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Preface

In 2014, the Advanced Training Division, a part of the National Training Directorate, began
an effort to update and improve the content and utility of the Auxiliary specialty courses to bring
them in line with the 215 Century US Coast Guard and to retool and update existing materials to
incorporate new technologies and to phase out tools and methods no longer being used.

This new edition of the Auxiliary Weather Specialty Course (AUXWEA) Student Study
Guide is one of the results of the project. It emphasizes practical application of the wealth of
weather information now available on the internet, in applications for smart phones, and new ma-
terial from government agencies such as NOAA, National Weather Service, and the USCG. The
material is intended for all Auxiliarists, but especially for coxswains, boat crew, pilots, aircrew,
and air observers, to aid in pre-patrol planning and on-the-water or in-the-air decision making.

Auxiliarists who are qualified as boat crew, coxswains, air crew, or pilots must be prepared to
safely conduct operations in all but the most severe kinds of weather. Auxiliary instructors should
be able to communicate the same philosophy to recreational boaters in public education courses.
This means knowing what conditions to expect and how to cope with them, a fairly easy task if a
glance at a weather forecast always provided an accurate prediction. As good as weather forecast-
ing has become, it is still not, and never will be, an exact science. Actual conditions encountered
when underway several hours later might be better or worse than the forecast. Therefore, Auxil-
iarists should know how to evaluate forecasts by asking and answering “what if” questions, so that
they can plan ahead. This course supplies the tools that students may use to ask and answer these
questions. Instead of just stating weather rules, the text uses simple physics, with simple mathe-
matics, to explain why the atmosphere behaves as it does. It also educates the student in how to
monitor the weather, update expectations, and cope with unexpected developments.

The course has been geared to accommodate non-technical students, and concentrates on
providing every student with practical knowledge. The discussion of weather products has been
updated to cover the various kinds of analysis and forecast charts, radar plots, satellite images, and
data buoy reports now available on the internet.

The study questions at the end of each chapter have been devised mainly to reinforce the
student’s grasp of concepts. In order to achieve this objective, students should read the material
and answer the study questions prior to coming to class, and ask questions if they are not sure of
their knowledge. Additional material can be found on srh.weather.gov/jetstream/index.htm

Students and instructors who find errors and omissions in this SSG or in the PowerPoints, are
strongly encouraged to report them to the author so that future editions of this course can be im-
proved. You can contact the author using the contact information available on the National website
at auxoficer.cgaux.org/auxoff/index.php. Additionally, students or instructors may also route
comments and concerns via their respective chain-of-leadership.

John D. Mill, PhD, Atmospheric Physics
Branch Chief, Weather; Advanced Training Department
National Staff Training Directorate; USCG Auxiliary


http://www.srh.weather.gov/jetstream/index.htm
http://auxofficer.cgaux.org/auxoff/index.php
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Introduction

Purpose

This course is intended to train the Aux-
iliary weather specialist in the art of practical
meteorology. The main focus will be on
weather assessment for surface operations,
but some attention will be paid to issues par-
ticular to air operations. Auxiliary surface
units typically patrol within 20 nautical miles
of shore. They are underway for 4 to 6 hours,
but the duration might be extended if the crew
is tasked for search and rescue (SAR) near the
scheduled end of the patrol period.

A good weather brief helps to prepare for
the mission. Will it be cold and windy or
calm, hot, and humid? The crew needs to
know what to wear and what to bring. The
coxswain needs to know whether the waves
might be so high that it could be too risky to
take a disabled vessel in tow, or whether fog
might roll in during the patrol, requiring close
attention to navigation.

The real challenge comes when changes
are rapid or unexpected, adjacent weather
systems are competing, or a good assessment
must be made several days ahead of a patrol
for planning purposes. In these situations the
weather specialist must consider a large area
and also think in three dimensions to under-
stand how conditions aloft might affect the
weather at the surface. The rest of the text co-
vers these topics.

What is meteorology? What is weather?
What is climate? How do they relate? By the
end of this course you will have a solid un-
derstanding of these. We start with simple
definitions:

Meteorology is the science of the atmos-
phere, its physical characteristics and princi-
ples, including knowledge of sensible (what
we see and feel) weather in all its forms.

Weather is the current state of the atmos-
phere, or its forecast state at a given time and
place or defined area, over a short period of
time (hours to days).

Climate is the average of weather at a
given location or over a defined area, over an
extended period of time (classically, 30 years
or more).

Course Outline

Part | (Chapters 1 - 3) covers the basic
physics of meteorology, as a basis for under-
standing the rest of the, more practical, mate-
rial. By necessity, the presentation is based
on physical principles and some elementary
formulas. Since we are dealing with proper-
ties of the atmosphere, physical units must be
used. The text adopts the metric system in
most cases (centimeters, grams, Celsius tem-
perature scale). The major exceptions are sur-
face temperature and lapse rate, where the
Fahrenheit scale is used. Knots are used for
wind speed and current.

Chapter 1 covers the basic source of en-
ergy that drives the atmosphere—the Sun. It
introduces the concepts of temperature and
heat. It relates these phenomena to global cir-
culation and the characteristics of the Corio-
lis Effect. Chapter 2 covers atmospheric
pressure and its effect on winds. Chapter 3
covers water, its importance to meteorology,



and its relationship to latent heat, stability,
and fog.

Part Il (Chapters 4 - 6) describes many
features of the observable weather elements,
including clouds, precipitation, air masses,
fronts, and weather systems on the scale of
hundreds of miles (called synoptic scale).
Here the basic principles of Section | are ap-
plied to the earth’s atmosphere in order to
show how winds develop to carry heat and
moisture from one area to another.

Chapter 4 covers air masses, cyclones
and fronts and their interrelationship. Chap-
ter 5 covers clouds and precipitation. It also
includes a section on optical phenomena.
Chapter 6 covers severe weather, including
thunderstorms, lightning, hail, tornados, and
hurricanes.

Part 111 (Chapters 7 - 8) covers observa-
tions, forecasts, and practical tips on how to
use the information available to understand
the current weather and the forecast, and what
to watch for while patrolling. It is generic in
nature, but should generate discussion about
what is best for your AOR.

Chapter 7 covers a variety of observation
and forecast products issued by the National
Weather Service (NWS). These include sat-
ellite images, radar plots, and weather maps
that show much more detail than the maps in
newspapers. It shows a series of these prod-
ucts, all selected for the same date and time,
to guide the reader in understanding how
these products can work together to develop
a thorough understanding of current condi-
tions and short-term (hours to days) forecasts.
The discussion will focus on how to read and
interpret these products.

Chapter 8 provides a practical guide for
preparing for a patrol, watching for weather
changes, and sources for real-time updates. It
covers suggested actions for deteriorating

conditions, such as fog formation, unex-
pected thunderstorms and the like. For com-
pleteness, it also briefly covers waves and a
brief discussion of effects and actions related
to air operations.

In addition, there are four Appendices.
You are not responsible for their content, but
they are there for your additional study. Ap-
pendix A has more physics, with college-
level mathematics. Appendix B has several
useful tables and graphs. Appendix C is a list
of references, and Appendix D contains an-
swers to the study questions.

The text provides a foundation in the
basic principles of meteorological science,
but that knowledge alone does not make a
good forecaster. Weather forecasting is the
art of combining the principles with judg-
ment, based on experience. By understand-
ing the science principles, NWS weather
products, and knowledge of local experts, the
student can increase his or her understanding
of meteorology and how to use this
knowledge for planning and executing a pa-
trol. It will also be useful in other decisions
that must be made that depend on the
weather, such as picnics, biking, or hiking.

Using the Study Questions

At the end of each chapter, there are
study questions that allow you to self-test
your knowledge of the information provided.
You should first try to answer the questions
without reference to the text. Where you
have problems answering the questions on a
given topic, check Appendix D, review that
material, and ask the instructor for clarifica-
tion. To do that effectively, you must read
the chapter and answer the questions before
you come to class. These questions will fully
cover the topics and ideas that will be on the
test, but may not be the exact same questions.
Again, you are not responsible for material in
footnotes or in the Appendices.



Chapter 1 What Causes the Weather?

Section 1. Solar Radiation, Heat and Temperature

Solar Radiation

What drives the weather? Ultimately, it
is the sun that is responsible for all atmos-
pheric processes. How? Through the sea-
sons, it heats our world, some parts more,
some less. The Earth’s rotation and its year-
long trip around the sun create a giant heat
engine that drives the weather.

Anyone who ever wilted on a sweltering
summer day can easily understand that the
sun creates hot weather. However, the con-
nections are not so clear between the sun and
hurricanes, tornadoes, blizzards, the falling
rain, or even long sieges of arctic cold.

The sun is a giant thermo-nuclear fur-
nace. Only a very small share of the sun’s
tremendous energy output reaches the Earth,
but that is enough to maintain life and drive
the weather. The sun’s electromagnetic en-
ergy (Figure 1.1), including visible, ultravio-
let, and infrared energy, flows into the atmos-
phere to warm the air, oceans, and land.
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Figure 1.1. Solar electromagnetic spectrum at top of
atmosphere (yellow) and at sea-level (red).

The sun, at 5250°C, emits most strongly
in the visible (peaking in the green). The
Earth, averaging 15°C, emits most strongly in
the Infrared (at ~1000 nm in Figure 1.1).

As the seasons change, the sun bathes
different parts of the Earth in widely varying
amounts of energy. The result is a planet
sharing frigid polar cold, sweltering tropical
heat and all the temperatures in between, all
at the same time.

Think of a flashlight shining on a flat
surface (Figure 1.2). If it shines vertically,
the light (energy) is spread over a certain
area. If the same flashlight shines at an angle
to the surface, the light (energy) is spread out
over a larger area, so each point on the sur-
face receives less energy than when the beam
is vertical.

Light is most

concentrated from
overhead source

L|ght hitting at an angle
is Iess concentrated

Figure 1.2. Effect of angle on energy concentration.

Now consider if the surface is curved,
like that of the earth. As the light moves back
and forth over the curved surface, the area of
light increases or decreases based on the ori-



entation of the surface relative to the direc-
tion of the sunlight—more energy near the
equator and less near the poles (Figure 1.3).
This sets up a large “heat engine” in the at-
mosphere that powers the weather. The ex-
cess heat near the equator is transferred by
global wind circulations (and ocean currents
as well).

radiation spread at Poles

y‘/\ direct radiation at Equator

©1997, USA Today. Reprinted with permission

Figure 1.3 Energy from the sun decreases with in-
creasing latitude

The seasons bring the biggest swings be-
tween hot and cold, caused by the Earth’s
year-long trip around the sun, and the fact
that the Earth’s axis is tilted at 23.5 degrees
from a direction perpendicular to the Earth’s
orbit (Figure 1.4). This means that at the

How earth’s tilt causes the seasons

The line between the north and south poles—Earth’s axis—is tilted 23.5
degrees to the earth’s yearly path around the sun. This tilt causes each year’s
changes in the seasons. Slow changes in earth’s orbit, including its tilt, over

hundreds of years are one cause of climate changes.

March 20 or 21

June 20 or 21

Sept. 22 or 23

.

summer solstice, the sun heats the strongest
at 23.5 degrees north, while the south polar
region, above 66.5 degrees, is in darkness. At
the winter solstice, the opposite is true—
maximum heating at 23.5 degrees south and
darkness at the north pole. At the equinoxes,
the sun is directly over the equator.

In addition to differences caused by the
seasons, the Earth heats unevenly because
land absorbs and gives off heat more easily
than water, so large oceans and continents
further complicate the solar energy distribu-
tion. On a large scale, tropical oceans hold
very large amounts of energy while polar wa-
ter can be frigid year-around. Land areas, on
the other hand, quickly warm and cool with
the seasons.

So why aren’t the hottest days at the
summer solstice (21 June most years)? The
answer is in the balance between incoming
solar radiation and outgoing infrared radia-
tion from the ground and atmosphere. At the
solstice, more solar energy is absorbed than
infrared energy is emitted, so the Earth con-
tinues to heat until the two are in balance—
usually in August.

The northern end of earth’s
axis, the North Pole, always
points toward Polaris, the

North Star.
Earth’s

rotation
around its
axis causes
day and
night.

Dec. 21 or 22

. o ©1997, USA Today. Reprinted with permission
Figure 1.4 Effect of the seasons on energy distribution.
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The same argument applies to the winter
solstice, where there is more outgoing infra-
red energy than incoming solar energy.

The Earth’s orbit determines how much
energy reaches the top of the atmosphere, but
not all of it reaches the ground (Figure 1.1).
The difference is key to understanding the
Earth’s temperature. Some of the sunlight is
reflected off clouds and the surface. The
cloud cover and the nature of the surface
(dark or light) determines how much is re-
flected. Thick clouds may reflect as much as
95% of the sun’s energy back into space.
White snow may also reflect as much as 95%,
while a forest or ocean may reflect as little as
10%. The amount of energy that reaches the
surface is called the insolation.

The energy balance of the Earth is com-
plex and ever changing. Figure 1.5 (next
page) is a simple representation of some of
the parts of this balance. Anything that ab-
sorbs energy heats up. Solar energy warms
the surface, which warms the lower atmos-
phere by conduction and convection. Ab-
sorbed ultraviolet radiation warms the upper
atmosphere. Infrared energy is absorbed by
the surface, clouds, and many molecules in
the atmosphere (notably carbon dioxide, me-
thane, oxides of nitrogen, and water vapor).
Everything in the atmosphere that absorbs in-
frared also emits it, some upward and some
downward. The energy balances at the top of
the atmosphere and at the surface (do the cal-
culation). This interaction is the basis of the
misnamed “greenhouse effect.”?

Specific Heat

Above, we alluded to heat absorption
causing warming, but did not discuss how

! The atmospheric “greenhouse effect” is not the same as
what happens in a real greenhouse, where the main reason
it remains warmer than the outside is that the roof prevents
convection; but we are stuck with the name.

much warming to expect. Clearly, the
amount of energy absorbed has an effect, but
how much energy does it take to warm a spe-
cific amount? To answer that question, we
need to define a new term—specific heat.

Specific heat is defined as the amount of
heat energy (calories?) it takes to raise one
gram of material by one degree Celsius. The
calorie is defined as the amount of heat re-
quired to raise one gram of pure water by one
degree Celsius, from 3.5° to 4.5° (where it is
densest), at one atmosphere pressure. There-
fore, the specific heat of water is one calorie
per gram. The specific heat of other materials
is different. For example, the average spe-
cific heat of soil is roughly one fourth that of
water, so one calorie will raise the tempera-
ture of one gram about 4° Celsius. This ex-
plains why the land heats and cools faster
than water. See Appendix B for the specific
heats of some other substances.

Temperature

Temperature is a measure of the motion
of the atoms or molecules in a substance—
specifically, the kinetic energy of those atoms
or molecules (see Appendix A for a mathe-
matical definition). There are two major sys-
tems of temperature measurement—~Fahren-
heit and Celsius. Both are defined on the ba-
sis of the melting point and boiling point of
pure water under one atmosphere of pressure.
The Fahrenheit scale is 32 to 212 degrees—
thus there are 180 Fahrenheit degrees be-
tween them. The Celsius scale is from 0 to
100 degrees—therefore the Celsius degree is
1.8 times larger than the Fahrenheit degree.

2 The calorie used in meteorology is the gram-calorie
(cal), while that used to measure the energy content of
food is the kilogram-calorie (Kcal), 1000 times as large.
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Figure 1.5 Simple picture of the energy balance in the atmosphere. Energy balances at the top and bottom.

There are two other temperature scales
that are commonly used, both absolute tem-
perature scales. In these scales, zero is the
lack of any energy (molecular motion), often
called absolute zero. The Kelvin scale is re-
lated to the Celsius scale by the equation: °K
=°C + 273.15. The Rankin scale is related to
the Fahrenheit scale by the equation: °R =°F
+459.67. These temperatures are used in the
equations of physics (see Appendix A).

These definitions of Celsius and Fahren-
heit lead to the equation for converting from
one to the other:

5
°C =5 (°F - 32) or
°F = 9/5 x °C + 32
For example: 68 °F is 20 °C:
°C = 5/9 x (68 —32) = 5/9 x 36 = 20

There is a short-cut that allows you to
calculate the Fahrenheit temperature in your
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head, given Celsius: Double the Celsius tem-
perature, subtract 10% of the result, and add
32. For the example above,

20x2 = 40; - 4 = 36; +32 = 68.

The inverse of this shortcut is not exact,
but usually correct within a few tenths (Sub-
tracting 10% of 40 is 36, but adding 10% of
36 is 39.6.).

The instrument used to measure temper-
ature is the thermometer. There have been
many types over the centuries, but the most
common are the mercury thermometer, the
alcohol thermometer, the bi-metal coil ther-
mometer, and the solid state thermometer
(using special electronic circuits).

Heat Transfer

We have added or subtracted heat energy
in the above descriptions, but don’t say how
that happens. There are three basic ways that
heat is transferred: Conduction, convection,
and radiation (Figure 1.6).



Conduction is the movement of heat
through a substance by the motion of the at-
oms or molecules, from hot toward cold
(warming the cold part).

Convection is the movement of fluids
(gases or liquids). In the atmosphere, for ex-
ample, hot air rises and cold air falls (to be
discussed more fully in Chapter 3).

Radiation is the transfer of electromag-
netic energy, such as light (visible radiation)
or heat (infrared radiation). It does not re-
quire a medium—it works best in a vacuum.

In the atmosphere, all of these mecha-
nisms are at work and we will see specific ex-
amples in future chapters. For example, the
lower atmosphere is heated by conduction
and convection from the surface.

In addition to these, the atmosphere has
a fourth way to transfer energy, which is re-
lated to convection—the transport of latent
heat—more on this in Chapter 3. Finally, in
meteorology, we distinguish between the ver-
tical movement of fluids, convection, and
their horizontal movement, advection.

Before we leave the subject of tempera-
ture and energy, let’s introduce the concept of
a station model. When weather observations
are plotted on a surface chart, the various var-
iables are plotted in a standard way. It starts
with a circle, representing the location of the
station. We will add other variables as we
discuss them, but for now, let’s add tempera-
ture to the station circle. Remember, surface
temperature in the U.S.is in Fahrenheit.
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Conduction

©1997, USA Today. Reprinted with permission

Convection

©1997, USA Today. Reprinted with permission

Radiation

Figure 1.6 Examples of conduction, convection, and
radiation.



Section 2. The Coriolis Effect and Global Circulation

The Coriolis Effect

We have learned that the sun heats the
equatorial region of the Earth more than the
poles, with continuous variation in between.
We also learned that hot air rises and cold air
sinks. This information would lead us to
guess that there is a circulation from equator
to poles, with air rising at the equator, mov-
ing toward the poles, where it falls and re-
turns along the surface to the equator. Figure
1.7 shows this simple concept. This circula-
tion is called a Hadley cell. Since we know
that winds in the northern hemisphere are not
all from the north, there must be more at
work. If the Earth did not rotate, this simple
circulation would be the norm (assuming a
featureless earth—no land or ocean).

The falling air causes
the pressure to increase
at the surface

©2008, US Power §dUadrons.fReprinted with permission

Figure 1.7. Simple global circulation expected if the
Earth did not rotate. (Magnify to read better)

But the Earth does rotate and that com-
plicates the picture. The Earth’s rotation in-
troduces a term in the equations of motion of
the atmosphere that acts as if it were a sepa-
rate force. This is usually called the Coriolis
force, but a more correct label is “Coriolis Ef-
fect” since it is not a true force like gravity,
but acts as though it were.

A very simple illustration of the Coriolis
Effect is seen in Figure 1.8. Place aruler over
a rotating disk and draw a line from the center
to the edge. Your pen moves in a straight
line, but the mark on the disk curves. The
same idea applies to winds on the Earth—
they blow in a straight line relative to the stars
(Newton’s laws of motion), but as seen by an
observer on the Earth, they curve.

©1997, USA Today, Reprinted with permission
Figure 1.8. Simplified explanation of the Coriolis
Effect.

This simple picture is correct at the
poles, but the degree of curvature varies with
latitude, and is zero at the equator.

As one looks down at the North Pole, the
Earth rotates counter-clockwise, from west to
east (making the sun rise in the east). There-
fore, a moving body, such as a parcel of air or
water, curves to the right as seen from the
Earth’s surface. It curves to the left in the
southern hemisphere. See Appendix A for a
mathematical description.

To summarize:

e The Coriolis Effect increases from zero
at the equator to maximum at the poles.



e The Coriolis Effect increases with in-
creasing wind speed.

e |t causes moving objects to curve to the
right in the northern hemisphere and to
the left in the southern hemisphere.

e |t operates only over long distances,
does not materially affect local winds,
and has no effect whatsoever on water
draining out of a sink!

Global Circulation

Now, let’s revisit the Hadley cell. Since
a rotating Earth causes the wind to curve, the
single equator-to-pole cell is not possible. A
better picture (still simplified) is shown in
Figure 1.9. It also assumes a featureless
Earth (no mountains, continents, or oceans).

The single cell breaks down into three
cells. From the equator to the poles, they are
called Hadley, Ferrel, and polar cells. Since
rising air creates low pressure at the surface
and falling air creates high pressure, the result
is bands of high and low pressure around the
Earth. These regions are historically called,
from equator to poles, the doldrums (low),
the horse latitudes (high), the sub-polar lows,
and the polar highs.

©2008, US Power Squadrons. Reprinted with permission

Figure 1.9. On a rotating Earth, the simple picture in
Figure 1.7 becomes more complex.
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Global Wind Patterns

The Coriolis Effect also causes the winds
to curve, giving the global winds shown in
Figure 1.10: The trade winds (easterlies), the
prevailing westerlies, and the polar easterlies.
Notice that the trade winds converge near the
equator, causing increased convection and a
band of thunderstorms. This is called the
Inter-Tropical Convergence Zone (ITCZ).
The prevailing westerlies and polar easterlies
also converge. This give rise to the polar
front. This concept is expanded in Chapter 4.
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Figure 1.10. The pressure bands result in the global
prevailing winds.

Finally, with the introduction of the con-
trast between continents and oceans, we see
the picture in Figure 1.11, showing semi-per-
manent highs and lows. As the sun moves
north and south over the year, the location of
these features moves with it and they grow
and shrink. The top of the figure is the aver-
age position and size of these features in Jan-
uary and the bottom the average position and
size in July. The solid red line near the equa-
tor is the Inter-tropical Convergence Zone
(ITC2).



JANUARY

©1997, USA Today. Rep

Figure 1.11. On the real Earth, the pressure bands become semi-permanent pressure systems.

Scales of Weather Events

The scale of weather systems discussed
in Chapter 1 are what is called global scale
(or planetary scale). In future chapters, we
will discuss weather features of other scales.

Meteorologists recognize four scales, or
sizes, of weather phenomena. These are
global (or planetary), synoptic, mesoscale,
and microscale. Below are the definitions
and examples of these four scales.

Global (planetary): Last weeks to years
and are of sizes from 2,500 miles to 25,000
miles. Examples are wind patterns such as
the trade winds, the ITCZ and prevailing
westerlies.
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Synoptic: Last days to weeks and are of
sizes from 250 miles to 2,500 miles. Exam-
ples include air masses, frontal systems, and
the semi-permanent highs and lows, covered
in Chapters 2 and 4.

Mesoscale: Last minutes to days and are
of sizes from 2.5 miles to 250 miles. Exam-
ples include thunderstorms, tornados, sea
breezes, Chinooks, and most clouds, covered
in Chapters 4 and 6.

Microscale: Last seconds to minutes and
are of sizes less than 2.5 miles. Examples in-
clude microbursts, wind gusts, and dust dev-
ils, covered in Chapter 6.



Study Questions—Chapter 1

The electromagnetic energy that comes from
the sun consists of:

a) Light.

b) Ultraviolet.

c) Infrared.

d) All of the above.

The amount of energy per unit area that ar-
rives at the top of the atmosphere from the
sun:

a) Decreases in the winter.

b) Is the same everywhere.

c) Increases with increasing latitude.

d) Decreases with increasing latitude.
The largest swings of hot and cold are:

a) Day to night.

b) With longitude.

c) With the seasons.

d) Between land and water.

With the same heat input, which heats
faster?

a) Water.

b) Land.

c) The Oceans.

d) None of the above.

The amount Solar energy that is absorbed by
the Earth’s surface is reduced due to:

a) The extra distance traveled.

b) Reflection from clouds.

c) The nature of the surface.

d) Bothbandc.

The specific heat of a substance is:

a) The amount of energy it can hold.
b) How hot it gets before it melts.
c) The heat needed to vaporize it.

d) The rate of temperature increase for a
given energy input.

12

10.

11.

The air in the lower troposphere is heated

mainly by:

a) Absorption by air of the direct radiation
from the sun.

b) Radiation absorbed by dust in the atmos-
phere.

c) Cosmic rays.

d) Conduction and convection from the
Earth’s surface.

Temperature may be defined as:

a) Energy produced by friction.

b) Change of energy from one form to an-
other.

c) A measure of the kinetic energy of mole-
cules.

d) The pressure of the air on the thermome-
ter.

In the Celsius temperature scale, zero is de-
fined as:
a) The absence of heat.

b) The temperature at which ice is the dens-
est.

¢) The melting point of pure water ice.
d) The freezing point of sea water.

20° Celsius is, in Fahrenheit:

a) 52°F.

b) 40°F.

c) 68°F.

d) 75°F.

59° Fahrenheit is, in Celsius, to the nearest
degree:

a) 27°C.

b) 15°C.

c) 6°C.

d) 32°C.



12.

13.

14.

15.

16.

17.

The transfer of heat by the horizontal move-
ment of air is:

a) Convection.

b) Conduction.

c) Advection.

d) Radiation.

The transfer of heat between bodies that are
not in contact is:

a) Convection.

b) Conduction.

c) Radiation.

d) Advection.

In meteorology, convection means:

a) Transfer of heat by contact.
b) Conduction of heat by infrared radiation.

c) The horizontal movement of air by
winds.

d) The vertical transport of heat by air.
Radiation is energy transfer:

a) Viaamedium.

b) By contact.

c) Resulting from friction.

d) In wave form, without the necessity of a
medium.

Large land masses, as opposed to the
oceans:

a) Maintain a steadier temperature.
b) Are always warmer.

c) Change temperature more between night
and day.

d) Are cooler during the day.

The cause of most weather phenomena is:
a) The layers in the atmosphere.

b) The rotation of the Earth.

c) The revolution around the sun.
d) Uneven heating of the Earth’s surface.
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18.

19.

20.

21.

22.

23.

For the station model shown below, the tem-
perature reported is:
a) 53°C.
b) 5.3 °F.
c) 53°F.
d) 5.3°C.
53

The Coriolis effect:

a) Decreases with increasing latitude.

b) Increases with increasing wind speed.
c) Always turns winds to the right.

d) Operates over long and short distances.
The winds near the equator are called:

a) Trade winds.

b) Doldrums.

c) Prevailing easterlies.

d) The ITCZ.

On a rotating, smooth Earth, the low pres-
sure bands parallel to the equator are the
and the

a) Doldrums, Horse Latitudes.
b) Horse Latitudes, Westerlies.
¢) Doldrums, Sub-polar Low.

d) Horse Latitudes, Polar Low.

The Doldrums is a belt of relatively:

a) Low temperature.

b) Low humidity.

c) Low pressure.

d) High latitude.

Which of the following is not one of the pri-
mary wind belts?

a) The polar westerlies.

b) The northeast trades.

¢) The southeast trades.

d) The prevailing westerlies.



24. The Inter-tropical Convergence Zone
(ITCZ) is located:

a)
b)
c)
d)

On the equator.
15° north of the equator.
15° south of the equator.

Either side of the equator, depending on
the season.

25. The trade winds:

a)
b)
c)
d)

Vary widely in speed.
Reverse direction with the seasons.
Blow only in the northern hemisphere.

Blow from the Horse Latitudes to the
Doldrumes.

26. Vertical motion of air near the equator is
caused by:

a)
b)
c)
d)

Convergence of the trade winds.
Heating of the air by the Earth’s surface.
Variation of solar energy with latitude.
All of the above.
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27. Heat is transported northward and south-
ward from the equator by:

28.

a)
b)
c)
d)

Winds.

Ocean Currents.
Neither of the above.
Both aand b.

Insolation is:

a)
b)
c)

d)

The sun’s apparent motion from east to
west.

The reduction in temperature due to
clouds.

The amount of energy reaching the
Earth’s surface.

The inclination of the Earth’s axis.



Chapter 2 Pressure and Winds

Section 1. Surface Pressure and Winds

Pressure

In Chapter 1, we defined temperature.
Here we define and discuss another basic
property of the atmosphere—pressure. What
is pressure? It is a force imparted by the mol-
ecules in a liquid or gas that is contained in
some manner—perhaps in a jar, perhaps in a
tire, or in the case of the atmosphere, con-
strained between the surface and the weight
of the air above pulled downward by gravity.
Since the only constraint on the top is due to
the mass of the atmosphere above, it means
that the pressure decreases with altitude. It
never reaches exactly zero, but eventually
merges with the inter-planetary gas and dust.

By definition, pressure is force per unit
area (See Appendix A.) Force is mass times
acceleration. In the case of the atmosphere,
the acceleration is due to gravity. There are
many different names (called physical units)
for the amount of pressure. The ones most
often encountered in meteorology are listed
below, along with their numerical value for
the standard atmosphere, defined by conven-
tion, and very nearly equal to the average sea-
level pressure around 45 degrees latitude.

Pounds per square inch (psi) 14.7
Inches of Mercury (in Hg) 29.92
Millimeters of Mercury (mm Hg) 760
Millibars (mb) [hecto Pascals]  1013.25
Kilo Pascals (kPa) [Canada] 101.325

Pressure in the atmosphere varies not
only vertically, but horizontally as well—we
are all familiar with the high and low pressure

centers on weather maps. An important con-
cept to understand is pressure gradient, the
difference in pressure over a given distance.
It is not important to know any given unit, but
you should know how it varies. Where the
distance remains constant, an increase in the
pressure difference increases the pressure
gradient. Where the pressure difference stays
constant, an increase in distance causes a de-
crease in the gradient. (Figure 2.1)

Why is the pressure gradient important?
It is the primary force that drives the wind
and is known as the pressure gradient force
(PGF). The higher the gradient, the faster the
winds. See Appendix A for more infor-
mation.

The instrument that measures atmos-
pheric pressure is called a barometer. There
are several kinds, but we will briefly talk
about three. One of the oldest is the mercury
barometer, a long tube with the closed end up
and the open end in a pool of mercury. The
closed end contains a vacuum, so the height
of the column is proportional to the pressure
on the pool (Figure 2.2a).

The next common type is the aneroid ba-
rometer, consisting of a flexible box with a
partial vacuum, connected by a mechanical
linkage to a pointer. Decorative ship’s ba-
rometers are of this type (Figure 2.2b).

Modern instruments use microelectronic
sensors, which have the property of changing
their electrical properties with pressure. The
signal is processed and displayed digitally.
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Figure 2.1. Wind speed varies with the strength of the pressure gradient force (PGF).
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Figure 2.2. Mercury Barometer (a) and Aneroid Barometer (b).

All barometers are sensitive to error
sources and must be calibrated relative to a
standard. For example, mercury barometers
are sensitive to both temperature and the local
force of gravity.

On the station model, the pressure is
written in mb to the upper right in a three-
digit code that leaves off the decimal point,
and the first two digits for pressures of 1000
mb or greater, or the first 9 for pressures
lower than 1000 mb. Standard pressure of
1013.25 mb would therefore be written as
133 and a pressure of 996.5 mb would be
written as 965.

Another item reported in synoptic obser-
vations is the pressure tendency, the pressure
change over a 3-hour period. For forecasting
purposes, it is more important than the pres-
sure. Negative values mean pressure is fall-
ing and positive values that it is rising. It is
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reported with two digits, in tenths of a milli-
bar, and preceded by a negative (falling pres-
sure) or positive (rising pressure) sign. For
example -23\ means falling pressure of 2.3
mb over three hours, with a steady fall.

67 965
-23\

Finally, it is important to understand the
difference between local pressure and sea-
level pressure. Atasea-level station, they are
the same. At higher altitudes, a correction
formula is applied to calculate an estimated
sea-level pressure, which is what is plotted on
the chart and reported in observations and
forecasts. The need for this will become
clearer in the next subsection. One equation
for this reduction is in Appendix A.



Besides pressure and temperature, there
is a third variable that is closely related to
them—density. It is mass per unit volume
and the relationship is in Appendix A.

Surface Charts

How is pressure shown on surface
weather charts? By using lines called isobars
(literally, equal pressure). Think how diffi-
cult it would be to analyze a surface chart if
local pressures would be used instead of sea-
level pressures. We would end up analyzing
altitudes instead of pressures.

The standard for isobars is to plot one
every four millibars, starting at 1000 mb. In
other words, there are isobars for 992, 996,
1000, 1004, 1008, etc. These days the anal-
yses are usually done by a computer, but it is
helpful to know how it used to be done for all
charts, and how it is still often done.

1008 1004 1004

fo0s 1008 109013 1000 1008 101
906
U 00 \ N~ 1016
1020
1012

1016

1016

1012 1012

©2008, US Power Squadrons. Rg‘gr,i,wted‘vv'rl-I".1 p‘grmissiq

Figure 2.3. Example of a simple surface chart
showing highs, lows, and isobars.

Since the plotted sea-level pressure can
have any value within the normal range, to
the nearest tenth, the process is to draw the
lines so higher pressures are on one side and
lower pressures on the other. Once the initial
work is done, the lines are smoothed out
(most of the atmosphere varies smoothly with
distance). During that process, the analyst
may choose to ignore a few of the pressure
values under the assumption that there is a
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very local anomaly or an error in measuring
or reporting. Figure 2.3 shows an example of
a surface analysis. The highest closed isobar
shows the location of high pressure areas,
while the lowest closed isobar shows low
pressure areas. These are marked with a blue
H or a red L (or both in black if color is not
used). You will also see the location of fronts
on a surface analysis, but these will be dis-
cussed later.

Winds

We learned above that it is the PGF that
drives the wind. When there is a difference
in pressure in an area, the tendency is to even
out the difference. In the atmosphere, that
means that air has to travel from high pres-
sure to low pressure. If the Earth did not ro-
tate (no Coriolis Effect), the air would move
directly between them, quickly evening out
the pressure. Because of the Coriolis Effect,
the moving air (wind) tends to curve to the
right in the northern hemisphere.

Picture wind blowing out of a high pres-
sure area (Figure 2.4). As it starts to blow, it
curves to the right and continues to do so.
That results in circulation around a high that
is clockwise. This pattern is called anti-cy-
clonic. The arrows represent the PGF and the
Coriolis Effect, which are in balance.

©1997, USA Today. Reprinted with permission
Figure 2.4. Air flowing out of a high pressure area

The case of flow around lows is not quite
as obvious. As the wind blows toward the



low, it again curves to the right, however the
pressure gradient force continues to pull to-
ward the center of the low. A balance is set
up between the PGF and Coriolis that causes
the flow around lows to be counter-clock-
wise, called cyclonic (Figure 2.5).

Figure 2.5. Air flowing into a low pressure area.

In the southern hemisphere, cyclonic
flow is clockwise and anti-cyclonic is coun-
ter-clockwise. It is easier to talk about cy-
clonic and anti-cyclonic in either hemisphere
without confusion. From here on, we will
adopt that convention and no longer talk
about clockwise and counter-clockwise flow.

The balance between PGF and Coriolis
happens in both highs and lows. There is one
more force that we need to introduce to pro-
vide the entire picture—that is friction. Fric-
tion changes the balance between PGF and
Coriolis and results in the winds slowly spi-
raling into Lows and out of Highs. Figure 2.6
illustrates this effect. The angles given are
representative averages. See Appendix A for
a more complete explanation.

Friction is highest near the surface, over
rough terrain, forests, etc. It is less over rel-
atively smooth surfaces, such as calm water,
bare ground, etc. It also decreases with alti-
tude so that winds at a higher altitude more
closely follow the isobars. This change in
wind direction with altitude near the surface
is called the Ekman Spiral.
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Figure 2.6. Effect of friction on surface winds.

There are a few more basic concepts
about winds that one should know. The first
is the convention for wind direction. As Aux-
iliarists, we are familiar with the concept of
current direction, defined as the direction in
which it flows. An easterly current flows to-
ward 090. Winds are different. The direc-
tion of winds is the direction from which they
blow. Thus, an east wind is from 090.

The second concept is how to describe
changes in wind direction over time. This
change is called veering, or backing. Figures
2.7 and 2.8 show the concept. If, for exam-
ple, a wind changes over time from 090 to
060, it is said to be backing. If it changes
from 090 to 120, it is veering. As we will see
in Chapter 4, knowing the change in wind di-
rection with time can help us locate the low
pressure systems and how they are moving.

4
3
.

Veering Wind

©2008, US Power Squadrons X\’prlnted with peffhission
Figure 2.7. Example of a veering wind.



Backing Wind

©2008, US Power Squadrons. Reprinted with permission
Figure 2.8. Example of a backing wind.

The third concept is how to tell where the
Lows are. The technique for doing this is
called the Buys-Ballot Law (Buys is pro-
nounced “Bice”). Figure 2.9 explains it. If
you stand facing the wind and raise your right
arm to your side, the Low is located between
that direction and 30° further back.
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©2008, US Power Squadrons. Reprinted with permission

Figure 2.9 The Buys-Ballot law determines where
the low pressure is located.

Finally, we should be aware that wind di-
rection and speed can be greatly influenced
by local phenomena. Trees or buildings can
cause local changes. Valleys can channel the
winds. Local heat islands (e.g. a plowed field
or parking lot) can modify local winds. Of
particular concern to Auxiliarists are the sea
breeze and land breeze. Sea and land breezes
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are caused by the fact that land heats and
cools faster than water (Chapter 1). During
the day, the land heats up faster and at some
point the air above the land rises, drawing the
colder air onto land. The result is a vertical
circulation as shown in Figure 2.10. The op-
posite is true at night, with the land cooling
faster than the water. The result is a reverse
circulation, as shown in Figure 2.11.

Warmer land

Figure 2.10. Sea breeze is a result of the land
warming faster than the water.

996 mb

1000 mb

1004 mb

1008 mb
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n-permission

Figure 2.11. Land breeze is a result of the land
cooling faster than the water.

The standard instrument for measuring
the wind speed and direction is the anemom-
eter. It normally consists of a vane that
shows direction and either a propeller or a
horizontally-rotating system of cups to meas-
ure speed (Figure 2.12).



Courtesy of NOAA

Figure 2.12. A typical anemometer, with a propeller
for measuring wind speed.

Now, let’s add winds to the station
model. The convention is that a line points to
the wind direction (i.e. the direction from
which it is blowing). At the end of this line
are various kinds of barbs. A solid triangle
represents 50 knots. A long line is 10 knots
and a short line is five knots. The wind can,
therefore, only be plotted to the nearest five
knots. In the example below, the winds are
from the southwest at 15 knots.

965
-23\
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Section 2. Upper-Level Pressure and Winds

Upper-Level Charts

In the last section, we talked about sur-
face charts. In this section, we address upper-
level charts. Upper-level charts are routinely
produced every 12 hours for the following
pressure levels: 1000 mb, 850 mb, 700 mb,
500 mb, 300 mb, and 200 mb. Why pressure
levels instead of altitudes? The reason is his-
toric—the way that upper air data has been
collected for decades. Balloons with instru-
ment packages, called radiosondes and con-
taining aneroid barometers, are launched
every 12 hours. The pressure is measured di-
rectly by the aneroid barometer. The altitude
is calculated by the known lift of the balloon
and passage of time, as well as its direction
and altitude as tracked by the receiver.

Of all the pressure levels listed above,
the most useful in forecasting the develop-
ment of storm systems is the 500 mb level. It
is the “middle” of the atmosphere, where half
of the atmosphere is below and half is above.
The altitude varies with conditions, but a
good round number to remember is 5,500
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meters or 18,000 feet above sea level. Figure
2.14, on page 21, is an example of a 500 mb
chart. The red figures are temperature, the
green ones dew point (See Chapter 3), the
blue barbs are winds, the red dashed lines are
isotherms (lines of constant temperature),
and the black lines are isoheights (see next
paragraph).

You need to know a few things about this
chart. First, instead of isobars as we saw in
the surface chart, the lines are called iso-
heights. Why? Because the chart is all at the
same pressure, the number plotted is the
height of that pressure level. Think of it this
way—if you follow a given pressure level,
you will go higher and lower in altitude above
sea level. The higher altitudes represent up-
per level “highs” and the lower altitudes rep-
resent “lows.”

These ‘“highs” and “lows” are called
ridges and troughs (or trofs). Troughs are
where the isoheights are convex to the south,
and the ridges are where the isoheights are
convex to the north (northern hemisphere).



The smooth nature of the isoheights and
the fact that the winds tend to be westerly is
due to the temperature gradient from the
equator to the pole. As the air is colder to the
north, pressure decreases faster with height
and the height of the pressure level decreases
as you move north. This means that the PGF
is directed more or less to the north and Cor-
iolis turns the winds to the right until the PGF
and the Coriolis Effect balance, resulting in
the prevailing westerlies.

For the same reason, the PGF increases
with altitude, so the wind speed increases
with altitude. Because friction is much lower
in the upper atmosphere, the winds tend to
blow along the isoheights, unlike the situa-
tion at the surface. Troughs and ridges are
shown in Figure 2.13.

If one looks at the upper atmosphere over
the entire northern hemisphere, one sees a
number of waves. The minimum is three,
which is very rarely seen. The normal is four
or five. Figure 2.13 shows five waves. Note
the ridges, troughs, amplitude, and wave-
length. These waves propagate from west to
east and are called Rossby waves.

The other thing you will normally see on
upper-level charts are isotherms, lines of con-
stant temperature. These are important on
upper-level charts because the way the tem-
perature changes with time is important to
what will happen at the surface. This change
is called temperature advection. As the air
moves, it carries its temperature with it and a
change in temperature at altitude affects the
density (mass of molecules per unit volume)
and therefore the pressure at the surface (See
Appendix A).

On the chart shown in Figure 2.14 (next
page), there is little temperature advection
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(the isoheights and isotherms are nearly par-
allel). If the temperature advection is positive
(winds pushing in higher temperatures), a
surface low pressure system ahead of the
trough will deepen (become more intense).
The opposite is true for negative temperature
advection.  Temperature on upper-level
charts is in Celsius.

V Courtesy of NOAA

Figure 2.13. Example of Rosshy waves, the polar jet
stream, and the polar front (located beneath the jet).

Another clue to look for on the 500 mb
chart is areas of convergence and divergence
(Figure 2.15), where the isoheights, and
therefore the winds, come together or spread
apart, respectively. Convergence aloft is a
sign that there will be a surface high forming
or deepening, while divergence signals the
formation or deepening of a surface low.

The polar jet stream, a high-altitude
wind current, shows up best on the 300 mb
chart. It is associated with the polar front
(Chapter 4). While the temperature advec-
tion at 500 mb deepens or fills in a surface
low, the jet stream tends to “steer” the low
pressure systems (see Chapter 4 for more de-
tail). This is why TV forecasters usually
show the jet stream in their broadcasts.
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Figure 2.14 Example of a 500 mb chart.
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Figure 2.15 Upper level convergence and divergence affect surface highs and lows.
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Study Questions—Chapter 2

A north wind is one:

a) Blowing toward the north.

b) Shifting toward the north.

c) Coming from the north.

d) Blowing toward the North Pole.

Wind speeds are given in:

a) Miles per hour.

b) Kilometers per hour.
c) Feet per second.

d) Kbnots.

Standard sea-level pressure is:

a) 1013.26 in Hg.

b) 29.92 psi.

c) 760 kPa.

d) 14.7 psi.

If the barometric pressure is measured in Al-
buquerque, NM, the most important correc-

tion to make before reporting it is:

a) Temperature.

b) Local force of gravity.

c) Calibration.

d) Altitude.

Station barometric pressures are “reduced to
sea level™:

a) To correct instrument error.

b) To correct for the temperature.

¢) So data taken at different altitudes can be
compared.

d) To compensate for the lower gravity.
Aneroid barometers are more useful on
boats because they:

a) Contain less mercury.

b) Don’t need calibration.

c) Are more accurate.

d) Can be mounted in any position.
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10.

11.

12.

Pressure gradient is defined as:

a) Pressure difference due to wind.

b) Pressure difference due to changing tem-
perature.

c) Pressure change per unit distance.
d) Pressure change over 3 hours.

The primary force generating wind is:

a) Coriolis force.

b) Pressure gradient force.
c) Temperature gradient.
d) Surface heating.

The effect of friction on the wind is:

a) To slow the wind.

b) To increase the Coriolis effect.

c) Independent of altitude.

d) To cause the wind to follow contours.

Cyclonic wind flow is:

a) Clockwise in the northern hemisphere.

b) Counter-clockwise in the southern hemi-
sphere.

c) Clockwise in the southern hemisphere.
d) Counter-clockwise in both hemispheres.

The jet stream is:

a) A warm ocean current.

b) An equatorial wind current.

¢) A high altitude wind current.

d) A low altitude wind current.

If an observer is facing the wind in the
northern hemisphere, the low pressure center
is approximately:

a) Ahead of him.

b) To her right.

c) To her left.

d) Behind him.



13.

14.

15.

16.

17.

18.

The Buys-Ballot law tells us:

a) The wind direction in the northern hemi-
sphere.

b) The direction the wind is shifting.

c) The location of the low pressure.

d) The way the pressure is changing.

A wind gradually changing in a clockwise

fashion is:

a) Backing.

b) Veering.

c) Increasing in speed.

d) Due to the sea breeze effect.

On the station model, a plotted pressure of

853 is:

a) 1085.3 mb.

b) 985.3 mb.

c) 853 mb.

d) 85.3mb.

A plotted pressure tendency of -26 is:

a) Arise of 2.6 mb over 3 hours.
b) A fall of 2.6 mb over 1 hour.

c) A fall of 26 mb over 24 hours.
d) Afall of 2.6 mb over 3 hours.

Isobars are lines of constant:

a) Temperature.
b) Wind direction.
c) Pressure.

d) Wind speed.

The station model below shows:

a) A NE wind of 15 knots.

b) A SW wind of 1.5 knots.
c) A NE wind of 1.5 knots.
d) A SW wind of 15 knots.
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19.

20.

21.

22.

23.

24,

25.

Rossby waves are:

a) Waves on a lake.
b) Pressure waves at the surface.

c) Large upper-level waves that propagate
around the globe.

d) The meandering of the ITCZ.
The solid lines on a 500 mb chart are:

a) Isotherms.

b) Isoheights.

c) Isobars.

d) Isopressures.

The pattern at 500 mb that causes surface
low pressure areas to strengthen is:
a) Negative temperature advection.
b) Positive temperature convection.
c) Backing winds.

d) Diverging isoheights.

The jet stream shows up best on the:

a) 500 mb chart.

b) The surface chart.
¢) The 300 mb chart.
d) The 100 mb chart.

Lines of constant temperature are:

a) Found on upper-level charts.
b) Plotted as dashed lines.

c) Isotherms.

d) All of the above.

On the 500 mb chart, ridges are:

a) Convex to the north.

b) Concave to the north.

c) Areas of lower pressure.

d) Convex to the south.

Surface pressure is caused by:

a) The weight of the air in the troposphere.
b) The weight of the air above.

c) The winds striking buildings.

d) The weight of the air in the stratosphere.



26. Isobars on a standard surface chart are
drawn every:
a) 5mb.
b) 4 mb.
c) 3mb.
d) 10 mb.

27. Higher pressure gradients cause:

a) Rising temperatures.
b) Falling temperatures.
c) Stronger winds.
d) Lighter winds.

28. The polar jet stream:
a) Originates over the North Pole.
b) Is confined to the polar high.

c) Plays arole in steering weather systems.
d) Flows from east to west.
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29.

30.

The standard instrument for measuring wind
direction and speed is the:

a) Aneroid barometer.

b) Psychrometer.

c) Anemometer.

d) Thermocouple thermometer.

Half of the total mass in the atmosphere is in
the lowest:

a) 8,000 ft.

b) 12,000 ft.

c) 18,000 ft.

d) 25,000 ft.



Chapter 3 Moisture, Latent Heat, Fog and Stability

Composition of the Atmosphere

By volume, 99% of the dry atmosphere
is made up of two gases—nitrogen at 78%
and oxygen at 21%. The other 1% is mostly
argon, with small amounts of carbon dioxide,
neon, helium, and methane. These gases, in-
cluding all but methane, are well mixed and
their relative concentration is constant below
about 80 kilometers.

Added to this dry mixture is a variable
amount of water vapor—up to 4% by weight
in warm tropical air. This variability is one
of the more important drivers of weather.
Water vapor is the source of clouds and pre-
cipitation, one of the primary absorbers of
heat radiated from the surface, a transporter
of energy from one area to another, and the
source of energy for powering storms.

Structure of the Atmosphere

Figure 3.1 shows the vertical structure of
the atmosphere. The major zones are: The
troposphere, where most weather occurs; the
stratosphere, where the temperature in-
creases from the tropopause to a maximum at
the stratopause, then decreases through the
mesosphere. Notice that the temperature in-
creases in the stratosphere and decreases
again in the mesosphere. The reason is the
presence of ozone, which absorbs ultraviolet
radiation from the sun, heating this part of the
atmosphere. The temperature again increases
in the thermosphere, this time due to the pres-
ence of the ionosphere, where even shorter
wavelengths from the sun ionize the gases,
forming electrons and ions. At higher alti-
tudes than shown, the temperature in the ther-
mosphere does not continue to rise indefi-
nitely, but gradually merges with space.

26

| Mesosphere |

|Stratosphere |

20 0 20 40 60

Temperature ‘C

Courtesy of NOAA

Figure 3.1. Average vertical structure of the
atmosphere at mid-latitudes.

On average, the temperature decreases
with height in the troposphere, but there is a
great deal of variation with latitude, season,
and the type of surface, among other things.
The rate of change of temperature with height
is called the lapse rate, and can be expressed
in many ways, all as some form of degrees
per unit height. In this course, we will adopt
degrees Fahrenheit per 1,000 feet (Figure
3.2).

We are concerned with two types of
lapse rates. One is the environmental lapse
rate—the actual change with altitude in the
air at any given time and place. Although it
varies with location, altitude, and time in the
actual atmosphere, the average for mid-lati-
tudes is -3.5° F per 1,000 ft. The other type



is called the adiabatic lapse rate. It is a
measure of how fast the air cools as it is
forced up. It varies slightly with temperature
and pressure, but is generally taken as -5.5 °F
per 1,000 feet in unsaturated air. It is more
properly called the dry adiabatic lapse rate.
In saturated air, the wet adiabatic lapse rate
is -3.2 °F per 1,000 ft. The reason for the dif-
ference is in a later section.

3.5° F per 1000 ft
altitude change

The airisn’t
moving up or down
the observer is!

©2004, US Power Squadrons. Reprinted with permission

Figure 3.2. llustration of the average environmental
lapse rate in mid-latitude.

4. At 1000 feet, temperature
inside balloon has fallen
5.5°F; does not depend
on original temperature
inside balloon or air
temperature outside it.

5. Going down, increasing
outside air pressure
squeezes balloon,
compressing air inside;
air temperature inside
balloon is increasing.

3. Air temperature in balloon is
decreasing.

. Balloon rises into decreasing
outside air pressure, no air
escapes to equalize inside
pressure air inside expands,
equalizing pressures.

6. Back on ground, balloon
¥ ] has regained the 5.5° F
1 . On ground, inside air pressure = in temperature it lost
outside air pressure plus balloon’s going up.

elastic pull, which tries to return it
to its uninflated shape and size.

©1997, USA Today. Réprinted with permission
Figure 3.3. Demonstration of adiabatic processes.

These rates are called adiabatic because
no heat is added or subtracted from the sur-
rounding air. The temperature change is due
to the expansion or compression of the air as
it is moved up or down (Figure 3.3). An ex-
ample of an adiabatic process is pumping up

a tire with a hand pump. As the air is com-
pressed, the pump heats up. If air is released
from the tire, it is cooled because of expan-
sion. See Appendix A for more information.

One more topic on vertical structure is
important—inversions. An inversion occurs
when the environmental lapse rate becomes
positive over some height range. A positive
lapse rate means the air temperature increases
with altitude. Inversions can occur anywhere
in the atmosphere. Surface inversions are
common at night or over snow. Upper air in-
versions (inversions aloft) commonly occur
at frontal boundaries. The ultimate inversion
aloft is at the tropopause. Surface inversions
can trap fog and haze. Inversions aloft can
stop convective activity. You have probably
seen smoke rising from a chimney. It stops at
some height and spreads out horizontally. It
has reached an inversion.

The Properties of Water

Earlier in this chapter, we listed some of
the reasons why water is so important to the
weather. To understand why, we need to dis-
cuss some of the unique properties of water.
The first is that water is one of the few mate-
rials that expands as it solidifies. Ifice didn’t
float, rivers, lakes, and oceans would freeze
from the bottom up.

All substances go through three phases
as the temperature changes—solid, liquid,
and gas. Water is no different in this respect,
but is unusual in the amount of energy it takes
to melt ice and vaporize water. Figure 3.4
illustrates phase changes, names the various
processes of changing from one phase to an-
other, and shows the amount of energy
needed to melt ice (80 calories per gram) and
vaporize water (540 calories per gram). This
energy is called latent heat of fusion and la-
tent heat of vaporization. It is the release of
this latent heat that drives storms of all kinds.
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Figure 3.4. Phase changes of water.

To understand just how much heat en-
ergy is involved, consider providing that
much energy to a 150 Ib person. The energy
in 150 Ib of water vapor will feed that person
for over two weeks!® There is truly a lot of
energy locked up in water vapor.

Earlier, we introduced the dry and wet
adiabatic lapse rates and said we would learn
why there is such a large difference. The an-
swer is in the latent heat of vaporization. As
saturated air is lifted, some of the water vapor
turns to liquid cloud droplets, releasing heat
into the surrounding air. This heat release
partially counteracts the adiabatic cooling
due to lifting.

In Chapter 1, we listed types of energy
transport (conduction, convection, and radia-
tion) and introduced a related type, the
transport of latent heat. We can see now that
as water vapor is advected from one area to
another, it carries its latent heat with it. Wa-
ter can be vaporized in one area and con-
densed in another, effectively transporting
that energy.

3 Remember, in meteorology we use gram calo-
ries, while for food energy, we use Kg Calories (Kcal).
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Measuring Water Vapor

How do we know how much water vapor
is in the air? There are three closely related
measures—relative humidity, absolute hu-
midity, and dew point temperature. Water
vapor is measured with a hygrometer.

Absolute humidity is defined as the mass
of water vapor in a given mass of dry air. The
usual units are grams of water per kilogram
of dry air (g/Kg). Air can only hold so much
water vapor before it becomes saturated, and
the maximum amount it can hold depends on
the temperature—the higher the temperature,
the more it can hold. Figure 3.5 shows a plot
of the saturation absolute humidity over a
normal range of temperatures.

Saturation Absolute Humidity
9/Kg
40
35 //
30 //
25 /
20 100% RH //
15
10
5
0
30 40 50 60 70 80 90 100
Temperature (deg F)

Figure 3.5. Saturation (100% RH) absolute humidity
as a function of temperature.

Relative humidity (RH) is reported as a
percent and compares the mass of vapor ac-
tually in the air to the mass it is capable of
holding at that temperature. Saturated air
therefore has a relative humidity of 100%.
Very hot, dry air, such as over a desert, can
have a relative humidity of just a few percent,

150 pounds is about 68,000 grams. At about ¥ Kcal
per gram, that is 34,000 Kilogram (food) calories.



since hot air is capable of holding a lot of wa-
ter vapor compared to what is actually there

Dew point temperature is the tempera-
ture to which a sample of air would have to
be cooled to become saturated (relative hu-
midity of 100%). If it makes more sense, you
can think of it as the temperature a sample of
air would have if it were saturated. The dew
point temperature can only be less than, or
equal to, the air temperature.* Figure 3.6
shows the relationship among these three
measures of water vapor. See Appendix B
for a graphical method of relating these vari-
ables.

g/Kg Saturation Absolute Humidity
40

35
30
25
20

Air Rarcel

18 100%| RH

i @ e —— &

. : Coolin

. Dew Point; 30% RH

30 40 50 60 70 80 90 100
Temperature (deg F)

Figure 3.6 Relationship among temperature and
measures of moisture content.

A related, but less common, measure of
moisture content is the dew point depression,
the temperature minus the dew point temper-
ature. The smaller it is, the higher the relative
humidity (but the relationship is not linear).

Moist air is lighter than dry air, which
adds to its tendency to rise, just like higher
temperatures do. Why is it lighter? Take a
fixed number of molecules of dry air. As air
is mostly nitrogen and oxygen, we can calcu-
late an “average” (fictitious) ‘“molecular
weight” as 21% of 32 (0O2) and 78% of 28
(N2), resulting in 28.7. The molecular weight

4 Although pure air can become super-saturated, that
only happens in very unusual circumstances.
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of water is 16+2 (H20), or 18. Therefore, for
every “average” air molecule we replace with
a water molecule, the molecular weight of the
sample decreases by 10.7 grams for every 18
grams of water added.

In the station model, moisture is entered
as the dew point, shown here as 59 °F.

965
-23\
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Types of Fog and Their Formation

While types of weather are to be covered
in Part Il (Chapters 4-6), it seems appropriate
to cover fog here since understanding the rea-
sons for fog is closely related to this discus-
sion of moisture and humidity.

Fog forms in a variety of ways, as will be
discussed below, but they are all the result of
one of two processes. First, the air tempera-
ture can be cooled until the dew point is
reached, at which time condensation occurs
and fog droplets form. Second, water vapor
can be added to the air until the dew point in-
creases to the air temperature, again causing
condensation. In many cases, both may be
going on simultaneously, but each fog type is
dominated by one or the other process.

The six most common types will be dis-
cussed here. It is also important to know that
fog will very rarely form in very pure air.
The water vapor needs condensation nuclei
around which to form. These can be dust,
salt, or other aerosols.



Radiation fog occurs when the ground
cools (normally at night), cooling the air
above it by conduction. If the moisture con-
tent is high enough, and the air cools enough,
fog will form. It will only form in very light
winds, where vertical mixing doesn’t occur.
With the exception of a special case called
valley fog, radiation fog usually dissipates
quickly when heated by the sun.

Advection fog is the result of warm,
moist air moving (advecting) over a cooler
surface. It can form over land or water and
requires moderate winds (it won’t advect oth-
erwise). The air must also be stable so con-
vection does not occur. Advection fog can
last for many hours or several days and lifts
only when the conditions are changed by time
or the movement of weather systems. The
sun can start dissipating it from the ground
up, but it often thickens again when the heat-
ing stops due to night or cloud cover.

Precipitation fog is a case where mois-
ture is added to the air. It normally happens
during rainstorms. The water in the rain
drops and the newly-fallen water evaporate,
raising the dew point (and lowering the tem-
perature) until the air is saturated. It dissi-
pates quickly once the rain stops.

Steam Fog or Sea Smoke is caused by
cold air advecting over much warmer water.
The water evaporates, raising the dew point
to the air temperature and resulting in thin,
wispy fog, often only a foot or two above the
water..

Upslope Fog is where moist air is pushed
up a hill or mountain, cooling the air adiabati-
cally until it reaches the dew point.

Valley Fog is a persistent form of radia-
tion fog, where drainage of cold air into the
valley enhances the cooling due to radiation.
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Valley fog can sometimes last for days, rais-
ing during the day and re-forming during the
night.

Dew and frost form on cold surfaces.
Dew forms above 0°C and frost below that.

Atmospheric Stability

We now have all the pieces we need to
discuss the vertical stability of the atmos-
phere, its tendency to rise or fall of its own
accord. The key variables are the environ-
mental lapse rate (which can vary with alti-
tude), the adiabatic lapse rates, and the
amount of moisture present. There are three
classes of stability—absolute stability, condi-
tional stability, and absolute instability.

Absolute stability occurs when air dis-
placed vertically becomes cooler that the sur-
roundings and naturally returns to its former
altitude. As air is pushed up, the temperature
becomes less than the surrounding air, exert-
ing a downward force. This occurs when the
environmental lapse rate is less negative than
the adiabatic lapse rate. (Figure 3.7)

wet adiabatic
lapse rate S, Absolute

Stability

dry adiabatic
lapse rate

altitude —»

temperature —» air temperature

. . atgroun
©2008, US Power Squadrons. Reprinted with pe?mnssnon
Figure 3.7 Absolute stability.

Absolute instability occurs when air rises
of its own accord because, as the air initially
rises, it becomes warmer than the surround-
ing air and so continues to rise. This is when
the environmental lapse rate is more negative
than the adiabatic lapse rate. (Figure 3.8)
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Figure 3.8 Absolute instability.

Conditional stability can occur in several
ways. In all cases, if the air is pushed up a
little, it returns to its former height. If, how-
ever, it is pushed up far enough, it becomes
unstable. As an example (Figure 3.9), the en-
vironmental lapse rate is between the dry and
wet adiabatic lapse rates. As the air is ini-
tially pushed up, it stays colder than the sur-
roundings. If pushed up to where it becomes
saturated (lifting condensation level), it cools
at the wet adiabatic rate and eventually be-
comes warmer than the surroundings, so rises
freely. The altitude where this happens is the
level of free convection.

Conditional
Stability

wet adiabatic
lapse rate

buoyancy level

>
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Figure 3.9 Conditional Stability.

An example of how stability can change
with time is shown in Figures 3.10 and 3.11.
There is a morning surface inversion due to
cooling of the ground at night. Air at the sur-
face is stable due to the inversion. As the day
progresses and the sun heats the surface and
its adjacent air by conduction and convection,
the environmental lapse rate becomes more
negative than the adiabatic lapse rate and the
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air becomes unstable. This is a typical sum-
mertime afternoon convective situation.

Early Morning
Stability
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of air

dry adiabatic
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Figure 3.10 Due to a morning inversion, air is stable.
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Figure 3.11 The air near the ground heats up, making
the air unstable.

Above, we mentioned air being “pushed
up,” but didn’t say how that happens. There
are four common ways. First is orographic
lifting, such as wind blowing up the side of a
mountain. The second is frontal wedging,
where warm air is pushed up over colder air
in a cold front or over the cooler air in a warm
front. The third is surface convergence,
where winds from different directions come
together and the only direction they can go is
up. The fourth is surface heating.

We can wrap most of the concepts in this
chapter together to explain a wind phenome-
non that happens in many places. In the
American west, they are called Chinook; and
in Switzerland, they are called F6hn.

Moist winds push air up the side of a
mountain by orographic lifting. The air cools
at the dry adiabatic rate. At some level, the air



reaches saturation and clouds form, and there over the top of the mountain and, as it travels

is often either rain or snow on the up-wind down the lee side, heats up at the dry adia-
side of the mountain. It then cools at the wet batic lapse rate. The result is that the air on
adiabatic rate. The condensation adds heat to the lee side is warmer than it was on the wind-
the air so it is warmer than it would be if no ward side at the same altitude.

condensation occurred. The air then spills
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Study Questions—Chapter 3

In the lower atmosphere, the temperature

generally:

a) Increases with altitude.

b) Stays the same.

c) Decreases with altitude.

d) Varies randomly.

The tropopause is important in weather de-

velopment since it:

a) Contains most of the moisture.

b) Disappears during turbulent weather.

c) Caps the development of convective ac-
tivity.

d) Is below most weather.

One difference between the troposphere and

the stratosphere is:

a) Carbon dioxide content.

b) Argon content.

c) Temperature distribution.

d) Thickness.

The most abundant gases in the atmosphere

are:

a) Nitrogen and Hydrogen.

b) Oxygen and Nitrogen.

c) Nitrogen and Argon.

d) Carbon Dioxide and Methane.

The average environmental lapse rate in the

lower atmosphere is:

a) -3.2° C per 1,000 ft.

b) +3.5°F. per 1,000 ft.

c) -2.2°C. per 1,000 ft.

d) -5.5°F. per 1,000 ft.

A temperature increase with altitude in the

lower atmosphere is called:

a) The tropopause.

b) An inversion.

c) A thermal.

d) Convection.
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10.

11.

12.

A dry, warm wind descending the east side
of the Rocky Mountains is a:

a) Chinook.

b) Valley breeze.

c) Land breeze.

d) Wind shear.

Water vapor is added to the air by:

a) Condensation.

b) Evaporation.

c) Vapor pressure.

d) Deposition.

When water vapor condenses, heat is:

a) Added.

b) Released.

¢) Not changed.

d) Absorbed.

The transition from ice to vapor without go-
ing through the liquid phase is called:
a) Effervescence.

b) Sublimation.

c) Evaporation.

d) Deposition.

Latent heat:

a) Can be measured with a thermometer.

b) Isreleased when water freezes.

c) Isreleased when water evaporates.

d) Can be felt.

Saturation can be accomplished by:

a) Raising absolute humidity while holding
the temperature constant.

b) Lowering the temperature while the ab-
solute humidity remains constant.

c) Eitheraorhb.
d) None of the above.



13.

14.

15.

16.

17.

18.

The temperature at which water vapor be-
gins to condense is called the:

a) Condensation level.

b) Saturation temperature.

c) Dew point.

d) Melting point.

If the water vapor content of an air parcel in-
creases at constant temperature, the relative
humidity _ and the dew point

a) Decreases, Increases.

b) Increases, Decreases.

c) Increases, Increases.

d) Decreases, Decreases.

When air is saturated with water vapor:

a) The dew point depression is zero.

b) The relative humidity is 100%.

c) The air can hold no more vapor.

d) All of the above.

Regarding the latent heat of fusion and the

latent heat of vaporization of water:

a) They are the same.

b) Latent heat of fusion is higher.

c) Latent heat of vaporization is higher.

d) They are determined by the specific heat
of water.

The term adiabatic means:

a) No heat is added or subtracted.

b) The pressure is constant.

c) The temperature is constant.

d) The absolute humidity is constant.

The dry adiabatic lapse rate, compared to the
wet adiabatic lapse rate is:

a) Smaller.

b) More negative.

c) Less negative.

d) Positive.
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19.

20.

21.

22.

23.

24,

The physical property or properties of water
important to the weather is/are:

a) It can transport energy from one location
to another.

b) It takes a lot of energy to vaporize it.

c) Itabsorbs a lot of infrared energy.

d) All of the above.

The term describing the tendency of dis-

placed air to return to its former level is:

a) Absolute instability.

b) Elasticity.

c) Absolute stability.

d) Conditional stability.

The term describing the tendency of air to

rise on its own is:

a) Absolute instability.

b) Elasticity.

c) Absolute stability.

d) Conditional stability.

The term describing the tendency of air to

rise only after it has been initially raised to

some higher altitude is:

a) Absolute instability.

b) Elasticity.

c) Absolute stability.

d) Conditional stability.

Fog that forms by adding moisture is:

a) Radiation fog.

b) Advection fog.

¢) Precipitation fog.

d) None of the above.

Fog that forms under clear skies at night is:

a) Radiation fog.
b) Advection fog.
c) Precipitation fog.
d) All of the above.



Part II—Sensible Weather

Example of a Super Cell

Courtesy of NOAA
Chapter 4 Air Masses, Fronts, and Cyclones
Chapter 5 Clouds, Precipitation, and Optical Phenomena

Chapter 6 Severe Weather
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Chapter 4 Air Masses, Fronts, and Cyclones

Section 1. Air masses

What is an Air Mass?

An air mass is a pool of air with nearly
uniform characteristics (pressure, tempera-
ture, density, and moisture content). The
properties do change with altitude, but they
vary only by small amounts over a wide geo-
graphical area. For example, the temperature
and humidity of the air mass will be almost
the same at surface locations or at locations
aloft at the same altitude.

An air mass is created when a pool of air
sits over the same region for several days or
more. During that time the air mass takes on
properties derived from the underlying sur-
face. Moisture content and temperature are
the two main properties used to classify an air
mass. These properties depend generally on
whether the underlying surface is continental
(c) or maritime (m), and whether it is located
closer to polar (P) or tropical (T) latitudes.
The table below summarizes the classifica-
tion scheme. For example, an air mass form-
ing over Canada is classified as continental
polar (cP), meaning relatively dry and cold.
The fifth type, not listed in the table below is
dry and very cold, called continental arctic
(cA). It sometimes brings very cold weather
to the northern United States.

. Polar Tropical
Classification (cold) (warm)
Continental
(dry) cP T
Maritime
(moist) mP mT
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Air masses generally form when highs
are present over specific geographical areas
called source regions. The light winds gener-
ally found in highs allow the air to remain
over a source region long enough to acquire
its properties from the underlying surface. A
low moving across a source region will then
carry the air mass along. Winds at about
18,000 feet (500 mb) tend to steer the low
pressure areas as they move. Figure 4.1
shows the source regions, and their classifi-
cations, for most of the air masses that affect
the continental United States. The arrows in-
dicate typical migration paths. They tend to
move more rapidly in the winter.

£
. . Courtesy of NOAA
Figure 4.1 Air mass source regions.

An air mass is generally modified as it
moves from its source region to other areas.
Modification may occur in one or more of
four ways. The air mass may become satu-
rated, forming clouds, fog, and precipitation
if it is cooled from below or if its dew point
is raised by addition of moisture. Con-
versely, the air mass will clear if it is heated
from below or if its dew point is decreased by
removal of moisture. The following exam-
ples illustrate these processes.



Addition of Moisture

A cP air mass forming in Canada in the
wintertime will have a low moisture content
and temperatures well below freezing from
the surface upward. If this air mass moves
southeastward over the Great Lakes, the
Great Lakes will add water to the air by
means of evaporation. The air then becomes
saturated as it reaches the lee shore, where
fog or heavy snow develops.

Cooling from Below

An mT air mass moving up the East
Coast is often cooled from below when it en-
ters New England. The waters of Rhode Is-
land Sound, Vineyard Sound, and Buzzards
Bay are relatively warm, so the air remains
clear over those areas but may pick up addi-
tional moisture by evaporation. However, the
relatively cold waters of Cape Cod Bay and
the cold land along the adjacent shore cool
the air mass to its dew point. Thus, fog is
formed along the coastline facing Cape Cod
Bay.

Heating from below

If a Canadian cP air mass migrates along
a more westerly route, west of the Great
Lakes, it will encounter warmer land surfaces
in the central United States. Heat exchange
will then warm the air, moderating its surface
temperature. For example, a wintertime air
mass that formed with a surface temperature
of -20 °C in Canada may have a temperature
of -5 °C as it crosses the central states and
+1 °C by the time it starts to move over the
southeastern states.

Removal of Moisture

Orographic lifting is the usual process
for removal of moisture from an air mass. Or-
ographic lifting occurs when a wind moves
the air across elevated topography. As the air
is pushed upslope, it cools adiabatically.
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Thus, the air temperature decreases to the
dew point, and moisture is removed by pre-
cipitation as the air is lifted higher. The Pa-
cific Northwest provides a well-known ex-
ample.

The Pacific Northwest coastal area
tends to be rainy when an mP air mass from
the Bering Sea moves inland and is pushed
upslope by the Cascade Mountains. Precipi-
tation removes most of the moisture by the
time the air mass has reached the peaks of the
Cascades, so its dew point has decreased. The
air then warms by compression as it descends
on the lee side of the mountains. The result is
a warm, dry wind blowing across eastern
Washington and Oregon. This is the Chinook
wind introduced in Chapter 3.

When Air Masses Meet

Air masses move from their source re-
gions and meet other air masses from a dif-
ferent source region. The boundary that

forms between these meeting air masses is
called a front. An example is in Figure 4.2.

Temperature within air ] ..varying greatly on either
mass is uniform... - ;‘q side of the cold front

b
v ‘ =

©1997, USA Today. Reprinted with permission

Figure 4.2 Cold front between cP and mT air masses.

When they meet, the air mass that is
warmer and/or moister will either ride up
over the other (warm front) or be pushed up
by the advancing heavier air (cold front). The
details of these and other fronts are discussed
in the next section.



In Section 2 of this chapter, we will dis-
cuss the types of fronts, how they move, the
weather associated with them, and how to tell
from local observations where a storm sys-
tem, called an extra-tropical cyclone, is lo-
cated and how it is moving.

High-Pressure Systems

The air masses discussed above are high
pressure systems. The air in a high is subsid-
ing (sinking) and the atmosphere is stable.
The air spirals out of the high in an anti-cy-
clonic fashion (see Chapter 2). Highs tend to
be more spread out than lows, with more
widely-spaced isobars. The winds are weak-
est near the center and gradually increase
with distance from the center.

Generally, the weather is clear; the sky is
blue; the winds are moderate; and there is no
precipitation. At night, clear skies allow the
surface to cool faster and, with light winds,
can produce fog, dew, or frost. The circula-
tion tends to move warm air north on the west
side of the high and colder air south on the
east side (northern hemisphere).

Low-Pressure Systems

In contrast, the air in a low is spiraling
into the center in a cyclonic fashion. The air

is rising and the atmosphere is unstable. The
isobars are more closely spaced so the winds
are stronger and increase as they approach the
center. Lows are more compact than highs
and mix several air masses. The boundaries
between them are fronts and are discussed in
the next section. The weather is stormy; the
sky is cloudy; the winds are strong and shift-
ing; and there is often precipitation.

How they Move

As we learned in Chapter 2, the winds
aloft move the highs and lows and contribute
to their formation and destruction. Diver-
gence is air moving apart. In the upper at-
mosphere it can happen either by moving
away from neighboring winds or by speeding
up with distance. Convergence is the oppo-
site, with winds approaching their neighbor-
ing streams or by slowing down with distance
(piling up like a traffic jam).

Convergence causes sinking air, which
builds or strengthens a high or fills a low. Di-
vergence causes rising air, forming or
strengthening a low or weakening a high.
Figure 4.3 illustrates this connection between
the upper air flow and the development and
movement of highs and lows

Figure 4.3 Upper air convergence and divergence affect surface highs and lows.
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Section 2. Fronts and Storm Systems

Types of Fronts

Fronts are named based on what air mass
is overtaking another. In a cold front, the
cold air mass is pushing under the warm air
mass, causing it to ride up over the cold air.
This is a type of frontal wedging mentioned
in Chapter 3.

A warm front occurs where warm air
rides up over a cooler air mass, slowly replac-
ing it at the ground. Itis also frontal wedging.

Sometimes neither air mass wins the bat-
tle over territory, in which case we have a sta-
tionary front. It is not truly stationary, but
wanders back and forth over an area, some-
times for days.

The final type of front is the occluded
front, where there are three air masses in
proximity: cold, cool, and warm. Of course,
the cold air will be on the bottom, the cool air
above that, and the warm air on top. Depend-
ing on the direction of motion, it is either a
cold occlusion or awarm occlusion. More on
that distinction later.

Lines with “pips” indicate the type of
front. On all frontal symbols, these pips in-
dicate what direction the front is moving. For
a cold front, the pips are triangular and blue
(if colored). For a warm front, the pips are
semi-circular and red. Stationary fronts have
blue triangles on one side and red semi-cir-
cles on the other. Think of them as fighting
each other and getting nowhere.

Occluded fronts have alternating trian-
gles and semi-circles on the same side, and
are purple, if colored (or alternating red and
blue). Figure 4.4 shows each of these sym-
bols. Troughs are lines of lower pressure,
where a low stretches in one direction.
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Cold Warm Stationary Occluded

Figure 4.4 Frontal Symbols on surface charts.

Before going into detail on fronts, we
need to briefly introduce types of clouds (a
fuller discussion is in Chapter 5). Clouds are
of three general types and are grouped into
three altitude regimes: low, middle, and
high. The types are cumuliform (puffy),
stratiform (flat, layered), and cirriform
(wispy). Cumuliform clouds indicate unsta-
ble air, stratiform clouds indicate stable air.

Cold Fronts

Figure 4.5 shows a typical cross-section
of a cold front. The cold air is moving to the
right and the warm air is being pushed up. As
the warm air cools to the dew point, clouds
form. The air becomes unstable, forming
convective (cumuliform) clouds, and even
thunderstorms. Cold fronts are fast-moving
(20 to 30 knots), steeply sloped, and the
winds ahead of and behind the front are
strong and gusty.
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= Cold air is displacing warm air

* Heavier, cold air is shoving under warm air, pushing it upward

= Clouds form - can grow into thunderstorms

= Slope of front is stee% i i L
©2008, US Power Squadrons. Reprinted with permission

Figure 4.5 Typical cross-section of a cold front.



As a cold front approaches from the
west, cumulus clouds will appear, winds will
pick up from the south-west, and the pressure
will fall. During passage, there will often be
strong, rapidly varying (showery) rain and
perhaps lightning and thunder. After the front
passes, the pressure will rise sharply, the
wind will shift to the north-west and the skies
will clear rapidly.

Warm Fronts

Figure 4.6 shows a typical cross-section
of a warm front. The warm air is riding over
the colder air and moving it to the right, but
at about half the speed at which a cold front
moves. The frontal boundary slope is gentle,
so the lifting action is gentle. Although con-
vective activity is possible, it is more likely
that clouds will be layered (stratiform) and
the precipitation gentle and steady, rather
than showery.
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Warm front
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||
Warm air replacing cold air
Lighter warm air slides over heavier cold air
Wispy hi?h clouds give way to thicker, lower clouds
Eventually, rain, snow, sleet or freezing rain begins to fall
Slope of front is gentle

©2008, US Power Squadrons. Reprinted with permission
Figure 4.6 Typical warm front cross-section.

As far as 500 miles ahead of the front,
you will see high clouds, then middle clouds
and finally low, solid clouds and rain, freez-
ing rain, sleet, or snow, depending on condi-
tions. Winds are also gentler than with cold
fronts and the pressure rise and fall is much
less, and more gradual as well. It is often dif-
ficult to tell exactly where the surface bound-
ary is—it can be broad and diffuse.
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A comparison of these two types is in
Figure 4.7, showing the different slopes, dif-
ferent cloud types, and typical distance
scales.
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©2008, US Power Squadrons. Reprinted with permission
Figure 4.7 Comparison of cold and warm fronts.

Stationary Fronts

A front is stationary when neither air
mass is retreating. There may still be winds,
but they will blow parallel to the front in this
case. Either a warm or cold front (most often
a cold front) may become stationary when a
strong high-pressure area blocks the retreat-
ing air mass. Even if the front was originally
a cold front, the clouds associated with a sta-
tionary front tend to become stratiform be-
cause the cold air mass has stopped moving
in underneath the warm air mass. (Cumuli-
form clouds will redevelop if the cold air
mass resumes its advance.) Figure 4.8 shows
a typical stationary front.

v V—”&! v |
©we<Blationary front
T T N

Standoff - neither cold nor warm ar is advancing.
Widespread clouds can form on both sides of frontal boundary.

©2008, US Power Squadrons. Reprinted with permission

Figure 4.8 Typical stationary front.



Occluded Fronts

Occlusion (from a Latin word meaning
closure) refers to situations in which a faster-
moving cold front overtakes a slower-moving
warm front. On the weather map, occlusions
evoke the image of a zipper that has joined
the two fronts, but a look at the cross section
will show that they actually remain separate.
Occlusions involve three air masses, which
we shall call warm, cool, and cold to distin-
guish their temperatures. The occlusion itself
is referred to as either warm or cold, depend-
ing on the relative positions and movement of
the air masses.

Warm occlusions are common in the Pa-
cific Northwest. In the example shown here,
cold cP air is retreating as warm mT air ad-
vances northward. At the same time, a cool
mP air mass is moving in from the Pacific,
pushing the warm air eastward. The cross-
section (Figure 4.9) shows where the fronts
have occluded. Note that the warm air mass
has actually been lifted above the surface.
The clouds from the two fronts generally
merge into multiple layers.

Cold occlusions are more common in the
eastern states. Figure 4.10 shows an example
in which cool mP air is retreating as warm
mT air advances northward, while cold cP air
pushes both masses eastward. This is similar
to the warm occlusion, but with three differ-
ences. First is the exchange of roles between
the cool and cold air masses. Second, the ad-
vancing front moves in under the warm front,
instead of riding up over it as in the preceding
case. Third, the greater temperature differ-
ence across the cold front (as compared with
the warm occlusion case) is likely to produce
a steeper slope, more lift, and consequently,
more extensive vertical development of the
cumuliform clouds ahead of the front.
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Figure 4.9 Warm occlusion.
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Figure 4.10 Cold occlusion.

Cyclones

Low pressure systems that bring weather
to us are called extra-tropical cyclones. This
is to distinguish them from tropical cyclones,
the generic term for tropical storms, hurri-
canes, typhoons, etc. Cyclone simply means
that the circulation is cyclonic (remember—
counterclockwise in the northern hemi-
sphere).

Contrary to tropical cyclones, extra-trop-
ical cyclones have fronts associated with
them. They occur in the mid latitudes, in the
prevailing westerlies, and travel generally
from west to east steered by winds at and
above the 500 mb level. They are responsible
for most (but not all) severe weather in this
region.

Figure 4.11 (next page) is a simple pic-
ture of an extra-tropical cyclone. It shows the
cold front, the warm front, the low pressure
center, the wind circulation, and the general
area of precipitation. Notice that the wind di-
rection veers abruptly across the cold front.
This is typical for an active system. It shifts
across the warm front, but in fact the shift is
not as pronounced as shown here. This is an



idealized view that we don’t always see, but
represents average conditions.

©20038, US Power Squadrons. Reprinted with pefmission

Figure 4.11 Extra-tropical cyclone.

How is the Low Moving?

In Chapter 7, we will go into great detail
about the resources that are available for us
to know where storms are and how they are
moving., but there is a way that we can do
that simply with our own observations. It

uses the Buys-Ballot law and the observation
of whether the wind is veering or backing.

As we saw in Chapter 2, the Buys-Ballot
law tells us where the low is. Recall that we
face the wind and the low is on our right. So,
we have a good idea where the low is, but
how do we know its movement?

Look carefully at Figure 4.12. It shows
an extra-tropical cyclone with some dotted
lines that represent our movement relative to
the storm (actually, the storm is moving, not
us). Remember, the storm is in the prevailing
westerlies and moves generally from west to
east. As you can see from the figure, if the
low passes to the north, we will go from X to
Y and the winds will veer. If it passes to the
south, we will go from A to D, and the winds
will back. So, if the winds are backing, the
low is passing to the south and if the winds
are veering, it is passing to the north.

CUMULUS

CIRRUS

CIRROSTRATUS

WARM SECTOR

©2008, US Power Squadrons. Reprinted with permission
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Figure 4.12 Winds veer or back depending on where the low is passing us.
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How Lows Form

The formation of low pressure systems is
called cyclogenisis. Literally, that means the
generation of cyclonic circulation. To talk
about cyclogenisis, we need to talk about the
polar front. The polar front is a semi-perma-
nent feature between the prevailing wester-
lies and the polar easterlies (Chapter 1). Itis
normally over Canada in the summer and
over the United States in the winter. It is as-
sociated with the polar jet stream. The clas-
sical theory of cyclogenisis is shown in the
series of images shown in Figure 4.13. The
air flowing in opposite directions creates fric-
tion, causing the winds to change direction.

Cold Air
4 cP 4

4—

Polar Front

©2008, US Power Squadrons. Reprinted with permission

Figure 4.13 Classical cyclogenisis theory.
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A disturbance in the polar front creates a
wave that develops with time, forming a cir-
culation that pushes the cold air south and the
warm air north.

The subject of upper-level convergence
and divergence discussed in Section 1 is the
more modern theory of cyclogenisis.

The strongest influence of the upper-
level winds is from the polar jet stream. It is
in the upper part of the troposphere, between
about 30,000 and 40,000 feet (~6-7 miles). It
has speeds in the core as high as 175 knots
(200 mph) and is associated with the polar
front. It moves north and weakens during the
summer and strengthens and moves south
during the winter. See Figure 4.14.

Figure 4.14 Cross-section of the Polar Jetstream.

Figure 4.15 shows typical storm tracks in
the U.S. The major source regions are the Pa-
cific Ocean, western Canada, the mid-west,
and the gulf.

©1997, USA Today. Reprinted with permission

Figure 4.15 Typical storm tracks.



Cold and Warm Core Lows

Low pressure systems can get shallower
(fill) with height, or deepen with height. The
difference is whether they are warm core or
cold core. In a warm-core low, there are
warmer temperatures in the center. (Figure
4.16). In a cold-core low, there are colder
temperatures in the center (Figure 4.17). In
all figures, the dotted lines represent pressure
surfaces.
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Figure 4.16. Warm core Low.

If you have a low aloft that has a warm
core, the total density and therefore the
weight of the air is less, so the low becomes
deeper as you approach the surface (the low
is deeper—see dotted lines in the figures). To
put it another way, the warm air is expanded
relative to the cold air, so the pressure sur-
faces are farther apart.

Conversely, if the low has a cold core,
the density is higher and the low becomes less
intense as you approach the ground (the low
is shallower) and can actually become a high-
pressure area at the surface (Figure 4.18). In
other words, the pressure surfaces are closer
together in the cold air. We will see an ex-
ample of this in Chapter 7.
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Figure 4.17. Cold core Low.

Figure 4.18. Cold core Low with High at the
Surface.

A hurricane is a warm core low that turns
into a high at higher altitudes. See Figure

Figure 4.19. Warm core Low with a High above, as
in a Hurricane.



Study Questions—Chapter 4

In highs, the:

a) Air spirals into the center.
b) Air rises.

c) Air spirals out of the center.
d) Weather is usually foul.

In lows, the:

a) Air spirals into the center.
b) Air sinks.

c) Air spirals out of the center.
d) Weather is usually fair.

Normally, air masses travel across the U. S.:

a) From east to west.

b) Faster in the winter than the summer.
c) Faster in the summer than the winter.
d) The same speed all year.

Precipitation ahead of a warm front is usu-
ally:

a) Short in duration and showery.

b) Non-existent.

c) Impossible to predict.

d) Long in duration and steady.

Precipitation ahead of a cold front is usually:

a) Short in duration and showery.
b) Non-existent.

c) Impossible to predict.

d) Long in duration and steady.

When a cold front passes, the wind:

a) Veerssharply.

b) Backs sharply.

c) Reverses direction.

d) Stops blowing.

As a cold front passes, the winds are:

a) Calm.

b) Strong and gusty.
c) From the south.
d) From the east.
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8.

10.

11.

13.

Conditions after a cold front are usually:

a) Good visibility with low stratus clouds.
b) Poor visibility with low stratus clouds.
¢) Good visibility with cumulus clouds.
d) Poor visibility with cumulus clouds.

In the occluded portion of a cyclone, the
warm air:

a) Has moved away.

b) Istrapped at the surface.

c) Is held aloft.

d) Pushes under the cool air.

An occluded front is formed when:

a) A fast warm front overrides a cold front.
b) A fast cold front overtakes a warm front.
¢) Moist air displaces dry air.

d) A cold front stalls.

North of a low:
a) There are no fronts.
b) The winds back as the low passes.

c) There is no warm sector.
d) All of the above.

. The polar front forms storm systems be-

cause:
a) It encourages the formation of anti-cy-
clones.

b) The polar westerlies and prevailing east-
erlies oppose each other.

¢) The prevailing westerlies and polar east-
erlies oppose each other.

d) None of the above.
The jet stream is:

a) An ocean current.
b) A low-level wind.
¢) A high altitude wind.
d) Over the equator.



Use this figure to answer questions 14 - 22.

14. Clouds in area 1 are typically:
a) Cumuliform.
b) Stratiform.
c) Cirriform.
d) Absent.
15. Clouds in area 5 are typically:
a) Cumuliform.
b) Stratiform.
c) Cirriform.
d) Absent.
16. Clouds in area 3 are typically:
a) Cumuliform.
b) Stratiform.
c) Cirriform.
d) Nimbostratus.
17. The front next to 7 is a:
a) Cold front.
b) Warm front.
c) Stationary front.
d) Occluded front.
18. The front next to 6 is a:
a) Cold front.
b) Warm front.
c) Stationary front.
d) Occluded front.

19.

20.

21.

22.

23.

24,

The wind has veered to the NW, the thun-
derstorms are over and the barometer is ris-
ing rapidly. Where are you?

a) 1.

b) 7.

c) 5.

d) 3.

It is now colder, the wind is NW, the sky is
clear or partly cloudy. Where are you?

a) 1.

b) 7.

c) 5.

d) 3.

The winds have been backing most of the
day. Where are you?

a) 6.

b) 7.

c) 4.

d) 3.

A mid-latitude cyclone like this one will
typically move in the direction from:

a) 5tol.

b) 4tol.

c) 6tol.

d) 1lto6.

Divergence aloft can be caused by:

a) The wind speeding up with distance.
b) The wind slowing down with distance.
c) The wind veering.

d) The temperature falling.

Divergence aloft encourages cyclone for-
mation because it:

a) Supports surface divergence.

b) Causes air to sink.

c) Supports surface convergence.

d) Prevents surface convergence.



25.

26.

27.

28.

29.

The paths of cyclones across the U. S. are
determined by:
a) The cyclonic wind flow.

b) High pressure to the west and low pres-
sure to the east.

c) Steering winds at the surface.
d) Steering winds at an above 18,000 feet.

Cyclones can form:

a) Over the Gulf.

b) Over the Pacific Ocean.
c) Over the Great Plains.
d) All of the above.

The symbol for a cold front is a line with:

a) Semi-circles.
b) Triangles.

c) Triangles and semi-circles on different
sides.

d) Triangles and semi-circles on the same
side.

The symbol for an occluded front is a line

with:

a) Semi-circles.

b) Triangles.

c) Triangles and semi-circles on different
sides.

d) Triangles and semi-circles on the same
side.

The symbol for a stationary front is a line

with:

a) Semi-circles.

b) Triangles.

c) Triangles and semi-circles on different
sides.

d) Triangles and semi-circles on the same
side.
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30.

31.

32.

33.

34.

The symbol for a warm front is a line with:

a) Semi-circles.
b) Triangles.

c) Triangles and semi-circles on different
sides.

d) Triangles and semi-circles on the same
side.

A cP air mass moving through the midwest

will:

a) Cool from below.

b) Pick up additional moisture.

c) Warm from below.

d) Bothbandc.

An mT air mass moving up the east coast

will:

a) Cool from below.

b) Pick up additional moisture.

c) Bothaandb.

d) Neither a norb.

A cold-core low does what as the altitude in-

creases?

a) Fills.

b) Deepens.

c) Expands.

d) None of the above.

A warm-core low does what as the altitude

increases?

a) Fills.

b) Deepens.

c) Expands.

d) None of the above.



Chapter 5 Clouds, Precipitation, and Optical Phenomena

Section 1. Clouds

What are Clouds?

Clouds are made up of minute water
droplets or ice crystals that have condensed
from water vapor in the atmosphere. As we
learned in Chapter 3, water vapor will begin
to condense when the temperature is lowered
to the dew point or the dew point is raised to
the temperature by the addition of water va-
por into the air. However, water vapor will
not condense at the dew point unless there are
impurities in the air called condensation nu-
clei. They can be dust, salt particles, haze, or
other aerosols.

Figure 5.1 compares the size of cloud
droplets to the size of a typical rain drop.
Their very small size is why they appear
white under most circumstances.

©2008, US Power Squadrons. Reprinted with permissiol

Figure 5.1 Comparison of a rain drop and a cloud
particle.

Clouds come in many different sizes and
appearances but are classically grouped by
categories. One category is appearance, or
type—what the cloud looks like. The choices
are: Cirriform (wispy, always high clouds);
Stratiform (flat, layered, with no apparent
structure); and Cumuliform (puffy, many
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rounded structures). Examples of all of these
types (morphologies) are shown below.

The other category is height. In this case
there are four choices, but only three of them
apply to more than one type. The three main
categories are low, middle, and high clouds.
The exact definitions of these heights vary
with season and latitude. We will adopt the
following definitions. See Appendix B for
further information. Low clouds have bases
under 6,500 feet (about 2,000 meters). Mid-
dle clouds have bases from 6,500 feet to less
than 20,000 feet (a little over 7,000 meters).
High clouds have bases over 20,000 feet. The
fourth category is clouds of vertical develop-
ment. They have bases in the low cloud
range, but the tops can be in the middle or
high altitude range.

In addition, there are a couple of other
terms applied to clouds. The first is nimbo
(as a prefix) or nimbus (as a suffix). Both
terms mean the clouds are producing precip-
itation. This term can be applied to both strat-
iform and cumuliform clouds. The second ad-
ditional term is fracto (as a prefix) or fractus
(as a suffix). It means the clouds are broken
up into small, ragged pieces. The two terms
are interchangeable: fractostratus, or stratus
fractus, applied mostly to stratiform clouds.

Low Clouds

Cumulus clouds (symbol Cu) are, of
course, cumuliform. As low clouds, they are
generally referred to “cumulus humilus” or
“fair weather cumulus.” The point at which
the cloud becomes “cumulus congestus” or
towering cumulus” (see below) is not well
defined. Examples of cumulus humilis are
shown in Figures 5.2 and 5.3.



Figure 5.2 Fair weather cumulus (Cu).

Figure 5.3 Growing Cumulus Humilis (Cu).

Stratus clouds (St) are, of course, strati-
form. They may be wide-spread, or frag-
mented, as stratus fractus, or in between.
They are almost featureless, grey or light grey
when seen from below, but white when seen
from above. See figure 5.4.

SN
Figure 5.4 Stratus, seen from above (St).
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Stratocumulus (Sc) is a form somewhat
in between stratus and cumulus. It is in lay-
ers, but has a rounded shape, with fuzzy
edges. See Figure 5.5.

Figure 5.5 An example of stratocumulus (Sc).

Nimbostratus (Ns) is a stratiform cloud
that is raining. Figure 5.6 is an example. It
is dark not because it is night, but because the
Ns is so thick that little light can get through.

Courtesy of NOAA

Figure 5.6 Nimbostratus (Ns).

Middle Clouds

Middle clouds are of two types: Alto-
stratus (As) and Altocumulus (Ac). Altocu-
mulus can be somewhat disorganized, or can
form rows, called “streets.” It is sometimes
difficult to tell stratus (a low cloud) from al-
tostratus. Figure 5.7 is altostratus. Figure 5.8
is ordinary altocumulus and Figure 5.9 is al-
tocumulus in “streets.” In the latter case, the
cloud formation tells us in what direction the



winds are blowing. They are blowing per-
pendicular to the rows of clouds. Think of
surface winds and water-wave patterns.

Figure 5.7 Altostratus (As). The sun may or may not
be visible.

Courtesy of NOAA

Figure 5.9 Altocumulus (Ac) in "Streets."

High Clouds

High clouds are of three types: Cirrus
(Ci), cirrocumulus (Cc), and cirrostratus

(Cs). Cirrus clouds have a filamentary look
and appear thin and wispy. If the filaments
have a hook, the clouds were called “mares’
tails” by sailors. Figure 5.10 shows an exam-
ple that includes a few mares’ tails.
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Figure 5.10 Cirrus (Ci) with "mares’ tails"

Cirrocumulus (Cc) clouds (figure 5.11
look much like Sc or Ac clouds, but the indi-
vidual cells appear smaller because they are
farther away. When the sky is covered with
a uniform array of these cells, it is called “a
mackerel sky”. In the winter, they often por-
tend good weather, but, when associated with
cirrus and lowering clouds, it can storm
within 24 hours. Sailors had a rhyme to re-
mind them of this.

Mares’ tails and mackerel scales,
make tall ships trim their sails.

Courtesy of NOAA

Figure 5.11 Cirrocumulus (Cc), a mackerel sky.



The final type of high cloud is cirrostra-
tus (Cs). They can be thick and clumpy, as
seen with the cirrus in Figure 5.10 or as seen
in the anvil tops of thunderstorms, but are
most often thin and cover a good portion of
the sky in a uniform layer.

It is often difficult to tell altostratus from
cirrostratus, but if the sun or moon is visible,
there is a good clue—As is usually made of
water droplets and Cs is usually made of ice
crystals. Water droplets scatter sunlight,
making it look like there is a crown around
the sun. It is called a corona. Ice particles
refract light and make it look as if the sun (or
moon) appear to have a halo (it is in fact
called a halo). Figure 5.12 shows a corona
around the sun near sunset. Figure 5.13
shows a halo. This concept will be covered
more thoroughly in Section 3.

Courtesy of NOAA

Figure 5.12 A corona (probably altostratus)

Figure 5.13 Halo due to cirrostratus (ice cloud).
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Clouds of Vertical Development

Cumulus clouds vary from puffy little
fair weather cumulus to very large cumulo-
nimbus (thunderstorm clouds), including su-
per cells that can spawn several severe torna-
does. As we discussed above, standard cu-
mulus is a low cloud. The larger cumulus
clouds, cumulus congestus, towering cumu-
lus, and cumulonimbus, have their bases in
the low cloud region, but have tops into the
middle cloud region (above 6,500 ft.) or into
the upper cloud region (above 20,000 ft.) and
are therefore classed as clouds of vertical de-
velopment. Figure 5.14 shows an example of
towering cumulus. It is often difficult to tell
the difference between growing cumulus hu-
milis and towering cumulus (or cumulus con-
gestus)—the major clue is whether the height
is significantly greater than the width.

Mar 21, 2012, 4:4%.pm

‘-"f Courtesy of NOAA
Figure 5.14 Cumulus congestus or towering cumulus
(Cu).

Cumulonimbus (Cb) clouds are cumulus
clouds in air that is very unstable throughout
the tropopause. They normally have flat bot-
toms (but see below) and a puffy appearance,
often with a flat top of cirrostratus, called an
anvil. The one thing that differentiates cumu-
lonimbus from towering cumulus is the pres-
ence of precipitation (remember, the nimbus
suffix means precipitation). They can vary in
size from ordinary thunderstorms up to super
cells that cover hundreds of square miles and



push up part way into the stratosphere. More
on these in the next chapter. Figure 5.15is a
typical example.
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Figure 5.15 Typical cumulonimbus.

More Cloud Characteristics

There are several other interesting char-
acteristics of clouds that can help the reader
better understand what he or she sees in the
skies. The ones to be covered here include
lenticular (or cap) clouds, cumulonimbus
mammatus, wall clouds, and shelf clouds.

Lenticular (lens shaped) clouds are strat-
iform clouds (usually altostratus) that form
over, or in the lee of, mountains. The condi-
tions have to be just right—stable air, a
steady wind over a significant depth, and hu-
midity levels near saturation. As the wind
blows over the mountain or mountain range,
it sets up a wave in the atmosphere. On the
back of the wave, moisture condenses into
stratiform clouds. On the front, the air warms
adiabatically and the cloud evaporates. Fig-
ure 5.16 shows a particularly impressive ex-
ample. In this image, there are multiple nar-
row tongues of moisture, each forming its
own cloud, and double columns of clouds,
one over the mountain, and one downstream
(to the left).
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Figure 5.16 Multiple lenticular clouds.

In very elderly cumulonimbus clouds,
the bottom sometimes takes on a lumpy ap-
pearance and they are called mammatus
clouds. At one time, it was thought that these
were likely to form tornados, but subsequent
research has shown they are no more likely to
than other large, mature thunderstorms. They
are visibly impressive, though. (Figure 5.17).

Courtesy of NOAA

Figure 5.17 The Base of a cumulonimbus mammatus
cloud.

Finally, two features of large, mature cu-
mulonimbus clouds are evidence of the pos-
sibility of tornados. The first is something
called the wall cloud. It is often seen rotating
just as the tornado is forming. Figure 5.18 is
a typical example.



The second is called a shelf cloud and is
often seen on large, mature thunderstorms,
most often on super-cells. There is one in the
picture of a super cell on the first page of Part
.

The details of these features, as well as
their consequences and usefulness in short-
term forecasting will be covered in the next
chapter.

Figure 5.18 Typical wall cloud.

Section 2. Precipitation

How Does Precipitation Form?

In section 1, we discussed the relative
sizes of cloud particles and rain drops. Let’s
go a little deeper into that subject. Cloud par-
ticles (liquid droplets or ice crystals) are so
small that even if the air were totally still, it
would take days for them to drift down under
gravity. However, the air is always moving
and it keeps cloud particles suspended indef-
initely, until conditions change and they
evaporate or sublime back into water vapor.
Only when they grow much larger and form
precipitation, can they reach the ground be-
fore evaporating.

So, how do cloud particles grow into
rain, snow, sleet, or hail? That question had
baffled meteorologists for centuries but there
is now general agreement that there are two
processes. One, the Bergeron Process, occurs
in cold air (well below freezing). The other,
the collision-coalescence process, occurs in
warm air, such as in the tropics, where large
sea-salt aerosols are abundant. In the latter
case, drops drift together due to winds and
convection and grow by coalescing. When

53

large enough, they fall, picking up droplets
they collide with.

Before proceeding, we should briefly
discuss the existence of super-cooled drop-
lets. Although there are many condensation
nuclei in the air (Chapter 3), there are not
enough freezing nuclei. Droplets can exist in
liquid form down to -10° C (14°F). Data
from research aircraft have shown that be-
tween -10°C and 0°C, clouds consist largely
of water droplets. Between -10°C and -20°C
(-4°F), there is a mixture of water and ice par-
ticles. Below that, they are all ice particles.

The following is a simplified explana-
tion of the Bergeron Process:

e At sub-freezing temperatures, water va-
por is evaporating and re-condensing on
the super-cooled droplets.

e Water vapor is more likely to deposit on
the few ice crystals present because the
vapor pressure of ice is lower than that
of water.

e Deposition on the ice lowers the humid-
ity, allowing more water to evaporate



from the droplets and deposit on the ice
particles.

e Therefore, the ice particles grow at the
expense of the water droplets.

e As the ice crystals grow larger and
heavier, they fall faster, colliding with
other ice crystals and with super-cooled
water droplets that instantly freeze on
them.

e Once they grow large enough, they can
fall out of the cloud.

At this point, they are ice pellets or snow.
As they fall through the atmosphere, several
things can happen, depending on the nature
of the vertical temperature profile.

e They can continue to fall in cold air as
snow or ice pellets.

e They can melt and become rain or driz-
zle.

e The rain may be re-cooled to below
freezing by, for example, falling into the
colder air below a warm front. It is now
super-cooled freezing rain and will
freeze on impact.

e Rain or drizzle can re-freeze, forming
sleet (rain) or small ice crystals (driz-
zle).

Types of Precipitation

Rain and drizzle are simply two aspects
of liquid precipitation. The primary differ-
ence is the size of the drops. Drizzle drops
are, by definition, less than 0.5 mm (cloud
particles are around 0.02 mm). Rain drops
average about 2 mm. Both are officially de-
scribed as light, moderate, or heavy. The way
those categories are described differs be-
tween rain and drizzle.

Rain is light if it is falling at a rate of 0.1
inches per hour or less. It is moderate from
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over 0.1 to 0.3 inches per hour and heavy at
over 0.3 inches per hour.

The drizzle categories are, unlike rain,
based on visibility. The more drops, the
lower the visibility. Light drizzle means the
visibility is more than 1 km (5/8 of a mile).
Moderate is from less than 1 km to 0.5 km.
Heavy is less than 0.5 km (5/16 of a mile).

Sleet is simply the ice formed at altitude
making it all the way to the ground. It was
formed mostly by colliding with super-
cooled water droplets, forming a more or less
solid mass of ice. In some cases, it can be
rain re-frozen during a long fall through cold
air. Itisalso called ice pellets. It often occurs
in combination with rain and snow.

Snow is formed at altitude primarily by
the collision of ice particles (formless flakes)
or by the deposition of water vapor directly
on the hexagonal ice crystal (lacy flakes).
Most snow is a mixture of these two types. A
related type of precipitation is graupel,
formed by the collision of snowflakes with
super-cooled droplets. It is also called snow
pellets or soft hail.

Freezing rain or drizzle, as explained
above, is rain or drizzle that is super-cooled
as it falls through colder air, but for a shorter
distance than the sleet mechanism mentioned
above. It does not re-freeze until it strikes a
surface.

Hail is formed only in very large thun-
derstorms, where it travels many times up
and down the vertical conveyer belt of a ma-
ture cumulonimbus. During its travels, it par-
tially melts, collects rain drops, then re-
freezes. More in Chapter 6.

A few more words about freezing rain.
When it strikes a surface, it can either freeze
on impact if the drops are small enough (e.g.
drizzle), or freeze more slowly. The first case



forms rime ice, the second, glaze ice. Both
are dangerous to low-flying aircraft, but glaze
ice is worse for boats. It can change the center
of gravity and therefore the stability.

Station Model

Let’s catch up on the station model.
Since Chapter 3, we have discussed fog,
clouds, precipitation, and visibility. Fog and
precipitation are shown by the symbols for
present weather to the left of the circle, with
visibility in statute miles to the left of that.
The present weather symbol shows the fog,
precipitation, or haze primarily responsible
for the visibility. Clouds are reported above
and below the circle with low below, middle
above, and high above that. Low cloud
heights are coded under their symbol. Clouds
are coded shapes. Sky cover is shown by
shading in the circle.

5> Most likely an approaching warm front.
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The updated station model below shows
that the present weather is continuous light
rain, with a visibility of one mile; the low
clouds are nimbostratus, with bases between
300 and 599 ft.; the middle clouds are thick
altostratus and the high clouds are cirrus. The
total sky cover is 6/8. For further infor-
mation, see appendix B-6.

Remember from previous chapters, the
temperature and dew point are in degrees
Fahrenheit, the pressure and pressure ten-
dency are in millibars, and the winds are in
knots to the nearest five knots.

Challenge question: What is the weather
situation?®
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Section 3. Optical Phenomena in the Atmosphere

Introduction

Why study optical phenomena? One
reason is they are really cool. The more prac-
tical reason is they can tell us something
about what is going on around us and there-
fore what to expect from the weather.

If I were to ask you to define a meteor,
what would you say? If you are like most
people, you will talk about objects from
space, and you would be partly right. Strictly
speaking, any foreign object in the atmos-
phere is a meteor. The definition of meteor is
therefore any object in the atmosphere, such
as clouds, rain, dust, “shooting stars” etc.

Clouds and precipitation are called hy-
drometeors and are the subject of the first two
Sections. Dust and other aerosols are called
lithometeors (an example would be the con-
densation nuclei discussed earlier). A third
type, photometeors is the subject of this sec-
tion.

Unlike the others, photometeors do not
exist as physical objects, but the name has
stuck. They are the result of light interacting
with the molecules in the atmosphere or with
the other meteors. While there are numerous
kinds, we will discuss only a few that are
helpful to us as weather specialists.

In preparation, we need to discuss in a
simple fashion how light interacts with mat-
ter. It does one of four things—it is absorbed,
reflected, scattered, or refracted. If light is
absorbed, it turns into heat energy. If itisre-
flected, it bounces off the surface unchanged
except for the direction of propagation. The
other two are much more interesting.

Scattering is a phenomenon similar to
waves striking a rock in a stream. The waves
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propagate in all directions (but mostly down-
stream). Light scattering is very similar—it
scatters most strongly in the forward direc-
tion, and less as the angle away from the for-
ward direction increases. The degree of en-
ergy decrease with angle is dependent on the
comparison of the wavelength of the light to
the size of the scattering particle. See Appen-
dix A for more information.

Refraction should be familiar to all of us.
Who has not put a prism in the sunlight and
seen the spread of colors? The amount of re-
fraction is dependent on the wavelength of
the light, the optical properties of the object,
and the angle at which the light strikes.
Longer wavelengths of light (red) refract
(bend) less than the short wavelengths (blue).
See Figure 5.19. There is additional infor-
mation in Appendix A.

refracted light —,

©2008, US Power Squadrons. Reprinted with permission
Figure 5.19 Refraction.

Optical Phenomena

Why is the sky blue? The answer is the
way sunlight is scattered by the molecules in
the atmosphere. Blue scatters more than red,
so the molecules selectively scatter blue light
to us. If there are haze or other pollutants in
the air, it could look grey or brownish. A
very blue sky means the air is clear—usually
seen when a fresh high-pressure area is pre-
sent.

Why are the clouds red at sunset and sun-
rise? Atthese times, light has farther to travel



through the atmosphere, and therefore most
colors scatter away from our line of sight, but
red scatters less. This leaves only the red to
illuminate the clouds.

Thus, the old sailor’s saying:

Red sky in the morning, sailor take warning.
Red sky at night, sailor’s delight.

Halos and Coronas

We introduced halos and coronas earlier
in the chapter as a way to distinguish altostra-
tus from cirrostratus.

Halos are produced by light from the sun
or the moon refracting through hexagonal ice
crystals. In the most common case, the light
is bent 22°. Figure 5.20 shows the geometry.
The light is refracted by hexagonal ice crys-
tals that are 22° from our line of sight.

/ t
Un\\gh
e —\ \ine of s

Sun

/ /
~ Light bends 22°
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e
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©2008, US Power Squadrons. Reprinted with permission
Figure 5.20 Mechanism for the Halo.

While halos are a result of refraction, co-
ronas are the result of scattering. As the light
from the sun or moon encounters the water
droplets in a thin cloud, such as altostratus,
particles off our line of sight scatter the light
to us. Remember, forward scatter is the
strongest, so the corona is brightest nearest
the sun or moon.

Rainbows

Rainbows are beautiful, but how useful
are they to meteorology? The answer lies in
the combination of circumstances that need
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to occur to see a rainbow, and show the con-
ditions in the atmosphere. First, there must
be rain drops in the atmosphere. Second, the
sky in the direction of the sun must be clear
so the sunlight can interact with the drops.
This usually happens after a rain storm.

Figure 5.21 shows what happens. Light
refracts into the drop, reflects off the back,
and refracts again back into the air.

Incoming Sunlight

Droplet

40°
42°

©1997, USA Today. Reprinted with permission
Figure 5.21 Mechanism for a primary rainbow.

Of purely academic interest is the fact
that there are not only primary rainbows, as
shown above, but also, occasionally, second-
ary bows, and, very rarely, tertiary bows. The
difference is in the number of times the light
reflects internally in the water drop. If it re-
flects twice, we see a dimmer secondary bow
outside the primary, with inverted colors
(Figure 5.22). If it reflects three times, we
can very occasionally see the tertiary bow
while facing the sun.

©2008, US Power Squadrons. Reprinted with permission

Figure 5.22 Primary and secondary rainbows.



Study Questions—Chapter 5

“Nimbo” added to a cloud name means:

a) High clouds.

b) Low clouds.

c) Precipitation.

d) Thick, dark clouds.

Clouds with a horizontal, layered appear-
ance would be:

a) Stratiform.

b) Nimbostratus.

c) Cirriform.

d) Cumuliform.

Clouds with a wispy appearance are:

a) Stratiform.
b) Nimbostratus.
c) Cirriform.
d) Cumuliform.

Clouds with a lumpy appearance are:

a) Stratiform.
b) Nimbostratus.
c) Cirriform.
d) Cumuliform.

Which type of cloud produces precipitation?

a) Altocumulus.
b) Stratocumulus.
c) Nimbostratus.
d) Cirrostratus.

Middle clouds range in altitude:
a) Below 6,500 feet.
b) Between 6,500 feet and 20,000 feet.

c) Above 20,000 feet.
d) Below 10,000 feet.
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7. Low clouds are found:

a) Below 6,500 feet.

b) Between 6,500 feet and 20,000 feet.
c) Above 20,000 feet.

d) Below 10,000 feet.

8. Clouds that develop vertically are:

a) Stratocumulus.
b) Nimbostratus.
c) Altocumulus.
d) Cumulus.
9. What type of cloud would you associate
with the phrase “mares’ tails”?
a) Cirrus.
b) Cirrostratus.
c) Altocumulus.
d) Stratus.
10. What type of cloud would you associate
with the phrase “mackerel sky”?
a) Altostratus.
b) Altocumulus.
¢) Cirrocumulus.
d) Cumulonimbus.

11. Cirrus clouds consist of:

a) Water droplets.
b) Ice particles.
c) Super-cooled water vapor.
d) Fine mist.
12. Nimbostratus clouds produce:
a) Halos.
b) Beautiful sunsets.
c) Precipitation.
d) Dust storms.



13.

14.

15.

16.

17.

18.

19.

Halos around the sun and moon are caused
by:

a) Altostratus.

b) Cirrostratus.

c) Nimbostratus.

d) Nimbocumulus.

A heavy, dark cloud from which a steady
rain is falling is:

a) Altostratus.

b) Nimbostratus.

¢) Cumulonimbus.

d) Cumulus.

For precipitation to fall from a cloud:

a) The air must rise adiabatically.

b) The cloud particles must coalesce.

c) The winds must be more than 20 knots.
d) The air must sink adiabatically.

The factor that best determines what type of
precipitation occurs is:

a) The vertical temperature profile.

b) The vertical wind profile.

c) The upper level winds.

d) The surface pressure.

Hailstones are always:

a) Larger than 2 inches.

b) Smaller than ¥ inch.

c) Produced in thunderstorms.

d) Rime.

The wintertime deposit that can severely af-
fect the stability of a vessel is:

a) Glazeice.

b) Snow.

c) Sleet.

d) Rimeice.

Rime ice is a deposit that forms when
comes into contact with a surface.

a) Sleet.

b) Super-cooled water droplets.

c) Show.

d) Soft hail.
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20.

21.

22.

23.

24,

25.

Clouds that form “caps” on the top of moun-

tains are called:

a) Mountain clouds.

b) Lenticular clouds.

¢) Chinook clouds.

d) Cirrus clouds.

The fact that the sky is blue results from:

a) The preferential scattering of blue light
by the atmosphere.

b) The refraction of red light from the sun’s
rays.

c) An optical illusion.

d) The presence of thin cirrus clouds.

Clouds to the west at sunset are red because:

a) ;I'hﬁ air to the west scatters more blue
ight.

b) The light has farther to travel through the
atmosphere.

c) Red light is scattered less than the other
colors.

d) All the above.
Halos are caused by:

a) Thin ice clouds.

b) Ice crystals in the air.

¢) The presence of cirrostratus.
d) All of the above.

Rainbows require:

a) Rain drops and low humidity.
b) Rain drops and direct sunlight.

c) Ice crystals in the direction opposite the
sun.

d) Cloud droplets behind you.

To see a primary rainbow, you must:
a) Have your back to the sun.

b) Face the sun.

c) Have your back to the rain.
d) Have clear skies.



26. When a secondary rainbow is formed, it is

fainter because:

a) It has two reflections in the rain drop.
b) It is farther away.

c) The colors are reversed.

d) None of the above.

27. An example of a synoptic scale phenomenon

IS:

a) A tornado.

b) An air mass.

c) The prevailing westerlies.
d) None of the above.
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28. An example of a mesoscale phenomenon is:

a) A thunderstorm.

b) A frontal system.

¢) The semi-permanent pressure centers.
d) None of the above.

29. The trade winds are an example of:

a) A global scale phenomenon.
b) A mesoscale phenomenon.

c) A synoptic scale phenomenon.
d) A microscale phenomenon.



Chapter 6 Severe Weather

Section 1. Thunderstorms, Lightning, and Hail

Thunderstorms

Thunderstorms are mesoscale convec-
tive systems that vary widely in severity and
duration. They may or may not be part of a
larger storm system.

There are about 100,000 thunderstorms a
year in the United States. Thunderstorms oc-
cur in all 50 states, with the panhandle and
west coast of Florida having the most. Most
thunderstorms are mild, lasting 20 minutes to
three hours, but about 10% are severe.

The National Weather Service (NWS)
considers a thunderstorm severe if it meets
one or more of the following criteria: Winds
greater than 50 knots; hailstones with diame-
ters of more than 1 inch (2.5 cm); or generates
one or more tornados. Severe thunderstorms
can last several hours, travel 200 miles, and
have tops above 50,000 feet.

Thunderstorms require a source of moist,
unstable air and a lifting mechanism. Thun-
derstorms can develop spontaneously in ab-
solutely unstable air, or in conditionally sta-
ble air if there is a lifting mechanism. Re-
member, the four lifting mechanisms are or-
ographic, frontal wedging, surface conver-
gence and localized convection. There is a
fifth mechanism, similar to frontal wedging,
called adry line. It occurs often in Texas and
surrounding plains areas, where less dense
moist air from the gulf meets dryer air from
the southwest deserts. The dry air pushes un-
der the lighter moist air, lifting it much like a
cold front.

In addition to severity and lifting mech-
anism, thunderstorms can also be classified
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by their organization as: Single cell, Multi-
cell, and Supercell.

A single-cell thunderstorm has a lifetime
of an hour or less and occurs in three stages
(See Figure 6.1 on the following page). In the
first stage, cumulus (developing), the cloud is
a cumulus (Cu) type, which includes cumulus
congestus or towering cumulus. There are
up-drafts throughout the cloud as it builds
rapidly due to the release of latent heat
(Chapter 3). When it grows beyond the freez-
ing level, it begins to form precipitation by
the Bergeron process (Chapter 5). This all
may happen in less than 15 minutes.

In the second, the mature stage, there are
still updrafts (normally on the up-wind side),
but the precipitation initiates downdrafts, ac-
celerated by the cooling from the evaporation
of the rain and the entrainment (drawing in)
of cool outside air. As the downdrafts reach
the surface, they spread out, forming a gust
front. Sometimes aroll cloud is formed at the
leading edge. The roll cloud rotates opposite
the direction of motion, like a street sweeper.

As the cumulonimbus (Cb) continues to
develop, it frequently forms the iconic “anvil
top” of cirrostratus, pointing in the direction
of the upper level winds. The mature stage is
the most dangerous, not only due to the shift-
ing, gusty winds, but also the possibility of
heavy precipitation, hail, and lightning.

For Auxiliarists on patrol, a sign that the
storm is near is the shift from winds blowing
toward the storm (Cumulus stage) to winds
blowing out. (Mature or Dissipating stage).
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Figure 6.1 Three stages of a single-cell thunderstorm.

The third stage is the dissipating stage.
The downdrafts eventually cut off the up-
drafts and the cell can dissipate within 15 to
30 minutes. If other cells are developing
nearby, this out-flowing air can assist in their
development (see multi-cell below). One
clue that the cell is dissipating is that the
sharp-edged clouds begin to look fuzzy.

Single cells that form due to convection
are called air mass thunderstorms. There are
two primary classes of multi-cell thunder-
storm complexes: Squall lines and meso-
scale convective complexes. They occur
where a broad area has the conditions for
thunderstorm formation (moist air, a lifting
process, and unstable air). The downdrafts
from adjacent dissipating cells cause surface
convergence which can add to the existing
lifting process and generate new thunder-
storms.

Squall lines are clusters of thunder-
storms in a long line. They can be up to 300
miles long and last for many hours as new
cells grow to replace the dissipating cells.
Some are associated with, but ahead of, cold
fronts, but most occur in warm moist air
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where the jet stream causes upper air diver-
gence. They can also develop on dry lines in
Texas, Oklahoma, and Kansas.

The gust front associated with squall
lines acts like a small cold front, pushing
moist air up and creating a dramatic dark,
fast-moving wall. They can have winds as
high as 60 knots, move as fast as 30 knots,
and sometimes produce tornados.

Mesoscale convective complexes, unlike
squall lines, occur in large groups in an oval
or circular shape. They can cover an area of
tens of thousands of square miles and last for
12 hours or more. The mechanism is similar
to squall lines, with dissipating thunder-
storms creating surface convergence, but
they move more slowly. They develop from
groups of air-mass thunderstorms and are
common in the Midwest and Great Plains in
the summer.

Supercells are long-lived, very intense
systems consisting of a single cell that can
have a diameter of 10 to 30 miles. They can
be as tall as 60,000 feet, pushing into the
stratosphere.
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Figure 6.2 The structure of a super cell thunderstorm.

Supercells

Figure 6.2 shows the structure of a super-
cell and the winds associated with it. Refer
to it as we discuss the various parts of a super-
cell and how it forms.

There are 200-300 supercells in the U.S.
each year and they cause the majority of dam-
age from thunderstorms and the most violent
tornados.

The characteristic of a supercell that en-
ables it to be so long-lasting is the presence
of a large, stable mesocyclone, a rotating core
that prevents the downdrafts from cutting off
the updrafts. The rotation of the mesocy-
clone has several effects.

It ensures a continuing inflow of warm,
humid air and the latent heat it carries,
providing the energy to maintain the storm.
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It supports the downward flow of cool air by
adding water that increases cooling by evap-
oration. It directs the flow of descending air
to the front and rear of the cell, not the center,
so it does not interfere with the updrafts or the
mesocyclone. The forward downdraft cre-
ates an extensive gust front which acts like a
small cold front, pushing more moist air into
the complex.

The formation of the mesocyclone is
aided by vertical wind shear and an upper air
inversion. Faster air above slower air forms
the horizontal, rotating tube. Updrafts or
downdrafts tilt the tube, making it a vertical
rotation. The temperature inversion tempo-
rarily halts the growth of the cell until enough
energy is available to explosively push
through the inversion, creating the domed top
shown in Figure 6.2. The picture on the first
page of Part Il is of a supercell.



Downbursts are caused when dry air is
drawn into the sides of the thunderstorm,
causing the precipitation to evaporate, cool-
ing the air and forming rapid downdrafts
which spread out as they reach the ground, as
a gust front.

Microbursts are a particularly strong
form of a downburst. They have wind speeds
as high as 100 knots and cover a front of two
to three miles. The strong, sudden wind shear
causes more damage than the longer-lasting
downburst.

Lightning and Thunder

There are approximately 25 million bolts
of lightning each year. About 80% of light-
ning is in-cloud or cloud-to-cloud. The re-
maining 20% is cloud-to-ground and is the
main cause of forest fires as well as most of
the 55-60 lightning-related deaths, 400 inju-
ries and over $1 billion in damage.

Normally the surface of the Earth is neg-
atively charged and the upper atmosphere is
positively charged. Thunderstorms form lo-
cal areas where these charges are reversed.
The cause is not well understood, but may in-
volve the upward and downward circulation
of ice particles. This causes the lower part of
the cell to be negatively charged, with upper
layers being positive.

Wherever there are regions of opposite
charge, the tendency is to neutralize them.
Once the voltage difference becomes large
enough, a bolt of lightning reduces the charge
difference. As stated above, most of this is
between charged areas within a cloud or be-
tween clouds.

The negative base of the thunderstorm
causes a positive charge to accumulate on the
ground below, and it moves with the storm.
(The very bottom of the cloud may be posi-
tively charged). When the voltage is high
enough, a negatively charged streamer is
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drawn toward the ground, causing a posi-
tively charged streamer to be drawn up.
When they meet, electrons flow between
them in a series of flashes just milliseconds
apart, making the lightning flicker. The bolt
can have charges of 100 million volts.

This large, rapid influx of energy quickly
heats the air, causing it to expand explo-
sively. This rapid movement of air produces
sound waves of all frequencies. Nearby
lightning sounds like a crack. Since lower
tones travel farther than higher ones, the tone
of the thunder deepens with distance. This is
one way to estimate how far away the light-
ning is, but there is another that is more accu-
rate. Count the seconds from when you see
the lightning until you hear the thunder. Di-
viding this time by five gives a good estimate
of how many statute miles away it is.

Hail

There are strong updrafts and down-
drafts in mature thunderstorms. The ice par-
ticles that form in the upper levels can take
several paths to solid precipitation. They can
form sleet, snow, graupel, or hail. By defini-
tion, hail is larger than 0.6 cm (%4 inch). The
largest on record was 7 inches in diameter.

Under the right conditions, the updrafts
in a strong thunderstorm can keep the form-
ing ice particles suspended for long periods,
giving them time to grow by collision with
other particles or with super-cooled cloud
droplets or rain. They will continue to grow
until too heavy to be kept up by the updrafts,
or the updrafts lessen.

If the thunderstorm lasts long enough
and the updrafts are strong enough, the hail
can take multiple trips up and down in the
storm, adding layers with each trip. Some-
times softer layers (of snow or graupel) alter-
nate with solid layers from super-cooled rain
(like glaze ice).



Section 2. Tornados

On average, 1,000 tornados occur in the
U.S. every year, killing 70 people and injur-
ing 1,500. Property damage is large, primar-
ily due to the largest, most destructive ones.
They occur in all 50 states, but are most nu-
merous in the Continental Plains with the
Gulf Coast second. Tornados have occurred
in every month and both day and night. The
months with greatest frequency vary by re-
gion. See Figure 6.3.

N g
7
//:f S

& ( 4
©1997, USA Today. Reprinted v}th‘\permission
Figure 6.3 Occurrence of tornados varies across the
U.S.

A tornado is a rapidly spinning column
of air protruding from the bottom of a cumu-
lonimbus cloud. Rotation is most often cy-
clonic. Subsidiary vortices may be embed-
ded in the main vortex. It forms from a meso-
cyclone, that in an severe thunderstorms is
smaller and weaker than in a super cell and is
generally due to the low pressure caused by
the rising air. A storm’s classification as ei-
ther a super cell or a severe thunderstorm is
sometimes difficult.

A tornado’s ground speed averages 25
knots, but has been observed as high as 60
knots. Small tornados have a diameter of 300
feet, travel less than a mile in less than three
minutes and have wind speeds of 85 knots
(100 mph). The largest tornados may have
diameters of half a mile, travel 5 miles on av-
erage (occasionally much farther), and have
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wind speeds over 250 knots (300 mph). For-
tunately, most tornados are relatively weak.

Tornados are visible due to condensa-
tion, surface debris or dust, and often both.
When a tornado has not touched ground, it is
more properly called a funnel cloud. Torna-
dos can form from any severe thunderstorm,
but the most intense are from supercells.

How they Form

The stages in the generation of a tornado
generally occur in the following sequence.
First is the formation of the mesocyclone,
generally about 30 minutes before the ap-
pearance of the funnel cloud. As the core is
stretched by updrafts, it narrows, increasing
the speed of rotation (think of a skater pulling
in her arms). A dark, slowly rotating wall
cloud protrudes from the base of the thunder-
storm (see Fig 6.4). A thin, rapidly spinning
vortex emerges from the wall cloud as a fun-
nel cloud. Finally, as the funnel reaches the
surface, it becomes a tornado and picks up
dust and debris.

Figure 6.4 A wall cloud below a thunderstorm.



Destruction by tornados is primarily due
to the combined action of strong rotary winds
and damage from flying debris. Buildings
are destroyed by the winds pushing the near
wall inward. The roof is lifted up and the
other walls fall outward. Contrary to popular
belief, the low pressure at the center has very
little effect. Most injuries and fatalities are
due to flying debris.

Courtesy of NOAA

Figure 6.5 Typical small tornado.

The Fujita Scale

It is very difficult to measure the wind
speed in tornados—even dedicated storm-
chasers with sophisticated equipment have
difficulty. Instead of wind speed, tornados
are classified by the degree of damage. The
Fujita scale, now modified and called the En-
hanced F-scale, is the way the intensity of tor-
nados is routinely reported. Values range
from weak (EF-0) to violent (EF-5). The ta-
ble in the next column provides a summary of
estimated 3-second wind gusts for each cate-

gory.

Watches and Warnings

The NWS issues watches and warnings
for many types of severe weather, including
severe thunderstorms and tornados. Watches
are issued by the Storm Prediction Center in
Norman, OK and warnings are issued by the
local Weather Forecast Offices (WFO). All
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watches and warnings share certain charac-
teristics.

Estimated 3-
EF Scale second wind
gust (knots)
EF-0 55to0 75
EF-1 76 to 95
EF-2 96 to 115
EF-3 116 to 145
EF-4 146 to 175
EF-5 Above 175

A tornado watch means that the condi-
tions are right for the occurrence of the event.
It generally covers tens of thousands of
square miles for a 4-6 hour period. The pub-
lic is expected to stay alert, monitor for
weather updates, and be prepared to seek
shelter.

A tornado warning means the event is
occurring. It is based on sightings by people
or Doppler radar. The warnings are issued
for a smaller area (perhaps a city or county)
and a shorter time period (30 to 60 minutes)
than a watch. The public should leave mobile
homes and cars and seek shelter in a sturdy
building, an inner room such as a bathroom,
hall, or closet, or in a basement. Do not open
windows. If caught outdoors, lie down in a
ditch or other low area. Do not try to outrun
atornado in your car unless you have no other
choice, in which case, travel perpendicular to
the tornado’s path.



Other Types of Vortices

Water spouts come in two types. The
first is a tornado that has moved from land to
water. It has all the characteristics of a tor-
nado. The other type is weaker, shorter lived,
and not associated with a thunderstorm. It
occurs under cumulus clouds that have not,
and may never, become a thunderstorm.
Winds are less than 55 knots and the duration
is a few minutes. They can have either cy-
clonic or anti-cyclonic circulation. They tend
to originate in warm air, over warm water,
and with light winds. They are most common
in tropical and sub-tropical waters, but have
been seen as far north as New England. They
can be dangerous to boaters. See Figure 6.6.

Gustnados are weak, short-lived vorti-
ces similar to tornados, but don’t originate
fromacloud. They are associated with small,
intense turbulent eddies in gust fronts. Winds
can be around 85 to 90 knots.

~Courtesy of NOAA

Figure 6.6 Typical non-tornado water spout.

Dust devils originate at the surface and
go up into clear air. They happen most often
in deserts where very hot air rises rapidly in a
swirling motion. They are very short-lived
and top wind speeds are in the neighborhood
of 50 to 55 knots.

Section 3. Tropical Storms and Hurricanes

Tropical cyclone is the term for a cate-
gory of storm systems originating in the trop-
ics. The term encompasses all phases of
these storms, from tropical depressions to
hurricanes. Tropical cyclones are distinct
from extra-tropical cyclones, the ones cov-
ered in Chapter 4. Tropical cyclones have a
warm core, no fronts, are more or less sym-
metrical (round) and are vertically stacked.
They are smaller and more intense than extra-
tropical cyclones. The conditions needed for
their formation are very different as well.

The conditions necessary for the for-
mation of a tropical cyclone are:

e Water above 80°F, to enhance evapora-
tion, in the top 60 meters (200 feet), to
avoid stirring up colder water.

67

e Surface convergence, which can be
from the ITCZ, a trough in the wester-
lies intruding into the tropics, or an east-
erly wave (see below).

e Unstable and humid air extending at
least to the 500 mb level (18,000 ft.).

e At a latitude far enough north or south
of the equator to have sufficient Coriolis
Effect to cause rotation (about 5 degrees
north or south latitude).

e Vertical profile of pre-existing winds
from approximately the same direction
and speed to keep from tearing the
storm apart through wind shear.

e Divergence aloft that takes the rising air
away from the storm.



Only about 8% of tropical disturbances
become tropical storms. See Figure 6.7 for
visual summary of required conditions (does
not include the effect of latitude).

Hurricanes have different names in dif-
ferent parts of the world: In the western hem-
isphere, they are called hurricanes; in the
western pacific they are called typhoons; in
the Indian Ocean and NW Australia, tropical
cyclones; and in NE Australia, willy-willy.
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high
pressure
area

Pre-exisiing winds

5. Pre-existing
winds from
same
direction

Pre-existing winds 4- Humid air
up to
18,000 feet

w

. Unstable
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Pre-existing winds winds

near surface

Warm water A00 fost

=

. Ocean water
above 80° F,
200 feet deep

©1997, USA Today. Reprinted with permission
Figure 6.7 Conditions necessary for formation of
tropical cyclones.

Life Cycle

For simplicity, we will limit our discus-
sion of life cycle to hurricanes that originate
off the west coast of Africa. These are gen-
erally referred to as Cape Verde Hurricanes.
The most likely lifting mechanism for these
hurricanes is the easterly wave, with 60% of
tropical storms and minor hurricanes and
85% of major hurricanes originating from an
easterly wave. The stages are as follows:

e An easterly wave develops along the
west coast of Africa. An easterly wave
is a horizontal wave extending 2,000 to

2,500 km (1,200 to 1,500 miles) that

travels to the west in the north east trade
winds. It creates surface convergence
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on its eastern side, one of the necessary
conditions for formation of tropical cy-
clones.

e Atropical disturbance is a moving area
of thunderstorms that lasts for a day or
more, but has no rotary circulation.
This is a common occurrence in the
tropics and most dissipate without fur-
ther development.

e Some of these tropical disturbances
form a tropical depression, taking on
cyclonic circulation. Winds are less
than 34 knots (39 mph).

e It becomes a tropical storm, when it
strengthens, with wind speeds of 35 to
less than 64 knots (74 mph). At this
point, the NWS gives the storm a name.

e It becomes a hurricane when the winds
are 64 knots (74 mph) or more.

e It enters the dissipation phase when it
moves over land or colder water, be-
cause it needs a constant source of warm
water and an unstable lapse rate.

Structure

Tropical cyclones are essentially circu-
lar, 500 km (300 miles) wide on average, with
an eye 30 to 50 km (20 to 30 miles) in diam-
eter. A typical core sea-level pressure is 950
mb and circulation is cyclonic at lower levels,
but anti-cyclonic aloft (to remove the rising
air though divergence). See the discussion of
warm-core lows in Chapter 4. Air spirals up
around the core and exits at high altitude.
This lifting motion causes low pressure at the
surface, creating a large pressure gradient,
which drives the high winds. The most im-
portant source of energy is the release of la-
tent heat. The winds are strongest in the eye
wall that surrounds the eye.

Within the eye, however, the air is de-
scending, causing clouds to dissipate. The



eye has light winds but very confused seas,
due to the surrounding winds.

Clouds line up in long bands spiraling
into the center. They are also called rain
bands or feeder bands. There is much con-
vective activity in the bands, including thun-
derstorms, with descending air between
them. They are normally 65 to 140 km (40 to
80 miles) apart. See Figure 6.8 for an exam-

ple.

Dense Cirrus Overcast

; o
Rainbands  Courte® of NOAA

Figure 6.8 Typical structure of a hurricane.

Meteorologists have recently recognized
a third type of cyclone, the semi-tropical cy-
clone. It has characteristics between a tropi-
cal cyclone and an extra-tropical cyclone, in-
cluding fronts but with a more circular shape.

Categories

The strength of a hurricane is measured
by the Saffir-Simpson Damage Potential
Scale. The categories are 1 through 5 and are
based on central pressure, wind speed, and
the height of the storm surge. Category 3 or
greater is considered a major hurricane.

e Category 1 (74-95 mph) will cause min-
imal damage, to things such as trees or
shrubs and unanchored mobile homes.

e Category 2 (96-110 mph) will cause
moderate damage. Trees will be blown
down, there will be major damage to ex-
posed mobile homes, and some damage
to roofing, windows, and doors.
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e Category 3 (111-130 mph) will cause
extensive damage. Mobile homes will
be destroyed, large trees blown down,
and there will be structural damage to
small buildings.

e Category 4 (131 to 155 mph) will cause
extreme damage. Many small resi-
dences will experience complete roof
failure.

e Category 5 (over 155 mph) will cause
catastrophic damage. There will be
complete failure of roofs of residential
and commercial buildings. Some build-
ings will completely fail.

In spite of the reliance on wind speed in
the above definitions, it has to be said that the
most damage is not caused by sustained
winds, but by flooding from rain and the
storm surge. In addition, there can be torna-
dos embedded in the thunderstorms, which
can be expected to cause much more damage
than the sustained winds.

Storm Surge

The most destructive part of a hurricane
is the storm surge. Storm surge is the water
that is pushed ashore by the winds, with more
on the right side (on-shore winds). It arrives
not as a wall of water like a tsunami, but as a
gradual rise in the tide, topped by wind-
driven waves. It is worst when it coincides
with the normal high tide.

Because much of the Atlantic and Gulf
coast is less than 10 feet above sea level,
these storm surges can inundate large areas
and the waves can cause extensive damage to
buildings. The level of the surge is affected
by the slope of the continental shelf—the
shallower the slope, the more the surge.
Tides, waves and currents in confined har-
bors open to the winds can cause significant
damage to boats.



Storm Tracks

Storm tracks are affected by both the po-
sition and intensity of the Bermuda High and
the upper-level winds. Hurricanes first travel
west with the trade winds, but when they get
above about 30°N, the prevailing westerlies
curve them to the north or northeast. If the
Bermuda High is large, or the steering winds
weak, the storms can make landfall in the
southern U.S., the Caribbean, or Mexico. If
the Bermuda High is smaller or farther north,
they can make landfall on the East Coast.
Strong steering westerlies and a more east-
erly position for the Bermuda High can result
in the hurricanes remaining in the Atlantic
(Figure 6.9).

Larger d
" Bermuda High
~ guides
hurricanes into
the United
States

Hurricanes curve far away B
from the East Coastwhen & |
the Bermuda High is small*

©1997, USA Today. Reprinted with permission

Figure 6.9 Effect of the Bermuda High on
hurricanes.

Watches and Warnings

The dilemma the NWS has in issuing
storm watches and warnings is that they can
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err on either the optimistic or pessimistic
side. The wider the area covered, the more
likely it is that people will take unnecessary
actions, with the increased cost as well as the
negative feelings that NWS is “crying wolf.”
The other side of the coin is that the narrower
the area covered, the more likely that there
will be preventable damage. The NWS is-
sues the following watches and warnings for
hurricanes.

A gale warning is issued when winds are
expected to be 34 to 47 knots (39 to 54 mph).

A storm warning is issued when winds
are expected to be 48 to 63 knots (55 to 73
mph).

A hurricane watch is issued for coastal
areas when hurricane conditions (64 knots or
greater) are expected within 48 hours.

A hurricane warning is issued when hur-
ricane conditions are expected in less than 36
hours. These include winds of 64 knots (75
mph) or greater and dangerously high tides
and waves.

An extreme wind warning is issued if
winds greater than 100 knots (115 mph) are
expected within an hour. This is usually due
to the passage of the eye wall.

A flash flood watch is issued when flood
conditions are possible in an area.



Study Questions—Chapter 6

The life cycle of a thunderstorm has stages:

a) Synoptic, meso, and micro.

b) Cumulus, mature, and dissipating.
¢) Cumulus and Cumulonimbus.

d) Updraft and down draft.

The first stage of a thunderstorm cell has:

a) Downdrafts only.

b) Updrafts only.

c) Updrafts and downdrafts.
d) None of the above.

The mature stage of a thunderstorm cell has:

a) Downdrafts only.

b) Updrafts only.

¢) Updrafts and downdrafts.
d) None of the above.

The dissipation stage of a thunderstorm has:

a) Cold updrafts.
b) Cold downdrafts.
c) Warm updrafts.
d) Warm downdrafts.

Squall lines are long lasting because:

a) Existing cells cause others to develop.
b) Cells multiply by splitting.

c) Cells don’t have a dissipation stage.

d) None of the above.

The distinguishing characteristic of a super-
cell is:

a) It has no downdrafts.

b) It contains a rotating mesocyclone.

c) It never produces tornados.

d) There are no other thunderstorms in the
area.
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7.

10.

11.

The condition(s) that favor the development
of thunderstorms are:

a) A supply of warm, moist air.

b) An unstable lapse rate.

c) A lifting mechanism.

d) All of the above.

Individual thunderstorms on a hot afternoon
are most likely:

a) Orographic.

b) Air mass.

c) Frontal.

d) Squall line.

As a thunderstorm approaches, the wind is
likely to be:

a) First out of the cloud, then toward it.

b) First toward the cloud, then out of it.

c) First cold, then warm.

d) Lightand variable.

Downbursts and microbursts are associated
with:

a) Nimbostratus clouds.

b) Cumulonimbus clouds.

¢) Towering cumulus clouds.

d) Down-slope winds.

Microbursts are more dangerous than ordi-
nary downbursts because of their:

a) Tendency to form out of a clear sky.

b) Small size, high winds, and sudden onset.
¢) Relatively long life and large area.

d) Association with developing thunder-
storms.



12.

13.

14.

15.

16.

17.

The estimated distance to a thunderstorm if

you hear the thunder 20 seconds after you

see the lightning is:

a) 4 kilometers.

b) 2 statute miles.

c) 4 statute miles.

d) 2 nautical miles.

Tornados are:

a) Rotation vortices that do not touch the
ground.

b) Micro-hurricanes.

c) Rotation vortices that touch the ground.

d) Severe thunderstorms.

Tornados have been observed in:

a) Only the gulf coast and east coast.
b) All 50 states.

c) Only during the winter.

d) Only during the summer.

Tornados are known for their:

a) Enormous destructive paths.

b) High winds.

c) Ease of forecasting.

d) Long lifetimes.

The most intense tornados are associated
with:

a) Hail.

b) Supercells.

c) Squall lines.

d) Mesoscale convective complexes.
The Enhanced Fujita scale for tornados is
based on:

a) The measured wind speed.

b) The intensity of the radar echo.

c) How long it lasts.

d) The amount of destruction.
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18.

19.

20.

21.

22.

23.

24,

Non-tornado water spouts:

a) Occur in fair or foul weather.

b) Have lighter winds than tornados.

¢) May rotate in either direction.

d) All of the above.

The inter-tropical convergence zone (ITCZ)
is:

a) A zone of convective activity.

b) Between the NE and SE trade winds.

¢) Varies its position with the seasons.

d) All of the above.

The Bermuda high:

a) Is larger in the winter than the summer.
b) Affects the tracks of Atlantic hurricanes.
¢) Has cyclonic circulation.

d) Affects only ships at sea.

Compared to extra-tropical cyclones, hurri-
canes are:

a) Smaller and more intense.

b) Larger and more intense.

¢) More numerous.

d) Also have fronts.

The principle source of energy required to
maintain a hurricane is:

a) Latent heat.

b) Strong upper level winds.

c) Surface convergence.

d) Wind shear.

A tropical cyclone is given a name when:

a) It becomes a hurricane.

b) It has winds of 39 mph (34 knots) or
more.

c) Itisexpected to make land-fall.
d) A hurricane warning is issued.

The eye of a hurricane is an area of:
a) Rising air.
b) Descending air.

¢) Calm seas.
d) Maximum winds.



25.

26.

27.

The strongest winds in a hurricane are lo-
cated:

a) Inthe eye.

b) On the outer edges.

c) Inthe eye wall.

d) None of the above.

The relatively clear area of the eye results
from:

a) Descending air.

b) Rising air.

c) Confused seas.

d) Wind shear.

After heading north, an Atlantic hurricane
turns NE due to:

a) The NE trade winds.

b) The circulation of the Bermuda high.

c) The colder water.

d) None of the above.
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28. The National Weather Service (NWS) calls
a hurricane “major” if it is:

a)
b)
c)
d)

Category 5.

Category 4 or above.
Category 3 or above
Category 2 or above.

29. A hurricane watch is issued if:

a)

b)

c)
d)

Hurricane conditions are expected within
48 hours.

Hurricane winds are over 80 knots.
The area will experience high winds.
The area will experience storm surges.

30. A hurricane warning means:

a)
b)

c)

d)

The eye is within 300 nautical miles.

Hurricane conditions are expected within
36 hours.

There will be storm surges of over 15
feet.

The area will experience winds over 100
knots.



Part III—Practical Application

Courtesy of NOAA

Chapter 7: Observation and Forecast Data Sources

Chapter 8: Preparing for and Executing a Mission
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Chapter 7 Observation and Forecast Data Sources

Section 1. Sources of Observations

Introduction

In Part I, we talked about the science of
meteorology—temperature, pressure, mois-
ture, stability, etc. In Part Il, you were intro-
duced to the various forms of sensible
weather, such as clouds, precipitation, thun-
derstorms, hurricanes, and the like. In Part
I11, we will discuss the sources of both obser-
vations and forecasts that you can use in pre-
paring for your patrols. These are legion, and
the problem is not having enough infor-
mation, but having too much! How do you
choose what materials to refer to? Each cox-
swain, aircraft commander, and his or her
crew, will need to experiment and settle on
what works best for them.

To anticipate Chapter 8 a bit, a general
approach that works well is to first look at
various internet sources to see what is hap-
pening now and relate it to what you see
around you, then to look at the forecasts and
make a decision.

To be more specific, first study the cur-
rent situation on your favorite weather web
site.

Second, relate what it tells you to what
you see around you—winds, humidity, tem-
perature and clouds. Even in the most benign
cases, take a quick look at local radar and sat-
ellite data.

Third, look at the surface weather fore-
cast charts as well as the verbal descriptions
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or summaries. Decide what you expect to see
during your patrol.

Finally, monitor the sky and occasion-
ally check the data sources you have availa-
ble. If something changes, get more data! If
unsure, you may have to make the decision to
abort the mission. Safety of you, your crew,
and your facility is paramount.

This chapter uses data collected for one
day and time so that comparisons can more
easily be made between products. The date
chosen is partly due to some interesting fea-
tures, but mostly due to the timing of the writ-
ing of this chapter. The observations are for
1200Z, 16 Dec 2014. Tips on what to look
for and how to interpret these products are a
significant part of the discussion.

Section 1 will cover the basic observa-
tional data and charts available from the
NWS and then briefly review what is availa-
ble from smart phone apps.

Section 2 will discuss how forecasts are
made and introduce the various forecast
products.

Surface Charts

Surface charts are produced every three
hours by the Weather Prediction Center
(WPC), at 00Z, 03Z, etc. They include highs,
lows, fronts, isobars; and with or without sta-
tion models that include sky cover, wind,
temperature, dew point, pressure, pressure
tendency, visibility, and present weather.
An example is in Figure 7.1 on the next page.



Figure 7.1. Surface analysis for the United States, 127, 16 Dec 2014.

This surface analysis (Figure 7.1) shows

several interesting features:

A large, deep high pressure area through
the central U.S. and Canada, with a cen-
tral pressure of 1024 to 1034 mb.

A well-developed cyclone near Lake
Michigan, with an occluded front, a cen-
tral pressure of 1006 mb, and a large
area of precipitation.

To the north of it, a stationary front from
a previous cyclone.

To the west of it, a weaker cyclone in
the process of merging with it.

Two weak cyclones approaching the
west coast.

A cold front off the NW coast from a
very deep low (central pressure 978 mb)
in the Gulf of Alaska (not shown here).
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Figure 7.1 is the baseline from which we
will compare other products as well as the
forecasts covered in Section 2

The data from those charts, along with
radar and/or satellite data are combined in
simpler charts, such as the one in Figure 7.2,
which combines the surface analysis with in-
frared satellite data and Figure 7.3, which
combines the analysis with radar data.

Both types of analyses, as well as many
others, both B/W and color, and with or with-
out the station models, are available at:
www.wpc.ncep.noaa.gov/html/sfc2.shtml.

Other types of surface products include
marine wind and wave analyses, and analyses
covering much larger areas, such as North
America and ocean areas.


http://www.wpc.ncep.noaa.gov/html/sfc2.shtml

Figure 7.2. Combined surface analysis and IR
satellite data.
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Figure 7.3. Combined surface analysis and radar.

Radar Data

Satellite and radar data are included in
Figures 7.2 and 7.3. We will go into much
more detail on this in the next sub-section.

These data, and the analyses above, can
be reached through links on the left side of
the NWS Weather Prediction Center page at:
http://www.wpc.ncep.noaa.gov/

Radar data are available in three scales:
Single radar, regional, and national. The
composite displays are always from a time
before the single radar displays, because it
takes time to combine all the local radar
data.See Figures 7.4, 7.5, and 7.6 (next page).
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The color scales represent the intensity
of the returns. All of these radar depictions
can be looped, usually for about the past hour.
There are many display options for the local
radars, including counties, roads, cities, and
warnings such as tornado, severe thunder-
storm, flood, and special marine warnings.
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Figure 7.4. Local Radar Display (single radar).

NWS Radar Mosaic - Northeast Sector
1618 UTC 12/16/2014

Courtesy of NOAA ™

Figure 7.5 Regional radar mosaic for the NE U.S.
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Figure 7.6. National composite radar mosaic.

Weather radars today are Doppler radars
which use the Doppler Effect to measure mo-
tion in a storm toward or away from the radar
(see Appendix A). This not only allows
storm movement to be tracked in real time, it
also allows tornados to be spotted much ear-
lier and with greater confidence. They also
have a special “slow scan” mode that can
measure the movement of clear air and locate
turbulence.

The development of these radars was a
joint effort of the Department of Transporta-
tion (DoT), Department of Defense (DoD),
and Department of Commerce (DoC), a pro-
gram called NEXRAD (Next Generation Ra-
dar). The operational prototype was installed
at Norman OK in 1990, and the operational
deployment of 160 radars was completed in
August, 1997 (Figure 7.7). The military also
operates several units at overseas locations.

6 National Environmental Satellite Data and Infor-
mation Service.

o ® National Doppler Radar Sites
Select radar location and click.
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Figure 7.7 Sites of Doppler radars in the U.S.

Satellite Data

There are two basic types of weather sat-
ellites. Geostationary satellites hang essen-
tially stationary over the equator at some lon-
gitude. The NOAA NESDISS, as of this writ-
ing, has two active satellites and one spare,
called GOES (Geostationary Operational En-
vironmental Satellite). One, GOES East, is at



75° W longitude. The other, GOES West, is
at 135° W. The primary spare, currently
GOES 14, is stored at 105° W, where it can
be moved in either direction to cover a failure
of GOES East or West. NOAA also has ac-
cess to the European Meteosat satellite data.
A limitation is distortion near the poles.

Polar orbiting satellites are designed to
cover N-S swaths. Each orbit takes about 90
minutes and the longitude of equator crossing
moves west in such a way that the sun is al-
ways at the same angle (called sun synchro-
nous). The orbit altitude is about 850 km,
compared to the GOES altitude of almost
36,000 km. Because they are closer, they
have greater resolution—that is, they can see
smaller features. The NOAA polar orbiters
are called NOAA-n (where n is a number).
NOAA also uses the METOP satellites of the
European Meteorological Satellite Agency,
EUMETSAT. As of this writing, the primary
PM (afternoon) satellite is NOAA-19 and the
AM (morning) satellite is METOP-B. There
are two NOAA and one METOP as backup.

There are also U.S. Air Force polar or-
biting satellites designed especially to meet
military needs. They are in orbits similar to
NOAA and METOP satellites. They are
called Defense Meteoroidal Satellite Pro-
gram (DMSP) satellites. One unique feature
is the low-light visible sensor that can operate
with moonlight and can locate city lights,
fires, etc. The number currently operational
is not available, but there are two primary sat-
ellites. The latest, DMSP-19, was launched in
April 2014. The program is managed by the
Air Force, but routine operation is done by
NOAA, which has access to the data.

There are many satellite products of use
to professional meteorologists. Of most use
to us as Auxiliarists are three wavelength
bands of GOES images: Visible, Infrared
(IR), and Water Vapor. Samples of these are

to the right, taken at nearly the same time as
the surface data above.

The visible images are from light scat-
tered from clouds. The visible sensor sees
clouds at all altitudes, but can’t determine
their altitudes with much accuracy, except
through visual appearance. (Figure 7.8)

ISIBLE - D

Figure 7.8. Visible composite image from GOES
East and West.

West.

Figure 7.10. Water vapor composite image.



The IR images display the temperature
of the cloud or surface, with lower tempera-
tures signifying higher altitudes (Figure 7.9).
IR 1is in the far infrared, a thermal channel
that measures temperature. Therefore, one
can more easily tell stratus from altostratus or
cirrostratus, for example. Note the white area
in the middle of the country, from the Great
Lakes to the east coast, in the visible image.
In the IR image most of this area is green, sig-
nifying warmer clouds, whereas the area
around the large cyclone is yellow or brown,
signifying colder, and therefore higher
clouds. Note that the colors are chosen arbi-
trarily to allow human eyes to better distin-
guish the subtle differences in intensity. The
scale at the bottom shows warmest to coldest
from left to right.

The water vapor channel on GOES
measures the total amount of water vapor
over the entire depth of the atmosphere at
each pixel location (Figure 7.10). The color
scale goes from driest on the left to moistest
on the right. One can clearly see the cyclonic
flow in the various storm systems (see A and
B in the figure). In the center, the continental
polar air is dryer, although the air mass is old
enough that the water vapor has modified it
considerably. Also, see the tongue of dry air
being entrained into the SW section of sev-
eral of the low-pressure systems (A and B).

The large area of dry air to the south is
from another cP air mass that lingered over
the eastern U.S. for days so did not pick up
much moisture. It was not until the 15" that
it was pushed to the south. This illustrates the
insight gained looking at past analyses.

Upper Air Charts

Upper air analyses are produced every
12 hours, with valid times of 00Z and 12Z.
They are produced for pressure surfaces of
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1000, 850, 700, 500, 300, 200 and (on occa-
sion) 100 mb. The 500 mb analysis for 12Z,
13 Dec 2014 is on the next page (Fig 7.11).
The isoheights are in decameters (500 deca-
meters is 5 km). The isotherms (dotted red)
are in Celsius.

For comparison, a surface analysis is
shown below the 500 mb analysis (Fig 7.12).
For the comments below, refer to both charts.

The two lows in the center of the country
on the 500 mb chart are quite different in their
characteristics. The one over Lake Michigan
is directly above the primary surface low,
while the other one is to the NW of the sur-
face lows. The western one, just north of
Minnesota, has a strong cold core, which in-
creases the air density, and is why there is not
an associated surface low (See cold-core
lows in Chapter 4).

The prominent ridge over Alberta and
Saskatchewan, stretching through the plains
states, is reflected by the large surface high
over and north of the Dakotas. This isacom-
mon occurrence in the vertical structure of
the atmosphere, where the pressure systems
tilt to the west with altitude.

Although the lows are fairly well defined
on both charts, the surface chart shows many
small highs in the plains states that are due to
local influences. The primary high stretches
from Manitoba to Texas.

The east side of the ridge has some neg-
ative temperature advection, causing the sur-
face high to move to the east.

There is strong divergence to the east of
the trough, causing the low to move quickly
to the ENE.
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Courtesy of NOAA

Figure 7.11. 12 Z 500 mb analysis, with isoheights and isotherms (red).

Courtesy of NOAA

Figure 7.12. 12 Z Surface analysis for comparison.
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Section 2. Sources of Forecasts

How Forecasts Are Made

There are several techniques, besides the
modern computer models, to make a forecast.
Each technique is applicable to some situa-
tions, but not all of them. They were all used
in some form prior to the development of nu-
merical (computer) forecasting, and some of
them are still in use.

Persistence Forecasting assumes the
weather does not change. How in the world
could that be of any use? It’s a reasonable
approach over short time periods, or in areas
where there is little change in the weather,
such as San Diego. The weather tomorrow
will be pretty much like the weather today.

Trend Forecasting (called extrapolation
in the previous course) says that the move-
ment of weather systems is linear. If a Low
moved 500 km in the last 12 hours, we as-
sume it will move 500 km in the same direc-
tion for the next 12 hours. This technique is
particularly useful for short-term forecasting,
such as the movement of thunderstorms, tor-
nados, microbursts, and similar phenomena.
Since the warnings for these must be issued
quickly, it is often called Nowcasting.

Analog Forecasting (called analogy in
the previous course) is based on the assump-
tion that weather patterns repeat themselves.
Forecasters find well-established patterns in
the past that match (are analogous to) today’s
situation. This was the principal technique
used prior to numerical forecasting. Obvi-
ously, the more experienced the forecaster
was in his or her area, the better the forecasts.
There is a form of analog forecasting still
used today. It is called pattern recognition,
and is used to improve short-range numerical
forecasts.
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Climatological Forecasting (called his-
torical in the previous course) makes use of
climatology data. It is useful for long-term
planning for agriculture or business. Long-
term climatological forecasts (decades to
centuries) are an on-going area of research on
climate change.

Finally, this leads us to the modern tech-
niques of numerical forecasting. The mathe-
matical equations that describe the develop-
ment of weather systems are a set of what are
called non-linear, partial differential equa-
tions. That’s a big mouthful, but what it re-
ally means is they can’t be solved by normal
analytical methods, like simple algebraic
equations. They can only be solved by ap-
proximations, in a repetitive series of calcu-
lations, called iteration, that come closer and
closer to the answer.

The basic approach is that the atmos-
phere is divided up in a 3-D grid pattern with
up to 100 layers and grid points from 2 to 50
km apart, depending on the area covered (re-
gional or global). See Appendix B for an ex-
ample. Since the observations are not on the
grid points, they are interpolated to assign in-
itial values at the grid points.

Using linear approximations to the equa-
tions, the grid for the next time-step (several
minutes) is calculated. This process repeats
many times, building up a forecast of hours,
days, or a week or two.

The primary sources of error are that the
input data are not continuous (are known only
at the observation stations), and are not infi-
nitely accurate, so small errors grow with
time. The better the input data, the more ac-
curate the forecast, but that only goes so far.
It has been proven mathematically that there



will be increasing inaccuracies no matter how
good the data. This is a result of chaos the-
ory, which has also been called the “butterfly
effect” (a butterfly flapping its wings in Bra-
zil will eventually affect the weather in Bos-
ton). Of course that is nonsense—the effect
of the butterfly will be damped out by other
random occurrences.

Is there any way to improve on this situ-
ation? Actually, there are several. One is
called ensemble forecasting. The input data
are altered slightly in a variety of ways and
all inputs are run by the model. They can have
similar outputs or wildly different outputs.
The first means the reliability of the forecast
is good. The latter means one should have
less confidence in the results.

A second technique is called model out-
put statistics. All forecasts are verified by
subsequent observations.  Given enough
cases and enough time, forecasters can gather
information on what conditions cause the
models to be less accurate. This information
can then be applied to future forecasts for
similar circumstances, improving the accu-
racy of the forecasts.

Presently, meteorologists estimate that
detailed forecasts are more correct than
chance out to about two weeks. Longer fore-
casts are still possible, but they address aver-
age conditions, not specific conditions at a
specific time. Climate models are the ulti-
mate form of this. Forecasts of basic proper-
ties like average temperature of the globe are
quite good. Forecasts of future average pre-
cipitation are less reliable, and regional cli-
mate forecasts are less reliable still.

Surface Forecast Charts

Surface forecast charts take several
forms, from detailed prognoses similar to
analyses, to simpler charts that show only
pressure centers, fronts, and precipitation.
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Several examples are shown below. These
are also available on the NWS web site at
http://www.wpc.ncep.noaa.gov/. Like radar

data, several of these are available as loops.

"Courtesy of NOAA@';

Figure 7.13. 12-hour surface forecast.
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SPC and NHC forecasts

Figure 7.14. Simple 24-hour surface forecast
(compare with Figure 7.15).

Courtesy of NOAA

Figure 7.15. Surface analysis for the same time as
Figure 7.14, for comparison.
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There are specialized forecasts such as
Quantitative Precipitation Forecasts (Figure
7.16), flood, winter weather, etc. There are
also forecasts specifically for mariners, such
as wave direction and period forecasts (Fig-
ure 7.17), and marine text forecasts, identical
to forecasts on VHF weather channels (Fig-
ure 7.18).

Courtesy of NOASK

Figure 7.16. 6-hour quantitative precipitation
forecast.
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Figure 7.17. 24-hour wave direction and period
forecast for mariners

Where to Find the Forecasts

Clearly, there are forecasts to satisfy al-
most everyone, from fire fighters, to SAR
Coordinators, to farmers. The next two pages
have images of some locations on the NWS
web site (these are for a later time than the
rest of the charts). The first is a page that has
short-term forecast charts, and it can be used
to navigate to just about any other forecast.
Note the long list of links. The second image
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is a page designed for a given local area. You
can enter any city name and get this page for
yourself—suggest you make it a favorite.
The bottom was cropped so it would fit the
page. The bottom of the page (not shown)
has embedded images of (and links to) the lo-
cal radar and IR satellite data. There are also
small high temperature and precipitation
probability forecasts and plots of data for the
past 48 hours. Clicking on any of them takes
you to the associated web page.

Another source for weather observation,
forecasts, and radar and satellite data is apps
on smart phones and tablets. There are many
apps available, but none of them do every-
thing well, so you will need several. Experi-
ment with the free apps, then buy those you
like best.
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Courtesy of NOAA
Generated 1348 UTC, Tuesday, Dec 16,2014

Document URL http://weather.noaa.gov/cgi-bin/fintbltn plfile=forecasts/marine/coastal/an/anz630.txt

‘@ National Weather Service

Figure 7.18. Example of marine text forecast.
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Study Questions—Chapter 7

Surface analyses are produced:

a) Every 12 hours.
b) Every 3 hours.
c) Every hour.

d) When needed.

Weather radar data are available:

a) For each radar.

b) By region.

c) For the entire CONUS.
d) All of the above.

Current Weather radars are:

a) Similar to pleasure boat radars.

b) Located where the weather is the worst.
c) Based on the Doppler effect.

d) Out of date and will be replaced.

Weather satellites are:

a) Inlow orbit at the equator.
b) In geostationary orbit.

c) In polar orbit.

d) Bothb) and c).

Polar orbiting weather satellites:

a) Stay over the same longitude.

b) Are sun synchronous.

c) Are at noon and midnight.

d) None of the above.

NOAA uses the following polar orbiting sat-
ellites:

a) GOES and NOAA.

b) NOAA and DMSP.

c) METOP, DMSP and NOAA.

d) All of the above.
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7.

10.

11.

12.

NOAA uses the following geostationary sat-
ellites:

a) NOAA and GOES.

b) GOES and METOP.

c) GOES only.

d) GOES and Meteosat.

The NEXRAD Doppler weather radar was
developed by:

a) NOAA.

b) NOAA and the USAF.

¢) DoD, DoT, and DoC.

d) NASA.

NEXRAD Doppler radars can detect:

a) Precipitation.

b) Clouds.

c) Turbulence.

d) All of the above.

The GOES satellite produces images in the
following wavebands:

a) Visible and Radio.

b) Visible, Infrared, and Water Vapor.
c) Visible, Infrared and Ultraviolet.
d) All of the above.

The primary GOES satellites are located at
longitudes:

a) 90 and 180 degrees.

b) 135Wand 75 E.

c) 75Wand 135 W.

d) 105W.

Cloud temperatures are measured by
weather satellites in the:

a) Visible bands.

b) Infrared bands.

c) Water Vapor bands.

d) All of the above.



13.

14.

15.

16.

17.

The visible band on weather satellites oper-
ates on:

a) Reflected light.

b) Emitted energy.

c) Both of the above.

d) None of the above.

The water vapor band on weather satellites
measures moisture:

a) At the tropopause.

b) At the 500 mb level.

c) Over the entire depth of the atmosphere.
d) Near the surface only.

Upper air analysis charts are produced:

a) Every three hours.

b) Every six hours.

c) Twice aday.

d) At noon and midnight local time.

Persistence forecasting is useful for:

a) Long range forecasts.

b) Areas where the weather does not change
much.

c) Forecasting the position of a tornado.
d) Not much at all.

Trend forecasting is useful for:

a) Long range forecasts.

b) Areas where the weather does not change
much.

c) Forecasting the position of a tornado.
d) Not much at all.
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18.

19.

20.

21.

Analog forecasting is most useful for:

a) Long range forecasts.

b) Short range forecasts.

c) Correcting numerical forecasts.
d) Use by new forecasters.

Numerical forecasting makes use of:

a) Surface observations.
b) Upper air observations.
c) Chaos theory.

d) Both a) and b).

Ensemble forecasting is:

a) Using large numbers of computers.
b) Awveraging data from several locations.

¢) Running several models on the same
data.

d) None of the above.
Smart phones can be used to obtain:

a) Local observations.
b) Local forecasts.
¢) Radar data.

d) All of the above.



Chapter 8 Preparing for and Executing a Mission

Introduction

Chapter 7 briefly introduced the steps to
take and the resources to use when planning
a mission. This chapter goes into more detail
on how to plan, what to watch for during the
patrol, and what actions to take in the event
you encounter adverse weather.

As discussed in Chapter 7, the approach
to planning that works best is to first look at
various internet sources to see what is cur-
rently happening, relate that to what you see
around you, then look at the forecasts and
make a decision. Even after that decision,
continue to monitor the situation.

How to Plan

To be more specific, first, study the cur-
rent situation on your favorite weather web
site. This can be weather.gov, weather.com,
wunderground.com, or another site that you
prefer. Monitoring 2 to 3 days in advance can
give you a better idea of how things are de-
veloping and how good the forecast is.

Second, relate what the site shows you to
what you see around you—winds, tempera-
ture, humidity, clouds, and present weather
(rain, snow, fog, etc.). The nearest weather
station may be tens of miles away and there
may be differences in your area. If there are,
see if you can figure why. One advantage of
wunderground.com is it has access to obser-
vations from many private weather stations,
including the author’s.

Third, even in the most benign cases,
take a look at local radar data and satellite
data. Do they agree with the other infor-
mation available? How is any precipitation
on the radar moving (use the loop feature)?
Look at both the visible and IR satellite data.
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They can give you more insight into the posi-
tion of clouds and whether they portend ad-
verse weather.

Fourth, look at the surface weather fore-
cast charts. Decide what you expect to see
during your patrol.

Finally, monitor the sky to see if it is de-
veloping as expected and occasionally check
the data sources you have available. If un-
sure, you may have to make the decision to
abort the mission. Safety of you, your crew,
and your facility is paramount.

What to Consider

Are there thunderstorms in the forecast?
What will you do if they occur earlier than
anticipated? What about lightning? How do
you plan to avoid being struck?

Is there fog or heavy precipitation in the
forecast? If fog rolls in earlier than expected,
what actions should you plan to take in prep-
aration for dealing with it?

What are the winds and seas expected to
be? Is there a small craft advisory? What is
the expected wave height and period? Can
you avoid the effects by moving the patrol
into another area, such as a windward shore
(windward of the vessel, leeward of the
land)? Your district or sector may have a pol-
icy of getting permission from the Order Is-
suing Authority (OIA) or controlling station
to patrol under a small craft advisory.

What are the air and water temperatures
expected to be? What uniform is appropriate
under the circumstances? You may be able
to get water temperature from your control-
ling station or from data buoys.
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Is icing a possibility? Will that affect the
footing on your particular surface facility or
affect the performance of your air facility?

For air, what are the enroute winds and
what is the forecast for alternate airfields?

Think about what the weather situation
means in terms of your GAR score.

The following sections discuss each of
these in more detail, including planning, haz-
ard information, and actions to take in the
event the condition occurs while on patrol.

Visibility Restrictions

Fog or heavy precipitation (e.g. snow)
that comes unexpectedly, or earlier than fore-
cast, can result in navigation issues. If your
GPS is working, you know where you are and
where you need to go, but reduced visibility
heightens the risk of collision with another
vessel, ATONS, or floating debris.

Radar can help, but it won’t show float-
ing debris and the necessity of a radar watch
increases the workload of your lookouts.
Have a plan in place to deal with this, partic-
ularly if you have a facility under 26 feet and
no extra crew. Slow down! Remember,
don’t just look—Iisten.

If you have a GPS but not a chart plotter,
you will need to periodically plot your posi-
tion on a chart. Make sure you have the ap-
propriate chart and the necessary plotting
tools aboard.

If you have a chart plotter, but it fails, or
if your GPS fails, you need to know what
compass course to steer to get to safe harbor.
Situational awareness is vital in this case.
Make sure you have a deviation table. If
nearby electronics increases your deviation,
you will need two tables—one without your
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electronics operating. In appropriate situa-
tions, you can navigate by water depth if your
depth sounder is working.

If you encounter reduced visibility con-
ditions, take the following actions:

e Take a compass bearing toward your
chosen safe haven while you can still
see it. The easiest way is to point the
bow in the direction you need to pro-
ceed—that automatically accounts for
deviation. You will need this infor-
mation if you have equipment failure.

e Make the proper sound signals.

e Brief your crew on your plan and any
special actions they need to take.

e Assign one crew person to radar watch
if you have enough crew. If not, you or
your crew should look at the radar dis-
play every five minutes or so, but NOT
to the exclusion of a sharp forward vis-
ual lookout.

e Assign one crew person as an aural (lis-
tening) lookout, if you have enough
crew. Periodically go to idle or shut
down the engine so you can hear.

e Slow down so you can stop or turn in
time to avoid a collision.

e If you must anchor, do not anchor in a
channel.

e Inform your controlling station of your
situation and your planned actions.
They will likely put you on a more fre-
guent communications schedule, proba-
bly every 15 minutes.

Thunderstorms

One of the most difficult decisions in
preparing to get underway involves the fore-
cast for thunderstorms. Forecasts vary from
“Slight Chance,” to “Likely.” What cutoff do
you use in making your decision? If there is



a major front or cyclone approaching, you
can at least get the timing down fairly well.
The biggest uncertainty is with “air mass”
thunderstorms—the ones that pop up ran-
domly due to unstable air, usually in the af-
ternoon or early evening. Ultimately, the de-
cision comes down to experience and the fact
that you have a plan to deal with an unex-
pected thunderstorm, with its accompanying
heavy rain, downdrafts, and lightning.

So, what might that plan consist of?
Clearly, vigilance (situational awareness) is
important. Of equal importance is knowing
where all of your safe havens are along your
patrol route.

Make sure you have a source of up-to-
date information, such as a smart phone with
a radar app or a VHF set to alarm if there is a
special bulletin on the weather channels. Let
your crew know the importance of listening
for “Securite” broadcasts on Channel 16 and
switch to the appropriate channel (usually
22A) if it is a weather alert. You can also
have family or friends monitor the radar and
call you. If all else fails, call the station for a
weather update.

As you learned in Chapter 6, thunder-
storms can produce heavy rain, hail,
downdrafts or microbursts, and lightning.
Obviously, the best action is to stay clear of
them. If, however, you get caught in a situa-
tion where you can’t make your safe haven,
you should take the following actions:

e Determine a compass course to safe ha-
ven as outlined above. Lightning may
disable all of your electronics and leave
you with just your compass and cell
phone.

e Brief your crew and notify your control-
ling station.

e Stow all loose gear. You may want to
button up your canvas, but don’t leave
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just the aft open, as that can result in car-
bon monoxide poisoning.

e If your boarding ladder is not perma-
nently attached, break it out and have it
ready in case you have a man overboard
situation.

e Count the seconds between lightning
and thunder. If they decrease with time,
the thunderstorm is approaching

e Note the direction of the wind. Remem-
ber, the wind will first be toward the
thunderstorm, then away from it as the
downdraft or microburst occurs.

e Watch the water for ripples that an-
nounce the beginning of the gust front.

e Move perpendicular to the storm track
until it is close enough for winds to be
an issue, then turn into the gust front.

e Ifyou can’t make a safe haven, try for a
windward shore (i.e., to the lee of the
shore but windward of the boat).

e If the thunderstorm is close and you see
lightning or hear sharp thunder, turn off
all unnecessary electronics and lower
your antenna (communicate with the
station by cell phone if possible). Brief
the crew to avoid contact with metal,
such as railings. You can be struck by
lightning even if the storm is not di-
rectly over you, but just nearby.

Wind and Waves

For air patrols, winds are important for
takeoff and landing decisions, and for enroute
navigation. They can also affect turbulence.
Of particular concern are the winds, ceiling
and visibility at the destination as well as the
alternate airfields. Strong enroute winds can
also affect flight time and fuel consumption.

For surface patrols, the importance of
winds is primarily how they affect the sea
state. NOAA issues Small Craft Advisories



and Gale Warnings, as well as other warnings
for conditions you should never even con-
sider patrolling in. These are:

e Small Craft Advisory: Conditions vary
by region. Specific conditions for your
area can be found at:

nws.noaa.gov/om/marine/cwd.htm

e Gale Warning: Winds 34 to 47 knots
(39 to 54 mph).

In the absence of data, wind speed over
the water can be estimated using the Beaufort
scale. See Appendix B for details.

Wind wave height is affected by wind
speed, fetch, and the duration of the winds.
Period, or wavelength of wind-driven waves,
is affected primarily by water depth. Wave
height is the vertical distance from trough to
crest; wavelength is the horizontal distance
from one crest (or trough) to the next; and pe-
riod is the time from one crest or trough pass-
ing a fixed point until the next.

Wave forecasts are given as a range of
heights. This range covers the most probable
heights—some are higher, some lower.

Steep waves with heights over five feet
and periods less than 6 seconds can be prob-
lematic for vessels less than 100 ft.

When planning a patrol where seas may
be an issue, consider the duration and fetch.
You may be able to avoid the worst waves by
staying near a windward shore, where the
fetch is short. You may be able to determine
existing winds and wave heights if there are
data buoys in your patrol area. Locations of
buoys is found at: www.ndbc.noaa.gov/.

Seas are often worst where the wind is
opposite the current, such as at the mouths of
rivers. This is typically west winds on the
west coast and east winds on the east coast.
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If you find yourself in higher seas than
expected, you should:

e Steerto cross waves at a 45 degree angle
to avoid burying the bow and, perhaps,
pitch-poling.

e If there are following seas, pay particu-
lar attention to the power setting—you
may have to vary it to maintain suffi-
cient steerage way on the back of waves
to avoid broaching.

e With beam seas, proceed in a series of
long tacks to reduce rolling.

e Plan approaches to or departures from
inlets to maintain adequate steerageway
in narrow channels.

Temperature

Air and water temperature have a signif-
icant effect on Auxiliary patrols. They both
determine the uniform of the day, as well as
the precautions we need to take on patrol.

We are fortunate that in some locations
we are authorized to wear the summer patrol
uniform of shorts and operations T-shirt. Not
too long ago, the winter patrol uniform was
“Mustangs,” more properly known as Anti-
Exposure Coveralls. More recently, the
Coast Guard has issued Dry Suits for winter
operations. Why the change to the much
more expensive Dry Suits? The answer is
simple—the CG is concerned with safety and
they see us as part of their team. We will dis-
cuss cold water immersion later. A non-me-
teorology comment: dry suits are expen-
sive—don’t request one if you don’t plan to
use it!

Warm Weather Issues

We perspire in hot weather to get rid of
excess body heat, which is carried away by
means of evaporation. This works well in dry
weather, but the rate of evaporation de-
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creases as the tumidity increases. Perspira-
tion also removes salt and other electrolytes
from the body, and depltion of these chem-
icals may interfere with normal metabolism.
We experience the result as heat exhaustion
(cramps, clammy skin, nausea, etc.). If not
promptly treated, heat exhaustion may pro-
gress to heat stroke. When a person suffers
heat stroke, his or her body is no longer able
to get rid of excess heat, and the consequent
rise of internal temperature can be fatal.

The risks of heat exhaustion and heat
stroke increase as air temperature and humid-
ity increase. These effects are combined in
a formula for an equivalent temperature
called the heat index The heat index for-
mula gives an equivalent low humidity tem-
perature that is estimated to pose the same
level of risk as the combination of actual air
temperature and humidity.

The table below (Figure 8.1) summarizes
the heat index for those combinations of air
temperature and humidity most likely to be
encountered during hot weather patrols. The
heat index is not an exact measurement be-
cause it does not account for variations in
clothing, body size, or physical condition.
However, it is still useful for gauging the
level of risk. Larger version of this and the
next table are in Appendix B.

Relative Humidity (in percent)
5 |10/ 15 20(25|30 35 40|/45|50 55 60|65 70 75/ 80|85 90 95100

110/ 99 /102 0 43 150
9597
100/ 91 | 03
95 8788
90 83|84
85 78(79
80 73|74
75 6969
70 64|64

97 99 |101(104. 8 144
91 939496 98 101|104 0 136
86 8788 (90 9193|9596 98 100|102
81 82|83 |84 85 86|87 |88 89 90|91|93 95| 97|99 102

76 77|77|78 79 79|80 |81 81 82|83 55A868887[88 89 (91
11‘72 72|73 73 74|74|75 75 /76|76 |77 77 78 78'79‘79 80
65 66|66 |67 67 68|68 |69 6970|7070 70| 71|71 71 71|72

Air Temp (F)
s
&

&35 88K 8 &

|: 80°-90° Caution: Fatigue
[_] 90°-104° Extreme Caution: Sunstroke, heat cramps, heat exhaustion possible
[ 105°-129° Danger: Sunstroke, heat cramps, heat exhaustion likely; heatstroke possible

- 130° or higher Extreme Danger: Heatstroke likely except for brief exposure
Courtesy of AMS

Figure 8.1. Heat Index Table.

Prevention is the best defense against hy-
perthermia, heat exhaustion, and heat stroke.

e Wear light clothing, such as the summer
patrol uniform. Wear your cover.

e Apply high-SPF sunscreen to all ex-
posed areas and re-apply as needed.

e Drink plenty of water.

e The coxswain should rotate crew posi-
tions more frequently.

e If anyone shows symptoms, abort the
patrol immediately and return to base.
Apply first aid as needed.

Cold Weather Issues

Cold weather issues involve both the air
and water temperature. In both cases, the pri-
mary danger is hypothermia.

In still air, the body warms a shallow
layer of air around it, under your clothes, de-
creasing the rate of body heat loss. Increas-
ing wind speeds more efficiently remove this
layer, increasing the rate of heat loss.

The rate at which your body loses heat to
the atmosphere in cold weather therefore de-
pends on both the air temperature and the
wind speed. The rate will increase as the tem-
perature decreases or the wind speed in-
creases. Both effects combine in a formula
for an equivalent temperature called the wind
chill temperature. See Figure 8.2.

Frostbite Times [ 30 mi I 10 mi M 5 mi
Temperature (°F)
Calm 40 35 30 25 20 15 10
536 31 25 19 13 7 1
1034 27 21 15 9 3 -4 -
1532 25 19 13 6 0 -7 -
2030 24 17 11 4 2 -9 -
£2529 2316 9 3 -4-11-
E£3028 2215 8 1 5-12 - -
03282114 7 0 714 -48 -55 -62 -
$4027 20 13 6 -1 -8-15 -50 -57 -64 -71 -78 -84 -91
4526 19 12 5 -2 -9 -16 -37 -44 -51 -58 -65 -72 -79 -86 -93
5026 19 12 4 -3 -10-1 -38 -45 -52 -60 -67 -74 -81 -88 -95
5525 18 11 4 -3 -11 -32 -39 -46 -54 -61 -68 -75 -82 -89 -97
6025 17 10 3 -4 -11 -33 -40 -48 -55 -62 -69 -76 -84 -91 -98

Courtesy of AMS
Figure 8.2. Wind Chill Table.



Again, the best defense against hypo-
thermia is prevention:

e Wear the appropriate uniform for the
conditions. This may include the watch
cap and gloves (ordinary gloves are not
worn while handling lines, such as dur-
ing docking or towing).

e If anti-exposure coveralls (“Mustangs”)
are not required, take them with you on
patrol. Coxswains may elect to keep ex-
tras aboard if available.

e If in Dry Suits, be sure to wear all lay-
ers. These include the moisture-wick-
ing underwear; the thermal layer
(“bunny suit”); and the waterproof
layer, including the outer protective
shell. Additional layers may be added
if desired. Be sure and have your gloves
and hood or Balaclava with you.

e Coxswains should enforce proper wear
and ensure that personal protective
equipment (PPE) is in good condition.

e Be sure to inspect dry suits quarterly
and perform the required leak test annu-
ally. NOTE: Never wear the dry suit
during leak tests without footwear, to
prevent leaks from abrasion.

e The Official USCG Chart for determin-
ing the proper PPE to wear in cold
weather depends on air and water tem-
perature, shown below.

Work Uniform, Type III PFD and
Boat Crew Survival Vest

Anti-Exposure Suit and
Boat Crew Survival Vest

NOTE:
For air and water temps both
below 50° F, the MSD900 may
be nsed ia liew of the dry suit,
PFD and Layer 2
undergarments.

Air Temperature Degrees F
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Cold Water Immersion

The potentially most serious danger dur-
ing cold weather patrols is falling overboard
into cold water. If winds can more quickly
remove heat from the body, cold water, with
its higher heat capacity, removes body heat
many times faster.

According to recent research by the
Coast Guard, in 40-50°F (4-10°C) water, the
average body cools at 3.2 to 3.8 degrees Cel-
sius per hour in ordinary clothing. With the
anti-exposure coverall, the rate is 1 to 2 deg.
C, depending on sea state. With the dry suit
and hood, it is 0.5 degrees per hour. The tem-
perature range with sea state is a result of pe-
riodically immersing the head. Clearly, the
wear of proper protective clothing is im-
portant (as well as mandatory under certain
conditions).

A much more detailed discussion of cold
water immersion is available on the web at
coldwaterbootcampusa.org and in the USCG
Boat Crew Seamanship Manual.

Tornados and Water Spouts

You should never patrol under a tornado
watch or a severe thunderstorm watch. Water
spouts, however, can pop up unexpectedly as
they are difficult to forecast.

If you do encounter a water spout, deter-
mine the direction of movement, then move
perpendicular to that direction. Have the
crew stow loose gear, sit down and hang on.

Hurricanes

Again, you should never patrol during a
hurricane watch—within 48 hours prior to
predicted arrival in your area.


http://coldwaterbootcampusa.org/

If you are pleasure boating in blue water
and get caught, try to stay on the left side of
the hurricane track, relative to the direction of
motion (you can use the Byce-Ballot law).
Seas are likely to be somewhat less, and the
winds will tend to push you behind the hurri-
cane.

In preparation for an approaching hurri-
cane, secure your facility, but top off the fuel
and be ready to get underway after the storm
if the Coast Guard asks you to check ATONs
or respond to a SAR callout.

Study Questions—Chapter 8

1. What steps are included in using weather for
planning a patrol?
a) Check the current weather.
b) Check the radar.
c) Check the forecast.
d) All the above.

2. While on patrol, visibility becomes re-
stricted. What steps should you take?

a) Take a compass bearing to your safe ha-
ven.

b) Slow down.

c) Putall your crew on visual lookout.

d) Bothaand b.

3. With regard to thunderstorms, which kind is
the most difficult to deal with in the plan-
ning phase?

a) Frontal thunderstorms.

b) Squall line thunderstorms.
c) Air mass thunderstorms.
d) None of the above.

4. When a thunderstorm is approaching, you
should initially:

a) Head toward it to keep the wind on the
bow

b) Run perpendicular to the direction of
storm movement.

c) Anchor and wait it out.
d) None of the above.
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5. What evidence says the effects of a thunder-
storm are imminent?
a) Ripples on the water.
b) Winds blowing toward the storm.
c) Static on the VHF radio.
d) All of the above.
6. Small craft advisories are issued under what
circumstances?
a) Winds over 25 knots.
b) Seas greater than 8 feet.

c) Water temperature less than 40 degrees
Fahrenheit.

d) It varies with the region of the country.

7. A gale warning is issued when winds are ex-

pected to be:

a) Over 25 knots.

b) Strong and gusty.
c) Over 34 knots.

d) None of the above.

8. The heat index is a function of:

a) Temperature and winds.

b) Cloud cover and temperature.

c) Temperature and relative humidity.
d) None of the above.



9. Wind chill is a function of;:

10.

a)
b)
c)
d)

Temperature and humidity.
Temperature and wind speed.
Wind speed and humidity.
Humidity and cloud cover.

The effects of heat exhaustion and heat
stroke increase with:

a)
b)
c)

d)

Decreasing temperature in increasing
wind speed.

Increasing temperature and decreasing
humidity.

Increasing temperature and increasing
humidity.

Decreasing temperature in decreasing
wind speed.
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11. The possibility of hypothermia increases
with:

a)
b)
c)

d)

Decreasing temperature and increasing
wind speed.

Decreasing temperature and increasing
humidity.

Decreasing temperature and decreasing
wind speed.

Decreasing temperature and increasing
humidity.



AAVECHION ....ooeiiviii e 8
AT MASSES ... 34
Atmosphere
COMPOSItION Of .....ocvviiiciciece 25
BaCKiNg ...cccovveiiiieie e 40
Bergeron ProCess ........cccccevvieeniieciiiieennne 51
Buys-Ballot law ...........cccovvevviiiiieee 18
Chaos theory ........cccoveieieiiicicce 81
Charts
surface charts ........ccoceevvveeeiiee e 73
UPPEF @I oot 78
Circulation
anti-CyCloniC.........cccocvevveveveeie e, 16
CYCIONIC ... 17
CITITOrM oo, 46
Cloud
AOCUMUIUS ..., 48
AROSIrAtUS ... 48
Cirrocumulus........ccoeeeeeeeiiiecciee e 48
CIITOSEratUS.....ccevcvveiee e 48
(O | (VT 48
cumulonimbus........ccoeevvvveiicieee e, 50
CUMUIUS ... 46
Lenticular......coccoevvevieei e, 50
NIMbBOSLratuS........ccovvvveeiieeiciee e, 47
] 111 | [T 51
StratoCuMUulUS .....cocvveeiviieciec e 47
SHALUS oo 47
Wall ... 51
Cold core loW.......coveveeeeiiieeeieiee e, 42
Collision-coalescence process .................. 51
Condensation nuclei.........ccccceevveeenneen. 28, 46
Corliolis Effect........ccccvvvveiiiiiiiiiiciieee e, 9
L070] (0] oI T 55
CUMUITOrM v 46
CyClOQENESIS ..o 41
DEW ..o 29
DOWNDUISE.......vveieiiciiee e, 62
D] 74 [ 52
DUSt AEVIl ..., 65
Ekman Spiral........ccccoooveviiiiiiiicee, 17
EQUINOX ..o 5
EUMETSAT ..o 77

Index
Entries Refer to Initial Definitions Only

97

Extra-tropical cyclone........c...cccccevvvevinennnne 39
Flash flood watch...........cccooeviviiiiniienns 68
Fog
AAVECHION ... 29
Precipitation ..........ccceeveveieerescc e 29
radiation .......cooeveeninir e 28
Forecasting
ANAIOY ..o 80
climatological...........ccccoveveiieiniieie. 80
ensemble forecasting...........ccocceevvrienne. 81
model output statistics...........ccevvervrennene 81
NOWCASEING ... 80
NUMENICAl......cccovvieiiiiee e 80
pattern recognition ............ccoevvvnenennns 80
PEISISLENCE .....veivreiecieecie e 80
quantitative precipitation forecasts....... 82
trend forecasting........c.ccoeveeeeveeieennenn, 80
Freezing Rain ........ccccoovvviiicicc e 52
FrICON ..o 17
Front
COI i 37
OCCIUdEd ..o 39
StAtioNAry.......ccccveevecie e 38
SYMDBOIS ..o 37
WM .o 38
FIOSt ..o 29
Fujitascale ......cccovevveiecieie e 64
Gale Warning.......cccccovevevvvveiveneennnn, 68, 90
GOES ...t 76
Hadley cell ... 9
Hail...ooooe 52, 62
HalOS ..o 55
Heat INAEX .....covevieiieiece e 91
Heat transfer
AAVECHION ... 8
(o70] 310 [0 Tox 1 o] o OSSR 8
CONVECHION ...t 8
radiation ........ccccevveveiie s 8
Humidity
absolUte ..o 27
dew point depression...........cccceevvverinenne. 28
dew point temperature............cc.ccoevruene. 27
FEIALIVE. ....veeieiecee e 27



Hurricane

CALEYONIBS .vveveeee e 67

WAINING oo 68

WALCh ..c.ovcecec e, 68, 71
Hydrometeors........ccoevevveerieveiin e 54
INSOIAtiON.......ceiicieceee e 5
Inter-tropical Convergence Zone............... 10
ISODAIS ..o 16
ISONEIGNES ..., 19
ISOtNErMS......cveiecceee e 20
Iteration ........ccceeveeiie e 80
JEt Stream .....oovvvieviec e 20,41
Land breeze......cccveeveececciiecee e 18
Lapse rate

adiabatiC ......coevveiirie e, 26

environmental .............cccooceviveienieinenn. 25
Latent Heat

FUSTON....eeecece e 26

VaPOIIiZatioN........ccovvvrieieieiesesc e 26
Level of free convection .............ccccueneee. 30
Lifting

frontal wedging ........cccoeeeevveieeveeciccin, 30

0rographicC ......cccoveviririeeeesc e 30

surface CONVergence.........cocvvveecvverveenne 30
Lightning......cccooeviiiiiie 62
Lithometeors ........cccvvevveve e, 54
MESOCYCIONE ... 61
MeSOSCaAlE........c.coveeieeieceece e 55
Mesoscale convective complexes............. 60
MESOSPRNENE ..o 25
Meteosal.........ccvvveiiiiiie e 7
METOP satelliteS.........ccocevvevviiieiicieene 77
MiCroburst........ccccovveeveeie e, 62
MICIOSCale.......cooovveieeieciece e 55
NEXRAD ......cooieieiece e 76
Photometeors.........cocvveeveevieiii e, 54
Polar front ..o, 41
PreSSUIE ....vvve et 14

sealevel.....ccoiiiiiiiiiii 15

tENAENCY ..o 15
Pressure Gradient FOrce.........ccccovvervennnne 14
RAIN ... 52
Refraction.........ccccoeveeveeiie e, 54
Ridges and Troughs .........ccccceeevveveeiieenen. 19
ROSSDY WaVES.........cceriiiiiiieieie e 20
Saffir-Simpson scale..........ccccceeevieinnnne, 67

98

SCALtEriNg ...coveeiiiiieieeee 54
Seabreeze ..o 18
SIBEL. ... 52
Small Craft AdVisSOry ..........ccccvvevvevieiinennn. 90
SNOW it 52
Solar radiation.........cccceevvvvenene s 4
SOISHICE ..o 5
Specific heat.........cccooevvvieiieiice e, 6
Squal lINES......coviiiiiiieees 60
Stability
abSOIULE ..o 29
absolute instability ............c.ccoeevivernenen. 29
conditional.........ccoeevveevieienereee e 29
STOMM SUMQE e 67
StOrm Warning........ccoeeeeeenenenenesesenieas 68
Stratiform ... 46
StratoSphere.........ccoovvieieiees 25
Summer solstice........cccceveeneen. See Solstice
Supercell ... 60
Synoptic scale .......ccoevveviiieiieie e, 55
Temperature
ADSOIULE ... 7
CeISIUS...eeeieeie e 6
Fahrenheit ..........ccoooooviiiiee e 6
KeIVIN...ooiiiiie e 7
RaNKIN ..o 7
Thermosphere ... 25
Thunderstorm ..........ccooveveerenenenc e 59
Tornado
WAINING .o 64
WALCH ..o 64
Tropical
CYCIONE ..o 65
depression .......ccoeveeveeve e 66
disturbance ........ccocceevevveiiiieee 66
SEOIM e 66
TrOPOSPNEre ....cvoviiiiicee e 25
VEEIING....ei ittt 40
Wall cloud........ccoovvevviiieeecee 63
Warm core IoW........cccovvvieiinenicce, 42
Water phase change ..........ccccocevvieiieinnns 26
Water SPOUL.........ccevvieiieiiieree e 64
Wind chill temperature .............cccceveenee 91



Winds

backing.......ccccevvveiiieecece 17
ChiNOOK......ceeeiiiviiee e, 30
FONN e, 30
global circulation ..........ccccooeveneninenn. 10
VEEIING..oevieieeie et sie e 17
Winter solstice ........cccceeevveeennennne See Solstice

99



Appendix A Some More Physics
The Ideal Gas Law
PV = nR*T

Where P is pressure, T is absolute temperature, V is volume, n is the number of moles of gas
and R™ is a constant that depends on the units of the other three variables. In metric units, P is mb
(hecto Pascals), T is °K (°C + 273.16), and V is volume in cubic centimeters. For those units, the
universal gas constant is 8.3144 x 10’ erg mole °K™®. An alternative form, using density, p in
g/cc, instead of V, where m is the molecular weight (g/mole) (average m for the atmosphere):

P = pR"T/m

Regardless of the units, the point of the equation is that pressure, volume (or density) and
absolute temperature are related by a constant. In other words, if P increases, then either V must
decrease or T must increase, or both. In the atmosphere, P, p, and T all decrease with altitude in a
way that the equation always holds. If air is exhausted from a container, V is constant, but P
decreases, therefore T must decrease. If air is added, P increases, so T must increase.

The Relationship between Temperature and Kinetic Energy

The Kinetic energy contained in a sample of material is given below, where T is the Kelvin
temperature and Kk is the Boltzman constant, related to the gas constant by k=R*/A, where A is
Avagadro’s number, the number of molecules in a mole, about 6.022 x 102 mole™.

KE (average) = 3KT/2 = 3R™T/2A

Adiabatic Processes

If a sample of air at pressure Poand temperature T is lifted to a pressure P, then the tempera-
ture of that parcel will be:

T= To (P/Po)k

Where k for dry air is 0.286. For saturated air, the result is multiplied by a term that is a
very complicated function of pressure and temperature, and varies somewhat with altitude.
The Hydrostatic Equation

In a stable atmosphere, the upward force of the vertical pressure gradient must be balanced by
the downward force of gravity on the air molecules. Consider a small slice of the atmosphere,
from z to z + 8z, over which the pressure difference will be 6P. Given g as the acceleration of
gravity and p as the air density, we have the differential equation:

OP=-pgdéz or dP/dz=-pg

A-1



This equation says the rate of change of pressure with altitude equals the gravitational force
per unit volume (F = mg).
Reducing Station Pressure to Sea-Level Pressure

The simplest method is to assume that the atmosphere that would exist between the surface
and sea level follows the profile of the standard atmosphere. In the following equation, Ps_ is the
sea level pressure, P is the station pressure, T is the station temperature, z is the altitude, vy is the
standard lapse rate at that altitude, g is the acceleration of gravity, and R" is the gas constant:

Psi = P(T)¥R™
Where T = (T + zy)/T

Pressure Gradient Force

Assume a small cube of air with dimensions dx, dy, and dz. In the x direction, the area of the
faces are dy dz. The mass of the cube is p dx dy dz. The difference in pressure is (Op/0x) dx.
Since pressure is force per unit area, force is pressure multiplied by area: (Jp/0x) dx dy dz. Sub-
stituting the mass equation gives the following equation (the negative sign says that an increase of
pressure with distance results in a force in the opposite direction):

PGF = - (0p/ox)/p
The Coriolis Effect

Let us use Newton’s second law of motion, F = ma, which is valid in an inertial (hon-acceler-
ating) reference frame. We separate it into three orthogonal axes as:

Fx = may; Fy=may; and F; = ma;,
If we put these in a rotating frame with angular velocity Q, then in time t, each axis will rotate

through an angle Qt in a plane perpendicular to the axis of rotation (equatorial plane). We take
the z axis as the axis of rotation, the new positions after time t are:

X’ = XcosQt — ysinQt; y’ = XxsinQt + ycosQt; and 7z’ =z
If we differentiate twice with respect to t to get accelerations, and substitute back into the first

equations, after some manipulation we get two new terms. The first is the familiar centrifugal
acceleration, which affects the shape of the earth and the local net force of gravity:

RQO? = recos(¢) Q2

Where R is the perpendicular distance from the axis of rotation and is equal to the earth’s
radius times the cosine of the latitude (¢). The second term is:

2QV
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Where V is the velocity parallel to the equatorial plane. This is the Coriolis term. The term
in parentheses (below) is called the Coriolis parameter. The apparent acceleration (and therefore
the force per unit mass) exerted by the Coriolis Effect (where v is wind velocity and the force acts
perpendicular to the wind) is:

(2Qsin @) V
Doppler Shift

Doppler radar depends on the Doppler equation, which is:

AMA = V/c

Where AL is the wavelength shift, A is the wavelength of the emitted radiation, v is the speed of
the object relative to the observer, and c is the speed of light. The sign depends on whether the
object is approaching or receding.

Refraction
First, we define the index of refraction as n = c/v, where c is the speed of light in a vacuum
and v is the speed of light in the medium. The index of refraction of a vacuum is 1.0. The index
of refraction of materials is always < 1.0. The angle of refraction is given by Snell’s Law as:
N1.sin®1 = Ny-sin®>

Where @ is the angle between the ray and the normal to the surface of the material.

Incident Ray

Normal N
0. Angle
of incidence

N Refracted Ray

Angle of refraction

Scattering

Physicists recognize two scales of scattering. Rayleigh scattering is where the particle size is
much less than the wavelength of the scattered radiation. This is typical of sunlight scattering off
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molecules in the atmosphere. When the particles are roughly the same size as the wavelength, or
larger, it is called Mie scattering. Mie scattering is very complex and depends on the shape and
refractive index of the particle. This topic will cover only Rayleigh scattering.

Scattering from a single molecule of polarizability a, in a direction at an angle ® from the
original propagation direction, gives the intensity | of the scattered beam at distance R. lois the
intensity of the incident beam, and X is the wavelength.

8mta?
M R?

One important thing to notice is that | varies as the fourth power of the wavelength and in-
creases as the wavelength decreases. This is why the sky is blue and sunsets are red. The other

thing to notice is that the term in parentheses is two (2) when ® is zero or © (180°), and one (1)
when O is /2 (90°). Side scatter is half as intense as the forward and back scatter.

I=1, (14 cos®8).

Why Friction Changes Wind Direction

Without friction, there is a balance between the pressure gradient force (PGF) and the Coriolis
“Force” (CF). They are in opposite directions and equal in magnitude. Remember, the CF is
always at right angles to the wind direction and the PGF is toward lower pressure. To the left below
is an illustration of that situation. Next to it is the situation where there is a friction force (FF).
Friction is always in the opposite direction from the wind. It reduces the wind speed, which in
turn reduces the CF. The sum of the CF and FF balances the PGF.

Without Friction With Friction
Parallel To Isobars Across Isobars

£\

MmO o

wind

{5

From AUXWEA, 2004




Appendix B Useful Tables and Graphs

DewpointT, (C)

Relation among Temperature, Dew Point and RH

Air Temperature T(F)

40 50

100
a0 E
'_'0
n +
.
o
o
60 =
%}
()]
50
40
0 T T oy -
0 §. 10 15 20. 25 230 40
Air TemperatureT(C) . iona
Specific Heats of Selected Substances
(calories/gram)
Water 1.00 Soil (typical) 0.25
Ice 0.50 Air 0.25
Water Vapor 0.48 Aluminum 0.215
Wood (typical) 0.40 Steel 0.108
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Heat Index Table

The heat index

The heat index is a general guide to how the danger of heat increases as the temperature and relative humidity
increase. Effects on individuals will vary greatly. The figures are based on effects of prolonged exposure when
you are in the shade. Direct sunlight can increase index values by as much as 15 degrees Fahrenheit.

Relative Humidity (in percent)

0|5 |10/15|20]25|30|35|40|45|50|55|60|65|70|75|80|85|90]95 100
140

135

130

125

120 0
g [115 4

o (110 0 4 0
5105
~ (100
< o5 | 87|88 0

90 | 83 |84 85|86 |87 |88

85|78 |79 |80 |81 |82 (83 84|85 |86 87| 88|89

8073|7475 76|77 |77 |78 |79 | 79|80 81| 81|82 |83 |85 86| 86|87 88|89
7569|6970 |71 (7272|7373 74| 74|75 | 75|76 |76 | 77|77 | 78 | 78| 79| 79 | 80
70 | 64 |64 |65 | 65 |66 |66 |67 |67 | 68|68 | 69| 69|70 |70 | 70|70 | 71 |71 | 71| 71|72

I:I 80°-90° Caution: Fatigue Courtesy of American Meteorological Society

- 90°-104° Extreme Caution: Sunstroke, heat cramps, heat exhaustion possible
- 105°-129° Danger: Sunstroke, heat cramps, heat exhaustion likely; heatstroke possible
- 130° or higher Extreme Danger: Heatstroke likely except for brief exposure

Wind Chill Table
Wind chill chart

This is the wind chill chart that the U.S. NWS adopted in 2001. The actual numbers
aren’t as important as the colors showing how long frostbite of skin exposed to the
cold and wind could take to occur. Any wind chill chart is at best a rough guide to
the dangers of cold and wind because it doesn’t include individual differences or
factors such as sunshine. For example, the NWS says bright sunshine increases wind
chill temperatures by 10 to 18 Fahrenheit degrees.

Frostbite Times [ 30 minutes [l 10 minutes [l 5 minutes

Temperature (°F)
Calm 40 35 30 25 20 15 10 5 O -5 -10 -15 -20 -25 -30 -35 -40 -45
-28 -34 -40 -46 -52 -57
-35 -41 -47 -53 -59 -66
-39 -45 -51 -58 -64 -71
-42 -48 -55 -61 -68 -74
-44 -51 -58 -64 -71 -78
-46 -53 -60 -67 -73 -80

-48 -55 -62 -69 -76 -82
-50 -57 -64 -71 -78 -84
-51 -58 -65 -72 -79 -86
-52 -60 -67 -74 -81 -88
-54 -61 -68 -75 -82 -89
-55 -62 -69 -76 -84 -91

Courtesy of American Meteorological Society

Wind (mph)
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Standard Pressure Levels and Plotted Intervals

Pressure Stgndard Standard Coded as Comments
Level (mb) | Height (m) | Interval (m)
850 1,500 3 500 Omit 1st digit
700 3,100 3 100 Omit 1st digit
500 5,500 40 550 Decameters
300 9,300 120 930 Decameters
200 11,800 120 180 Dm, 1%t digit

Useful Conversion Factors

Metric English Other
Distance 1 Km 0.6214 miles 0.54 nm
Speed 1 Km/hr 0.911 fps 0.278 m/s
Mass 1 Kg 2.2 1b 35.3 0z
Energy 1 Joule 0.000278 W-hr 0.239 cal
Pressure 1 hpa (mb) 0.0145 psi 0.0300 inHg
Density 1 Kg/liter 62.4 Ibm/cu ft 1 gl/cc

NOTE: There are many smart phone and tablet apps that will provide conversions.
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Example of a Grid for Numerical Weather Prediction

Horizontal Grid
(Latitude-Longitude)

Vertical Grid
(Height or Pressure) |

Physical Processes in a Model
solar  ‘errestrial
raciation radiation
L,J 4
ATMOSPHERE %
~ Gl i
N TR T W )
| S— = advection ® ?
ATt S B ‘
078 [ i momentum  heat ic é
S ¢

Courtesy of NOAA
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Relationship Between Wave Period and Wave Height

Wave Period (seconds)

12

Wawe Height (feet)

14

Courtesy of NOAA

- %0
Wind-Wave e P | o
Forecast | £%—7> - o
Diagram |3y /] 1% ]
w / Ci %
=
From AUXWEA, 2004 5 20 ,/ — 30 :
<
= 10 /- 20 | knots M
WAVE PERIOD (SEC '
il e 2 Ba off 200 400 600 spo 1000 1200]14p0 1600 1400
= WIND FEJCH (NM)
AV L
= N
NN
I / " § \\\\
= -{ p—  — ;3 \\\\\\\\
(=]
4
5/0 ME \\\§\\
/4(1) 130| 'po |knbts 20|knots \30\} 50
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Station Model Symbols

Department of Envircmmental Protection

< Weather Station Symbols &

Cloud Coverage Wind Speed Cloud Types Weather Conditions
O Ma Clouds @ Calm High Elevvstion INTERMITTENT
<& kot —_ O Scattered Girrus Light M'Z'dfrate Heary
® 110 nots % Dense Cirrus Fain . * :
O 114 y 5 knots __C Cirrogtratus Snowe ¥ o z
4 3 & Heawy Cirrostratus f
i )
O 112 10 knots ,; Cirrus & Cirrostratus Drizzle ’ -
O 204 M 20knots Midldle: Elevation L =STEADY
ight Moderate Heawy
0 a0 Ny 95 knots = Thin Altostratus Rain  +* o~ oS
Completely 50 knots Thick Altostratus Snow %% w¥a %%
Overcast — ( Thin Altocumulus Drizzle )% a2y
romnts
® Sky Obscured d Heawy Altocumulus THUNDERSTORMS
i i . hild  Moderste Severe
- . \iarm Lovwy Elewvation R . . .
Wind Direction Yy T Stratocumulus o |Z K |z
M NE Cold ™y FairWeather Cumulus i I% @
-.-v-.v.- Snowy
W E . & Developing Cumulus o~ o
gw ESE Stationary Heil ﬁ Iz |z
= "Y'Y" . =l
Wind comes FROM the oeeluded (3 cumulonimbus
direction of the arraw. d o | 2 Hail Freezing Drizzle
. T T T IFrocUmuils == ISnovy Grainz:  Light Heawy
Air Pressure warm (aloft) & Mimbostratus Tornada o
i — Freezing Rain
H High TATAYAYS ——  Stratus o= Crystals Light I—?eaw
L Low Cold (Llaft) - ——  Fractostratus # Drifting Snowe @1y (#1)
MISC, SHY COVER SHOWERS
" H == i . : »
aze == FoginPatches ? Slight Rain ? inlert Rain v Slight Snow
[‘U‘m Smoke —  Light Fog x
* =
—S> DustiSand =— HeavyFog ﬁ foderatefHeayy Rain v SlestHail 'ﬁ' Moderate/Heayy Snow

Increase in Air

/

Rizing,
then Falling

Barometric Tendency

Prezsure over Lazt 3 Hours

/ /

Rizing, Rizing
then Steady  Steadily

J

Falling,

then Rizing

Decreaze in Air Pressure aver last 3 Hours

\

Falling,

Steady
then Rizing

\

Falling,
then Steady

A\

Rizing,
then Falling

\

Falling
Steadily

TWeather Station Model Demeo

I
_t

4 - Temperature

F - Pressure Tendency

H
1
x~76 | 159

5t (Pt <o
c— 63 &4—28/‘&1?
T

Ir

High Clouds  10,000-25.000 feet (3-8 km) 16.500-40,000 Feet (5-13 km) 20,000-60,000 feet (6-18 km)
Middle Clouds 6.500-13,000 feet (2-4 km)
Surface-6,500 feet (0-2 km)

Low Clouds

E - Present Weather
C-Dew PFoint

I' - Low Cloud Type
E - Pressure Change

Cloud Height Table
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6,500-23,000 feet (2-7 km)
Surface-6,500 feet (0-2 km)

G- Wind 3peed & Direction
H - Barometric Pressure

I - High Cloud Type

J - Cloud Coverage

Ingeff 1335

6,500-25,000 feet (2-8 km)
Surface-§,500 feet (0-2 km)



Beaufort Wind Scale

Developed in 1805 by Sir Francis Beaufort, U.K. Royal Navy

Calm Sea surface smooth and mirror-like

Calm, smoke rises vertically

s [Light Air Scaly ripples, no foam crests Smoke drift indicates wind direction, still wind vanes
“|4—6 ILight Breeze Small wavelets, crests glassy, no breaking ‘Wind felt on face, leaves rustle, vanes begin to move
-|7-10 Gentle Breeze ILarge wavelets, crests begin to break, scattered whitecaps eaves and small twigs constantly moving, light flags extended
-|1 1-16 Il\gdrc;:‘e;ate Small waves 1-4 ft. becoming longer, numerous whitecaps Dust, leaves, and loose paper lifted, small tree branches move
“l 17-21 Fresh Breeze  ||Moderate waves 4-8 ft taking longer form, many whitecaps, some spray Small trees in leaf begin to sway
_|22—27 Strong Breeze ||[Larger waves 8-13 ft, whitecaps common, more spray ILarger tree branches moving, whistling in wires
= |28-33 Near Gale Sea heaps up. waves 13-19 ft. white foam streaks off breakers ‘Whole trees moving, resistance felt walking against wind
) Moderately high (18-25 ft) waves of greater length, edges of crests begin to break into spindrift, : : :
|34 40 Gale i Bl el Twigs breaking off trees, generally impedes progress
_|41-47 Strong Gale ||Hig1 waves (23-32 ft). sea begins to roll, dense streaks of foam, spray may reduce visibility Slight structural damage occurs, slate blows off roofs
48.55 St Very high waves (29-41 ft) with overhanging crests, sea white with densely blown foam, heavy Seldom experienced on land. trees broken or uprooted, "considerable
; ORI rolling. lowered visibility structural damage"
-I56-63 Violent Storm "Exceptionally high (37-32 ft) waves, foam patches cover sea, visibility more reduced
64+ Hurricane riguizlelsd with foam, waves over 45 ft. sea completely white with driving spray, visibility greatly

Note: Wave heights assume open seas (very long fetch). Wave heights are less in inland waters.

Courtesy of NOAA




High Clouds: cloud bases 16,000 - 50,000ft (5-15km)

H2: Cirrus
Dense, in patches or sheaves,

H1: Cirrus
not increasing, or with tufts

In the form of filaments,
strands, or hooks

Middle Clouds: cloud bases 6,500 - 2

M2: Altostratus or
Nimbostratus
Dense enough to hide
the sun or moon

<

M1: Altostratus
Mostly semi-transparent, sun
or moon may be dimly visible

Low Clouds: cloud bases Up to 6,500 ft (0-2km)
| | [ 2

L2:Cumulus
Moderate/strong vertical

L1: Cumulus
extent, or towering cumulus

Cumulus of fair weather
with flattened appearance

NATIONZ, OC‘%
Y
(&

Often anvil shaped remains
of a cumulonimbus

ft (2-7km)

Semi-transparent, one level,
cloud elements change slowly

Cloud Chart (NOAA), With Cloud Symbols

Typical Types: Cirrus (Ci), Cirrostratus (Cs), Cirrocumulus (Cc)_

SKY WATCHER CHART

http://iwww.weather.gov/os/brochures/cloudchart.pdf

7
: He: Cimostratus

Not increasing, not
covering the whole sky

H7: Cirrostratus H9: Cirrocumulus
Translucent, completely Alone or with some cirrus
covering the sky or cirrostratus

Typical Types: Altostratus (As), Altocumulus (Ac), Nimbostratus (Ns

.

H5: Cirrostratus
Cirrus bands, increasing,
below 45° elevation

H3: Cirrus H4: Cirrus HB: Cirrostratus
In hooks or filaments, Cirrus bands, increasing,
increasing, becoming denser veil above 45° elevation

M3: Altocumulus
Chaotic sky, cloud bases

M8: Altocumulus
at several levels

With cumulus-like tufts

M7: Altocumulus
or turrets

ME: Altocumulus
From the spreading of One or more opaque layers,
cumulus or cumulonimbus wl altostratus or nimbostratus

M5: Altocumulus

One or more bands or layers,
expanding, thickening

E P;-EAltocumulus
Lens-shaped, or continually
changing shape and size
, Cumulus (Cu), Cumulonimbus (Cb)

Stratus (St), Stratocumulus (Sc)

-

L7: Stratus Fractus
and/or Cumulus Fractus
oceurs with rain or snow

M3: Altocumulus
Typical Types:

L9: Cumulonimbus.
With fibrous top, often

umulus & Stratocumulus
with an anvil

L6: Stratus
In a continuous layer Not spreading, bases at
different levels

L5: Stratocumulus
and/or ragged shreds

Not from the spreading

L4: Stratocumulus
and flattening of cumulus

From the spreading and
lattening of cumulus

L3: Cumulonimbus
Tops not fibrous, outline not
completely sharp, no anvil

Wave Cloud

Shelf Cloud
winds over uneven terrain

Mammatus Tornado Wall Cloud
Drooping underside of Rapidly rotating column Lowering of the rain free Represents the leading edge
heavy, rain-saturated clouds  under a cumulonimbus cloud  base of a thunderstorm, often  of strong winds in advance
that touches the ground prior to tormado formation of a thunderstorm
Special photo credit thanks to Jim W. Lee, Eric Kurth, Brian Klimowski, and Eric Helgeson
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Appendix D Answers to Study Questions

This appendix contains all of the study
questions, organized by chapter. The correct
answer is in bold type and is followed with a
page number in parentheses that tells where
the information is located that supports that
answer.

Students should attempt to answer the
questions without reference to this appendix,
then refer to it to check their answers. Wrong

answers should be looked up at the refer-
enced page.

As always, if the student or instructor
finds any errors in this material, he or she is
asked to report that to the author (see the
Preface of this Student Study Guide for fur-
ther information).

Chapter 1

1. The electromagnetic energy that comes
from the sun consists of:
a) Light.

b) Ultraviolet.
c) Infrared.
d) All of the above. (4)

2. The amount of energy per unit area that
arrives at the top of the atmosphere from
the sun:

a) Decreases in the winter.

b) Is the same everywhere.

c) Increases with increasing latitude.

d) Decreases with increasing latitude.
()

3. The largest swings of hot and cold are:

a) Day to night.

b) With longitude.

c) W.ith the seasons. (5)
d) Between land and water.

4. With the same heat input, which heats

faster?

a) Water.

b) Land. (5)

¢) The Oceans.

d) None of the above.

The amount of solar energy that is ab-
sorbed by the surface is reduced due to:
a) The extra distance traveled.

b) Reflection from clouds.

c) The nature of the surface.

d) Both b and c. (6)

The specific heat of a substance is:

a) The amount of energy it can hold.
b) How hot it gets before it melts.
c) The heat needed to vaporize it.

d) The rate of temperature increase
for a given energy input. (6)
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7. The air in the lower troposphere is
heated mainly by:

10.

11.

a)

b)

c)
d)

Absorption by air of the direct radia-
tion from the sun.

Radiation absorbed by dust in the at-
mosphere.

Cosmic rays.

Conduction and convection from
the Earth’s surface. (8)

Temperature may be defined as:

a)
b)

c)

d)

Energy produced by friction.

Change of energy from one form to
another.

A measure of the kinetic energy of
molecules. (6)

The pressure of the air on the ther-
mometer.

In the Celsius temperature scale, zero is
defined as:

a)
b)

c)

d)

The absence of heat.

The temperature at which ice is the
densest.

The melting point of pure water
ice. (6)
The freezing point of sea water.

20° Celsius is, in Fahrenheit, to the
nearest degree:

a)
b)
c)
d)

52°F.
40°F.
68°F. (7)
75°F.

59° Fahrenheit is, in Celsius, to the
nearest degree:

a)
b)
c)
d)

27°C.
15°C. (7)
6°C.
32°C.

12. The transfer of heat by the horizontal
movement of air is:

a)
b)
c)
d)

Convection.
Conduction.
Advection. (8)
Radiation.

13. The transfer of heat between bodies that
are not in contact is:

14.

15.

16.

D-2

a)
b)
c)
d)

Convection.
Conduction.
Radiation. (8)
Advection.

In meteorology, convection means:

a)
b)

c)

d)

Transfer of heat by contact.

Conduction of heat by infrared radi-
ation.

The horizontal movement of air by
winds.

The vertical transport of heat by
air. (8)

Radiation is energy transfer:

a)
b)
c)
d)

Via a medium.
By contact.
Resulting from friction.

In wave form, without the neces-
sity of a medium. (8)

Large land masses, as opposed to the
oceans:

a)
b)

c)

d)

Maintain a steadier temperature.
Are always warmer.

Change temperature more be-
tween night and day. (5)

Are cooler during the day.



17.

18.

19.

20.

21.

The cause of most weather phenomena

is:

a) The layers in the atmosphere.

b) The rotation of the Earth.

c) The revolution around the Sun.

d) Uneven heating of the Earth’s sur-
face. (5)

For the station model shown below, the
temperature reported is:
a) 53°C.
b) 5.3 °F.
c) 53°F.(8)
d) 5.3°C.
53

The Coriolis effect:

a) Decreases with increasing latitude.

b) Increases with increasing wind
speed. (9, 10)

c) Always turns winds to the right.

d) Operates over long and short dis-
tances.

The winds near the equator are called:

a) Trade winds. (10)

b) Doldrums.

c) Prevailing easterlies.

d) ThelTCzZ.

On a rotating, smooth Earth, the low
pressure bands parallel to the equator
are the and the

a) Doldrums, Horse Latitudes.

b) Horse Latitudes, Westerlies.

c) Doldrums, Sub-polar Low. (10)
d) Horse Latitudes, Polar Low.

22.

23.

24,

25.

26.

217.
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The Doldrums is a belt of relatively:

a) Low temperature.

b) Low humidity.

c) Low pressure. (10)

d) High latitude.

Which of the following is not one of the

primary wind belts?

a) The polar westerlies. (10)

b) The northeast trades.

c) The southeast trades.

d) The prevailing westerlies.

The Inter-tropical Convergence Zone

(ITCZ) is located:

a) On the equator.

b) 15° north of the equator.

c) 15° south of the equator.

d) Either side of the equator, depend-
ing on the season. (10)

The trade winds:

a) Vary widely in speed.

b) Reverse direction with the seasons.

¢) Blow only in the northern hemi-
sphere.

d) Blow from the Horse Latitudes to
the Doldrums. (10)

Vertical motion of air near the equator is
caused by:
a) Convergence of the trade winds.

b) Heating of the air by the Earth’s sur-
face.

c) Variation of solar energy with lati-
tude.

d) All of the above. (9, 10)

Heat is transported northward and south-
ward from the equator by:

a) Winds.

b) Ocean Currents.

¢) Neither of the above.

d) Both a) and b). (5)



28. Insolation is:

a)
b)
c)

d)

The sun’s apparent motion from east
to west.

The reduction in temperature due to
clouds.

The amount of energy reaching the
Earth’s surface. (6)

The inclination of the Earth’s axis.

29. An example of a synoptic scale phenom-
enon is:

a)
b)
c)
d)

A tornado.

An air mass. (11)

The prevailing westerlies.
None of the above.

30. An example of a mesoscale phenome-
non is:

a)
b)

c)

d)

A thunderstorm. (11)
A frontal system.

The semi-permanent pressure cen-
ters.

None of the above.

31. The trade winds are an example of:

D-4

a)
b)
c)
d)

A global scale phenomenon. (11)
A mesoscale phenomenon.

A synoptic scale phenomenon.

A microscale phenomenon.



A north wind is one that is:

a) Blowing toward the north.
b) Shifting toward the north.
c) Coming from the north. (18)
d) Blowing from the North Pole.

Wind speeds on charts are given in:

a) Miles per hour.

b) Kilometers per hour.
c) Feet per second.

d) Knots. (21)

Standard sea-level pressure is:

a) 1013.26 in Hg.

b) 29.92 psi.

c) 760 kPa.

d) 14.7 psi. (15)

If the barometric pressure is measured in
Albuquerque, NM, the most important
correction to make before reporting it is:
a) Temperature.

b) Local force of gravity.

c) Calibration.

d) Altitude. (16)

Station barometric pressures are “re-
duced to sea level™:

a)
b)
c)

To correct instrument error.
To correct for the temperature.

So data taken at different altitudes

can be compared. (16)
d) To compensate for the lower gravity.

Aneroid barometers are more useful on
boats because they:

a)
b)
c)
d)

Contain less mercury.
Don’t need calibration.
Are more accurate.

Can be mounted in any position.
(15)
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Pressure gradient is defined as:

a)
b)

Pressure difference due to wind.

Pressure difference due to changing
temperature.

Pressure change per unit distance.
(15)
Pressure change over 3 hours.

c)

d)
The primary force generating wind is:

a) Coriolis force.

b) Pressure gradient force. (15)
c) Temperature gradient.

d) Surface heating.

The effect of friction on the wind is:

To slow the wind. (18)
To increase the Coriolis effect.
Independent of altitude.

To cause the wind to follow con-
tours.

a)
b)
c)
d)

Cyclonic wind flow is:

a) Clockwise in the northern hemi-
sphere.

b) Counter-clockwise in the southern
hemisphere.

c) Clockwise in the southern hemi-
sphere. (18)

d) Counter-clockwise in both hemi-

spheres.
The jet stream is:
a) A warm ocean current.
b) An equatorial wind current.

c) A high altitude wind current. (21)
d) A low altitude wind current.

D-5
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If an observer is facing the wind in the

northern hemisphere, the low pressure

center is approximately:

a) Abhead of him.

b) To her right. (19)

c) To her left.

d) Behind him.

The Buys-Ballot law tells us:

a) The wind direction in the northern
hemisphere.

b) The direction the wind is shifting.

c) The location of the low pressure.
(19)

d) The way the pressure is changing.

A wind gradually changing in a clock-

wise fashion is:

a) Backing.

b) Veering. (18)

c) Increasing in speed.

d) Due to the sea breeze effect.

On the station model, a plotted pressure

of 853 is:

a) 1085.3 mb.

b) 985.3 mb. (20)

c) 853 mb.

d) 85.3mb.

On the station model, a plotted pressure

tendency of -26 is:

a) Arise of 2.6 mb over 3 hours.

b) A fall of 2.6 mb over 1 hour.

c) A fall of 26 mb over 24 hours.

d) A fall of 2.6 mb over 3 hours. (20)

Isobars are lines of constant;
a) Temperature.
b) Wind direction.

c) Pressure. (17)
d) Wind speed.

18.
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21.
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The station model below shows:

a) A NE wind of 15 knots.

b) A SW wind of 1.5 knots.

c) A NE wind of 1.5 knots.

d) A SW wind of 15 knots. (20)

Rossby waves are:

a) Waves on a lake.
b) Pressure waves at the surface.

c) Large upper-level waves that
propagate around the globe. (21)

d) The meandering of the ITCZ.
The solid lines on a 500 mb chart are:

a) Isotherms.

b) Isoheights. (21)

c) Isobars.

d) Isopressures.

The pattern at 500 mb that causes sur-
face low pressure areas to strengthen is:
a) Negative temperature advection.
b) Positive temperature convection.
c) Backing winds.

d) Diverging isoheights (22).

The jet stream shows up best on the:

a) 500 mb chart.

b) The surface chart.

¢) The 300 mb chart. (21)
d) The 100 mb chart.

Lines of constant temperature are:

a) Found on upper-level charts.
b) Plotted as dashed lines.

c) Isotherms. (21)

d) All of the above.
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26.

27.

On the 500 mb chart, ridges are:

a) Convex to the north. (20)

b) Concave to the north.

c) Areas of lower pressure.

d) Convex to the south.

Surface pressure is caused by:

a) The weight of the air in the tropo-
sphere.

b) The weight of the air above. (15)

¢) The winds striking buildings.

d) The weight of the air in the strato-
sphere.

Isobars on a standard surface chart are
drawn every:

a) 5mb.

b) 4 mb. (17)

c) 3mb.

d) 10 mb.

Higher pressure gradients cause:

a) Rising temperatures.

b) Falling temperatures.

c) Stronger winds. (15)
d) Lighter winds.

28.

29.

30.
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The polar jet stream:

a) Originates over the North Pole.
b) Is confined to the polar high.

c) Plays a role in steering weather
systems. (21)

d) Flows from east to west.

The standard instrument for measuring
wind direction and speed is the:

a) Aneroid barometer.

b) Psychrometer.

c) Anemometer. (19)

d) Thermocouple thermometer.

Half of the total mass in the atmosphere
is in the lowest:

a) 8,000 ft.

b) 12,000 ft.

c) 18,000 ft. (20)

d) 25,000 ft.



Chapter 3

In the lower atmosphere, the temperature

generally:

a) Increases with altitude.

b) Stays the same.

c) Decreases with altitude. (26)

d) Varies randomly.

The tropopause is important in weather de-

velopment since it:

a) Contains most of the moisture.

b) Disappears during turbulent weather.

c) Caps the development of convective
activity. (26)

d) Varies Randomly

One difference between the troposphere and

the stratosphere is:

a) Carbon dioxide content.

b) Argon content.

c) Temperature distribution. (26)

d) Thickness.

The most abundant gases in the atmosphere

are:

a) Nitrogen and Hydrogen.

b) Oxygen and Nitrogen. (26)

c) Nitrogen and Argon.

d) Carbon Dioxide and Methane.

The average environmental lapse rate in the

lower atmosphere is:

a) -3.2° C per 1,000 ft.

b) +3.5°F. per 1,000 ft.

c) -2.2°C. per 1,000 ft.

d) -3.5°F. per 1,000 ft. (26)

A temperature increase with altitude in the

lower atmosphere is called:

a) The tropopause.

b) Aninversion. (27)

c) A thermal.

d) Convection.

10.

11.

12.
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A dry, warm wind descending the east side
of the Rocky Mountains is a:

a) Chinook. (31, 32)

b) Valley breeze.

c) Land breeze.

d) Wind shear.

Water vapor is added to the air by:

a) Condensation.

b) Evaporation. (29)

c) Vapor pressure.

d) Deposition.

When water vapor condenses, heat is:

a) Added.

b) Released. (27, 28)

¢) Not changed.

d) Absorbed.

The transition from ice to vapor without go-
ing through the liquid phase is called:
a) Effervescence.

b) Sublimation. (28)

¢) Evaporation.

d) Deposition.

Latent heat:

a) Can be measured with a thermometer.

b) Is released when water freezes. (29)

c) Is released when water vaporizes.

d) Can be felt.

Saturation can be accomplished by:

a) Raising absolute humidity while holding
the temperature constant.

b) Lowering the temperature while the ab-
solute humidity remains constant.

c) Either a) or b). (29)
d) None of the above.
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The temperature at which water vapor be-
gins to condense is called the:

a) Condensation level.

b) Saturation temperature.

c) Dew point. (29)

d) Melting point.

If the water vapor content of an air parcel in-
creases at constant temperature, the relative
humidity and the dew point

a) Decreases, Increases.

b) Increases, Decreases.

c) Increases, Increases. (29)

d) Decreases, Decreases.

When air is saturated with water vapor:

a) The dew point depression is zero.

b) The relative humidity is 100%.

c) The air can hold no more vapor.

d) All of the above. (28, 29)

Regarding the latent heat of fusion and the

latent heat of vaporization of water:

a) They are the same.

b) Latent heat of fusion is higher.

c) Latent heat of vaporization is higher.
(27)

d) They are determined by the specific heat
of water.

The term adiabatic means:

a) No heat is added or subtracted. (27)

b) The pressure is constant.

c) The temperature is constant.

d) The absolute humidity is constant.

The dry adiabatic lapse rate, compared to the
wet adiabatic lapse rate is:

a) Smaller.

b) More negative. (27)

c) Less negative.

d) Positive.

19.
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The physical property or properties of water
important to the weather is/are:

a) It can transport energy from one location
to another.

b) It takes a lot of energy to vaporize it.

c) Itabsorbs a lot of infrared energy.

d) All of the above. (27)

The term describing the tendency of dis-

placed air to return to its former level is:

a) Absolute instability.

b) Elasticity.

c) Absolute stability. (31)

d) Conditional stability.

The term describing the tendency of air to

rise on its own is:

a) Absolute instability. (30)

b) Elasticity.

c) Absolute stability.

d) Conditional stability.

The term describing the tendency of air to

rise only after it has been initially raised to

some higher altitude is:

a) Absolute instability.

b) Elasticity.

c) Absolute stability.

d) Conditional stability. (31)

Fog that forms by adding moisture is:

a) Radiation fog.

b) Advection fog

¢) Precipitation fog. (30)

d) None of the above.

Fog that forms under clear skies at night is:

a) Radiation fog. (30)
b) Advection fog.

c) Precipitation fog.
d) All of the above.



In highs, the:

a) Air spirals into the center.

b) Air rises.

c) Air spirals out of the center. (38)
d) Weather is usually foul.

In lows, the:

a) Air spirals into the center. (38)
b) Air sinks.

c) Air spirals out of the center.

d) Weather is usually fair.

Normally, air masses travel across the
u.Ss.:

a)
b)

From east to west.

Faster in the winter than the sum-
mer. (36)

Faster in the summer than the winter.
The same speed all year.

c)
d)
Precipitation ahead of a warm front is
usually:

a)
b)
c)
d)
Precipitation ahead of a cold front is
usually:

Short in duration and showery.
Non-existent.

Impossible to predict.

Long in duration and steady. (40)

a) Short in duration and showery.
(39)

b) Non-existent.

c) Impossible to predict.

d) Long in duration and steady.

When a cold front passes, the wind:

a) Veerssharply. (40)

b) Backs sharply.

c) Reverses direction.

d) Stops blowing.

Chapter 4

10.

11.

As a cold front passes, the winds are:
a)
b)
c)
d)
Conditions after a cold front are usually:

a)

Calm.

Strong and gusty. (37)
From the south.

From the east.

Good visibility with low stratus
clouds.

Poor visibility with
clouds.

Good visibility with cumulus
clouds. (40)

Poor visibility with cumulus clouds.

b) low stratus

c)

d)

In the occluded portion of a cyclone, the

warm air:

a) Has moved away.

b) s trapped at the surface.

c) Isheld aloft. (41)

d) Pushes under the cool air.

An occluded front is formed when:

a) A fast warm front overrides a cold
front.

b) A fast cold front overtakes a warm
front. (41)

c) Moist air displaces dry air.
d) A cold front stalls.

North of a low:
a)
b)

c)
d)

There are no fronts.

The winds back as the low passes.
There is no warm sector.

All of the above. (42)
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The polar front forms storm systems be-
cause:

a) It encourages the formation of anti-
cyclones.

b) The polar westerlies and prevailing
easterlies oppose each other.

c) The prevailing westerlies and po-
lar easterlies oppose each other.
(43)

d) None of the above.

The jet stream is:

a) An ocean current.
b) A low-level wind.
c) A high altitude wind. (43)
d) Over the equator.

Use this figure to answer questions 14 - 22.

14.

15.

Clouds in area 1 are typically:

a) Cumuliform.

b) Stratiform. (40, 42)
c) Cirriform.

d) Absent.

Clouds in area 5 are typically:

a) Cumuliform. (40, 42)
b) Stratiform.

c) Cirriform.

d) Absent.

18.

19.

20.

21.
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. Clouds in area 3 are typically:

a) Cumuliform. (40, 42)
b) Stratiform.

c) Cirriform.

d) Nimbostratus.

. The front nextto 7 is a:

a) Cold front. (39)
b) Warm front.

c) Stationary front.
d) Occluded front.

The front next to 6 is a:

a) Cold front.

b) Warm front. (40)

c) Stationary front.

d) Occluded front.

The wind has veered to the NW, the
thunderstorms are over and the barome-
ter is rising rapidly. Where are you?
a) 1.

by 7.

c) 5.(38,39)

d) 3.

It is now colder, the wind is NW, the
sky is clear or partly cloudy. Where are
you?

a) 1.

b) 7.

c) 5.

d) 3.(39)

The winds have been backing most of
the day. Where are you?

a) 6.

b) 7.

c) 4.(42)

d) 3.
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A mid-latitude cyclone like this one will

typically move in the direction from:

a) 5tol. (41)

b) 4tol.

c) 6tol.

d) 1lto6.

Divergence aloft can be caused by:

a) The wind speeding up with dis-
tance. (38)

b) The wind slowing down with dis-
tance.

c) The wind veering.

d) The temperature falling.

Divergence aloft encourages cyclone

formation because it:

a) Supports surface divergence.

b) Causes air to sink.

c) Supports surface convergence.
(38)

d) Prevents surface convergence.

The paths of cyclones across the U. S.

are determined by:

a) The cyclonic wind flow.

b) High pressure to the west and low
pressure to the east.

c) Steering winds at the surface.

d) Steeringwinds at and above 18,000
feet. (41)

Cyclones can form:

a) Over the gulf.

b) Over the Pacific Ocean.

c) Over the Great Plains.

d) All of the above. (43)

The symbol for a cold front is a line
with:

a) Semi-circles.

b) Triangles. (39)

c) Triangles and semi-circles on differ-
ent sides.

d) Triangles and semi-circles on the
same side.

28.

29.
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The symbol for an occluded front is a
line with:

a) Semi-circles.

b) Triangles.

c) Triangles and semi-circles on differ-
ent sides.

d) Triangles and semi-circles on the
same side. (39)

The symbol for a stationary front is a
line with:

a) Semi-circles.

b) Triangles.

¢) Triangles and semi-circles on dif-
ferent sides. (39)

d) Triangles and semi-circles on the
same side.

The symbol for a warm front is a line

with:

a) Semi-circles. (39)

b) Triangles.

c) Triangles and semi-circles on differ-
ent sides.

d) Triangles and semi-circles on the
same side.

A cP air mass moving through the mid-
west will:

a) Cool from below.

b) Pick up additional moisture.

c) Warm from below.

d) Both bandc. (37)

An mT air mass moving up the east
coast will:

a) Cool from below.

b) Pick up additional moisture.

c) Bothaandb. (37)

d) Neither a nor b.



33. A cold-core low does what as the alti-
tude increases?
a) Fills.
b) Deepens. (44)
c) Expands.
d) None of the above.

34. A warm-core low does what as the alti-
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tude increases?
a) Fills. (44)
b) Deepens.
c) Expands.
d) None of the above.



“Nimbo” added to a cloud name means:

a) High clouds.

b) Low clouds.

c) Precipitation. (48)

d) Thick, dark clouds.

Clouds with a horizontal, layered ap-
pearance would be:

a) Stratiform. (48)

b) Nimbostratus.

c) Cirriform.

d) Cumuliform.

Clouds with a wispy appearance are:
a) Stratiform.

b) Nimbostratus.

c) Cirriform. (48)

d) Cumuliform.

Clouds with a lumpy appearance are:

a) Stratiform.

b) Nimbostratus.

c) Cirriform.

d) Cumuliform. (48)

Which type of cloud produces precipita-
tion?

a) Altocumulus.

b) Stratocumulus.

c) Nimbostratus. (49)

d) Cirrostratus.

Middle clouds range in altitude:
a) Below 6,500 feet.

b) Between 6,500 feet and 20,000 feet.

(48)
c) Above 20,000 feet.
d) Below 10,000 feet.

Chapter 5

10.

11.

12.

Low cloud bases are found:

a) Below 6,500 feet. (48)

b) Between 6,500 feet and 20,000 feet.
c) Above 20,000 feet.

d) Below 10,000 feet.

Clouds that develop vertically are:

a) Stratocumulus.

b) Nimbostratus.

c) Altocumulus.

d) Cumulus. (51)

What type of cloud would you associate
with the phrase “mares’ tails™?

a) Cirrus. (50)

b) Cirrostratus.

c) Altocumulus.

d) Stratus.

What type of cloud would you associate
with the phrase “mackerel sky”?

a) Altostratus.

b) Altocumulus.

¢) Cirrocumulus. (50)

d) Cumulonimbus.

Cirrus clouds consist of:

a) Water droplets.

b) Ice particles. (51)

c) Super-cooled water vapor.
d) Fine mist.

Nimbostratus clouds produce:
a) Halos.

b) Beautiful sunsets.

c) Precipitation. (49)

d) Dust storms.
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Halos around the sun and moon are
caused by:

a) Altostratus.

b) Cirrostratus. (51)

c) Nimbostratus.

d) Nimbocumulus.

A heavy, dark cloud from which a
steady rain is falling is:

a) Altostratus.

b) Nimbostratus. (49)

¢) Cumulonimbus.

d) Cumulus.

For precipitation to fall from a cloud:

a) The air must rise adiabatically.

b) The cloud particles must coalesce.
(53)

c) The winds must be more than 20
knots.

d) The air must sink adiabatically.

The factor that best determines what
type of precipitation occurs is:

e) The vertical temperature profile.
(54)

f) The vertical wind profile.

g) The upper level winds.

h) The surface pressure.

Hailstones are always:

a) Larger than 2 inches.

b) Smaller than % inch.

¢) Produced in thunderstorms. (54)
d) Rime.

The wintertime deposit that can severely
affect the stability of a vessel is:

a) Glaze ice. (55)
b) Snow.

c) Sleet.

d) Rimeice.

19.
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Rime ice is a deposit that forms when
comes into contact with a surface.

a) Sleet.

b) Super-cooled water droplets. (55)

c) Snow.

d) Soft hail.

Clouds that form “caps” on the top of

mountains are called:

a) Mountain clouds.

b) Lenticular clouds. (52)

¢) Chinook clouds.

d) Cirrus clouds.

The fact that the sky is blue results
from:

a) The preferential scattering of blue
light by the atmosphere. (56)

b) The refraction of red light from the
sun’s rays.

c) An optical illusion.
d) The presence of thin cirrus clouds.

Clouds to the west at sunset are red be-
cause:

a) The air to the west scatters more blue
light.

b) The light has farther to travel through
the atmosphere.

c) Red light is scattered less than the
other colors.

d) Both b. and c. (56, 57)
Halos are caused by:

a) Thin ice clouds.

b) Ice crystals in the air.

c) The presence of cirrostratus.
d) All of the above. (51, 57)

Rainbows require:

a) Rain drops and low humidity.

b) Rain drops and direct sunlight.
(57)

c) lce crystals in the direction opposite
the sun.

d) Cloud droplets behind you.



25. To see a primary rainbow, you must:

a) Have your back to the sun. (57)
b) Face the sun.

c) Have your back to the rain.

d) Have clear skies.

26. When a secondary rainbow is formed, it

is fainter because:

a) It has two reflections in the rain
drop. (57)

b) Itis farther away.

c) The colors are reversed.

d) None of the above.

217.

28.

29.
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An example of a synoptic scale phenom-
enon is:

e) Atornado.

f) Anair mass. (58)

g) The prevailing westerlies.

h) None of the above.

An example of a mesoscale phenome-
non is:

i) A thunderstorm. (58)

j) A frontal system.

k) The semi-permanent pressure cen-
ters.

I) None of the above.
The trade winds are an example of:

m) A global scale phenomenon. (11)
n) A mesoscale phenomenon.

0) A synoptic scale phenomenon.

p) A microscale phenomenon.



The life cycle of a thunderstorm has
stages:

a)
b)

Synoptic, meso, and micro.
Cumulus, mature, and dissipating.
(61)

¢) Cumulus and cumulonimbus.

d) Updraft and down draft.

The first stage of a thunderstorm cell
has:

a)
b)
c)
d)

The mature stage of a thunderstorm cell
has:

a)
b)
c)
d)

The dissipation stage of a thunderstorm
has:

Downdrafts only.
Updrafts only. (61, 62)
Updrafts and downdrafts.
None of the above.

Downdrafts only.

Updrafts only.

Updrafts and downdrafts. (61, 62)
None of the above.

a)
b)
c)
d)

Squall lines are long lasting because:

Cold updrafts.

Cold downdrafts. (62)
Warm updrafts.

Warm downdrafts.

a) Downbursts from existing cells
cause others to develop. (62)

b) Cells multiply by splitting.
c)

d)

Cells don’t have a dissipation stage.
None of the above.

Chapter 6
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The distinguishing characteristic of a
supercell is:

a)
b)

It has no downdrafts.

It contains a large, rotating meso-
cyclone. (63)

It never produces tornados.

There are no other thunderstorms in
the area.

c)
d)

The condition(s) that favor the develop-
ment of thunderstorms are:

a) A supply of warm, moist air.

b) An unstable lapse rate.

c) A lifting mechanism.

d) All of the above. (61, 62)

Individual thunderstorms on a hot after-
noon are most likely:

a)
b)
c)
d)
As a thunderstorm approaches, the wind
is likely to be:

a)
b)

Orographic.
Air mass. (62)
Frontal.

Squall line.

First out of the cloud, then toward it.

First toward the cloud, then out of
it. (61)

First cold, then warm.

Light and variable.

c)
d)

Downbursts and microbursts are associ-
ated with:

a)
b)

c)
d)

Nimbostratus clouds.
Cumulonimbus clouds. (64)
Towering cumulus clouds.
Down-slope winds.
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Microbursts are more dangerous than or-
dinary downbursts because of their:
a) Tendency to form out of a clear sky.

b) Small size, high winds, and sudden
onset. (64)

c) Relatively long life and large area.
d) Association with developing thun-
derstorms.

The estimated distance to a thunder-

storm if you hear the thunder 20 seconds

after you see the lightning is:

a) 4 kilometers.

b) 2 statute miles.

c) 4 statute miles. (64)

d) 2 nautical miles.

Tornados are:

a) Rotation vortices that do not touch
the ground.

b) Micro-hurricanes.

c) Rotation vortices that touch the
ground. (65)

d) Severe thunderstorms.
Tornados have been observed in:

a) Only the gulf coast and east coast.
b) All 50 states. (65)

c) Only during the winter.

d) Only during the summer.

Tornados are known for their:

a) Enormous destructive paths.

b) High winds. (65)

c) Ease of forecasting.

d) Long lifetimes.

The most intense tornados are associated
with:

a) Hail.

b) Supercells. (63)

c) Squall lines.

d) Mesoscale convective complexes.

17.
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The Enhanced Fujita scale for tornados
is based on:

a) The measured wind speed.

b) The intensity of the radar echo.

c) How long it lasts.

d) The amount of destruction. (64)

Non-tornado water spouts:

a) Occur in fair or foul weather.

b) Have lighter winds than tornados.

c) May rotate in either direction.

d) All of the above. (67)

The inter-tropical convergence zone

(ITC2) is:

a) A zone of convective activity.

b) Between the NE and SE trade winds.

c) Varies its position with the seasons.

d) All of the above. (10,11)

The Bermuda high:

a) Is larger in the winter than the sum-
mer.

b) Affects the tracks of Atlantic hur-
ricanes. (70)

c) Has cyclonic circulation.

d) Affects only ships at sea.
Compared to extra-tropical cyclones,
hurricanes are:

a) Smaller and more intense. (67)
b) Larger and more intense.

¢) More numerous.

d) Also have fronts.

The principle source of energy required
to maintain a hurricane is:

a) Latent heat. (68)

b) Strong upper level winds.

c) Surface convergence.

d) Wind shear.



23.

24,

25.

26.

A tropical cyclone is given a name
when:

a) It becomes a hurricane.

b) It has winds of 39 mph (34 knots)

or more. (68)
c) Itisexpected to make land-fall.
d) A hurricane warning is issued.
The eye of a hurricane is an area of:
a) Rising air.
b) Descending air. (68, 69)
c) Calm seas.
d) Maximum winds.
The strongest winds in a hurricane are
located:
a) Inthe eye.
b) On the outer edges.
c) Intheeye wall. (68, 69)
d) None of the above.
The relatively clear area of the eye re-
sults from:
a) Descending air. (68)
b) Rising air.
c) Confused seas.
d) Wind shear.

217.

28.

29.

30.
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After heading north, an Atlantic hurri-
cane turns NE due to:

a)
b)

c)
d)

The NE trade winds.

The circulation of the Bermuda
high. (70)

The colder water.

None of the above.

The National Weather Service (NWS)
calls a hurricane “major” if it is:

a)
b)
c)
d)

Category 5.

Category 4 or above.
Category 3 or above. (69)
Category 2 or above.

A hurricane watch is issued if;

a)

b)

c)
d)

Hurricane conditions are expected
within 48 hours. (70)

Hurricane winds are over 80 knots.
The area will experience high winds.

The area will experience storm
surges.

A hurricane warning means:

a)
b)

c)

d)

The eye is within 300 nautical miles.

Hurricane conditions are expected
within 36 hours. (70)

There will be storm surges of over 15
feet.

The area will experience winds over
100 knots.



Surface analyses are produced:

a) Every 12 hours.

b) Every 3 hours. (74)
c) Every hour.

d) When needed.

Weather radar data are available:
a) For each radar.

b) By region.

c) For the entire CONUS.

d) All of the above. (76)
Current weather radars are:

a)
b)

Similar to pleasure boat radars.

Located where the weather is the
worst.

Based on the Doppler effect. (77)
Out of date and will be replaced.

c)
d)

Weather satellites are:

a) Inlow orbit at the equator.
b) In geostationary orbit.

c) In polar orbit.

d) Both b) andc). (77, 78)

Polar orbiting weather satellites:
a)
b)
c)
d)
NOAA uses the following polar orbiting
satellites:

a) GOES and NOAA.

b) NOAA and DMSP.

c) METOP, DMSP and NOAA. (78)
d) All of the above.

Stay over the same longitude.
Are sun synchronous. (78)
Avre at noon and midnight.
None of the above.

Chapter 7

10.

11.

12.

NOAA uses the following geostationary
satellites:

a) NOAA and GOES.

b) GOES and METOP.

c) GOES only.

d) GOES and Meteosat. (77, 78)
The NEXRAD Doppler weather radar
was developed by:

a) NOAA.

b) NOAA and the USAF.

c) DoD, DoT, and DoC. (77)

d) NASA.

NEXRAD Doppler radars can detect:

a)
b)

Precipitation.

Clouds.

c) Turbulence.

d) All of the above. (77)

The GOES satellite produces images in
the following wavebands:

Visible and Radio.

Visible, Infrared, and Water Va-
por. (78)

c) Visible, Infrared and Ultraviolet.
d) All of the above.

The primary GOES satellites are located
at longitudes:

a) 90 and 180 degrees.

b) 135Wand 75 E.

c) 75Wand 135 W. (77, 78)

d) 105W.

Cloud temperatures are measured by
weather satellites in the:

a) Visible bands.

b) Infrared bands. (79)

c) Water Vapor bands.

d) All of the above.

a)
b)
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13.

14.

15.

16.

The visible band on weather satellites
operates on:

a) Reflected light. (78)

b) Emitted energy.

c) Both of the above.

d) None of the above.

The water vapor band on weather satel-
lites measures moisture:

a) At the tropopause.

b) At the 500 mb level.

c) Over the entire depth of the atmos-
phere. (79)

d) Near the surface only.
Upper air analysis charts are produced:

a) Every three hours.

b) Every six hours.

c) Twice aday. (79)

d) At noon and midnight local time.
Persistence forecasting is useful for:

a) Long range forecasts.

b) Areas where the weather does not
change much. (81)

c) Forecasting the position of a tornado.
d) Not much at all.

17.

18.

19.

20.

21.
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Trend forecasting is useful for:

a) Long range forecasts.

b) Areas where the weather does not
change much.

c) Forecasting the position of a tor-
nado. (81)

d) Not much at all.
Analog forecasting is most useful for:

a) Long range forecasts.

b) Short range forecasts.

c) Correcting numerical forecasts.
(81)

d) Use by new forecasters.

Numerical forecasting makes use of:

a) Surface observations.
b) Upper air observations.
c) Chaos theory.

d) Both a)and b). (81)
Ensemble forecasting is:

a) Using large numbers of computers.

b) Awveraging data from several loca-
tions.

¢) Running several models on the same
data.

d) None of the above. (82)

Smart phones can be used to obtain:
a) Local observations.

b) Local forecasts.

¢) Radar data.

d) All of the above. (83)



What steps are included in using weather
for planning a patrol?

a) Check the current weather.

b) Check the radar.

c) Check the forecast.

d) All the above. (89)

While on patrol, visibility becomes re-
stricted. What steps should you take?

a)

Take a compass bearing to your safe
haven.

Slow down.

c) Putall your crew on visual lookout.
d) Botha) and b). (90)

With regard to thunderstorms, which

kind is the most difficult to deal with in
the planning phase?

a)
b)
c)
d)

When a thunderstorm is approaching,
you initially should:

b)

Frontal thunderstorms.

Squall line thunderstorms.

Air mass thunderstorms. (90, 91)
None of the above.

a) Head toward it to keep the wind on
the bow.

Run perpendicular to the direction
of storm movement. (91)

Anchor and wait it out.
None of the above.

b)

c)
d)
What evidence should you watch for

that says the effects of a thunderstorm
are imminent?

a)
b)

c)
d)

Ripples on the water. (90)
Winds blowing toward the storm.
Static on the VHF radio.

All of the above.
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10.

Small craft advisories are issued under
what circumstances?

a) Winds over 25 knots.

b) Seas greater than 8 feet.

c) Water temperature less than 40 de-
grees Fahrenheit.

It varies with the region of the
country. (92)

d)

A Gale warning is issued when winds
are expected to be:

a) Over 25 knots.

b) Strong and gusty.

c) Over 34 knots. (92)
d) None of the above.

The heat index is a function of:
a)
b)
c)

Temperature and winds.

Cloud cover and temperature.
Temperature and relative humid-
ity. (92, 93)

d) None of the above.
Wind chill is a function of:
a)
b)
c)
d)
The effects of heat exhaustion and heat
stroke increase with:

Temperature and humidity.
Temperature and wind speed. (93)
Wind speed and humidity.

Humidity and cloud cover.

a) Decreasing temperature in increasing
wind speed.

b) Increasing temperature and decreas-
ing humidity.

¢) Increasing temperature and in-
creasing humidity.(93)

d) Decreasing temperature in decreas-

ing wind speed.
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11. The possibility of hypothermia increases
with:

a) Decreasing temperature and in-
creasing wind speed. (93)

b) Decreasing temperature and increas-
ing humidity.

c) Decreasing temperature and decreas-
ing wind speed.

d) Decreasing temperature and increas-
ing humidity.
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