend in the
front (B).

If this tendency persists and the wave increases
in size, a cyclonic {counterclockwise) circulation



-—*

WARM

Ficure 60.

Cross section of a warm front {top) with the weather map symbol (bottom). The symbol is a line with rounded

barbs pointing in the direction of movement. If a map is in color, a red line represents the warm front. Slope of a warm
front generally is more shallow than slope of a cold front. Movement of a warm front shown by the heavy black arrow is
slower than the wind in the warm air represented by the light solid arrows. The warm air gradually erodes the cold air.

develops. One section of the front begins to move
as a warm front, while the section next to it begins
to move as 7 cold front (C). This deformation is
a frontal wa. .

The pressire at the peak of the frontal wave
falls, and a low -pressure center forms. The cyclonic
circulation becomes stronger, and the surface winds
are now strong enough to move the fronts; the cold

front moves faster than the warm front (D). When
the cold front catches up with the warm front, the
two of them occlude (close together). The result is
an occluded front or, for brevity, an occlusion (E).
This is the time of maximum intensity for the wave
cyclone. Note that the symbol depicting the occlu-
sior is a combination of the symbols for the warm
and cold fronts.
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COLD

WARM

COLD

WARM

Ficure 01,

Ciross seetion of a stationary front (top) and its weather map symbol (bottom). The svmbol s line with al-

ternating pointed and rounded barbs on opposite sides of the line, the pointed barbs pointing away bom the cold air and

the rounded barbs away from the warm air. Hamap is in color, the symbol s acdine of alternating ved and blue segments,

The front has little or no movement and winds are nearly parallel to the front. The syinbal i the warm i s the tail of
a4 wind arrow into the page. The symbol in the cold air is the paint of a wind arcow out of the page Slope of the front
may vary considerably depending on wind and density differences across the frons,

As the occlusion continues o grow in lengeth, the
cyclonic cireulation diminishes in intensity and the
frontal movement slows down (1), Sometimes a
new frontal wave begins to form on the long
westward-trailing portion of the cold front (F,G},
or a sccondary low pressure system forms at the

apex where the cold front and warm front come
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tovether 1o fonm the ocelusion: T the final stage,
the twao fronts may have becorme asingle stationary
front ;1g;|in."|"hv low center with its remmnant of the
occlusion is disappearing (G

Figure 63 indicates o wann-lront occlusion in
vertical cross section. This type of ocddusion oceus

when the air is colder in advance of the wann



Ficure 62, The life cycle of a frontal wav



COOL

(Warm Air Aicft)

COLD

Ficure 63.

Cross section of a warm-front occlusion (top) and its weather map symbol (bottom), The symbol is a line with al-

ternating pointed and rounded barbs on the same side of the line pointing in the direction of movement. Shawn in color
on a weather map, the line is purple. In the warm front occlusion, air under the cold front is not as cold as air shead of
the warm front; and when the cold front overtakes the warm front, the less cold air rides over the colder air. In a warm

front occlusion, cool air replaces cold air at the surface.

front than behind the cold front, lifting the cold
front aloft.

Figure 64 indicates a cold-front occlusion in ver-
tical cross section. This type of occlusion occurs
when the air behind the cold front is colder than
the air in advance of the warm front, lifting the
warm front aloft.
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NON-FRONTAL LOWS

Since fronts are boundaries between air masses
of different properties, fronts are not associated
with lows lying solely in a homogencous air mass.
Nonfrontal lows are infrequent east of the Rocky
Mountains in midlatitudes but do oceur occasion-



Ficure 64.

Cross section of a cold-front occlusion. Its weather map symbol is the same as for a warm-front occlusion shown

in Figure 63. In the cold-front occlusion, the coldest air is uader the cold front. When it overtakes the warm front, it lifts
the warni front aloft; and cold air replaces cool air at the surface.

ally during the warmer months, Small nonfrontal
lows over the western mountains are common as is
the semistationary thermal low in extreme South-
western  United  States. Tropical lows are also
nonfrontal.

FRONTOLYSIS AND FRONTOGENESIS

As adjacent air masses modify and as temper-
ature and pressure differences equalize across a
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front, the front dissipates. This process, {rontolysis,
is illustrated in figure 65. Frontogenesis is the gen-
eration of a front, It occurs when a relatively sharp
zone of transition develops over an area between
two air masses which have densities gradually be-
coming more and more in contrast with cach other.
The necessary wind flow pattern develops at the
same time. Figure 66 shows an example of fronto-
genesis with the symbol.

Ficure 65. Frontolysis of a stationary front.
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FRONTAL WEATHER

In froms, flving weather vapieg [rom vir':.uu'"',‘
tlear skios ¢, UNUete hazards im'ludinq bail, .
bulenee, g, oy clouds, ang poyg visii)ilizy.
Weather eearting wigg, frong depends on (1) the
Unouny of HIDIS g .'n'ni}ublc', {2} the degree of
Stability of the aiy that jg forced Ubward, (3 the
slope of the front, (1) the Speed of frogpy) IOy,
tent, and (3, the UIPeE wind floy.

Suthicient Ioistyre nuust b available for clouds
to form, of there wil) be no clouds, Ag an inactjve
front Lomes ints gy area of maistyre, clouds ang
recipitation may develop fapidly, A yoog eXiunple
of this iy 5 cold fro, Mmoving Castward frony he
dry slones of ), Rocky Mountaing into g tongue
of moist 5i, from the Gulf of Mexico over the
Plains Sig40¢ 'I'hundcrsmrms may huyjlg rapidly
and catch g pilot Unaware,

The degree of stability of p, lifted ajr deter.
mines whether cloudinesg will be prcdominatc]y
Stratiform or Cumulifory, 1f the warm Air overriq.
ing the frony is stabje, stratiforn, clouds devulop. If
the wapm, air s unstable, cumulifory, clouds de.
velop, Precipitution ¢ tom stratiform, clouds is usually
Steady ag tHustrateg in figure 67 and there s little
OF no turbulence,
clouds is of , shower type as in figure 6, and the
clouds are turbulent,
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Shalleny fronta) Strfaces ep to gy CXtensive
cloudingss with large Precipitation, Areas (figype
69). Widespread Precipitagion ASOCiated i, H
gracduy] sloping frony oftey Causes Jo Stratus an]
fog. Ip this cage, the rajp Faises humidfly of
the colq air 1o Sturation, "py and relageq eMeers
Bay broduce low ceiling gy ooy \'isihilit_\' ovep
thousangs of squase iles, [f Winperatre of the
cald aip ficar the supfaee 15 helow fn'vziuf; but the
Warmer air alof is above !‘x‘vczinq. brecipitation
falls a5 freczing vaip, Or ice pellegs . howevey, i tem.-
Perature of 4}, Warmer air alof, IS well bejoy frecy.
ing, Precipitation formg a5 Shony,

When (1,0 warm ajp nerriding shallon fro),4 is
moist ang unstable, 1, usua) widespreg cloyg
Mass forms; but embeddeq in the cloud mgss are
altocumulus, Cutulus, ang even thundm'xmrm.r, as
in figures 70 and 71, These tmbeddeg SOrms ape
more coinmqp With war, and Stationary fronts by
nay eccur wirp, 4 slow MOving, shaflow cold frong.
A good preflight bricling helps YOu 1o foresee the
Presence of thesg hidden thundcrsmnns. Radar g1
helps in this situation g is discusseq in chapter .

A fast moving, steen eol frony forces Upwar
motion of the warm air along (s It*ading tdge. [f
the wapy air is moist, Precipitation occurs imme.
diately along the Surface Position of the frong a4
shown in figure 72



Ficure 67. A cold front underrunning warm, moist, stable air. Clouds are stratified and precipitation continuous.
Precipitation induces stratus in the cold air.

FiGURE 68. A cold front underrunning warm, moist, unstable air, Clouds are cumuliform with possiblc showers or thun-
derstorms near the surface position of the front. Convective clouds often develop in the warm air ahead of the front. The
warm, wet ground behind the front generates low-level convection and fair weather cumulus in the cold air.
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Since an occluded front develops when a cold
front overtakes a warm front, weather with an oc-
cluded front is a combination of both warm and
cold frontal weather. Figures 73 and 74 show warm
and cold occlusions and associated weather.
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Ficure 69. A warm front with overrunning moist, stable air. Clouds arc stratiform and widespread over the shallow
front. Precipitation is continuous and induces widespread stratus in the cold air.

A front may have little or no cloudiness asso-
ciated with it. Dry fronts occur when the warm air
aloft is flowing down the frontal slope or the air is
so dry that any cloudiness that occurs is at high
levels.



Ficure 71.
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A warm front with overrunning warm, moist, unstable air. Weather, clouds, and hazards are similar to those

described in figure 70 except that they generally are more widespread.

%;*t..,_' AN g
&?m :’ :

e
A

Ficure 72. A fast moving cold front underrunning warm, moist, unstable air. Showers and thunderstorms develop along
the surface position of the front.

The upper wind flow dictates to a great extent
the amount of cloudiness and rain accompanying a
frontal system as well as movement of the front
itsell, Romember in chapter 4 we said that systeins
tend to move with the upper winds. When winds
aloft blow across a front, it tends to move with the
wind. When winds aloft parallel a front, the front
moves slowly if at all. A deep, slow moving trovgh
aloft forms extensive cloudiness and precipitation,

while a rapid moving minor trough more often re-
stricts weather to a rather narrow band. However,
the latter often breeds severe, fast moving, turbu-
lent spring weather.

INSTABILITY LINE

An instability line is a narrow, nonfrontal line or
band of convective activity. If the activity is fully
developed thunderstonns, figure 75, the line is a
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Fioure 73. A warm front occlusion lifting warm, moist, unstable air. Note that the associated weather is complex and
encompasses all types of weather associated with both the warm and cold fronts when air is moist and unstable.

COOL AIR

Fioure 74. A cold front occlusion lifting warm, moist, stable air. Associated weather encompasses types of weather
associated with both warm and cold fronts when air is moist and stable.

squall line (chapter 11, “Thunderstorins”). Insta-
bility lines form in moist unstable air. An instability
line may develop far from any front. More often,
it develops ahead of a cold front, and sometimes a
scries of these lines move out ahead of the front.
A favored location for instability lines which {re-
quently erupt into severe thunderstorms is a dew
point {ront or dry line,
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DEW PFOINT FRONT OR DRY LINE

During a considerable part of the yecar, dew
point fronts are conmon in Western Texas and
New Mexico northward over the Plains States.
Moist air flowing north from the Gulf of Mexico
abuts the dryer and therefore slightly denser air
flowing from the southwest. Except for moisture



differences, there is seldom any significant air mass mark the dry side. In spring and carly summer over
contrast across this “Front"; and therefore, it is Texas, Oklahoma, and Kansas, and for some dig-
commonly called a “dry line.” Nighttime and carly tance castward, the drv line is a favored spawning
morning fog and low-level clouds often prevail on arca for squall lines and tornadoes.

the moist side of the line while generally clear skies

Ficure 75. An aerial view of a portion of a squall line.



FRONTS AND FLIGHT PLANNING

Surface weather charts pictorially portray fronts
and, in conjunction with other forecast charts and
special analyses, aid you in determining expected
weather conditions along your proposed route.
Knowing the locations of fronts and associated
weather helps you determine if you can proceed as
planned. Often you can change your route to avoid
adverse weather.

Frontal weather may change rapidly. For exam-
ple, there may be only cloudiness associated with
a cold front over northern IHinois during  the
morning but with a strong squall line forecast by
alternoon, Skies may be partly cloudy during the
aflternoon over Atlanta in advance of a warm {ront,
but by sunset drizzle and dense fog are forecast. A
cold front in Kansas is producing turbulent thun-
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derstorms, but by midnight the upper flow is ex-
pected to dissipate the thunderstorms and weaken
the {ront. A Pacific front is approaching Scattle
and is expected to produce heavy rain by midnight.

A mental picture of what is happening and what
is forcecast should greatly aid you in avoiding ad-
verse weather conditions. If unexpected adverse
weather develops en route, your mental picture aids
you in planning the best diversion. If possible,
always obtain a pood preflight weather bricfing.

We suggest you again look at figures 67 through
75 and review weather conditions associated with
different types of fronts and stability conditions.
These are only a few of many possibilities, but they
should give some help during preflight planning or
inflight diversion,



Chapter 9
TURBULENCE

Everyone who flies encounters nnhulence at
some time or other. A turbulent atiosphere is one
in which air currents vary greatly over short dis-
tances, ‘These currents range from rather mild
eddies to strong currents of relatively large dimen-
sions. As an aircraft moves through these currents,
it undergoes changing accelerations which jostle it
from its smooth flight path. "This jostling is turbue
lence. Turbulence ranges from bumpiness which
can annoy crew and passengers to severe jolts which
can structurally damage the aircraft or injure its
passengers,

Aircralt reaction to turbulence varies with the
difference in windspeed in adjacent currents, size
of the aircraft, wing loading, airspeed, and aireraft
attitude. When an aircraft travels rapidly from one
current 10 another, it undergoes abrupt changes in
acceleration. Obviously, if the aireruft moved more
slowly, the changes in acceleration would be more
gradual, ‘The fint vule in flying turbulence is to
reduce aitspeed. Your aireraflt manual most likely
bists recommended airspeed for penetrating tur-
bulence.

Knowing where to expect tuthulence helps a
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pilot avoid or minimize turbulence discomfort and  wake of moving aircralt whenever the airfoils exert
hazards. The main causes of turbulence are (1) lift—wake turbulence. Any combination of causes
convective currents, (2) obstructions to wind flow, may occur at one time.

and (3) wind shear. Turbulence also occurs in the

CONVECTIVE CURRENTS

Convective currents are a common cause of tur- are localized vertical air movements, both ascend-
bulence, especially at low altitudes. These currents  ing and descending. For every rising current, there

Ficure 76. Eflect of convective currents on final approach. Predominantly upward currents (top) tend to cause the aircraft
to overshoot. Predominantly downward currents (bottom) tend to cause the craft to undershoot.
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is a compensating downward current. The down-
ward currents frequently occur over broader arcas
than do the upward currents, and therefore, they
have a slower vertical speed than do the rising
currents.

Convective currents are most active on warm
summer afternoons when winds are light. Heated
air at the surface creates a shallow, unstable layer,
and the warm air is forced upward. Convection
increases in strength and to greater heights as sur-
face heating increases. Barren surfaces such as
sandy or rocky wastelands and plowed ficlds be-
come hotter than open water or ground covered
by vegetation. Thus, air at and near the surface
heats unevenly, Because of uneven heating, the
strength of convective currents can vary consider-
ably within short distances.

When cold air moves over a warm surface, it
becomes unstable in lower levels. Convective cur-
rents  extend several thousand feet above the sur-
face resulting in rough, choppy turbulerfce when
fiying in the cold air. This condition often occurs
in any scason after the passage of a cold front.

Figure 76 illustrates the effect of low-level con-
vective turbulence on aireraft approaching to land.
Turbulence on approach «an cause abrupt changes
in airspeed and may even result inoa stall at a
dangerously low altitude. To prevent the danger,

increase airspeed slightly over normal approach
speed. This procedure may appear to conflict with
the rule of reducing airspeed for turbulence pene-
tration; but remember, the approach speed for your
aircraft is well below the recommended turbulence
penctration speed.

As air moves upward, it cools by cxpansion. A
convective  current  continues  upward  until it
reaches a level where its temperature cools to the
same as that of the surrounding air. If it cools to
saturation, a cloud forms. Billowy fair weather
cumulus clouds, usually scen on sunny afternoons,
are signposts in the sky indicating conveetive tur-
bulence. The cloud top usually marks the approx-
imate upper limit of the convective current. A pilot
can expect to encounter turbulence beneath or in
the clouds, while above the clouds, air gencrally is
smooth. You will find most comfortable flight above
the cumulus as llustrated in figure 77,

When convection extends to greater heights, it
develops Targer towering cummulus clouds and cu-
mulonitmbus with anvil-like tops. The cumulonim-
bus gives visual warning of vielent convective
turbulence discussed in more detail in chapter 11,

The pilot should also know that when air is oo
dry for cumulus o form, convective currents still
can be active. He has littde indication of their pres-
ence unti] he encounters wrbulence.

Ficure 77.

Avoiding turbulence by flying above convective clouds.
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OBSTRUCTIONS TO WIND FLOW

Obstructinns such as buildings, trees, and rough face, the greater is the turbulence. The wind car-
terrain disrupt smooth wind flow into a complex  ries the turbulent eddies downstream-——how [far
snarl of eddies as diagrammed in figure 78. An air- depends oti wind speed and stability of the air.

craft flying through these eddies experiences tur- Unstable air allows larger eddies to form than
bulence. This turbulence we classify as “mechan- those that form in stable air; but the instability
ical” since it results from mechanical disruption of  breaks up the eddies quickly, while in stable air
the ambient wind flow. they dissipate slowly.

The degree of mechanical turbulence depends Mechanical turbulence can also cause cloudiness
on wind speed and roughness of the obstructions. near the top of the mcchanically disturbed layer.
The higher the speed and/or the vougher the sur- However, the type of cloudiness tells you whether

SLOW WIND FAST WIND
A 4
___________________../’_‘\_________«______’ —-/__—\_____________’
T L >
T el » —— APV

Ficure 78. Eddy currents formed by wind blowing ever uncven ground or over obstructions,
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it is from mechanical or convective mixing. Me-
chanical mixing produces stratocumulus clouds in
rows or bands, while convective clouds form a ran-
dom pattern. The cloud rows developed by me-
chanical mixing may be paralicl to or perpendicuiar
to the wind depending on meteorological factors
which we do not discuss here.

The airport area is especially vulnerable to me-
chanical turbulence which invariably causes gusty
surface winds. When an aircraft is in a low-level
approach or a climb, airspeed fluctuates in the
gusts, and the aircraft may even stall. During ex-
tremely gusty conditions, maintain a margin of
airspeed above nermal approach or ¢limb speed to
allow for changes in airspeed. When landing with
a gusty crosswind as illustrated in figure 79, be
alert for mechanical turbulence and control prob-
lems caused by airport structures upwind. Surface
gusts also create taxi problems.

Mechanical wurbulence can affect low-level cross-
country flight about anywhere. Mountains can gen-
erate turbulence to altitudes much higher than the
mountains themselves.

When flying over rolling hills, you may experi-
cnce mechanical turbulence. Generally, such tur-
bulence is not hazardous, but it may be annoying
or uncomfortable. A climmb 1o higher altitude should
reduce the turbulence.

When flying over rugged hills or mountains,
however, you may have some real turbulence prob-

lems. Again, we cannot discuss mechanical turbu-
lence witheut considering wind speed and stability.
When wind speed across mountains exceeds about
40 kuots, you can anticipate turbulence. Where
and to what extent depends largely on stability.

If the air crossing the mountains is unstable, tur-
bulence on the windward side is almost certain, If
sufficient mioisture is present, convective clouds
form intensifying the turbuience. Convective clouds
over a mountain or along a ridge are a sure sign of
unstable air and wrbulence on the windward side
and over the mountain crest.

As the unstable air crosses the barrier, it spills
down the leeward slope often as a violent down-
draft. Sometunes the downward speed exceeds the
maximum climb rate for your aircraft and may
drive the craft into the mountainside as shown in
figure 80, In the process of crossing the mountains,
mixing reduces the instability to some  extent.
Therefore, hazardous turbulence in unstable air
generally does not extend a great distance down-
wind from the barrier.

MOUNTAIN WAVE

When stable air crosses a mountain barrier, the
turbulent situation is somewhat reversed. Air flow-
ing up the windward side is relatively smooth.
Wind flow across the barrier is laminar—that s,
it tends to flow in layers. The barrier may set up
waves in these layers imuch as waves develop on

83



LEEWARD

Fioure 80. Wind flow in mountain areas. Dangerous downdrafts may be encountered on the lee side.

a disturbed water surface. The waves remain
nearly stationary while the wind blows rapidly
through them. The wave pattern, diagrammed in
figure 81, is a “standing” or *“mountain” wave, so
named because it remains essentially stationary and

is associated with the iountain. The wave pattern
may extend 100 miles or more downwind from the
barricr.

Wave crests extend well above the highest moun-
tains, sometimes into the lower stratosphere. Under

Logds e

Ficure 81. Schematic croas scction of a mountain wave, Note the standing wave pattern downwind from the mountain,
Note also the rotary circulation below the wave crests, When the air contains suflicient moisture, characteristic clouds

form.
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cach wave crest is a rotary circulation also dia-
grammed in figure 81. The “rotor” formns below the
elevation of the mountain peaks. Turbulence can
be violent in the overturning rotor. Updrafts and
downdrafts in the waves can also create violent
turbulence.

Figure 81 further illustrates clouds often asso-
ciated with a mountain wave. When moisture js
sufficient to produce clouds on the windward side,
they are stratified. Crests of the standing waves
may be marked by stationary, lens-shaped clouds
known as “standing lenticular” clouds. Figure 82 is
a photograph of standing lenticular clouds. They
form in the updraft and dissipate in the downdralt,
so they do not move as the wind blows through
them. The rotor may also be marked by a “rotor”
cloud. Figure 83 is a photograph of a series of rotor
clouds, each under the crest of a wave. But reinem-
ber, clouds are not always present to mark the
mountain wave. Sometimes, the air is too dry. Al-
ways anticipate possible mountain wave turbulence
when strong winds of 40 knots or greater blow
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across a mountain or ridge and the air is stable.

You should not be surprised at any degree of
turbulence in a mountain wave. Reports of turbu-
lence range from none 1o turbulence violent enough
to damage the aircraft, but most reports show
somcething in between.

MOUNTAIN FLYING

When planning a flight over mountainous ter-
rain, gather as much preflight information as possi-
ble on cloud reports, wind direction, wind speed,
and stability of air. Satellites often help locate
mountain waves, Fiqures 81 and 85 are photo-
graphs of mountain wave clouds taken from space-
craft. Adequate information may not always be
available, so remain alert for signposts in the sky.
What should you look for both during preflight
planning and during your inflight obsenations?

Wind at mountain top level in excess of 25 knots
suggests some turbulence. Wind in excess of 40
knots across a mountain barrier dictates caution.
Stratified clouds mean stable air. Sianding lentic-
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T'tovre 84, Mountain wave clouds over the Tibetan Plateau photographed from a manned spacecraft.
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Fioure B5.  Satellite photograph of a mountain wave and the surface weather map for approximately the same time. A
single mountain in the Alentian chain generates the wave, Note how it spirals downwind from the source. Without the
satellite, the turbulent wave would have gone undetected unless some aircraft had tlown into it.

in a frontal zone, and (3) clear air turbnlence lence is discussed in detail in chapter 13, “High
(CAT)Y at high levels assoctated with a jet stream Altitude Weather™
or strong cireulation, Tigh-level clear air turbue
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WIND SHEAR WITH A LOW-LEVEL
TEMPERATURE INVERSION

A temperature inversion forms near the sirface on
a clear night with calm or light surface wind as dis-
cussed in chapter 2, Wind just above the inversion
may be relatively strong. As illustrated in figure 86,
a wir.1 shear zone develops between the calm and
the stronger winds ahove. Eddies in the shear zone
cause airspeed fluctuations as an aircraft climbs or
descends through the inversion. An aircraft most
likely is cither climbing from takeoff or approach-
ing to land when passing through the inversion;
therefore, airspeed is slow—only a few knots greater
than stall speed. The fluctuation in airspeed can
induce a stall precariously cluse to the ground.

Since surface wind is calm or very light, takeofT
or landing can be in any direction. TakeofT may be
in the direction of the wind above the inversion. If
s0, the aircralt encounters a sudden tailwind and
a corr onding loss of airspeed when climbing
through the inversion. Stall i possible. If approach
is into the wind above the inversion, the headwind
is suddenly lost when descending through the inver-

sion. Again, a sudden loss in airspeed may induce
a stall.

When taking off or landing in calin wind under
clear skies within a few hours before or after sun-
rise, be prepared for a temperature inversion near
the ground. You can be relatively certain of a
shear zone in the inversion if you know the wind at
2,000 to 4,000 feet is 25 knots or more. Allow a
margin of airspeed above normal climb or approach
speed to alleviate danger of stall in event of turbu-
lence or sudden change in wind velocity.

WIND SHEAR IN A FRONTAL ZONE

As you have leamed in chapter 8. a front can
contain many hazards. However, a front can be
between two diy stable ainnasses and can be de-
void of clouds. Fven so, wind changes abruptly in
the frontal zone and can induce wind shear turbu-
lence. The degree of turbulence depends on the
magnitude of the wind shear. When turbulence is
expected in a frontal zone. follow turbulence pene-
tration procedures recommended it vour aircraft
manual.

WARM AIR

t_./‘\/

COLD CALM AIR

-
- -

Fiaure 86.
This condition is most common at night or in early morning. It can cause an abrupt turbulence encounter at low altitude.
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Wind shear in a zone between relatively calm wind below an inversion and strong wind above the inversion,

WAKE TURBULENCE

An aireraft receives its lift by accelerating a
mass of air downward. Thus, wwhenever the wings
are providing lift, air is forced downward under
the wings generating rotary motions or vortices off
the wing tips. When the landing gear bears the en-
tire weight of the aircraft, no wing tip vortices

develop. But the instant the pilot “hauls back” on
tl.e controls, these vortices begin, Figure 87 illus-
trates how they might appear if visible behind the
plane as it breaks ground. These vortices continue
throughout the flight and until the craft agair set-
tles firmly on its landing gear.
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Wake turbuler~e wing tip vortices developing an aircraft breaks gronnd. Thee vortices develop when the

aireraft is rotated into a flying attitude and the wings begin developing lift

These vortices spread downward and ontwand
from the flight path They also diift with the wind.
Stength of the vortices is proportional 1o the
weight of the Gareraft as well as other factors,
Thereforr wake turbulence is maore intense behind
large, transport category aireraft than hehind small
aircraft, Generally, it is a problem only when fol-
lowing the larger aireraft.

The turbulence persists several minutes and may
lineer after the aireraft 15 out of sicht. At con-.
trolled airports, the controller generally warns pi-
lots in the vicinity of possible wake turbulence.
When left to your own resources, you could use a
few pointers. NMost jets when taking off 1ift the nose
wheel about midpoint in the takeolT reoll: therefore,
vortices begin about the middle of the takeofT roll.
Vortices behind  propeller areraft begin only a
short distance behind lift-olT. Following a landine
of either type of aireraft, vortices end at about the
point where the nose wheel touches down. Avoid
flving through these vortices. More  spedifically,
when using the same runway as a heavier aireraft:

(1 if fanding behind anothier aireraft, keep
your approach above his approach and Leep your
touchdown heyond the point where his nose wheel
touched the runway (ligure 88 (A)):

(23 if landing behind a departing aireraft,
land only if you can eomplete your landing roll

belfome reaching the midpoint of his takeofl roll
Chieure 88 B ‘

ol deparuing behind another departing
aircraflt, take off only if vou can become aithorne
before reaching the midpoint of his . keofT roll and
only if vou can climb fast enough. o stay above his
Hicht path tieare 88 (C) v : and

4 if departineg behind a landing airerafy,
don’t unless vour can taxi onto the tunway beyond
the point at which his nose wheel touched down
and have suflicient runway left for safe takeofl
figure 88 1)y,

If parallel runwians are aveilable and the heavier
atreraft takes off with a croswind on the dowr.
wind runway, you may safely use the upwind run.
way, Never land or take off downwind {rom the
heavier aireraft. When using a tunway ~rossing his
runway, your may safely wse the ypawind pottion of
your runway. You may ctoa bolind o departing
aircraft behind the midpoirt of his takeofl roll,
You may cross ahead of a landing aireraft ahead
of the point at which his nose wheel wuches down,
1f none of these procedures is possible, wait 5 win-
utes or so for the vontices o dissipate or to blow
offl the runway.

The foregoing procedures are elementary, "The
problem of wake turthulence is more operational
than meteorological. The FAN issues periodic ad-
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Ficure 88,  Planning landing or takeofl to avoid heavy aireralt wake turbulence.

visory circulars of operational problems. If you plan
to operate out of airports used routinely by air car-
riers, we highly recommend you read the latest

advisry circulars on wake turbulence. Titles of
these cireulars are listed in the FAA “Advisory Cir-
cular Checklist and Status of Regulations.™

IN CLOSING

We have discussed causes of turbuience, elassified
it into types, and offered some (lisht procedures to
avoid it or minunize its hazards. Oceurrences of
turhulence, however, are local in extent and tran-
sient in character. A forecast of twrhulence specifies
a volume of airspace that is small when compared
to useable airspace hut relatively farge compared
to the localized extent of the hazard, Although gen-
eral forecasts of twbulence are quite goud, fore-
casting precise locations is at present impossible,

Generally, when a pilot receives a foreeast, he
plans his flight to avoid areas of maost probable
turbulence, Yet the hest Inid plans can go astray

and he may encounter turbulence. Since no instru-
mests are currently available for directly observing
turhulence, the man on the ground can only con-
firm its existence or abhsence via pilot reports,
HELP YOUR FELLOW PILOT AND THE
WEATHER SERVICE-SEND PILOT RE-
PORTS.

To make reports and forecasts meaningful, tur-
bulence is classified into intensities based on the
effects it has on the aircraft and  passengers.
Section 16 of  Aviar.oN - Weariier - Services
(ACI00-15) lists and describes these intensities, Use
this guide in reporting your turbulence encounters.



Chapter 10
ICING

Aircraft icing is one of the major weather haz-
ards to aviation. Teing 15 a cuwmulative hazard, It
reduces aircraft efficieney by increasing weight, re-
ducing lift, decreasing thrust, and increasine drag.
As shown in figure 89, cach effect tends to either
slow the aireraft or foree it downward. Teing alsc
serionsly impairs aireralt engine pecformance, Other
icing effects include false indications on flight in-
struments, loss of radio conununications, and loss of

operation of control surfaces, brakes, and landing
gear.

In this chapter we discuss the principles of struc-
tural, induction systemn, and instrument icing and
relate icing to cloud types and other factors, Al-
though ground icing and { ost are structural icing,
we discuss them separately because of their differ-
ent cffect on an aircraft. And we wind up the
chapter with a {ew operational peinters,

!



DRAG INCREASES

It unre 89,

Effects of lcfng are Cumulative

LIFT LESSENS

Stalling Speed Increases

THRUST FALLS OFF

WEIGHT GROWS

U g |

Effects of structural icing

STRUCTURAL ICING

Two conditions are necessary for stractural icing
in ficht: (8 the aireraft must he flyigr through
visible water such as rain or cloud droplets, and
(2) ihe temperature at the point where the mois-
ture sivikes the aireraflt must be 07 G or colder,
Acredynamic cooling can lower temperature of an
airfoil 10 0° C even though the ambient tempera-
ture 15 o few degrees warmer,

Supereooled seater inereases the rate of icing and
is essential to rapid aceretion. Supercooled water
is in an unstable liquid state; when an aireraft
strikes a supercooled drop, part of the drop freezes
instantaneously, The latent heat of fusion released
hy the freczing portion raises the tanperature of
the remaining portion to the melting point. Aero-
dynamic effects may cause the remaining portion
to freeze, The way in which the remaining portion
freezes deterines the type of icing. The types of
structural jeing are clear, rime, and a mixture of
the two. Fach type has its identifying features.

92

CLEAR ICE

Clear ice forms when, after inital impact, the
remaining liquid portion of the diop {lows out over
the aireraft surface vradually freezing as a smoot!
sheet of solid ice. This type fonns when drops are
large as in rain or in cumuliform clouds.

Figure 90 jllustrates ice on the cross seetion of an
airfoil, clear ice shown at the top. Figures 91 and
92 are photographs of clear structural icing, Clear
ice is hard, heavy, and tenacious. Its removal by
deicing equipment is especially difficult,

RIME I1CE

Rime ice fonns when drops are small, such as
those in stratified clouds or light !rizzle. ‘The liquid
portion remaining after initial fmpact freezes rap-
idly before the diop has time to spread over the
aireraft swface. The small frozen droplets trap air
between them giving the ice a white appearance as



Ficune 90.

Clear, rime, and mixed icing on airfoils,

shown at the center of figure 90. Figure 93 is a
photograph of rime.

Rime ice is lighter in weight than clear ice and
its weight is of little significance. However, its

egular shape and rough surface make it very
cifective in decreasing acrodynamx( cfficiency of
airfoils, thus reducing lift and increasing drag.
Rime ice is brittle and more casily removed than
clear ice.

MIXED CLEAR AND RIME ICING

Mixed ice forms when drops vary in size or when
liquid drops are intermingled with snow or jce par-
ticles. It can form rapidly. Tce particles become
imbedded in clear ice, building a very rough ac-
cwnulation sometimes in a mushroom: shape on
leading edges as shown at the bottom of figure 90.
Figure 94 is a photo of mixed icing built up on a
pitot tube.

ICING INTENSITIES

By mutual agreement and for standardization
the FAA, National Weather Service, the military
aviation weather services, and aireraft operating
organizations have clas dfied aireraft structural icing
into intensity categories. Section 16 of Avianion
Wearner Services (AC 00-45) has a table listing
these intensitics. The table is your guide in esti-
mating how ice of a specific intensity will affect
your aircraft. Use the table also in reporting ive
when you encounter it.
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Fioure 91. Clear wing icing (leading edge and undenide). (Cuortesy Dean T. Bowden, General Dynamics/Convair.)
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Propetier icing. loe may form on propellees just as onany airfoll. [t reduces propeller efliciency and may
inthice severe vibrations,
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Photo by Norman Hoffman, Mooney Aircraft, Inc..

Rime icing on the nosc of a Mooney “Nark 21" aircraft. (
courtesy the AO.P.A. Pilot Magazinc.)

Fiovre 93,
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Fioure 94.

Fxternal icing on a pitot tube,

INDUCTION SYSTEM ICING

lee frequently forms in the air intake of an en-
gine robbing the encine of cir 1o support combus-
tion. This type icing ocems with both piston and
jet engines, and alinost evervone in the aviation
cotumunity is Tmthiar with carburetor jeing. The
downwird moving piston ina piston engine or the
compressor in a jet engine forms o partial vacuum
in the intake, Adiabatic expansion in the partial
viteuum cools the air. Tee forms when the temper-
ature drops below freezing and sufficient moisture
is present for sublimation. In piston engines, fuel

evaporation produces additional cooling. Induction
wing always lowers engine performance and can
even teduce intake How below that necessary for
the engine to operate. Figure 95 illustrates car-
buretor icing.

Induction icing potential varies greatly among
different aircraft and occurs under a wide range
of meteorological conditions. Tt is primarily an
engineering and  operating problem rather than
meteorological.
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LUMPY ICE

FUEL

Freurr 95,

Carhuaretor icing. Expansional cooling of aie and vaporization of fuel caninduer freesing and caase dce to

clog the carburetor intake,

INSTRUMENT ICING

Ieing of the pitot whe as seen in ligure 96 re.
duces run air pressiee on the urspeed indicator
and renders the instrument unrelinble. Most inod-
ern adreraflt alvo have an outside statie pressure
port as part of the pitot-statie system, Teing of the
static pressore port redoces reliability of all instru.
ments on the systeme - the atespeed, ratesof-climb,
and the altimeter,

98

lee fonmine on the dadio antenna distorts s
shape, increases diae, and imposes vibations thin
iy resultin Lilure in the communications system
of the ancnaft. The sevenity of iis icing depends
upon the shape, ocation, and otientation of the
antenni, Figvre 97 46 a0 photoeraph of elear cee on
an antenna mast,
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Froune, 96,

.t d e .

Internal pitot tube icing. It renders airspeed indicator unecliable

ICING AND CLOUD TYPES

Baucally, all clonds at subfreczing tempentures
Lave acing potential However, drop size, diop dis-
twbution, and actodviamic efleets of the aneraft
influence oe formation. Tee may not Tonn esven
thouvh the potential exists.

The condiion ment favarable for veny azardons
foane s the presence of ooy Lges saperconled
water drops Converselv, an equal or lesser nome
Lot of sinaller droplets favors aslower tate of icine.

Stralb water dioplets oceur most often in foe and
losw-level dlondss Dingde or very lieht rain s e
dence of the presence of simall dropein such cloads:
but i many cases thete is no precioitation at all
The trunt common type of wing found i lower.
level steatus louds s rime.

O the other hand, thich extensive  stratihed

cdouds that prduce continuons tan sch as alo.
stratiis and  mimboaratos waaally have an abune
danee of hgud water because of the elatively
Latver diop e and dounber. Sach dloud ssates
0 owinter may sonver thousands of seprare miles aned
present v wepons it conditions for proteacted
thebite Partealarhy e thik stiatibied « louds, cone
tenttations o hgd water nogmally are ereater
swith warmer temgpe catures Thus, hieaviest ieing
sy sl Be fonaned at on shehitly alunve the Trees.
e Jevel when npetatine s never more than a
tews dhirgnes helomy hieesine In |¢I.\1‘| LAY LE 11"\"“.
ronhten wne conditions are puaely found o be
thete than 2000 Lot alune the fieeane level, and
usially are two or three thousand feet thick,

he upsard cnnents i camuliform clonds are
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Fioure 97. Clear’ice on an aircraft antenna mast.

favorable for the formation and support of many
large water drops. The size of raindrops and rain-
fall intensity normally experienced {rom showers
and thunderstorms confirm this. When an aircraft
enters the heavy water concentrations found in
cumuliform clouds, the large drops break and
spread rapidly over the leading edge of the airfoil
forming a film of water. If temperatures arc {reez-
ing or colder, the water freczes quickly to form a
solid sheet of clear ice. Pilots usually avoid cumuli-
form clouds when possible. Consequently, icing re-
ports from such clouds arc rare and do not indicate
the frequency with which it can occur.

The updrafts in cumuliform clouds carry large
amounts of liquid water far above the [reezing
level. On rare occasions icing has been encountered
in thunderstorm clouds at altitudes of 30,000 to
40,000 feet where the free air temperature was
colder than minus 40° C.

While an upper limit of critical icing potential
cannot be specified in cumuliform clouds, the cellu-
lar distribution of such clouds usually limits the
horizontal extent of icing conditions. An exception,
of course, may be found in a protracted flight
through a broad zone of thunderstorms or heavy
showers.

OTHER FACTORS IN ICING

In addition to the above, other factors also enter
into icing. Some of the more important ones are
discussed below.

FRONTS

A condition favorable for rapid accumulation of
clear icing is freezing rain below a frontal surface.
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Rain forms above the frontal surface at temper-
atures warmer than {reezing. Subsequently, it falls
through air at temperatures below freczing and
becomes supercoeled. The supercooled drops freeze
on impact with an aircraft surface. Figure 98 dia-
grams this type of icing. It may occur with either
a warm front (top) or a cold front. The icing can



be critical beeause of the large nmount of super-
cooled water. Icing can also become serious in
cumulonimbus clouds along a surface cold front,
along a squall line, or embedded in the cloud shickd
of a warm front.

TERRAIN

Air hlowing upslope is cooled  adiabatically.
When the air i: cooled below the freezing peint,

BELOW FREEZING TEMPERATURE

the water hecomes supercooled. In stable air blow-
ing up a gradual slope, the cloud drops generally
remain comparatively small since larger drops fall
out as rain. Ice accumulation is rather slow and
you should have ample time to get out of it before
the accumulation bhecomes extremely dangerous,
When air is unstable, convective clouds develop a
more serious hazard as described in “Icing and

Cloud Types.”

BELOW FREEZING TEMPERATURE

ABOVE FREEZING TEMPERATURE

Tiaure, 98, Freezing raln with & warm front (top) and a cold front (bottom). Ralnfall through warm air aloft
into subfreczing cold air near the ground, The rain becomes supercooted and freczes on impact,
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Icing is more probable and more hazardous in
mountainous regions than over other terrain, Moun-
tain ranges cause rapid upward air motions on the
windward side, and these vertical currents support
large water drops. The movement of a frontal sys-
tem across a mountain range often combines the
normal frontal lift with the upslope effect of the
mountains to create extremely  hazardous icing
zones.

Each mountainous region has preferred arcas of
icing depending upon the orientation of mountain
ranges to the wind flow. The meost dangerous icing
takes place above the erests and to the windward
side of the ridees, This zone usually exteds about
5000 feer above the tops of the mountains; but
when dlouds are comuliform, the zone may extend
much higher.

GROUND

Frost. ice pellets, frozen rain, or snow may accu-
mulate on parked aircraft. You should remove all
ice prior to takeoft, for it redncees flying efficiency of
the atreraflt, Water blown by propellers or splashed
by wheels of an airplane as it taxis or runs through

SEASONS

Icing may occur during any scason of the year;
but in temperaie climates such as cover most of the
contiguous United States, icing is more frequent in
winter. The freezing level is nearer the ground in
winter than in sumimer leaving a smaller low-level
layer of airspace free of icing conditions. Cyclonic
storms also are more frequent in winter, and the
resulting cloud systems are more extensive. Polar
regions have the most dangerous icing conditions in
spring and fall. During the winter the air is nor-
mally too cold in the polar regions to contain heavy
concentrations of moisture necessary for icing, and
most cloud systems are stratiform and are com-
posed of ice crystals.

ICING

pools of water or mud may result in serious aircraft
icing. Ice may form in wheel wells, brake mech-
anisms, flap hinges, ete., and prevent proper oper-
ation of these parts. Iec on runways and taxiways
create traction and braking problems.

FROST

Frost is a harard to flying long recognized in
the aviation community. Experienced pilots have
learned to remove all frost fron airfoils prior to
takeofl. Frost forms near the surface primarily in
clear, stable air and with light winds-——conditions
which in all other respecs make weather ideal for
flving. Decause of this, the real hazard is often min-
imized. Thin metal airfoils are especially vulner-
able surfaces on which frost will form. Figure 99
is a photogranh of frost on an airfoil.

Frost does not change e basic aerodynamic
shape of the wing, but the roughness of its surface
speils the smooth flow of air thus causing a slow-
ing of the airflow. This slowing of the air causes

carly air flow separation over the affected airfoil
resulting in a loss of lift. A heavy coat of hard
frost will cause a 5 to 10 percent increase in stall
speed. Even a small amount of frost on airfoils
may prevent an aireraft from becoming airborne
at normal takeoff speed. Also possible is that, once
airhorne, an aircraft could have insufficient margin
of airspeed above stall so that moderate gusts or
turning fight could produce incipient or complete
stalling.

Frost formation in flight offers a more complhi-
cated problem. The extent to which it will forn is
still a matter of conjecture. At most, it is compar-
atively rare.

IN CLOSING

Ieing is where you find it. As with turbulence,
icing may be Jocal in extent and transient in char-
acter. Forecasters can identify regions in which
icing is possible. Ilowever, they cannot define the

precise small peckets in which it occurs. You should
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plan your flight to avoid those areas where icing
probably will be heavier than your aircraft can
handle. And you must be prepared to avoid or to
escape the hazard when encountered en route.
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Ficure 99. Frost on an aircraft. Alwﬁya remove lce or frost before attempting takeoff.

Here are a few specific paints to remember:

1.

Before takeoff, check weather for possible
icing arcas along your planned route, Check
for pilot reports, and if possible talk to
other pilots who have flown along your
proposed route,

If vour aircraft is not cquipped with de-
icing or anti-icing equipment, avoid arcas
of icing. Water (clouds or precipitation)
must be visible and outside air temperature
must he near 0% G or colder for structural
ice to form,

Always remove ice or frost from airfoils be-
fore attempting takeofT.

In cold weather, avoid, when possible, taxi-
ing or taking off through mud, water, or
slush, If you have taxied through any of
these, make a preflight check 10 ensure free-
dom of controls.

When climbing out through an icing lay -,
climb at an airspeed a little faster than nor-
mal to avoid a stall,

6.

~3

®

b

Use deicing or anti-icing equipment when
accumulations of ice are not too creat.
When such equipment hecomes less than
totally etTective, change course or altitude
to get out of the icing as rapidly as possible.
If your aircraft is not equipped with a
pitot-static systemn deicer, be alert for crro-
neous readings from your airspeed indicator,
rate-of-climb indicator, and altimeter.

I'n stratiforin clouds, you can likely alleviate
icing by changing to a flight level and
above-freezing temperatures or to one cold-
er than —10° C. An alitude change also
may take you out of clouds. Rime icing
in stratiformm clouds can be very extensive
horizontally.

In frontal freezing rain, you may be able to
climb or descend to a layer warmer than
freczing. Temperature is always warmer
than freezing at somc higher altitude. If
you are going to climb, move quickly; pro-
crastination may leave you with too much
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ice. If you are going to descend, you must
know the temperature and terrain below,
Avoid cumuliform clouds if at all possible.
Clear ice may be cncountered anywhere
above the freezing level, Most rapil accum-
ulations are usually at temperatures from
0°C 1t —15°C.

Avoid abrupt mancuvers when your air-
craft is heavily coated with ice since the air-
craft has lost some of its acrodynamic
cfficiency.

12. When “iced up,” fly your landing approach
with power.

The man on the ground has no way of observing
actual icing conditions. His ouly confirmation of
the existence or absence of icing comes from pilots.
Help your fellow pilot and the weather service by
sending pilot reports when you encounter icing
or when icing is forecast but none ercountered.
Use the table in Section 16 of AviaTion WeaTHEK
Services as a guide in reporting ‘ntensities.



Chapter 11

THUNDERSTORMS

Many times you hiave to make decisions involv-
it thunderstorms and flying. This chapter looks
at where and when thunderstorms oceur most {re-
(uently, explains what ereates o storm, and looks

inside the storm at what goes on and what it can
do to an aireraft. The chapter also deseribes how
you ~an use radar and suggests some do's and don‘ts
of shunderstorm (ying.

WHERE AND WHEN?

In some tropical regions, thunderstoris occur
vear-round, In midlatitudes, they  develop most
frequently in spring, swmmer, and fall. Arctic re-
gions occasionally experience thunderstorms during
sutither.

Figure 100 shows the average number of thun-
derstorins each vear in the adjoining 48 States. Note

o e

the frequent oceuriences in the south-central and
sotitheastern States. The number of days on which
thunderstorins occur varies widely from season to
secason as shown in figures 101 through 104 In
general, thunderstorms are most {requent during
July and August and least fieguent in Decemnber
and January,
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Fiovre 1

00. The average number of thunderstorms each year.




ing spring.

The average number of days with thunderstorms dur

re 101,
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Fiaune 102, The average number of days with thunderstorms during summer.
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Fioure 103, The average number of days with thundcrstorms during fall,
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Ficure 104, The average number of days with thunderstorms during winter.




THEY DON'T JUST HAPPEN

For a thunderstorm to form, the air must have
(1) sufficient water vapor, (2) an unstable lapse
rate, and (3) an initial upward boost (lifting) to
start the storm process in motion. We discussed
water vapor in chapter 5 and stability in chapter
6; but, what about lifting? Surface heating, con-

verging winds, sloping terrain, a frontal surface, or
any ccmbination of these can provide the lift.

Thunderstorms have been a subject of consider-
able investigation for many years as they are today,
Figuratively speaking, let’s look inside a thunder-
storm.

THE INSIDE STORY

Forced upward motion creates an initial updraft.
Cooling in the npdraft results in condensation and
the beginning of a cumulus cloud. Condensation
releases latent heat which partially offsets cooling in
the saturated updraft and increases buoyancy within
the cloud. This increased buoyancy drives the up-
draft still faster drawing inore water vapor into
the ¢loud; and, for awhile, the updraft becomes
self-sustaining. All thunderstorms progress through
a life cyele from their initial development through
maturity and into degeneration.

LIFE CYCLE

A thunderstorn cell during its life cycle pro-
gresses through three stages — (1) the cumulus, (2)
the mature, and (3) the dissipating. Tt is virtually
impossible to visnally deteet the transition from one
stage to another: the transition is subtle and by no
means abrupt. Furthermore, a thunderstorm may
he acluster of cells in different stages of the life
cycle.

The Cumulus Stage

Although most cumulus clouds do not grow into
thunderstorins, every thunderstorm begins as a
cumulus. The key feature of the cumulus stage is
an updraft as illustrated in figure 105{A). The
updraft varies in strength and extends from very
near the surface to the cloud top. Growth rate of
the cloud may exceed 3,000 feet per minute, so it
is inadvisable to attempt to climb over rapidly
building cumulus clouds.

Early during the cumulus stage, water droplets
are quite small but grow to raindrop size as the
cloud grows. The upwelling air carries the liquid
water above the freezing level creating an icing
havard, As the raindrops grow still heavier, they
fall. The cold rain drags air with it creating a

cold downdraft coexisting with the updraft; the
cell has reached the mature stage.

The Mature Stage

Precipitation beginning to fall from the cloud
base is your signal that a downdiaft has developed
and a cell has entered the mature stage. Cold rain
in the downdraft retards compressional heating,
and the downdraft remains cooler than surround-
ing air. Thercfore, its downward speed is aceeler-
ated and may exceed 2,500 feet per minute. The
downrushing air spreads outward at the surface as
shown in figure 105°1) producing strong, gusty
surface winds, a sharp tenperature drop, and a
rapid rise in pressure. The surface wind surge is a
“plow wind” and its leading edge is the “first gust.”

Meanwhile, updrafts reach a maximum with
speeds possibly exceeding 6.000 feet per minute.
Updraflts and downdrafts in close proximity ereate
strong vertical shear and a very turbulent environ-
ment. All thunderstorm hazards reach their great-
est intensity during the mature stage.

The Dissipating Stage

Downdrafts characterize the dissipating stage of
the thunderstorm cell as shown in figure 105(C)
and the storm dies rapidly. When rain has ended
and downdrafts have ahated, the dissipating stage
is complete. When all cells of the thunderstorm
have completed this stage, only harmless clowd rein-
nants remain.

HOW BIG?

Individual thunderstorins measure from less than
5 muiies to more than 30 miles in diameter. Cloud
bases range from a few hundred feet in very moist
climates to 10,000 feet or higher in drier regions.
Tops generally range from 25,000 to 45,000 feet
but occasionally extend above 65,000 fecet.
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The stages of a thunderstorm, (A) is the comulus stage; (B), the mature stage: and (C). the dissipat g stage.
Arrows depict air flow,

ROUGH AND ROUGHER

Duration of the mature stage is closely related 1o
severity of the thundersstorm. Some storms ocear at
random in unstable air, fast for only an hour or
two, and produce only moderate gosts and rainfall,
These are the “air mass™ type, hut even they are
dangeronsly rough 1oty through. Other thunder-
storms Torm o lines, Tast for several hours, dump
heavy rain and possibly hail, and prodoce strong,
gusty winds and possibly tornadoes.
are the

These storns
“steady state” type, usually are rougher
than air mass storms, and virtually defy flight

through them,

AIR MASS THUNDERSTORMS

Air mass thenderstorms most often 1esult from
surface heating. When the storm reaches the ma-
ture stage, rain falls through or immediately beside
the upddraft, Falling precipitation induces frietional
drag, retards the updraft and reverses it to a down-
diaft, The storm is self-destructive, The downdraft
and conl precipitation cool the lower portion of the
stornn and the underlying sutface. ‘Thus, it cuts off
the inflow of water vapor; the storm runs out of
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cnergy and dies. A self-destructive coll usually has
adife eyele of 20 minates to 1% hours,

Sinee air nmunss thunderstormes generally  result
from surface heatine, they reach maximum inten-
sity and [requency over Tand dutine middle and
lte afternoon. € shore, they reach a maximun
duting Lute hours of darhness when land wempera-
ture is coolest and cool air flows ofl the Tand over
the relatively warm water.

STEADY STATE THUNDERSTORMS

Steady state thunderstonms wsaally: are associe
ateed with weather swatems, Fronts, converging
winds, and voughs aloft force upward  motion
spawning these storms which often form into squall
lines. Afternoon hieating intensities thens,

In a steady state storm, precipitation falls outside
the upxdralt as shown in ficure 106 allowing the up-
diaft to continue unabated. Thas, the matues stare
updiafts become sttonger and last much longer
than in ait mass storms-hence, the name, “steady
state.”” A steady state cell may persist for several
hours,



Ficure 106.
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Schematie of the mature stage of a steady state thunderstorm cell showing a sloping updraft with the down-

draft and precipitation outside the updraft not impeding it. The steady state mature cell may continue for many hours

and dcliver the most violent thunderstorm hazards.

HAZARDS

A thunderstorm packs just about every weather
hazard known to aviation into one vicious bundle.
Although the hazards occur in numerous combi-
nations, let’s separate them and examine each
individually.

TORNADOES

The most violent thunderstorms draw air into
their cloud bases with great vigor. If the incoming
air has any initial rotating motion, it often forms
an extremely concentrated vortex from the surface
well into the cloud. Mecteorologists have estimated

that vind in such a vortex can exceed 200 knots;
pressure inside the vortex is quite low. The strong
winds gather dust and debris, and the low pressure
generates a funnel-shaped cloud extending down-
ward from the cumulonimbus base. If the cloud
does not reach the surface, it is a “funncl cloud,”
fizure 109: if it touches a land surface, it is a “tor-
nado,” figure 107; if it touches water, it is a “water
spout,” figure 108.

Tornadoes occur with isolated thunderstorms at
times, but much more frequently, they form with
steady state thunderstorms associated with cold
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Ficure 107, A tornado.

fronts or squall lines. Reports or forecasts of tor-
nadoes indicate that atmospheric conditions are
favorable for violent turbulence.

An aircraft entering a tornado vortex is almost
certain to suffer structural damage. Since the
vortex extends well into the cloud, any pilot in-
advertently caught on instruments in a severe
thunderstorm could encounter a hidden vortex.

Familics of tornadoes have been observed as
appendages of the main cloud extending several
miles outward from the arca of lightning and pre-
cipitation. Thus. any cloud connected to a severe
thunderstorm carries a threat of violence.

Frequently, cumulonimbus mamma clouds occur
in connection with violent thunderstorins and tor-
nadoes. The cloud displays rounded, irregular pock-
cts or festoons from its base and is a signpost of
violent turbulence, Figure 110 is a photograph of
a cumulonimbus mamma cloud. Surface aviation
reports specifically mention this and other especially
hazardous clouds.

Tornadoes occur most frequently in the Great
Plains States cast of the Rocky Mountains. Figure
111 shows, however, that they have occurred in
every State.
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Ficure 108.

A waterspout.

SQUALL LINES

A squall line is a non-frontal, narrow band of
active thunderstoris. Often it develops ahead of
a cold front in moist. unstable air. but it may de-
velop in unstable air far removed frem any front.
The line may be too long to easily detour and too
wide and severe to penetrate. It often contains
severe steady-state thunderstorms and presents the
single most intense weather hazard to aircraft. It
usually forms rapidly, generally reaching maximum
intensity during the late afternoon and the first
few hours of darkness. Figure 112 is a photograph
of an advancing squall line.

TURBULENCE

Hazardous turbulence is present in all thunder-
storms; and in a scevere thunderstorm, it can dam-
age an airframe. Strongest turbulence within the
cloud occurs with shear between updrafts and



Fioure 109,
(Ihotograph by Paul Hexter, NWS.)

Funnel clouds.

downdrafts. Outside the cioud, shear turbulence
has been encountered several thousand feet above
and 20 niles Laterally from a severe storm. A low
‘evel turbulent arca is the shear zone hetween the
plov. wind and surrounding air. Often, a “roll
cloud” on the leading edge of a storm marks the
eddies in this shear. The roll cloud is most preva-
lent with cold frontal or squall line thunderstonms
and signifies an extremely turbulent zone. The first
gust causes a rapid and sometimes drastic change
in surface wind ahead of an approaching storm.
Figure 113 shows a schematic cross section of a
thunderstorm with areas outside the cloud where
turbulence may be encountered.

Tt is almost impossible to hold a constant alti-
tude in a thunderstorm, and mancuvering in an
Cattenipt to do so greatly increases stresses on the
aircraflt. Stresses will be least if the aircratt is held
in a constant attitude and allowed to “ride the
waves.” To date, we have no sure way to pick “soft
spots” in a thunderstorm,

ICING

Updratts in a thunderstorm support abundant
liquid water; and when carried above the freezing
level, the water becomes supercooled. When tem-
perature in the upward current cools to about
—15°C, much of the remaining water vapor
sublimates as ice crystals; and above this level, the
amount of supercooled water decreases.

Supercooled water freezes on impact with an
aircraft {sce chapter 10). Ulear icing can occur
at any altitude above the freezing level; but at
high levels, icing may be rime or mixed rime and
clear. The abundance of supercooled water makes
clear icing very rapid between 0° C and —15° C,
and encounters ciin be frequent in a cluster of cells,
Thunderstorm icing can be extremely hazardous.

HAIL

Hail competes with turbulence as the greatest
thunderstorm hazard to aircraft. Supercooled drops
above the freezing level begin to freeze. Once a
drop has frozen, other drops latch on and frecze
to it, so the hailstone grows-- sometimes into a huge
iceball, Large hail occurs with severe thunder-
storms usually built to great heights. Eventually the
hailstones fall, possibly some distance from the
stori, core. Hail has been observed in clear air
several miles from the parent thunderstorm.

As hailstones fall through the melting level, they
begin to melt, and precipitation way reach the
ground as either hail or rain. Rain at the surface
does not mean the absence of hail aloft, You should
anticipate possible hail with any thunderstorm,
especially beneath the anvil of a large cumulonimi-
bus. Hailstones lareer than one-half inch in diam-
eter can significantly damage an aircraft in a few
seconds. Figure 114 is a photograph of an aircraft
flovn through a “hail” of a thunderstonn,

LOW CEILING AND VISIBILITY

Visibility generally is near zero within a thunder-
storm cloud. Ceiling and visibility also can become
restricted in Drecipitation and dust between the
cloud base and the ground. The restrictions create
the same problem as all ceiling and visibility re-
strictions: Lt the hazards are increased many fold
when associated with the other thunderstorm haz-
ards of turbulence, hail, and lightning which make
precision instrument flying virtually impossible.
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Figure 110. Cumulonimbus Mamma clouds, associated with cumulonimbus clouds, indicate extreme instabitity.

EFFECT ON ALTIMETERS

Pressure usually falls rapidly with the approach
of a thunderstorm, then rises sharply with the on-
set of the first gust and arrival of the cold down-
draft and heavy rain showers, falling back to nor-
mal as the storm moves on. This cycle of pressure
change may occur in 13 minutes, If the altimeter
setfing is not corrected, the indicated altitude may
be in error by over 100 fect.

THUNDERSTORM ELECTRICITY

Electricity generated by thunderstorms is rarcly
a great hazard to aircraft, but it may cause damage
and is annoying to flight crews. Lightning is the
must spectacular of the electrical discharges.
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Lightning

A lightning strike can puncture the skin of an
aircraft and can damage communication and clec-
tronic navigativnal equipment. Lightning has been
suspected of igmting fuel vapors causing explosion;
however, serious accidents due to lightning strikes
wre extremely rare. Nearby lightning can blind the
pilot rendering him momentarily unable to navi-
gate either by instrument or by visual reference,
Nearby lightning can also induce permanent errors
in the magnetic compass. Lightning discharges,
even distant ones, can disrupt radio communica-
tions on low and medium frequencies.

A few pointers on lightning:

1. The more frequent the light. ing, the more
severe the thunderstorm,
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Fioure 111. Tornado incidence by State and area.

2. Increasing frequency of lightning indicates
a growing thunderstorm.

3. Decreasing lightning  indicates a  storm
nearing the dissipating stage.

4. At night, frequent distant flashes playing
along a large sector of the horizon suggest
a probable squall line.

Precipitation Static

Precipitation static, a steady, high level of noise
in radio receivers is caused by intense corona dis-
charges from sharp metallic points and edges of

flying aircraft. It is encountered often in the vicin-
ity of thunderstorms. When an aircraft flies through
clouds, precipitation, or a concentration of solid
particles (ice, sand, dust, etc.), it accumulates a
charge of static electricity. The electricity dis-
charges onto a nearby surface or into the air caus-
ing a noisy disturbance at lower frequencies.

The corona discharge is weakly luminons and
may be seen at night. Although it has a rather eerie
appearance, it is hannless. It was named “St
Elmo’s Fire” by Mediterrancan sailors, who saw
the brushy discharge at the top of ship masts.
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Fioure 112, Squall line thunderstorms.
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Flovwe 115, Schematic cross section of a thunderstorm. Note areas outside the main clowd where

turbulence may be e countered.
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Ficure 114,

Hail damage to an aircraft,

THUNDERSTORMS AND RADAR

Weather rudar detects droplets of precipitation
size. Strength of the rad. r return (echo) depends
on drop size and munber, The greater the number
of drops. the stronger is the echo; and the larger
the drops, the stronger is the echo. Drop size de-
termines echo intensity to a much greater extent
than does diop number.

Metearologists have shown that diop size is al-
most directly proportional to rainfall 1ate: and the
greatest rainfall rate is in thunderstorms. There-
fore, the strongest echoes are thunderstonms. Hail-
stones usually are covered with a film of water and,
therefore, act as huge water droplets wiving the
strongest of all echoes. Showers show less intense
echioes; and gentle rain and snow retorn the weak-
est of all cchoes. Figure 115 is a photograph of a
ground based radar scope.
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Since the strongest echoes idertify thunderstorms.
they also mark the areas of greatest harards. Radar
information can be valuable both from ground
based radar for preflicht plannineg and from air-
horne radar for severe weather avoidance.

Thundenstorms build and dissipate rapidiy, and
they also may move apidly. Therefore, do not at-
tempt to preflight plan a course between echoes.
The bt use of ground radar information is to iso-
late general areas and coverage of echoes. You
must evade individual storms from inflivht observa-
tions either by visual sichting or by airborne radar

Airborne weather avoidance radar is, as its name
implies, for a.oiding severe weather  not for pene-
trating it. Whether to fly into an area of rada
echoes depends on echo intensity, spacing between
the echoes, and the capabilities of you and your



Fiauae 115,

aircraft. Remember that weather radar detects
only precipitation drops: it does not detect minute
cloud droplets. Therefore, the radar scope provides
no assurance of avatding instrument weather in
clouds and fog. Your scope may be clear hetween
intense echoes: this clear wea does not necessarily
mean vou can {ly between the storms and maintain
vie sl sighting of them,

The most intense echoes are severe thundor-

Radar photograph of a line of thunderstorms.

storms. Remember that hail may fall several miles
from the cloud, and hazardous turbulence may ex-
tend as much as 20 mides frome the clond, Avad
the most intense echoes by ac deast 200 miles:
that 1s, echoes should be sepatiated by o deast 10
miles before vou tlv betwern theme As echoes
dimninish i inte wsite, vou can reduce the distaner
by which vou avoul them: Fiewie 16 aliustrates

use of airhorne radar i avoidine thunderstorn.e

D J)'S AND DON'TS OF THUNDERSTORM FLYING

Above all, remember this: never regard any
thundesstorm as “light” even when radar observers
report the echoes e of Light intensity, Advoiding
thunderstorms is the best policy. Following are
some Do’s and Don'ts of thunderstorm avoidance:

1. Don't land or take ofl i, the face of an
approaching thunderstorin, A sudden wind
shift or low level trbulence could cause
loss of control.

2. Don’t atteanpt o flyv under o thanderstonm
even i vou can see throush wo the othe
side Tarhulenee ander the starn conld he
disastrous,

3. Don't uy o cnowmmnavivate thunderstonms
covering b 10 of an ea o e cithe
vistally or by abthorme i,

1 Don’t v without avthorme adar o a

cloud muass contaming scattered embedded
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Ficure 116, Use of airborne radar to avoid heavy precipitation and tarbulence. When echoes are extremely intense, avoid
the most intense echoes by at least 20 miles. You should avoid flying between these very intense echoes unless they are
separated by at least 40 miles. Hazardous turbulence and hail often extend several miies from the storm cednters.

6.

thunderstorms. Seattered thanderstorms not
cmbedded usually can be visually circums-
navigated.

Do avoid by at least 20 miles any thunder-
storm identified as severe or giving an in-
tense radar echo. "Fhis is especially true
under the anvil of a targe camulonimbus.
Do clear the top of a known or suspected
severe thunderstorm by at least 1,000 feet
altitude for cach 10 knots of wind speed at
This exceed  the
altitude capability of most aireraft

the ¢loud top. wonld
Do remember that vivid and frequent light-
ning indicates o severe thunderstorm,

Do regard as severe any thunderstorm with
tops 35,000 feet or higher whethor the top
is visually sighted or determived by radar,

If you cannot avoid penetrating a thunderstorm,
following are some Do's Before entering the storm:
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1.

Tighten your safety belt, put on your
shoulder harness if you have one, and
secure all loose objects.

6.

Plan your course to take vou through the
stornt in a minimum tme and hold 1t

To avoid the most critical icing, establish
a penetration altitude below the freczing
15° C.

Turn on pitot heat and carburctor or jet

level or above the level of -

inlet heat. Temng can be rapid at any alti-
tude and cause almost instantaneous power
fatlure or loss of airspeed indication
Establish power settings for reduced tu-
bulence penetration anspeed recommended
in your aireraflt manual. Reduced airspeed
lessens the structural stresses on the aircraft
Turn up cockpit lights to highest intensity
to lessen dancer of temporary. blindness
from lightning.

If using automatic pilot, disenvage altitude
hold mode and speed hold mode The anto-
matic altitude and speed controls will in-
crease mancuvers ol the aireraft thus in-
creasing structural stresses.

If using airborne radar, tilt your antenna



up and down occasionally, Tilting it up
may detect a hail shaft that will reach a
point on your course by the time you do.
Tilting it down may detect a growing
thunderstorm cell that may reach your
altitude.

Following are some Do’s and Don'ts During
thunderstorm penetration:

1. Do kecp your ecyes on your instruments.
Looking outside the cockpit can increase
danger of temporary blindness from light-
ning.

2.

3.

Don’t change power settings; maintain set-
tings for reduced airspeed.

Do maintain a constant attitude; let the
aircraft “ride the waves.” Mancuvers in
trying to maintain constant altitude increase
stresses on the aircraft.

Don't turn back once vou are in the thun-
derstorm. A straight course through the
storm most likely will get you out of the
hazards most quickly. In addition, turning
maneuvers increase stresses on the aircraft.
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Chapter 12

COMMON IFR PRODUCERS

Most aircraft accidents related to low ceilings
and visibilities involve pilots who are not instru
ment qualified. These pilots attempt flight by visual
reference into weather that is suitable at best only
for instrument flight. When you lose sight of the
visual horizon, your senses deceive you; you lose
sense of dircction—you can’t tell up from down.
You may doubt that you will lose your sensc of
direction, but one good scarc has changed the
thinking of many a pilot. “Continued VFR into

adverse weather” is the cause of about 25 per-
cent of all fatal general aviation accidents.

Minimum values of ceiling and visibility deter-
mine Visual Flight Rules. Lower ceiling and/or
visibility require instrument flight, Ceiling is the
maximum height from which a pilot can maintain
VIR in reference to the ground. Visibility is how
far he can sce. AviaTion WeaTHER SErvices (AC
00-45) contains details of ceiling and visibility
reports.

125



Don't let yourself be caught in the statistics of
“continued VFR into adverse weather.” IFR pro.
“ducers are fog, low clouds, haze, smoke, blowing

obstructions to vision, and precipitation. Fog and
low stratus restrict navigation by visual reference
more often than all other weather parameters,

FOG

Tog is a surface based cloud composed of cither
water droplets or ice crystals. Fog is the most fre-
quent cause of surface visibility below 3 miles, and
is onc of the most common and persistent weather
hazards encountered in aviation. The rapidity with
which fog can form makes it especially hazardous.
It is not unusual for visibility to drop from VFR to
fess than a mile in a few minutes, Tt is primarily a
hazard during takeofT and landing, but it is also
important to VIR pilots who must maintain visual
refeience to the ground.

Small temperature-dew point spread is essential
for fog to form. Therefore, fog is prevalent in
coastal areas where moisture Is abundant. How-
cver, fog can occur anywhere. Abundant conden-
sation nuclei enhances the formation of fog. Thus,
fog is prevalent in industrial areas where by-
products of combustion provide a high concentra-
tion of these nuclei. Fog occurs most frequentiy in
the colder months, but the season and frequency of
occurrence vary from one area to another.

Fog may form (1) by cooling air to its dew
point, or (2) by adding moisture to air near the

ground. Fog is classificd by the way it fonns. For-
mation may involve more than one process.

RADIATION FOG

Radiation fog is relatively shallow fog. 1t may be
dense enough to hide the entire sky or may conceal
only part of the sky. “Ground fog™ is a form of
radiation fog. As viewed by a pilot in flight, dense
radiation fog may obliterate the entire surface be-
low him: a less dense fog may pennit his observa-
tion of a stall portion of the surface directly below
him. Tall objects such as buildings, hills, and towers
may protrude upward through giound fog giving
the pilot fixed references for VER flight. Figure
117 ilustrates ground for as seen from the air.

Conditions favorable for radiation foe are clear
sky, little or no wind, and small temperature-dew
point spread  (hich relative hundityy . The foy
forms almost exclusively at night or near daybreak.
Terrestrial radiation cools the ground ;) in turn, the
cool ground cools the air in contact with it. When
the air is conled o its dew point, fog fonms. When
rain soaks the ground, followed by clearing skies,

Fioure 117, Ground fog as scen from the air.
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radiation fog is not uncommon the following
moing.

Radiation fog is restricted to land because water
sutfaces conl little from nighttime radiation. It js
shaltow when wind is calin, Winds up to about 5
knots mix the air stightly and end to devpen the
foe by spreading the cooling through a deeper tayer,
Sunnger winds dispene the for or mix the air
thivugh a sl deeper layer with stratus elouds
forming at the top of the mixing layer,

Ground fog usually “burns of™* rather rapidly
after suntise. Other radiation fog generally clears
before noon unless clouds move in over the fog.

ADVECTION FOG

Advection for forms when moist air moves over
colder ground or water. It is most common along
coastal arcas but often develops deep in continental
arcas. At sea it s called “sea fop” Advection fog
deepens as wind speed increases up to about 15
knots, Wind much stronger than 15 knots Lifts the
for into a layer of low stratus or stratocumulus,

The west coast of the United States is guite vul.
petable 10 advection fog, This fog frequently forms

Froune 118,

offshore as a result of cold water as shown in figure
118 ard then is carried intand by the wind. During
the winter, advection for over the central and east.
em United States results when moist air from the
Gulf of Mexico spreads northward over cold ground
as shown in figure 119, The foy may extend as far
rorth as the Great Lakes. Water areas in nofthern
latitudes have frequent denwe wea foe in summer as
a result of warm, woist, tropical air flwing north.
ward over colder Arctic waters,

A pilt will notie litle differeice between tlying
aver advection for amd over radiation fog except
that skirs may br chnuly abane the advection fog.
Alw, adviction fog i usmally more extendve and
much more penistent than radiation fog. Advees
tion fog can nnae in rapidly reandies of the time
of day or night.

UPSLOPE FOG

Updogw for forms as a result of meist, stable air
being conled adiabatically as it enes up doping
terrain. Onee the upslope wind cease the fone dis-
sipates Unlike radiation foe, it can fotm wiwder
cloudy skies. Upslope for ix conmmen alone the

Advection fog off the const of Calikenia.
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COLD LAND

FOG

Fioure 119.

Advection fog over the snutheastern United States and Gulf Coast. The fog often may.spread to the Great

L.akes and northern Appalachians.

castern slopes of the Rockies and somewhat less
frequent cast of the Appalachians. Upslope fog
often is quite dense and extends to high altitudes.

PRECIPITATION-INDUCED FOG

When relatively warm rain or drizzle falls through
coal air, evaporation from the precipitation sat-
urates the cool air and fonns fog. Precipitation-
induced fog can become quite dense and continue
for an extended period of time. This fog may ex-
tend over large areas, completely suspending air
operations. It is most commonly associated with
warm fronts, but can occur with slow moving cold
fronts and with stationary fronts.

Fog induced by precipitation is in itself hazard-

ous as is any fog. It is especially critical, however,
because it occurs in the proximity of precipitation
and other possible hazards such as icing, turbulence,
and thunderstorms.

ICE FOG

Ice fog occurs in cold weather when the tem-
perature is much below freezing and water vapor
sublimates directly as ice crystals. Conditions favor-
able for its formation are the same as for radiation
fog except for cold temperature, usually —25°F
or colder. It occurs mostly in the Arctic regions, but
is not unknown in middle latitudes during the cold
scason. Ice for can be quite blinding to someone
flying into the sun.

LOW STRATUS CLOUDS

Stratus clouds, like fog, are composed of ex-
tremely small water droplets or ice crystals sus-
pended in air. An ohserver on a mountain in a
stratus layer would call it fog. Stratus and fog fre-
quently exist together. In many cases there is no
real line of distinction between the fog and stratus;
rather, one gradually merges into the other. Flight
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visibility may approach zero in stratus clouds. Stra-
tus tends to be lowest during night and early morn.
ing, lifting or dissipating due to solar heating during
the late morning or afternoon. Low stratus clouds
often occur when moist air mixes with a colder air
mass or in any situation where temperaturc-dew
point spread is small,



HAZE AND SMOKE

Haze is a concentration of salt particles or other
dry particles not readily classified as dust or other
phenomenon, Tt occurs in stable air, is usually only
a few thousand feet thick, but sometimes may ex-
tend as high as 15,000 feet. Haze layers often have
definite taps above which horizontal visibility is
good. However, downward visibility from above a
haze layer is poor, especially on a slant. Visibility
in haze varies greatly depending upon whether the
pilotis facing the sun. Landing an aircraft into the
sun is often hazardous if harze is present.

Smoke concentrations form primarily in indus-
trial arcas when air is stable, It is most prevalent at
night or carly morning under a temperature inver-
sion but it can persist throughout the day, Figure
120 illustrates smoke trapped under a temperature
inversion.

When skies are clear above haze or smoke, vis-
ibility generally improves during the day; however,
the improvement is slower than the clearing of fog.
Fog evaporates, but haze or smoke must be dis-
persed by movernent of air. {aze or smoke may be
blown away; or heating during the day may cause
convective mixing spreading the smoke or haze to
a higher altitude, decreasing the concentration near
the surface. At night or early morning, radiation
fog or stratus clouds often combine with haze or
smoke., The fog and stratus may clear rather rap-
idly during the day but the haze and smoke wil!
linger. A heavy cloud cover above haze or smoke
may block sunlight preventing dissipation ; visibility
will improve little, if any, during the day.

BLOWING RESTRICTIONS TO VISIBILITY

Strong wind lifts blowing dust in both stable and
unstable air. When air s unstable, dust is lifted to
great heights fas much as 15,000 feetr and nay be
spread over wide areas by upper winds. Visibility is
restricted both at the surface and aloft. When air is
stable, dust does not extend o as great a height as
in unstable air and usually is not as widespread.

Dust, once airborne, tnay remain suspended and
restrict visibility for several hours after the wind
subsides. Figure 121 is a photograph of a dust
storin moving in with an approaching cold front.

Blowing sand is more local than blowing dust;
the sand is scldom lifted above 50 feet. Iowever,
visibilities within it may be near zero. Blowing sand

INVERSION

R i vl

“ITEMPERATURE*

Ficure 120. Smoke trapped in stagnant air under an inversion.
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may occur in any dry area where loose sand is ex-
_ posed to strong wind.

Blowing snow can be troublesome. Visibility at
ground level often will be near zero and the sky
may become obscured when the particles are raised
to great heights.

Froure 121. Aecrial photograph of blowing dust approach-
ing with a cold front. The dust cloud outlines the leading
surface of the advancing cold air.

PRECIPITATION

Rain, drizzle, and snow are the forms of precip-
itation which most commonly present ceiling and/or
visibility problems. Drizzle or snow restricts vis-
ibility to a greater degree than rain. Drizzle falls in
stable air and, thercfore, often accompanies fog,
haze, or smoke, frequently resulting in extremely
poor visibility, Visibility may be reduced to zero in

heavy snow. Rain seldnm reduces surface visibility
below 1| mile except in brief, heavy showers, but
rain does limit cockpit visibility, When rain streams
over the aircraft windshield, freezes on it, or fogs
over the inside surface, the pilot's visibility to the
outside is greatly reduced.

OBSCURED OR PARTIALLY OBSCURED SKY

To be classified as obscuring phenomena, smoke,
haze, fog, precipitation, or other visibility restrict-
ing phenomena must extend upward from the sur-
face. When the sky is totally hidden by the surface
based phenomena, the ceiling is the vertical visihil-
ity from the ground upward into the obscuration.
If clouds or part of the sky can be secn above the
obscuring phenomena, the condition is defined as
a partial obscuration; a partial obscuration does
not define a ceiling. However, a cloud layer above
a partial obscuration may constitute a ceiling.

An obscured ceiling differs from a cloud ceiling.
With a clond ceiling you nommally can see the
ground and runway once you descend below the
cloud base. However, with an obscured ceiling,

the obscuring phenomena restricts visibility between
your altitude and the ground, and you have re-
stricted slant visibility. Thus, you cannot always
clearly sce the runway or approach lights even after
penetrating the level of the obscuration ceiling as
shown in figure 122,

Partial obscurations also present a visibility prob-
lem for the pilot approaching to land but usually
to a lesser degree than the total obscuration, How-
ever, be especially aware of erratic visibility reduc-
tion in the partial obscuration. Visibility along the
runway or on the approach can instantancously be-
come zero, This abrupt and unexpected reduction
in visibility can be extremely hazardous especially
on touchdown.

IN CLOSING

In your preflight preparation, be aware of or
alert for phenomena that may produce IFR or
marginal VFR flight conditions. Current charts
and special analyses along with forecast and prog-
nostic charts are your best sources of information.
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You may get your preflight weather from a briefer;
or, you may rely on recorded bricfings; and you
always have your own inflight observations. No
weather observation is more current or more accu-
rate than the one you make through your cockpit
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Ficure 122. Difference between the ceiling caused by a surface-besed obscuration (B) and the ceiling caused by a layer
aloft (A). When visibility is not restricted, slant range vision is good upon breaking out of the basc of a layer aloft.

window. In any event, your understanding « { IFR
producers will help vou make better prefight and
inflight decisions.

Do not fly VFR in weather suitable only for
IFR. If you do, you endanger not only your own
life but the lives of others buth in the air and
on the ground. Remember, the single cause of the
greatest number of general aviation fatal accidents
is “continued VFR into adverse weather.” The
most common cause is vertigo, but you also run the
risk of flying into unseen obstructions. Furthermore,
pilots who attempt to fly VFR under conditions be-
low VFR minimums are violating Federal Aviation
Regulations.

The threat of flying VFR into adverse weather
is far greater than many pilots might realize,
A pil~ may press onward into lowering cciling and
visibility complacent in thinking that better weather
still lies behind him. Eventually, conditions are too
low to proceed; he no longer can see a horizon
ahead. But when he attempts to turn around, he
finds so little difference in conditions that he cannot

re-establish a visual horizon. He continued too far
into adverse weather; he is a prime candidate for
vertigo.

Don’t let an overwhelming desire to reach your
destination entice you into taking the chance of
flying too far into adverse weather. The IFR pilot
may think it casier to “sneak” through rather than
go through the rigors of getting an IFR clearance.
The VFR pilot may think, “if T can only make it
a little farther.” If you can go IFR, get a clearance
before you lose your horizon. If you must stay
VFR, do a 180 while you still have a horizon. The
180 is not the mancuver of cowards. Any pilot
knows how to make a 180; a good pilot knows
when.

Be especially alert for development of:

1. Fog the following morning when at dusk
temperature—dew point spread is 15° F or
less, skies are clear, and winds are light.

2. Fog when moist air is flowing from a rel-
atively warm surface to a colder surface.
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. Fog when temperature-dew point spread is

5° F or less and decreasing.

. Fog or low stratus when a moderate or

stronger moist wind is blowing over an ex-
tended ujslope. (Temperature and dew
point cunterge at about 4°F for every
1,000 feet the air is lifted.)

. Steamn fog when air is blowing from a cold

surface (either land or water) over warmer
water.

. Fog when rain or drizzle falls through cuol

air. This is especially prevalent during win-
ter ahead of a warm front and bchind a
stationary front or stagnating cold front.

Low stratus clouds whenever there is an in-
flux of low level moisture overriding a shal-
low cold air mass,

. Low visibilities from haze and smoke when

a high pressure area stagna'~s over an in-
dustrial arca.

9.

10,
1.

Low visibilitics due to blowing dust or sand
over semiarid or arid regions when winds
are strong and the atmosphere is unstable,
This is especially prevalent in spring. 1f the
dust extends upward to moderate or greater
heights, it can be carried many miles be-
yond its source,

Low visibility due to snow or drizvle.

An undercast when you must make a VFR
descent.

Expect little if any improvement in visibility

when:
1.
2.

3

Fog exists below heavily overcast skies,
Fog occurs with rain or drizzle and precip-
itation is forecast to continue.

Dust extends to high levels and no frontal
passage or precipitation is {orecast.

. Smoke or harze evists under heavily overcast

skies.

. A stationary high persists over industrial

arcas,



Part TWO

OVER AND BEYOND



Chapter 13

HIGH ALTITUDE WEATHER

Many general aviation as well as air carrier and
military aircraft routinely fly the upper troposphere
and lower stratosphere. Weather phenomena of
these higher altitudes include the tropopause, the
jet stream, cirrus clouds, clear air turbulence, con-

densation trails, high altitude “haze” layers, and
canopy static. This chapter explains these phenom-
ena along with the high altitude aspects of the
more common icing and thunderstorm hazards,
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THE TROPOPAUSE

Why is the high altitude pilot interested in the
tropopause? Temperature and wind vary greatly in
the vicinity of the tropopause affecting efficiency,
comtfort, and «afety of flight. Maximum winds gen-
erally occur at levels near the tropopause. These
strong winds create narrow zones of wind shear
which often generate hazardous turbulence. Pre-
flight knowledge of temperature, wind, and wind
shear is important to flight planning.

In chapter 1, we learned that the tropopause is
a thin layer forming the boundary between the
troposphere and stratosphere. Height of the tropo-
pause varies from about 65,000 feet over the Equa-
tor to 20,000 feet or lower over the poles. The

tropopause is not continuous but generally de-cends
step-wise from the Equator to the poles. Thes:
steps occur as “breaks.” Figure 123 is a cross
section of the troposphiere and lower sirtosphere
showing the tropopause and  associated features,
Note the break hetween the tropical and the polar
tropopauses.

An abrupt change in temperature Japse rate
characterizes the tropopanse. Note in hgure 123
how temperature ahove the tropical tropopause in
creases with height and how over the polar tropo-
pause, temperature remains alimost constant with

height.

—45° --50°

60,000"

Fioure 123,

A cross section of the upper roposphere and lower stratosphere showing the topopanse and assaciated 1-a-

tures. Note the “hreak™ between the high tropical and the lower polar tropopause. Maximuom winds occaom the vianay

of this break.

THE JET STREAM

Diagrammed in figure 124, the jet stream is a
narrow, shallow, meandering river of maximum
winds extending around the globe in a wavelike
pattern. A second jet streans is not uncommon, and
three at one time are not unknown. A jet may be
as far south as the northern ‘Tropics. A jet in mid-
latitudes generally is stronger than one in or near
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the Tropics. The jet stream typieally occurs in a
break in the tropopause as shown e figure 123,
Therefore, a jet stream ovenrs inan areq of inten-
sified temperature pradients characteristic of the
break.

The concentrated winds, by arbitiary definition,
must be 50 knots or greater to classify as a jet



Fiure 124. Artist's concept of the jet stream. Broad arrow shows direction of wind.

stream. The jet maximum i« not constant; rather,
it is broken into segments, shaped something like
a boomerang as diagrammed in figure 125.

Jet stream segiments move with pressure ridges
and troughs in the upper atmosphere. In general
they travel faster than pressure systems, and max-

ot 1000 - 3000 mi

3000 - 7000 ft

100 - 400 mi

imum wind speed varies as {iic segments progress
through the systrms. In midlatitude. wind speed in
the jet streatn averages considerably stronger in
winter than in summer. Also the jet shifts farther
south in winter thar in summer.

1

Fioure 125, A jet stream segment,
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In figure 123 note how wind speed decreases out-
ward from the jet core. Note also that the rate of
decrease of wind speed is considerably greater on
the polar side than on the equatorial side; hence,
the magnitude of wind shear is greater on the polar
side than on the equatorial side.

Figure 126 shows a map with two jet streams.
The paths of the jets approximately conform to the
shape of the contours. The northerly jet has three
segments of maximum wind, and the southerly one
has two. Note how spacing of the height contours
is closer and wind speeds higher in the vicinity of
the jets than outward on either side. Thus hori-

Fiaurre 126,

zontal wind shear is evident on both sides of the jet
and is greatest near the maximum wind segments.

Strong, long-trajectory jet streams usually are
associated with well-developed surface lows and
frontal systems beneath deep upper troughs or 'ows.
Cyclogenesis is usually south of the jet stream and
moves nearer as the low deepens. The oceludirg
Jow moves north of the jet, and the jet crosses the
frontal system near the point of occlusion. Figure
127 diagrams mean jet positions relative to surface
systems. These long jets mark high level boundaries
between warm and cold air and are favored places
for cirriform cloudiness.

T AT o of (AT <ty I i

o
B

Multiple jet streams, Note the “segments” of maximum winds embedded in the general pattern, Turbulence

usually is greatest on the polar sides of these maxima,
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Fioure 127,

Mean jet positions relative to surface systems. Cyclogenesis (development) of a surface low usually is south of

the jet as shown on the left, The deepening low moves nearer the jet, center. As it occludes, the low move north of the
jet, right; the jet crosses the frontal system near the point of occlusion.

CIRRUS CLOUDS

Air travels in a “corkscrew” path around the jet
core with upward motion on the equatorial side.
Therefore, when high level moisture is available,
cirriforin clouds form on the equatorial side of the
jet. Jet stream cloudiness can fonn independently
of well-defined pressure systems. Such cloudiness
ranges primarily from scattered to broken coverage
in shallow layers or streaks. Their sometimes fish
hook and streamlined, wind-swept appearance al-
ways indicates very strong uppuer wind usually quite
{ar from developing or intense weather systems,

The most dense cirriform clouds occur with well-
defined systems. They appear in broad bands,
Cloudiness is rather dense in an upper trough,
thickens downstream, and becomes most dense at
the crest of the downwind ridge. The clouds taper
ofl after passing the ridge crest into the arca of de-
scending air, The poleward boundary of the cirrus
band often is quite abrupt and frequently casts a
shadow on lower clouds, especially in an occluded
frontal system. Figure 128a is a satellite photograph
showing a cirrus band casting a shadow on lower

clouds. Figure 128b is an infrared photo of the
same system; the light shade of the cirrus band in-
dicates cold temperatures while warmer low clouds
are the darker shades.

The upper limit of dense, banded cirrus is near
the tropopause; a band may be either a single layer
or multiple layers 10,000 to 12,000 {eet thick.
Dense, jet stream cirriform cloudiness is most prev-
alent along midlatitude and polar jets. However, a
cirrus band usually forms along the subtropical jet
in winter when a deep upner trough plunges south-
ward into the Tropics.

Cirrus clouds, in themselves, have little effect on
airaiaft. However, dense, continuous coverage re-
quires a pilot’s constant relerence to instruments;
most pilots find this more tiring than flying with a
visual horizon even though IFR.

A more important aspect of the jet stream cirrus
shield is its association with turbulence. Extensive
cirrus cloudiness often occurs with deepening sur-
face and upper lows; and these decpening systems
produce the greatest turbulence.
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Frovi 1284, Satellite photograph of an occluderd system centered at about 44° N and 137° W, Here, the jet extends
onthesomthwest o north-nor theast along the polar (imore westerly) boundary of the cirrus band from 357 N, 141° W
ioueh 437N, 1357 W o 517N, 130" WL Shadow of the cirpns hand is clearly evident as a narrow dark hine from 45" N,
13457 W o 497 N, 132" W,
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Frovur 128b.  Infrarcd photograph of the system shown in fignre 1284 The waomer the radiatine sarface, the dbuker the
shade: the cold cirrus appears nearly white, Infrared clearly distingashies the Banded et aroam cnas iom other cins
and lower clouds.
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CLEAR AIR TURBULENCE

- Clear air turbulence (CAT) implies turbulence
devoid of clouds. However, we commonly reserve
the term for high level wind shear turbulence, even
when in cirrus clouds.

Cold outhreaks colliding with warm air from the
south intensify weather systems in the vicinity of
the jet stream along the boundary between the
cold and warm air. CA'T develops in the turbulent
energy exchange between the contrasting air masses.
Cold and warm advection along with strong wind
shears develop near the jet stream, especially where
curvature of the jet stream sharply increases in
deepening upper troughs. CAT is most pronounced
in winter when temperature contrast is greatest be-
tween cold and warm air,

A preferred location of CAT is in an upper
trough on the cold (polar) side of the jet stream.
Another frequent CAT location, shown in figure
129, is along the jet stream north and northeast of
a rapidly deepening surface low.

Even in the absence of a well-defined jet stream,

CAT often is experienced in wind shears associated
with sharply curved contours of strong lows, troughs,
and ridges aloft, and in arcas of strong, cold or
warm air advection. Also mountain waves can cre-
ate CAT. Mountain wave CAT may extend from
the mountain crests to as high as 5,000 feet above
the tropopause, and can range 100 miles or more
downstream from the mountains.

CAT can be encountered where there seems to
be no reason for its occurrence. Strong winds mav
carry a turbulent volume of air away from its source
region. Turbulence intensity diminishes down-
stream, but some turbulence still may be encoun-
tered where it normally would not be expected.
CA'l' forecast areas are sometimes elongated to in-
dicate probable turbulence drifting downwind from
the main source region.

A forecast of turbulence specities a volume of
airspace which is quite small when compared ta the
total volume of airspace used by aviation, but is
relatively large compared to the localized extent of

e CAT

Fioure 129,

142

A frequent CAT location is along the jet stream north and northeast of a rapidly deepening surface low.



the hazard. Since turbulence in the forecast vol-
ume is patchy, you can expect to encounter it only
intermittently and possibly not at all. A flight
through forecast turbulence, on the average, en-
counters only light and annoying turbulence 10
to 15 percent of the time; about 2 to 3 percent of
the tinie there is a need to have all objects secured;
the pilot experiences control problems only about
two-tenths of 1 percent of the time—odds of this
genuinely hazardous turbulence are about 1 in 500.

Look again at figure 126. Where are the most
probable arcas of CAT? Turbulence would be
greatest near the windspeed maxima, usually on
the polar sides where there is a combination of
strong wind shear, curvature in the flow, and cold
air advection. These areas would be to the north-
west of Vancouver Island, from north of the Great
Lakes to east of James Bay and over the Atlantic
cast of Newfoundland. Also, turbulence in the form
of mountain waves is probable in the vicinity of
the jet stream from southern California across the
Rockies into the Central Plains.

In flicht planning. use upper air charts and fore-
casts to locate the jet stream, wind shears, and areas
of most probable turbulence. AviaTion WeaTHER
Services (AC 00-15, explains in detail how to

obtain these parameters. If impractical to avoid
completely an area of forecast turbulence, proceed
with caution. You will do well to avoid areas where
vertical shear exceeds 6 knots per 1,000 feet or hor-
izontal shear exceeds 40 knots per 150 miles.

What can you do if you get into CAT rougher
than you care to fly? If near the jet core, you could
climb or descend a few thousand feet or you
could move farther from the jet core. If caught in
CAT not associated with the jet stream, your best
bet is to change altitude since you have no positive
way of knowing in which direction the strongest
shear lies. Pilot reports from other flights, when
available, are helpful.

Flight mancuvers increase stresses on the aircraft
as does turbulence. The increased stresses are cu-
mulative when the aircraft maneuvers in turbu-
lence. Mancuver gently when in turbulence to
minimize stress. The patchy nature of CAT makes
current pilot reports extremely helpful to observers,
bricfers, f{orccasters, air traffic controllers, and,
most important, to your fellow pilots. Always, if at
all possible, make inflight weather reports of CAT
or other turbulence encounters: negative reports
also help when no CAT is experienced where it
normally might be expected.

CONDENSATION TRAILS

A condensation trail, popularly contracted to
“contrail,” s generally defined as a cloud-like
streamer which frequently is generated in the wake
of aireraft flving in clear, cold, humid air, figure
130, Two distinet types are observed-—exhaust trails
and acrodynamic trails. “Distrails,” contracted from
dissipation trails, are produced differently from ex-
haust and aerodynamic trails.

EXHAUST CONTRAILS

The exhaust contrail is formed by the addition
to the atmosphere of sufficient water vapor from
aircraft exhaust gases to cause saturation or super-
saturation of the air. Since heat is also added to the
atmosphiere in the wake of an aircraft, the addition
of water vapor must be of such magnitude that it
satlurates or supersaturates the atmosphere in spite
of the added heat. There is evidence to support the
idea that the nuclei which are necessary for con.
densation or sublimation may also be donated to
the atmosphere in the exhaust gases of aircraft
engines, further aiding contrail formation. These

nuclei are relatively large. Recent experiments,
however, have revealed that visible exhaust con-
trails may be prevented by adding very minute
nuclei material (dust, for example. to the exhaust.
Condensation and sublimation on these smaller nu-
clet result in contrail particles too small to be visible,

AERODYNAMIC CONTRAILS

In air that is almost saturated, acrodynamic
pressure reduction around airfoils, engine nacelles,
and propellers cools the air to saturation leaving
condensation trails from these components, This
type of trail usually is weither as dense nor as per-
sistent as exhaust trails. However, under critical
atmospheric conditions, an aerodynamic contrail
may trigger the formation and spreading of a deck
of cirrus clouds.

Contrails create one problem unique to military
operations in that they reveal the location of an
aircraft attempting to fly undetected. A more gen-
eral operational problem is a cirrus layer some-
times induced by the contrail. The induced layer
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Fioure 130, Contrails. The thin contraﬂh fresh
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ed by an alreraft (not visible) in the lower right

center of the photograph.

may make neccessary the strict use of instruments
by a subscquent flight at that altitude.

DISSIPATION TRAILS (DISTRAILS)

The term dissipation trail applies to a rift in
clouds caused by the heat of exhaust gases from an

HAZE

Haze layers not visible from the ground are, at
times, of concern at high altitude. These layers are
really cirrus clouds with a very low density of ice
crystals, Tops of these layers generally are very
definite and are at the tropopause. High level haze
occurs in stagnant air; it is rare in fresh outbreaks
of cold polar air. Cirrus haze is common in Arctic
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aircraft flying in a thin cloud layer. The exhaust
gases sometimes warm the air to the extent that it
is no lonqer saturated, and the affected part of the
cloud evaporates. The cloud must be both thin and
relatively warm for a distrail to exist; therefore,
they are not common.

LAYERS

winter. Sometimes ice crystals restrict visibility
from the surface to the tropopause.

Visibility in the haze somctimes may be ncar
zero, especially when one is facing the sun. To
avoid the poor visibility, climb into the lower strato-
sphere or descend helow the haze. This change may
be several thousand fect.



CANOPY STATIC

Canopy static, similar to the precipitation static
sometimes encountered at lower levels, is produced
by particles brushing against plastic-covered air-
craft surfaces, The discharge of static electricity
results in a noisy disturbance that interferes with

radio reception. Discharges can occur in such rapid
succession that interference scems to be continuous.
Since dust and ice crystals in cirrus clouds are the
primary producers of canopy static, usually you
may eliminate it by changing altitude.

ICING

Although icing at high altitude is not as common
or extreme as at low altitudes, it can occur. It can
form quickly on airfoils and exposed parts of jet
engines. Structural icing at high altitudes usually
is rime, although clear ice is possible.

High altitude icing generally forms in tops of
tall cumulus buildups, anvils, and even in detached
cirrus, Clouds over mountains are more likely to
contain liquid water than those over more gently
sloping terrain because of the added lift of the

mountains, Therefore, icing is more likely to occur
and to be more hazardous over mountainous areas.

Because ice generally accumulates slowly at high
altitudes, anti-icing equipment usually climinates
any serious problems. However, anti-icing systems
currently in use are not always adequate. If such is
the case, avoid the icing problem by changing alti-
tude or by varying course to remain clear of the

clouds. Chapter 10 discusses aircraft icing in more
detail,

THUNDERSTORMS

A well-developed thunderstorm may extend up-
ward through the troposphere and penetrate the
lower stratosphere. Sometimes the main updraft in
a thunderstorin may toss hail out the top or the
upper portions of the storm. An aircraft mav en-
counter hail in clear air at a considerable distance
from the thunderstorm, especially under the anvil
cloud. Turbulence may he cncountered in clear
air for a considerable distance both above and
around a growing thunderstorm.

Thunderstorm avoidance rules given in chapter
11 apply cqually at high altitude. When flying in
the clear, visually avoid all thunderstorm tops. In a
severe thunderstorm situation, avoid tops by at
least 20 miles. When you are on instruments,
weather avoidance radar assures you of avoiding
thunderstorin hazards. I in an area of severe thun-
derstorms, avoid the most intense echoes by at least
20 miles. Most air carriers now use this distance as
the minimum for thunderstornn avoidance.
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Chapter 14

ARCTIC WEATHER

The Arctic, strictly speaking, is the region shown
in figure 131 which lies north of the Arctic Gircle
(6614° latitude). However, this chapter includes
Alaskan weather even though much of Alaska lies
south of the Arctic Circle.

Because of the lack of roads over most Arctic
arcas, aviation is the backbone of transportation
between communities. As the economy expands, s0
will air transportation.

Your most valuable source of information con-
cerning flying the Arctic is the experienced Arctic
fiyer. To introduce you to Arctic flying weather,
this chapter surveys climate, air masses, and fronts
of the Arctic; introduces you to some Arctic weather
peculiaritics; discusses weather hazards in the Arc-
tic; and comments on Arctic flying.
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Fioure 131. ‘The Arctic. The Arctic Circle is at 6614° N latitude.

CLIMATE, AIR MASSES, AND FRONTS

Climate of any regior is largely determined by
the amount of encrgy reccived from the sun; hut
local characteristics of the arca also influence
climate.

LONG DAYS AND NIGHTS

A profound seasonal change in length of day and
night occurs in the Arctic because of the Earth's
It and its revolution around the sun. Figure 132
shows that any point north of the Arctic Circle has
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autumn and winter days when the sun stays all day
below the horizon and days in spring and summer
with 24 hours of sunshine. The number of these
days increases toward the North Pole; there the sun
stays below the horizon for 6 months and shincs
continuously during the other 6 months.

Twilight in the Arctic is prolonged because of
the shallow angle of the sun below the horizon. In
more northern latitudes, it persists for days when
the sun remains just below the horizon. This
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Fioure 132, Sunshine in the Northern Hemisphere. The sun shines a full 24 hours on the entire area north of the Arctic

Circle (top) on June 21; the amount of sunshine decreases until none falls anywhere in the area on December 22, Graphs

(below) show duration of sunshine and nautical twilight per day at two points north of the Arctic Circle and for Anchorage,
Alaska, at a latitude about 514° south of the circle,
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abundance of twilight often makes visual reference
possible at night.

LAND AND WATER

Figure 131 shows the water and land distribution
in the Arctic. Arctic mountain ranges are effective
barriers to air movemcnt. Large masses of air stag-
nate over the inland continental areas. Thus, the
Arctic continental arcas are air mass source regions.

A large portion of the Arctic Ocean is covered
throughout the year by a deep layer of ice—the
permanent ice pack as shown in figure 133. Even
though the ocean is ice-covered through much of

the year, the ice and the water below contain more
heat than the surrounding cold land, thus moderat-
ing the climate to some extent. Oceanic and coastal
areas have a milder climate during winter than
would be expected and a cool climate in summer.
As opposed to large water bodies, large land areas
show a more significant seasonal temperature
variation.

TEMPERATURE

As one would expect, the Arctic is very cold in
winter; but due to local terrain and the movement
of pressure systems, occasionally some arcas are sur-
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Fiours 133, The permanent Arctic ice pack.
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prisingly warm. During winter, coastal arcas aver-
age about 20 degrees warmer than the interior.
During summer, interior arcas arc pleasantly warm
with many hours of sunshine. Coastal arcas have
relatively cool short summers due to their proximity
to water.

CLOUDS AND PRECIPITATION

Cloudiness over the Arctic is at a minimum dur-
ing winter rcaching a maximum in summer and
fall, figurc 134. Spring also brings many cloudy
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days. During summer afternoons, scattered cumulus
clouds forming over the interior occasionally grow
into thundershowers. These thundershowers, usually
circumnavigable, move generally from northeast to
southwest in the polar casterlies which is opposite
the gencral movement in midlatitudes.
Precipitation in the Arctic is generally light. An-
nual amounts over the ice pack and along the
coastal arcas are only 3 to 7 inches. The interior is
somewhat wetter, with annual amounts of 5 to 15
inches. Precipitation falls mostly in the form of

16

12

T
GREEN
HARBOR

1S.
= EL
FORT CONGI

xﬁr

Fioure 134, Average number of cloudy days per month. Note that most stations show the greatest number of cloudy days
in the warmer scason.
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snow over ice caps and oceanic arcas and mostly as
summer rain over interior areas.

WIND

Strong winds occur more often along the coasts
than clsewhere. The frequency of high winds in
coastal arcas is greatest in fall and winter. Wind
speeds are gencrally light in the continental interior
during the cntire year, but are normally at their
strongest during summer and fall.

AIR MASSES—WINTER

In winter, air masses form over the expanded ice
pack and adjoining snow-covered land areas. These
air masses are characterized by very cold surface
air, very low humidity, and strong low-level tem-
perature inversions, Occasionally, air from unfrozen
ocean arcas flows northward over the Arctic. These
intrusions of moist, cold air account for most of the

infrequent wintertime cloudiness and precipitation
in the Arctic.

AIR MASSES—SUMMER

During the summer, the top layer of the Arctic
permalrost layer melts leaving very moist ground,
and the open water arcas of the Polar Basin in-
crease markedly. Thus, the entire arca becomes
more humid, relatively mild, and semimaritime in
character, The largest amount of cloudiness and
precipitation occurs inland during the summer
months,

FRONTS

Occluded fronts are the rule. Weather conditions
with occluded fronts are much the same in the
Arctic as elsewhere—low clouds, precipitation, poor
visibility, and sudden fog fonmmation. Fronts are
much more frequent over coastal areas than over
the interior.

ARCTIC PECULIARITIES

Several Arctic phenomena are peculiar to that
region. At times, they have a direct bearing on
Arctic flying.

EFFECTS OF TEMPERATURE INVERSION

The intense low-level inversion over the Aretic
during much of the winter causes sound—including
people’s voices—to carry over extremely long dis-
tances. Light rays are bent as they pass at low an-
gles through the inversion. This bending creates an
effect known as looming—a form of mirage that
causes objects beyond the horizon to appear above
the horizon. Mirages distorting the shape of the
sun, moor, and other objects are common with
these low level inversions.

AURORA BOREALIS

In theory, certain energy particles from the sun
strike the Earth's magnetic field and are carried
along the lines of force where tirey tend to lower
and converge near the geomnagnetic poles, The en-
ergy particles then pass through -arefied gases of
the outer atmosphere, illuminating them in much
the same way as an electrical charge illuminates
ncon gas in neon signs.

The Aurora Borealis takes place at high altitudes
above the Earth's surface and thus has been ob-
served as far south as Florida, However, the highest
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frequency of observations is over the northern
United States and northward. Displays of aurora
vary from a fain* glow to an illumination of the
Farth's surface equal to a full moon. They fre-
quently change shape and form and are also called
dancing lights or northern lights,

LIGHT REFLECTION BY
SNOW-COVERED SURFACES

Much more light is reflected by snow-covered
surfaces than by darker surfaces. Snow ofien re-
flects Arctic sunlight sufficiently to blot out shad-
ows, thus markedly decreasing the contrast between
objects. Dark distant mountains may be easily rec-
ognized, but a crevasse normally directly in view
may be undetected due to lack of contrasts.

LIGHT FROM CELESTIAL BODIES

IMlumination from the moon and stars is much
more intense in the Arctic than in lower latitudes.
Pilots have found that light from a half-moon over
a snow-covered field may be sufficient for landing.
Even illumination from the stars creates visibility
far beyond that found elsewhere. Only under heavy
overcast skies does the night darkness in the Arctic
begin to approach the degree of darkness in lower
latitudes.



WEATHER HAZARDS

Weather hazards include visibility restricting phe-

nomena, blowing snow, icing, frost, and lack of
contrast—whiteout.

FOG

Fog limits landing and takeoff in the Arctic more
than any other visibility restriction. Water-droplet
fog is the main hazard to aircraft operations in
coastal areas during the sumnmer. Ice fog is the
major restriction in winter,

Ice Fog

Ice fog is common in the Arctic. It forms in
moist air during extremely cold, calin conditions in
winter, occurring often and tending to persist. E{-
fective visibility is reduced much more in ice fog
when one is looking toward the sun. Ice fog may
be produced both naturally and artificially. Ice fog
affecting aviation operations most frequently is pro-
duced by the combustion of aircralt fuel in cold
air. When the wind is very light and the temper-
ature 1s about —30°F or colder, ice fog often
forms instantaneosusly in the exhaust gases of auto-
mobiles and a.. raft. Tt lasts from as little as a few
minutes to davys. '

Steam Fog

Steam fog, often called “sea smoke” forms in
winter when cold, dry air passes from land arcas
over comparatively warm ocean waters. Moisture
evaporates rapidly from the water surface; but
since the cold air can hold only a small amount of
water vapor, condensation takes place just above
the surface of the water .nd appears as “steam”
rising from the occan. This fog is composed entirely
of water droplets that often freeze quickly and fall
back into the water as e particles. Low level tur-
bulence can occur and icing can become hazardous.

Advection Fog

“Advection fog, which may be composed either of
water droplets or of ice crystals, is most common in
winter and is often persistent. Advection fog forms
along coastal arcas when comparatively warm,
moist, oceanic air moves over cold land. If the land
arcas are hilly or mountainous, lifting of the air
results in i combination of low stratus and fog. The
stratus and fog quickly diminish inland. Lee sides
of islands and mountains usually are {ree of advec-
tion fog because of drying duc to compressional

heating as the air descends downslope. Icing in ad-
vection fog is in the form of rime and may Lecome
quite severe.

BLOWING SNOW

Over the frozen Arctic Ocean and along the
coastal areas, blowing snow and strong winds are
common hazards during autumn and winter. Blow-
ing snow is a greater hazard to flying operations in
the Arctic than in midlatitudes because the snow is
“dry” and fine and can be picked up casily by light
winds. Winds in excess of 8 knots may raisc the
snow several feet off the ground obliterating ob-
jects such as runway markers as illustrated in figure
135. A sudden increase in surface wind may cause
an unlimited visibility to drop to near zero in a few
minutes. This sudden loss of visibility occurs fre-
quently without warning in the Arctic. Stronger
winds sometimes lift blowing snow to heights above
1,000 feet and produce drifts over 30 feet deep.

ICING

Teing is most likely in spring and fall. but is also
encountered in winter, During spring and fall, icing
may extend to upper levels along trontal zones.
While icing is mostly a problem over water and
coastal areas, it does exist inland. It occurs typically
as rime, but a combination of clear and rime is not
unusual in coastal mountains.

FROST

In coastal areas during spring, fall, and winter,
heavy frost and rime may form on aircraft parked
outside, especially when fog or ice fog is present.
T'his frost should be removed; it reduces lift and is
especially hazardous if surrounding terrain requires
a rapid rate of climb.

WHITEQUT

“Whitcout” is a visibility restricting phenomenon
that occurs in the Arctic when a layer of cloudiness
of uniform thickness overlies a snow or ice-covered
surface. Parallel rays of the sun are broken up and
diffused when passing through the cloud layer so
that they strike the snow surface from tmany angles.
The diffused light then reflects back and forth
countless times between the snow and the cloud
climinating all shadows. The result is a loss of
depth perception. Buildings, people, and dark-
colored objects appear to float in the air, and the
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Freuke, 135, Visibility reduced by blowing snow. Cominon in Arctic regions since wind easily picks up the dry,

powder-like snow.

horizon disappears. Low Jevel flicht over ceeap gerons. Disasttous accidents have ovcurted as a

werrain or landing on snow surfaces beeomes dan- result of whiteouts

ARCTIC FLYING WEATHER

mostly nawaral landimarks 1o guide you as llustrated

in figure 136, Before flying in the Arctic, be sure to

learn all you can about your proposed route.
Generally, flying conditions in - the Arctic are

A great number of pilots who fly Alaskia and the
Arctic are well seasoned. They are cager to be of
help and are your hest sources of information.
Alaska and the Arctie are sparsely settled with

Fioune 136. A typical frozen landscape of the Arctie.
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good when averaged over the entire year; how-
ever, arcas of Greenland compete with the Aleu-
tians for the world's worst weather. These arcas
are exceptions,

Whiteouts, in conjunction with overcast skies,
often present a serious hazard especially for visual
flight. Many mountain peaks are treeless and
rounded rather than rageed, making them un-
usually difficult to distingnish under poor visibility
conditions.

OCEANIC AND COASTAL AREAS

In oceanic and coastal areas, predominant haz-
ards change with the scasons. In summer, the main
hazard is for in coastal areas.

In winter, ice fog is the major restricdon to air-
craft operation. Blowing and drifting snow often
restrict visibility also. Storms  and - well-defined

frontal passages frequent the coastal arcas accom-
panied by turbulence, especially in the coastal
mountains.

Icing is most frequeat in spring and fall and
may extend to high levels in active, turbulent
frontal zones. Fog is also a source of icing when
temperature is colder than freezing.

CONTINENTAL AREAS

Over the continental interior, good flying weather
prevails much of the year; although during winter,
ice fog often restricts aircraft operations. In terns
of ceiling and visibility, the summer months pro-
vide the best flying weather. However, the number
of cloudy days during the summer exceeds those in
winter. Thunderstorms develop on occasion during
the summer, but they usually can be circumnav-
igated without much interference with flight plans.

IN CLOSING

If one were to suninmarize general weather condi-
tions and flight precautons over Alaska, northern
Canada, and the Arctic, he would say:

1. Interior areas generally have good flying
wearner, but coastal areas and Arctic slopes
often are plagued by low ceiling, poor vis-
ibility, and icing.

2. "Whiteout” conditions over ice and snow
covered arcas often cause pilot disorienta-
tton.

3. Flying conditions are usually worse in moun-
tain passes than at reporting siations along
the route.

4. Routes through the mountains are subject
to strong turbulence, especially in and near
passes.

5 Beware of a false mountain pass that may
lead 10 a dead-end.

6. Thundershowers sometimes oceur in the in-
terior during May throngh August. They

are usually circumnavigable and generally
move from northeast to southwest,

7. Always file a flight plan. Stay on regularly
traversed routes, and if downed, stay with
vour plane.

8. 1If lost during sumumer, fly down-drainage,
that is, downstream. Most airports are lo-
cated near rivers, and chances are you can
reach a landing strip by flying downstream.
If forced down, you will be close to water
on which a rescue plane can land. In sum.-
mer, the tundra is usually too soggy for
landing.

9. Weather stations are few and far between.
Adverse weather between stations may go
undetected unless reported by a pilot in
flight. A report confinning good weather
between stations is also just as important.
Help yourself and your fellow pilot by
reporting weather en route.
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Chapter 15

TROPICAL WEATHER

Technically, the ‘Tropics lie between latitudes
2314° N and 23v,° S. However, weather typical of
this region sometimes extends as much as 45° from
the Equator. One may think of the Tropics as uni-
formly rainy, warm, and humid, "The facts are,
however, that the Tropics contain both the wettest

and driest regions of the world. This chapter de-
scribes the circulation basic to the Tropies, terrain
influences that determine arid and wet regions, and
transitory systems that invade or disturh the basic
tropical circulation.
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CIRCULATION

In chapter 4, we leamed that wind blowing out
of the subtropical high pressure belts toward the
Equator form the northeast and southeast trade
winds of the two hemispheres. These trade winds
converge in the vicinity of the Equator where air
rises. This convergence zone is the “intertropical
convergence zone” (ITCZ). In some areas of the
world, seasonal temperature differences between
land and water areas generate rather large circula-
tion patterns that overpower the trade wind circu-
Jation; these areas are “monsoon’ regions. Tropical
weather discussed here includes the subtropical
high pressure belts, the trade wind belts, the inter-
tropical convergence zone, and monsoon regions.

SUBTROPICAL HIGH PRESSURE BELTS

If the surface under the subtropical high pres-
sure belts were all water of uniform temperature,
the high pressure belts would be continuous highs
around the globe. The belts would be areas of de-
scending or subsiding air and would be character-
ized by strung temperature inversions and very little
precipitation. However, land surfaces at the lat-
tudes of the high pressure belts are generally warm-
er throughout the year than are water surfaces.
Thus, the high pressure belts are broken into semi-
permanent high pressure anticyclones over oceans
with troughs or lows over continents as shown in
figures 23 and 24, chapter 4. The subtropical highs
shift southward during the Northern Hemisphere
winter and northward during surnmer. The sea-
sonal shift, the height and strength of the inversion,
and terrain features determine weather in the
subt'ropi(*al high pressure belts.

Continental Weather

Along the west coasts of continents under a sub-
tropical high, the air is stable. The inversion is
strongest and lowest where the east side of an anti-
cyclone overlies the west side of a continent. Mois-
ture is trapped under the inversion; fog and low
stratus occur frequently. However, precipitation is
rare since the moist layer is shallow and the air is
stable. Heavily populated areas also add contami-
nants to the air which, when trapped under the
inversion, create an air pollution problem.

The extreme southwestern United States, for
example, is dominated in summer by a subtropical
high. We are all familiar with the semi-arid sum-
mer climate of southern California. Rainfall s

158

infrequent but fog is common along the coast. Con-
taminants trapped along with fog under the strong
inversion may persist for days creating “smog.”

In winter, the subtropical high pressure belts
shift southward. Again, let's consider southern
California as an example. In winter, the area
comes under the influence of midlatitude circu-
lation which increases frequency of rain. Also, an
occasional wintertime outbreak of polar air brings
clear skies with excellent visibility.

The situation on castern continental coasts is just
the opposite. The inversion is weakest and highest
where the west side of an anticyclone overlies the
eastern coast of a continent. Convection can pene-
trate the inversion, and showers and thunderstorms
often develop. Precipitation is gencerally sufficient
to support considerable vegetation. For example, in
the United States, Atlantic coastal areas at the
same latitude as southern California are far from
arid in summer.

Low ceiling and fog often prevent landing at a
west coast destination, but a suitable alternate gen-
erally is available a few miles inland. Alternate
selection may be more critical for an eastern coast
destination because of widespread instability and
associated hazards,

Weather over Open Sea

Under a subtropical high over the open sea,
cloudiness is scant. The few clouds that do develnp
have tops from 3,000 to 6,000 feet depending on
height of the inversion. Ceiling and visibility are
generally quite ample for VFR flight,

lsland Weather

An island under a subtropical high receives very
little rainfall because of the persistent temperature
inversion. Surface heating over some larger islands
causes light convective showers. Cloud tops are
only slightly higher than over open water, Temper-
atures are mild, showing small seasonal and diurnal
changes. A good example is the pleasant, balmy
climate of Bermuda.

TRADE WIND BELTS

Figures 138 and 139 show prevailing winds
throughout the Tropics for July and January. Note
that trade winds blowing out of the subtropical
highs over ocean areas are predominantly north-
casterly in the Northern Hemisphere and south-



casterly in the Southern Hemisphere. The inversion
from the subtropical highs is carried into the trade
winds and is known as the “trade wind inversion.”
As in a subtropical high, the inversion is strongest
where the trades blow away from the west coast
of a continent and weakest where hey blow onto
an eastern continental shore. Daily variations from
these prevailing directions are small except during
tropical storms. As a result, weather at any specific

lovation in a trade wind belt vares little from day
10 day.

Weather over Open Sea

In the tade wind belt, skies over open water are
about one-half covered by clouds on the average.
Tops range from 3.000 to 8,000 feet depending on
height of the inversion. Showers, although more
counnon than under a subtropical high, are still
licht with comparatively  Little  rainfall, Flying
weather generally s quite good.

Continental Weather

Where trade winds blow offshore along the west
coasts of contincuts, skies are generally clear and
the arca is quite arid, ‘The Baja Peninsula of Lower
California is a well-known example. Where trade
winds blow onshare on the east sides of continents,
rainfall is generally abundant in showers and oc-
casional thunderstorms. The east coast of Mexico
is a good example. Rainfall may be carried a con-
siderable distanee inland where the winds are not
blocked by amountain barrier. Inland areas blocked
by a mountain barrier are deserts: examples are
the Sahara Desert and the and regions of south-
western United States. Afternoon convective cur-
rents are common over arid regions due to strong
curnulonimbus
clouds can develop, but cloud bases are high and
riunfall

surface  heating. Cumulus and

is scant becane of the low  thoisture
content,

Flying weather along eastern coasts and moun-
tains is subject to the usual hazards of showers and
thunderstorms. Flying over arid regions is good
most of the time but can be turhulent in afternoon
cotvective currents: be especially aware of dust
dewvils. Blowing <and or dust sometimes restricts
visibility,

Island Weather

Mountainous islands have the most drumatic ef-
feet on trade wind weather, Since trade winds are
consistertly from approximately the same direction,

they always strike the same side of the island; this
side is the windward side. The opposite side is the
leeward side. Winds blowing up the windward side
produce copious and’ frequent rainfall, although
cloud tops rarely exceed 10,000 feet. Thunderstorms
are rare. Downslope winds on the leeward slopes
dry the air leaving relatively clear skies and much
less rainfall. Many islands in the trade wind belt
have lush vegetation and even rain forests on the
windward side while the leeward is semiarid. For
example, the island of Oahu, IHawaii, is about 24
miles wide in the direction of the trade winds. An-
nual rainfall averages from about 60 inches on the
windward coast to 200 inches at the mountain tops,
decreasing to 10 inches on the leeward shore.

The greatest flying hazard near these islands is
obscured mountain tops. Ceiling and visibility oc-
casionally restrict VIR flight on the windward side
in showers. IR weather 1s virtually nonexistent
on leeward slopes.

Islands without mountains have little effect on
cloudiness and raintall. Afterncon surface heating
increases convective cloudiness slightly, but shower’
activity is light. However, any island in either the
subtropical high pressure belt or trade wind belt
enhances cumitlus development even though tops
do not reach great heights. Therefore, a cumulus
top higher than the average tops of surrounding
cumulus usually marks the approximate location of
an island. Tf it becomes necessary to “ditch” in the
ocean, took for a tall cumulus. If you see one, head
for it Tt probably marks a land surface, increasing
vour chanees of survival,

THE INTERTROPICAL CONVERGENCE
ZONE (ITCZ)

Converging winds in the intertropical conver-
gence zone (1TCZ foree air upward. The inver-
sion typical of the subtropical high and trade wind
belts disappears. Figures 138 and 139 show the
ITCZ and its seasonal shift. The YTCZ is well
marked over tropical oceans but is weak and ill-
defined over large continental areas.

Weather over Islands and Open Water

Convection in the I'TCZ carries huge quantities
of moisture o great heights, Showers and thunder-
storms frequent the FUCZ and tops to 40,000 fect
or higher are common as shown in figure 137, Pre-
cipitation is copious. Since convection dominates
the 1TCZ. there is little difTerence in weather over
islands and open sea under the I'TCZ.
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Fioume 137. Vertical cross section illustrating convection in the Intertropical Convergence

Flying through the ITCZ usually presents no
gicat problern if one follows the usual practice of
avoiding thunderstorms. He usually can find a sale
corridor between storms.

Since the ITCZ is ill-defined over continents, we
will not attempt to describe 1TCZ continental
weather as such. Continental weather ranges from
arid to rain forests and is more closely related to
the monsoon than to the ITCZ.

MONSOON

If you refer again to figures 23 and 24 in chapter
4, you can sec that over the large Jand mass of
Asia, the subtropical high pressure breaks down
completely. Asia is covered by an intense high dur-
ing the winter ana a well-developed low during the
summer. You can also see the same over Australia
and central Africa, although the seasons are reversed
in the Southern Hemisphere.

The cold, high pressures in winter cause wind to
blow from the deep interior outward and offshore.
In summer, wind direction reverses and warm
moist air is carried far inland into the low pres-
sure arca. This large scale seasonal wind shift is
the “monsoon.” The most notable monsoon is that
of southern and southeastern Asia.
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Summer or Wet Monsoon Weather

During the summer, the low over cencral Asia
draws warm, moist, unstable maritime air from
the southwest over the continent. Strong sur/ace
heating coupled with rising of air flowing up the
higher terrain produces extensive cloudiness, copi-
ous rain, and numerous thunderstorms. Rainfall at
some stations in India exceeds 400 inches per year
with highest an.ounts between June and October.

The monsoon is so pronounced that it influences
circulation tiany miles out over the ocean. Note in
figure 138 that in summer. prevailing winds from
the Equator 10 the south Asian coast are southerly
and southeasterly: without the monsoon influence,
these areas would be dominated by northeasterly
trades. Islands within the monsoon influence receive
frequent showers.

Winter Monsoon Weather

Note in figure 139 how the winter flow has re-
versed from that shown in figure 138. Cold, dry air
from the high plateau deep in the interior wanmns
adiabatically as it flows down the southern stopes
of the Himalayan Mountains. Virtually no rain falls
in the interior in the dry winter monsoon. As the
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dry air moves ofl shore over warmer water, it
rapidly takes in more moisture, becomes warmer in
low levels and, therefore, unstable. Rain is frequent
over off-shore istands and even along coastal areas
after the air has had a significant over-water
trajectory.

The Philippine Islands are in an area of special
interest. During the summmer, they are definitely in
southerly monsoon flow and are subjected to abun-
dant rainfall. In the winter, wind over the Phil-
ippines is northeasterly—in the transition zone be-
tween the northeasterly trades and the monsocon
flow. It is academic whether we call the phenom-
enon the trade winds or monsoon; in either case,
it produces abundant rainfall. The Philippines
have a year-round humid, tropical climate.

Other Monsoon Areas

Australia in July {Southern Hemisphere winter)
is an arca of high pressure with predominantly off-
shore winds as shown in figure 138. Most of the
continent is dry during the winter. In January,
figure 139, winds are onshore into the continental
low pressure. However, miost of Australia is rimmed
by mountains, coastal regions are wet where the
onshore winds blow up the mountain slopes. The
interior is arid where down-slope winds are warmed
and dried.

Central Africa is known for its humid climate

and jungles, Note in figures 138 and 139 that pre-
vailing wind is onshore much of the year over
these regions. Some regions are wet the year round;
others have the scasonal monsoon shift and have
a summer wet scason and a winter dry season.
Climate of Africa is so varied that only a detailed
area-by-area study can explain the climate typical
of each area.

In the Amazon Valley of South Ainerica during
the Southern Hemisphere winter (July), southeast
trades, as shown in figure 138, penetrate deep into
the valley bringing abundant rainfall which con-
tributes to the jungle climate. In January, the
ITCZ moves south of the valley as shown in figure
139. The northeast trades are caught up in the
monsoon, cross the Equator, and also penetrate the
Amazon Valley. The jungles of the Amazon result
largely from monsoon winds.

Flying Weather in Monsoons

During the winter monsoon, excellent flying
weather prevails over dry interior regions. Over
water, one must pick his way around showers and
thunderstorms. In the summer monsoon, VFR
fight over Jand is often restricted by low ceilings
and heavy rain. IFR flight must cope with the
hazards of thunderstonns. Freezing level in the
Tropics is quite high~-14,000 feet or higher—so
icing is restricted to high levels.

TRANSITORY SYSTEMS

So far, we Liave concentrated on prevailing cir-
culations. Now, let's turn to migrating tropical
weather producers—the shear line, trough aloft,
tropical wave, and tropical cyclone.

SHEAR LINE

A wind shear I'ne found in the Tropics mainly
results from midlatitude influences. In chapter 8
we stated that an air mass becomes modified when
it flows from its source region. By the time a cold
air mass originating in high latitudes reaches the
Tropics, temperature and moisture are virtually
the same on both sides of the front. A shear line,
or wind shift, is all that remains. A shear line also
results when a semi-permanent high splits into two
cells inducing a trough as shown in figure 140

These shear lines are zones of convergence creat-
ing forced upward motion. Consequently, consider-
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able thunderstorm and rain shower activity occurs
along a shear line.

TROUGH ALOFT

Troughs in the atmosphere, generally at or above
10,000 feet, move through the Tropics, especially
along the poleward fringes. Figure 141 shows such
a trough across the Hawaiian Island chain. As a
trough moves to the southeast or east, it spreads
middle and high cloudiness over extensive areas to
the east of the trough line. Occasionally, a well-
developed trough will extend deep into the Tropics,
and a closed low forms at the equatorial end of the
trough. The low then may separate from the trough
and move westward producing a large amount of
cloudiness and precipitation. If this occurs in the
vicinity of a strong subtropical jet stream, extensive
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Ficure 140. A shear line and an induced trough caused by a polar high pushing into the subtropics.

and sometimes dense cirrus and some convective
and clear air turbulence often develop.

Troughs and lows aloft produce considerable
amounts of rainfall in the Tropics, especially over
land areas where mountains and surface heating
lift air to saturation. Low pressure systens aloft
contribute significantly to the record 460 inches
average annual rainfall on Mt. Waialeale on
Kauai, Hawaii. Other mountainous areas of the
Tropics are also among the wettest spots on earth,

TROPICAL WAVE

Tropical waves (also called easterly waves) are
common tropical weather disturbances, normally
occurring in the trade wind belt. In the Northern
Hemisphere, they usually develop in the southeast-

ern perimeter of the subtropical high pressure sys-
tems. They travel from east to west around the
southern fringes of these highs in the prevailing
easterly circulation of the Tropics. Surface winds
in advance of a wave are somewhat more northerly
than the usual trade wind direction. As the wave
approaches, as shown in figure 142, pressure falls;
as it passes, surface wind shifts to the east-southeast
or southeast. The typical wave is preceded by very
good weather but followed by extensive cloudiness,
as shown in figure 143, and often by rain and
thunderstorms. The weather activity is roughly in
a north-south line.

Tropical waves occur in all seasons, but are more
frequent and stronger during summer and carly
fall. Pacific waves frequently affect Hawaii; Atlan-
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Fiaure 141. A trough aloft across the Hawaiian Islands. Extensive cloudiness develops cast of the trough.

tic waves occasionally move into the Gulf of Mex-
ico, reaching the U.S. coast.

TROPICAL CYCLONE

Tropical cyclone is a general tenmn for any low
that originates over tropical oceans. Tropical cy-
clones are classified according to their intensity
based on average onc-minute wind speeds. Wind
grusts in these storms may be as much as 50 percent
higher than the average one-minute wind speeds.
‘I'ropical cyclone international classifications are:

(1) Tropical Depression-—highest  sustained
winds up to 34 knots (64 km/h}),

(2) Tropical Storm--highest sustained winds
of 35 through 64 knots (65 to 119 km/
h), and

(3) urricane or Typhoon—highest sustained
winds 65 knots (120 km/h) or more.

Strong tropical cyclones are known by different
names in different regions of the world. A tropical

164

cyclone in the Atlantic and castern Pacific is a
“hurricane”; in the western Pacific, “typhoon”;
near Australia, “willy-willy”; and in the Indian
Ocean, simply “cyclone.” Regardless of the name,
these tropical cyclones produce serious aviation
hazards. Before we delve into these aspects, let’s
look at the development, movement, and decay of
these cyclones.

Development

Prerequisite to tropical cyclone develepment are
optimum sca surface temperature under weather
systems that produce low-level convergence and
cyclonic wind shear. Favored breeding grounds are
tropical (easterly) waves, troughs aloft, and areas
of converging northeast and southeast trade winds
along the intertropical convergence zone,

The low level convergence associated with these
systems, by itself, will not support development of
a tropical cyclone. The system must also have
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~horizontal  outflow—divergence—at high tropo-
spheric levels. This combination creates a “chim-
ney,” in which air is forced upward causing clouds
and precipitation, Condensation releases large quan-
tities of latent heat which raises the temperature of
the system and accelerates the upward motion. The
rise in temperature lowers the surface pressure
which increases low-level convergence. This draws
more moisture-laden air into the systern. When
these chain-reaction events continue, a huge vortex
is generated which may culminate in hurricane
force winds,

Figure 144 shows regions of the world where
tropical cyclones frequently develop. Notice that
they usually originate between latitudes 5° and
20°. Tropical eyclones are unlikely within 5° of the
Equator because the Coriolis force is so small near
the Equator that it will not tum the winds enough
for them to flow around a low pressure area. Winds

flow directly into an equatorial low and rapidly
fill it.

Movement

Tropical cyclones in the Northern IHemisphere
usually move in a direction between west and north-
west while in low latitudes. As these storms move
toward the midlatitudes, they come under the in-
fluence of the prevailing westerlies. At this time the
storms are under the influence of two wind systems,
ie., the trade winds at low levels and prevailing
westerlies aloft. Thus a storm may move very errat-

ically and may cven reverse course, or circle. Final-
ly, the prevailing westerlies gain control and the
storm recurves toward the north, then to the north.
east, and finally to the east-northeast. By this time
the storm is well into midlatitudes.

Decay

As the storm curves toward the north or cast, it
usually begins to lose its tropical characteristics and
acquires characteristics of lows in middle latitudes.
Cooler air flowing into the storm gradually weak-
ens it. If the storm tracks along a coeast line or over
the open sea, it gives up slowly, carrying its fury
to arcas far removed from the Tropics. However,
if the storm moves well inland, it loses its moisture
source and weakens from starvation and increased
surface friction, usually after leaving a trail of
destruction and flooding,

When a storm takes on middle latitude charac-
teristics, it is said ta be “extratropical” meaning
“outside the Tropics.” Tropical cyclones produce
weather conditions that differ somewhat from those
produced by their higher latitude consins and invite
our investigation. '

Weather in a Tropical Depression

While in its initial developing stage, the cyclone
is characterized by a circular area of broken to
overcast clouds in multiple layers. Embedded in
these clouds are numerous showers and thunder-
storms. Rain shower and thunderstorm coverage
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Ficure 144. Principal regions where tropical cyclones form and their favored directions of movement.
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varies from scattered to almost solid. Diameter of
the cloud pattern varies from less than 100 miles
in small systems 10 well over 200 miles in large ones.

Weather in Tropical Storms and Hurricanes

As cyclonic flow increases, the thunderstorms and
rain showers forin into broken or solid lines paral-
leling the wind flow that is spiraling into the center
of the storm. These lines are the spiral rain bands
frequently scen on radar, These rain bands con-
tinually change as they rotate around the storm.
Rainfall in the rain bands is very heavy, reducing
ceiling and visibility to near zero. Winds are usual-
ly very strong and gusty and, consequently, gen-
erate violent turbulence, Between the rain bands,
ceilings and visibilities are somewhat better, and
turbulence generally is less intense.

The “eye™ usually forms in the tropical storin
stage and continues through the huniicane stage. In
the cye, skies are free of turbulent cloudiness, and
wind is comparatively light. The average diameter
of the eye is between 15 and 20 miiles, but some-
tmes is as small as 7 miles and rarely is more than
30 miles in diameter. Surrounding the eve is a
wall of cloud that may extend above 51,000 feet.
This *wall cloud” contains deluging rain and the
strongest winds of the stonn. Maximum wind
speeds of 175 knots have been recorded in some
storms, Figure 143 is a radar display and 146, a
satellite photograph of a mature hurricane. Note
the spiral rain bands and the circular eye. Notice
the similarity between these two figures.

Detection and Warning

The National Weather Service has a specialized
hurricane forecast and warning service center at
AMiami, Florida, which maintains constant watch
for the formation and development of tropical cy-
clones, Weather information from land stations,
ships at sea, reconnaissance aireraft, long range

radars, and weather satellites is fed into the center.
The center forecasts the development, movement,
and intensity of tropical cyclones. Forecasts and
warnings are issued to the public and aviation in-
tercsts by field offices of the National Weather
Service.

Flying

All pilots except those especially trained to
explore tropical storms and hurricanes should
AVOID THESE DANGEROUS STORMS. Oc-
casionally, jet ai-craft have been able to fly over
small and less intense storms, but the experience
of weather research aircraft shows hazards at all
levels within them.

Tops of thunderstorms associated with tropical
cyclones frequently exceed 50,000 feet. Winds in
a typical hurricane are strongest at low levels, de-
creasing with altitude. However. rescarch aircraft
have frequently encountered winds in excess of 100
knots at 18,000 feet. Aircraft at low levels are ex-
posed to sus*~*ned, pounding turbulence due to the
surface {riction of the fast-moving air. Turbulence
increases in intensity in spiral rain bands and be-
comes most violent in the wall cloud surrounding
the eye.

An additional hazard encountered in hurricanes
is erroncous altitude readings from pressure altim-
eters. These errors are caused by the large pressure
difference between the periphery of the storm and
its center. One research aircraft lost almost 2,000
fect true altitude traversing a storm while the pres-
sure altimeter indicated a constant altitude of
5,000 {cet.

In short, tropical cyclones are very hazardous,
so avoid them! To bypass the stomm in a min-
imurn of time, fly to the right of the storm to take
advantage of the tailwind. If you fly 10 the left of
the storm, you will encounter strong headwinds
which may exhaust your fuel supply before you
reach a safe landing area.
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Fioure 146. A hurricane obseived by satellite,
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Chapter 16
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SOARING WEATHER

While horse racing may be the “Sport of Kings,”
soaring may be considered the “King of Sports.”
Soaring bears the relationship to flying that sailing
bears to power b ating. Soaring has made notable
contributions to mcteorology. For example, soar-
ing pilots have probed thunderstorms and moun-
tain waves with findings that have made flying
safer for all pilots. However, soaring is primarily
recreational.

A sailplane must have auxiliary power to be-
come airborne such as a winch, a ground tow, or
a tow by a powered aircraft. Once the sailcraft is
airhorne and the tow cable released, performance

of the cralt depends on the weather and the skill
of the pilot. Forward thrust comes from gliding
downward relative (o the air the same as thrust
is developed in a power-off glide by a conven-
tional aircraft, Therefore, to gain or maintain
altitude, the soaring pilot must rely on upward
motion of the air.

To a sailplane pilot, “lift” means the rate of
climb he can achieve in an up-current, while “sink”
denotes his rate of descent in a downdraft or in
neutral air. “Zero sink” means that upward cur-
rents are just strong enough to enable him to hold
altitude but not to climb, Sailplanes are highly
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efficient machines; a sink rate of a mere 2 feet per
sccond provides an airspeed of about 40 knots, and
a sink rate of 6 feet per second gives an airspeed
of about 70 knots. Some two-place training craft
have somewhat higher sink rates.

In lift, a sailplane pilot usually flies 35 to 40
knots with a sink rate of about 2 feet per second.
Therefore, if he is to remain airborne, he must
have an upward air current of at least 2 feet per

second. There is no point in trying to soar until
weather conditions favor vertical speeds greater
than the minimum sink rate of the aircraft. These
vertical currents develop from several sources, and
these sources categorize soaring into five classes
(1) Thermal Soaring, (2) Frontal Soaring, (3) .x .
Breeze Soaring, (4) Ridge or Hill Soaring, and
(5) Mountain Wave Soaring.

THERMAL SOARING

Peter Dixon estimates that about 80 percent of
all soaring in the U.S. depends on thermal lift.*
What is a thermal? A thermal is simply the updraft
in a small-scale convective current. Chapter 4 in
the section “Convection,” and chapter 9 in the
section, “Convective Currents,” explain the basic
principle of convective circulation. The explana-
tions are adequate for the pitot of a powered air-
craft; but to the soaring pilot, they arc only a
beginning,

All pilots scan the weather pattern for convective
activity, Remember that turbulence is proportional
to the speed at which the aircraft penetrates ad-

*Pcter L. Dixon. Soarino, page 129; 1970; Ballantine
Books, New York City.

jacent updrafts and downdrafts. The fast moving
powered aircraft expericnces “pounding” and tries
to avoid convective turbulence, The slower moving
soaring pilot enjoys a gradual change from ther-
mals to arcas of sink. Ile chases after local
convictive cells using the thermals for 1ift.

A soaring aircraft is always sinking relative to
the air. To maintain or gain altitude, therefore, the
soaring pilot must spend sufficient time in thermals
to overcome the normal sink of the aireraft as well
as to regain altitude lost in downdrafts. He usually
circles at a slow airspeed in a thermal and then
darts on a beeline to the next thermal as shown in
figurc 147.

Low-level heating 15 prerequisite to thermals;
and this heating is mostly from the sun, although
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Figure 147. Thermals generally occur over a small portion of an area while downdrafts predominate. Updrafts in the
thermals usually are considerably stronger than the downdrafts. Sailplane pilots gain altitude in thermals and hold al-
titude loss in downdrafts to a minimum.
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it may be augmented by man-made heat sources
such as chimneys, factories, and cities. Cool air
must sink to force the warm air upward in ther-
mals. Therefore, in swall-scale convection, ther-
mals and downdrafts coexist side by side. The net
upward displacement of air must equal the net
downward displacement, Fast rising thermals gen-
crally cover a small percentage of a convective area
while slower downdrafts predominate over the
remaining greater portion as diagrammed in figure
147,

Since thermals depend on solar heating, thermnal
soaring is restricted virtually to daylight hours with
considerable sunshine. Air tends to hecome stable
at night due to low-leve! cooling by terrestrial radia-
tion, often resulting in an inversion at or near the
surface (see chs. 3 and 6). Stahle air suppresses
convection, and thermals do not form until the
inversion “burns off” or lifts sufficiently to allow
soaring beneath the inversion. The earliest that
soaring may begin varies from carly forencon to
early afternoon, the time depending on the strength
of the inversion and the amount of solar heating.
Paramount to a pilot’s soaring achievement is his
skill in diagnosing and locating thermals,

LOCATING THERMALS

Since convective thermals develop from uneven
heating at the surface, the most likely place for a
thermal is above a surface that heats readily.

Types of Terrain Surfaces

When the sky is cloudless, the soaring pilot must
look for those surfaces that heat most rapidly and
seck thermals above those areas. Barren sandy or
rocky surfaces, plowed fields, stubble fields sur-
rounded by green vegetation, ciiies, factories, chim-
neys, ete., are good thermal sources. A pilot learns
through experience the most favorable spots in his
local area. But terrain features are only part of the
story: time of day influences not only when thermals
fortn but also where.

Sun Angle

Angle of the sun profoundly affects location of
thermals over hilly landscapes. Durirg carly fore-
noon, the sun strikes castern slopes ihiore directly
than other slopes; therefore, the most f{avorable
areas for thermals are eastern slopes. The favor-
able arcas move to southern slopes during midday.
In the afternoon, they move to western slopes be-
fore they begin to weaken as the evening sun sinks

toward the western horizon. For example, if a
rocky knob protrudes above a grassy plain, the
most likely area of thermals is over the eastern
slope in the forenoon and the western slope in the
afternoon. Once a pilot has sighted a likely surface,
he may look for other visual cues.

Dust and Smoke

Surface winds must converge to feed a rising
thermal; so when you sight a likely spot for a
thermal, look for dust or simoke movement near the
surface. 1f you can see dust or smoke “streamers”
from two or more sources converging on the spot
as shown in figure 148(A), you have chosen wisely.
1, however, the streamers diverge as shown in
figure 18(B), a downdraflt inost lixely hovers over
the spot and it's time 10 move on.

Rising columns of smoke from chimneys and
factories mark thermals angnented by man-made
sources. These rising columns are positive indica-
tion of thermals. They are good sources of Lift if
upward speed is great enough to support the air-
craft and il they are broad enough to permit cir-
cling. Towns or cities may provide thermals: but to
use a thermal over a populzted area. the pilot must
have sufficient altitude to glide clear of the area in
event the thermal subsides,

Dust Devils

Dust devils occur under sunny skies over sandy
or dusty, dry surfaces and are sure signs of strong
thermals with lots of Lift. To tackle this excelient
source of fift, you must use cantion. The thermals
are strong and turbulent and are surrounded by
areas of hittle lift or possibly of sink.

If approaching the dust devil at oo Jow an ali-
tude, an aireraft may sink to an altitade o0 low
for recovery. A recommended procedure s 1o al-
ways approach the whitlineg vorrex at an altitade
500 feet or mmore above the gronnmd. At this altitude,
vou have enough airspace for maneuvering in the
event you get into a downdraft or turbulence too
great for comfort.

A dust devil may rotate cither clockwise or
counterclockwise.  Before approaching the  dusty
column, determine its direction of totation by ob.
serving dust and debris near the surface. Philip
Wills* quotes R. 11, Swinn, Chiel Instructor of the
Egyptian Gliding School, on approaching and en-

*Philip Wills. On Brine a Birn, page 79; 1953
Max Parrish and Co., Lid.
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Fioure 148,  Using surface cust and smoke movement as indications of a thermal. When vou have sighted an area which

you think will heat rapidly (the red area), look for dust or smoke movement at the surface as an indicator of surface wind.
Converging dust or smoke streamers (left) enhance the probability of a thermal. Diverging streamers reduce the fikeli-

hood of a thermal.

tering a dust devil: “...at around 500 feet; the
pilot turns towards the dust devil and cuts his
speed as he approaches it to the minimum con-
sistent with the control of the glider. As he nears
the whir'ing column of sand he makes a circle on
the outside of the dust devil against the direction
of rotation, care being taken to give it a wider
berth on the downwind side. In light of the vari-
ometer reading on the initial circle, closer contact

is made with the column or a hasty retreat is beat
to a safer orbit.”

Fioure 149, Horizontal cross section of a dust devil ro-
tating clockwise. If the aircraft approaches the dust devil
with the direction of rotation as on the left, increasing
tailwind reduces airspeed and may result in loss of altitude
or even a stall. When the pilot regains equilibrium, his
circling speed is the sum of his airspeed and the tangential
speed of the vortex; his radius of turn may be too great
to remain in the thermal. When approaching against the
rotation, the aircraft gains airspeed; circling speed is
slowed as the tangential speed of the vortex is subtracted
from airspeed. The pilot has much more freedom and
latitude for maneuvering. At the center is a core provid-
ing little or no lift. Immediately surrounding the core is a
turbulent wall,
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Why should you enter against the direction of
rotation? Figure 149 diagrams a horizontal cross
section of a clockwise rotating dust devil and ways
of entering it. If you enter with the direction of
rotation as on the left, the wind speed is added to
your airspeed giving you a fast circling speed prob-
ably too great to remain in the thermal. Against
the rotation as on the right, wind speed is sub-
tracted from airspeed giving you a slow circling
specd.

Why slow your airspeed to a minimum? As you
approach the increasing headwinds, the inertia of
the aircraft causes a surge in airspeed. If your ap.
proach is too fast, the surge could push the airspeed
ahove the redline.

Stay out of the “eye” of the vortex. Centrifugal
force in the center throws air outward, greatly re-
ducing pressure within the hollow center, The rari.
fied air in the center provides very little lift, and
the wall of the hollow center is very turbulent.
Further quoting Mr. Swinn,® “A too tight turn on
the downwind side put a part of my inside wing
into the vortex; the shock threw me into the straps
and the wing bent in an alarming manner. This
central area of greatly reduced pressure is some-
thing to be experienced to be believed. Closely
following on this was the shock of hitting the area
of greatest uplift just outside the central core. The
net result was that the machine was thrown com-
pletely out of the column.”

If you are 500 feet or more above the ground but
having trouble finding lift, the dust devil is well
worth a try. If the thermal is sufficiently broad to
permit circling within it, you have it made. The
dust column may be quite narrow, but this fact does
not necessarily mean the thermal is narrow; the
thermal may extend beyond the outer limits of
visible dust. The way to find out is to try it. Ap-
proach the dusty column against the direction of
rotation at minimum airspeed. Enter the column
near the outer edge of the dust and stay away from
the hollow vortex core. Remain alert; you are
circling little more than a wing span away from
violent turbulence.

Birds and Sailplanes

Soaring birds have an uncanny ability to locate
thermals. When birds remain airborme without

*Ibid., page 80. Mr. Wills’ book discusses at length
the splendors and perils of dust devil flying by an ex-
perienced soaring pilot. It is recommended reading for a
greater insight into this special aspect of soaring.

flapping their wings, they are riding a thermal. A
climbing sailplane also shows the pilot’s skill in
locating thermals. YWhen fishermen are scattered
along a river bank or lake shore, the best place to
cast your line is near the fisherman who is catching
fish. So it is with soaring. Slip in below the success-
fully soaring aircraft and catch the thermal he is
riding or cut in among or below soaring birds.
Wind causes a thermal to lean with altitude.
When secking the thermal supporting soaring birds
or aircraft, you must make allowance for the wind.
The thermal at lower levels usually is upwind from
your high-level visual cue. A thermal may not be
continuous from the surface upward to the soaring
birds or sailplane; rather it may be in segments or
bubbles. If you are unsuccessful in finding the
thermal where you expect it, seek elsewhere.

Cumulus Clouds

When convective clouds develop, thermal soaring
usually is at its best and the problem of locating
thermals is greatly simplified. In chapter 6 we
learned that upward moving air expands and cools
as it rises. If the air is moist enough, expansional
cooling lowers temperature .to the dew point; a
convective, or cumulus, cloud forms atop the ther-
mal. Cumulus clouds are positive signs of thermals,
but thermals grow and die. A cloud grows with a
rising thermal; but when the thermal dies, the
cloud slowly evaporates. Because the cloud dis-
sipates after the thermal ceases, the pilot who can
spot the difference between a growing and dying
cumulus has enhanced his soaring skill.

The warmest and most rapidly rising air is in the
center of the thermal. Therefore, the cloud base
will be highest in the center giving a concave shape
to the cloud base as shown in the left and center of
figure 150. When the thermal ceases, the base
assumes a convex shape as shown on the right. An-
other cue to look for is the outline of the cloud
sides and top. Outline of the growing cumulus is
firm and sharp. The dying cumulus has frag-
mentary sides and lacks the divfinite outline. These
outiines are diagrammed also ia figure 150. Figure
151 is a photograph of a dying cumulus.

You can expect to find a thermal beneath either
of the growing cumuli in figure 150. On the aver.
age, the infant cumulus on the left would be the
better choice because of its longer life expectancy.
This is of course playing the probabilities since all
cumuli do not grow to the same size.

As 2 cumulus cloud grows, it may shade the
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Ficurr 150. Cumulus clouds grow only with active thermals as shown left and center. On the right, the thermal has sub-
sided and the cloud is decaying. Look for a thermal only under a cumulus with a concave base and sharp upper outlines.
A cumulus with a convex base or fragmentary outline is dissipating; the thermal under it has subsided. Most often, a
cloud just beginning to grow as on the left is the better choice because of its longer life expectancy.

surface that generated it. The surface cools, tem-
porarily arresting the thermal. As the cloud dis-
sipates or drifts away with the wind, the surface
again warms and regenerates the thermal. This
intermittent heating is one way in which thermals
occur as segments or bubbles.

Cloud cover sometimes increascs as surface heat-
ing increases untdl much of the sky is covered.
Again, surface heating is cut ofT causing the ther-
mals to weaken or cease entirely, The cloudiness
may then decrease. If it is not too late in the day,
thermals will regencrate. In the interim period of
extensive cloud cover, you may have no choice hut
to land and wait for the clouds to move on or
decrease in coverage.

The clouds may build upward to a high-leve! in-
version and spread out at the base of the inversion
to cover much of the sky. Solar heating is cut off
and thermals weaken or die. This type of cloudiness
can be persistent, often remaining until near
sunset, and can halt thermal soaring until another
day.

Although abundant convective cloud cover re-
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duces thermal activity, we cannot quote a definite
amount that renders thermals too weak for soaring,
About 5/10 cover seems to be a good average ap-
proximaticn. Restriction of thermals by cumulus
cloudiness first becomes noticeable at low levels.
A sailplane may be unable to climb more than a
few hundred feet at a low altitude while pilots at
higher levels are maintaining height in or just
heneath 6/10 10 8/10 convective cloud cover.

Towering Cumulus and Cumulonimbus
When air is highly unstable, the cumulus cloud
can grow into a more ambitious towering cumulus
or cumulonimbus. These clouds are a different
breed. The energy released by copious condensa-
tion can increase buoyancy until the thermals be-
come violent (see chs. 6, 7, and 11). Towering
cumulus can produce showers. The cumulonimbus
is the thunderstorm cloud producing heavy rain,
hail, and icing. Well-developed towering cumadies
and cumulonimbus are for the experienced pilot
only. Some pilots find strong lift in or near con-
vective precipitation, but they avoid hail which
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Frouwe 151,

Photograph of a dying cumulus. Note the indistinct edges and cloud fragments. The base appears to be con-

vex. One would expect little or no lift beneath this cloud. In contrast, note the top of the cumulus in the lower left corner.
Fdges are more defined, and a thermal is morce likely under this cloud.

can seriously batter the aircraft and ultimately
deplete the wallet.

Violent thermals just heneath and within these
Lighly developed clouds often are so strong that
they will continue to carry a sailplane upward
cven with nose down and airspeed at the redline,
The unwary pilot may find himself sucked into the
clowd. The soaring pilot wha inadvertently entered
a thunderstorm and returned to tell about it never
hakers for a repeat performance,

Middle and High Cloudiness

Dense, hroken or overcast middle and  high
cloudiness shade the surface cutting oflT surface
heating and conveetive thermals. On a generally
warin bright day but with thin or patchy middle
or high cloudiness, cumulus may develop, but the

thermals are few and weak. The high-level cloudi-
ness may drift by in patches. Thermals may surge
and wane as the cloudiness decreases and increases.
Never anticipate optimum thermal soaring when
plagued by these mid- and high-level clouds.
Altocumulus casicllanus clouds. middle-level con-
vective clouds shov nin figure 152, develop in up-
drafts at and just below the cloud levels. They do
not extend usward from the surface. If a sailplane
can reach leves near the cloud bases, the updrafts
with altocutnulus castellanus can be used in the
same fashion as thermals formed by surface convee-
tion. The problem is reaching the convective level,

Wet Ground

Wet ground favors thermals less than dry ground
since wet ground heats more slowly (see ch. 2,
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Fioure 152. Altocumulus castellanus clouds are middle level convective clouds. Most often, they develop in an unstable
layer aloft, and thermals do not extend from the ground upward to these clouds. Convection with these clouds mav be
used for lift if the pilot is able to attain altitude to the base of the unstable layer. Smoke lying near the ground indicates
stability in the lower levels.

“Heat and Temperature™). Some flat arcas with
wet soil such as swamps and tidewater areas have
reputations for being poor thermal SOAPING areas.
Convective clouds may be abundant but thermals
generally are weak,

Showery precipitation from scattered cumulus or
cumulonimbus is a sure sign of unstable air favor-
able for thermals. But when showers have soaked
the ground in localized areas, downdrafts are al-
most certain over these wet surfaces. Avoid shower
soaked arcas when looking for lift.

So much for locating thermals. A pilot can also
enhance his soaring skill by knewing what goes on
within a thermal.

THERMAL STRUCTURE

Thermals are as varied as trees in a forest. No
two are exactly alike. When surface heating is in-
tense and continuous, a thermal, once begun, con-
tinues for a prolonged period in a steady column
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as in figure 153 Sometimes called the “chimney
thermal,” this type seerns from expericnce to he
most prevalent. oo the chimnes themial, hfv s
available at any altitude below a0 climbing sail-
plane or soaring birds.

When heating is slow or intermittent, a “hubble”
may be pinched off and forced upward: after an
interval rangine from a few minutes to an hour or
more, another hubble forms and rises as in figare
154, As explained eatlier, intermittent shading by
cumulus clouds forming atop a thennal is one
reason for the bubble thermal. A sailplane or birds
miy be climbing in a bubble, but an aireraft at-
tempting to enter the thermal at a lower altitude
may find no lift.

A favored theoretical structure of some bubble
thermals is the vortex shell which is much like a
smoke ring blown upward as diagrammed in figure
155. Lift is strongest in the center of the ring;
downdrafts may oceur in the edges of the ring or



Fioure 153,

Experience indicates that the ‘“chimney”
thermal, which is continuous from the ground upward,
is the most prevalent type. A sailplane can find lift in
such a thermal Lxncath soaring birds or other soaring
aircraft.

shell; and outside the shell, one would expect weak
downdrafts.

Wind and Wind Shear

Thermals develop with a calm condition or with
light, variable wind. However, it scems that a sur-
face wind of 5 to 10 knots favors more organized
thermals.

A surface wind in excess of 10 knots usually
means stronger winds aloft resulting in vertical
wind shear. This shear causes thermals to lean
noticeably. When secking a thermal under a climb-
ing sailplane and you know or suspect that ther-
mals are leaning in shear, look for lift upwind from
the higher aircraft as shown in figure 156,

Fioure 154. Thermals may be intermittent “bubbles.”
Frequency of the bubbles ranges from a few minutes to
an hour or more. A soaring pilot will be disappointed
when he sceks lift bencath birds or sailplanes soaring in
this type thermal.

Effect of shear on thermals depends on the rela-
tive strength of the two. Strong thermals can re-
main fairly well organized with strong vertical wind
shear; surface wind may even be at the maximum
that will allow a safe launch. Weak thermals are
disorganized and ripped to shreds by strong vertical
wind shear; individual thermal elements become
hard to find and often are too small to use for lift.
A shear in excess of 3 knots per thousand feet dis-
torts thermals to the extent that they are difficult
to use.

No critical surface wind speed can tell us when
to expect such a shear, However, shearing action
often is visible in cumulus clouds. A cloud some-
times leans but shows a continuous chimney. At
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times develops a vortex ring resembling a smoke ring

It is believed that a bubble thermal some-

blown straight upward. The center of the ring provides
excellent lift. A pilot finds only weak lift or possibly sink
in the fringes of the ring.

other times, the clouds are completely severed into
segments by the shear as in fivure 157, Remember,

however, that this shearing action is at cloud level s

thermals below the clouds may be well organized.
We must not overlook one other vital effect of
the low-level wind shear. On final approach for
landing. the aircraft is descending into decreasing
headwind. Inertia of the aireraft into the decreas-
ing wind causes a drop in airspeed. The decrease
in airspeed may result in loss of control and per-
baps a stall. The result can be an inelegant land-
ing with possible injury and aireraft damage. A
good rule is to add one knot airspeed to normal
approach speed for cach knot of surface wind.

Thermal Streets

Not infrequently, thermals become organized in-
to “‘thermal streets.” Generally, these streets are
parallel to the wind; but on occasion they have
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been observed at right angles to the wind. They
form when wind direction changes little throughout
the conveciive layer and the layer is capped by
very stable air, The formation of a broad system of
cvenly spaced streets is enhanced when wind speed
reaches a maximum within-the convective layer;
that is, wind increases witk hesshi from the surface
upward to a maximum and thea dooeases with
height to the top of the convective layer. Figure
150 diagrams conditions favorable for thermal
streeting. Thermal streeting may occur either ia
clear air or with convective clouds.

The distance between streeis in e wystem is

two to three times the general de. the con-
vective layer. If convective clouds ire present, this
distance is two to three times the height of the
cloud tops. 1) wndrafts between  these thermal
streets are usuadly at least moderate and sometimes
strong. Cumulus cloud streets frequently ferm in
the United States behind cold fronts in the cold
air of polar outhreaks in which relatively flat
cumuli develop. A pilot can soar under a cloud
street maintaining generally continuous flight and
seldom, if ever, have to cirele, Figure 159 is a
phatograph of bands of cumulus clouds marking
thermal streets.

HEIGHT AND STRENGTH OF THERMALS

Since thermals are a product of instability, height
of thermals depends on the depth of the unstable
layer, and their strencth depends on the degree
of nstability. If the idea of instability is not clear
to you, now is the time to review chapter 6.

Most likely you will be soaring from an airport
with  considerable soaring  activity- -possibly  the
home base of a soaring club and you are inter-
ested inasoaring forecast. Your airport may have
an esiablished source of a daily soaring weather
forecast from the National Weather Service. If
conditions are at all favorable for soaring, you will
be specifically interested in the carliest time soaring
can begin, how high the thermals will be, strength
of the thermals, cloud amounts- hoth convective
and higher cloudiness---visibility at the surface and
at soaring altitudes, probability of showers, and
winds both at the surface and aloft. The forecast
may include such itemns as the thermal index (TI),
the maximum temperature foreca-t ard the depth
of the convective layer.

Many of these parameters the forecaster deter-
mines from upper air soundings plotted on a
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Ficuere 156,

Wind canses thermals to lean. A pilot secking lift beneath soaring birds, other aircraft, or cumulus clouds
should enter the thermal upwind from the higher level visual cue.

Ficuke 157 Photograph of cumulus clouds severed by wind shear. Locating thermals and remaining in them under these
clouds would be difficult.

181



HEIGHT ABOVE GROUND

-

Fioure 158. Conditions favorable for thermal streeting. A very stable layer caps the convective layer, and wind reaches
& maximum within the convective layer. If cumulus clouds mark thermal strects, the top of the convective layer is about
the height of the clcud tops.
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9. Cumulus clouds in thermal streets photographed from a satcllite by a high resolution camera. (Courtesy the

Fravke 15

National Environmental Satellite Service.)
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pseudo-adiabatic chart. If you become familiar
with this chart, you can better grasp the meanings
of some of these forecast parameters; and you may
try a little forecasting on your own,

The Pseudo-Adiabatic Chart

The pseudo-adiabatic chart is used to graphically
compute adiabatic changes in vertically moving air
and to determine stability. It has five scts of lines
shown in figure 160. These lines are:

1. Pressure in millibars (horizontal lines},
2. Temperature in degrees Celsius (vertical
lines),

3. Dry adiabats {sloping black lines),

4. Lincs of constant water vapor or mixing
ratic® (solid red lines), and
5. Moist adiabats (dashed red lines).
The chart also has an altitude scale in thousands
of feet along the right margin and a Fahrenheit
temperature scale across the bottom.

You might like to get one of these charts from a
National Weather Service Office. The chart used in
actual practice has a much finer grid than the one
shown in figure 160. You can cover the chart with
acetate and check examples given here along with
others you can develop yourself. This procedure can
greatly enhance your feel for processes occurring
in a vertically moving atmosphere.

*Ratio of water vapor to dry air.
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Fioure 160. The Pscudo-Adiabatic Chart. orizontal fines are pressure; vertical lines, temperature; sloping lines, dry
adiabats graphing the rate of dry adiabatic cooling, Solid red lines are constant mixing ratio, and dashed red lines are
molst adiabats graphing the saturated rate of cooling, Since red lines apply only to moist adiabatic changes, they are

omitted from subsequent examples,
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Examples shown here deal with dry thermals;
and since the red lines in figure 160 concern moist
adiabatic changes, they are omitted from the ex-
amples. If you care to delve deeper into use of
the chart, you will find moist adiabatic processes
cven more intriguing than dry processes.

Plotted Sounding

An upper air observation, or sounding, is plotted
on the pscudo-adiabatic chart as shown by the
heavy, solid black line in figure 161. This plotting

-50

-40 -30

is the vertical temperature profile at the time the
radiosonde ohservation was taken. It is the actual
or existing lapse rate (sce ch. 6). Blue lines are
added to the illustration showing appropriate alti-
tudes to aid you in interpreting the chart.

Depth of Convective Layer
(Height of Thermals)

We know that for air to be unstable, the existing

lapse rate must be equal to or greater than the dry
adiabatic rate of cooling. In other words, in figure
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Froure 161.

An carly morning upper air observation plotted on the pseudo-adiabatic chart. The solid black line is the

vertical temperature profile or existing lapse rate from the surface to about 15,000 feet ASL. Blue altitude lines are pro-
jected across the chart from the altitude scale on the right to aid in interpretation. If thermals are to develop, the lapse
rate must become equal to or greater than the dry adiabatic rate of cooling——that is, the line representing the lapse rate
must slope parallel to or slope more than the dry adiabats. Since it does not, the air in the carly morning was stable. By
the time the surface temperature reached 80° F, convection occurred to 5,000 fect; the existing lapse rate then was parallel
to the dry adiabat following the dashed line from the surface to 5,000 feet; the air was unstable in the lower levels. By the
time the temperature reached the afterncon maximum of 90° F, the air was unstable to 13,000 fect; the existing lapse rate

in the heat of the day was dry adiabatic and the air unstable to 13,000 feet ASL. This is the maximum height you could
expect thermals on this particular day,
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161, the solid black line representing the plotted
existing lapse rate would slope parallel to or slope
‘more than the dry adiabats. Obviously it does not.
Therefore, at the time the sounding was taken, the
air was stable; there was no convective or unstable
layer, and thermals were nonexistent. Thermal
soaring was impossible,

Now assume that the sounding was made about
the time of sunrise. Surface temperature was 59° F
(15° C). As temperature rises ncar the surface
during the day, air in the lower levels is warmed
and forced upward, cooling at the dry adiabatic
rate. Convection begins in the lowest levels. By the
time the surface temperature reaches 80° F (about
27° C), convection lifts the air to the level at which
it cools adiabatically to the temperature of the
surrounding air at 5,000 feet. The existing lapse
rate now becomes dry adiabatic from the surface to
5,000 feet and follows the dashed line from the
surface to that level. Surface elevation is 2,000 feet
ASL;: so the convective layer is now 3,000 feet deep.
Thermals exist to 3,000 feet above the surface, and
low-level soaring is now possihle. Above 5,000 feet
the lapse rate still is essentially unchanged from
the initial lapse rate.

Maximum Height of Thermals

Let's further assume that maximu:a temperature
forecast for the day is 90° F (about 30° C). Plot
90° F at the surface elevation and draw a line (the

dashed black line) parallel to the dry adiabats to -

the level at which it intersects the early morning
sounding. This level 1s 13,000 {eet ASL. The con-
vective layer at ume of maximum heating would
be 11.000 feet deep and soaring should be possible
to 13,000 feet ASL. The existing lapse rate in the
heat of the day would follow the dashed line from
the surface to 13,000 feet; abave 13,000, the lapse
rate would remain essentially unchanged.

Remember that we are talking about dry ther-
mals. If convective clouds form below the indicated
maximum thermal height. they will greatly distort
the picture. However, if cumulus clouds do de-
velop, thermals below the cloud base should be
strengthened. If more higher clouds develop than
were forecast, they will curtail surface heating, and
most likely the maximum temperature will be cool-
cr than forecast. Thermals will he weaker and will
not reach as high an altitude.

Thermal Index (TI}

Since thermals depend on sinking cold air forc.
ing warm air upward, strength of thermals depends
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on the temperature difference between the sinking
air and the rising air—the greater the temperature
difference the stronger the thennals. To arrive at
an approximation of this difference, the forecaster
computes a thermal index (TT).

A thermal index may be computed for any level;
but ordinarily, indices are computed for the 850-
and 700-millibar levels, or about 5,000 and 10,000
feet respectively. These levels are selected because
they are in the altitude domain of routine soaring
and because tempcrature data are routinely avail-
able for these two levels.

Three temperature values are needed—the ob-
served 850-millibar and 700-millibar temperatures
and the forecast maximum temperature. Let's as-
sume a sounding as in figure 162 with an 850-
millibar temperature of 15° €, a 700-millibar tem-
perature of 10° C, and torecast maximumn of 86° F
{30° C}. Plot the three temperatures using care
to place the maximum temperature plot at field
clevation (2,000 feet in figure 162). Now draw
a line (the black dashed line) through the maxi-
mum temperature parallel to the dry adiabats. Note
that the dashed line intersects the 850-millibar
level at 20° C and the 700-millibar level at 4° C.
Algebraically subtract these temperatures from ac-
tual sounding temperatures at corresponding levels.
Note the difference is —5° C at 830 millibars
(15 — 20 = —5) and +6 at 700 millibars (10 —
4 = +46). These values are the TI's at the two
levels.

Strength of thermals is proportional to the mag-
nitude of the negative value of the TI. A TT of —8
or —10 predicts very good lift and a long soaring
day. Thermals with this high a negative value will
be strong cnough to hold together even o a windy
day. A TI of —3 indicates a very goud chance of
sailplanes reaching the altitude of this temperature
difference. A TI of —2 to zero leaves much doubt;
and a positive TT offers even less hope of thermals
reaching the altitude. Remember that the T1 is a
forecast value. A miss in the forecast maximum or
a change in temperature aloft can alter the picture
considerably. The example in figure 162 should
promise fairly strong thennals to above 5,000 fect
but no thermals to 10,000.

Figure 163 is another example showing an early
morning sounding with a 3,000-foot surface tem-
perature of 10°C (50° F), an 850-millibar tem-
perature of 15°C, a 700-millibar temperature of
3°C, and a forecast maximum of 86° F (30° C).
What are the TI's at 850 and 700 millibars? W '1d
you expect thermals to 850 millibars? Would they
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Ficure 162. Computing the thermal index (T1). From an early morning upper air obeervation. obtain the 850-millibar

and 7(0-millibar temperatures —15° C and 10° C respectively, in this examplc. Obtain a forecast maximum temperature,
86° F, and plot it at the surface elevation. Draw a dry adiabat, the dashed line, upward through the T00-millibar level.
This dry adiabat is the temperature profile of a rising column of air. To find the T1 at any level, subtract the temperature
of the rising column at that level from the temperature of the original sounding at the same level. The T1 at 850 millibars
is —5 (15 — 20 = —5). At 700 millibars, the Tl is 46 {10 — 4 = +6).

be moderate, strong, or weak? How about at 700
millibars? What is the maximum altitude you
would expect thermals to reach? Answers: B50-
millibar TI, —8; 700-millibar TI, —5; thermals
would rcach both levels, strong at 850, moderate
at 700; maximum altitude of thermals, about
16,000 feet ASL.

Often the National Weather Service will have 1.0
upper air sounding taken near a soaring base. Fore-
casts must be based on a simulated sounding de-
rived from distant observations, At other times, for
some reason a forecast may not be available. Fur-
thermore, you can often augment the forecast with

local observations. You are never at a complete loss
to apply some of the techniques just described,

Do It Yourself

The first step in determining height and strength
of thermals is to obtain a local sounding. How do
you get a local sounding? Send your tow aircraft
aloft about sunrise and simply read outside air tem-
peratures from the aircraft thermometer and alti-
tudes from the altimeter. Read temperatures at
500-foot intervals for about the first 2,000 feet and
at 1,000-foot intervals at higher altitudes. The in-
formation may be radiced back to the ground, or
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162. By the titne of maximum heating, excellent lift should be available 1n lower levels and moderate lift above 10,000
feet. Although thermals should continue to 16,000 feet, you could expect weak lift above 12,000 or 13,000 feet because
of the small difference between temperatures in the thermal and in the surrounding air.

Temperatures °C
may be recorded in flicht and analyzed after land- Al Ascent Descent Avg. -
ing. When using the latter method, read temper- —

) < on both 4w ent d des ent | average th 1000 17 19 18
atures on both ascent an csent and average the 1500 15 17 16
temperatures at cach level This tvpe of sounding ~ 0 20 20 20
1« an airplane observation or APOB. Plot the *300 22 24 23
wanding on the pseudo-adiabatic rhart using the 3000 22 2z 22
alutude seale rather than the pressure scale. 4000 20 18 19
. d 5000 18 18 18
Next ve need a {orecast maximuin temperature. 6000 16 14 15
Peerhaps sou can pnck up this forecast temperature 7000 13 13 13
from the socal forecast. If not, you can ase your 8000 9 9 9
bt judiment companng  today’s weather with 9620 7 5 6
vesterday's 1000u 3 3 4
. . 11000 1 1 1
Follossing 1 an APOR as taken by the tow air- 12000 _1 —1 _9
craft from an airport elevation of 1,000 feet ASL: 13000 -5 —5 -5
14000 -6 -6 -6
15000 -7 . -7
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Plot the APOB on the pseudo-adiabatic chart using
the average temperatures from the last column.
Figure 164 shows the plotted APOB.

Next we need a forecast maximumn temperature.
Let’s assume that a local forecast is not available
and that weather today is essentially the same as
it was yesterday. Yesterday’s maximum was 95° F
(35° C), so let's use the same maximum for today.
We should not be too far wrong. Plot the maxi-
mum as shown and proceed to compute TT's and
maximum height of thermals. Since our temper-
ature data are for indicated altitudes rather than
pressure levels, let’s compute TT's for 5,000 feet
and 10,000 feet rather than for pressure levels.
What do you get for a ‘I'T at 5,000 feet? At 10,000

feet? What is the anticipated maximum altitude
of thermals? Answers: TI at 5,000 feet, —4; TI at
10,000 feet, —3; maximum altitude of thermals,
14,000 fect.

Although these procedures are primarily for dry
thermals, they work reasonably well for thermals
below the bases of convective clouds.

Convective Cloud Bases

Soaring experience suggests a shallow, stable
layer immediately below the general level of con-
vective cloud bases through which it is difflicult to
soar. This layer is 200 to 600 feet thick and is
known as the sub-cloud layer. The layer appears to
act as a filter allowing only the strongest ther-
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Ficure 164. An upper air observation made from an aircraft called an airplane cbseevation or APORB. Maximum height

of thermals and TI’s are computed the same as in preceding examples except that TT's are for indicated altitudes instead
of pressure levels. The APOB may be used in licu of or as a supplement to the forecast.
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mals to penctrate it and form convective clouds.
Strongest thermals are beneath developing cumulus
clouds.

Thermals intensify within a convective cloud;
but evaporation cools the outer edges of the cloud
causing a downdrafi immediately surrounding it.
Add to this the fact that downdralts predominate
between cumnulus clouds, and you can see the slim
chance of finding lift between clouds above the
level of the cloud base. In general, thermal soaring
during convective cloud activity is practical only
at levels below the cloud base.

In chapter 6, we learned to estimate height in
thousands of feet of a convective cloud base by
dividing the surface temperature-dew point spread
by 4. If the rising column were self-contained—that
is, if no air were drawn into the sides of the ther-
mal-—the method would give a fairly accurate
height of the base. However, this is not the case.
Air is entrained or drawn into the sides of the
thermal; aud this entrained air lowers the water
vapor content of the thermal allowing it to reach
a somewhat higher level before condensation oc-
curs. Bases of the clouds are generally 10 to 15
percent higher than the computed height.

Entrainment is a sticky problem; observers and
forecasters can only estimate its effect. Until a
positive technique is developed, heights of cumulus
bases will tend to be reported and forecast too low.
Currently. in the eastern United States, curnulus
bases are seldom reported above 6,000 feet when
the base may actually be 7,000 or 8,000 feet. In
the western part of the country, cumulus bases
have been observed by aircraft at 12,000 to 14,000
feet above the ground but scldom are reposted
above 10,000 feet.

CROSS-COUNTRY THERMAL SOARING

A pilot can soar cross-country using cither iso-
lated thermals or thermal streets. When using
isolated thenmals, he gains altitude circling in ther-
mals and then proceeds toward the next thermal
in the general direction of his cross-country, Under
a thermal street, he may be able to proceed with
little if any cireling if his chosen course parallels
the thermal streets. Tt goes without saying that he
can oltain the greatest distance by flying in the
direction of the wind.
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In the central and eastern United States, the
most favorable weather for cross-country soaring
occurs behind a cold front. Lindsay* has found
that about 82 percent of thermal cross-countrys in
these areas were macle after a cold front kad passed
and ahead of the following high pressure center.
Four factors contribute to making this pattern
ideal. (1) The cold polar air is usually dry, and
thermals can build to relatively high altitudes. (2)
The polar air is colder than the ground; and thus,
the warm ground aids solar radiation in heating
the air. Thermals begin earlier in the moming and
last later in the evening. On occasions, soarable
lift has been found at night. (3) Quite often,
colder air at high altitudes moves over the cold,
low-level outbreak intensifying the instability and
strengthening the thermals. (4) The wind profile
frequently favors thenmal strecting—a real boon
to speed and distance.

The same four factors may occur with cold fron-
tal passages over mountainous regions in the west-
ern United States. However, rugged mountains
break up the circulation; and homogeneous condi-
tions extend over smaller areas than over the east-
ern parts of the countrv. The western mountain
regions and particulatiy the desert southwest have
one decided advantage. Air is predominantly dry
with more abundant daytime thermal activity fa-
voring cross-country soaring although it may be
for shorter distances.

Among the world’s most favorable tracks for
long distance soaring is a high plains corridor along
the east slope of the Rocky Mountains stretching
from southwest Texas to Canada.** Many cross-
rountry records have been set in this corridor.
Southwest Texas is the chosen site for many na-
tional and international soaring mects. Termin in
the corridor is relatively flat and high with few
trees; terrain surface ranges from barren to shert
grass. These surface features favor strong thermal
activity. Prevailing wind is southerly and mod-
erately strong giving an added boost to northbound
cross-countrys,

*Charles V. Lindsay. "Types of Weather Favoring
Cros-Country Soaring.” *Soaring, December 1964, pp.
6-9.

*® For an in-depth discussion of this area, see *Thermal
Soaring - -Southwest Style,” by David H. Owens, Soar-
ing, May 1966, pp. 10-12.



FRONTAL SOARING

Warm air forced :, ward over cold air above a
frontal surface can provide lift for soaring. How-
ever, good frontal lift is transitory, and it a. . ounts
for a very small portion of powerless flight. Seldom
will you find a front parallel to your desired cross-
country route, and seldom will it stay in position
long enough to cor.plete a flight. A slowly moving
front provides only weak lift. A fast moving front
often plagues the soaring pilot with cloudiness and
turbulence.

A front can on occasion provide excellent lift for
a short period. You may on a cross-country be rid-
ing wave or ridge lift and need to move over a
flat arca to take advantage of thermals. A front
may offer lift during your transition.

SEA BREEZE

In many coastal areas during the warnmn seasons,
a pleasant breeze from the sea occurs almost daily.
Caused by the heating of land on wanm, sunny
days, the sea hreeze usually begins during carly
forenoon, reaches a mnaximum during the after-
noon, and subsides around dusk after the land has
cooled. The leading edge of the cool sea brecze
forces wanmer air inland to rise as shown in figure
165. Rising air from over land returns scaward at
Itigher altitude to complete the convective cell.

A sailplane pilot operating in or near coastal
areas often can find lift generated by this con-
vective circulation. The transition zone between the
cool, moist air from the sca and the warm, drier air
inland is often narrow and is a shallow, ephemeral
kind of pseudo-coid front.

SEA BREEZE FRONT

Sometimes the wedge of cool air is called a sea
breeze front. If sufficient moisture is present, a
line of cumuliform clouds just inland may mark
the front. Whether marked by clouds or not, the
upward moving air at the sca breeze tront occasion-
ally is strong cnough to support soaring flight.
Within the sea breeze, ic., between the sea breeze
front and the ocean, the air is usually stable, and
normally, no lift may be expected at lower levels.
However, once airborne, pilots occasionally have

Frouts often are inarked by a change in cloud
type or amount. However, the very presence of
clouds may deter you from the front. Spotting a
diy front is difficult. Knowing that a front is
in the vicinity and studying your aircralt reaction
can tell you when you are in the frontal lift, Stay-
ing in the lift is another problem. Observing
ground indicators of surface wind helps.

An approaching front may enhance thermal or
hill soaring. An approaching front or a frontal
passage most likely will disrupt a sea breeze or
mountain wave. Post frontal thermals in cold air
were discussed carlier.

SOARING

found lift at higher levels in the return flow aloft,
A visual indication of this lift is cumulus extending
scaward from the sea breéze front.

The properties of a sea breeze front and the
extent of its penetration inland depend on facte.,
such as the difference in land and sea water
temperatures, general wind flow, moisture, and
terrain,

Land vs Sea Water Temperature

A large difference in land and sea water tem-
perature intensifies the convective cell generating
a sca breeze. Where coastal waters are quite cool,
sch as along the California coast, and land tem-
rapidly in the davtime, the sea
brecze becomes pronounced, penetrating perhaps
50 to 75 miles inland at times. Copious sunshine
and cool sea waters favor a well-developed sea
breeze front.

peratures wai,

Strength and Direction of General Wind

The sea breeze is a local effect. Strong pressure
gradients with a well-developed pressure system
can overpower the sea breeze effect. Winds will
follow the direction and speed dictated by the
strong pressure grawent. Therefore, a sea breeze
front is most likely when pressure gradient is weak
and wind is light.
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Fioure 165.

Moisture

When convection is very deep, the frontal effect
of a sca breeze may sometimes trigger cumulo-
nimbus clouds provided the lifted air over land
contains sufficient moisture. More often, the cumu-
lus are of limited vertical extent. Over vegetation
where air is usually moist, sca breeze cumulus are
the rule. Over arid regions, little or no cumulus
development may be anticipated with a sea breeze
front.

Terrain

Irregular or rough terrain in a coastal arca niaay
amplify the sca breeze front and cause couvergence
lines of sea breezes originating fromn different areas.
Southern California and parts of the Hawaiian
Islands are {avorable for sea brecze soaring because
orographic lift is added to the frontal convection.
Sca hreezes occasionally may extend to the leeward
sides of hills and mountains unless the ranges are
high and long without abrupt breaks. In either
case, the sea breeze front converges on the wind-
ward slopes, and upslope winds augment the con-
vection. Where terrain is fairly flat, sea breczes inay
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Schematic cross section through a sea breeze front. If the air inland is moist, cumulus often marks the front.

penetrate inland for surprising distances but with
weaker Lt along the sca breeze front. In the
Tropics, sea breezes sometimes penetrate as much
as 150 miles inland, while an average of closer to
50 miles inland 1s more usual in middle latitudes.
Sea breezes reaching speeds of 15 to 25 knots ure
not uncommon.

VISUAL CLUES

When a sea breeze front develops, visual obser-
vations may provide clues to the extent of lift that
you may anticipate, viz.:

1. Expect little or no lift on the scaward side of
the front when the sea air is markedly void
of convective clouds or when the sea brecze
spreads low stratus inland. However, some
lift may be nresent along the leading edge
of the sca breeze or just ahead of it.
Expect little or no lift on the scaward side
of the front when visibility decreases mark-
cdly in the sca breeze air. This is an in-
dicator of stable air within the sea breeze,
3. A favorable visual indication of lift along

the sea breeze front is a line of cumulus

clouds marking the front; cumuli between
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the sca breeze front and the ocean also indi-
cate possible lift within the sea breeze air,
especially at higher levels. Cumulus bases in
the moist sea air often are lower than along
the front.

4. When a sea breeze front is void of cumulus
but converging streamers of dust or smoke
are observed, expect convection and lift
along the sca breeze front.

5. Probably the best combination to he sighted
is cumuli and converging dust or smoke
plumes along the sea breeze front as it
moves upslope over hills or mountains. The
upward motion is amplified by the upslope
winds.

6. A difference in visibility between the sca air
and the inland air often is a visual clue to
the leading cdge of the sea breeze. Visibility
in the sea air may be restricted by haze
while visibility inland is unrestricted. On
the other hand, the sca air may be quite
clear while visibility inland is restricted by
dust or smoke.

20 30
1 1

STATUTE MILES

Fioure 166,

LOCAL SEA BREEZE EXPLORATIONS

Unfortunately, a sea breeze front is not always
easy to find, and it is likely that many an oppor.
tunity for sea breeze soaring goes unnoticed. As
yet, little experience has been accrued in locating
a belt of sea breeze lift without visual clues such as
clouds, haze, or converging smoke or dust plumes.
As the sport of soaring grows, so will the knowledge
of sea breeze soaring expand and the peculiarities
of more local arcas come to light. In the United
States, the area where the most experience prob-
ably has been gained is over the southern Cali-
fornia high desert where the sea breeze moves east-
ward over the Los Angeles Coastal Plain into the
Mojave Desert.

Los Angeles ‘‘Smoke Front"

The sea breeze front moving from the Los An-
geles coastal plain into the Mojave Desert has been
dubbed the “Smoke F-ont.” It has intense thermal
activity and offers excellent lift along the leading
edge of the front. Associated with the sea breeze

SAN GABRIEL MOUNTAINS
~ - .

- A P
-,:-\-»_ 10,059}

Sca breeze flow Into the San Fernando Valley. Note the San Fernando convergence zone, upper left, and

the Elsinore convergence zone, lower right,
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that moves inland over the Los Angeles coastal
- plain are two important zones of convergence,
shown in figure 166. Sea breezes of different origin
meet in the convergence zones producing vertical
currents capable of supporting sailplanes. One
convergence line is the “San Fernando Conver-
gence Zone;” a larger scale zone is in the Elsinore
arca, also shown in fign ¢ 166. This convergence
zone apparently generates strong vertical currents
since soaring pilots fly back and forth across the
valley along the linc separating smoky air to the
north from relatively clear air to the south. Alti-
tudes reached depend upon the stability, but usual-
ly fall within the 6,000 feet to 12,000 feet ASL
range for the usual dry thermal type lift. Seaward,
little or no lift is experienced in the sea breeze air
marked by poor visibility.

Cape Cod Peninsuvla

Figure 167 shows converging air between sea
breezes flowing inland from opposite coasts of the
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Cape Cod Peninsula. Later in the development of
the converging sea breezes, the onsct of ¢ nvection
is indicated by cumulus over the peninsula. Sail-
plane pilots flying over this area as well as over
Long Island, New York, have found good lift in
the convergence lines caused by sea breezes blow-
ing inland from both coasts of the narrow land
strips.

Great Lakes Area

Sea breeze fronts have been olscrved along the
shore lines of the Groat Lakes. Weathier satellites
have also photographed this sea breeze Tect on
the western shore of Lake Michigan. It is quite
likely that conditions favorable for soaring occur
at times,

7000 FT.

6000 FT.

5000 FT.

11°C

4000 FT.

3000 FT.

POSSIBLE LOCATION OF

2000 FT.
SEA BREEZE FRONT

Fiourz 167. Sea breeze convergence zone, Cape Cod, Massachusetts. Sea breezes from opposite coasts
converge over the cape.
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RIDGE OR HILL SOARING

Wind blowing toward hills or ridges flows up-
ward, over, ond around the abrupt rises in terrain.
The upward moving air creates lift which is some-
times excellent for soaring. Figure 168 i< a schematic
showing arca of best lift. Ridge or hill soaring
offers great sport to the sailplane pilot who arcepts
the challenge and can wait for proper wind and
stability combinations.

WIND

To create lift over hills or ridges, wind direction
should be within about 30 to 40 degreces normal
to the ridge line. A sustained speed of 15 knots or
more usually generates enough lift to support a
sailplane. Height of the lift usually is two or three
times the heighit of the rise from the valley floor
to the ridge crest. Strong winds tend to increase
turbulence and low-level eddies wit
ciable increase in the height of the h.

STABILITY

Stability affects the continuity and extent of lift
over hills or ridges. Stable air allows relatively

an appre-

sireamnlined upslope flow. A pilot experiences little
or no turbulence in the steady, uniforrm area of
best lift shown in figure 168. Since stable air tends
to return to its original level, air spilling over the
crest and downslope is churned into a snar] of
leeside eddies, also shown in figure 168. Thus,
stable air favors smooth lift but troublesome leeside
low-altitude turbulence.

When the airstrcam is moist and unstable, up-
slope lift may release the instability generating
strong convective currents and cumulus ¢louds over
windward slopes and hill crests. The initially lam.
inar flow is broken up into convective cells. While
the updrafts produce good lift, strong downdrafts
may compromise low altitude flight over rough
terrain. As with thermals, the lift will be transitory
rather than smooth and uniform. :

STEEPNESS OF SLOPE

Very gentle slopes provide little or no lift. Most
favorable for soaring is a stnooth, moderate slope.
An ideal slope is about 1 to 4 which with an up-
slope wind of 15 knots creates lift of about 6 feet

AREA OF BEST HILL LIFT

Fioure 168. Schematic cross section of airflow over a ridge. Note the area of best lift. Downdrafts predominat: leeward
in the “wind shadow.”
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per sccond. With the same slope, a high-perfor-
mance saileraft with a sinking speed of 2 feet per
sccond presunably could remain airborne with
only a 5-knot wind!

Very steep escarpments or rugged slopes induce
turbulent eddies. Strong winds extend these eddices
to a considerable height usually disrupting any

potential lift. ‘Ihe turbulent eddics #!so enhance
the possibility of a low-altitude upset.

CONTINUITY Of RIDGES

Ridges extending for several miles  withowt
abrupt breaks tend to provide uniform lift through-

WIND DIRECTION

Ficure 167. Strong winds flowing around an isolated peak produce little lift. During light winds, sunlit slopes mav be
a favored location for thermals,
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out their length, In contrast, a single peak diverts
wind flow around the peak as well as over it and
thus is less favorable for soaring, Figure 169 shows
wind flow around an isolated peak.

Some wind flow patterns over ridges and hills
are illustrated in figure 170, Deviations from these
patterns depend on wind direction and speed, on
stability, on slope profile, and on general terrain
roughness,

SOARING IN UPSLOPE LIFT

The soaring pilot, alwavs alert, must remain
especially so in secking or adineg lall lift Yeu may
be able to spot indicators of pood T Other clues
tay ark areas to avoid,

When air is unstable, do not venture too near the
slope. You can identify anstable uir either by the
updrafts and downdrafts in dry heamals or by
cumulus building over hills or nidges. Approaching
at too low an altitude may suddenly put you in a
downdraft, forcing an inadvertent landing,

When winds are strong, surface friction may
create low-level eddies even over relatively smooth
slopes. Also, friction may drasucally reduce the
effective wind speed near the surface. When climb-
ing at low altitude toward a slope under these
conditions, he prepared 1o tarn quickly toward the
valley in event you lose lift. Renew your attempt
to climb farther from the hill,

If winds are weak, you may find lift only very near
the sloping sutface, Then you must “hug” the slope
to find needed lift. However, avoid th < procedure
if there are indications of up and down drafts. In
veneral, for any given slope, keep your distance
from the slope proportional to wind speed.,

Leeward of hills and ridees is an area where
wind is blocked by the obstruction. Among soaring
circles this area s called the “wind shadow.” In
the wind shadow, downdrafts predominate as
shown in fignre 168, If you stray into the wind
shadow at an altitude near or below the altitade
of the ridie crest, you may be embarrassed by an
unscheduled and pos bly roueh landing. Try to
stay within the area of pest 1ift shown in fivure 168,

Fiourr 170, Windflow over various types of terrain. The
many deviations from these patterns depend on wind
speed, slope profile, and terrain roughness.
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MOUNTAIN WAVE SOARING

The great attraction of soaring in mountain
waves stems from the continuous lift to great
heights, Soaving flights to above 35,000 feet have
frequently been made in mountiin waves, Once a
soaring pilot has reached the rising air of a moun-
tain wave, he has every prospecet of maintaining
flight for several hours. While mountain wave
soaring is related to ridge or hill soaring, the lift in
a mountain wave 1s on a larger scale and is less
transitory than 5ift over smaller rises in terrain.
Figure 171 is a cross scction of a typical mountain
wave,

FORMATION

When strong winds blow across a mountain

range, large “standing” waves occur downwind
from the mountains and upward to the tropopause.
The waves may develop singly; but more often,
they occur as a series of waves downstream from
the mountains, While the waves remain about

stationary, strong winds are blowing through them.

You may compare a mountain wave to a series of
waves formed downstream from a submerged rocky
ridge in a fast flowing creck or river. Air dips
sharply immediately to the lee of a ridge, then
rises and falls in a wave motion downstrean.

A strong mountain wave requires:

1. Marked stability in the airstream disturbed
by the mountains. Rapidly building cumu-
lus over the mountains visually marks the
air unstable; convection, evidenced by the
cumulus, tends to deter wave formation.

2. Wind speed at the level of the summit
should exceed a minimum which varies
from 15 to 25 knots depending on the height

of the range. Upper winds should increase
or at least remain constant with height up
to the tropopause,

3. Wind direction should be within 30 degrees
normal to the range. Lift diminishes as
winds more nearly parallel the range.
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WAVE LENGTH AND AMPLITUDE

Wave length is the horizonta) distance between
crests of suceessive waves and is usually between
2 and 25 miles. In general, wave length is con-
trolled by wind component perpendicular to the
ndpe and by stability of the upstream flow. Wave
length is directly proportional to wind speed and
inversely proportional to stability. Figure 172 illus-
trates wave length and also amplitude,

Amplitude of a wave is the vertical dimension
and is half the altitude difference between the
wave trough and erest. In a typical wave, ampli-
tade vartes with height above the ground. Tt is
least near the sutface and near the tropopause.
Cireatest amplitude is roughly 3,000 to 6,000 feet
above the ridue crestt Wave amplitude is controlled
hy size and shape of the ridge as well as wind and
stability, A shallow layer of great stability and
moderate wind produces a greater wave amplitude
than does a deep layer of moderate stability and
strong winds. Also, the greater the amplitucds, the
shorter 38 the wave length. Waves offering the
strongest and most consistent ift are those with
greeat amplitude and short wave length.

VISUAL INDICATORS

If the air has suflicient moisture, lenticular (lens-
shaped) clonds mark wave crests. Cooling of air

ascending toward the wave crest saturates the air
forming clouds. Warming of air descending beyond
the wave crest evaporates the cloud. Thus, by con-
tinuous condensation windward of the wave crest
and evaporation lceward, the cloud appears sta-
tionary although wind may be blowing through the
wave at 50 knots or more. Lenticular clouds in
successive bands downstream from the mountain
mark a series of wave crests,

Spacing of lenticulars marks the wave length.
Clearly identifiable lenticulars also suggest larger
wave amplitude than clouds which barely exhibit
lenticular form. These cloud types along with
stratiform clouds on the windward slopes and along
the mountain crest indicate the stability favorable
to mountain wave soaring.

Thunderstonns or rapidly building camulus over
mountains mark the air unstable. As they reach
maturity, the thunderstorms often drift downwind
across leeward valleys and plains. Strong convective
currents in the unstable air deter wave formation.
If you sight numerons instability clouds, wait until
another day for mountain wave soaring.

SOARING TURBULENCE
A mountain wave, in a manner similar to that
in a thermal, means turbulence to powered aireraft,

but to a slowly moving saileraft, it produces hift
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Fioure 172, Wave length and amplitude.
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and sink above the level of the mountain crest.
But as air spills over the crest like a waterfall, it
causes strong downdrafts, The violent overturning
forms a scries of “rotors” in the wind shadow of
the mountain which are hazardous even to a
sailplane (see ch. 9, figs. 81 through 84). Clouds
resembling long bhands of stratocumulus sometimes
mark (he area of overturning air. These “rotor
clouds™ appear to remain stationary, parallel the
range, and stand a few miles leeward of the moun-
tains. Turhulence is most frequent and most severe
in the standing rotors just beneath the wave crests
at or helow mountain-top levels, ‘This rotor turbu-
lence is espeeially violent in waves generated Ly
largre mountaing such as the Rockies. Rotor turbu-
lence with lesser mountaing is much less severe but
is always present to some extent, The turbulence
is greatest in well-developed waves,

FAVORED AREAS

Monuntain waves ocenr most frequently  along
the central and northern Rockies and the northern
Appalachians. Oceasionally, waves form to the lee
of mountaing in Arkansas, Oklahoma, and south-
western Texas, Weather satellites have observed
waves extending preat distanees downwind  from
the Rocky Mountains; one series extended  for
neatly 700 miles. "The more nsual distance is 150
1o 300 miles. While Appalachian waves are not as
stiong as those over the Rockies, they occur fre-
quently; and satellites have observed them at an

A Y ! s £3

¥ average of 115 miles downwind, Wave length of
" these waves averages about 10 nautical miles.

RIDING THE WAVES

You often can detect a wave by the uncanny
smoothness of your climb. On first locating a wave,
turn into the wind and attempt to climb directly
over the spot where you first detected lift provided
you can remain at an altitude above the level of
the mountain crest. The lee side turbulent area
is for the rxperienced pilot only. After cautiously
climbing well up into the wave, attempt to deter-
mine dimensions of the zone of lift. If the wave is
over rugged terrain, it may be impossible and un-
necessary to determine the wave length, Lift over
such terrain is likely to be in patchy bands. Over
more even terrain, the wave length may be casy
to determine and nse in planning the uext stage of
Might.

Wave clowds are a visual clue in your search for
lift. The wave-like shape of lenticulars is usually
more obvious from above than from below, Lift
should prevail from the crest of the lenticulars up-
wind about one-third the wave lenpth, When your
course takes you across the waves, climb on the
windward side of the wave and fly as quickly as
possible to the windward side of the next wave,
Wave lift of 300 10 1,200 feet per minute is not
uncommon. Soaring pilots have encountered ver-
tical currents exceeding 3,000 feet per minute, the
strougest ever reported being 8,000 feet per minute,

IN CLOSING

Records are made to be hroken, Altitude andd
distance veconds are a prime target of many sail-
plane enthusiasts, Distanees records miay he possible
by Hying a combination of 1t sources such ax ther-
mal, frontal, ridge, or wave, Altitude reconds are
set i monntain wives. Altitudes above 46,000 feet
have been attained over the Rocky Mountains;
soaring Qights to more thae 24,000 feet have been
made in Appalachian waves; and flights to as high
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ay 20000 feet have been recorded from New
England to North Carolina,

We sincerely hope that this chapter has given
you an insight into the minute variations in wea-
ther that profoundly affect a soaring aircraft, When
you have remained aithomne for hours without
power, you have met a unigque challemee and ex-
perienced a singular thiill of flying.




GLOSSARY OF WEATHER TERMS

A

absolute instability-—A state of a layer within the atmo-
sphere in which the vertical distribution of temperature
is such that an air parcel, if given an upward or down-
ward push, will move away from its initial level without
further outside force being applied.

absolute temperature scale—See Kelvin Temperature
Scale.

absolute vorticity-——See vorticity.

adiabatic process —The process by which fixed relation-
ships are maintained during changes in temperature,
volume, and pressure in a body of air without heat being
added or removed from the body.

advection—-The horizontal - ansport of air or atmospheric
properties. In meteorology, sometimes referred to as the

horizontal component of convection.

advection fog-—Fog resulting from the transport of warm,
humid air over a cold surface.

air density —The nass density of the air in terms of weight
per unit volume.

air mass—In meteorology, an extensive body of anr within
which the conditions of temperature and moisture in a
horizontal plane are essentially uniform.

air mass classification--A system used to identify and to
characterize the different air masses according to a basic
scheme. The system most commonly used classifies air
masses primarily according to the thermal properties of
their sowrce regions: “tropical™ (T1); “polar” (P); and
“Arctic” or “Antarctic” (A). They are further classified
according to moisture characteristics as ‘‘continental”
(c} or “maritime"” (m).

air parcel--Ser parccl.

albedo -—-The ratio of the amount of clectromagnetic radia-
tion reflected by a body to the amount incident upon it,
commonly expressed in percentage; in meteorology, usu-
ally used in reference to tmolation (solar radiation); i.e.,
the albedo of wet sand is 9, meaning that about 995 of
the incident insolation is refiected; albedocs of other sur-
faces range upward to 80-85 for fresh snow cover; aver-
age albedo for the carth and its atmosphere has been
calculated to range from 35 to 43,

altimeter—An instrument which determines the altitude of
an object with respect to a fixed level. See pressure
altimeter.

altimeter setting-—The value to which the scale of a pres-
sure altimeter is sct so as to read truc altitude at field
clevation.

altimeter setting indicator—A precision aneroid barometer
calibrated to indicate directly the altimeter sctting.

altitude—Hcight expressed in units of distance above a
reference plane, usually above mean sea level or above
ground.

(1) corrected altitude—Indicated altitude o1 an air-
craft altimeter corrected for the temperature of the
column of air below the aircraft, the correction being
based on the estimated departure of existing tem-
perature from standard atmospheric temperature;
an approximation of true altitude.

(2) density altitude—The altitude in the standard at-
mosphere at which the air has the same density as
the air at the point in question. An aircraft will have
the same performance characteristics as it would
have in a standard atmosphere at this altitude,

(3) indicated altitude—The altitude above mean sea
level indicated on a pressure altimeter sct at current
local altimeter setling.

(4) pressure altitude—The altitude in the standard at-
mosphere at which the pressure is the same as at the
point in question. Since an altimeter operates solely
on pressure, this is the uncorrected attitude indicated
by an altimecter sct at standard sca level pressure of
29.92 inches or 1013 millibars,

(5) radar altitude—The altitude of an aircraft deter-
mined by radar-type radio altimeter; thus the actual
distance from the nearest terrain or water feature
encompassed by the downward directed radar beam.
For all practical purposcs, it is the “‘actual” distance
above a ground or inland water surface or the true
altitude above an ocean surface.

(6) true altitude—The exact distance above mean sca
level.

altocumulus—White or gray layers or patches of cloud,
often with a waved appearance; cloud clements appear
as rounded masses or rolls; composed mostly of liquid
water droplets which may be supercooled; may contain
ice crystals at subfreezing temperatures.

altocumulus castellanus-—A specics of middle cloud of
which at least a fraction of its upper part presents some
vertically developed, cumuliform protuberances (some
of which are taller than they are wide, as castles) and
which give the cloud a crenclated or turreted appear-
ance; especially cvident when seen from the side; ele-
ments usually have a common basc arranged in lines.
This cloud indicates instability and turbulence at the
altitudes of occurrence,

anemometer—An instrument for measuring wind speed.
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ancroid barometer—A barometer which operates on the
principle of having changing atmospheric pressure bend
a metallic surface which, in turn, moves a pointer across
a scale graduated in units of pressure.

angel—1In radar mecteorology, an echo caused by physical
phenomena not discernible to the eye; they have been
observed when abnormally strong temperature and/oc
moisture gradients were known to cxist; sometimes at-
tributed to insects or birds flying in the radar beam.

anomalous propagation (sometimes called AP)—In radar
mcteorology, the greater than normal bending of the
radar beam such that echoes are reccived from ground
targets at distances greater than normal ground clutter,

anticyclone—An arca of high atmospheric pressure which
has a closed circulation that is anticyclonic, i.c., as viewed
from above, the circulation is clockwise in the Northern
Hemisphere, counterclockwise in the Southern Hemi-
sphere, undefined at the Equator.

anvil cloud-—Popular name given to the top portion of a
eurmadonimbus cloud having an anvil-like form,

APOB—A sounding made by an aircraft,

Arctic air-- An air mass with characteristics developed
mostly in winter over Arctic surfaces of ice and snow.
Arctic air cxtends to great heights, and the surface tem-
peratures are basically, but not always, lower than those
of polar air.

Arctic¢ front—The &urface of discontinuity between very
cold (Arctic) air flowing directly from the Arctic region
and another less cold and, consequently, less dense air
mass,

astronomical twilight—See twilight.
atmosphere -“The mass of air surrounding the Earth,

atmospheric pressure (also called barometric pressure)—
The pressure exerted by the atmosphere as a consequence
of gravitational attraction exerted upon the “column” of
air lying directly above the point in question,

atmospheriea - Disturbing cffects produced in radio re-
ceiving apparatus by atmospheric electrical phenomena
such as an clectrical storm, Static,

aurora- -A luminous, radiant cmission over middle and
high latitudes confined to the thin air of high altitudes
and centered over the carth’s magnetic poles, Called
“aurora borealis” (northern lights) or “aurora australis”
according to its occurrence in the Northern or Southern
Hemisphere, respectively.

attenuation—In radar meteorology, any process which
reduces power density in radar signals,

(1) precipitation attenuation—Reduction of power
density because of absorption or reflection of energy
by precipitation.

(2) range attenuation-—Reduction of radar power
density because of distance from the antenna, It
occurs in the outgoing beam at a rate proportional
to 1/ranget, The return signal is also attenuated at
the same rate.
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backing—Shifting of the wind in a counterclockwise di-
rection with respect to cither space or time; npposite of
peering. Commonly used by meteorologists to refer to a
cyclonic shift {counterclockwise in the Northern Hemi-
sphere and clockwise in the Southern Hemisphere).

backscatter—Pertaining to radar, the energy reflected or
scattered by a target; an echo.

banner cloud (also called cloud banner)—A banner-like
cloud streaming off from a mountain peak.

barograph—A continuous-recording barometer.

barometer—An instrument for measuring the pressure of
the atmosphere; the two principle types are mercuriel and
aneroid,

barometric altimeter—See pressure altimeter.
barometric pressure—Same as a’mospheric pressure.

barometric tendency—The change of barometric pressure
within a specified period of time. In aviation weather ob-
servations, routinely determined periodically, usually for
a 3-hour period.

beam resolution—See resolution.
Beaufort scale—A scale of wind speeds.
black blizzard—Same as duststorm.

blizzard—A severe weather condition characterized by low
temperatures and strong winds bearing a great amount of
snow, cither falling or picked up from the ground.

blowing dust—A type of lithometeor composed ot dust par-
ticles picked up locally from the surface and blown about
in clouds or sheets.

blowing sand—A type of lithometeor composed of sand
picked up locally from *he surface and blown about in
clouds or sheets.

blowing snow—A typc of Aydrometeor composed of snow
picked up from the surface by the wind and carried to a
height of 6 fect or more.

blowing spray—A type of hdrometeor composed of water
particles picked up by the wind from the surface of a
large body of water.

bright band—In radar mectcorology, a narrow, intensc echo
on the range-height indicator scope resulting from water-
covered ice particles of high reflectivity at the melting
level.

Buys Ballot’s law—1f an observer in the Northern Hemi-
sphere stands with his back to the wind, lower pressure is
to his left.

C

calm—The absence of wind or of apparent motion of the
air.

cap cloud (also zailed cloud cap)—A standing or station-
ary cap-like cloud crowning a mountain summit.



ceiling—In meteorology in the U.S., (1) the height above
the surface of the base of the lowest layer of clouds or
obscuring phenomena aloft that hides more than half of the
sky, or (2) the vertical visibility into an obscuration, See
summation principle.

ceiling balloon—A small balloon used to determine the
height of a clond base or the extent of vertical visibility.

ceiling light—An instiument which projects a vertical
ticht beam onto the base of a cloud or inte surface-
based obscuring phenomena; vied 2t night in conjunc-
tion with a clinometer to determine the height of the cloud
basc or as an aid in estimating the vertical visibility.

ceilometer—A cloud-height measuring system. It projects
light on the cloud, detects the reflection by a photo-
clectric cell, and determines height by triangulation.

Celsius temperature scale (abbreviated C)—A tempera-
ture scale with zero degrees as the melting point of pure
ice and 100 degrees as the boiling point of pure water at
standard sea level atinoepheric pressure.

Centigrade temperature scale—Same as Celsius tempera-
ture seale.

chaff-—Pertaining to radar, (1) short, fine strips of metaliic
fuil dropped from aircraft, usually by military forces,
specifically for the purpose of jamiming radar; (2) applied
loosely to echoes resulting from chafl.

change of state - In meteorology, the transformation of
water from one form, ie., solid (ice}, liquid, or gaseuns
(water vapor), to any other form. There are six possible
transformations designated by the five terms following:
(1) .ondensation-—The change of water vapor to liquid
water.
(2) evaporation—The change of liquid water to water
vapor.
(3) ficezing—The change of liquid water to ice.
(4

~

melting—The change of ice to liquid water,

(5) sublimation-—The change of (a) ice to water vapor
or (b) water vapor to ice. Ser latent heat,

Chinook—A warm, dry foein wind blowing down the ecast-
ern slopes of the Rocky Mountains over the adjacent
plains in the U.S. and Canada.

cirriform--All species and varieties of cirrus, eirrocumulus,
and cirrostratus clouds, descriptive of ¢louds composed
mostly or entirely of small ice crystals, usually transparent
and white; often producing hale phenomena not observed
with other cloud forms. Average height ranges upward
from 20,000 feet in middle latitudes.

cirrocumulus—A cirriform cloud appearing as a thin sheet
of sinall white puffs resembling flakes or patches of cotton
without shadows; sometimes confused with altocumulus.

cirrostratus— A cirriform cloud appearing as a whitish veil,
usually fibrous, somctimes smooth; often produces halo
phenomena; may totally cover the sky.

cirrus—A cirriforn; (loud in the form of thin, white fcather-
like clouds in patches or narrow bands; have a fibrous
and/or silky sheen; large ice crystals often trail down-

ward a consideirable vertical distance in fibrous, slanted,
or irregularly curved wisps called mares’ tails,

civil twilight—See twilight.

clear air turbulence (abbreviated CAT)—Turbulence
encountered in air where no clouds are present; more
popularly applied to high level turbulence associated
with wind shear.

clear icing (or clear ice)—Generally, the formation of a
layer or mass of ice which is relatively transparent be.
cause of its homogencous structure and small number
and size of air spaces; used commonly as synonymous
with glaze, particularly with respect to aircraft icing.
Compare with rime icing. Factors which favor clear icing
are large drop size, such as thosc found in cumuliform
clouds, rapid accretion of supcrcooled water, and stow
dissipation of latent Aeat of fusion.

climate-—The statistical collective of the weather condi-
tions of a point or area during a specified interval of time
(usually several decades); may be expressed in a variety
of ways.

climatology-—The itudy of elimate.

clinometer—An instrument used in weather observing for
measuring angles of inclination; it is used in conjunction
with a cerling light to determine cloud height at night.

cloud bank-—Generally, a fairly well-defined mass of cloud
observed at a distance; it covers an appreciable portion
of the horizon sky, but does not extend overhead.

cloudburst—In popular teminology, any sudden and heavy
fall of ratn, almost always of the shower type.

cloud cap—See cap cloud.

cloud d. tection radar—A vertically directed radar to de-
tect cloud bases and tops.

cold front—Any non-occluded front which moves in such a
way that colder air replaces warmer air.

condensation—See change of state.

condensation level —The height at which a rising parcel or
layer of air would become saturated if lifted adiabatically.

condensation nuclei—Small particles in the air on which
water vapor condenses or sublimates.

condensation trail (or contrail) (also calied vapor trail)—
A cloud-like streamer frequently observed to form behind
aircraft flying in clear, cold, humid air.

conditionally unstable air—Unsaturated air that will be-
come unstable on the condition it becomes saturated. See
instability.

conduction—The transfer of heat by molecular action
through a substance or from one substance in contact
with another; transfer is always from warmer to colder
temperature.

constant pressure chart—A chart of a constant pressure
surface; may contain analyses of height, wind, tempera-
ture, humidity, and/or other elements.
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continental polar air—See polar air.
continental tropical air—See tropical air.

contour-—In mecteorology, (1) a line of equal height on a
constant pressure chart; analogous to contours on a re-
lief map; (2) in radar meteorology, a line on a radar
scope of equal echo intensity.,

contouring circuit—On weather radar, a circuit which
displays  multiple contours of echo intensity simulta-
neously on the plan position indicutor or range-height indicator
scope. See contour (2).

contrail—Contraction for condensation trail.

convection —(1) In general, iris motions within a fluid
resulting in transport ar 4 mixing of the properties of
that fluid. (2) In mcteorology, atmospheric motions that
are predominantly vertical, resulting in vertical transport
and mixing of atmospheric propertics; distinguished from
adrection,

convective cloud—See cumuliform.

convective condensation level (.bbreviated CCL)—The
lowest level at which cor densadion will occur as a result
of convection duc to surface heating. When condensation
occurs at this level, the layer between the surface and the
CCL will be thoroughly mixed, temperature lapse rate
will be dry adiabatic, and mixing ratic will be constant.

convective instability—The state of an unsaturated layer
! air, whose lapse rates of temperature and moisture are
such that when lifted adiabatically until the layer be-
come . saturated, convection is spont-...~ous.

conve. gence—The condition that exists when the distri-
bution of winds within a given arca it such that there is
a nct horizontal inflow of air into the area. In conver-
gence at lower levels, the removal of the resulting excess
is accomplished by an upward movement of air; consc-
quently, areas of low-level convergent winds are regions
favorable to the occurrence of clouds and precipitation.
Compare with dicergence.

Coriolis for .e— A deflective force resulting from earth’s ro-
tation; it acts to the right of wind direction in the North-
ctn Hemisphere «nd to the left in the Southerz Hemi-
sphere,

corona—A frismatically colored circle or arcs of a circle
with the sun or moon at its center; coloration is from
bluc inside to red outside (opposite that of a kalo); varies
in size (much smaller) as opposed to the fixed diameter
of the halo; characteristic of clouds coriposed of water
droplets and valuable in differentiating between middle
and cirriform clouds,

corposant—ySer St. Elmo’s Fire.

corrected altitude (approximation of true altitude)—See
altitude.

cumuliform-—A term descriptive of all convective clouds
exhibiting vertical devclopment in contrast to the hori-
zontally extended stratiform types.

cuinulonimbus—A cumuliform cloud type; it is heavy and
dense, with considerable vertical extent in the form of
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massive towers; often with tops in the shape of an anuvil
or massive plume; under the base of cumulonimbus,
which often is very dark, there frequently exists virga,
precipitation and low ragged clouds (scud), cither merged
with it or not; frequently accompanied by lightning,
thunder, and sometimes hail; occasionally produces a
tornado or a waterspout; the ultimate manifestation of
the growth of a cumulus cloud, occasionally extending
well into the stratosphere.

cumulonimbus mamma—A cunulonimbus cloud having

hanging protuberances, like pouches, festoons, or udders,
on the under side of the cloud; usually indicative of
severe turbulence,

cumulus—A cloud in the form of individual detached

domes or towers which are usually dense and well de-
fined ; develops vertically in the form of rising mounds of
which the bulging upper part often resenibles a cauli-
flower; the sunlit parts of these clouds are mostly brilliant
white; their bases are relatively dark and ncarly hori-
zontal.

cumulus fractus—3See fractus.

cyclogenesis—Any development or strengthening of cy-

clonic circulation in the atmosphere.

cyclone—(1) An arca of low atmospheric pressure which

has a closed circulation that is cyclonic, i.c., as viewed
from above, the circulation is counterclockwise in the
Northern Hemisphere, clockwise in the Southern Hemi-
sphere, undefined at the Equator. Because cyclonic circu-
lation and relatively low atmosphieric pressure usually co-
exist, in common practice the terms cyclone and low are
used interchangeably, Also, because cyclones often are
accompanied by inclement (somctimes  destructive)
weather, they arc frequently referred to simply as storms,
(2) Frequently misused to denote a tormado, (3) In the
Indian Ocean, a fropical cyclone of hurricane or typhoon
force,

D

deepening—A decrease in the central pressure of a pres-

surc systcm; usually applied to a low rather than to a
high, although technically, it is acceptable in cither sense.

density—(1) The ratio of the mass of any substance to the

volume it occupies—weight per unit volume. (2) The
ratio of any quantity to the volume or area it occupies,
i.c., population per unit arca, power density.

density altitude—See altitudc.

depression—In meteoroingy, an arca of low pressure; a

low or trough. This is usually applied to a certain stage in
the development of a tropical cyclone, to migratory lows
and troughs, and to uppei-level lows and troughs that
are only weakly devcloped.

dew—Water condensed onto grass and other objects near

the ground, the temperatures of which have fallen below
the initial dew point temperature of the surface air, but
is still above freezing. Compare with frost.

dew point (or dew-point temperature)—The tempera-

ture to which a sample of air must be cooled, while the



mixing ratio and barometric pres ure remain constant, in
order to attain saturation with respect to water.

discontinuity—A zone with comparatively rapid transition
of onc or more meteorological elcments,

disturbance-—In metcorology, applied rather loosely: (1)
any low pressurc or cyclone, but usually one that is rela-
tively small in size; (2) an arca where weather, wind,
pressure, ctc., show signs of cyclonic development; (3}
any deviation in flow or pressure that is associated with
a disturbed state of the weather, i.c., cloudiness and pre-
cipitation; and (4) any individual circulatory system
within the primary circulation of the atmosphere.

diurnal—Daily, especially pertaining to a cycle completed
within a 24-hour period, and which recurs every 24 hours.

divergence—The condition that exists when the distribu-
tion of winds within a given arca is such that there is a
net horizontal flow of air outward from the region. In
divergence at lower levels, the resulting deficit is com-
pensated for by subsidence of air from aloft; consequently
the air is heated and the rclative humidity lowered mak-
ing divergence a warming and drying prucess. Low-level
divergent regiona are areis unfavorable to the occurrence
of clouds and precipitation. The oppasite of contergence.

doldruma—The equatorial belt of calm or light and vari-
able winds between the twa tradewind belts. Compare
ntertrapical convergence Zone.

downdraft —A relative small scale downward current of
air; often observed on the lee side of large objects re-
stricting the smooth flow of the air or in precipitation
arcas in or near cumuliform clouds.

drifting snow—A type of Aydrometeor compe.ed of snow
particles picked up from the surface, but carried to a
height of less than 6 feet.

drizzle—A form of precipiction. Very small w.ter drops
that appear to float with the air currents while fulling in
an irregular path {unlike rain, which falls in a cmapara-
tively straight path, and unlike fog droplets which reinain
suspended in the air).

dropsonde—A radiosonde dropped by parachute from an
aircraft to (btain soundings (measuiements) of the atmo-
sphere Lelow.

dry adiabatic lapse rate—The rate of decrease of tem-
perature with height when unsaturatcd air is lifted adia-
batically (duc to expansion as it is lifted to lower pressure).
See adiabatic process.

dry bulb—A name given to an ordinary thermometer used
to determire temperature of the air; also used as a con-
traction for dry-bulb temperature. Comnpare wet bulb.

dry-bulb temperature—The temperature ot the air,

dust—A type of lithometeor composed of small carthen par-
ticles suspended in the atmosphere.

dust devil—A small, vigorous whirlirind, usuallv of short
duration, rendered visible by dust, sai . and dcbris picked
up frum the ground.

duster—Same as duststorm.

dustatorm (also called duster, black olizzard)—An un.
usual, frequently severe weather condition characterized
by strong winds and dust-filled air over an extensive arca.

D-value—~Departure of true altitude from pressure alti-
tude (see altitude); obtained by algebraically subtracting
truc altitude from pressure altitude; thus it may be plus
or minus. On a constant pressure chart, the difference
between actual height and standard atmespheric height ol a
constant pressure surface,

E

echo—In radar, (1) the encrgy rctlected or scattered by a
target; (2) the radar scope presentation of the return from
a target.

eddy—A local irregularity of wind in a larger scale wind
flnw. Small scale eddies produce turbulent conditions.

estimated ceiling—A ceiling classification applicd when
the ceiling height has been estimated by the observer or
has been deterrained by some other method; but, hecause
of the speeified limits of time, distance, or precipitation
conditions, a more descriptive classification cannot be
applicd.

evaporation—-See change of state,

extratropical low (sometimes calledd extratropical cy-
clune, extratropical storm)—Any cyclone that is not a
tropical cyclone, usually referring to the migratory frontal
cyclones of middle and high latitude:.

eye ~The roughly circular arca of caim or rciatively light
winds and comparatively fair we.nher at the center of a
well-developed tropical cyelone. N wall clowd marks the
outer beundary of the eye.

F

Fahrenheit temperature scale (abbreviated F)—A temn-
perature scale with 32 degrees as the melting peint of
pure ice and 212 degrees as the boiling point of pure
water at standard sca level atmospheric pressure (29.92
inches or 1013.2 millibar;).

Fall wind -A cold wind blowing downslope. Fall wind
differs from foekn in that the air is initially cold cnough
to remain relatively cold despite compressional heating
during descent,

filling—An increase in the central pressure of a pressure
system; opposite of deepening; more commonly applied to
a low rather than a high.

first gust—The leading edge of the spreading downdraft,
plow wind, from an approaching thunderstorm.

flow line-—A streamline.

foechn—-A warm, dry downslope wind; the warmness and
dryncse heing due to adiabatic compression upon de-
scent; characteristic of mountainous regions. See adia-
batic process, Chinook, Santa Ana.

fog—A hydrometeor consisting of numerous minute water
droplets and based at the surface; droplets are small
enough to be suspended in the carth’s atmosphere in-
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definitely. (Unlike drizzle, it does not fall to the surface;
differs from cloud only in th:.t a cloud is not based at the
surface; distinguished fron: Laze by its wetness and gray
color.)

fractus—Clouds in tlic form of irregular shreds, appearing
as if torn; have a clearly ragged appearance; applies only
to stratus and cumulus, i.e., cumulus fractus and strafus
fructus,

freezing—See change of state.

freezing level—A level in the atmosphaie at which the
iemperature is 0° C (32° F).

front—A surface, interface, or transition zone of discon-
tinuity between two adjacent air masses of different den-
sities; more simply the boundary between two different
air masses, See frontal zone,

frontal zone—A front or zone with a marked increase of
density gradient; used to denote that fronts are not truly
a “'mrface” of discontinuity but rather a *“zone” of rapid
transition of meteorological elements.

frontogenesis—The initial formation of a front or frontal
zone.

frontolysis—The dissipation of a front.

frost (also hoarfrost)-—Ice crystal deposits formed by sub-
limation when temperature and dew point are below
freezing.

funnel cloud—A fornade cloud or wortex cloud extending
downward from the parent cloud but not reaching the
ground.

G

glaze-~A coating of ice, generally clear and smooth, formed
by freezing of supercooled water on a surface. See clear
icing.

gradient—In meteorology, a horizontal decrease in value
per unit distance of 2 parameter in the direction of maxi-
mum decrease; most commonly used with pressure, tem-
perature, and moisture.

ground clutter—Pertaining to radar, a cluster of echoes,
generally at short range, reflected from ground targets.

ground fog—In the Unitcd States, a fog that conceals less
than 0.6 of the sky and is not contiguous with the base of
clouds.

gust—A sudden brief increase in wind; according to U.S.
weather observing practice, gusts are reported when the
variation in wind speed between peaks and lulls is at
least 10 knots.

H

hail—A form of precipitation composed of balls or irregular
lumps of ice, always produced by convective clouds
which are nearly always cumulonimbus.

halo—A prismatically colored or whitish circle or arcs of a
circle with the sun or moon at its center; coloration, if
not white, is from red inside to blue outside (opposite
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that of a corona); fixed in size with an angular diameter of
22° (common) or 46° (rare); characteristic of clouds
composed of ice crystals; valuable in differentiating be-
tween cirriform and forms of lower clouds.

haze—A type of lithemeteor composed of fine dust or salt
particles dispersed through a portion of the atmosphers;
particles are so small they cannot be felt or individually
scen with the naked eye (as compared with the larger
particles of dust), but diminish the visibility; distinguished
from fog by its bluish or yellowish tinge.

high--An area of high barometric pressure, with its at-
tendant system of winds; an anticyclone. Also high pressure
system,

hoar frost—See frost.

humidity—Water vapor content of the air; may be ex-
pressed as specific humidity, relative humidity, or mixing ratio.

hurricane—A tropical cyclone in the Western Hemisphere
with winds in excess of 65 knots or 120 km/h.

hydrometeor—A general term for particles of liquid water
or ice such as rain, fug, frost, etc., formed by modification
of water vapor in the atmospherc; also water or ice par-
ticles lifted from the earth by the wind such as sea spray
or blowing snow.

hygrograph—The record produced by a continuous-
recording hygrometer.

hygrometer—An instrument for mecasuring the water vapor
content of the air.

I

ice crystals—A type of precipitation composed of unbranched
crystals in the form of ncedles, columns, or plates; usually
having a very slight cownward motion, may fall from a
- cloudless sky.

ice fog—A type of fog composed of minute suspended par-
ticles of ice; occurs at very low temperatures and may
cause kalo phenomena,

ice needles—A form of ice crystals.

ice pellets—Small, transparent or translucent, round or
irregularly shaped pellets of ice. They may be (1) hard
grains that rebound on striking a hard surface or (2)
pelicts of snow encased in ice.

icing—In general, any deposit of ice forming on an object.
See clear icing, rime icing, glaze.

indefinite ceiling—A ceiling classification denoting vertical
visibility into a surface based obscuration.

indicated altitude—See altitude.
.

insolation—Incoming solar radiation falling upon the carth
and its atmosphere.

instability-——A general term to indicate various states of the
atmosphere in which spontancous convection will occur
when prescribed criteria are met; indicative of turbu-
lence. See absolute instability, conditionally unstable air,
convective instability.



intertropical convergence 2o0ne—The boundary zone
between the trade wind system of the Northern and
Southern Hemispheres; it is characterized in maritime
climates by showery precipitation with cumulonimbus
clouds sometimes extending to great heights.

inversion—An increasc in temperature with height—a re-
versal of the normal decrease with height in the tropo-
sphere; may also be applied to other meteorolngical
properties.

isobar—A line of equal or constant barometric pressure.

110 echo—In radar circuitry, a circuit that reverses signal
strength above a specified intensity level, thus causing a
void on the scope in the most intense portion of an echo
when maximum intensity is greater than the specified
level.

isoheight—On  weather chort, a line of equal height;
same as confuur (1),

isoline-~A line of equai value of a variable quantity, i.e.,
an isoline of ti(mperature Is an isotherm, etc. See isobar,
isotach, etc.

isoshear—A line of equal wind shear.
isotach---A line of equal ot (onstant wind speed.
isotherm—A linc of equal or constant temperature.

isothernal—Of equal or constant temperature, with re-
spect to either space or ume; more commonly, tempera-
ture with height; a zero lapse rate.

J

jet stream—A quasi-horizontal strcam of winds 50 knots «.r
more concentrated within a narrow band embedded in
the westerlies in the high troposphere.

K

katabatic wind—Any wind blowing downslope. See fall
wind, fochn.

Kelvin temperature scale (abbreviated K)—A tempera-
ture scale with zero degrees equal to the temperature at
which all molecular motion ceases, i.e., ab.nuate zero
(0°K = —273°C): the Kelvin degree is identical to
the Celsius degree; hence at standard sea level pressure,

the melting point is 273° K and the boiling point 373° K.

knot—A unit of speed cqual to vne nautical mile per hour,

L

iand breeze-—A coastzl breeze blowing from land to sea,
caused hy temperature difference when the sea surface is
warmer than the adjacent land. Thercfore, it usually
blows at night and alternates with a sea dreeze, which
blows in the oppusite direction by day.

lapse rate—The rate of decrease of an atmospheric variable
with height; commonly refers to decrease of temperature
with height.

latent heat—Ther amount of heat absorbed (converted to
kinetic energy) during the processes of change of liquid
water to water vapor, lce to water vapor, or ice to liquid

water; or the amount released during the reverse pro-
cesses. Four basic classifications are:

(1) latent heat of condensation—Ileat relcased during
change of water vapor to water.

(2) latent heat of fusion—I1eat released during change
of water to ice or the amount absorbed in change of
ice to water.

(3) latent heat of sublimation—Icat rcleased during
change of water vapor to ice or the amount absorbed
in the change of ice to water - apor.

(4) latent heat of vaporization—IHcat absorbed in the
change of water to water vapor; the negative of
latent heat of condensation.

Inyer—In reference to sky cover, clouds or other obscuring
phcaornena whose bases are approximately at the same
level. The layer may be continuous or composed of de-
tach~d clements. The terin “layer” does not imply that
a clear space exists hetween the layers or that the clouds
or obscuring phenomena composing them are of the same

type.

lee wave—Any stationary wave disturbance caused by a
barrier in a fluid flow. In the atmosphere when suflicient
moisture is present, this wave will be evidenced by len-
ticular clouds to the lee of mountain barricrs; also calied
mountain wave or standing wave.

lenticular cloud (or lenticularis)— A species of cloud
whose clements have the form of more or less isolated,
generally smooth lenses or almonds. These clouds appear
most often in formations of orographic origin, the result
of lee waves, in which case they remain nearly stationary
with respect to the terrain (standing cloud), but they
also occur in regions without marked orography.

level of free convection {abbreviated LFC)—The level
at which a parcel of air lifted dry-adiabatically until satu-
rated and moist-adiabatically thereafter would become
warmer than its surroundings in a conditionally unstable
atmosphere. See conditional instability and adiabatic
process.

lifting condensation level (abbreviated LCL)—ihe

level at which a parced of unsaturated air lifted dry-
adiabatically would become saturated. Compare level of
free convection and convective condensation level.

lightning—Generally, any and all forms of visible electrical
discharge produced by a thunderstorm.

lithometeor—The general term for dry particles suspended
in the atmosphere such as dust, haze, sinoke, and sand.

low—An arca of low barumetric pressure, with its attend-
ant system of winds. Also called a barometric depression
or cyclone,

M
mammato cumulus—Obsolete. Ser cumutonimbus mamma.
mare’s tail—See cirrus,
maritime polar air (abbreviated mP)—See polar air.

maritime tropical air (abbreviated mT)—-See tropical air.
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maximum wind azis—On a constant pressure chart, a line
denoting the axis of maximum wind spceds at that con-
stant pressure surface.

mean sea level—The average height of the surface of the
sca for all stages of tide; used as reference for elevations
throughout the U.S.

measured ceiling—A cciling clawification applied when
the ceiling value has been determined by instruments or
the known heights of unobscured portions of objects,
other than natura! landmarks.

melting —See change of state.

racrcurial barometer—A barometer in which pressure is de-
termined by balancing air pressure against the weight of
a column of mercury in an evacuated glass tube.

meteorological visibility—In \J.S. observing practice, a
main category of visibility which includes the subcate-
gories of prevailing visibility and runway visibility, Mete-
orological visibility is a measure of horizontal visibility
near the carth’s surface, based on sighting of objccts in
the daytime or unfocused lights of moderate intensity at
night. Compare slart +isibility, rumvay visual range, vertical
visibility, See surfac. v oility, tower visibility, and sector
visibility.

metcorology—The science of the atmosphere,

microbarograph—An ancroid barograph designed to record
atmospheric pressure changes of very small magnitudes.

millibar (abbreviated mb.)—An internationally used anit
of pressure cqual to 1,000 dynes per square centimcter.
It is convenient for reporting atmospheric pressure.

mist- A popular expression for drizzle or heavy fog.

mixing ratio—The ratio by weight of the amount of water
vapor in a volume of air to the amount of dry air; usually
expressed as grams per kilogram (g/kg).

moist-adiabatic lapse rate - See saturated-adiabatic lapse
rate.

moisture— An all-inclusive terin denoting water in any or
all of its three states,

monsoon-—A wind that in summer blows from sea to a con-
tinental interior, bringing copious rain, and in winter
blows from the interior to the sea, resulting in sustained
dry weather.

mountain wave—A slanding wave or lee wave to the lec of a
mountain barrier.

N
nautical twilight—See twilight.
negative vorticity—See vorticity.

nimbostratus—A principal cloud type, gray colored, often
dark, the appecarance of which is rendered diffuse by
more or less continuously falling rain or snow, which in
most cases reaches the ground. It is thick enough through-
nut to blot out the sun,

208

noctilucent clnuds—Clouds of unknown composition which
occur at great heights, probably around 75 to 90 kilome-
ters. They resemble thin cirrus, but usually with a bluish
or si'verish color, although somectimes orange to red,
standing out against a dark night sky. Rarcly observed.

normal—In meteorology, the value of an element averaged
for a given location over a period of ycars and recognized
as a standard.

numerical forecasting—See numerical weather prediction.

numerical weather prediction—Forecasting by digital
computers solving mathematical equations; used exten-
sively in weather services throughout the world.

o

obscuiration—Denotes sky hidden by surface-based obscur-
ing phenomena and vertical visibility restricted overhead.

obscuring phenomena— Any hydrometeor or lithometeor other
than clouds; may be surface based or aloft.

occlusion—Same as occluded front.

occluded front (commonly called occlusion, also called
froatal occlusion)---A composite of two fronts as a cold
Jfront overtakes a warm front or quast-stationary fronl.

orographic—Of, pertaining to, or caused by mountains as
in orographic clouds, orographic lift, or urographic pre-
cipitation,

ozone—An unstable form of oxygen; heaviest concentra-
tions are in the stratosphere; corrosive to some mctals;
absorbs most ultraviolet solar radiation.

P

parcel--A small volume of air, small enough to contain
uniform distribution of its meteorological properties, and
large ~nough to remain relatively self-contained and re-
spond to all meteorolo, ical processes. No specific dimen-
sions have been defined however, the order of magnitude
of 1 cubic foot has been suggested.

partial obscuration-—A designation of sky cover when part
of the sky is hidden by surface based obscuring phenomena.

pilot balloon--A small free-lift Lal'oon used to determine
the speed and direction of winds in the upper air.

pilot balloon observation (commonly called PIBAL)—A
method of winds-aloft observation by visually tracking a
pilot balloon.

plan position indicator (PPl) scope—A radar indicator
scope displaying range and azimuth of targets in polar
coordinates.

plow wind—The spreading downdraft of a thunderstorm; a
strong, straight-line wind in advance of the storm. See
first gust.

polar air—An air mass with characteristics developed over
high latitudes, especially within the subpolar highs. Con-
tinental polar air (cI') has cold surface temperatures, low
moisture content, and, especially in its source regions, has
great stability in the lower lay~rs. 1t is shallow in com-




maximum wind axis—On a constant pressure chart, a line
denoting the axis of maximum wind spceds at that con-
stant pressure surface.

mean sea level—The average height of the surface of the
sca for all stages of tide; used as reference for elevations
throughout the U.S.

measured ceiling—A cciling clawification applied when
the ceiling value has been determined by instruments or
the known heights of unobscured portions of objects,
other than natural landmarks.

melting-—See change of state,

raercurial barometer—A barometer in which pressure is de-
termined by balancing air pressure against the weight of
a column of mercury in an evacuated glass tube.

metcorological visibility—In \J.S. observing practice, a
main category of visibility which includes the subcate-
gories of prevailing wvisibility and runway visibility. Mete-
nrological visibility is a measure of horizontal visibility
necar the carth’s surface, based on sighting of objccts in
the daytime or unfocused lights of moderate intensity at
night. Compare slart +isibility, runway visual range, vertical
vistbility, See surfac. v uility, tower visibility, and sector
visibility.

meteorology—The science of the atmosphere.

microbarograph—An ancroid barograph designed to record
atmospheric pressure changes of very small magnitudes.

millibar (abbreviated mb.)—An internationally used unit
of pressure equal to 1,000 dynes per square centimeter.
It is convenient for reporting atmospheric pressure.

mist- A popular expression for drizzle or heavy fog.

mixing ratio—The ratio by weight of the amount of water
vapor in a volume of air to the amount of dry air; usually
expressed as grams per kilogram (g/kg).

moist-adiabatic lapse rate - See saturated-adiabatic lapse
rate.

moisture— An all-inclusive term denoting water in any or
all of its three states,

monsoon-—A wind that in summer blows from sea to a con-
tinental interior, bringing copious rain, and in winter
blows from the interior to the sca, resulting in sustained
dry weather.

mountain wave—A standing wave or lee wave 1o the lee of a
mountain barrier,

N
nautical twilight—See twilight.
negative vorticity—See vorticity.

nimbostratus—A principal cloud type, gray colored, often
dark, the appearance of which is rendered diffuse by
morc or less continuously falling raiu or snow, v hich in
most cases reaches the ground. It is thick enough through-
out to blot out the sun,
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noctilucent clnuds—Clouds of unknown composition which
occur at great heights, probably around 75 to 90 kilome-
ters. They resemble thin cirrus, but usually with a bluish
or silverish color, although sometimes orange to red,
standing out against a dark night sky. Rarely observed.

normal—In metecorology, the value of an element averaged
for a given location over a period of ycars and recognized
as a standard.

numerical forecasting—See numerical weather prediction.

numerical weather prediction—Forecasting by digital
computers solving mathematical equations; used exten-
sively in weather services throughout the world.

o

obscuration—Denotes sky hidden by surface-based obscur-
ing phenomena and vertical isibility restricted overhead.

obscuring phenomena— Any hydrometeor or lithometeor other
than clouds; may be surface based or aloft.

occlusion—Same as occluded front.

occluded front (commonly called occlusion, also called
froatal occlusion)---A compaosite of two fronts as a cold
Jront overtakes a warm front or quasi-stationary front.

orographic—Of, pertaining to, or caused by mountains as
in orographic clouds, vrographic lift, or ocographic pre-
cipitation.

ozone—An unstable form of oxygen; heaviest concentra-
tions arc in the stratosphere; corrosive to some mctals;
absorbs most ultraviolet solar radiation.

P

parcel--A small volume of air, small enough to contain
uniform distribution of its meteorological properties, and
large ~nough to remain relatively self-contained and re-
spond to all meteorolo, ical processes. No specific dimen-
sions have been defined however, the order of magnitude
of 1 cubic foot has been suggested.

partial obscuration-—A designation of sky cover when part
of the sky is hidden by surface based obscuring phenomena.

pilot balloon-—A small free-lift Lal'oon used to determine
the speed and direction of winds 1o the upper air.

pilot balloon observation (commonly called PIBAL)—A
method of winds-aloft observation by visually tracking a
pilot balloon.

plan position indicator (PPI) scope—A radar indicator
scope displaying range and azimuth of targets in polar
coordinates.

plow wind-—The spreading downdraft of a thunderstorm; a
strong, straight-line wind in advance of the storm, See
first gust.

polar air—An air mass with characteristics developed over
high latitudes, especially within the subpolar highs, Cone
tinental polar air (cP') has cold surface temperatures, low
moisture content, and, eapecially in its source regions, has
great stability in the lower lay~rs. 1t is shallow in com-



parison with Arctic air.. Maritime polar {mP) Initially
posseases similar properties to those of continental polar
air, but in pawing over warmer water ‘it becomes un-
stable with a higher moisture content. Compare tropical
atr.

polar front-——The semipermanent, semicontinuous front
scparating air masez of tropical and polar origins,

poritive vorticity-—See vorticity,

power density—In radar metcorology the amount of ra-
diated energy per unit cross sectional area in the radar
beain. ‘

precipitation —Any or all forms of water particles, whether
ligrid or solid, that fall from the atmosphere and reach
the surface. It is a major class of Aydrometeor, distinguished
from cloud and eirga In that it must reach the surface,

precipitation attenuation—-See attenuation.
presure—Ses atmospheric pressure,

pressure altimeter-—An aneroid barometer with a scale grad-
nated in altitude instead of pressure using standard atmo-
spheric  pressure-height  relationships; shows indicated
altitude (not necessarily true altitude); may be set to
measure altitude (indicated) from any arbitrarily chosen
level. See altimeter setting, altitude.

pressure altitude—See altitude,

pressure gradient - The rate of decrease of pressure per
unit distance at a fixed time.

pressure jump --A sudden, significant increase in station
pressure.

pressure tendency- -See barometric tendency.

prevailing easterlies “The broad current or pattern of
peraistent casterly winds in the Tropics and in polar
regiona.

prevailing visibility—1In the U.S,, the greatest horizontal
visibility which is equaled or exceeded throughout half
of the horizon circle; it n ed not be a continuous half.

prevailing westerlies-—~The dominant west-to-cast motion
of the atmoaphere, centered over middle latitudes of both
hemispheres.

prevailing wind—Direction from which the wind blows
most {requently.

prognostic chart (contracted PROG)—A chart of ex-
pected or forecast conditionas.

pseudo-adiabatic lapse rate—See saturated-adiahatic lapse
rate,

psychrometer—An instrument consisting of a wet-bulb and
a dry-bulb thermometer for measuring wet-bulb and dry-
bulb temperature; used to determine water vapor content
of the air.

pulse—Pertaining to radar, a brief burst of electromagnetic
radiation emitted by the radar; of very short time dura-
tion. See pulsc length,

pulse leagth—Pertaining to radar, the dimension of a
radar pulse; may be expressert as the time durati »n or the
length in lincar units. Linear dimension is equa tn time
duration multiplied by the speed of propagaaon (ap-
proximately the speed of light).

Q

quasistationary front (commonly called stationary
front)—A fron! which is stationary «r ncarly so; conven-
tionally, a front which is moving at a speed of less than 5
knots is generally considered to be quasi-stationary.

R

RADAR (contraction for radio detection and ranging) —
An electronic instrument used for the detection and rang-
Ing of distant objects of such comnpmition that they scatter
or reflect radio ener,y. Since ! ydrometeors can scatter radio
energy, tweather radars, operating on certain frequency
bands, can detect the presence of precipitation, clouds, or
both.

radar altitude —See altitude.

tadar beam—The focused energy carfiated by radar similar
to a flashlight or searchlight beuna.

tadar echo—Se ccho,

radarsonde observation—A rawinsonde observation in which
winds are determined by radar tracking a balloon-borne
target.

radiation— The emission of energy by a medium and trans-
ferred, either theaugh free space or another medium, in
the form of clectromagnetic waves.

radiation fog-—Fog characteristically resulting when radia-
tional cooling of the carth’s surface lowers the air tem-
perature near the ground to ar below its initial dew paint
on calm, clear nights,

radicsonde—A halloon-borne instrument for measuring
pressure, temperature, and humidity aloft. Radiosonde
observation—a sounding made by the instrument.

rain—A form of precipitation; drops are lurger than drizzle
and fall in relatively siraight, although not neccessarily
vertical, paths as compared to drizzle which falls in ir-
regular paths.

rain shower—Ses shower.
range attenuation—See attcnuation,

range-height indicator (RHI) scope—A radar indicator
scope displaying a vertical cross scction of targets along a
sclected azimuth.

range resolution—See resolution.
RAOB-—A radiosonde observation.
rawin—A rawinsende observation.

rawinsonde observation—A combined winds aloft and
radiosonde obwervation. Winds are determined by track-
ing the radiosonde by radio direction finder or radar,
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refraction—In radar, bending of the radar beam by varia-
tions in atmospherir density, water vapor content, and
temperature.
(1) normal refraction—Rcfraction of the radar beam
under norreal atmuospheric conditions; normal radius
ol curvature of the beam is about 4 times the radius
o curvature of the Farth,

(2) superrefraction—More than normal bending of the
radar beam resulting from abnormal vertical gra-
dients of teraperature and /or water vapor,

(3) subrefractian—Le:s than normal hending of the
vadar bean resulting from abnormal vertical gra-
dients of temperature and /or water vapor,

relative hursidity 'ine ratio of the existing amount of
wi er vapor e t) - air at a given temperature to the maxi-
mum ameuni that conld exist at that temperature; usually
expressed in percent.

relative vosticity—S8ee vorticity,

remote scope —In radar meteorology a **

moted from weather radar.

slave” scope re-

resolution— Pertaining to radar, the ability of radar to
show dliscrete targets scparately, i.e, the hetter the reseln-
tion, the closer two targets can be to cach other, and still
be detected as sepa ate targets.

(1} beam resolution—The ability of radar to distinguish
between targets at approximately the same range but
at different azimuths.

(2) range r=solution—The ability of radar to distinguish
between targets on the same azimuth but at different
ronges.,

ridge (also called ridge line)—In mecteorology, an clon-
gated 1rea of relatively high atmospheric pressure; usually
associated with and most clearly identified as an arca of
r.wx'num anticyclonic curvature of the wind flow (iso-
wirs, contours, or streamlines).

rime icing (or rime ice)—The fuormation of a white or
milky and opaque granular deposit of ice formed by the
rapid freczing of supercooled water droplets as they im-
pinge upon an exposed aircraft.

1ocketsonde—A type of radiosonde launched by a rocket and
making its mecasurements during a parachute descent;
capablc of obtaining soundings to a much greater height
thar possil.le by balloon or aircraft.

roll cloud (sometimes improperly called rotor cloud)—
A dense and horizontal roll-shaped accessory cloud lo-
cated on the lower leading edge of a cumulonimbus or less
often, a rapidly developing cumulus; indicative of turbu-
lence.

rotor cloud (sometimes improperly called roll cloud)—
A turbulent cloud formation found in the lee of some
large mountain barriers, the air in the cloud rotates
around an axis parallel to the range; indicative of pos-
sible violent turbulence.

runway temperature—The temperature of the air just
above a runway, idcally at engine and/or wing height,
used in the determination of density altitude; useful at
airports when critical values of density altitude prevail.
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_runway visibility—The meteorological visibility along an

identified runway determined from a specified point on
the runway; may be determined by a transmissometer or
by an observer.

runway visual range—An instrumentally derived hori-
zontal distance a pilot should see down the runway from
the approach end; based on either the sighting of high
intensity runway lights or on the visuai contrast of other
objects, whichever yiclds the greatest visual range.

S

St. Elmo’s Fire (also called corposant)—A luminous hrush
discharge of electricity from protruding objects, such as
masts and yardarms of ships, aircraft, lightning rods,
steeples, etc,, occurring in stormy weather.

Santa Ana—A hot, dry, forhn wind, generally from the
northeast or east, occurring west of the Sierra Nevada
Mountains especially in the pass and river valley near
Santa Ana, California.

saturated adiabatic lapse rate—The ratc of decrease of
temperature with height as saturated air is lifted with no
gain or loss of heat fromn outside sy rrees; varies with tem-
perature, being greatest at low ten peratures, Sez adia-
batic process and dry-adiabatic lapse rate.

saturation—The condition of the atmasphere when actual
water vapor present is the maximum possible at existing
temperature. ’

scud—Small detached masses of stratus fracrus clouds below
a layer of higher clouds, usually nimbostratus.

sca breceze—A coastal breeze blowing from sea to land,
caused by the temperature difference when the land sur-
face is warmer than the sea surface. Compare land breeze.

sea fog—A type of advection fog formed when air that has
been lying over a warm surface is transported over a
colder water surface,

sca level pressure—The atmospheric pressure at mean sea level,
cither directly measured by stations at sca level or em-
pirically determined from the station pressure and tem-
perature by stations not at sea level; used as a common
reference for analyses of surface pressure patterns.

sea smoke—Same as steam fog.

sector visibility—AMetsorological visibility within a specified
sector of the horizon circle,

sensitivity time control—A radar circuit designed to cor-
rect for range aftenuation so that echo intensity on the
scope is proportional to reflectivity of the target regardless
of range.

shear—See wind shear.

shower—Pyceipitation from a cumuliform cloud; characterized
by the suddenness of beginning and ending, by the rapid
change of intensity, and usually by rapid change in the
appearance of the sky; showery precipitation may be in
the form of rain, ice pellets, or snow.

slant visibility—For an airborne observer, the distance at
which he can see and distinguish objecta on the ground.



sleet—See ice pellets,
smog--A mixture of smoke and fog.

smoke—A restriction to visibility resulting from combustion.

snow-—Precipitation composed of white or translucent ice
crystals, chicfly in complex branched hexagonal form.

snow flurry—Popular term for snow shower, particularly of
a very light and brief nature.

snow grains-—Precipitation of very small, white opaque
grains of ice, similar in structure to snow crystals. The
grains are fairly flat or elongated, with diameters gener-
ally less than 0.0+ inch (1 mm.).

anow pellets —Pre-ipilation consisting of white, opaque ap-
proximately round (sometimes conical) ice particles hav-
ing a snow-like structure, and about 0.08 to 0.2 inch in
diameter; crisp and casily crushed, differing in this re-
spect from snow grains; rebound from a hard surface and
often break up.

snow shower --See shower.

solar radiation-—The total electromagnetic radiation emitted
by the sun. See insolation.

sounding—In mecteorology, an upper-aic observation; a
radiosonde ohservation.

source region—An extensive arca of the carth’s surface
characterized by relatively uniform surface conditions
where large masses of air remain long enough to take on
characteristic *.mperature and moisture properties iri-
parted by that surface.

specific humidity ——The ratio by weight of water vapor in a
sample of air to the combined weight of water vapor and
dry air. Compare mixing ratio.

squall—A sudden increase in wind speed by at least 15
knots to a peak of 20 knots or more and lasting for at
least one minute, Fssential difference between a gust and
a squall is tac duration of the peak speed.

squall line—Any nonfrontal line or narrow band of active
thunderstorms (with or without squalls),

stability—A statc of the atmosphere in which the vertical
distribution of temperature is such that a parcel will resist
displacement from its initial level. (See also instability.)

standard atmosphere-—A hypothetical 2*mosphere based
on climatological averages comprised of numerous phys-

ical constants of which the most important . c:

(1) A surface temperature of 59°F (15° C) and a surface
pressure of 29.92 inches of mercury (1013.2 millibars)
at sca level;

(2) A lapse rate in the troposphere of 6.5° C per kilometer
(apprecimately 2° C per 1,000 feet);

(3) A tropopause of 11 kilomecters (approximately 36,000
feet) with a temperature of —=56.5° C; and

(4) An isothermal \apse rate in the stratosphere to an alti-
tude of 24 kilomcters (approximately 80,000 fect).

standing cloud (standing lenticular altocumulus)—Ses
lenticular cloud.

standing wave—A wave that remains stationary in a mov-
ing fluid. In aviation operations it is used most commonly
to refer to a lee wave or mountain wave.

stationary front—Same as quasi-stationary front.

station pressure—The actual atmospheric pressure at the ob.
serving station,

steam fog—Fog formed when cold air moves over rela-
tively warm water or wet ground.

storm detection radar—A weather radar designed to de-
tect hydrometeors of precipitation size; used primarily to
detect storms with large drops or hailstones as opposed
to clouds and |ight precipitation of small drop size.

stratiform—Descriptive of clouds of extensive horizontal
devclopment, as contrasted to vertically developed cumu-
liform clouds; characteristic of stable air and, therefore,
corposed of small water droplets.

stratocumulus—A low cloud, predominantly stratiform in
gray and/or whitish patches or layers, may or may not
merge; clements are tessellated, rounded, or roll-shaped
with relatively flat tops.

stratosphere—The atmospheric layer above the tropo-
pause, average altitude of base and top, 7 and 22 miles
respectively; characterized by a slight average increase
of temperature from base to top and is very stable; also
characterized by low moisture content and absence of
clouds.

stratus—A low, gray cloud layer or sheet with a fairly uni-
form base; sometimes appears in ragged patches; seldom
produces precipitation but may produce drizzle or snow
grains. A stratiform cloud.

stratus fractus—See fractus.

streamline —In meteorology, a line whose tangent is the
wind direction at any point along the line. A flowline.

sublimation—JSee change of state.
subrefraction—See refraction.

subsidence—-A descending motion of air in the atmosphere
over a rather broad area; usually associated with diver-
gence.

summation principle—The principle states that the cover
assigned to a layer is equal to the summation of the sky
cover of the lowest layer plus the additional coverage at
all successively higher layers up to and including the
layer in question. Thus, no layer can be assigned a sky
cover less than a lower layer, and no sky cover can be
greater than 1.0 (10/10).

superadiabatic lapse rate—A lapse rate greater than the
dry-adiabatic lapse rate. See absolute instability.

supercooled water—Liquid water at temperatures colder
than freezing.

superrefraction—See refraction.

surface inversion—An inversion with its base at the surface,
often caused by conling of the air near the surface as a
result of terrestrial radiation, especially at night.
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surface visibility—Visibility observed from eye-level above
the ground.

synoptic chart—A chart, such as the familiar weather map,
which depicts the distribution of metcorological condi-
tions over an arca at a given time.

T

target—In radur, any of the many types of objects detected
by radar.

temperature—In general, the degree of hotness or coldness
as mcasured on some definite temperature scale by means
of any of various types of thermometers,

temperature inversion—Ser inversion.

terrestrial radiation—The total infrared rediation emitted
by the Earth and its atmosphere.

thermograph—A continuous-recording thermometer,
thermometer—An instrument for measuring temperature,

theodolite—An optica! instrument which, in meteorology,
is used principally to ot serve the motion of a pilet balioon.

thunderstorm—In general, a local storm invariably pro-
duced by a eumulonimbus cloud, and always accompanied
by lightning and thunder.

tornado (sometimes called cyclone, twister)—A violently
rotating column of air, pendant from a cumulonimbus
cloud, and nearly always observable as ‘‘funi:cl-shaped.”
It is the most destructive of all small-scale amospheric
phenomena.

towering cumulus—A rapidly growing cumulus in which
height exceeds width.,

tower visibility—~Prevailing msibility determined from the
control tower.

trade winds—Prevailing, almost continuous winds blowing
with an casterly component from the subtropical high
pressure belts toward the infertropical convergence zone;
northeast in the Northern Hemisphere, southeast in the
Southern Hemisphere.

transmissometer—An {nstrument system which shows the
transmissivity of light through the atmosphcre. Trans-
missivity may be translated cither automatically or man-
ually into visibility and for runway virual range.

tropical air—An air mass with characteristica developed
over low latitudes. Maritime tropical air (mT), the prin-
cipal type, is produced over the tropical and subtropical
gcas; very warm and humid. Continental tropical (¢T) is
produced over subtropical arid regions and is hot and
very dry. Compare polar air,
tropical cyclone—A general term for a cyclone that origi-
nates over tropical oceans. By international agreement,
tropical cyclones have been classified according to their
intensity, as follows:
(1) tropical depresion—winds up to 34 knots (64
km/h);
(2) tropical storm—winds of 35 to 64 knots {65 to 119
km/h);
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(3} hurricane or typhoon—winds of 65 knots or higher
(120 km/h).

tropical depresion—Ser tropical cyclone.
tropical storm—See tropical cyclone.

tropopause—The transition zone between the troposphere
and siratosphere, usually characterized by an abrupt change
of lapse rate.

troposphere—That portion of the atmosphere from the
carth’s surface to the fropopause; that is, the lowest 10 to
20 kilometers of the atmosphere. The troposphere s
characterized by decreasing temperature with height,
and by appreciable water vapor.

trough (also called trough line)—In meteerology, an
elongated area of relatively low atmospheric pressure;
usually associated with and most clearly identified as an
area of maximum cyclonic curvature of the wind flow
(isobars, contours, or streamlines); compare with ridge.

true altitude—See altitude.

true wind direction-~The direction, with respect to true
north, from which the wind is blowing.

turbulence—In meteorology, any irregular or disturbed
flow in the atmosphere.

twilight—The intervals of incomplete darkness following
sunset and preceding sunrise. The time at which evening
twilight ends or morning twilight begins is determined
by arbitrary convention, and several kinds of twilight
have been defined and used; most commonly civil, nau-

tical, and astronomical twili; t.

(1) Civil Twilight—The peiiod of time before sunrise
and after sunset when the sun is not more than 6°
below the horizon.

(2) Nautical Twilight—The period of time before sun-
rise and after sunsct when the sun is not more than
12° below the horizon.

(3) Astronomical Twilight—The period of time before
sunrise and after sunsct when the sun is not more
than 18° below the horizon,

twister—In the United States, a colloquial term for tornado.
typhoon—A tropical cyclone in the Eastern Hemisphere with
winds in excess of 65 knots (120 km/h).

u

undercast—A cloud layer of ten-tenths (1.0) coverage (to
the necarest tenth) as viewed from an observation point
above the layer.

unlimited ceiling—A clcar sky or a sky cover that does
not meet the criteria for a ¢e.ling.

unstable—Ser instability.
updraft—A localized upward current of air.

upper front—A front aloft not extending to the earth’s
surface.

upslope fog—Fog formed when air fiows upward over ris.
ing terrain and is, conscquently, adiabaticaily cooled to
or below its Injtial dew point.
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vapot presure—In meteorology, the pressure of water
vapor in the atmosphere. Vapor pressure Is that part of
the total atmospheric pressure due to water vapor and is
independent of the other atmospheric gases or vapors.

vapor trail—Same as condensation trail.

veering—Shifting of the wind in a clockwise direction with
respect to either space or time; opposite of backing.
Commonly used by meteorologists to refer to an anticy-
clonic shift {clockwlise in the Northern Hemisphere and
counterclockwise in the Southern Hemisphere).

vertical visibility—The distance one can see upward into
a surface based obscuration; or the maximum height from
which a pilot in flight can recognize the ground through
a surface based obscuration,

virga—Water or ice particles falling from a cloud, usually
in wisps or streaks, and evaporating before reaching the
ground.

visibility—The greatest distance one can see and identify
prominent objects.

visual range—See runway visual range.
vortex—In meteorology, any rotary flow in the atmosphere.

vorticity—Turning of the atmosphere. Vorticity may be
imbedded in the total flow and not readily Identified by
a flow pattern.

(a) absclute vorticity—the rotation of the Earth imparts
vorticity to the atmaosphere; absolute vorticity is the
combined vorticity due to this rotation and vorticity
due to circulation relative to the Earth (relative
vorticity).

(b) negative vorticity—vorticity caused by anticyclonic
turning; it is associated with downward motion of
the air.

(c) positive vorticity—vorticity caused by cyclonic
turning; it is associated with upward motion of the
air.

(d) relative vorticity—wvorticity of the alr relative to the
Earth, disregarding the component of vorticity re-
sulting from Earth's rotation.

w

wake turbulence-—Turbulence found to the rear of a solid
body in motion relative to a fluid. In aviation terminol.
ogy, the turbulence caused by a moving aircraft.

wall cloud—The well-defined bank of vertically developed
clouds having a wall-likke appcarance which form the
outer boundary of the ¢ of a well-developed tropical
oxclone.

warm front—Any non-occluded fromt wliich moves In such
a way that warmer air replaces colder alr,

warm sector—The area covered by warm ale at the surface
and bounded by the waerm front and cold front of a wave
exclone.

water equivalent—The depth of water that would result
from the melting of snow or ice.

waterspout—Ser tornado.
water vapor—Water in the invisible gasecous form.

wave cyclone—A orlone which forms and moves along a
front. The circulation about the cyclone center tends to
produce a wavelike deformation of the front.

weather—The state of the atmosphere, mainly with respect
to its effects on life and human activities; refers to in-
stantancous conditions or short term changes as opposed
to climate.

weather radar—Radar specifically designed for observing
weather. Ser cloud detection radar and storm detection
radar.

weather vane—A wind vane.
wedge—Same as ridge.

wet bulb—Contraction of either wet-bulb temperature or wet-
bulb thermometer,

wet-bulb temperature—The lowest temperature that can be
obtained on a wet-Fulb thermometer in any given sample of
air, by evaporation of water (or ice} from the muslin
wick; used in computing dew point and relative humidity.

wet-bulb thermometer—-A thermometer with a muslin-
covered bulb used to measure wet-bulb temperature,

whirlwind—A small, rotating column of air; may be vis-
ible as a dust devil.

willy-willy—A tropical cpclone of hurricane strength near
Australia.

wind—Air in motion relative to the surface of the earth;
generally used to denote horizontal movement.

wind direction—The direction from which wind is blow-
ing.

wind speed—Rate of wind movement in distance per unit
time.

wind vane—An instrument to indicate wind direction.

wind velocity—A vector term to include both wind direc-
tion and wind speed.

wind shear—The rate of change of wind oelocity (direction
and/or speed) per unit distance; conventionally ex-
pressed as vertical or horizontal wind shear.

X-Y-Z

sonal wind—A west wind; the westerly component of a
wind. Conventionally used to dexcribe large-scale fiow
that ls nelther cyclonic nor anticyclonic.
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A

Adiabatic Process, 47
Adiabatic Rate of Cooling—
Dry, 48
Moist, 48
Advection, 24
Advection Fog, 127, 153
Aerodynamic Contrails, 143
Airborne Weather Radar, 120
Aircralt Accidents, 125
Aircraft Observation (APOB), 187
Air Density. See Atmosphere,
Air Mass, 63, 148
Modification, 64
Source Region, 63
Thunderstorms. See Thunderstorms.
Altimeter, 17
Altimeter Setting, 18
Altimetry, 17
Altitude, 17
Corrected, 18
Density. See Density Altitude.
Indicated, 17
Pressure, 19
True, 17
Altocumulus Clouds. See Clouds.
Altostratus Clouds. See Clouds.
Aneroid Barometer, 12, 17
Anticyclone, 29
Arctic, 147
Air Masses, 148
Aurora Borealis, 152
Blowing Snow, 153
Clouds, 151
Flying Weather, 154
Fog, 153
Icing, 153
Light from Celestial Bodies, 152
Precipitation, 151
Reflection by Snow Cover, 152
Whiteout, 153
Atmosphere, 1
Composition of, 2
Density of, 3
Standard, 2, 13, 17
Structure of, 2
Atmospheric Pressure, 11
Mecasurement of, 11
Aurora Borealis, 152

Barometer, 17
Aneroid, 12,17

INDEX

Mercurial, 12
Blowing Restrictions to Visibility, 129, 153
Bora, 32

Canopy Static, 145
Carburetor Icing, 97
Ceiling, 115
Celsius (Centigrade) Temperature Scale, 6
Change of State, 39
Changes in Upward and Downward Moving Air, 47
Chinook, 32
Cirrocumulus Clouds. See Clouds.
Cirrostratus Clouds. See Clouds.
Cirrus Clouds. Se¢e Clouds.
Cirrus Haze, 144
Clear Air Turbulence (CAT), 87, 142
Clouds, 53
Altocumulus, 56
Altocumulus Castellanus, 57 .
Altostratus, 56
Cirriform, 54
Cirrocumulus, 55
Cirrostratus, 55
Cirrus, 54, 139
Classification, 53
Composition, 42
Cumuliform, 50
Cumulonimbus, 54, 61, 81
Cumulonimbus Mamma, 114
Curmulus, 53, 60
Families, 53
Formation, 37, 42
Funnel, 113
High, 54
Identification, 53
Lenticular, 58, 85, 199
Low, 54
Middle, 54
Nimbostratus, 54, 59
Roll, 115
Rotor, 85
Standing Lenticular, 58, 85, 199
Standing Wave, 58, 84, 199
Stratiform, 50
Stratocumulus, 60! 83
Stratus, 53, 59, 128
Towering Cumulus, 61
Vertically Developed, 54
Col, 15
Cold Front, See Front,
Cold Low, 36
Common IFR Producers, 125
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Compressional Warming, 47

~ Condensation, 39
Condensation Nuclei, 40
Condensation Trails, 143
Constant Pressure Analysis, 16
Constant Pressure Chart, 16
Constant Pressure Surface, 17
Contour, 16
Contour Analysis. See Constant Pressure Analysis,
Convection, 23
Convective Currents, 24, 80
Convective Turbulence, 80
Cooling by Expansion, 47
Coriolis Force, 25, 29
Corrected Altitude, 18
Crous-Country Soaring, 190, 200
Cumuliform Clouds. See Clouds.
Cumulonimbus Clouds. See Clouds.
Cumulus Clouds. Se¢ Clouds.
Cyclone, 29

Tropical, 164

D

Deflective Force. See Coriolis Force.
Density Altitude, 19
Computing, 21
Density of Ais, 3
Dew, 41
Dew Point, 38
Change “vith Altitude, 51
Dew Point Front, 76
Dissipation Trails, 144
Diurnal Temperature Range, 7
Do's and Don'ts of Thunderstorm Flying, 121
Downdraft, 83, 111
Drainage Wind, 32
Drizzle. See Precipitation.
Dry Adiabatic Rate of Cooling, 48
Dry Line, 76
Dust, 129
Dust Devil, 52,173

E

Easterly Wave, 163

Embedded Thunderstorms. See Thunderstorms.
Evaporation, 39

Exhaust Trail, 143

Expansional Cooling, 47

F

Fahrenheit Temperature Scale, 6
First Gust, 111

Flight Planning, 21, 45, 52, 78, 85, 90, 102, 121, 130,

143,155
Fog, 42, 126
Advection, 127, 153
Ground, 126
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Tce, 128,133

Precipitation Induced, 128

Radiation, 126

Sea, 127

Steam, 133

Ubpslope, 127
Freezing Precipitation. See Precipitation.
Frictional Force, 29
Front, 64, 148

Cold, 65

Dew Point, 76

Occluded, 67

Stationary, 65

Warm, 65
Fronta! Discontinuities, 63
Frontal Soaring, 191
Frontal Waves and Occlusion, 66
Frontal Weather, 72, 100, 112
Frontogenesis, 71
Frontolysis, 71
Frost, 41,102, 153
Frozen Precipitation. See Precipitation.
Funnel Cloud, 113

General Circulation, 26
Ground Fog, 126

Hail, 43, 115

Haze, 129

Heat and Temperature, 6
Latent, 40

Heating by Compression, 47

Height Contour, 16

High Altitude Weather, 135

High Clouds. §¢e Clouds.

High Level Haze, 144

High Pressure System, 15

Hill Scaring, 195

Humidity, 38

Hurricane, 164

Hurricane Reconnaissance, 167

Hypoxia, 3

Ice Fog, 128,153
Icing—
Aircraft, 41,91, 153
Carburetor, 97
Clear, 92
Effects of, 91
Ground, 102
High Altitude, 145
Icing and Cloud Types, 99
Induction System, 97
Instrument, 98



Intensities, 93, 104

Mixed, 93

Rime, 92

Structural, 92

Thunderstorm, 101, 114
Inactive Front, 74
Indicated Altitude, 17
Induced Trough, 162
Induction System Icing, 97
Instability, 49, 64
Instability Line, 75
Instrument Icing, 98
Intertropical Convergence Zone, 159
Inversion, 9
Isobar, 15
Isobaric Analysis, 15

Jet Stream, 21, 136
Cirrus, 139
Related to Surface Systems, 138
Related to Tropopause, 31, 136
Turbulence, 142

Katabatic Wind, 32

Lake EfTect, 43

Land and Sea Breezes, 32

Lapse Rate, 9

Latent Heat, 40

Lenticular Cloud. See Clouds.

Lift, 171

Lightning, 116

Local Winds, 31

Low Clouds. See Clouds.

Low Pressure Systems, 15, 35
Non-Frontal, 36, 70

Low Stratus Clouds. See Clouds,

M

Mechanical Turbulence, 82
Melting, 39

Melting Point, 6

Mercurial Barometer, 12
Middle Clouds. See Clouds.
Moist Adiabatic Rate of Cooling, 48
Moisture, 37

Monsoon, 160

Mountain Flying, 85
Mountain Wave, 58, 83, 198
Mountain Wave Soaring, 198
Mountain Wind, 31

N

Nimbostratus Clouds. S¢ee Clouds.
Non-Frontal Low, 36, 70

Northern Lights (Aurora Borealis), 152

o

Obscured Sky, 130
Obstructions to Wind Flow, 82
Occluded Front. See Front,
Oxygen Pressure, 3

Oxygen, Use of, 4

P

Pilot Reports, 90, 104, 143, 155
Pitot Tube Icing, 98
Plow Wind, 111
Polar Easterlies, 29
Polar QOutbreak, 29
Precipitation, 37, 42

Drizzle, 43, 130

Formation, 42

Freezing, 43

Frozen, 43

Hail, 43, 115

Ice Pellets, 43

Rain, 39, 43, 130

Snow, 43, 130
Precipitation Induced Fog, 128
Precipitation Static, 117
Pressure Altitude, 19
Pressure Analysis, 15
Pressure, Atmospheric, 11

Measurement of, 11

Sea Level, 13

Station, 12

Units of, 12

Variation with Altitude, 12, 36

Variation with Seasons, 27

Variation with Temperature, 13, 27

Variation with Topography, 29
Pressure Gradient, 24
Pressure Gradient Force, 24
Pressure Patterns, 15, 35
Pressure Surface, Constant, 17
Pressure Systems, 15, 35
Pressure Variation. See Pressure.
Pressurization, 4
Prevailing Westerlies, 29
Propeller Icing, 95
Pseudo-Adiabatic Chart, 184

Q

Quasi-Stationary Front, 65
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R Stratocumulus Clouds. Se¢ Clouds.
Stratosphere, 2

Radiation, 6 Stratus Clouds. See Clouds.

Radiation Fog, 126 Sublimation, 49, 41

Radiosonde, 16 Subtropical High Pressure Belt, 27, 158
Rain. See Precipitation. Supercooled Water, 41

Relative Humidity, 38 Surface Weather Chart, 15

Restrictions to Visibility, 36, 115, 126, 129
Ridge, 15, 35

Ridge or Hill Soaring, 195 T
Rime. See 1~ing.
Roll Cloud. See Clouds. Taku, 32
Rotor, 85 Temperature, 6
Rotor Cloud. See Clouds. Diurnal Range, 7
Inversion, 9
Lapse Rate, 9
S Mcasurement, 6
Scales, 6
Saint F.lmo's Fire, 117 Seasonal Range, 7
Santa Ana Wind, 32 Variation with Height, 9
Satutared Adiabatic Rate of Cooling, 48 Variation with Latitude, 7
Saturated Air, 41 Variation with Topography, 7
Sea Breeze, 32 World, 7
Sea Breeze Front, 191 Temperature-Dew Point Spread, 38
Sea Breeze Soaring, 191 Terrain Eftects, 43, 101, 150
Sca Yog, 127 Terrestrial Radiation, 6
Sea Level Pressure, 13 Thermal, 172
Sca Smoke, 153 Height, 180
Shear Line, 162 Index, 186
Shear, Wind. See Wind Shear. Lift, 172
Signposts in the Sky, 50, 62 Locating, 173
Sink, 171 Strects, 180
Sink Rate, 171 Strength, 180
Slant Visibility, 130 Structure, 178
Smoke, 129 Terrain Effects on, 173
Smoke Front, 193 Types of, 178
Snow. See Precipitation. Thermal Low, 36, 71
Soaring— Chermal Soaring, 172
Cices-Country, 190, 191, 200 Thunderstorm, 36, 61, 105, 145
Frontal, 191 Air Mass, 112
Mountain Wave, 198 Avoidance, 120
Ridge or Hill, 195 Climatology, 105
Sea Breeze, 191 Effect on Altimeters, 116
Thermal, 172 Electricity, 116
Turbulence, 173, 176, 191, 195, 199 Embedded, 51, 72, 101, 121
Soaring Weather, 171 Flying, 121
Solar Radiation, 6 Formation, 111
Source Regions of Air Masses, 63 Frontal, 72,112
Spatial Disorientation, 125 Hazards, 113
Spread, Temperature-Dew Point, 38 Life Cycle, 111
Squall Line, 114 Penetration, 123
Stability, 49, 64 Radar Observativas of, 120
Stable Air, 47, 64 Stuasonal Distribution, 105
Standard Atmosphere, 2, 13,17 Severe, 112
Standard Atmospheric Pressure, 13 Stages of, 111
Standing Wave. Se¢ Mountain Wave, Steady State, 112
Static— Structure, 111
Canopy, 145 Tornado, 113
Precipitation, 117 Trade Winds, 29, 158
Station Pressure, 12 Tropical—
Stationary Front. See Front, Circulation, 158
Steam Fog, 153 Cyclone, 164
Stratiform Clouds. S¢¢ Clouds. Depression, 164
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Easterly Wave, 163
High Pressure Belts, 27, 158
Intertropical Convergence Zone, 159
Monsoon, 160
Shear Line, 162
Storm, 164
Trade Wind Relts, 27, 158
Trough Aloft, 162
Wave, 163
Tropical Weather, 157
Tropopause, 2, 31, 136
T.oposphere, 2
Trough, 15, 35
Aloft, 36, 162
Truc Altitude, 17
Turbulence, 79
Clear Air, 87, 142
Convective, 80
In Thunderstorms, 81, 114
Mechanical, 82
Wake, 88
Wind Shear, 65, 86, 145
Typhoon, 164

Unstable Air, 47, 64
Updrafis, 50, 111

Upper Air Observations, 16, 187
Upslope Fog, 127

v
Valley Wind, 31
Virga, 39

w
Wake Turbulence, 88

Warm Front. See Front,
Warming by Compression, 47

Water Surface, Effect of, 7, 27, 32, 43, 64, 150

Water Vapor, 37
Waterspout, 113

Weather and Aircraft Accidents, 125

Whiteout, 153

Willy -Willy, 164

Wind, 23

Wind Gusts, 111

Wind Shadow, 197, 200
Wind Shear, 34, 65, 86

Wind Shear Turbulence, 65, 86, 142

Wind Systems, 35
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